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A B S T R A C T

Fluvial systems carve the Earth's surface under the influence of climate and tectonics. This process tends towards
dynamic equilibrium conditions, in which rivers respond by regularizing their longitudinal profiles to a graded
form. However, external forcings frequently interrupt this trend displacing the system to a transient state from
which the system will evolve again with a tendency towards a graded form. In bedrock incising rivers, the longi-
tudinal profile shape provides information on transient states, and quantifying the regularization level makes it
possible to establish inferences about a river's evolutionary trend and its relationship with the influencing exter-
nal forcings. This work presents a procedure for quantifying the regularization level of streams from the analysis
of the shape of the longitudinal profiles. This procedure involves quantifying of the departure of the current
shape of the longitudinal profile from that representing the graded long profile under dynamic equilibrium con-
ditions. This comparison is quantified by two indices: ‘stream regularization index_G’, calculated for the entire
long profile, and ‘regularization index_g’, calculated discretely along the long profile. To illustrate the usefulness
of the indices and how they respond in different fluvial contexts and evolutionary stages, the longitudinal profiles
of 14 streams from the central area of the Iberian Peninsula were analyzed. The results are interpreted together
with the area-slope graph and the Ksn index, which corroborated the usefulness of this technique as a morphome-
tric tool for quantifying the river maturity and identify tectonic regime transitions.

© 20XX

1. Introduction

Similar to other physical processes that take place under the influ-
ence of a force field working to reach an equilibrium, river erosion
carves the Earth's surface (under the gravitational field), balancing
bedrock uplift (Shaler, 1899; Morisawa, 1962; Flint, 1974; England and
Molnar, 1990; Bishop, 2007). This process tends to move towards dy-
namic equilibrium conditions in which rivers respond by adjusting their
rate of erosion. This can increase or decrease the part of the energy nec-
essary for the transport of sediments, which act as an erosion tool
(Demoulin et al., 2016). These processes can be recognized in the shape
of the longitudinal (long) profile of a river, since this shape is precisely
one of the observable and quantifiable results of the aforementioned
balance (Gilbert, 1877; Davis, 1902; Mackin, 1948). As Willett and
Brandon (2002) point out, a graded long profile implies that the fluvial
erosion balances the relief generated by uplift, so that the topography
does not change with time. A steady state, in this case, refers to a long-
term condition in which the average incision rate balances the average
rock uplift rate relative to the outlet (Whipple et al., 2013). Although
the channel geometry can be highly variable depending on the forcing
that perturbs landscapes (Whittaker et al., 2007), declining slopes along
the length of the channel are related to the incision capacity; thus, it re-

mains constant throughout the entire long profile in a concave asymp-
totic-upward geometry (Shaler, 1899; Hack, 1957; Morisawa, 1962;
Flint, 1974; Mudd et al., 2018). There are a variety of mathematical for-
mulations that can be used to describe the shape of the graded long pro-
file of a river (Snow and Slingerland, 1987, and references therein). For
example, Hack (1957) proposes a logarithmic expression that relates
the elevation of each point of the longitudinal profile to the stream
length. Thus, in a semi-log plot, the long graded profile should describe
a straight line; the value of the mean bed particle size is assumed to be
constant. Expanding this concept, Goldrick and Bishop (2007) propose
a formulation of the equilibrium long profile form based on the rela-
tionship between the incision rate, the downstream discharge, and the
effects of lithological variation. According to this formulation, the long
profile equilibrium can be represented by a straight line in a logarith-
mic plot of the downstream distance versus the slope. Quadratic func-
tions and three-parameter exponential models have also been proposed
for describing the longitudinal profiles of aggrading, alluvial systems
that are unaffected by significant lateral inputs of water or sediment un-
der steady or quasi-steady conditions (Morris and Williams, 1997; Rice
and Church, 2001). Furthermore, numerical methods make it possible
to relate the shape of the long profile to the parameters that govern the
incision process of a river through the so-called stream power incision
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models (SPIMs) (Howard et al., 1994; Whipple and Tucker, 1999;
Lague, 2014; Harel et al., 2016). These methods have been used for the
study of both equilibrium conditions (e.g., Varrani et al., 2019; Wickert
and Schildgen, 2019; Hergarten, 2020) and transitory situations far
from equilibrium (e.g., Gasparini et al., 2006; Kwang and Parker, 2017;
Sassolas-Serrayet et al., 2019).

From the adjustment of the mathematical expression that represents
a theoretical longitudinal profile, different indices have been derived
that make it possible to quantify the dependent relationships between
the variables in this expression (e.g., Hack, 1975; Demoulin, 1998;
Goldrick and Bishop, 2007; Vágó, 2010; Rodrigo-Comino and Senciales
González, 2015). However, it is also possible to deduce the shape of a
long profile that would theoretically correspond to the equilibrium con-
dition through a reverse analysis. Any of these methodologies can be
used to mathematically reconstruct that theoretical long profile with re-
spect to certain boundary conditions, a critical drainage area, a thresh-
old value and the outlet position (Tarboton et al., 1989; Montgomery
and Foufoula-Georgiou, 1993; Sklar and Dietrich, 1998; Whipple and
Tucker, 1999). A realistic result could not be achieved in all cases due
to the limitations of the methods, which are mainly related to the diffi-
culty of estimating variables that do not have a linear behavior (Roe et
al., 2002; Lague, 2014; Kwang and Parker, 2017) and long profiles that
are not fitted well by any particular mathematical form (Hovius, 2000).
However, if due precautions to reduce the uncertainty are taken, and
the most appropriate method is selected, the theoretical equilibrium
long profile can represent a valuable reference that can be used to quan-
tify the departures of the real long profiles from the steady state. In con-
sequence, it allows one to make inferences about what the potential
evolution of the incision is or should be, and even about the forcing that
disturbs the incision.

