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A B S T R A C T   

Ephemeral rivers in the Mediterranean region have been exposed to significant human disturbance over the last 
century. Recently, there has been a growing interest in restoring their morpho-sedimentary condition, backed by 
the European Water Framework Directive. Previous research has highlighted the severe geomorphic impacts of 
sediment extraction, such as reduced channel width and riverbed incision, but the recovery of these channels 
during annual flows remains poorly understood. This study presents a methodological framework to investigate 
geomorphologic recovery (signs of landform change) and constraints in the Rambla de Cervera (eastern Spain) 
from 2018 to 2021. Aerial imagery, LiDAR topography, and field surveys were used for stream segmentation, 
fluvial landform classification, temporal landform change, and comparison with flow characteristics from a 2D 
hydraulic model. The study identified three groups of segments with different channel types and recovery 
mechanisms. Upstream (G1), unconfined valley settings showed minor changes, indicating morphological sta
bility. Middle segments in confined valleys (G2) showed greater alluvial channel recovery and vegetation 
encroachment in response to flood/no-flood periods. Downstream segments (G3), incised on cemented gravel, 
were highly responsive to floods but lacked landform stability due to high energy conditions. The findings 
suggest that channel recovery during annual floods is slow and occurs mainly downstream in degraded areas 
(G3). Increased sediment flux from upstream and additional sediment storage in new forms are required to 
recover these channels. This analysis underscores the challenge of interpreting short-term morpho-dynamic 
changes for long-term river recovery, but provides insight into the morpho-sedimentary conditions required to 
accelerate recovery of ephemeral streams.   

1. Introduction 

Over the past 80 years, Mediterranean ephemeral rivers have been 
extensively altered by intensive human actions such as gravel mining 
(Kondolf, 1997; Batalla, 2003; Calle et al., 2020), dam construction 
(Batalla et al., 2006; Segura-Beltrán and Sanchis-Ibor, 2013), linear in
frastructures (e.g., road traffic, conduits) (Ollero et al., 2022), refores
tation, dumping of trash and irrigation schemes (Suárez and Vidal- 
Abarca, 2008). These anthropogenic activities have interrupted 
sediment-water nutrient fluxes leading to significant morphodynamic 
changes (Rinaldi, 2003; Sanchis-Ibor et al., 2017). Although ephemeral 

rivers are governed by the same hydraulic and geomorphological pro
cesses as perennial rivers, the spatio-temporal variability of their 
discharge and the lack of a base flow for most of the year make them 
especially vulnerable to any environmental pressures (Ollero et al., 
2022). Among others, the incision of the channel bed (Segura-Beltrán 
and Sanchis-Ibor, 2013), the lack of longitudinal sedimentary connec
tion (Calle et al., 2017), the armouring of the bed and the increase of 
vegetated bars, strongly related to the decrease in morphological ac
tivity (Picco et al., 2023), are the main elements for the diagnosis of 
degradation. The lack of adequate environmental legislation, the 
development of economic activities (tourism, agriculture, etc.), and the 
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weak social dimension regarding environmental issues contributed to 
the existing ecological and morpho-sedimentary fluvial degradation. 
After decades of abandonment, there is growing interest in fluvial re
covery of morpho-sedimentary and ecological conditions, legislated in 
Europe by the Water Framework Directive (WFD; (European Commis
sion, 2000)). The WFD requires water bodies to reach a hydro
morphological condition capable of supporting a good ecological status 
(cf Newson and Large, 2006). Recent scientific initiatives made signifi
cant efforts to adapt the WFD to intermittent rivers and ephemeral 
streams (Datry et al., 2017; Gallart et al., 2017). These advances were 
focussed on new ecohydrological indicators based on plant habitat, 
aquatic species and the physico-chemical quality of the water from 
samplings carried out during the flow runs or in pools that may persist 
during the dry season (Gallart et al., 2017; Stubbington et al., 2019). 
However, the implementation of classical water quality indicators in 
ephemeral streams is still challenging given the shortness of flow events 
and the limited timing of water in pools. Therefore, it is critical that 
morpho-sedimentary criteria take relevance, providing new tools inte
grating hydrology, geomorphology and riparian ecology in the assess
ment of the environmental status and geomorphological recovery from 
disturbance of Mediterranean streams (e.g., Piégay et al., 2016). In 
particular, in degraded ephemeral streams recovery criteria need to 
quantify fluvial dynamics and landform heterogeneity in response to 
hydrological events. Critically, the high degree of adjustment of 
ephemeral rivers to the occasional high magnitude flood events has been 
demonstrated (Hooke, 2016a). Therefore, a systematic understanding of 
the effects of extreme and annual flow events on recovery trajectories 
requires new semi-automated methods to determine event-related 
changes in morphological heterogeneity and their links to hydrologi
cal processes. 

The analysis of the geomorphic recovery of rivers is based on an 
assessment of the geomorphic status and on a deep understanding of the 
catchment-wide variability in river morphology and processes (see 
Fryirs and Brierley, 2016; Horacio et al., 2017). Geomorphic assess
ments typically include a historically informed analysis of changes over 
time and a contemporary survey evaluation of factors such as hydrology, 
longitudinal connectivity and transversal structure (i.e., vegetation- 
landforms interactions, valley corridor and alluvial-bedrock channel 
structure). The historical evolution analysis is supported by aerial pho
tographs and allows us to determine what accommodation space, acti
vation processes and establishment of landform sequences are required 
to recover some degree of equilibrium state (Fuller et al., 2021; Raba
naque et al., 2021). This long-term perspective also informs about the 
maximum margins of recovery that can occur under natural conditions 
(Rinaldi et al., 2016). Then, the geomorphic sensitivity to change un
derstood as the likelihood that a given change in the controls of a system 
will produce a meaningful, discernible and persistent response (Bruns
den and Thornes, 1979), can then be explored through channel recovery 
(evidence of landform change) and channel stabilisation by vegetation 
colonisation. It is worth noting that many historical changes are irre
versible, so that the pre-disturbance condition is no longer a realistic 
target condition for recovery and restoration actions (Dufour and 
Piégay, 2009). 

