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HIGHLIGHTS

e Findings support the Intermediate
Disturbance Theory (IDT).

e Floods have positive impacts on stream
ecological functioning at various scales.

e At the local scale, floods rearrange
habitat distribution, enhance habitat
diversity, and promote hyporheic
exchange.

e At the reach scale, floods increase
streambed complexity and hydro-
morphological diversity, and improve
lateral and vertical connectivity.

e Controlled high flow is an effective
strategy to revitalize fluvial forms and
riparian habitats.
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ABSTRACT

Flow regulation in gravel-bed rivers impacts the hydrology, sediments and morphology, riparian vegetation, and
vertical connectivity with the hyporheic zone. In this context, previous works have suggested that flood events
may have riverine morphological and ecological benefits. In a Mediterranean-climate river system, we analyzed
the impact of a 18-year return period flood on river morphology, riparian vegetation, fish aquatic habitat quality,
and hyporheic exchange in a dam-regulated gravel-bed river, Serpis River (Spain). We collected pre- and post-
flood riparian vegetation distributions and bathymetries, which were used to develop two-dimensional surface
and three-dimensional subsurface numerical models to map surface and hyporheic hydraulics. Results show that
the large flood removed the invasive giant reed from large areas, reshaped the in-channel morphology by
forming new bars and pools, and enhanced the complexity of the flow field and the hydro-morphological di-
versity. The habitat availability for the endemic Eastern Iberian chub (Squalius valentinus) and invasive bleak
(Alburnus alburnus) increased. Hyporheic exchange showed limited change under losing conditions, but notice-
able under neutral ambient groundwater condition. This study corroborates the beneficial effects that flood
events or high flow releases may have on regulated streams and the potential use of high flow pulse as a
restoration tool.
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1. Introduction

The natural flow and sediment supply regimes form the natural
physical template for riverine ecosystems (Poff et al., 1997; Richter
et al., 2003). Within the Intermediate Disturbance Theory, IDT, frame-
work, disturbances like wildfires, floods and droughts are key features of
natural processes affecting the riverine ecosystems, because they pro-
vide a mechanism for ecosystem resetting (Townsend et al., 1997).
However, many streams and rivers have regulated flows (Nilsson et al.,
2005), which alter the natural flow, thermal, sediment and nutrient
regimes (Ward and Stanford, 1995, 1983) potentially modifying not
only longitudinal (Vannote et al., 1980) connectivity, but also lateral
and vertical connectivity and their temporal occurrence (Amoros et al.,
1987; Ward, 1989). Regulated flows also remove many disturbances
resulting in an increase in channel stability, lower frequency of
competent flows for sediment transport (Church, 1995; Dean and
Schmidt, 2013; Grant et al., 2003; Ligon et al., 1995; Schmidt and
Wilcock, 2008) and decrease in geomorphic complexity and in river
longitudinal and lateral connectivity (Brandt, 2000; Graf, 2006; Wil-
liams and Wolman, 1984) due to loss of functional flows (Escobar-Arias
and Pasternack, 2010). These hydromorphological alterations may
cause changes in riparian vegetation (Benjankar et al., 2016) a decrease
in fish abundance and habitat (Bunn and Arthington, 2002; Garcia et al.,
2011; Poff and Zimmermann, 2010) and we also suggest reduction in
hyporheic flows.

Whereas extreme floods around and larger than 80-year return
period events may have detrimental impact on ecosystems (Hajdukie-
wicz et al., 2018, 2016; Talbot et al., 2018), more common floods less
than or around 10-year return period may reset stream-riparian zone
morphology (Dean and Schmidt, 2013) and be beneficial to aquatic and
riparian ecology (Talbot et al., 2018; Townsend et al., 1997). These high
and frequent flows have also been documented to improve the quality of
salmon spawning habitat after a flood event that rearranged the
morphology of a newly restored reach (Wheaton et al., 2010a). This
evidence suggests that large and frequent (above bankfull but not rare)
floods could be a useful and efficient tool for riverine restoration (Groll,
2017; Hayes et al., 2018), and therefore align with the environmental
flow (e-flow) guidelines adopted in Spain. Those guidelines established
high flow releases as one of the fundamental components of e-flows,
although majorly unapplied (Mezger et al., 2019). However, their effects
on habitat and spatial connectivity have not been systematically docu-
mented, especially in Spain, but only in a few experimental releases, like
in the Ebro, Pisuerga, and Cardener Rivers (Cortés et al., 2019).

A remarkable flood event, triggered by Storm Gloria, occurred in
January 2020 along the Serpis River (Spain). Storm Gloria was a
powerful extratropical cyclone that struck the Iberian Peninsula in
January 2020, bringing record-breaking rainfall and causing widespread
flooding and damage. Storm Gloria caused an intentional release of
water from the Beniarrés Dam for safety reasons. The release was
notably higher than the highest mean monthly flow of the river. The
release along with tributaries’ contributions generated near the study
site a high discharge with return period for unregulated flows of 18
years.

