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A B S T R A C T   

Although it is generally recognized that geomorphic work is tied to bedrock channel reshaping, the importance of 
low vs. high flow stages that cause the most geomorphic impact remains unclear. The objective of the research is 
to study the concept of “formative flow” in bedrock channels and determine, through morphological studies, if 
those flows have any impact on sculpted features such as potholes and how this relationship relates to various 
inputs such as flow stages (magnitude and frequency), shear stress, and sediment size. Here, we studied the 
distribution of the main pothole typologies and tried to understand why potholes are found along bedrock river 
channels. Specifically, we examined stream potholes from three locations along the Spanish Central System: 
Alberche, Tietar, and Manzanares rivers. We conducted the research by taking precise geometric measurements, 
classifying potholes, analyzing flow magnitude and frequency, and using a two-dimensional (2D) hydrodynamic 
model to assess key variables in Manzanares river. This research demonstrated that bankfull depths completely 
cover all pothole typologies in all the analyzed sites but are not sufficient to achieve its formative flow depth 
(FFD). Using a detailed 2D hydrodynamic model in Manzanares river, we discovered that dimensions of cylin
drical potholes are closely related to bankfull discharge and that this depth is connected to FFD. Other potholes, 
such as erosive-compound and erosive-lateral, are historical remnants, and their shapes are not related to any 
particular FFD and are likely associated with rare events and catastrophic breaks. A collection of laterals that 
exhibit FFD near bankfull flows appear to represent a part of the recent evolution of a knickpoint. To summarize, 
it can be inferred from the findings that the utility of morphological analysis in conjunction with the 2D hy
drodynamic model is to examine the fraction of erosional/active features to determine the degree of senescence 
and/or change in natural conditions in a river reach.   

1. Introduction 

Stream potholes are the most common erosive features developed in 
bedrock channels. Numerous factors contribute to their formation, 
including flow abrasion through tools called grinders (e.g.,: Charpentier, 
1841; Alexander, 1932; Das, 2018), high levels of flow energy expen
diture associated with high gradient areas (Goode and Wohl, 2010), 
weathering (Elston, 1917; Ortega-Becerril et al., 2017), bedrock char
acteristics (Ortega-Becerril et al., 2017; Ji and Li, 2019), and substrate 
weakness (Springer et al., 2005, 2006; Ortega et al., 2014). Despite the 
increase in studies related to pothole formation, limited research has 
been conducted on the flow stage required to start the erosional pro
cesses and the depth that maximizes the erosion over time. 

Early publications by Alexander (1932) noted the significance in 
pothole formation of external processes such as cavitation within eddies 
and vorticity (Alexander, 1932; Nemec et al., 1982; Jennings, 1983). 

However, these works largely emphasize the connection between the 
type of vorticity and the discharge/depth of flow required to start the 
erosive process. The shear flow entering potholes produces eddies and 
entrains sediment into depressions, but the question remains: what is the 
flow depth necessary for sediment entrainment in potholes? Most 
quantitative studies of pothole geometries have focused on the rela
tionship between depth and radius within individual potholes because 
these variables affect the development of vortices with vertical axes and 
hydraulics (Pelletier et al., 2015; Álvarez-Vázquez and De Uña-Álvarez, 
2017; Ji et al., 2018, 2019). These variables have been connected to 
formative mechanisms and internal hydraulics utilizing power functions 
between pothole depth and aperture size (Kale and Shingade, 1987; 
Springer et al., 2005, 2006). 

The research by Johnson and Whipple (2007) suggests that when 
potholes are deep enough, there is negative feedback between the rate of 
expansion and flow dissipation. Pelletier et al. (2015) created a 
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mechanistic model for eddy-hole pothole formation. The authors of the 
aforementioned paper highlighted the “lack [of] data-relating pothole 
size to formative flow depths.” 

This study aimed to further elucidate the concept of the formative 
flow depth (FFD) which is the flow depth directly above a pothole. This 
research is a starting point for several interpretations of the concept 
(local vs average cross-sectional flow depth, temporal and spatial scale, 
etc.). Formative flow has been defined as the minimum flow depth 
needed to start a geomorphic change in a bedrock channel at different 
scales (Heitmuller et al., 2015). This concept is well known for its role in 
reshaping the landscape during high-magnitude floods (Baker and Kale, 
1998; Venditti et al., 2017); however, its relationship to small-scale 
features such as pothole erosion is not widely studied (Pelletier et al., 
2015). The formative processes (Nemec et al., 1982) involve flow sep
aration that causes boulder-induced bedrock erosion, macroturbulence 
(e.g., in river banks, Lorenc and Saavedra, 1980), and the likelihood that 
there is a critical scour depth (Nemec et al., 1982). The two-dimensional 
(2D) nature of turbulence is represented by potholes, which may be 
related to flow depth and other factors (Zen and Prestegaard, 1994). 
When a stream pothole reach their mature state, the depth is greater 
than the diameter; hence, the diameter and depth relation (D/h) serves 
as a gauge for hydraulic power (Ji et al., 2018). In channels with a 
gradient of 0.1 m/m, Pelletier et al. (2015) discovered that the flow 
depth required to create potholes is nearly equal to the diameter of the 
pothole. This idea is strongly related to that of “geomorphic work” 
(Wolman and Miller, 1960), which states that moderate flows that occur 
frequently have the highest geomorphic impact. This is because the 
greater magnitude-frequency products accomplish more geomorphic 
work than less powerful ones but instead they have more magnitude- 
frequency flows. 

The objective of this research is to test the role of low-magnitude 
flows in pothole development and to establish whether different 
pothole typologies are located and distributed along any specific areas 
affected by erosional processes and, consequently, by certain discharges 
(formative flows) and flow depths (FFD). 

Once we surveyed the range of pothole morphologies and its FFD, 
questions arose on the frequency of those depths and the required flow 
discharge for starting the erosional process. A large portion of work is 
done by events of moderate magnitude in alluvial rivers (Wolman and 
Miller, 1960), but it is well known that large valley scours and sub
stantial boulder movements require events of high magnitude. However, 
during such occasional flows, ordinary small-scale potholes have been 
reported to be breached and removed, and large-scale potholes have 
been formed (e.g., Baker, 1973; Baker and Kale, 1998; Bera et al., 2019). 

We classify every pothole into morphotypes and determine its dis
tribution in bedrock river channels as well as how these factors relate to 
other factors such as flow stages, shear stress, and sediment size. To 
determine whether different discharges may be associated with a 
particular pothole (feature, degree of maturity, position, and size), we 
employing actual flood events and comparing the various flow depths 
with FFD and morphometric measurements of potholes. Moreover, we 
explore how stream potholes might be used as morphologic indicators of 
average flow conditions in natural regimes and possibly of relict con
ditions in the context of human-modified basins. Paying attention to the 
regularity with which certain flow depths are reached may enable us to 
identify the types of potholes that are being covered by waters and to 
determine what may be the current active erosion process (if applicable) 
at each location. 

In order to improve our understanding of the flow conditions under 
which potholes are formed, we measured the size (diameter, depth) of 
the major potholes along three sites of the Spanish Central System 
(Ortega et al., 2014), two of which (Tietar and Alberche rivers) were 
continuously measured and the third (Manzanares river) ungauged. By 
conducting fieldwork during and after floods, we recorded flow depths 
in proportion to discharge (in gauged sites) at various pothole groups 
according to its typology and performed a 2D hydrodynamic model in 

the ungauged site using a detailed Digital Elevation Model (DEM) 
(Gomez-Heras et al., 2019). 

