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Abstract Asymmetric morphologies are ubiquitous in many landscapes, but the influence of tectonics, cli-
mate or bedrock properties on the development and persistence of this asymmetry is difficult to assess. This
study investigates the implications of structurally-controlled relief asymmetry on drainage divide dynamics and
network organization. We focus on the French Southern Alps, a tectonically quiescent region where Eocene and
Miocene thin-skinned deformation of a well-developed Mesozoic sedimentary series is still strongly imprinted
in present-day landscape form, in particular through the presence of asymmetric ridges with steep cliff faces
opposite to gently dipping structural surfaces. We build a dataset combining systematic measurements of ge-
omorphological properties of these ridges with available geological information about strata dip direction, to
identify eventual systematic correlations between metrics characterizing divide morphology and instability and
the structural configuration of the ridge, from a local scale to the larger organization of the river network. We
observe a systematic tendency for aggressor basins, according to the y metric and local slope contrasts, to be
located opposite to the dip direction of the strata, with respect to the divide. Such configuration arose from the
initial structural asymmetry of the layered landscape, but we propose that it has been maintained over time by
an inhibition of fluvial or hillslope erosion processes on the steepest and updip sides of the divide. Such phe-
nomena can have strong implications on the transient evolution of the planform drainage structure, by allowing
the persistence of out-of-equilibrium configurations over extended periods of time.

Non-technical summary River networks are dynamic systems and the shape of river basins evolve
through time, with major implications for the evolution or topographic relief, climate or ecosystems. A key pro-
cess in this evolution is the migration of drainage divides allowing one basin to grow at the expanse of another
adjacent basin. In landscapes developing over deformed sedimentary series, it is a common situation for these
divides to be asymmetric with a steep cliff on one side and a gentler slopping surface on the other following the
dip of the sedimentary series. We investigate the possible control of this topographic asymmetry on the migra-
tion of drainage divides in the French Southern Alps. We observe that the basins with more potential to grow
at the expanse of their neighbor(s) are more likely to be located on the side of the divide opposite to the dip
direction of the strata. One explanation for this configuration is that the landscape is still in a disequilibrated
configuration, due to a slowing-down of erosion processes on the steep sides of the divides. While such behav-
ior could appear counter-intuitive, we discuss a series of geomorphological processes which could contribute
to this situation, and keep landscapes away from equilibrium conditions over geological time scales.
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1 Introduction

External forcing such as tectonics or climate, as well
as internal properties such as bedrock lithology, dictate
the structure and evolution of landscapes (e.g. Whip-
ple, 2009; Whittaker, 2012). Intensive research efforts
have aimed at understanding how fluvial incision and
hillslope erosion processes create, maintain, and dis-
sipate topographic relief. These studies have led to a
better understanding of the processes that influence the
vertical development of landscapes and how they con-
trol the characteristics of fluvial and hillslope reliefs up-
lifted above their base level (Tucker and Whipple, 2002).

*Corresponding author: godard@cerege.fr

However, the impact of fluvial dynamics on landscapes
is not limited to along-stream vertical incision, but also
includes the horizontal structure of river networks and
the processes that drive its evolution over time (Clark
et al., 2004; Pelletier, 2004; Perron et al., 2008; Stark,
2010; Bonnet, 2009; Perron et al., 2012; Zhou et al., 2022,
Zhou and Tan, 2023; Zhou et al., 2022). These planform
dynamics of fluvial systems are much less understood
than the vertical incision associated with fluvial pro-
cesses.

The migration of watershed divides, through the cap-
ture of part of one basin area by another, either progres-
sively or by discrete events, is one of the most impor-
tant controls on the network scale evolution of drainage
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Figurel Exampleofthe Montagne de Couperidge, South-Eastern France (see location on Fig. 2b) (a) Harmonized BRGM 1/50000 geological map (accessible
through BRGM WMS). River network is colored according to x values. Thick white line indicates the location of the topographic cross-section. Dip directions
along the ridge are also reported. (b) Topographic and simplified geological cross-section. (c) Oblique view with IGN orthophotos and river network.

systems, with far-reaching implications. From a mor-
phological point of view, it sets the locations of ac-
tive erosion, sediment fluxes through watersheds, and
where dissection of relief occurs (e.g. Willett et al., 2014;
Whipple et al., 2016; Forte and Whipple, 2018; Dahlquist
etal., 2018; Vacherat et al., 2018; Sassolas-Serrayet et al.,
2019; Schwanghart and Scherler, 2020; Rohrmann et al.,
2023). It has also been proposed that this dynamics of
watershed divide migration could play a major role in
the continental-scale evolution of ecosystems, particu-
larly aquatic ecosystems, and could be one of the fun-
damental processes driving the distribution of biodiver-
sity (e.g. Waters et al., 2001; Gallen, 2018; Lyons et al.,
2020; Val et al., 2022; Cassemiro et al., 2023). Therefore,
a better comprehension of the processes controlling di-
vide migration, and resulting river network organiza-
tion, is essential for the understanding of many phe-
nomena that affect the Earth’s surface and the critical
zone.

As for many processes driven by fluvial incision, the
migration dynamics of watersheds is strongly influ-
enced by climatic and tectonic factors. Recently, the im-
portance of bedrock lithology on migration dynamics
has also been demonstrated in numerical models (Forte
et al., 2016; Mitchell and Forte, 2023) and field stud-
ies (Gallen, 2018; Garcia-Delgado et al., 2023). Lithol-
ogy, which is incorporated through the erodibility pa-
rameter in most fluvial incision models, is a critical fac-
tor in influencing fluvial incision, although it is chal-
lenging to quantify effectively (e.g. Lavé and Avouac,
2001; Godard et al., 2010; Bursztyn et al., 2015; Small
et al., 2015; Zondervan et al., 2020). It also appears
that lithology contrasts related to underlying geological
structures can have a lasting impact on the evolution of
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watershed boundaries by influencing capture processes
(Ward, 2019; Garcia-Delgado et al., 2023).