In this paper, we present a new metric for the quantification of the
differences between the longitudinal profile of a stream and the graded
theoretical long profile that would be expected with the development of
a constant gradient from the head to the outlet. Thus, the incision ca-
pacity will be homogeneous throughout the entire theoretical long pro-

file (Sklar and Dietrich, 1998). This new metric makes it possible to
quantify the differences in shape between the two longitudinal profiles,
i.e., the real profile and the theoretical profile. The metric can be glob-
ally quantified to obtain a general view of the state of the river and dis-
cretely quantified along the long profile to identify differences in the
regularization levels of different reaches. To illustrate the usefulness of
this metric, we have analyzed the longitudinal profiles of 14 rivers that
drain the reliefs of the Spanish Central System and the Iberian Range,
both located in the central zone of the Iberian Peninsula. They are two
contiguous reliefs with very different structures and geological histo-
ries, and thus they represent an ideal setting for verifying the results of
the proposed analysis. For this same purpose, we have also calculated
the Ksn index from channel slope-contributing drainage area scaling
(Wobus et al., 2006; Whipple et al., 2013), and the records have been
compared in terms of the identification of knickpoint types and the sec-
torization of long profiles.

2. Calculation of the indices

The procedure is based on the quantification of the morphological
differences between the longitudinal profile of a river and the theoreti-
cal constant-gradient long profile, i.e., the graded long profile. The
graded long profile is the long profile that the river would develop un-
der dynamic equilibrium conditions, given the positions of its headwa-
ter and outlet. From among the multiple mathematical methodologies,
we selected the stream-gradient index (SL) principle (Hack, 1973),
which in principle seems to be the most suitable for bedrock rivers and
has been widely used (e.g., Pérez-Peña et al., 2009; Troiani et al., 2014;
Subiela Blanco et al., 2019; Piacentini et al., 2020; Viveen et al., 2021).
First, the value of the total SL is calculated, given the present headwater
and outlet positions for the studied stream (Fig. 1). To obtain the head-
water position, we selected the highest point above which there is an
accumulation area of 1 km2, typically the value of the critical contribut-
ing area (Sklar and Dietrich, 1998; Whipple, 2004). SL is the slope value
of the straight line that joins the headwater and the outlet of the longi-

Fig. 1. Sketch of the methodology for the construction of the theoretical equilibrium longitudinal profile and the calculation procedure for the G and g indices. The
upper plot illustrates the total stream-gradient index (SLT) value, as the slope value of the straight line that joins the source and the outlet of the longitudinal profile
plotted in a semilogarithmic graph. This value is required to obtain the elevation values of the theoretical long profile from the Hack equation. The lower plot illus-
trates a projected theoretical long profile (dashed line) together with a real long profile (solid line) and the procedure for obtaining the values of the indices. The G
index value is the result of the areal difference between both profiles and the reference straight line that joins source and outlet. And g index is the sequence of dis-
crete values (dots in the graph) resulting from the difference in elevation between the two profiles, measured with respect to the reference straight line that joins
source and outlet. See the text for a detailed explanation.
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tudinal profile plotted in a semilogarithmic graph (Fig. 1). The obtained
SL value is then introduced into Hack's equation (Hack, 1973):

(1)

where HT is the constant-gradient long profile elevation, H0 is the
headwater elevation and L is the downstream distance measured from
the headwater to the outlet. An elevation value (HT) is obtained at each
point along the constant-gradient longitudinal profile. The constant-
gradient long profile is plotted against the present longitudinal profile
(Fig. 1), and the morphological differences between these profiles are
quantified using the straight line joining the headwater and the outlet
as a reference. This line represents the available energy for stream ero-
sion, to achieve the same erosive capacity along the entire profile, while
the controlling variables on the system do not change. The quantifica-
tion is made as follows: i) The difference in area between both longitu-
dinal profiles with respect to the straight line joining the headwater and
the outlet is calculated (Fig. 1). This returns a unique value for the en-
tire long profile called stream regularization index_G. ii) The differ-
ences are measured in a discrete way, i.e., the elevation differences be-
tween both longitudinal profiles are measured at constant distance in-
tervals. This metric provides a value called regularization index_g (Fig.
1). For the calculation of g, shorter distance intervals provide more
complete information, although they also result in a higher computa-
tional cost.

2.1. Stream regularization index (G) interpretation

The G value provides quantitative information about the regulariza-
tion level that a stream has reached in relation to its outlet. A G value
equal to 1 means that the present long profile of the river matches the
graded long profile. In this case, the river has reached its maximum in-
cision level, given its current headwater and outlet elevations; it has al-
ready developed a constant-gradient long profile. Deviations from G
equal to 1 happen when a stream is driving off the dynamic equilibrium
conditions, and they are associated with a change in the gradient that
does not correspond merely to a lithological contrast. Negative values
of G are possible: they are associated with streams' long profiles under
certain conditions, such as when they have a convex-up form. The re-
sults can also be read in terms of the percentage of the regularization
level with respect to the maximum potential level; thus, a value of G
equal to 1 represents 100 % of the maximum potential regularization,
and all the intermediate terms down to 0 % can be interpreted in the
same way.