1.1. Study area and geological background 

The study area is situated in the central Iberian Peninsula along the 
Spanish Central System, a mountain range that runs across the Iberian 
Peninsula from SW to NE (Fig. 1). The mountain range is formed with 
Paleozoic-age crystalline rocks, mostly granites and gneisses. We studied 
bedrock outcrops at three study sites: the Tietar (TM), Alberche (AB), 
and Manzanares (MCV) rivers. Specifically, we studied porphyric bio
titic monzogranite outcrops at Tietar, porphyric leucogranite outcrops at 
Alberche, and coarse-grained leucogranite with interbedded micro
diorite dike outcrops at Manzanares. Dikes exert strong lithologic 
control. 

We performed the research at three sites located in bedrock reaches 
in the headwaters of the Tietar, Alberche, and Manzanares tributaries of 
the Tagus, one of the major rivers of the Iberian Peninsula. The three 
rivers are situated in the piedmont of the mountain range, with the 
annual precipitation ranging from 700 to 900 mm. Floods occur in 
winter because of frontal systems and snowmelt in the late winter/ 
spring, particularly in the Alberche river. However, powerful storms 
with flashflood characteristics are frequent during autumn in Tietar and 
Manzanares. Table 1 summarizes the key features of the study sites. 
Large floods in the region can exceed the annual peak discharge at some 
locations by six to eight times (Ortega et al., 2014). The geomorpho
logical surroundings vary from one site to the other. The Tietar site 
exhibits a high gradient reach (0.025 m/m) with boulders and rapids, 
and the river passes three rocky outcrops where the local gradient in
creases up to 0.05 m/m. The Alberche has a gradient that is comparable 
to Tietar's (0.027 m/m), and the reach shows rapids along a bedrock 
bench that is more resistant to erosion where the gradient is 0.05 m/m 
and where most of the potholes are located. The Manzanares has a 
segment with a higher gradient (0.12 m/m) and a knickpoint with a 
gradient of 0.2 m/m. Although boulders are present along the whole 
run, the sediment transported during the floods is coarse, consisting of 
gravel bedload from Alberche and Tietar rivers and gravel-boulders 
from Manzanares river with more exposed bedrock. 

1.2. Pothole morphotypes and evolutive stage 

There are various pothole morphotypes depending on their 
morphology, level of flow activity and evolutionary maturity (e.g.: 
Alexander, 1932; Nemec et al., 1982; Kale and Shingade, 1987; Lorenc 
et al., 1994; Richardson and Carling, 2005; Singtuen and Junjuer, 2021). 
Alexander (1932) classified potholes into three categories: eddy holes 
(cylindrical) created by abrasion by swirling currents, gouge holes 
(open, U-shaped like grooves) formed by lateral flow impact, and 
plunge-pool holes formed by falling flows. Sato et al. (1987) described 
another type: the “half potholes” which are similar to the “lateral pot
holes” described by Zen and Prestegaard (1994). These features are open 
depressions that have been influenced by plucking and are marginally 
situated on river margins. Sato et al. (1987) described the aforemen
tioned typologies and a “compound” one, an irregular depression. Thus, 
questions arise as to what each form of stream pothole represents in 
terms of the evolution, maturity, and current active growth of stream 
potholes. 

Nemec et al. (1982) divide potholes according its degree of devel
opment as follows: young stage (low maturity, symmetrical de
pressions), cylindrical (symmetrical, active potholes), and asymmetrical 
bulgy (old stage, high maturity), which exceed a threshold that limits 
the lifting of particles out of pothole. Lorenc et al. (1994) developed a 
pothole evolution route from early-stage scour holes to late-stage 
“bulbous and irregular holes” based on their field observations. 
Álvarez-Vázquez and De Uña-Álvarez (2017) identified similar cate
gories, suggesting morphological thresholds that distinguish between 
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active growth from inherited (stationary growth) forms. Richardson and 
Carling (2005) differentiate three growth stages: (i) initial (smooth 
cavities), (ii) intermediate (deeper cavities) and (iii) advanced (coales
cent, inner channel connects single forms). 

The development of potholes may also be related to their position 
along the channel and the geometry of the same (Kanhaiya et al., 2019). 
In experimental designs, Johnson and Whipple (2007) noted that pot
holes on a 0.07 % slope can be inherited forms. However, in general, the 
potholes developed in the modern streambed are considered contem
porary (Wang et al., 2009). 

Conditions can be interpreted as mature once the evolution ceases, i. 
e., when changes are no longer occurring or when they occur at a slow 

rate of erosion. (e.g., the evolution of the channel may lead to the rapid 
development of a strong incision and potholes cannot fully develop, 
Wang et al., 2009); moreover, the feature can be eroded, and the depth 
of a pothole may be reduced by a vertical incision (Springer et al., 2005). 
In terms of the pothole evolution, although the process of the formation 
of potholes is always erosive, we have considered two stages: (1) 
constructive phases that take place during early to intermediate stages 
where single forms evolve with deepening and widening, and (2) 
destructive phases during the advanced stage with secondary sculpting, 
breaching of floor/walls, and the development of compound and lateral 
potholes. 

In total, we recorded potholes along three sites (Table 1 and 

Fig. 1. Study area with the three sites along the Spanish Central System.  
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supplementary material) and categorized them visually into four groups 
during fieldwork (Fig. 2). 

1) Incipient (Fig. 2A): shallow bedrock depressions with polished 
smooth walls that often have no sediment infill (Richardson and Carling, 
2005). Nemec et al. (1982) and Lorenc et al. (1994) claimed that it in
dicates low maturity, as did Richardson and Carling (2005), who 
mentioned their near-circular shape as an indicator of early stages of 
pothole development; however, as these forms have been intensely 
conditioned by weathering, it is also possible that such forms developed 
under mature conditions of a reach. 

2) Cylindrical (Fig. 2B,C): simple, circular potholes (Richardson and 
Carling, 2005), described by Nemec et al. (1982) as symmetrical and 
active potholes that use a vortex with vertical axes to concentrate the 
flow energy and erode the bedrock ground. The mobile erosion nodes 
may evolve into stationary ones that develops into cylindrical cavities 
(Springer et al., 2005). Sato et al. (1987) observed these features along 
reaches with gradients between 0.1 and 0.4 m/m. Pelletier et al. (2015) 
considered their morphology and dimensions optimal for growth. 
Knickzone potholes are a type of these potholes. These potholes, which 
are situated at the knickpoint upper lip and rapids, involve considerable 
flow energy concentration and erosion. Although a reduced flow depth 
is expected due to critical flow, these potholes function similar to cy
lindrical ones. This is in line with Thompson's (1990) observations that 
vertical potholes are concentrated near knickpoints because of gradient 
steepening, increase in velocity, and decrease in flow depth. We will 
consider both types within the same category. Wang et al. (2009) 
identified the preservation of a cylindrical shape in some abandoned 
potholes; thus, they can sometimes be considered senile features. Recent 
upstream migration of a knickpoint may leave potholes with a near- 
cylindrical shape. 

3) Lateral potholes (Fig. 2E): rounded depressions in channel side
walls, sometimes with a closed depression and sometimes with an open 
floor (Richardson and Carling, 2005), located on river banks and/or 
flanks of channel islands, generally in groups strung out on the outcrop 
and facing downstream within the shear zones and flanks of obstacles 
(Zen and Prestegaard, 1994). Owing to their breached condition, lateral 
potholes suggest flow separation, erosion in the bedrock borders, and a 
certain degree of maturity. These features have also been recommended 
as an efficient mechanism for modifying bedrock channel width (Lorenc 

and Saavedra, 1980; Zen and Prestegaard, 1994). Richardson and 
Carling (2005) classify these features into six types. 