Sedimentary series undergoing thin-skinned defor-
mation are prevalent in the external domains of many
mountain ranges. These layered lithologies are highly
anisotropic for a wide range of tectonic and surface pro-
cesses. In particular, they are often associated with
asymmetric reliefs, which are common features of both
tectonically active and inactive fold and thrust ranges.
Such asymmetry is usually of structural origin, and as-
sociated with the uplift of the range along ramp-flat sys-
tems or with the development of asymmetric propaga-
tion folds. The resulting topography often exhibits a sig-
nificant difference in slope across ridges, as maintained
by tectonic uplift when active, and controlled by the dip
direction of underlying strata. The steeper side, which
can display bare bedrock cliffs, is most often opposed to
the dip direction, whereas a gentler sloping surface on
the other side often follows a structural surface set by
the dipping strata (Fig. 1).

This difference in slopes across ridges and associated
drainage divides is structurally-controlled and of tec-
tonic origin, and is present since the formation of the
ridge, independently of ulterior climatic and geomor-
phic forcing on the landscape. The asymmetry can in-
duce very contrasted processes and evolution on the two
sides, with for example a steep cliff dominated by rock
falls on one side, and a gently dipping soil-mantled sur-
face dominated by creep on the other side. Similarly,
weathering processes can act at very different paces de-
pending on the respective depths, on each side, of the
regolith overlaying bedrock. Such drastic differences
in processes between the two sides can have significant
implications on how the hillslopes and first-order chan-
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Figure 2 Situation maps for the studied area in the French Southern Alps. (a) Topography, river network and limits of the studied major basins. Hatched
areain the upper part of the Durance and Var catchments was excluded from the analysis due to important glacial imprint. Red lines are mapped homoclinal
ridges, where the dip direction of the strata could be clearly determined. (b) Geological map (1/108 BRGM). Marker x corresponds to the location of interest
presented on Fig. 1. (c) x map (6 = 0.5). Integration starting points are at the outlets of each basin.

nels of these ridges respond. In particular, the dynam-
ics of divide migration, where a basin captures part of
the drainage area of another, can be modulated by dif-
ferences in the erosion processes and their response
timescales between the two sides of the divide (Whip-
ple et al., 2017; Braun, 2018). In turn, these local pro-
cesses, at the local scale of the ridge and associated di-
vides, may impact the way the river network adjusts.

At first approximation, these differences in slope are
expected to result in differential erosion rates and pro-
mote drainage divide migration in the direction oppo-
site the steeper side. All metrics measured in the prox-
imity of the divide, such as relief, channel steepness,
should be consistent with this disequilibrium and direc-
tion of migration. One interesting aspect of this asym-
metry and corresponding direction of migration, is that
it does not, a priori, reflect network scale dynamics and
competition between adjacent catchments, but is de-
fined by the ab initio local structural geometry of the
ridges. One could wonder how these local dynamics
interact with network scale forcing, propagating along
river networks, at the scale of 10s of km. In particu-
lar, whether or not the topographic metrics character-
izing the larger scale planform dynamics of river net-
works will display drainage direction patterns consis-
tent with the locally controlled ridge metrics remains
to be determined. The y metric has, for example, been
a widely used tool to identify such large-scale geomet-
rically out-of-equilibrium drainage configurations, and
to derive directions of drainage migration (Willett et al.,
2014). In settings with complex geology and tectonic
history, we could expect to observe x contrasts across
ridges indicating long wavelength landscape disequi-
librium, but with no specific overall preferential ori-
entation across ridges with respect to their initial to-
pographic asymmetry, which is a local attribute. How
these two length scales (large-scale planform river net-
work vs. local asymmetry of ridges) interact in dictating
landscape evolution in deformed layered sedimentary
terrainsis still poorly understood and requires a system-
atic morphological analysis.

To explore these questions, we investigate the impli-

cations of initial relief asymmetry, induced by struc-
tures and layered stratigraphy, on drainage divide dy-
namics in the French Southern Alps. In this region,
thin-skinned deformation of a well-developed Meso-
zoic sedimentary series has strongly imprinted the land-
scape, with widespread occurrences of asymmetric
ridges. This landscape is presently affected by negli-
gible, possibly only local, active deformation, and the
shortening that formed the observed asymmetric ridges
occurred mostly during Eocene and Miocene tectonic
phases (Walpersdorf et al., 2015; Godard et al., 2020;
Bestani et al., 2016). The climatic conditions can also be
considered to be relatively homogeneous over the stud-
ied region. We take advantage of this situation, where
active tectonics can be neglected, to study the relax-
ation of such initially structurally-controlled landscape
toward planform equilibrium. We build a dataset com-
bining systematic measurements of the local geomor-
phological properties of ridges with available geological
information about strata dip direction, to identify even-
tual systematic correlations between topographic met-
rics characterizing divide instability and the geological
configuration of the ridges, both at the local scale of the
ridges and of the larger river network.

2 Settings

Our study area is located in the southern part of
the French Alps, adjacent to the northern ranges of
Provence (Fig. 2). The landscapes of this region are
characterized by wide valleys and mountain ranges that
can reach altitudes between 2000 and 3000 meters. Most
of the ranges in these areas were formed during the
Pyrenean deformation phase in the Eocene, followed by
Alpine deformation in the Miocene (Molliex et al., 2011,
Bestani et al., 2016). The influence of the Pyrenean de-
formation is especially pronounced in the southern part
of the Provence sector, mainly expressed by the domi-
nance of east-west oriented mountain ranges.

We are focusing on four main watersheds that drain
the topography of this area : the basins of the Eygues,
Ouveze, Durance, and Var rivers. The largest of these
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basins is the Durance, which is the primary tributary
of the Rhéne in its downstream part. For the Durance
and Var basins, the upstream areas were occupied by
glaciers during the last glacial cycle, which had signif-
icantly impacted the corresponding valleys’ morpholo-
gies. These areas will not be considered in the analysis
carried out in this study (Fig. 2a).

The geology of the studied area is largely dominated
by Mesozoic sediments (Fig. 2b), primarily Jurassic and
Cretaceous, deposited within the context of an epicon-
tinental platform (Léonide et al., 2007; Leonide et al.,
2012). This Mesozoic sedimentation is dominated by
carbonates, with locally more marly sequences. Very
massive limestone beds associated, for instance, with
the sedimentation of the Lower Cretaceous or the ter-
minal Jurassic, play a crucial role in shaping the relief
and forming highly distinctive cliffs in the landscape.
The early Alpine history of the region is also character-
ized by detrital deposits such as flysch sequences in the
northern part of the studied area.