Here, we documented the impact of this 18-year return period flood
on (1) stream morphology, (2) riparian vegetation, (3) hyporheic flows
and (4) aquatic habitat distribution. We developed a set of ecohydraulics
and hyporheic models for pre- and post-flood topographies in a reach of
the regulated section of the Serpis River. We then assessed the changes
in stream morphology and riparian vegetation after the flooding event
and quantified the effects of those physical changes on rearing habitat
quality for three fish species and on hyporheic exchange.

1.1. Study area

The Serpis River Basin encompasses an area of 752 km? in the eastern
part of Spain (Fig. 1). Originating at an elevation of 1462 m above sea
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level, the river flows in a southwestern to northeastern direction,
covering 74.5 km until it reaches its mouth at the Mediterranean Sea.
Despite distinct morphological variations along the river, it has been
uniformly classified in the ecotype of mineralized river in the low
mountain region, after the guidelines outlined in the European Water
Framework Directive (Garofano-Goméz et al., 2011). In the lowest
segments of the Serpis River Basin the climate is Mediterranean-
Subtropical (after Koppen-Geiger classification).

The Beniarrés Dam is the only large dam regulating the flow in this
river (53 m height, and 30 hm? of volume), and it is located 40 km
upstream from the river mouth. Its primary purpose is providing irri-
gation flows, which modified the hydrological regime of the Serpis River
since its construction in 1958. The dam-regulated flow regime presents
an inverted hydrograph, with high monthly flows during the summer,
respect to the natural regime regardless of precipitation patterns (Fig. 1).
It captures and retains most of sediment inputs from the upstream basin,
except during exceptional events when the dam releases high flows.
However, tributaries and the steep hillslopes of the limestone gorge
provide sediment inputs to the lower Serpis River. The magnitude and
frequency of flood events noticeably decrease after dam construction. In
the pre-dam period, the highest flood flow was 800 m%/s recorded in
1922 whereas, after dam construction, the maximum value recorded
was 111 m3/s in January 2017. A gauging site below the dam indicated
an average of 1.16 flood events per year in the pre-dam period (flow
events above the bankfull level); in contrast, post-dam studies report an
average of 0.28 events per year between 1958 and 1998, and 0.42 be-
tween 1998 and 2017 (Sanchis-Ibor et al., 2019).

Downstream Beniarrés Dam, the river gradually narrows while
traversing the limestone gorge known as “Barranco del Infierno”, which
ends near town of Villalonga, and then it widens in its lower part. The
study site is located where the valley widens, and the floodplain is
predominantly occupied by irrigated farmlands, small agricultural
holdings, and a considerable proportion of citrus orchards. The average
monthly temperature in this area ranges from 11.2 to 26.1 °C, with the
highest temperatures typically occurring in August. The riverbanks were
completely covered by vegetation consisting of dense monospecific
stands dominated by elephant grass (Arundo donax) and including
blackberry (Rubus ulmifolius), along with a few individuals of black
poplar (Populus nigra) (Fig. 2). The riverbed substrate primarily com-
prises alluvial sediments consisting of a dominant proportion of medium
to large gravel (8-64 mm; with 22 % of area coverage before the flood
event), followed by cobbles (64-256 mm) and fine gravel (2-8 mm), and
small proportions of boulders (> 256 mm), bedrock, and sand.

The selected 523-m long river reach is located approximately 20.43
km below the Beniarrés dam (distance on river stem) in the municipality
of Villalonga (Valencia; Fig. 1). It consists of a sequence of pool and riffle
habitat units with no anthropogenic modifications in the main river
channel (neither channelisation nor straightening). A small ford is
located downstream the study reach (approximately 30 m below the
downstream end) and it was avoided in the hydraulic and habitat model.
However, the upstream effect of gradient change due to the ford has
never been studied since the construction in around 1903. Based on
recent observations on site, a small change in the gradient and sediment
proportions can be observed only within 7-10 m upstream of the ford.
The pre-event mean gradient along the thalweg in the study site was
0.0030, resulting in 0.0036 after the large flood. In addition, on the
floodplain (left side) there is a single-lane road (no dikes), which was
completely flooded during the Storm Gloria. No relevant signs of
channel incision were observed at the reach. This suggests that the po-
tential sediment deficit due to the Beniarrés dam is mitigated in the
study site by hillslope processes. Between Beniarrés dam and the study
site there are several unregulated torrential tributaries, e.g., Barranc de
la Encantada, with a watershed area of 27.4 km? and relevant peak
flows. These tributaries and the steep slopes of the mountains in the 7-
km long gorge section with diverse taluses provide the Serpis river
with an important amount of medium-size sediment. Most of the
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watershed area between the dam and the study site is classified as pre-
senting moderate (15-40 t/ha year) or high erosion rates (40-100 t/ha
year), with small locations showing highest values, according to the
studies characterising the erosion risk in the Serpis River Basin (Con-
federacion Hidrografica del Jucar, 2008).