4) Compound (Fig. 2F): open, coalesced, and breached potholes 
signaling advanced development. When the depth and diameter in
crease, single potholes evolve to compound and coalescing morphol
ogies (Álvarez-Vázquez and De Uña-Álvarez, 2017). Kale and Shingade 
(1987) reported that coalesced potholes frequently occur around the 
center of the channel, and Richardson and Carling (2005) mentioned the 
connection of single forms by an inner channel and the development of 
compound forms. The coalescing complex forms with secondary 
sculpting support the idea of different stages of development occurring 
simultaneously (Álvarez-Vázquez and De Uña-Álvarez, 2017). 

2. Materials and methods 

To achieve our objectives, we propose the following analysis: (1) 
record the main geometric measurements of potholes along the tree 
studied sites, (2) classify each of the potholes into one of the four 
morphotypes, (3) obtain the water depths reached by flood waters in the 
two gauged sites (Alberche and Tietar rivers), (4) calculate the FFD in 
potholes, (5) perform 2D hydrodynamic modeling of the ungauged site 
(Manzanares river), and (6) estimate the discharge that fits better with 
the FFD of every morphotype. 

2.1. Field measurements 

Approximately 180 potholes were selected for systematic field study 
that included taking geometric tape measurements such as depth and 
diameter. To obtain accurate depth readings, grinders were removed 
from filled potholes. We also calculated the relative mean height in each 
pothole, the difference between the mean water depth, considered in the 
adjacent channel, perpendicular to the main flow direction at arbitrary 
flow depth, and the pothole center elevation. In lateral and coalesced 
potholes, we recorded the highest elevation at the sculpted surface. 
Pothole heights were determined from the water depth using a laser 
rangefinder. 

In our field work, we placed each pothole into one of four categories 
according to the four types of potholes generally accepted by researchers 
(e.g., Nemec et al., 1982; Kale and Shingade, 1987; Sato et al., 1987; Zen 
and Prestegaard, 1994; Richardson and Carling, 2005; Ortega et al., 
2014; Yin et al., 2016): incipient, cylindrical, lateral, and compound. 
According to the aforementioned authors' description and using quali
tative sorting, the classification was made visually (Fig. 2). 

Pictures were taken to record two river floods (in 2018 and 2019), 
both of which covered bedrock outcrops. The flow discharge was 
measured at each stage using the automatic flood warning system of the 
Tagus basin with a 15 min interval at the Alberche and Tietar sites. The 
Manzanares river is ungauged. 

2.2. FFD calculation 

To estimate the formative flow, we used the method proposed by 
Pelletier et al. (2015), using the pothole axis and depth measurements to 
check the aspect ratio (γ), a parameter independent of the spatial scale 
that relates the pothole depth (Z) and radius (R) (Eq. (1)): 

γ = Z/R (1) 

To analyze circularity (a measurement of cylindrical shape), we 
plotted the maximum vs. minimum axis. The level of activity of the 
reach may be known to us through this analysis. We consider the more 
active ones circular potholes, according with Nemec et al., 1982; 
Álvarez-Vázquez and De Uña-Álvarez, 2017, whereas elongated, con
voluted, or irregular potholes can be a sign of incipient or relict condi
tions (Sato et al., 1987; Lorenc et al., 1994). 

To calculate FFD, according to Pelletier et al. (2015), we use Eq. (2): 

Table 1 
Main characteristics of the studied sites.   

Catchment 

Tietar Alberche Manzanares 

Drainage areaa (km2) 301 480 50 
Q2 (m3 s− 1) 82 157 24 
Bankful discharge (m3 s− 1) 129 262 37 
Q500 (m3 s− 1) 543 1213 145 
Flow regime (Q500/Q2, m3 

s− 1) 
6.6 7.7 6 

2018 flood (m3 s− 1) 160 308 Ungauged 
2019 flood (m3 s− 1) 218 308 Ungauged 
Basic morphology Rapids Rapids Knickpoint 
Gradient (m/m) 0.025 

(0.05b) 
0.027 (0.05b) 0.1 (0,2b) 

Channel width (m) 11–18 6–13.9 4.6–12 
Sediment transport (max. 

size) 
Gravels Gravels Bouldersc 

# potholes studied 45 77 60 
Pothole area (m2) 2840 8331 2346 
Pothole density (potholes/ 

km2) 
0.015 0.009 0.025 

# joints and orientation 122 (NW, 
NE) 

121 (ENE, 
WNW) 

86 (N, E, NW) 

Joint density (joints/km2) 42.95 14.52 0.03  

a Drainage area upstream of the study site. 
b Gradient at rapid/knickpoint. 
c Sediment size (D50) inside the potholes is listed in Supplementary material. 
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0.23
R
S
< FFD < 2.2

R
S

(2)  

where FFD describe a range of flow depth values, R is the pothole radius, 
and S is the channel gradient. 

From their dimensions, we calculated the FFD at each pothole and 
compared it with flow depth at various flow discharges. Our hypothesis 
is that cylindrical potholes at the current knickpoint must be the best fit 
between the hydrodynamic model and FFD for the current “active pot
holes,” which are cylindrical. 

2.3. 2D hydrodynamic model 

At the Manzanares site, hydraulic river flow simulation was per
formed using the 2D hydrodynamic model software Iber (Bladé et al., 
2014). Iber is a 2D numerical model that simulates free surface flow in 
rivers by resolving 2D Saint-Venant equations. To determine the depth 
of the water and the two components of the depth-averaged velocity at 

the XY plane, Iber software solves the full depth-averaged shallow water 
equations. These equations are solved using unstructured meshes and 
explicit finite volume techniques. 

The high-resolution topography used in the hydrodynamic models 
was created using a regular mesh with a resolution of 5 cm and was 
acquired from UAV photogrammetry (Gomez-Heras et al., 2019). 
However, to have a realistic mesh structure, the spatial resolution of the 
Iber 3D mesh must be decreased to 0.4 m. Thus, the 3D mesh accuracy 
on Z values shows a mean error lower than 0.1 m. The positions of the 
inflow and outflow were chosen to define a critical flow regime. The Iber 
model's flow regime properties are partly responsible for this hydrody
namic simulation setup. The roughness coefficient (Manning's value), 
another important factor in the construction of the Iber model, was 
obtained via field work and high-spatial-resolution ortho-images 
generated using UAV photogrammetry, employing previously proposed 
Manning's values such as those of Arcement and Schneider (1989) and 
Chow (1959); in this case, Manning's values in the range of 0.03–0.05 
were used as the basis for the different effects of surface irregularities. 

Fig. 2. Types of potholes in the study area. A. Set of incipient depressions connected by a runnel (Manzanares), B. Set of cylindrical potholes in the active channel 
(Alberche river), C. Knickzone and cylindrical pothole during a low flood stage (Manzanares river), D, E. Lateral (Manzanares, Alberche), F. Compound pothole in an 
inner channel (Tietar river). 
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Peak flow measurements connected to different return period fre
quencies, ranging from a 2-year return period to a 50-year return period, 
were used in the 2D hydrodynamic analysis (including the bankfull 
stage, which is close to the 5-year return period at the study site). Up to 
ten peak flow values (5, 7, 8, 10, 15, 22, 24 (Q2), 37 (Bankfull, Q5), 54 
(Q10), and 72 (Q25) m3 s− 1) were used for the hydrodynamic models. 
Taking into account the Iberian Peninsula climatology, the bankfull 
stage is not just related to the ~2-year return period (as it could be 
related in a global worldwide approach, e.g. Leopold, 1994), but spans 
from a 2-year return period in the northern area to a 7-year return period 
in the south (which is well correlated with previous results as Williams, 
1978; Mosley, 1981; or Sherwood and Huitger, 2005). Within the study 
area, the bankfull stage is related to the 5-year return period peak flow. 
Because the Manzanares basin is ungauged until far downstream, the 
peak flow data used for hydrodynamic analysis were obtained using the 
CauMAX software, a free program developed by the Spanish Minister of 
Ecological Transition, following Jiménez Álvarez et al. (2013). 