2.2. Regularization index (g) interpretation

The discrete calculation makes it possible to assess the local regular-
ization level and its spatial distribution along the stream. Hence,
reaches with different regularization levels can be quantitatively identi-
fied. A value of 1 indicates the maximum regularization level at which
the real long profile matches the theoretical constant-gradient longitu-
dinal profile. A value of 0 occurs when the elevation of the present long
profile at a given point coincides with the reference line, joining the
headwater and the outlet (Fig. 1). This corresponds to a minimum regu-
larization level with respect to the measurement reference. Negative
values can occur in situations such as those mentioned above for G, for
reaches that intersect the reference line. In fact, values >1 are possible,
but they are usually limited to the lower reach. Values higher than 1 oc-
cur when the current long profile runs below the constant-gradient lon-
gitudinal profile. Otherwise, the trends of the g-value sequences offer
valuable information on the fluvial changes. Three different general
trend types are possible: i) Constant sequence of g values along a reach.
This means that it is a constant-gradient reach since it follows a path
parallel to the theoretical equilibrium long profile. This implies that the
progressive slope decline, with all other factors considered equal, al-

lows a homogeneous erosive capacity (Gilbert, 1877; Whipple et al.,
2013). It is, therefore, a graded reach to a local base level or a preserved
record from a previous evolution stage in which there was a different
base level. If the value of g remains constant along the entire long pro-
file, then the value of g will be 1, and we will have a fully graded long
profile. ii) Downward trend of g values, which records a downstream
loss of the gradient relative to the current outlet. It corresponds to a
reach that moves away from the theoretical long profile in the down-
stream direction, indicating a loss in the erosive capacity. However, this
can happen due to a purely geometric effect when the reach approaches
the reference line that joins the headwater and the outlet of the stream,
and this can occur even if the reach intercepts this line. In these cases, if
the long profile shows a smooth concave geometry, analyzing just that
reach of the long profile will result in a sequence of constant g values.
iii) Upward trend of g values. This is always registered in sharp inflec-
tions. However, they also occur when the slope tends to be constant
downstream, which results in an upstream decrease in the regulariza-
tion level linked to a decrease in the gradient upstream. This is a typical
shape for a long profile that moves towards more resistant materials re-
quiring higher equilibrium slopes or an increase in the uplift ratio
(Whipple and Tucker, 2002; Whittaker et al., 2007; Whittaker and
Boulton, 2012).

The interpretation of the g-value sequences makes it possible to de-
termine which inflections or changes in the longitudinal profile of a
river are potentially due to a transition in the erosion rate, the lithology
or a change in the base level due to different processes that influence
landscape evolution. Typically, these changes are recorded in the form
of knickpoints or knickzones, so that their identification, classification,
and quantification (Whipple and Tucker, 1999; Wobus et al., 2006;
Haviv et al., 2010; Kirby and Whipple, 2012; Whipple et al., 2013)
make it possible to extract reliable information to solve the inverse
problem of reconstructing the processes from the topography (e.g.,
Goldrick and Bishop, 2007; Whittaker and Boulton, 2012; Chauveau et
al., 2021). For this purpose, automated algorithms have also been de-
veloped based on the statistical relationships of different variables that
influence the shape of the longitudinal profile (e.g., Hayakawa and
Oguchi, 2006; Gonga-Saholiariliva et al., 2011; Schwanghart and
Scherler, 2014; Queiroz et al., 2015; Neely et al., 2017; Zahra et al.,
2017; Gailleton et al., 2019); in this respect, the regularization index of-
fers an alternative, simpler procedure. The g values always experience
changes in the knickpoints, and these changes are variable depending
on the type of knickpoint: there may be vertical-step knickpoints, slope-
break knickpoints or knickzones (Haviv et al., 2010). Two sequences of
constant g values separated by a sharp rise or a slightly decreasing se-
quence separated by a sharp rise from a sequence of downstream con-
stant values correspond to a vertical-step knickpoint. Meanwhile, an as-
cending sequence of g values, preceded by a constant or decreasing se-
quence, is always associated with a slope-break knickpoint (Fig. 2).

The reason for this is that a vertical-step knickpoint always sepa-
rates two sections of a river's long profile; these sections represent new
and old equilibrium long profiles separated by the upstream propagat-
ing incision wave or a lithological contrast with a more erodible sub-
strate downstream (Wobus et al., 2006; Whipple et al., 2013; Demoulin
et al., 2016) so that, regardless of whether it is a mobile or anchored
knickpoint, both reaches present a constant gradient. A constant gradi-
ent then implies a sequence of constant values of g because these values
either fit the theoretical equilibrium long profile or follow a parallel
path (Fig. 2). On the contrary, a slope-break knickpoint separates the
longitudinal profile of a river into two reaches with different gradients;
the gradient of the downstream reach is higher due to either an increase
in the rock uplift rate or a lithological contrast that implies a more resis-
tant substrate downstream (Wobus et al., 2006; Whipple et al., 2013;
Demoulin et al., 2016). In this case, the values of g show an increasing
trend downstream of the knickpoint as the long profile approaches the
theoretical profile more and more and follows a trajectory that is nei-
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Fig. 2. Sketch showing two types of knickpoints in synthetic stream profiles
(blue solid line) and their appearence on g values trend (dotted line). In a sim-
plified way the upper plot shows two sequences of constant g values separated
by a sharp rise, that correspond with two reaches, R1 and R2, separated by a
vertical_step knickpoint. And the lower plot shows an ascending sequence of g
values, preceded by a decreasing sequence, that correspond with two reaches,
R1 and R2, separated by a slope_break knickpoint. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version
of this article.)

ther coincident nor parallel; the gradient, in this case, is always greater
than the gradient of the calculated theoretical long profile (Fig. 2).

We can also consider two typical cases in which changes in the dis-
tribution of g values do not correspond to a significant change in the g-
value trend. The first case corresponds to a knickzone, pointing to ei-
ther disequilibrium in the downstream long profile or a steady-state
spatial uplift gradient (Demoulin et al., 2016). The second case shows
either small lithological contrasts (Chilton and Spotila, 2022) or the
staggering derived from the limitations of the grid resolution when the

long profile is obtained from a digital elevation model (DEM), as knic-
knoise, for example (Hergarten, 2020).