Recent river recovery efforts have also emphasised identification of 
the primary causes of morphodynamic and ecological degradation and 
the description of adjustment processes (e.g., Kondolf et al., 2006). 
Restoration thus focusses on reestablishing normative rates and mag
nitudes of physical, chemical, and biological processes responsible for 
floodplain and channel formation and maintenance (Beechie et al., 
2010). The potential for river recovery depends on (1) the spatial 
configuration of the state variables (valley shape and landform units) 
and (2) the system dynamics and processes (water-sediment-nutrient 
fluxes) in response to forcing factors (magnitude-frequency of flow 
events). These system variables are often described as physical (struc
tural) and dynamic (process-based) boundary conditions (constraints) 
within which rivers adjust over time (e.g., Mould and Fryirs, 2018). This 

approach introduces the complexity that various drivers that influence 
the magnitude and rate of channel change (e.g., sediment load, storage, 
transport) are unevenly distributed across the catchment, and therefore, 
there is potential for reach-differentiated channel morphodynamics 
(Downs et al., 2013). This reach-scale differentiation reflects the spatio- 
temporal variability of geomorphic controls and processes determining 
the rate and trajectory of channel recovery (Brierley and Fryirs, 2016; 
Mould and Fryirs, 2018). Therefore, a reach-scale analysis, identifying 
physical and process constraints, is central to understanding channel 
response to multiple drivers (Downs et al., 2013). 

Detailed geomorphological data with relatively high spatial and 
temporal resolution are required to understand the morphodynamic 
response and recovery evolution (Bizzi and Lerner, 2012; Carbonneau 
et al., 2020). In most cases, repeated geomorphological data are often 
expensive and time-consuming, so their availability is often a problem. 
New image processing techniques and recent applications to very high 
resolution (0.25 m) aerial orthophotographs provide a rich source of 
data to accurately track change in landform change over time accurately 
and to assess the impact of natural and human-induced processes on the 
environment. Such data can be collected by remote sensing, aerial 
photography and field mapping at annual or sub-annual time scales and 
cover the entire watershed at reach scale (Rabanaque et al., 2021). In 
addition, the automated image processing combined with statistical 
tools to spatially segment the fluvial system (Martínez-Fernández et al., 
2016) becomes a powerful tool to assist and focus future management 
decisions on river conservation and restoration. 

Herein we present a multiscale spatial framework with a multi
temporal analysis to assess short-term channel recovery in response to 
flood events. This method allows the identification of models of channel 
morphodynamics, critical reaches that inhibit sediment flux and re
covery, and potential actions to accelerate the geomorphological 
integrity of highly altered ephemeral rivers. This framework is exem
plified in an ephemeral river that has been subject to a regionally typical 
pattern of instream gravel extraction since the 1970s, a regionally 
extended practice that makes this case study representative of most of 
the Mediterranean ephemeral streams. 

2. Study area and regional settings 

The Rambla de Cervera is a 44 km long ephemeral stream draining 
into the Mediterranean Sea, in eastern Spain. It drains a catchment area 
of ~340 km2 with a maximum elevation of 1160 m.a.s.l. and an average 
slope of 1.4 % (Sanchis-Ibor and Segura-Beltrán, 2014). The Rambla de 
Cervera catchment comprises two main geological domains, the Iberian 
chain (the headwaters), and the Maestrat graben system (the middle and 
lower reaches). The study area lies within the graben and horst struc
tures (Fig. 1), whose configuration is the result of an extensional tectonic 
event, initiated in the late Oligocene to early Miocene, which fractured 
the Mesozoic calcareous rocks of the Iberian Chain (Simón et al., 2013). 
This resulted in a series of small basins that were filled with alluvial 
deposits and lacustrine sediments (Anadón and Moissenet, 1996). Sub
sequent activation of the tectonic fractures developed the current 
configuration of the river network (Simón et al., 2013), which crosses 
several of these horst and graben sequences. This creates narrow gorges 
and wide valleys with alternating conditions of limited sediment supply 
or higher sediment availability. 

The climate of the Rambla de Cervera is Mediterranean, with an 
average annual temperature of 9 ◦C degrees in the headwaters and 15 ◦C 
near the sea. Average rainfall is 700 mm in the highlands and 480 mm in 
the lowlands. Maximum rainfall occurs in spring and autumn, with 
summer being the driest season. Streamflow episodes occur mainly 
associated with heavy rainfall (>50 mm accumulated), on average two 
to four times a year (Sanchis-Ibor and Segura-Beltrán, 2014). 

The main changes in land use at the watershed scale from the 1950s 
to the present are related to the abandonment of agricultural land due to 
a crisis of the traditional dry farming and the migration of people to the 
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cities mainly between 1950 and 1970 (Segura-Beltrán and Sanchis-Ibor, 
2013). These abandonments favoured the growth of natural or refor
ested forests which reduced direct runoff in the watershed. The extrac
tion of gravel directly from the river channels was intensive from the 
1970s to the 2000s with similar intensity along the studied reach. This 
extraction was not regulated and the volume extracted between 1980 
and 2007 is estimated to be close to 358,040 m3. The peak of extraction 
was between 1980 and 1988, with an average of 36,600 m3/year 
(Segura-Beltrán and Sanchis-Ibor, 2013). After these years, gravel min
ing gradually declined and the authorities began to regulate it in order to 

reduce its impact. However, some extraction sites are still active today, 
and this, together with the effects of past activities, strongly influences 
current sediment availability and river morphodynamics. 

These gravel extractions have led to significant changes in this 
ephemeral stream from braided to a wandering pattern, with a contin
uous reduction in channel width of ~68.5 % between Enroig and Cer
vera del Maestre, most pronounced in the period 1946–1956 (Segura- 
Beltrán and Sanchis-Ibor, 2013). This was accompanied by a 3–4 m 
incision, mainly after 1977 (Segura-Beltrán et al., 2020), which was 
more pronounced downstream of Càlig. These geomorphic changes, 

Fig. 1. The Rambla de Cervera catchment and location of the main structural features conditioning the width of the valley corridor. The study area comprises 
between Xert and Benicarló at the junction with the Mediterranean Sea. Inset: The Iberian Peninsula showing the location of the Rambla in eastern Spain. 

Fig. 2. General workflow diagram used in this work. RF: random forest; SVM: support vector machine; DEM: digital elevation model; MRPP: multi-response per
mutation procedure. 

M.P. Rabanaque et al.                                                                                                                                                                                                                         



Geomorphology 450 (2024) 109069

4

particularly in relation to channel confinement, have significantly 
altered the physical characteristics of the channel, namely its shape, 
gradient, topography, bed texture and bank materials. 

3. Methods 

The research methods and workflow used in this paper are divided 
into four steps (Fig. 2): (1) pre-processing of orthophoto data (i.e., 
calculation of spectral indices) and manual collection of landform 
sample data to perform a supervised classification; (2) extraction of 
geomorphic variables and multivariate segmentation; (3) temporal 
analysis of the supervised classification results by estimating changes in 
landform classes on a yearly basis; (4) hydrological characterization and 
hydraulic modelling of the flow events during the study period. 