The results for each simulation were obtained and exported into geo- 
referenced raster format (ASCII raster) with a spatial resolution of 0.1 m. 
These results concerned flow depth, flow velocity, bed shear stress, and 
critical diameter. The location of the potholes (extracted from the high 
spatial resolution ortho-image) was used to extract hydraulic charac
teristics such as flow depth and shear stress from the exported raster files 
after interpolating from the 3D mesh nodes using the nearest neighbor 
method and importing them into a GIS environment. 

To estimate FFD from hydrodynamic model results, we used the 
Rouse number (Eq. (4)) as a method to determine if the flow can entrain 
sediment from potholes and is, therefore, effective work. 

Ro =
ws

Κu*
∝

ws

u* (4)  

Here, ws is the particle settling velocity (a function of particle size and 
density), K = 0.41 is von Karmen's constant, and u* = (τ/ρ)1/2 is the 
shear velocity (τ is shear stress and ρ is fluid density). According to 
Julien (1998), when R is >7.5, the flow is unable to entrain sediment 
from the bottom of the pothole, which causes pothole formation to slow 
down or cease entirely. 

Further, we assumed that grains are in suspension when u*/ws > 1 
because u* scales with fluid turbulence and can act as a vertical force to 
suspend grains, while the settling velocity measures how quickly gravity 
returns particles to the bed. The empirical formulas of Ferguson and 
Church (2004) can be used to estimate the value of the ws, which is 
dependent on grain size. For particle diameters significantly >10− 3 m, 
this means that the settling velocity in water is approximately equal to 
4.65 times the square root of the grain diameter (m). Since estimating 
u*/ws in specific potholes is challenging, it seems reasonable to assume 
that shear stresses at the base of the pothole will be lower than the shear 
stresses on the river bed in places without potholes. Thus, if u*/ws < 1 
(or Ro is >7.5) in the main channel (around the pothole location), then 
potholes will not likely be able to suspend grains. 

The Rouse number depends on grain size since the ws are used in its 
calculation. Our analysis considered two different particle grain sizes 
(D50 and Pothole radius) because the determination of the Rouse num
ber is complicated by the variability of grain size. When particle grain 
size is equal to the radius of the pothole, we assumed that the river flow 
can entrain all of the sediment from the pothole and move them as bed 
loads, allowing the pothole to develop more rapidly. 

3. Results 

To better understand the role of potholes in the evolution of bedrock 
rivers, their morphology, and the flows that maximize bedrock erosion 
— the formative flows — we analyze the following: (1) Different pothole 
morphologies and FFD based on geometrical parameters, (2) flow 
discharge and its relationship with FFD and pothole location in gauged 

basins, and (3) the use of hydrodynamic 2D modeling to understand FFD 
in ungauged basins. 

3.1. Pothole morphology and formative flows based on their geometry 

As shown in Fig. 3 (panel in Fig. 1B to D), the three sites studied 
display various patterns in the histogram of pothole typologies. In Tietar 
river, there are a few cylindrical potholes, which are mostly associated 
with inner channel development (pothole TM-37, Fig. 2F) and down
stream boulder obstruction (pothole TM-39). These would suggest poor 
bedrock erosion and low activity in terms of pothole formation in the 
current stream. Furthermore, the abundance of erosive compound pot
holes, which are the remains of previous conditions, indicates that the 
reach is in a relict stage. As defined by Sato et al. (1987), potholes in this 
area could be categorized as fossil potholes. Lateral potholes are located 
along the three bedrock prows and show the channel widening. The 
absence of cylindrical-knickzone potholes could be attributed to the 
presence of low gradients. Pothole morphologies in this reach may 
indicate a nearly complete former-knickpoint erosion. 

Alberche river exhibits several cylindrical potholes that are closely 
associated with the local steepness of bedrock ground. Due to the ho
mogeneous/massive nature of bedrock (Ortega-Becerril et al., 2017) and 
the absence of widely spaced jointed blocks, aside from horizontal 
jointing, incipient potholes are essentially nonexistent on the site. This 
feature could encourage the existence of vertical vortexes and cylin
drical potholes (Ortega et al., 2014). The high number of cylindrical and 
lateral potholes may also indicate (i) an extremely active reach, despite 
the knickpoint end, or (ii) remnants of past active potholes because most 
cylindrical potholes have small depths in comparison with their diam
eter. This may imply the removal of the upper half by the plucking 
erosion of bedrock ground due to the occurrence of horizontal jointing. 
The last hypothesis sufficiently explains the abundance of erosional 
groupings of potholes (erosive-compound and erosive-lateral). 

The Manzanares river site is a step-pool reach with several knick
points and exhibits a typical sequence of early-stage potholed reach 
features, including a substantial number of lateral potholes downstream 
of the main knickpoint, cylindrical and plucking-elongated potholes on 
the knickpoint lip, and incipient potholes upstream the waterfall. From 
downstream to upstream, there is a notable decrease in maturity in the 
pothole morphology, and this distribution correlates well with the up
ward migration of knickpoints. 

By conducting a field survey, we recorded and plotted in a loglog 
diagram the axis dimension (max vs. min) of every pothole along the 
three studied reaches (Fig. 4) to obtain circularity, a characteristic trait 
of eddy-hole-type potholes (cylindrical). Manzanares has the best fit (R2 

= 0.91) with less dispersion of results and is closest to a 1:1 line (the 
highest degree of circularity), whereas the Alberche and Tietar sites 
show R2 values of 0.70 and 0.68, respectively. These values are consis
tent with our field observations, showing that Manzanares is the more 
active knickpoint zone, while Alberche and Tietar exhibit a rapid 
landscape. 

According to Pelletier et al. (2015), there is a linear relationship with 
a most common depth-to-radius or aspect ratio of 2. Over the entire 
range of scales at which potholes occur, plotted aspect ratios are roughly 
proportionate. However, from Fig. 5, we obtain a difference in behavior 
in Tietar river with shallower potholes. This is consistent with the 
abundance of coalescent and breached potholes. Manzanares and 
Alberche follow a “normal” pattern. At the Manzanares site, the two 
types of lithology (microdiorites and leucogranites) lead to a changing 
pattern in terms of the aspect ratio, as illustrated in Fig. 5B. Granitic 
potholes complement better with other granitic areas such as the 
Alberche site. 

We calculate the minimum flow depth required for pothole forma
tion (Eq. (2)) along the three studied sites by first considering all pothole 
data and, second, only on the basis of cylindrical, active potholes. Fig. 6 
shows the FFD of the three sites, which was calculated using all the 
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potholes. Due to the inclusion of erosive-compound and incipient pot
holes, with high/low diameter values, formative flow depths consid
ering all the potholes show a considerable dispersion of results, which is 
greater in Tietar and Alberche rivers than in Manzanares. We believe 
that this result does not accurately reflect the effective flow depth 
required for pothole work. In addition, field observations suggest that 
most of the erosion comes from the plucking process. 

Conversely, calculations based only on cylindrical potholes (Fig. 6) 
are accurate and constrain the FFD at ~60 cm in Manzanares and ~ 3 m 
in Tietar, with variable measurements (2.3–3.8 m) in Alberche. The 
results are limited by the low number of cylindrical potholes in Tietar (N 
= 4) and Manzanares (N = 7), which are only present along the active 
channel (Tietar) or knickpoint lip (Manzanares). Alberche (N = 16) has a 

greater number of cylindrical potholes, but statistical variables (see 
Table 2) shows greater variability. We interpret this diversity as the 
result of studying all the cylindrical potholes collectively despite most of 
them are remnants. 