These platform deposits were subsequently de-
formed during the Eocene terminal north-south con-
vergence phase of the Pyrenean orogeny. Most of the
relief in Provence was formed during this deformation
phase. The Alpine deformation then overprinted these
earlier phases during the Miocene, and is particularly
well expressed in the southern Alps (Espurt et al., 2012;
Bestani et al., 2016). The Alpine deformation phase was
also associated with significant erosion of the newly
formed topography, and molasse-type sedimentation
occurred in the Valensole basin during the Miocene and
Pliocene (Clauzon et al., 1989). The Messinian salinity
crisis affected the hydrographic networks of the Rhone
and Durance rivers, along several hundred kilometers
upstream of the Mediterranean (Hsii et al., 1977). The
canyons formed during this event were subsequently
filled with detrital sediment when the sea returned at
the end of the crisis (Clauzon et al., 2011). The last stage
of landscape evolution corresponds to the major glacial
cycles of the Quaternary period, involving the widening
of the upstream parts of valleys and a phase of incision
in the molasse deposition zones around 1 million
years ago. Active deformation is presently very limited
(Nocquet et al., 2016), and recent fault slip has been
identified only locally on some structures (Hippolyte
and Dumont, 2000; Godard et al., 2020). Even though
Quaternary glaciations in the upstream portion of the
drainage basins induced significant downstream fluvial
incision, it is clear that the bulk landscape structure
of the Provence and peri-Alpine ranges was acquired
before the Pliocene (Bestani et al., 2016) and has been
since mostly relaxing.

Structurally and stratigraphically-controlled topo-
graphic asymmetry in fold-and-thrust belts could arise
from various mechanisms. They can develop from
thrust sequences on nearly monoclinal strata, or from
the erosion of asymmetric anticlines with a steep and
a gently dipping limb (Fig. 1b). In most of the west-
ern Provence domain, the structural style of the Meso-
zoic series is controlled by the existence of a thick lower
Cretaceous Urgonian limestone unit, which promotes
the former type of deformation. In contrast, the oc-
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currence of pronounced asymmetric folds will be more
common north of the Ventoux-Lure axis (Fig. 2a), where
the lower Cretaceous facies are different.

The result of this complex geological history is the
existence of a system of mountain ranges with varied
orientations, primarily constituted of Mesozoic carbon-
ate sediments. Many of these mountain ranges display
afirst-order structural control and exhibit a morpholog-
ical asymmetry between their two flanks, linked to the
dip direction of the strata (Fig. 1). The widespread oc-
currences of such configuration makes it an interesting
location for analyzing the interactions between local ge-
ology and the dynamics of fluvial networks in a relaxing
landscape.

3 Methods

We present here the methods used to extract the ridges
of the landscape and to assess their degree of instabil-
ity using different morphometric criteria. We present
first the general concepts underlying the use of these
metrics, and then their implementation in our area of
interest.

3.1 Concepts

River incision I ([LT~1!]) is often described using the
simple stream power formulation using along-channel
slope S and drainage area A ([L?]), such as,

I=KA™S", (1)

where K is an erodibility coefficient ([L!~2"T~1]), and
m and n are empirical exponents (Howard, 1994; Whip-
ple and Tucker, 1999). Under steady-state conditions
river incision I equals rock uplift U and equation 1 can
be reorganized as,

dz
dz

1
U\~ m
= —_— A_T.

Equation 2 can be integrated from base level, at position
xp, to x (Perron and Royden, 2013) as,

2(z) — 2(ay) = /I (K{i’ﬂ) " 3)

Under the assumption that U and K are spatially con-
stant, equation 3 becomes,

) = 2o+ (4w ) @)

where Ay is a reference drainage area (Perron and Roy-
den, 2013), and with,

S =

m

T /A n
L.

Equation 5 relates the metric x, which depends only
on the river network configuration, to steady state river
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Figure 3 Description of the workflow used to extract and process data associated with divides. See text for details.

channel elevation. Under the assumption of spatially
uniform lithology and uplift rates, differences in y
across a drainage divide can be interpreted as the ex-
pression of a disequilibrium in the planar organiza-
tion of the river network (Willett et al., 2014; Whipple
et al., 2017; Forte and Whipple, 2018; Habousha et al.,
2023), and can be used to infer the possible direction
of drainage divide migration as a response to this dise-
quilibrium. In the case of spatially variable lithology or
uplift rates, y contrasts across a divide may not reflect
current divide motion, but instead reflect the expected
behavior of the divide if the spatial variability in lithol-
ogy or uplift rates were removed (e.g. Forte and Whip-
ple, 2018).

The x parameter reflects the network scale organi-
zation of the river network and associated instabilities
(Willett et al., 2014). While it can provide first order in-
formation on divide dynamics, the results’ robustness
can be strongly affected by the complexities and spa-
tial variability of tectonics, lithological and geomorpho-
logical conditions along the integration path (e.g. Gail-
leton et al., 2021). Topographic gradients and relief are
primary drivers of erosion in most settings (e.g. Mont-
gomery and Brandon, 2002; Ouimet et al., 2009), and
can be used as proxies for relative variations of erosion
rates. Cross-divide contrasts in these topographic prop-
erties can be considered to reflect similarly oriented
contrasts in erosion rates. For that reason, they can
be used to unravel the potential migration directions
due to differential erosion acting in the direct vicinity
of the ridges. This approach to assess the potential in-
stabilities at the local scale of an individual ridge specif-
ically focuses on cross-divide differences in hillslope
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and first-order channels geomorphological properties.
These properties, referred to as Gilbert metrics, are for
example the topographic gradient and local relief in the
direct neighborhood of the divide (Forte and Whipple,
2018). Computation of these metrics is straightforward
from a Digital Elevation Model, once the divides have
been identified. This type of divide stability analysis
provides a local view on the active processes acting di-
rectly on both sides of a divide, whereas x contrasts
analysis is rather focused on the longer wavelength sta-
bility of the drainage network.