3.1. Classification of fluvial landforms 

3.1.1. Sampling for supervised classification and estimation of spectral 
indices 

To develop the fluvial landform analysis, we identified four distinct 
classes based on surface cover following Sanchis-Ibor et al. (2017) and 
Rabanaque et al. (2022): i) bedrock; ii) bare sediment scarcely covered 
by grasses and scattered shrubs (<5 % of vegetation); iii) mixed vege
tated areas, covered by shrubs (<50 %) and scattered trees (<5 %); iv) 
dense mature areas, covered by dense patches of woody vegetation and 
trees (>50 %) in alluvial areas. These classes were visually identified by 
using very high resolution RGB aerial orthophotos (0.25 m/pixel) from 
the Institut Cartogràfic Valencià (www.icv.gva.es). These orthophotos 
are available annually for the study period (2018–2021) and include 
near-infrared bands in addition to RGB. The number of pixel sample 
points also varies, given that the acquisition period is between May and 
August. In some categories, the sample points are the same, while in 
2020 and 2021 the category bare sediment had to be strengthened 
(Table 1) due to the high brightness of the images. 

3.1.2. Supervised classification of river landforms using SVM algorithm 
RGBI bands and spectral indices (i.e., NDVI (Rouse et al., 1974), 

NDWI (McFeeters, 1996) and, Coloration Index (CI, Escadafal and 
Huete, 1991)) were used to calculate the importance of variables in 
order to optimise the supervised classification of surface and reduce the 
time consuming and computationally intensive process. This process 
was performed using Random Forest (RF), a machine learning algorithm 
based on tree decision rules (Breiman, 2001). We used the Gini impurity 
index in this algorithm to determine the importance of these variables, 
which was replicated 30 times to obtain a consistent measure of the 
impurity of each variable by k-fold cross-validation (k = 3) and repeated 
10 times. The original sample data was divided into 3 sets, two of which 
were used for training (66 %) and one for validation (33 %). RF, like any 
other machine learning algorithm, requires an optimisation of the 
hyperparameters in order to use the best ones for variable selection. In 

this case, the optimisation was obtained after 10-fold repeated cross- 
validation, with a number of 1–5 random predictors selected in each 
decision tree (mtry), a minimum size of a node to be split (min.node.size) 
of 2–30 and with a value of 500 in the number of trees (ntree). This 
process was performed using the “caret” package (Kuhn, 2020) in the R 
program (R Core Team, 2022). 

Once the results of the best variables for each year were obtained, a 
supervised classification of the entire river surface was performed using 
the Support Vector Machine (SVM) algorithm (Cortes and Vapnik, 
1995). This is one of the best techniques for modelling changes in land 
use or land cover (Phiri et al., 2020). The SVM consists of separating the 
different categories on a hyperplane as well as possible (Cortes and 
Vapnik, 1995). To do this, the sample points were divided into 80 % for 
training the model and 20 % for validation, and then the hyper
parameters were optimised. The hyperparameters are gamma and cost. 
Gamma specifies the influence of each training example, while cost 
maximises the range of the decision function by compensating for the 
correct classification of the training examples. Gamma ranges from 
0.001 to 1, while cost ranges from 1 to 700. For land use classification, 
the radial kernel is used due to its good performance (Thanh Noi and 
Kappas, 2018). Once the classifications were obtained, the results were 
verified. In some areas, the bedrock class was confused with bare sedi
ment and was manually corrected using the “Pixel Editor” tool in ArcGIS 
Pro. 

3.2. Geomorphic variables and river segmentation 

In order to study the temporal evolution of the river response as a 
function of the geomorphical characteristics of the river reaches, we 
used an automated multivariate procedure to establish internally ho
mogeneous river segments. These objective methods allow the dis
cretisation of the river system based on statistical criteria (Alber and 
Piégay, 2011; Martínez-Fernández et al., 2016). In this process, multi
variate methods allow the consideration of complementary information 
provided by several variables to be taken into account (Bizzi and Lerner, 
2012; Martínez-Fernández et al., 2019). 

In this case, four geomorphic variables were used to characterise and 
segment the Rambla de Cervera: (1) valley bottom width, (2) active 
channel width, (3) slope gradient and, (4) specific stream power. The 
four variables were extracted from a 2 m resolution DEM of the latest 
Spanish National Plan for Aerial Orthophotography Lidar Project 
(PNOA-LiDAR Project) at 200 m intervals along the valley axis in a GIS 
environment (Martínez-Fernández et al., 2016) using FluvialCorridor 
10.5 (Roux et al., 2015). 

The width of the valley bottom (VBW) was automatically obtained 
from the DEM using FluvialCorridor 10.5 (Roux et al., 2015) divided by 
200 m. The active channel was obtained from the most recent ortho
photo (i.e., 2021) and it was digitized manually by identifying the areas 
covered by bare sediment and bedrock, although some vegetation 
patches could be included inside this polygon. This implies that some 
areas were occupied by mixed vegetated areas or dense mature areas in 
2018. Mean active channel width (ACW) was obtained as the active 
channel area in the most recent year divided by the reach length (i.e., 
200 m). For each division, the slope gradient (SG) was calculated as the 
difference in elevation between the point 200 m upstream and the point 
200 m downstream, divided by the total distance (i.e., 400 m). Finally, 
the specific stream power (SSP) or stream power (ω) per unit width was 
calculated, as follows: ω = γQs/w where γ is the specific weight of water 
(9800 N/m3), Q is the water discharge, s is the energy slope (m/m) and w 
is the width (Knighton, 1999). The discharge value (Q) was obtained 
from the ‘CAUMAX’ (CEDEX, 2013) dataset associated with a 2-year 
flow event, and the width (w) was set to the active channel width ob
tained from the 2021 orthophoto delineation. 

Multi-response permutation procedures (MRPP, Mielke, 1991) were 
then used to perform the river segmentation using R (R Core Team, 
2022). The four variables were previously standardised and an alpha 

Table 1 
Acquisition date and number of sample points for each landform.  

Year 2018 2019 2020 2021 

Acquisition 
date 

13/06/ 
2018–24/08/ 
2018 

14/05/ 
2019–30/06/ 
2019 

02/05/ 
2020–31/05/ 
2020 

13/05/ 
2021–15/08/ 
2021 

Number of sample points per class 
Bedrock  107  107  107  107 
Bare sediment  114  114  122  122 
Dense mature 

areas  
132  132  132  132 

Mixed 
vegetated 
areas  

130  130  130  130 

Total  483  483  491  491  
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risk of 0.05 was considered to be statistically significant. Further details 
of the procedure can be found in Martínez-Fernández et al. (2016). 