3. Case study

3.1. Geological setting

We have analyzed the longitudinal profiles of the main rivers drain-
ing the eastern sector of the Spanish Central System reliefs (the Adaja,
Cega, Duratón, Riaza, Alberche, Guadarrama, and Jarama rivers) and
the central zone of the Iberian Range (the Jalón, Huerva, Aguas Vivas,
Martín, Guadalope, Tajuña, and Guadiela rivers), which are located in
the central area of the Iberian Peninsula (Fig. 3). These areas have two
very different geological contexts, but they are annexes in the same ge-
ographical position, and therefore they have similar climatic histories
(Pérez-Obiol et al., 2011; Oliva et al., 2019). The Spanish Central Sys-
tem extends for about 700 km in the NE-SW direction; with an average
width of about 60 km and a maximum elevation of 2592 m asl. It is a
large thick-skinned, double vergence crustal pop-up consisting of ig-
neous rocks (mainly granites) and metamorphic rocks deformed by NE-
SW to E-W thrusts that result from crustal uplift related to lithospheric
folding. However, the main tectonic transport is southward directed,
whereas in the north, the tectonic structure appears as a series of imbri-
cate thrusts with smaller individual displacements (De Vicente et al.,
2018 and references therein). The easternmost sector of the Spanish
Central System lies within the Iberian Range, a mountain chain that ex-
tends for about 460 km in the NW–SE direction with an average width
of about 90 km and a maximum elevation of 2315 m asl. It is a fold-
and-thrust belt developed during the late Eocene to Miocene because of
the contractional inversion of a series of Mesozoic rift basins, resulting
from the convergence between the Eurasian, Iberian and African plates
(Guimerá et al., 2004; Guimerá, 2018; Rat et al., 2019). The result is a
NW-SE oriented doubly vergent intraplate mountain belt consisting of
sedimentary rocks (mainly limestones), which boundaries with its sur-
rounding foreland basins are always thrusts (Guimerá, 2018). The
thrust-sheet on top of the edge thrusts, display two anticlinoriums, sep-
arated by a big synclinorium. They are interpreted as major fault-bend
folds developed over the ramp and flat geometry of two major thrusts
(Guimerá, 2018; Guimerá, 2022). The major part of the Iberian Chain is
thick-skinned, as it involves together the Variscan basement and the
Mesozoic and Cenozoic cover. Only the more external parts are thin-

Fig. 3. Sketch of the geological context of the studied rivers. The delineation of the different lithological units is based on the IGME geological map of the Iberian
Peninsula and the Balearic and Canary islands (Caride de Liñán, 1994). The locations of tectonic structures are based on the QAFI v.2.0 mapping of active Quaternary
faults (García-Mayordomo et al., 2012). The limits of the reaches and the knickpoints that coincide with these limits on the river are included.
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skinned. Its relief has a strong areal coincidence with all this contrac-
tional structures and they are genetically related. Highlights planation
surfaces developed onto the orogenic building, overlain by the alluvial
systems directed to, currently inverted, endorheic basins (Guimerá,
2018). The central sector of the Iberian Range outcrops in two parallel
alignments, the Aragonesa branch to the east and the Castellana branch
to the west, which are separated by the so-called Catalayud Basin. The
Loranca piggy-back basin stands out on the western edge, and its thrust
front is located in the Sierra de Altomira (Guimerá, 2018) (Fig. 3).

The link between the Spanish Central System and the Iberian Range
occurs through a transpressive shear zone, which puts the outcrops of
metamorphic rocks of the former in contact with the limestone outcrops
of the latter. It is <10 km long, and is associated with the thrusting of
the basement. In this transition zone between the Iberian Range and the
Central System, both reliefs present a similar staggered folding struc-
ture in the NE–SW direction; (De Vicente et al., 2007). In both de-
scribed reliefs, a marked lithological contrast occurs at their bounds,
which correspond to the limits of the mountainous front next to the ad-
joining sedimentary basins, i.e., the Tajo, Ebro, and Duero basins (Fig.
3). All three of these basins are large Cenozoic intracratonic basins that
are mainly filled with siliciclastic sediments at the margins and evapor-
ites in central areas. This occurred under an endorheic regime initially,
and then the basins were inverted, conceivably at different times. How-
ever, the mechanism responsible for the opening of the closed basins is
still a topic of debate (Martín-Serrano, 1991; Santisteban et al., 1996;
Pereira et al., 2000; Antón et al., 2012; Garcia-Castellanos and
Larrasoaña, 2015; Antón et al., 2019; Cunha et al., 2019; Struth et al.,
2019; Karampaglidis et al., 2020; Rodríguez-Rodríguez et al., 2020;
Regard et al., 2021). Endorheic–exorheic transitions imply major geo-
dynamic changes, which notably influenced the reorganization of
drainage networks (Bridgland et al., 2020). One of the responses of the
rivers to this process has been the readjustment of their longitudinal
profiles to the new exorheic base level. However, each river system has
responded differently to local and regional conditions, such as
periglacial processes in high mountain headwaters, glacio-eustatic sea-
level changes, and different tectonic patterns (Santisteban and Schulte,
2007).

3.2. Construction of the longitudinal profiles

The information required to construct the longitudinal profiles of
the studied streams was extracted from the 90-m-cell-size digital eleva-
tion model SRTMv.4.1 (Jarvis et al., 2008) using the FLUNETS tool
(Pastor-Martín et al., 2018). By using a sampling range of about δ√2
(where δ is the grid resolution) along the vectorized streams, the eleva-
tion (H), and contributing area (A) data were obtained.