3.2 Implementation

A database for ridge segments was constituted for four
major rivers basins in SE France: Durance, Var, Eygues
and Ouveze (Fig. 2). All processing was carried out us-
ing IGN-BDALTI 25 m resolution Digital Elevation Model
(DEM). The calculations were carried out using the R
software (R Core Team, 2023) with the terra (Hijmans,
2023) and rgrass (Bivand, 2023) packages as well as
GRASS GIS (GRASS Development Team, 2022). We first
extracted the river network and basin limits from the
DEM, using an area threshold of 1 km? for the initia-
tion of channels (Fig. 3). This value is large enough to
be sure to extract clearly channelized portions of the to-
pography. x values were computed along the network
starting from each basin outlet, using a concavity of 0.5,
which is close to the widely reported average for this pa-
rameter, and a normalizing area Ay of 1 km?. Choosing
other values for these parameters will change the abso-
lute value of x, but is unlikely to affect the nature of the
direction of differences across divides. Note that in the
following, all y comparisons across ridges will be car-
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ried out within the same basin, as we do not compare
x values across the ridges delineating the drainage di-
vides between the four studied catchments, in order to
avoid inconsistencies associated with the different out-
let starting points for the integration pathways (Forte
and Whipple, 2018).

The intra-catchment divide network was also ex-
tracted, and divide segments were defined such that
each segment is associated with a unique couple of
opposite first-order drainages. We filtered the divide
network based on various criteria, to retain divide
segments corresponding to important and prominent
ridges. We discarded all divide segments where the lo-
cal relief and curvature computed over a 300 m diam-
eter window were below 50 m and 0.002 m~!, respec-
tively. The size of the window is large enough to en-
compass the hilltop and a significant portion of the hill-
sides on both sides. The threshold values for curvature
and relief allow restricting the dataset to well-defined
and prominent ridges. We computed the combined dis-
tance to the common confluence, calculated from both
sides of each divide segment. We retained only the di-
vide segments where this distance was higher than 10
km. By doing so, we were able to focus our analysis on
the main divides associated with the range crests, and
set aside the less important divides between first-order
basins draining the same flanks of the ranges. It allows
us to focus on the network scale organization of the net-
work, and avoid small-scale interactions between adja-
cent basins. We also excluded from the analysis all the
divideslocated in the northern areas of the Durance and
Var catchments, which were strongly affected by Late
Quaternary glaciations. We also restricted our analysis
to the divides over Mesozoic terrains, constituting most
of the relief deformed during Pyrenean and Alpine oro-
genies.

x values of first-order drainages from both sides were
transferred to the divide segments. In order to facil-
itate the following analysis of the dataset, divide seg-
ments were then split into homogeneous sub-segments
of 500 m in length. On each side of the divide, 200 m-
wide buffers were delineated for each sub-segments,
and zonal statistics such as average slope and relief
were computed over these buffers. Slope is computed
at each pixel in the steepest drainage direction toward
the neighboring pixels. The size of the buffer is chosen
to be large enough to sample a significant portion of the
hillside, and small enough to avoid interactions with the
fluvial network. These statistics were transferred as at-
tributes to the divide sub-segments, with a clear distinc-
tion between the two different sides.

Using BRGM 1/50000 geological maps and IGN BD-
ORTHO air photos, we identified dip directions of Meso-
zoic geological strata with respect to the sides of the di-
vide sub-segments.

The final result of our processing workflow is a vec-
tor of divide sub-segments, with an attribute table con-
taining information about y, slope and relief from both
sides of the divide and, when this information could
be retrieved, the dip direction of the underlying strata.
In most of the analysis carried out on this dataset, the
cross-divide differences in geomorphological parame-
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Figure 4 Analysis of the relationship between Ay and AS across ridges
identified on Fig. 2a. For all the analyses presented here, ridges are se-
lected according to the following criteria in terms of prominence : the local
relief (300 m window) must be higher than 50 m and the curvature higher
than 2 x 10=3 m—1, and the combined distances from both sides of the
ridge to the common confluence are higher than 10 km. We only consider
the Mesozoic sedimentary cover. Dip directions of the strata were identi-
fied from DEM, orthophotos and 1/50000 BRGM geological maps. See Fig. 3
for a description of the process. (a) Each point represents a ~500 m long
ridge segment. The differences in x and S across the ridges are computed
in the sense of the dip direction. Bold yellow line is the median computed
over 0.1 m/m-width bins and the shaded area is the interquartile range.
(b) p-values for a one sample t-test (H; : mean of Ax # 0) for each bin.
(c) Distribution of A S values, square and error bar indicate mean and stan-
dard deviation. (d) Distribution of Ax values, square and error bar indicate
mean and standard deviation.

ters (x, slope, relief) are computed following the dip di-
rection : AX = Xupdip — Xdowndip- When dip-direction
is unavailable, cross-divide differences are computed
starting from the steepest side.

4 Results

In many settings, structurally controlled relief implies
the existence of an asymmetry between the two sides of
a divide, with a steep high-relief cliff on one side and
a gentler slope in the dip direction on the other side,
where the surface gradient is often set by the dip angle
of the strata (Fig. 1). This relationship between geologi-
cal structures and topographic asymmetry is consistent
with the observations in our data set in terms of slope
(AS > 0in Figs. 4a and 4c) or relief (AR > 0 on Figs. 5a
and 5c¢).

We also observe a xy asymmetry predicting migration
from the high-slope/relief toward the low-slope/relief
side of the divide (Figs. 4d and 5d), which would a pri-
ori be consistent with the definition of Gilbert metrics
and the dynamics observed in many Landscape Evolu-
tion Models. This corresponds to negative Ay values,
as we compute the cross-divide difference starting from
the steep updip side. It is important to keep in mind
that, in relief generated by thin-skinned deformation,
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Figure5 Analysis of the relationship between Ay and difference in relief
AR across ridges identified on Fig. 2a. The dataset is the same as the one
presented on Fig. 4, obtained with the method presented on Fig. 3. Relief R
is computed over the buffers centered on the ridge lines (200 m half-width).
(a) Each point represents a ~500 m long ridge segment. The differencesin
x and relief across the ridges are computed in the sense of the dip direc-
tion. Bold yellow line is the median computed over 20 m-width bins and
the shaded area is the interquartile range. (b) p-values for a one sample
t-test (H; : mean of Ay # 0) for each bin. (c) Distribution of AR values,
square and error bar indicate mean and standard deviation. (d) Distribu-
tion of Ax values, square and error bar indicate mean and standard devi-
ation.

the topographic asymmetry across a ridge is often a di-
rect expression of the initial tectonic deformation pat-
tern, and acquired early in the formation of the land-
scape. In particular, this asymmetry is not primarily
a morphological response to differential erosion across
the divides resulting from different base level lowering
rates in the catchments from each sides.