Because most features under “mature conditions” reflect pothole 
diameters larger than the “present flow” that maximizes bedrock 
erosion, the FFD in reaches with considerable pothole variability must 
be carefully analyzed. Tietar has high variability in potholes and mature 
conditions, and Manzanares still has an active knickpoint and more 
accurate results. We interpret the results as the response of different 
evolutionary stages of bedrock rivers; greater compound erosional forms 
are observed at lower heights and more incipient depressions at higher 
levels. The strong lithologic control of the microdiorite dikes upstream 

Fig. 3. Histogram showing the distribution of pothole types in the three studied sites.  

Fig. 4. Circularity of the three studied reaches.  
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of the knickpoint in the Manzanares site may also be the cause of the 
different results (see Fig. 5B). For better accuracy regarding flow hy
draulics and FFD, cylindrical features may constitute the best pothole 
typology. 

3.2. Flood discharge in Alberche and Tietar gauge stations: flow depths 
that reach pothole levels 

In recent years, the two gauged reaches, Alberche and Tietar, 

witnessed a string of low-magnitude floods that were nearly at the 
bankfull stage. Both rivers are part of the automatic flood warning 
system of the Tagus basin (SAIH). The system contains online discharge 
data. 

We were able to visit both sites during flood events and during 
several levels of flood hydrograph situations. By continuously moni
toring the 2018 and 2019 flood flows in the gauge stations and the water 
depths that those discharges reached at the sites (Table 1, see Figs. 7 and 
8), we obtained the minimum discharge necessary to reach and cover the 

Fig. 5. Plot of the relationship between the depth and radius of bedrock channel potholes. For each investigated reach, dashed ellipses display the general range of 
data values; solid ellipses indicate data from Springer et al. (2005) and Pelletier et al. (2015). The solid black line corresponds to γ = Z/R = 2. A. All studied reaches 
and results from other works. B. Results for Manzanares and Alberche. Note: in Manzanares, there are two types of lithologies: microdiorites (black dots) and 
leucogranites (red dots). 

Fig. 6. Box plots of formative flow depth (FFD) along the three sites, including all potholes and cylindrical ones only.  
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potholes, but those depths may not have sufficient water to reach the 
FFD in all groups of potholes. 

(1) Channel active potholes (~6 m3 s− 1 in both rivers). 
(2) Strath terrace and compound potholes (~20 m3 s− 1 in Tietar and 

~ 30 m3 s− 1 in Alberche). This depth is similar to the requirements to 
cover rapid bedrocks in Alberche river. 

(3) The water depth at which all potholes of the studied section are 
covered by flood waters (~40 m3 s− 1 in Tietar, estimated, not observed, 
and ~60 m3 s− 1 in Alberche). This depth is capable of covering lateral 
potholes at the top of the sculpted end and assumes a lower depth than 
the Q2 flow. 

(4) All bedrock section are covered by water (~90 m3 s− 1) 
(5) Maximum flood depth (~218 m3 s− 1 in Tietar and ~308 m3 s− 1 in 

Alberche). Unfortunately, because the floods occurred at night, we were 
unable to document the peak discharge depths at either site with pho
tographs or measurements. Thus, we used flotsam on river banks to 
accurately determine the maximum depth. 

Most of the potholes are covered by the bankfull discharge. Flow 
depths and pictures taken during several flood events are shown in 
Figs. 9 and 10. 

The spatial occurrence of potholes is compared with the bed eleva
tion concerning some arbitrary water surface elevation, which connects 
the pothole to the local hydraulics. In Fig. 11, we plotted the elevation of 
cylindrical potholes in the Alberche site, the calculated FFD, and the 
highest point of the well-known 2019 flood (210–230 cm over the 
rapids, 275 cm over active potholes, 210 cm over strath terrace 210 cm 
and 0.15 cm in top of highest lateral potholes). Although all the sur
veyed potholes were covered by water, not all of them reached their 
FFD. Major deviations occur along channel obstructions, such as in the 
big boulder area where flow is locally affected. Another important 
question arises regarding the “real activity” of all potholes. Some of the 
greatest divergences are associated with cylindrical but truncated pot
holes that clearly form part of the relict bedrock level. 

3.3. FFD and 2D-hydrodynamic modeling in the Manzanares site 

The hydraulic river flow simulation at the Manzanares river, using a 
fully 2D hydrodynamic model, allows us to ascertain the flow depth at 
each pothole for different peak discharge scenarios and compare this 
flow depth value with the calculated FFD. 

The results of the 2D hydrodynamic modeling at the Manzanares site 
have revealed a strong relationship between two variables: peak flow 
depth value and surface topography. Therefore, these two variables have 
a significant impact on the form and spatial distribution of flow depth 
values. Surface topography in the studied Manzanares R. reach shows 
multiple stepping forms, obstacles in the way of water flow, and surface 
depressions or sinks. 

All these surface patterns appear to be to some extent regulating the 
water flow of the Manzanares and producing variations in both flow 
depth and flow pattern morphology. As is shown in Fig. 12, for lower 
peak flows (i.e., 10 m3 s− 1 simulation, a flow with a return period lower 
than two years), a “pools and riffles” structure develops from the flow 
depth results. However, as peak flow increases (i.e., 24 m3 s− 1 

simulation, Q2) and pools become increasingly connected to one 
another, this pattern fades. Finally, owing to the presence of obstacles in 
the form of great-sized boulders, the flow pattern (i.e., 72 m3 s− 1 

simulation) progresses toward a clearly defined main channel with high 
sinuosity. 

Changes in water flow across the Manzanares reach and changes in 
flow regime are closely related. Hydraulic falls and jumps that locally 
modify the flow depth are associated with the topographic irregularity 
(stepped longitudinal profile of the river reach), which produces shifts in 
a flow regime from subcritical to supercritical. Furthermore, because of 
the limited topographic irregularity (in height, with 11 m lowering in 
the studied river reach), it is possible that the effect of hydraulic falls and 
jumps could be more evident with lower peak flows. The effect of these 
hydraulic falls and jumps should decrease under higher peak flows due 
to a generally deeper water flow where channel bottom irregularities 
tend to decrease. 

The reduction in flow depth observed for some potholes has been 
facilitated by the spatial variation in the placement of hydraulic falls and 
jumps. In general, the flow depth at potholes location increases along 
with the peak flow value. This is the general trend for 28 of the 33 
analyzed potholes in the Manzanares site. The 28 potholes, which show 
a positive correlation between peak flow and flow depth exhibit the 
expected pattern of behavior between both variables. However, in some 
groups of lateral potholes, we noted a lowering in flow depth during 
higher flows (54 and 72 m3 s− 1). This effect of flow depth being lowered 
may be controlled by the presence of two hydraulic jumps between 
potholes. There are other cases where some variability across the 
modeled peak flows is observed. In this case, the results of the hydro
dynamic models at higher modeling discharges show divergences in 
flow due to a “secondary channel” just upstream of the location of 
potholes (Fig. 13, see potholes in Fig. 2C), which may control and reduce 
the flow locally. 

3.3.1. Spatial distribution of FFD and pothole geometry 
Our findings show that potholes may follow an aggregated spatial 

pattern and will be separated according to their typologies (Fig. 14). 
Cylindrical potholes would be expected to form in the channel cen

ter, which experiences the most flow over prolonged durations. Most of 
the cylindrical potholes correlate well with Q2 discharge. The trend line 
shows an R2 of 0.9. This line is slightly different, parallel, and higher 
than line 1:1 (equal formative and Q2 discharge flow depths). 

Compound potholes are located in the upper portion of the diagram 
with high values of FFD during Q2. The old stage in evolution is repre
sented by these potholes. Their distribution along the channel planform 
suggests that larger potholes will exist in local regions of the channel 
with strong local vorticity and high velocities and associated, greater 
bedload transfer (larger supply of grinders). Evidently, their present 
dimensions are not related to FFD. These morphotypes could also date 
back to a less-incised stage wherein the strath terrace was the current 
bed with cylindrical potholes; hence, the convolution may have 
occurred with these floods occurring afterwards. 