3.3. Temporal analysis of river response 

Monitoring morphological change following anthropogenic distur
bance requires a temporal perspective to determine morphological 
adaptation and thresholds of response to flows of different magnitudes. 
In this way, pathways of river recovery and resilience to human 
disturbance and flow regimes can be identified. Spatio-temporal 
changes of the four classes based on surface cover (i.e., bedrock; bare 
sediment with scarce vegetation cover; mixed vegetated areas with 
shrubs and scattered trees; and dense mature areas) were mapped from 
orthophotos taken annually between 2018 and 2021 (see Section 3.1). 
Therefore, an interannual transition analysis was used to quantify the 
proportion of change between surface classes, providing relevant in
formation on the stability and/or dynamics of the fluvial system. Those 
surfaces that evolve towards more active surfaces are considered to be 
channel recovery transitions, e.g., those surfaces that change from 
vegetated areas, whether mixed or dense vegetated areas, to bare gravel 
bars. Conversely, those areas that have been stabilised by vegetation 
colonisation and are partially or completely covered by vegetation are 
considered as vegetation encroachment transitions. These transitions 
are analysed by calculating the proportion of change between consec
utive years, but also calculating the net proportion of change between 
2018 and 2021, and visualised by drawing chord diagrams using the 
“circlize” package (Gu, 2022) in R Studio (R Core Team, 2022). These 
graphs allow seeing the changes between the classes. 

3.4. Flow characterization of the study period 

Surface water levels were monitored at four sites along the Rambla 
(Enroig, Cervera del Maestre, Càlig and Benicarló, Fig. 1) using sub
mersible pressure transducers (Levelogger® model 3001 by Solinst). 

These pressure transducers recorded the combined atmospheric pressure 
and the pressure exerted by the overlying water column. The data were 
corrected using the nearby barometric pressure transducer. Measure
ments were taken at 5 minute intervals. A level concrete road crossing 
the streambed was used as the location for the water level gauges 
(Fig. 3). High-water marks (HWMs) were measured at the gauging sites 
after each flood event. The gauged records and HWMs were used for the 
calibration of the 2D hydraulic model, namely the IBER software (Bladé 
et al., 2014). This model solves the 2D Saint Venant equations using 
explicit finite volume schemes on a triangulated mesh obtained directly 
from a digital terrain model (DTM). The DTMs were obtained from the 
LiDAR data collected by the PNOA project in 2017. In addition, field 
surveys were carried out in the field, namely on the road surface, using 
differential GPS. In the case of the Benicarló site, the bridge piers were 
modelled in ArcGIS to fill the LiDAR data gap under the bridge. The 
hydraulic model was used to derive the rating curve and estimate the 
hydrograph and peak discharge of each event. The flows were routed to 
calculate the flow characteristics and hydraulic parameters (unit stream 
power, shear stress and discharge) along the study area. 

4. Results 

4.1. Classification and segmentation outcomes 

The order of importance of the variables in the image classification 
varied from year to year. For all the years, we selected the variables that 
were higher than 70 % of the median for the SVM models. These vari
ables were CI and NDVI in 2018, NDWI and CI in 2019, NDVI and NDWI 
for 2020 and, NDWI and NDVI in 2021 (Fig. S1). As we can see in 
Table 2, the bedrock and bare sediment classes are well classified in 
2019 and 2021. There is more confusion between mixed vegetated areas 
and dense mature areas, with 2018 being the year with the least 
confusion. In all cases to test points, accuracy and kappa values show 
good results, with values higher than 92 % and 0.90 respectively. 

Fig. 3. Variables used for automatic segmentation showing their variation along the ephemeral stream and the segments obtained, representing the breaks with 
vertical dashed lines. Dashed vertical lines in S7, S10 and S12 refer to road sections where flow is measured by pressure transducers. 
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In terms of automatic segmentation, the multivariate method yielded 
13 statistically significant distinct segments (Fig. 3). These segments 
contain several of our reach length units (i.e., 200 m long subdivisions), 
the longest corresponding to segments S7 and S12 (Table S1), while the 
shortest with only a few length units are S4, S6, S11 and S13. Regarding 
the geomorphic characteristics of the segments, S3, S4, S5 and S6 have 
the widest active channel and valley bottom, while the narrowest active 
channel corresponds to S8, S10, S11 and S13. From S1 to S6, the specific 
stream power (SSP) values are very low due to the wider active channel 
and the highest SSP corresponds to S8 and S11 due to the narrower 
channel. In terms to the slope gradients, segments S3 to S6 have the 
highest values and then the values decrease downstream until S11 where 
they increase again. In S12 the slope gradient is locally high in relation 
to knickpoints and bedrock local steps. Finally, S13 has the lowest values 
of slope gradient of the river study. 

4.2. Streamflow records 

At the Cervera del Maestre (hereafter Maestre) and Benicarló sites 
(Fig. 3), flood water levels were recorded at 5-minute intervals and 
converted into discharges using a detailed 2D hydraulic model. The 
temporal frame was divided into three periods bracketed by the dates of 
the aerial photographs, typically taken in May or June. Three flow 
events occurred throughout the study period: 17 October 2018 (period 
1) and 22 January and 1 April 2020 (period 2). There were no flow 
events between June 2020 and June 2021 (period 3). 

At the Benicarló site, the 2018 flood hydrograph lasted for 33 h and 
consisted of two peaks of 170 m3/s and 208 m3/s that occurred 17 h 
apart (Fig. 4). In both peaks, the hydrograph shows a sharp rising limb 

and a progressive falling limb. At the Maestre site, the levelogger was 
destroyed by the flood, although the HWMs indicated a level of 1.61 m 
with an estimated discharge of 200 m3/s. 

Two major flow events were recorded in period 2. In January 2020, 
the flow showed a single hydrograph with a double peak, 3 h 30 min 
apart, observed at Maestre and Benicarló (Fig. 4). At the Maestre site, the 
flow lasted 17 h and reached a peak level of 1.1 m (80 m3/s). In 
Benicarló the duration was 15 h with a peak discharge of 104 m3/s (1.8 
m stage). The April 2020 flow event at Benicarló showed a single peak 
hydrograph with a duration of 21 h and a peak of 223 m3/s (stage 2.7 
m). The hydrograph shows a sharp rising limb reaching its peak at 5 h 
and a falling limb at 16 h. At the Maestre site, the flow lasted 26 h with a 
maximum peak at a stage of 0.62 m, although in the falling part of the 
hydrograph a second peak reached 0.57 m (~200 m3/s). Period 3 was 
not affected by any flow event and the channel changes are mainly 
related to vegetation growth. 