3.3. S_A plot and Ksn calculation

The S-A plot has been created, and the corresponding Ksn index cal-
culation (Wobus et al., 2006) has been carried out in order to establish a
comparison with the g values, especially with regard to the interpreta-
tion of the g-value trends. Stream power-law scaling or Flint's law, sets
a continuous negative slope alignment that adjusts to a potential distri-
bution under steady state or dynamic equilibrium conditions
(Morisawa, 1962; Hack, 1973; Flint, 1974; Howard et al., 1994; Harel
et al., 2016; Hergarten, 2020):

(2)

where S is the local channel slope, ks is the channel steepness index,
A is the upstream drainage area, and θ is the concavity index. This func-
tion is only valid for drainage areas above a critical threshold, Acr, vari-
ably interpreted as the transition from divergent to convergent topogra-
phy or from debris-flow to fluvial processes (Montgomery and
Foufoula-Georgiou, 1993; Sklar and Dietrich, 1998; Whipple and

Tucker, 1999; Wobus et al., 2006; Kirby and Whipple, 2012). S-A plot
support the steady state assumption, and from the best fit linear regres-
sion can be inferred concavity and steepness indices value. On the other
hand, the breaks in this scaling may be associated with records of tran-
sient conditions (Wobus et al., 2006; Kirby and Whipple, 2012; Whipple
et al., 2013;). For example, knickpoints may separate segments with
both similar or distinct steepness and concavity indices, depending on
the spatial distribution of substrate properties, variations in rock uplift
rates, and/or climatic factors (Whipple, 2004; Whipple et al., 2013;
Demoulin et al., 2016). To identify distinct channel segments and the
appropriate regression limits for each segment in S-A plot, the method
proposed by Wobus et al. (2006) uses a reference concavity index (θ
ref.) for the normalized steepness index (Ksn) determination, which al-
lows the comparison of the steepness of channels in different drainage
areas:

(3)

and

(4)

where Ks and θ are determined by regression, Amax and Amin bound
the segment of the profile analyzed, and Acent is the midpoint value for
the segment analyzed (Wobus et al., 2006).

The slopes' values can be influenced by the uncertainty that causes
noise in their distribution, which is related to the data collection itself
and the precision of the DEM (Eckert et al., 2005; Wobus et al., 2006;
Jarvis et al., 2008; Boulton and Stokes, 2018), and by the natural het-
erogeneities of the rocky beds that sometimes show a steepness associ-
ated with fractures and not related to the regional erosion rate (Mudd et
al., 2018). For these reasons, an exponential smoothing of the data has
been carried out with a constant or weighting factor of 0.1. This in-
volves an application of the weighted moving average in which expo-
nentially smaller weights are assigned as the slope decreases. A low
value of the weighting factor was assigned because the greatest uncer-
tainty occurs at the lowest values of S.

The value of θ ref., or m/n, in the Ksn calculation (Wobus et al.,
2006) is usually taken as the regional mean of observed θ values in an
undisturbed channel segment. Whipple and Tucker (1999) suggested
that θ should fall in the range 0.35 ≤ θ ref. ≤ 0.6 if bedrock incision is
driven by shear stress, so it is frequently assumed to be equal to 0.5,
with n assumed to be 1. However, recent compilations of data from
multiple landscapes show that this may not be the case (e.g., Lague,
2014; Clubb et al., 2016; Harel et al., 2016), and numerical modeling
studies show that, in some specific situations, 0.5 leads to unrealistic re-
lief structures (Kwang and Parker, 2017). Perron and Royden (2013)
propose, for the determination of θ ref., the value that allows the best
regression fit for the linearization of river longitudinal profiles or the
chi integral approach. Additionally, Mudd et al. (2018) demonstrate
that the integral method is the best method for calculating the most
likely θ ref. for the analysis of rivers of the same network. In this study,
we compare the longitudinal profiles of rivers from different catch-
ments. Thus, for the estimation of θ, we have adopted the value of the
best statistic according to average least-squares regression instead of
the maximum likelihood estimator from chi-integral methods. The
value obtained is 0.45 (Fig. 4).

4. Results

The longitudinal profiles of the rivers that drain the northern edge
of the Spanish Central System have a smooth concave-up geometry. The
G values range between 0.64 and 0.88, with an average value of 0.81
(Table 1). High values of g, which range between 0.5 and 1, have been
obtained, except for at the headwaters, where the initial values drop to
0.1. In the case of the Adaja River, these values highlight a large inflec-
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Fig. 4. Sketch showing the data plot from the best regression fit for the lin-
earization of river longitudinal profiles and the determination of best statistic
according to average least-squares regression, which was assumed to be the
most likely θ ref.

tion or knickpoint, which divides this river into two halves. Using the g-
value trend, two reaches, R1 and R2, have been differentiated in each
long profile, except for that of the Adaja River, which has three reaches,
R1, R2, and R3. These reaches have been identified in the S-A plot, and
the corresponding Ksn values decrease downstream in a range from 156
to 21 (Fig. 5 and Table 1).

The longitudinal profiles of the rivers that drain the southern edge
of the Spanish Central System have a more complex geometry. The lon-
gitudinal profile of the Alberche River has three great knickpoints join-
ing reaches in a concave-up geometry. The Guadarrama River has a

great knickpoint, and the Jarama River's profile is softer, with less con-
cavity (Fig. 6). The G values range between 0.66 and 0.57, with an aver-
age value of 0.61 (Table 1). The obtained g values cover the entire pos-
sible range, although it is interesting that in three cases, they range
from approximately 0.1 to 0.6 for the middle-upper half of the long pro-
file, and values >0.6 are found for the middle-lower half. Using the g-
value trends, five reaches have been differentiated for the Alberche
River, two have been differentiated for the Guadarrama River, and only
one has been distinguished for the Jarama River. These reaches have
been identified in the S-A plot, and the corresponding Ksn values range
from 95 to 23 (Fig. 6 and Table 1).

The longitudinal profiles of the rivers that drain the western edge of
the Iberian Range have two different shapes. The long profile of the
Tajuña River is low concavity, slightly staggered and fairly constantly
steep. On the contrary, the Guadiela River presents a long profile with
marked knickpoints in the upper-middle section, a softer concave-up
shape in its lower-middle section, and a sharp drop to the end of the
profile. G values of 0.24 and 0.55 have been obtained for the Tajuña
and Guadiela rivers, respectively (Table 1). The obtained g values range
between 0.1 and 0.4 for the long profile of the Tajuña River, and they
range between 0.1 and 0.6 for the Guadiela River. Using the g-value
trends, four reaches have been differentiated for both rivers. These
reaches have been identified in the S-A plot, and the corresponding Ksn
values range from 114 to 27 (Fig. 7 and Table 1).