The key observation in our dataset is that the Ay dis-
tribution of asymmetric ridges (AS > 0.2) is not cen-
tered on zero, and that there is a statistically significant
tendency for low y values (aggressor basins) to be lo-
cated on the side of the divide opposite to the dip di-
rection of the strata (Figs. 4 and 5). Such systematic re-
lationship between the x asymmetry across the divide
and the geological configuration of the ridge suggests a
structural control on drainage divide evolution, possi-
bly through a modulation of erosion processes delaying
the migration of the divide toward a planar equilibrium
configuration of the river network. Using other metrics,
such as the Divide Asymmetry Index (DAI) proposed by
Scherler and Schwanghart (2020) (Fig. 6), we find a ten-
dency similar to that identified on Figs. 4 and 5, which
is that the aggressor basin is located on the steep side of
the divide and opposite to the dip direction.

We split the dataset according to the combined dis-
tance to the common confluence for drainages origi-
nating from both sides of the ridge segments (Fig. 7).
This distance to confluence can be used as a metric to
order ridges in terms of their importance in the net-

7

C
10°
— 102 ©
S
L, =
107 ©
’Fw’e o
)
SLT~—x Ag& \i
00 °
ﬂ Sle® ° °
o
[S3 -} ®
o1 %OO o o o
NP %%, o
g,‘"e&"&o %’o%o %6 0o o
S~ Hooﬁo %o o8
° o °
E _LWatne gt
R
< %@ Dol 8o ® o
o °op ¢
8 o o o°‘£°‘b,o 2 o o
0% oL £ ) °
gte% e gsoe o g o
S1.33% g ° % o
"1708° 0% o00 o550
P o0 8°0 4 5 ©
r——7o °O° ° xX— %
0.0 0.2 0.4 0.6 0.8 1.0

DAI

Figure6 Analysis of the relationship between A and Divide Asymmetry
Index (DAI) (Scherler and Schwanghart, 2020) across ridges identified on
Fig. 2a. The dataset is the same as the one presented on Fig. 4, obtained
with the method presented on Fig. 3. DAI = ’é—RR , where relief R is
computed over the buffers centered on the ridge lines (200 m half-width).
(a) Each point represents a ~500 m long ridge segment. The differences in
x across theridges are computed in the sense of the dip direction. Bold yel-
low line is the median computed over 0.1-width bins and the shaded area
is the interquartile range. (b) p-values for a one sample t-test (H; : mean
of Ax # 0) for each bin. (c) Distribution of DAI values, square and error
bar indicate mean and standard deviation. (d) Distribution of Ax values,
square and error bar indicate mean and standard deviation.

work scale landscape structure (Scherler and Schwang-
hart, 2020), and defining these different subgroups al-
lows separating the short- and long-wavelength dynam-
ics of the landscape. If dip direction did not influence
drainage divide dynamics, we would expect all distribu-
tions to be centered on Ax = 0. On the contrary, the
global distribution is offset with respect to Ax = 0 with
a negative mean Ay < 0 as already observed in Figs. 4
to 6. In the distance subgroups, the Ay offset increases
with the combined distance to confluence, so that ridges
with long flow paths between their sides are more likely
to display aggressor basins on the side opposite to the
dip direction. The existence of more asymmetric di-
vides for long distances to confluence supports the idea
that the local structural control we are investigating is
an important control on the network scale organization
and on the evolution of the river network. One could
argue that increasing the distance to confluence corre-
sponds to longer integration paths for the calculation
of x, which might contribute to increase the variabil-
ity between the two sides and the range in Ay values
computed across the ridges. We underline that we ob-
serve this effect in our dataset with an increase in the
standard deviation of Ay with distance to confluence
(Fig. 7), and, again, that the key observation we make,
supporting a structural control, is instead the system-
atic Ay < 0, as the cross-divide difference in y is com-
puted in the dip direction.

The data analyzed above (Figs. 4 to 6) is restricted to
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the limited number of ridges where the dip direction
of the strata could be determined from visual analysis
of geological maps or aerial photographs. We also ana-
lyze x contrasts (here referred as Ay due to the differ-
encesin the calculation convention) across all ridges ex-
tracted from the DEM and compare with the ones where
the dip direction was determined (Fig. 8). For all ridges
(solid grey in Fig. 8) the distribution appears to be cen-
tered on 0, with slight skewness, which suggest an over-
all equilibrated configuration for the planar structure of
the river network in this area. For all ridges with a sig-
nificant slope asymmetry (|AS|> 0.2) there is a corre-
sponding x asymmetry, with aggressor drainages more
likely to be located in front of the steepest side. This
effect is more pronounced for structurally controlled
ridges (homoclinal, in blue in Fig. 8) than for the whole
dataset, which again reinforces the idea of a structural
control on drainage migration dynamics.

>50 km
n1=132

20-50 km
ni=121

<20 km
ni=109

—2000 .0 2000 4000 6000

AY

Figure7 Kernel density estimate distributions of cross divide differences
in x (Ax, with difference computed according to the dip direction) for
different values of the combined distance to common confluence (Fig. 3).
Filled distributions correspond to all data presented on Fig. 4, with filled
circle and error bar on top of the plot indicating the mean and +10. Solid
lines correspond to subsets according to the added distances from both
sides of the ridge to the common confluence. Open circles and error bars
correspond to mean and +1o for these subsets. On all plots the Y-axis is
the estimated density, whose exact value has no particular signification.