4.3. Morphological changes along the study period: channel recovery 
variation along the river 

Transition analysis (Fig. 5a) allows us to explore the river trajectories 
found along the study period based on channel recovery and vegetation 
encroachment rates. In general, the proportion of channel recovering 
dynamic landform features (e.g., open gravel bars) varies significantly 
along the study river (Fig. 6) ranging from 0.3 % in the case of segment 
S6 for the period 2020–2021 to 47.8 % in S11 for the period 2018–2019. 
In terms of vegetation encroachment, which favours the stabilisation of 
landforms, the proportion is lower, ranging from 0.6 % in the case of 
segment S11 for the period 2018–2019 to 17.3 % in the same segment 

Table 2 
Confusion matrix of supervised classification and accuracies. B: bedrock; BS: bare sediment; M: mixed vegetated areas; D: dense mature areas.   

2018 2019 2020 2021 

B BD M D B BD M D B BD M D B BD M D 

B 21 0 0 0 21 0 0 0 20 1 0 0 21 0 0 0 
BS 2 20 0 0 0 22 0 0 0 24 0 0 0 24 0 0 
M 0 0 25 1 0 0 26 0 0 0 25 1 0 0 22 4 
D 0 0 1 25 0 0 3 23 0 0 2 24 0 0 3 23 
Accuracy 0.96 0.97 0.96 0.93 
Kappa 0.94 0.96 0.94 0.9  

Fig. 4. Hydrographs of the flow events obtained by the stage-discharge relationship from 2D hydraulic modelling at the levelogger site in Benicarló. Note that flood 1 
(left) corresponds to period 1, while floods 2 and 3 (centre and right) occurred during period 2. 
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(S11) for the period 2020–2021 (Fig. 6a). 
Based on these spatio-temporal trajectories, three main groups of 

segments can be differentiated (Fig. 5b). This first group (G1) is 
composed of segments S1 to S6 and is characterised by the high pro
portion of surface remaining as bare sediment throughout the study 
period ranging from 82 % in 2018 to 74 % in 2021 in segment S5 
(Fig. 5a), and presents the widest active channel (66.5 m on average 
with a maximum value of 105.9 m) (Figs. 6, 7a). This group shows a low 
channel recovery (~5 %) in the period 2018–2021 (Fig. 6b). As for 
vegetation encroachment, like channel recovery, it has very low values, 
although the percentage of S6 in the 2020–21 period is noteworthy with 
12.2 % (Fig. 6a). 

The second group (G2) comprises segments S7, S8 and S9 (Fig. 5b) 
and is also characterised by a relatively high proportion of surface 
remaining as channel and vegetated bars over the study period (around 
66 % on average) (Fig. 5a), although the active channel is narrower 
(~30 m on average) (Figs. 6, 7b–c). This group G2 has a higher pro
portion of channel recovery than the previous ones (6.0 % on average 
between consecutive years) although a decreasing trend is observed in 
S7 from 8.2 % in 2018–2019 to 2.6 % in 2020–2021 (Figs. 6a, 8a). 
Meanwhile, the proportion of vegetation encroachment averages 4.9 % 
over the whole period (Fig. 6b), with an increasing trend (from 3.1 % in 
2018–2019 to 7.9 % in 2020–2021) (Fig. 6a). 

Finally, the third group, G3 extends from segment S10 to S13 
(Fig. 5b), where a similar behaviour in terms of channel trajectories is 

observed compared to the second group although more pronounced for 
both variables (Figs. 6, 8). Channel recovery shows a decreasing trend 
along the period from 28.2 % in 2018–2019 to 2.9 % in 2020–2021 
(Fig. 8a), while vegetation encroachment presents an increasing trend 
from 1.0 % to 11.8 % (Fig. 8b). The maximum channel recovery was 
recorded in S11 with 47.8 % in 2018–2019 (Fig. 6a), indicating that 
almost half of the channel surface was recovered in one year. This G3 
group represents the narrowest active channel with an average of ~22 m 
(Figs. 6, 7d). 

In summary, the analysis of the net trajectories for the entire period 
(i.e., 2018–2021) (Fig. 6b) shows that in G1 (S1 to S6) the proportions of 
channel recovery and vegetation encroachment are <7 %, with the 
exception of S6, which has a vegetation encroachment of 15.7 % for the 
entire period (Fig. 6b). In G2 (S7 to S9) the net channel recovery over the 
whole period is more remarkable, with values of 12.9 % in S8 and 9.7 % 
in S9, with vegetation encroachment <10 %. The G3 shows the highest 
net channel recovery, with values of 33.9 % and 31.3 % in S11 and S13 
respectively, while vegetation encroachment is <7 % (Fig. 6b). 

4.4. Relationships between hydraulics and geomorphology 

Short- and medium term geomorphic changes are related to the flow 
energy input during annual floods and thus to the sequence of peak flows 
and flow duration. In general, the cumulative flow energy calculation for 
a flood hydrograph is a proxy for the geomorphic work of each flood 

Fig. 5. a) Transition analysis in different segments along the river. Bold and italic numbers indicate the percentage of each category. b) Location of the 13 segments 
and boundaries of the segment groups (G1, G2 and G3) along the Rambla de Cervera. 

M.P. Rabanaque et al.                                                                                                                                                                                                                         



Geomorphology 450 (2024) 109069

8

event (Lekach and Enzel, 2021). In the first period (2018–19), the 
maximum peak discharge was 210 m3/s with a total power of 10,400 
watts. In the second period (2019–20), the two flood events (104 and 
223 m3/s) result in a cumulative power of 2880 and 6360 watts, 
respectively. At the local scale, the reconstruction of these flow condi
tions, combined with mapped and measured changes in landform units, 
provides a quantitative relationship between hydraulic conditions and 
resulting erosional and depositional features (e.g., vegetation to chan
nel, vegetation to bedrock, Fig. 9). 