The longitudinal profiles of the rivers that drain the eastern edge of
the Iberian Range generally have a low concavity shape, except that of
the Guadalope River, which follows a markedly downward slope. All of
these profiles have numerous inflections. The G values range between
0.14 and 0.58, with an average value of 0.32 (Table 1). The g values
have been obtained from the entire range; however, in the case of the
Huerva and Aguas rivers, most of the g values do not exceed 0.4. Using
the g-value trends, four reaches have been differentiated for the Jalón,
Huerva, and Aguas rivers, three reaches have been identified for the
Martín River, and two reaches have been identified for the Guadalope
River. These reaches have been identified in the S-A plot, and the corre-
sponding Ksn values range from 97 to 23 (Fig. 8 and Table 1).

5. Discussion

The G results allow us to see a clear difference between the rivers of
the two mountain systems chosen as examples. The Spanish Central
System has an average G value of 0.72 ± 0.13, while the Iberian Range
has an average G value of 0.34 ± 0.16 (Table 1). This implies that the
longitudinal profiles of the rivers that drain the Spanish Central System
are graded approximately 70 %, while those of the Iberian Range only
30 %. The G values also show a significant difference between the aver-
age regularization levels of the rivers that drain the northern and south-

Table 1
Values of the Stream regularization index (G) of the longitudinal profiles of the example rivers. Mean G values and standard deviation are calculated for each
mountain range and flanks. Values of Ksn are calculated for the delimited reaches in the longitudinal profiles of each river (Figs. 5 to 8).
Range Catchment River G Average (G) Standard deviation (G) Ksn (m0.9)

Spanish Central System North Duero Adaja 0.64 0.81 0.72 0.11 0.13 38 33 31
Cega 0.87 122 21
Duratón 0.88 156 37
Riaza 0.83 127 31

South Tajo Alberche 0.57 0.61 0.04 59 80 95 78 23
Guadarrama 0.6 42 38
Jarama 0.66 66

Iberian Range West Tajuña 0.24 0.40 0.34 0.22 0,16 34 35 42 45
Guadiela 0.55 113 114 91 27

East Ebro Jalón 0.34 0.32 0.16 25 49 70 87
Huerva 0.24 33 27 42 59
Aguas Vivas 0.32 29 54 62 97
Martín 0.14 23 65 95
Guadalope 0.58 59 67
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Fig. 5. Streams draining the northern flank reliefs of the Spanish Central System. The solid blue line represents the longitudinal profiles plotted together with the
theoretical longitudinal profile (green dashed line) of each river. The g values are shown as a sequence of points. The straight red line is the reference with respect to
which the indices have been calculated. The different identified reaches are shown for each long profile, along with the corresponding slope-area plots (log S vs. log
A). Ac marks the transition to fluvial scaling. It highlights the elevation coincidence of the head reach limit. A third reach (R3) is distinguished only in the long pro-
file of the Adaja River. See the text for a detailed interpretation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

ern flanks of the Spanish Central System, which are about 80 % and
60 %, respectively. Between the two flanks of the Iberian Range, this
difference is smaller (around 10 %). On the other hand, if we compare
the results for different drainage basins, we obtain more apparent dif-
ferences in the average G values. Hence, an average level of regulariza-
tion of about 30 % is obtained for the rivers that drain into the Ebro
Basin, a level of regularization of about 50 % is obtained for those that
drain into the Tajo Basin, and a level of regularization of about 80 % is
obtained for those that drain into the Duero Basin. Since the drainage
networks in the Spanish Central System reliefs incise more resistant
rocks, i.e., granitic and metamorphic rocks, compared to the sedimen-
tary carbonate rocks of the Iberian Range (Fig. 3), the described differ-
ences suggest a relationship with the differential Plio-Quaternary tec-
tonic evolution of the Iberian Range with respect to its surroundings
(Soria-Jáuregui et al., 2019; Struth et al., 2019; Galve et al., 2020). Up-
lift rates between 0.25 and 0.55 mm/y for the Iberian Cordillera
(Giachetta et al., 2015; Conway-Jones et al., 2019) and about 0.1 mm/y
for the Central System (Conway-Jones et al., 2019) haven been esti-
mated. However, the differences in G values observed between the two
flanks of the Spanish Central System (Table 1), may be best explained in
relation with the structural asymmetry that this mountain range pre-
sents (Tejero et al., 2006; De Vicente et al., 2018). In addition, a post-
inversion diachronic reorganization of the respective drainage net-
works happened (Garcia-Castellanos and Larrasoaña, 2015; Cunha et
al., 2019; Karampaglidis et al., 2020; Rodríguez-Rodríguez et al., 2020;
Regard et al., 2021; Benito-Calvo et al., 2022), which would explain the
differences also found between the profiles of the rivers of each flank of
each mountain range.