-6000

5 Discussion

5.1 Possible methodological limitations

From a methodological point of view, there are classi-
cal limitations on the computation of the xy metrics that
similarly apply to our study. One of the key assumptions
behind the  calculation is the homogeneity of tectonic
and lithological conditions along the river on which the
integration is performed from downstream to upstream
(Perron and Royden, 2013). Although primarily sed-
imentary, the lithologies in the area we consider are
highly variable, alternating and juxtaposing carbonates
and marls, as well as detrital sediments. Furthermore,
the last major tectonic phase dates back to the Miocene,
but the possibility of tectonic reactivation, particularly
locally at the Alpine front, cannot be ruled out (Godard
et al., 2020). Finally, it is important to note that, by
definition, the calculation of y is based on the stream
power formalism, which considers detachment-limited
incision. However, the conditions of many of the ma-
jor rivers in our study area are likely hybrid, with some
regions exhibiting dynamics closer to transport-limited
processes. Similarly, we postulate that the concavity
6 = 0.5 of the rivers is constant across the study area,
whereas spatial changes could affect the computation
of x. Nevertheless, despite the variability in litholog-
ical, tectonic, and process parameters, which can sig-
nificantly influence the x calculation (Gailleton et al.,
2021), we do observe in this study a systematic asym-
metry in this metrics along the ridges whose morpholo-
gies are structurally controlled. If the natural variabil-
ity mentioned above was the first order control on com-
puted y values, we would expect that these disturbances
and variations along the watercourse would lead to a
random distribution of y values across the divides, and
that the Ay values would display a symmetric distribu-
tion centered around 0 for all AS bins in Figs. 4 to 6.

Additionally, one could argue that the differences in
X observed across the asymmetric ridges arise geomet-
rically due to the difference in flank lengths between
the two sides of the structurally-controlled ridge, even
though the channel initiation threshold area considered
here is large enough to limit such influence. If this were
the case, we would expect to observe more pronounced
x contrasts for shorter distances to the confluence be-
tween the streams originating from both sides of the
ridge (Fig. 7), where this geometric effect would dom-
inate the signal. In fact, our data display the opposite
tendency, with higher x contrasts for longer distances
to confluence. This supports the idea that the signal we
observe is not at first-order controlled by the channel
network configuration near the ridges, but that there is
a larger-scale imprint on the landscape and channel or-
ganization.

Finally, another point of caution is the climatic his-
tory of the region. We intentionally excluded a sub-
stantial part of the upstream areas of the studied wa-
tersheds in order to eliminate the zones that were di-
rectly impacted by glaciers. Nevertheless, it is possible
that glacial or periglacial processes may have had differ-
ential influences across the divides, especially for east-
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Figure 8 Kernel density estimate distributions of cross-divide differences in x (Ax) for all extracted ridges, and for homoclinal ridges where the dip direc-
tion was identified. Note that for this figure the difference in x across the divide (Ax) is computed from the highest to the lowest slope side, not following
the dip direction (which is only defined for a limited number of ridges) as in Figs. 4 to 7. Grey and blue curves refer to the whole dataset or only the ridges
where the dip direction was identified, respectively. Dashed curves are subsets for AS > 0.2. On all plots the Y-axis is the estimated density, whose exact

value has no particular signification.

west-oriented watershed divides, due to drastic changes
in hillslope and first-order channels’ dynamics between
glacial and interglacial conditions. For example, the in-
tensity of frost cracking acting on exposed cliff surfaces
can change substantially and modulate the degree of
imbalance between the two sides of the ridges. How-
ever, as in the cases considered above, we would ex-
pect morphometric asymmetries across the ridges to be
smoothed out if this influence was dominant.

Altogether, despite the usual limitations of the com-
puted metrics when applied to natural systems, the
observed systematic asymmetry across structurally-
controlled ridges in Southern France clearly supports
the persistence of a structural imprint in the local and
larger-scale landscape organization.

5.2 Implications for surface processes at the
scale of the divide

5.2.1 Persistence of asymmetric configurations

The main deformation phases in our study area, which
structured the present-day landscape, are associated
with the Pyrenean and Alpine orogenies, with major
shortening events during the Eocene and Miocene. Ac-
tive deformation is presently very limited (Nocquet
et al., 2016), and slow slipping has been identified only
locally on some structures (Hippolyte and Dumont,
2000; Godard et al., 2020). While Quaternary glaciations
in the upstream parts of the basins induced substantial
downstream valley deepening and fluvial incision, it is
clear that the bulk of the relief of these Provence and
peri-Alpine ranges was acquired before the Pliocene
(Bestani et al., 2016) and has been since mostly relax-
ing.

The idea of equilibrium for a fluvial system is a theo-
retical concept, especially concerning its planform or-
ganization. Events of transient mobility of ridgelines
are frequent, even in the absence of changes in network
scale forcing, and correspond to the internal dynamics
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of the system (Hasbargen and Paola, 2000). From this
perspective, it is unsurprising to still observe local dif-
ferences in y across ridges in this relaxing landscape,
which was primarily deformed during the Eocene to
Miocene. The key point of our study is that these differ-
ences are systematic and show a preferential relation-
ship with local geological structures. One possibility to
explain this configuration is a structural control on ero-
sion dynamics, which could slow down migration pro-
cesses and maintain the landscape out of equilibrium
for extended periods of time. This asymmetry in ero-
sive dynamics would result from the slope asymmetry
across ridges, controlled by the dip of the sedimentary
series. The (updip) aggressor basins would thus have
their propagation rate penalized, which would induce
a delay or slowdown in the possibility of the landscape
to reach stability in its planform organization and from
there keep it in a disequilibrium state. The persistence
of an imbalance across the watersheds, and its system-
atic correspondence with local topographical asymme-
try, can only be explained if erosion processes are less
effective on the steeper (updip) side of the ridge, which
may seem paradoxical from a geomorphological point
of view.