In the G1 segments, the flow width during the recorded floods 
occupied the most active parts of the river corridor, i.e., the bare sedi
ment, with a shear stress of 50–100 N/m2 (Figs. S3–S5) and a maximum 
velocity of 3–3.5 m/s (Figs. S8–S10). In the mixed and dense mature 
vegetated bars, the flow velocity was <1 m/s and the shear stress <20 
N/m2, even during the largest floods (210–223 m3/s). These hydraulic 
conditions explain the limited alluvial expansion observed in the first 
and second periods, and even a contraction due to vegetation growth in 
the third period associated with the lack of flow. The changes from shrub 
vegetation to bare alluvial cover occurred on partially vegetated bars 
attached to the channel margin and on central diagonal bars under 
relatively shallow flows (<0.3 m), with mean velocity of 1.5–2.3 m/s 
and shear stress <60 N/m2 (Fig. 9). Interestingly, the geomorphic work 
required to change from vegetated areas to bedrock exposure was less 
than that required to change to bare alluvial cover, with velocities <1.6 
m/s and shear stress <35 N/m2. It should be noted that the change from 
vegetation to alluvial cover occurred mainly within the floodplain, 
whereas the change to bedrock occurred at the edge of the floodplain 
under shallow soil or alluvium. 

In the G2 segments, the main flow extended from the gravel channel 
to the vegetated bars even during the lowest flow event (~100 m3/s). 
For example, in the lateral secondary channel our model shows shear 
stresses of 100–200 N/m2 (Figs. S11–S13) and flow velocities of 2.5–3 
m/s (Figs. S17–S19). During the largest flow events (2018 and April 

2020), the channel banks and vegetated bar islands recorded the highest 
modelled shear stress (300–400 N/m2), explaining the trend of alluvial 
surface expansion during flood events. Conversely, during the third 
period (2020− 2021), when there was no flow, vegetation growth 
resulted in significant encroachment, particularly in segments S7 and 
S9. Changes from vegetated surfaces to bedrock were more frequent 
than to fresh bare alluvium. In both cases the energy conditions with 
shift to bedrock and bare alluvial surfaces were not so different with an 
average depth of 0.5–1 m (Figs. S14–S16), velocity of 2–3.5 m and shear 
stress between 50 and 80 N/m2 (Fig. 9). Note that these hydraulic values 
are higher than those required for similar changes in the G1 segments. 

In the G3 segments, the main channel areas convey high energy flow 
conditions with shear stress >100 N/m2 (Figs. S20–S22) and flow ve
locity > 3.5 m/s (Figs. S26–S28), reaching >300 N/m2 and velocity of 6 
m/s in the pool areas. During high flow conditions, water overflows the 
valley sides with secondary channels and high, rough bedrock surfaces 
that dissipate flow energy and form transverse ridges, suggesting the 
formation of standing waves. In S12, the 2018 flow of ~210 m3/s was 
able to remove shrub and tree vegetation and increase the bedrock and 
alluvial surface area. The change from vegetation to bedrock occurred 
even in lateral valley areas under relatively low mean depth (0.30 m), 
velocity (1.2 m/s) and shear stress (30 N/m2) values, whereas the 
change from vegetation to alluvial channel required slightly higher en
ergy conditions (Fig. 9). Most of the changes from vegetation to alluvium 
are at the bottom of the main channels, probably related to deposition in 
the recession limb of the hydrograph. Changes from vegetation to 
bedrock are typically on the banks of the main channel and at the 
channel bottom, where seasonal shrub vegetation has moved into the 
bedrock erosion classes. During the 2020 floods, the total area converted 
from vegetation to bedrock or alluvium was only 40 % of the previous 
period and was mainly located on the bottom of secondary channels and 
on the sides of the main channel. These changes are consistent with the 
slight decrease in the proportion of vegetation encroachment and 

Fig. 6. a) Annual channel recovery and vegetation encroachment percentage for the periods 2018–2019, 2019–2020 and, 2020–2021 periods. b) Channel recovery 
and vegetation encroachment percentage for the entire study period (2018–2021). 
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channel recovery observed in the second period (2019–20) within the 
G3 segments (Fig. 8). The absence of floods in the third period 
(2020− 21) explains both the increase in vegetation encroachment and 
the decrease in channel recovery, indicating the importance of floods in 
the overall recovery of hydromorphological conditions in the G3 
segments. 

5. Discussion 

Our methodological approach to quantifying channel recovery in 
ephemeral rivers affected by gravel extraction has allowed us to analyse 
the changes that have occurred over a short period of time and to un
derstand which flows are likely to be responsible for these changes. In 
this section, we discuss the natural response and geomorphic sensitivity 

Fig. 7. UAV aerial view of representative segments of the three river groups (G), note that the blue arrow indicates the direction of the flow. a) Upstream view of the 
S2 segment, representing G1 wide alluvial setting in the graben structural constraint. b) Upstream view of the narrow active channel with multiphase gravel surfaces 
incised on structurally controlled limestone bedrock (horst) representing G2. c) Downstream view of the S9 segment, with shallow gravel deposits covering bedrock 
exposed surfaces at the transition between G2 and G3. d) Downstream view of the S12 segment showing a wide river corridor with a deep innerchannel incised on the 
Pleistocene cemented gravel bedrock. The Mediterranean Sea is in the background. Note the scattered gravel bars on a general bedrock incised channel on the left 
river corridor. Overbank flow on the right valley margin occurs during medium to large flows and produces crevasse splay gravel accumulation. 

Fig. 8. Boxplots showing the proportion of change over the study period for the three groups described (G1: Group 1, G2: Group 2, G3: Group 3). a) Proportion of 
channel recovery and b) Proportion of the vegetation encroachment. 
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to change by considering channel recovery, degradation and landform 
stabilisation by vegetation (see Section 5.1). The changes in channel 
recovery and vegetation encroachment over the entire period 
(2018–2021) are then used to conceptualise the evolution of different 
trajectories representing recovery scenarios (see Section 5.2). 