Beyond the general regularization levels of rivers, the g values pro-
vide a more detailed record. From the outset, the g metric is also clearly

different between the rivers of the two mountain ranges, both in terms
of values and values distribution. The longitudinal profiles of the rivers
from the Spanish Central System have high values in quite a homoge-
neous distribution so that in most of them, only two different reaches
are identified (Figs. 5 and 6). On the contrary, for the longitudinal pro-
files of the rivers from the Iberian Range, the values are generally low
and have a heterogeneous distribution; in most of these profiles, four
different reaches are identified (Figs. 7 and 8). The changes in the g-
value trends highlight tectonic signals. The increasing sequences of g
values show an erosive deficit upstream in the longitudinal profiles of
the rivers of the Iberian Range (Figs. 7 and 8). It occurs downstream of
the knickpoints, which suggests that they are slope-break knickpoints.
In a systematic way, the first identified reach, R1, ends in these longitu-
dinal profiles between elevations of 1000 and 1100 m asl. This eleva-
tion coincidence makes it possible to identify a temporary change in the
rate of tectonic uplift, which causes a propagation at a constant rate of
these slope-break knickpoints (Wobus et al., 2006; Whipple et al.,
2013). There is not an elevation coincidence for the other succeeding
knickpoints, which do coincide with changes in the g-value trend (Figs.
7 and 8). Nevertheless, they are related to tectonic structures. They
stand out in the central zone of the Iberian Range in relation to a signifi-
cant concentration of active Quaternary faults (García-Mayordomo et
al., 2012; Sanz de Galdeano et al., 2020) (Fig. 3). The typology of the
knickpoints and their relationship with active tectonics are verified us-
ing the S-A plot and Ksn values. Figs. 6 and 7 show descending data
alignments linked by sharp rises, coinciding with the knickpoint loca-
tions, which are typical records of slope-break knickpoints (Wobus et
al., 2006; Whipple et al., 2013). This is confirmed by the rising Ksn val-
ues downstream (Goren et al., 2014), as we can see in Table 1. In the
case of the Jalón River (Fig. 8), the record of the knickpoints is some-
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Fig. 6. Streams draining the southern flank reliefs of the Spanish Central System. The solid blue line represents the longitudinal profiles plotted together with the
theoretical longitudinal profile (green dashed line) of each river. The g values are shown as a sequence of points. The straight red line is the reference with respect to
which the indices have been calculated. The different identified reaches are shown for each long profile, along with the corresponding slope-area plots (log S vs. log
A). Ac marks the transition to fluvial scaling. These three longitudinal profiles are clearly different from each other, without common morphometric features beyond
a marked difference between the closeness of the theoretical and real long profiles in the lower-middle section, and the distance between these profiles in the upper-
middle section. See the text for a detailed interpretation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)

Fig. 7. Streams draining the western flank reliefs of the Iberian Range. The solid blue line represents the longitudinal profiles plotted together with the theoretical
longitudinal profile (green dashed line) of each river. The g values are shown as a sequence of points. The straight red line is the reference with respect to which the
indices have been calculated. The different identified reaches are shown for each long profile, along with the corresponding slope-area plots (log S vs. log A). Ac
marks the transition to fluvial scaling. These are two longitudinal profiles of quite different geometries, although they share a similar g-value trend for the first three
reaches. See the text for a detailed interpretation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)

what attenuated due to the effect of downstream incision in the softer
materials of the Duero Basin fill first and in the Catalayud Basin later
(Fig. 3). The anomaly is found in the longitudinal profile of the
Guadiela River. Although the g-value trend shows, as in the other cases,
a downstream erosive deficit from R2 (Fig. 7), this trend is reversed in
R4. Additionally, although the S-A plot records a typical slope-break-
knickpoints pattern, the corresponding Ksn values do not rise down-

stream (Table 1). A possible explanation lies in the fact that this river
does not completely outflank the Iberian Range and ends right in the
mountainous front, coinciding with the Sierra de Altomira thrust front
(Fig. 3). This thrust front leaves behind, to the east, the Loranca piggy-
back basin, which became endorheic due to its disconnection from the
Madrid Basin (Díaz-Molina and Tortosa, 1996) and in which the
Guadiela River incises deep.
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Fig. 8. Streams draining the eastern flank reliefs of the Iberian Range. The solid blue line represents the longitudinal profiles plotted together with the theoretical
longitudinal profile (green dashed line) of each river. The g values are shown as a sequence of points. The straight red line is the reference with respect to which the
indices have been calculated. The different identified reaches are shown for each long profile, along with the corresponding slope-area plots (log S vs. log A). Ac
marks the transition to fluvial scaling. The elevation coincidence of the end of R1 stands out. It is clear that the longitudinal profiles have a low concavity geometry;
they also have a constant proportional distance to the theoretical long profile. See the text for a detailed interpretation. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

The results also show a coincidence in the inflection-point elevation
of the g-value sequence in the longitudinal profiles of the rivers that
drain the northern flank of the Spanish Central System. It occurs around
elevations from 1050 to 1100 m asl (Fig. 5). The reach upstream of this
inflection, R1, presents a sequence of increasing g values, and R2 pre-
sents a sequence of constant, very high values. It also roughly coincides
with the path the rivers follow through the mountain front. There is a
lithological contrast between the sedimentary fills of the basin and the
rocky outcrops of the mountain range (Fig. 3). Thus, the rivers incise to-
wards softer materials but develop a constant gradient, so there is no
erosional deficit. They are very regularized rivers that only diverge in
the headwaters. The Adaja River is somewhat of an anomaly in this
case, first of all, because the change in the g-value trend coincides with
a great knickpoint. The corresponding sequence with R1 begins to de-
crease slightly almost immediately (Fig. 5). The aforementioned knick-
point also coincides with a change in the horizontal direction of the

river, in addition to its path through the mountainous front (Fig. 3). R1
incises into a small Cenozoic internal basin called Campoazálvaro (De
Vicente et al., 2011) (Fig. 3). Thus, the record of g can be interpreted by
considering an elbow capture by a creek (Tortosa et al., 1997;
Gutiérrez-Elorza et al., 2005; Antón et al., 2014). The erosive excess
that is recorded in the g values in R1 indicates that previously the long
profile was regularized to a different outlet, which experiences a sharp
drop in elevation. A third reach, R3, is differentiated based on the g val-
ues (Fig. 5). The change from R2 to R3 does not correspond to an inflec-
tion in the long profile. The g-value sequence changes from being con-
stant to having a rising trend. This indicates an erosive deficit of R3
with respect to R2, coinciding with the union of a tributary. Hence, this
suggests a competition to be the main stem, as a result of an autogenic
river-basin reorganization (Scheingross et al., 2020). The decreasing se-
quences in the S-A plot, together with the decreasing Ksn values down-
stream, corroborate the influence of the lithological contrast in the
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headwaters. In the case of the Adaja River, the increase of S in the S-A
plot that separates R1 and R2 does not coincide with an increase in the
Ksn value, which supports the interpretation of the capture. The transi-
tion between R2 and R3 coincides with a significant increase in area,
which explains the effects of the union of a large tributary.