Lateral potholes are primarily located in the lower part of the dia
gram. Thus, the theoretical formative flow is lower according to the 
pothole diameter, but due to their characteristics (by having breached 
walls), such potholes lack the ability to generate vorticity and their di
mensions (diameter, depth, circularity) remain stable. 

Most of the incipient potholes are located at lower values of forma
tive flows (lower diameter) and are unable to be reached by Q2 flow 
despite its low diameter because these potholes are formed on a higher 
bedrock bench. These potholes are unable to trap sediment owing to 
their limited vertical dimensions. 

3.3.2. Controls of potholes growth: shear stress and sediment entrainment 
Shear stress is another significant component that could control the 

development of potholes. We calculated the distribution of τ along the 
modeled section (Fig. 12) in the hydrodynamic model with the position 

Table 2 
Statistical results of minimum formative flow depths (in m) according to pothole 
radius and gradient in the studied sites considering all potholes and only cy
lindrical potholes.   

Tietar Alberche Manzanares 

all cylindrical all cylindrical all cylindrical 

Min  0.9  2.7  0.6  1.4  0.1  0.3 
Max  14.7  3.2  10.2  5.6  4.5  1.3 
Mean  3.6  3  4.1  3  0.8  0.6 
SD  2.9  0.3  2.7  1.2  0.7  0.3 
CV (%)  78.4  9  65.9  38.8  92.8  52.4  
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Fig. 7. Hydrograph with the discharge during the 2018 flood event affecting various pothole levels at Tietar (A) and Alberche (B) sites.  
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of potholes (red dots and pothole number) and for all scenarios (peak 
flow values) considered. The results show how potholes are located in 
low-shear stress areas but near high shear stress values (often upstream); 
we should note that points in Fig. 12 simply depict the location of pot
holes but not their entire dimensions. The findings highlight that some 
potholes are linked to high shear stress values, assuming the dimensions 
of the pothole. The incipient and cylindrical potholes exhibit a higher 
mean value of shear stress from hydrodynamic results at bankfull stage 
(37 m3 s− 1). For this peak flow value, the mean shear stress of incipient 
potholes goes up to 700 N m− 1, while cylindrical potholes show an 
average value of 650 N m− 1. The mean values for erosional and lateral 
potholes are slightly over 600 N m− 1, and 580 N m− 1, respectively. 
These results indicate the efficiency of the bankfull peak flow over the 
potholes that are still in the “construction phase”, where the mean shear 
stress values are greater than those values for erosional and lateral 
potholes (both at the “destructive phase”). Furthermore, the shear stress 
values related to more frequent discharges (as the Q2 and bankfull 
discharge, which is about Q5) are not usually greater than those related 
to less frequent discharges, but combining the discharge frequency and 
magnitude of shear stress, we can see that more frequent flow rates are 
more efficient in pothole development. 

Both the assumptions of D50 grain size (available as Table in sup
plementary material) and the pothole radius size as a major determinant 
for the settlement velocity of sediment were used to test the efficacy of 
sediment entrainment. Although we must take into account that nine of 
the 33 potholes did not contain sediment, there are some parallels and 
variations between the results of the two studies; therefore, one of the 
analyses (when using D50 as particle grain size) shows no results for 
these potholes. The findings show differences depending on the type of 
pothole (incipient, cylindrical, compound, or lateral). 

The results highlight that lower flow rates (up to bankfull stage) are 
more efficient for potholes in the constructive phase (incipient and cy
lindrical potholes) when Ws uses pothole radius as the particle grain size 
(Fig. 15A). Therefore, all (3) incipient potholes show a Rouse number 
lower than 7.5 for bankfull stage flow, as do half of the cylindrical 
potholes (the other ones require a flow rate higher than Q25 = 72 m3 s− 1, 
suggesting their being in a degradational phase). Frequent flow rates 
(the ones with a return period lower than 25 years) show less efficacy for 

compound and lateral potholes, which may be related to a destructive 
phase. Compound and lateral potholes account for 24 of the 33 potholes 
present at the Manzanares study site, and 15 of these 24 potholes do not 
show a Rouse number lower than 7.5 for flow rates with a return period 
of 25 years or less. 

When the D50 grain size is used for Ws calculation, the results are 
slightly different (Fig. 15B), which is partially due to the absence of 
sediment in nine out of 33 potholes at the Manzanares study site. In any 
case, the effectiveness of frequent flow rates (up to Q25) is significantly 
higher than previously noted, and 19 out of 33 potholes have effective 
sediment transport (for D50 grain size) with flow rates as low as 5 m3 s− 1. 
From all potholes, only one (compound class) does not have effective 
sediment transport for the set of flow rates used in the present studio and 
needs a flow rate higher than 72 m3 s− 1 (25-year return period peak 
flow) for D50 grain size movement. Due to geometric restrictions, the 
compound and lateral potholes, which are those related to a destructive 
phase, show most of the “sediment absent” potholes, although the rate of 
“sediment absent” potholes is higher in the incipient potholes where 
only one of the three potholes contain sediment inside. 

When considering full sediment entrainment (i.e., the Rouse number 
is much lower than 7.5 for sediment grain size, similar to pothole 
radius), which describes the scenario where potential pothole growth 
rate is higher (according to Julien, 1998), the 2-year return period flow 
rate appears to be the one producing the optimal results for incipient and 
cylindrical potholes. To prevent lateral and compound potholes, a 
higher flow rate is required. Most compound potholes must have a flow 
rate higher than a 25-year return period flow rate; lateral potholes show 
a mixed pattern, with some exhibiting full sediment entrainment with 
lower flow rates and others showing characteristics similar in nature to 
compound potholes. 

4. Discussion 

The results support the hypothesis that (1) there are differences in 
pothole typologies distribution along the three studied sites (Fig. 3), 
from the studied potholes; (2) cylindrical ones are the best indicator for 
current discharge conditions and enable an understanding of their 
formative processes; (3) the proportion of other erosional features may 

Fig. 8. Schematic picture with representation of all morphotypes and discharges affecting flow depths during the 2019 event at the Alberche (A) and Tietar (B) sites. 
Red arrows indicate the peak discharge in 2019; blue arrows indicate the discharge at lateral, compound, and cylindrical potholes. 
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tell us the degree of senescence of certain parts of the channel in a river 
reach or the change in its discharge conditions; and (4) we must further 
examine the role of Q2 and bankfull discharge as a sculpted mechanism 
via abrasion and the potential of low-magnitude flows for maximizing 
formative conditions, however, larger discharges and other processes 
may still have an unknown imprint that should be carefully studied. 

4.1. The spatial distribution of pothole typologies in bedrock channel 

We addressed the question of what sets the spatial distribution and 
location of potholes in river channels. The seemingly “chaotic distri
bution” reflects the response of the reach to factors such as discharge, 
lithology, fractures, and degree of weathering. Specifically, we draw 
attention to the concentration of cylindrical potholes along knickpoints, 
which are the most effective areas in terms of pothole growth. According 
to Ji and Li (2019) findings, the large rock along the knickpoint in the 
Manzanares reach favors their cylindrical feature; however, we also find 

other potholes in Alberche that maintain cylindrical shape with small 
depth dimensions in comparison with their diameter but with signals of 
plucking and out of KP areas. 