5.1. Short-term geomorphic response and sensitivity to river recovery 

Our results show that the study stream is sensitive to changes caused 
by floods during the short-term period analysed (2018 to 2021), which 
occur mainly in the degraded segments of the study stream. This is 
because the sediment size is smaller than in the other segments and the 
sensitivity depends on the sediment size of the channel (Hooke, 2016b). 
That is why the most degraded segments present net channel recoveries 
above 30 %, i.e., new areas of gravel bars previously stabilised by 
vegetation, and with low stabilisation by vegetation encroachment 
(around 7 %). According to Fryirs and Brierley (2000), river recovery 
refers to the adjustment processes to improve geomorphic condition 
following disturbance. Evidence of recovery is based on the landform 
sequence (lateral and longitudinal) expected for the natural conditions 
under current physical constraints. The definition of what is natural in 
rivers after a severe human modification has been a point of debate in 
river restoration analysis (Wohl and Merritts, 2007; Gregory, 2019). On 
the one hand, it is important to establish the river condition under the 
concept of the historical range of variability (Fuller et al., 2021) and the 
river recovery potential under current dynamic constraints (Fryirs and 
Brierley, 2000; Brierley et al., 2002). In this respect, the post- 
disturbance physical boundaries have conditioned the short-term 

dynamic processes (i.e., flow, sediment flux and vegetation cover) 
constraining the possible range of channel change behaviour (Cluer and 
Thorne, 2013). The analysis of short-term geomorphic processes is 
critical to ascertain the extent, time scales, and trajectories of adjust
ment when assessing the river recovery potential (see Fryirs and Brier
ley, 2000) and their sensitivity to change. Our approach takes advantage 
of the annually repeated high-resolution aerial imagery available from 
open-source repositories to analyse the geomorphic response of 
degraded rivers to specific flows at the catchment scale. This approach is 
based on a two-step procedure (Rabanaque et al., 2022): (1) river 
network segmentation, which focuses on the distribution of reaches with 
similar geomorphological, geometric and hydraulic attributes, and (2) 
diachronic landform analysis, which combines remote sensing and ma
chine learning techniques to obtain a semi-automatic fluvial landform 
mapping with an objective criterion. This wide-basin analysis provides 
an efficient way to obtain a homogeneous and coherent mapping of 
landform and vegetation to monitor geomorphic changes and trajec
tories in response to hydrological events. 

The multivariate segmentation was assigned to three channel types 
on the basis of geomorphical and hydraulic parameters, according to the 
classification of Mediterranean ephemeral streams (Rabanaque et al., 
2022). These channel types show a spatial distribution that depends on 
geological and structural factors (graben vs horst areas) but with a 
secondary control related to geomorphological changes induced by 
anthropogenic activities (gravel mining in this case). This mainly in
volves a deep channel incision and sediment depletion towards the 
lowest reaches (Fig. 10). The Group 1, segments (S1 to S6), is located in a 
graben (depression) sector with a low degree of channel confinement, 

Fig. 9. Boxplots showing the mean and standard deviation of hydraulic parameters (depth, velocity and shear stress) at peak discharge associated with changes from 
vegetated areas to bedrock and to channel in representative segments of G1, G2 and G3. 
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although disturbance conditions have caused incision of the active al
luvial channel on former the floodplain, limiting its lateral expansion 
and shifting (Fig. 7a). According to the regional channel classification of 
Rabanaque et al. (2022), these segments are channel types 3 and 4, 
consisting of a wide active channel with longitudinal, lateral and 
transverse gravel bars, and mixed vegetated areas. In these G1 segments, 
any change in sediment and water fluxes, either natural or human 
induced, would imply an adjustment of the channel to the new equi
librium (Downs and Gregory, 2004). Clearly, this first group is in the 
best geomorphic condition compared to the other groups (G2 and G3) 
with the exception of S1, which is deeply incised (Segura-Beltrán et al., 
2020). The diachronic analysis shows that geomorphic changes over two 
flow periods are minor or absent (Rabanaque et al., 2021). The wide 
active channel produces shallow flow with low SSP, implying a reduc
tion in overbank flow and disconnection of floodplains, except during 
extreme flows. Therefore, G1 segments are geomorphologically more 
effective but less sensitive, i.e., small and moderate flows are able to 
transport sediment and activate gravel bar migration, which in terms of 
diachronic analysis results in minor net channel landform changes over 
the study period (Figs. 6, 8). Group G2, formed by segments S7 to S9, is 
located in a horst (range) sector (Fig. 10) and includes channel types 2 
and 3 following Rabanaque et al. (2022) classification. These types show 
a high channel confinement characterised by a narrow active channel 
with medium values of SSP. The channel platform includes an alterna
tion of scour pools and lobe bars, denoting depletion on gravel bedload. 
Channel narrowing increases the occurrence of overbank flow, even at 
low/medium flows, enhancing the reconnection through vegetation 
removal (Croke et al., 2017). As a result, G2 is geomorphologically 
sensitive with an enhanced response to low/medium flows (Figs. 6, 8), 
albeit within a general sediment depletion condition characterised by 
coarse gravel bars and islands colonised by vegetation (Fig. 7b–c). 

The most downstream group (G3) comprises segments S10 to S13 
located in a graben sector (Fig. 10), which means that the segment types 
should be similar to G1 (i.e., types 3 and 4; Rabanaque et al., 2022). 
However, the pre-1950s alluvial channel has been severely affected by 
gravel extraction since the 1980s (Segura-Beltrán and Sanchis-Ibor, 
2013), resulting in a single channel deeply incised on bedrock- 
cemented gravels (Fig. 7d). The present channel platform consists of 

an alternation of scour pools, or incised inner-channel often featuring 
knickpoints, and lobe bars that decrease in length downstream as sedi
ment availability decreases. In the long-term, G3 has been very sensitive 
to human-induced changes, resulting in a persistent, severe morpho
logical change that is conducive to a high degradation and the creation 
of a new river condition (i.e., non-turning point; Fryirs and Brierley, 
2000). In the recent short-term, morphodynamic sensitivity has been 
suppressed and translated into process sensitivity (Downs et al., 2013) 
characterised by (1) increased sediment transport capacity within an 
entrenched channel and (2) uncharacteristic floodplain scour features 
with crevasse splays, gravel sheet deposition and rugged bedrock 
exposure. Channel recovery observed over the study period includes 
vegetation removal and deposition of lobes and gravel patches associ
ated with high flow velocities even during low moderated floods. As the 
potential for morphodynamic sensitivity is high, the main limiting fac
tors for recovery in G3 segments are (1) the lack of sediment flux, which 
would require high rates of longitudinal sediment delivery for effective 
recovery, and (2) the scarcity of sediment storage on river banks and 
floodplains. Therefore, recovery of G3 segments would imply to identify 
the multiple spatio-temporal drivers and channel possible trajectories 
for naturalisation according to contemporary fluvial processes (Kondolf 
et al., 2006; Fryirs and Brierley, 2016). 