In contrast, the southern flank has a different pattern. Although it
also contains rivers with a high regularization level, the values of g
show an adaptation of each river to its particular geological context.
The staggered sequence of g identifies reaches R1 and R2 of the Al-
berche River as two chained longitudinal profiles (Fig. 6). The integra-
tion of the Alberche River has been described as an upstream capture
sequence (Díez Herrero, 2003). The ascending sequences of g values as-
sociated with R3 and R4 (Fig. 6) imply a successive erosive deficit, coin-
ciding with the flow through the mountain front and the thrust of the
southern edge, where the river abruptly changes direction (Fig. 3).
Next, in R5, the g values indicate a high level of regularization. We can
first infer that the river incises more easily into the filling materials of
the Upper Tagus Basin, in the preferential thrust direction. However,
the lithological contrast upstream is not large enough to explain why
R3 and R4 show such an erosional deficit. The literature has tradition-
ally described this area as one of low tectonic activity (e.g., Tejero et al.,
2006; Galve et al., 2020). Nevertheless, the southern edge thrust is an
active structure whose intensity decreases towards the north-east (Sanz
de Galdeano et al., 2020). We found, in the long profile of the Alberche
River, a signal suggesting differential uplift, which explains the ero-
sional deficit of R3 and R4 with respect to the previous and subsequent
reaches. The g values make it possible to identify a marked vertical-step
knickpoint that divides the longitudinal profile of the Guadarrama
River into two reaches (Fig. 6). It coincides with a lithological contrast
(Fig. 3), and we could consider it an anchored knickpoint since, down-
stream, the river incises in a low-erodibility reach (Whipple et al.,
2013). In the longitudinal profile of the Jarama River, the increasing
trend, attenuated downstream, of g values indicates an erosive deficit
upstream. This river crosses a lithological contrast, similar to the
Guadarrama River, which explains the lower level of regularization of
its upper-middle section. The Alberche River record in the S-A plot is
typical of a sequence of slope-break knickpoints (Fig. 6), and the Ksn
values increase downstream to R3 (Table 1), which supports the idea of
a certain increase in the uplift ratio. The fact that the values decrease in
R4 and R5 corroborates the high level of incision through the preferen-
tial thrust direction. The Guadarrama River presents a typical vertical-
step knickpoint record in the S-A plot (Whipple et al., 2013), with simi-
lar Ksn values for the corresponding reaches. In the case of the Jarama
River, we did not find a particular record in the S-A plot and Ksn values
(Fig. 6 and Table 1).

6. Conclusions

The regularization level of a river in terms of dynamic equilibrium
normally implies a smooth concave shape of its longitudinal profile.
However, different resistance substrates require different equilibrium
slopes, although they may have constant gradients. The shape that cor-
responds to a constant gradient can be reconstructed by a mathematical
procedure. This provides a reference against which the shape of a real
long profile can be quantified. The value, and its variations, of the dif-
ferences between real and theoretical long profiles is a valuable record
of the forcings that condition fluvial evolution. The approach presented
in this work makes it possible to quantify the global regularization level
of a river by calculating the stream regularization index (G). Quantita-
tive comparisons can be established between different rivers within the
same basin or in different basins, and provides a reference value to infer
the maturity level of a river with respect to a certain conditions. On the
other hand, this methodology also makes it possible to identify regime
transitions through the calculation of regularization index (g) at dis-
crete distances along the long profile. These transitions are recorded in

changes in the g-value trend. When the changes correspond to knick-
points, their typology can also be established; this, along with the con-
text, offers the possibility of identifying tectonic bounds. The calcula-
tion of g also makes it possible to discriminate between knickpoints and
knicknoise when calculations are being performed on a large scale. The
usefulness of the proposed indices has been verified by studying the se-
lected examples, which represent different well-known tectonic con-
texts. Results are consistent with differences in the uplift ratio between
the Iberian Range and the Spanish Central System and between distinct
areas of the Spanish Central System, and highlights the influence of the
structural asymmetry of the Spanish Central System on the incision pat-
terns of the rivers. In general, it can be verified that the rivers draining
into the Duero Basin have a high regularization level that is associated
with a relict base level. The rivers draining into the Upper Tagus Basin
have a medium regularization level, with differential uplift records that
are highly influenced by the lithology, so that the signals are somewhat
attenuated. The rivers that flow into the Ebro Basin present a low regu-
larization level but clearly register signals of different uplift ratios be-
tween the range and basin, even where a long-term incision decelera-
tion pattern has been documented. The results agree with the idea of a
diachronic reorganization of the drainage networks, motivated by the
opening of the respective basins, given the marked differences in the
general and local regularization levels of the examples. These differ-
ences, in turn, are related to different settings. The comparison with the
S-A plot and Ksn values has allowed us to corroborate the interpreta-
tions derived from the G and g indices regarding the identification of
knickpoints and influential processes in the evolution of rivers. How-
ever, at the same time, we have been able to see that, especially for low-
slope sections for which the data noise is more pronounced when a
DEM is used for data extraction and large areas are covered, this
method makes it easier to identify regime transitions, detect imperfec-
tions or knicknoise, and identify reaches with different channel steep-
ness values.
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