We interpreted the compound features to be the remains of previous 
potholes. The abundance of those morphotype may suggest the relict 
character (as Sato and Hayami, 1987 suggests) of the entire or specific 
portions of a bedrock reach. These findings are in consonance of those of 
Kale and Shingade (1987), who found that compound potholes tended to 
be concentrated along the channel center. Lateral potholes reflect KP 
upstream migration and channel formation through the width adjust
ments suggested by Finnegan et al. (2007). Moreover, we observed two 
groups of lateral potholes: those whose FFD is reached at ~ Q2 and 
another group > Q25. These findings could indicate that the first group is 
closely related to the present upstream migration of the knickpoint (as 
we noted in the Alberche and Manzanares rivers) and, therefore, more 
connected to present flow conditions, while the second group is 
disconnected from the present river dynamics and maybe related to an 

Fig. 9. Pictures of flood events at 21, 7.5, and 0.5 m3 s− 1 at the Tietar site (A, upstream at rapids, B, inner channel). C. Strath terrace and potholed inner channel with 
interpreted flow depths at 20 (yellow, inner channel), 40 (blue, strath terrace and lateral potholes), and ~200 m3 s− 1 (2019 peak flow, white). 
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Fig. 10. Pictures taken at several flow-stage discharges at 0.2, 5, 27, and 87 m3 s− 1 at the Alberche site. A. View from upstream to downstream at various stages, B. 
Dry season view with some characteristics potholes, C. Low discharge stage at 5 m3s− 1, D. View of ~30 m3 s− 1 with the water depth at rapid and strath terrace, E. 
Flood level at 87 m3 s− 1 reaching the top of lateral potholes and covering the rest. 
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older stage (i.e.; strath terrace). 
Some of the spatial patterns have other important factors not 

considered in detail in this study, such as i) lithology, which controls 
pothole dimensions (Ji and Li, 2019), ii) weathering (in the area has also 
been reported previously by Ortega-Becerril et al. (2017) as the inhibi
tion of incipient potholes with the existence of well-developed planar 
structures parallel to the surface, which lead to weathering processes) 
and iii) the role of fractures in pothole development along well-jointed 
rock that is easy to remove, although other authors (Elston, 1917; 
Springer et al., 2006; Ortega et al., 2014) found a strong correlation 
between fractures and potholes. We observed that potholes correlate 
more strongly with fracture orientation and substrate resistance than 
with hydraulics when we consider the whole pothole population (Ortega 
et al., 2014; Ortega-Becerril et al., 2017). 

The results from the present research indicate a strong correlation 
between hydraulics and cylindrical potholes but a low correlation with 
other pothole typologies (Fig. 14). The FFD results using the 2D hy
drodynamic model in cylindrical potholes suit the bankfull discharge in 
five of the six studied potholes in Manzanares river. We discovered a 
single cylindrical pothole outlier (pothole MCV-61, former KP) far 
downstream from the present knickpoint that did not correlate well with 
Q2 discharge, perhaps indicating the importance of active knickpoint on 
pothole shape. The importance of the position of active potholes under 
the current flow conditions is reinforced by these findings. 

4.2. Formative flows 

In this section, we discuss the role of low-magnitude floods (Q2 and 
bankfull-Q5) as sculpting mechanisms via abrasion. The “formative 
flows” where pothole depth is most significantly connected with shear 
stress at low flows, as opposed to “destructive flows,” where medium- 
and high-magnitude floods with high geomorphic change (Costa and 
O'Connor, 1995; Wohl, 2000) were the dominant mode of bedrock 

removal (Dubinski and Wohl, 2013). 
Pothole geometry is known to be a good indicator of hydraulic 

conditions. The aspect ratio serves as a dimensional threshold for the 
successful growth of potholes (Pelletier et al., 2015; Ji and Li, 2019). We 
obtained these thresholds (FFD) in every studied reach while consid
ering all potholes, regardless of their typology. The results indicate that 
the Manzanares and Alberche rivers have better constrained data than 
Tietar (Fig. 5), which suggests the relict nature of this reach. Compared 
to the study of the entire population of potholes, cylindrical potholes 
produce better FFD results with less dispersion (Fig. 6). However, we 
observed changes in results due to variations of bedrock lithology, as 
seen in Manzanares with microdiorite dikes. The width of dikes (up to 
~50 cm) constrained and limit the expansion of potholes. 

Since FFD acts as a theoretical threshold, we also analyze the 
importance of the effective growth geometry with real discharge in 
gauged and ungauged sites. The full coverage of all potholes at the two 
gauged sites (Alberche and Tietar) is less than the value of Q2 and 
bankfull depth, therefore demonstrating the high frequency of effective 
working. 

To determine whether FFD was reached in cylindrical potholes, we 
utilize the high water marks (HWM) from the 2019 flood in the Alberche 
river, which are slightly higher than bankfull depth (Fig. 11). The results 
indicate that only a group of potholes fall below the threshold. However, 
a detailed analysis of potholes reveals that not all cylindrical potholes 
recorded can be considered “active potholes.” In this analysis, truncated 
potholes and quasi-cylindrical were avoided. 

We used the ungauged basin of Manzanares to test the 2D hydro
dynamic model and the theoretical threshold of FFD provided by 
pothole geometry. We deep into a knowledge gap; the genesis and 
formative processes of bedrock features, poorly understood in bedrock 
channel geomorphology (Lamb et al., 2015). Using current knickpoint 
cylindrical potholes, we discovered good correlations of R2 = 0.91 be
tween FFD and Q2 flow (Fig. 14). However, the compound and lateral 

Fig. 11. Estimated FFD (red dots) above cylindrical pothole height (black dots) and maximum water flow depth at the 2019 event (blue dashed line) at the Alberche 
site (see Fig. 10D). 
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Fig. 12. Hydrodynamic model results for Manzanares R. 
Water flow changes (from water depth results: A: 10 m3 

s− 1, C: 24 m3 s− 1, E: 72 m3 s− 1) are related to rising peak 
flow values. For higher peak flow, water conveys, form
ing a clear main channel, while a rhythmic “pool-rapid” 
succession is observed in lower peak flow. The pothole 
MCV-38 shows location of KP. The right column shows 
shear stress values for 10 m3 s− 1 (B); Q2, 24 m3 s− 1 (D); 
and Q25, 72 m3 s− 1 (F). In all figures, the flows are in the 
south-east direction.   
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potholes indicate FFDs that do not fit well with the 2D model. Therefore, 
we consider these features poor indicators of the degree of activity of 
flow, and their growth and current evolution are likely more closely 
related to erosive episodes of medium-high flood magnitude as they are 
remnant features and are not driven by FFD. Our findings confirm Zen 
and Prestegaard's (1994) theory that pothole formation occurs signifi
cantly near bankfull flows and also confirms Thompson (1990) state
ment that “features are genetically related to frequent, intensely erosive 
flood discharges”. 

The results indicate that FFD appears to be strongly influenced by 
channel gradient and that differences in channel gradient between river 

reach scale and local (or pothole scale) may alter the FFD results. At the 
Manzanares study site, the channel gradient seems higher than the river 
reach scale gradient, although the results show more variability and are 
likely more susceptible to DEM errors and limitations (related to the 
ability to represent large gradient of the terrain). Thus, all potholes 
(including compound ones) reached the FFD lower limit for the river 
bankfull stage (37 m3 s− 1) when local (pothole) scale channel gradient 
was employed to obtain FFD values. For most of incipient potholes, 
cylindrical potholes, and lateral potholes, the lower boundary of FFD 
was reached with a flow rate as low as 5 m3 s− 1 (the lowest in our 
analysis). 

Fig. 13. Flow path changes related to increasing peak flow value from 54 to 72 m3 s− 1. Black arrows show the main flow paths for 54 m3 s− 1, while red arrows show 
the flow paths for 72 m3 s− 1. 