5.2. Lessons learned towards Mediterranean ephemeral streams recovery 

One of the key questions in rivers affected by human alterations is 
whether recovery is possible in severely degraded rivers. The short-term 
changes found in this study suggest that fluvial process conditions are 
excellent, but that a stimulus is needed to increase sediment delivery 
from upstream reaches to create river landforms. As the river network is 
composed of different channel types with different sensitivities and 
degrees of degradation, the character and mechanisms of recovery are 
interrelated, implying the need for a catchment scale approach. On the 
one hand, G1 segments are geomorphologically insensitive to moderate 
flows, at least in the short-term, implying that they are morpho- 
dynamically resilient and that management efforts should focus on 
their conservation (e.g., Downs et al., 2013). This idea is consistent with 
the findings of Scamardo et al. (2023), whose results showed that the 

Fig. 10. Spatial and temporal structural and dynamic constraints and recovery trajectories of channels following disturbance.  
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river corridor is an important predictor of geomorphic heterogeneity, 
defined as the temporal and spatial variability of geomorphic units, i.e., 
the wider the river corridor, the higher the probability of high dynamics. 
In contrast, G3 maintains reach-scale processes, but recovery would 
require restoration of physical processes within the catchment (i.e., G1 
and G2), namely sediment production and connectivity, from which it 
would tend to return the channel to more ‘natural’ conditions (e.g., 
Kondolf et al., 2006). Such recovery may take decades even in this high- 
energy Mediterranean ephemeral stream, whereas ‘naturalisation’ may 
be accelerated by removing existing human and geomorphological 
barriers (e.g., road crossings, morphological-vegetation encroach
ments). In this task, our methodological approach of short-term mor
phodynamic analysis provides an effective tool to monitor reach- 
differentiated process responses and their sensitivity. For example, 
current asynchrony between sediment load and flow peaks due to 
hungry water is evidenced by discontinuous alluvial landforms and 
gravel patches along the G3 channel. Therefore, recovery from the 
dominant erosion processes in G3 is likely to occur when gravel bars 
cover much of the active channel. An important lesson from the analysis 
of short-term changes is that improved morphodynamic conditions and 
processes (e.g., sediment delivery) in upstream reaches (e.g., G2) would 
be required before further direct management interventions could be 
undertaken in the most degraded reaches. It is therefore important that 
the setting of the degraded reach within the catchment is properly 
assessed (England and Gurnell, 2016). 

The lack of sediment supply is a direct consequence of decades of 
mining in the river. However, this is complemented by the effects of 
changes in land use and land cover (LULC) (Gregory et al., 2006). Since 
the mid-20th century, forest cover in the basin has increased to 33 %, 
reaching 53 % in the headwaters (Segura-Beltrán and Sanchis-Ibor, 
2013). The abandonment of agricultural land has also led to natural 
regeneration of vegetation, mainly shrubs, which serve as a transition 
stage to full forest cover (Rodriguez-Lloveras et al., 2016). Such LULC 
changes typically lead to a decrease in water runoff and sediment pro
duction, and therefore to a decrease in bedload and river morphody
namics (e.g., García-Ruiz and Lana-Renault, 2011; Sanchis-Ibor et al., 
2017). A conceptual change for river restoration in reaches with suffi
cient capacity to transport bedload material, but with a lack of sediment 
supply, will involve actions at the catchment scale. For example, the 
removal of existing dams and barriers would increase sediment supply to 
the main river and create conditions to improve sediment supply to the 
most downstream segments. The removal, realignment or modification 
of sediment retention structures have been proposed in the European 
Guidelines for Integrated Sediment Management (Ausili et al., 2022) as 
measures to address deficiencies in sediment supply, continuity and 
local hydromorphological changes. These nature-based solutions will 
enhance and improve natural sediment transport processes, resulting in 
the strategic restoration of hydromorphological connectivity. 

6. Conclusions 

Decades of intensive gravel extraction in Mediterranean ephemeral 
channels have resulted in highly altered hydromorphological condi
tions, posing a major challenge to fluvial recovery. Such drastic 
geomorphic changes strengthen the case for addressing geomorphic 
restoration at the scale of contemporary fluvial processes rather than 
historical pre-disturbance conditions (e.g., Fryirs and Brierley, 2000; 
Downs et al., 2013). Monitoring contemporary evolutionary channel 
trajectories requires an understanding of short-term morphological 
changes and their reach-specific physical constraints and process-form 
responses. In this study, we apply a combination of (1) automated 
stream segmentation using LiDAR-derived geometric and hydraulic 
variables, (2) landform classification from remote sensing and machine 
learning algorithms to quantify reach-scale morpho-dynamic changes, 
and (3) 2D hydraulic modelling of the three flow hydrographs recorded 
during 2018–2021. 

Thirteen segments were identified along the 44 km long study 
channel of the Rambla de Cervera (340 km2), divided into three groups 
(G1 to G3) according to their structural valley setting and sensitivity to 
channel morphodynamic response. The upstream G1 segments, with a 
wide unconfined alluvial bed, showed little change between landform 
classes, implying low values of channel recovery and vegetation 
encroachment. This segment behaviour reflects minor geomorphic ad
justments (i.e., water and sediment flows and vegetation interactions) 
with limited flow energy capacity expended on bedload transport and 
active bar migration. The confined setting of G2 segments showed 
higher net alluvial changes (channel recovery) and vegetation 
encroachment proportions than G1. These changes are associated with a 
higher incidence of overbank flow, even during moderate annual flows, 
which increases geomorphic sensitivity, albeit with a general sediment 
depletion towards downstream segments. The most downstream group, 
G3, showed the greatest changes in landform classes, both in terms of 
alluvial/rock exposure and vegetation encroachment. However, this G3 
consists of a discontinuous, deeply incised channel on bedrock with 
multiple knickpoints, representing an insensitive (resilient) landscape 
heavily impacted by gravel extraction since the 1970s. Here the hy
draulic model shows very high energy conditions and an erosional 
process domain with hungry water indicated by discontinuous land
forms and gravel patches. In this highly modified landscape, induced by 
human disturbance, it is otherwise incapable of storing sediment or 
producing persistent alluvial landforms to improve the geomorpholog
ical condition. In terms of management, G1 and G2 segments are 
morpho-dynamically resilient and management actions are required to 
maintain them, whereas G3 shows irreversible changes and restoration 
to more ‘natural’ conditions is only possible by increasing sediment 
supply from upstream reaches. 

The diversity of channel response and sensitivity between segment 
groups highlights the importance of addressing river recovery and 
restoration at large spatial scales (e.g., (Downs et al., 2013; Fryirs, 
2017). Finally, the increasing availability of repeated remote sensing 
imagery in the future would help to better estimate rates of river re
covery after floods of different magnitudes. Monitoring changes in 
ephemeral rivers provides very important information to know the state 
of these rivers or to implement measures to mitigate the effects of 
anthropogenic activities. 
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