Erosion rates are variable and difficult to constrain
in carbonate-dominated landscapes and few estimates
derived from cosmogenic nuclides are available in the
investigated area, ranging from a few 10s of m/Ma to
~100 m/Ma (Godard et al., 2016; Thomas et al., 2017).
No clear functional relationship has been calibrated be-
tween erosion rates and topographic relief or steepness.
In places where erosion rates are available from both
sides of a range, the amplitude of the contrast is dif-
ficult to resolve due to dispersion in the data and is
probably <100 m/Ma (Thomas et al., 2017), which sug-
gests slow rates of lateral propagation of erosion over
10 ka timescales. It has been noted that these cosmo-
genic nuclides-derived divide migration rates might un-
derestimate longer term dynamics in some contexts,
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such as passive margin escarpments (Braun, 2018; Go-
dard et al., 2019), where rapid captures of large areas
of the inland low-gradient surface can drive the evolu-
tion. However, in the configurations we consider here,
with narrow ridges and steeper topographic gradients
even on the more gently sloping sides, this type of pro-
cesses is less likely to play a dominant role. Available
data on erosion rates are therefore not sufficient to doc-
ument across-divide contrasts in erosion and a possible
counter-intuitive slow-down of these processes in the
case of the investigated steep updip slopes. However,
there are situations where steep slopes can have a lim-
iting effect on erosive processes, as we further discuss
in the next sections. The key point here is that local
hillslope processes, with delayed and slowed erosion on
the steeper slopes of structurally-controlled asymmet-
ric ridges, are expected to impact the associated larger
fluvial network and its planform organization.

At the local scale of the structurally-controlled
ridge, these processes may lead to a dynamic equi-
librium, where the slow (downdip) retreat rate of the
structurally-controlled cliff is steady and self-similar, as
proposed for similarly layered structures such as hog-
backs (Glade and Anderson, 2018). This contributes to
maintain the overall shape of the ridge over time. Such
local processes could imprint the overall organization
of the drainage network, and contribute to a certain per-
sistence of a larger-scale imbalance. These processes
are highly dependent on the nature of weathering and
transport of blocks and sediments driving the evolution
of both sides of the ridge, and allows for the develop-
ment of complex behavior and response timescales.

5.2.2 Controls by hillslope processes

Here, we explore and discuss some of the possible con-
ditions and processes that may slow down erosion and
weathering rates on the steepest updip side of the inves-
tigated ridges and could contribute to the persistence of
the observed imbalance.

The process controlling soil production from bedrock
has been along-standing debate within the geomorpho-
logical community, and in particular the form of the Soil
Production Function (SPF), which describes the rate at
which bedrock is converted into soil as a function of
its thickness. (Heimsath et al., 1997; Humphreys and
Wilkinson, 2007). The most commonly accepted model
assumes an exponential decay in this conversion rate
with increasing soil thickness, reflecting the protective
effect of soil cover against mechanical and chemical
weathering agents (Heimsath et al., 1997, 1999). How-
ever, another model suggests that the rate of soil pro-
duction does not exhibit a monotonic decrease with soil
thickness, and proposes the existence of a local maxi-
mum for this function, indicating that weathering pro-
cesses are more efficient in the presence of a thin re-
golith layer due to moisture retention or partial pres-
sure of CO5 within it (e.g. Furbish and Fagherazzi, 2001;
Minasny et al., 2008). In other words, bare bedrock ex-
periences lower weathering rates than areas with a thin
soil layer. The thickness of the soil is also influenced by
hillslope morphology as steeper slopes lead to higher

10

sediment fluxes, resulting in thinner soil layers. As a
result, the humped model for soil production can have
complex implications for erosion and weathering pro-
cesses on hillslopes. For instance, slopes with steep gra-
dients and thin soil layers could ultimately experience
less active weathering than slopes with gentler gradi-
ents and thicker soils. We used simple hillslope models
to explore this behavior with Landlab Landscape Evolu-
tion Modelling framework (Barnhart et al., 2020). Start-
ing from various initial slope values, we let the hillslope
evolve due to non-linear sediment flux, and a weather-
ing rate W as a function of depth z computed with the
formalism proposed by Furbish and Fagherazzi (2001),

1
+ Kz e—z/H

Wiz) = 01+/~@H

(6)
Where Wy and H are the bare bedrock production rate
and the decay length-scale of weathering in the case of
the exponential model, respectively. The shape of the
soil production function is controlled by the parame-
ter k, with k = 0 m~! corresponding to the simple
exponential model and higher values leading to non-
monotonous evolution of weathering rates with depth
(Fig. 9a).

In these simple models, the exponential function
(x = 0 m~1) produces the expected positive relation-
ship between weathering and topographic gradient (fig-
ure 9b). A more complex and surprising behavior ap-
pears for k > 2 m~!, with a non-monotonous evolu-
tion and a decrease in weathering at high initial slope
values. In this situation, the decrease of weathering
and erosion on steep slopes might contribute to strongly
inhibit or slow down the migration of the divide from
the steep to the shallow side of the ridge. Such pro-
cess could contribute to limit or delay the establishment
of a landscape planform equilibrium, with steep cliffs
resisting the propagation of erosion. A systematic ex-
ploration of this behavior is beyond the scope of this
study, but our simple models highlight possible signif-
icant implications of the humped model for weather-
ing on landscape evolution. We also note that previous
studies have already suggested the possibility of sharp
changes in hillslope dynamics in carbonate lithologies
(Godard et al., 2016). The transition between regimes
controlled by transport-limited processes or controlled
by weathering-limited processes can promote the emer-
gence of bedrock dominated landscape and steep cliffs
that are decoupled from adjacent base level variations,
which could also contribute to the inhibition of divide
migration.