Fig. 14. Formative flow depth of Manzanares potholes vs. modeled flow depth at Q2 discharge (24 m3 s− 1). Black circle shows the most compound potholes; blue 
circle shows the distribution of lateral potholes; red line shows the trend line adjustment of cylindrical potholes at the present knickpoint. 
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We also must consider that the flow depth (or the FFD value) is not 
necessarily the only parameter for pothole development; variables such 
as lithology, fractures, changes in mineral concentrations, weathering, 
etc., have been outlined by other authors (e.g., Kale and Shingade, 1987; 
Yin et al., 2016; Ji and Li, 2019; Jantzi et al., 2020; Bera et al., 2021) to 
play a key role too. 

4.3. Flow shear stress and sediment entrainment 

Using sediment entrainment and shear stress, we assess the response 
of different pothole typologies to various discharges through the use of 
the Rouse number. The FFD and Rouse number results do not always 
point out in the same direction, and the Rouse number typically narrows 
the flow rates range at which effective sediment entrainment occurs. 

The results obtained for the Rouse number in the vicinity of potholes 
seem to be dependent on sediment size as this parameter affects the 

settling velocity. When the Rouse number is lower than 7.5 for sediment 
size equal to the potholes radius, the sediment entrainment rate, which 
is connected to the constructive or destructive rates of potholes, is at its 
highest. 

The results of compound and lateral potholes (to a lesser extent) 
demonstrate that flow rates up to 25-year return period peak flows are 
ineffective for the majority of potholes in the “destructive phase”. 
Higher flow rates (particularly when pothole radius defines the grain 
size in settling velocity estimation) are associated with the maximum 
efficiency in sediment entrainment and the evolution of potholes (both 
constructive and destructive works). The destructive evolution of those 
potholes seems to be related to higher flow rates and not to FFD. 

For potholes that are still in constructive phase, high frequency flow 
rates (such as bankfull flow rate, or the 10-year return period peak 
flows) can entrain sediment from potholes and thereby lead to their 
constructive development, even when using pothole radius as grain size 

Fig. 15. A. Rouse number results for potholes at the Manzanares study site using D50 grain size in sediment settling velocity estimation. B. Rouse number results for 
potholes at the Manzanares study site using the pothole radius in sediment settling velocity estimation. Based on the Rouse number limit of 7.5, sediment movement 
is classified as effective and ineffective. Note A and B shows different Y-axis ranges to optimize data visualization. 
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in the calculation of settling velocity. This is theoretically possible for 
the both incipient and cylindrical types, although these groups of pot
holes are unable to store sediment grains due to their open morphology. 
The latter show greater variability. A few cylindrical pothole sizes and, 
thus, pothole radius used in settling velocity show dimensions that are 
incompatible with effective sediment entrainment for low and more 
frequent flow rates, hence requiring flow rates related to flood events 
above a 25-year return period, which may be reflected in the results 
obtained (Fig. 15A). This group appears to be closer to reaching its 
development limit and transitioning to a destructive phase. 

However, this does not rule out effective sediment entrainment (and 
constructive or destructive developments of potholes) for lower flow 
rates as this will be able to move finer sediment particles, which can 
produce pothole evolution as Yin et al. (2016) noted, and thus promote 
pothole evolution at lower rates or velocities. The occurrence of effec
tive sediment entrainment for finer particles (up to D50 grain sizes) 
initiates low flow rates, according to our results at the Manzanares study 
site, which permits the development of incipient potholes over a long 
period of time. All potholes in the constructive phase (incipient and 
cylindrical potholes) suffer “theoretical” sediment entrainment for flow 
rates as low as 5 m3 s− 1, which indicates that pothole development oc
curs almost constantly albeit at small rates. Moreover, this trend works 
and is accelerated for higher flow rates. 

All those results have some uncertainty due to the use of a 2D hy
drodynamic model instead of a 3D model. The 2D models average the 
results of output variables on the Z-axis. So, the shear stress at the base of 
the pothole could be lower than at the inner channel bed. The authors 
assume this limitation, and the simplification it implies in the hydro
dynamic model. However, the authors consider the 2D model approach 
to the analysis valid due to several factors: i) the use of a high resolution 
DEM that can approximate the shape of the potholes, especially the 
larger ones; ii) the use of average values of the output variables (as flow 
depth or shear stress) in the immediate surroundings of the pothole can 
approximate the areas with the most favorable conditions for the onset 
of erosion and the existence of favorable conditions for the pothole 
development; and iii) the present work focuses on the conditions that 
promote the initiation of constructive development of potholes, where 
the initial phase of these forms are reproduced by the DEM. 

4.4. Future work 

This study serves as the foundation for more in-depth research and 
2D models. We plan to apply 2D hydraulic modeling to all sites. This 
would enable us to understand how well potholes currently function. It 
would be interesting to learn about the “cover effect” of sediments 
(Turowski et al., 2007; Nelson and Seminara, 2011; Beer et al., 2017) in 
these channel sections and the high-depth “protection layer” of 
bedrock bounds during major floods. This may disable macroturbulence 
and the formation of a stationary vortex. Furthermore, we found some 
potholes that were filled with sediments; these features were unable to 
exceed shear stress and became ineffective unless a major flood 
occurred. Perhaps this is somehow related to grain size (e.g., a 30-cm 
median grain size needs a settling velocity of ~1.8 m/s and would 
require shear stresses on the order of ~3000 Pa, far higher than the 
values we obtained in the hydrodynamic model). Grain size plays a key 
role in the sediment entrainment process because it limits the range of 
peak flow for effective transport and pothole development. The sedi
ment trapped in the potholes clearly shows two behaviors: i) the pot
holes located above the knickpoint are mostly clean or with some very 
fine-sized sediment, while ii) the potholes downstream of the knick
point contain more sediment and are larger in size. Flow divergence is 
observed in some cases, with more energetic clean zones, such as those 
shown in Fig. 13, whereas there are low velocity/sedimentation zones 
with larger boulders, coincident with large compound potholes in 
destructive phase. However, the effectiveness of sediment entrainment 
at lower peak flows necessitates further attention as it is possible that the 

river flow cannot entrain all the sediment from the pothole but can move 
the finer sediment, which can cause the pothole to evolve at a lower rate. 
Moreover, another key point, as previously noted by Wohl and Ikeda 
(1997), is the role of shallow flow depths, which requires in-depth 
investigation. 

5. Conclusion 

The purpose of this research was to investigate whether different 
pothole typologies are located and distributed along any specific areas 
related to certain discharges (formative flows) and flow depths (FFD). 
Our main conclusions are as follows.  

• The frequent Q2 and bankfull depths completely cover all pothole 
typologies along the three studied sites. These depths can be 
considered the current FFD in active potholes.  

• This situation is insufficient to reach their FFD in the more evolved 
and erosive pothole typologies. This would mean i) those erosive 
potholes need higher discharges to attain an effective flow depth or 
ii) the erosive features are being generated by catastrophic events 
that produce their breakup rather than by constant abrasion.  

• The comprehensive 2D hydrodynamic model in Manzanares river 
shows that cylindrical pothole dimensions are closely related to 
bankfull discharge, which is considered the effective FFD. It appears 
that compound and lateral potholes are remnants of older conditions. 
Younger laterals potholes, linked to knickpoint evolution, demon
strate FFD near bankfull flows.  

• The position of potholes does not follow a random pattern according 
to its typology. The development of potholes along the channel and 
their shift from active to senile state are caused by current and his
torical flow conditions. Sediment entrained in potholes suggest a key 
role of knickpoint with clean areas upstream KP and sediment filled 
potholes downstream. Also flow divergence in a section under 
certain discharges may separate active from senile potholes.  

• Our research may serve as a starting point for future studies related 
to understand the fluvial processes (macro and microabrasion, 
plucking, etc.) linked to sculpted forms morphology. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.geomorph.2023.108738. 
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