An additional possible process slowing down erosion
on the updip steeper slopes could be driven by the pres-
ence of large blocks delivered by the cliffs, and likely
more abundant on the steep side of the divides. Glade
et al. (2017) developed a model of hillslope dynamics in
stratified landscapes, focusing on the influence of block
release and evolution, and illustrating the importance
of block cover for the persistence of asymmetric mor-
phologies. In particular, they show the potential for
blocks below the cliffs to protect the underlying bedrock
from weathering and eroding, and from there to con-
tribute to the slowing down of ridge retreat. An inves-
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Figure 9 Simple models of hillslope evolution starting from a range of initial constant slopes. The sediment flux is controlled by a non-linear law, with
transport coefficient of 0.01 m2/a and critical slope of 0.8 m/m. In equation 6 we use H = 1 mand Wy = 30 m/Ma. (a) Soil production functions for various
values of the k parameter (Furbish and Fagherazzi, 2001) controlling the shape of the function. (b) Evolution of average weathering rate along the hillslope

as a function of initial slope after 1 Ma, for various values of «.

tigation of the variability in block cover across our area
of interest is difficult due to dense vegetation at the foot
of the cliffs, and beyond the scope of this study. We note
that dense fields of metric blocks occur below the steep
sides of some of the ridges, and may likely contribute to
inhibit and slow down divide migration. However, there
seems to be much variability from one site to the other,
due probably to lithological differences, such that this
effect is probably not a dominant and systematic driver
of the processes we investigate.

5.2.3 Controls by channel processes

Channel incision processes can also exhibit complex
dynamics depending on the slope. While the classi-
cal Stream Power model predicts that fluvial incision
is strictly increasing with channel slope, more com-
plex models based on the "tool and cover” dynamics
suggest a non-monotonic relationship between incision
and slope (Sklar and Dietrich, 2004). In this model, in-
cision is primarily controlled by the probability of in-
teraction between the sediment load being transported
and the bedrock substrate of the riverbed. As the
slope increases, the trajectories of transported parti-
cles, which impact the riverbed and drive incision, be-
come longer. Consequently, a river or colluvial channel
with a steep slope may not necessarily be the context
where downcutting is most intense, due to the charac-
teristics of interactions with sediment transport. For ex-
ample, this mechanism has been proposed to explain
the existence of hanging valleys and the decoupling of
fluvial incision between a main river and its tributaries
(Wobus et al., 2006). In the case of our study, it is pos-
sible that the topographic asymmetry between the two
sides of the ridge also induces a difference in transport
conditions in the first-order channels and colluvial sys-
tems. The reduced efficiency of incision on the steep
side could contribute to the observed persistence of the
imbalance (Fig. 10).

Shobe et al. (2016) explored the impact of blocks de-
rived from adjacent hillslopes on channel incision dy-
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namics. They notably identified a negative feedback
where the delivery of large blocks by steep hillslopes ad-
jacent to actively incising river reaches inhibited inci-
sion. The first order channels directly connected to the
hillslopes could be sensitive to such effects. As men-
tioned for hillslope processes in the previous section,
block-dependent processes listed here could also con-
tribute to the slow-down in erosion processes on the
steeper side of the divide.

5.3 Implications for network scale landscape
evolution

Divide mobility is an intrinsic feature of landscape dy-
namics, which can be controlled by external forcing,
but be also autogenic (Hasbargen and Paola, 2000; Bon-
net, 2009). While divide mobility and planform network
dynamics have been investigated with Landscape Evolu-
tion Models, most model setups have relied on the sim-
plest form of the Stream Power formalism to represent
fluvial incision. Similarly, hillslope processes are either
unaccounted for or introduced using a simple linear dif-
fusion approach. As we suggested above, considering
more complex, but realistic, formulations of these pro-
cesses can have unexpected implications for divide evo-
lution, and from there for the evolution of the large-
scale river network. Such processes could potentially
slow down landscape evolution and maintain unstable
river network configurations over millions of years. At
shorter length scales, these processes could be a rea-
son for the longevity of ridge morphological asymme-
tries and the persistence of pronounced cliffs in layered
landscapes. Such delays can also contribute to explain
the influence of structural geometries and stratigraphy
in controlling the fluvial network orientation and plan-
form structure, in addition to geometric effects already
highlighted in other structurally-controlled landscapes
(Ward, 2019), or in addition to the effects of local active
tectonics and the related advection of rocks (e.g. Miller
et al., 2007).

The timescales of landscape evolution and response
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Figure 10 Conceptual summary of the possible hillslope and channel processes resulting in an inhibition of surface processes on the steeper side of an

asymmetric ridge.

to perturbations are at first order dictated by the effi-
ciency of fluvial and hillslope processes (Whipple, 2001;
Roering et al., 2001). The phenomenon we investigate
highlights other possible complex controls on these re-
sponse times, which also introduce an asymmetry in
landscape response. A detailed investigation of the
physics of the processes is beyond the scope of this
study, where we limit our analysis to a general discus-
sion of the existence of such processes. Carrying out
this analysis would require advanced Landscape Evolu-
tion Models, allowing to take into account layered and
deformed lithological series, as well as a more complex
representation of both fluvial and hillslope erosion pro-
cesses.

6 Conclusion

Asymmetric ridges are common features of landscapes
resulting from thin-skinned deformation of sedimen-
tary series, even long after tectonic deformation has
significantly slowed or ceased. Their morphology of-
ten displays a persistent strong structural control, with
steep cliff faces on one side and gentler slopes whose
gradient is set by strata dip angle on the other side.
We have analyzed metrics related to ridge asymmetry
and drainage divide instability in the case of the French
Southern Alps, which resulted from the deformation
of Mesozoic sedimentary series during the Eocene and
Miocene. As expected in this landscape resulting from
complex geological and past tectonic history, we ob-
serve significant y and slope contrasts between basins
from both sides of these ridges. Our key finding is that
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these contrasts display a clear preferential polarity, with
low x values more likely to be located on the steep updip
side of the ridge when x asymmetry is present across a
divide.

One could argue that these contrasts in y and
slope across ridges are consistent with predictions of
drainage divide migration in non-layered landscapes
and the definition of the Gilbert metrics. However, it
is fundamental to keep in mind that the difference in
steepness across the divide is here a structurally inher-
ited feature, and does not result from an erosional re-
sponse triggered by external factors. From that point
of view, the over-representation of aggressor basins on
the steep side of the divide can be interpreted as a man-
ifestation of a delayed relaxation of the network plan-
form toward an equilibrium configuration. We pro-
pose that this delay may arise from an inhibition of flu-
vial or hillslope local erosion processes on the steepest
sides of the divide. This behavior can have a meaning-
ful impact on the long-term and larger-scale evolution
of these landscapes, by slowing down the relaxation of
their planform structure toward an equilibrium config-
uration over 1 to 10 Ma timescales.
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