We conducted this study before and after the Mediterranean Storm
Gloria (January 2020) that caused intense precipitations and the
consequent intentional release of a flood flow for dam safety. The mean
daily flow of 240 m%/s from the dam release and Serpis tributaries was
recorded at the Azud de Carrés gauging station (21st of January 2020)
nearly 7 km downstream the study site with no major tributaries be-
tween the study site and the gauging station. The governmental Jtcar
River Basin Authority recorded hourly discharges exceeding 300 m3/s
between 8:00 PM on January 20th and 10:00 AM on February 21st, with
a peak hourly discharge of 325 m>/s, that has an estimated return period
of 18 years (Confederacion Hidrografica del Jicar, 2019). This return
period is based on historic records of the instantaneous (hourly) un-
regulated flows as defined by Spanish and European regulations.

2. Methods

In the river section downstream from the limestone gorge, we
assessed the habitat diversity and estimated a proportion of 60 % length
of pools and 40 % of riffles. According to these proportions, we selected
a representative river reach (523 m river length) to perform the topo-
graphic survey, hydraulic modelling, and the physical habitat simula-
tion, according to the standard protocols of the Instream Flow
Incremental Methodology, IFIM (Bovee et al., 1998). There we applied
different techniques as we further explain below; i) we surveyed pre-
and post-flood riverine topographies and riparian vegetation; ii) hypo-
rheic exchange was measured at ten locations to validate a three-
dimensional hyporheic model and to quantify hyporheic fluxes for
both pre- and post-flood scenarios; iii) two-dimensional hydraulic
models were developed with pre- and post-flood topographies, then
habitat evaluation was compared for three fish species. The predicted
flow hydraulics supported a fuzzy-logic suitability-index-based (SI-
based) ecohydraulic model (Bovee, 1978; Noack et al., 2013) that
simulated rearing habitat quality distribution for three fish species and a
three-dimensional hyporheic model. Aerial photography allowed us to
map changes in riparian vegetation for pre- and post-flood conditions.
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Performance between predicted and measured quantities was evaluated
by quantifying the mean ME, and standard deviation, SD, of the re-
siduals, R, between measured, O, and simulated, S, quantities, e.g.,
water surface elevation, depth averaged velocity, streambed elevation
changes and hyporheic flux:

1 NC NC R;
ME = NC i 0i =S = ZI:INC @
NC 2
i1 (Ri —ME
SD = 72'711\% — ) @

where NC is the total number of measurements.
2.1. Morphologic characterization

2.1.1. Pre & post flooding river channel survey

The remote sensing data was acquired utilizing a Phantom 4 Pro
drone, equipped with a 20-Megapixel camera and a 1-in. sensor (average
flight altitude of 50 m). The purpose was to obtain highly detailed aerial
images with a high resolution (approximately 1-2 c¢cm). DJI GS Pro©
software was employed to pre-program the flight path and configure
parameters for all surveys. Before conducting the flights, Ground Con-
trol Points (GCPs) and Check Points (CPs) were established in the field
using coded targets. Approximately 66 % of these points were desig-
nated as GCPs to facilitate georeferencing, while the remaining 34 %
served as CPs to validate the accuracy of the very-high-resolution digital
terrain model (Conesa-Garcia et al., 2022, 2020; Puig-Mengual et al.,
2021). The topographic survey of the coded markers was conducted
using a GPS-RTK Prexiso G50. This GPS was also used to collect all the
submerged data we used to construct the digital terrain model (DTM) of
the complete river channel and banks. To ensure accurate identification
of corresponding points, consistent overlaps of 80 to 90 % between
consecutive images were maintained (Seifert et al., 2019).

The acquired data were processed using Agisoft PhotoScan Pro
v.1.2.20 software. This software employed the structure-from-motion
photogrammetry technique to generate point clouds, continuous
textured meshes, and VHR DTMs for each survey event (pixel size 0.02
m), as well as orthomosaics (Conesa-Garcia et al., 2022, 2020; Puig-
Mengual et al., 2021). These final products were georeferenced in the
WGS84 system for subsequent analysis. The same remote sensing

Fig. 1. Study site location within Spain, Europe (left, top) and along the Serpis River (left bottom) and flow regime (monthly scale) (right) in the form of box and
whiskers (crosses indicate outliers), from October 1998 to September 2017 (regulated flow data). The red square indicates the magnitude of this study flood-flow

event (mean daily flow, 21st January 2020).
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procedure and the survey in the submerged part of the river channel
were equally performed before and after the Storm Gloria (i.e., pre-flood
and post-flood scenario). The DTM depicting the topography for the
hydraulic model in the simulation river reach and the DTM of differ-
ences was used to detect changes (Wheaton et al., 2010b).
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To evaluate the morphological changes and assess the event-scale
sediment budget along the river reach, the two digital elevation
models of the riverbed (before versus post-flood) were used to calculate
a set of statistical parameters (Conesa-Garcia et al., 2020, 2022). Spe-
cifically, the values of the total area of interest (m2), total volume

Fig. 2. Different views of the Serpis River in the study segment in pre-flood (upper panel) and post-flood (middle and lower panel) conditions. Upper left: Boulders in
the lower part and right bank (background) colonized by Arundo donax in pre-flood condition (looking downstream). Upper right: general view from the river
channel where complete coverage of Arundo donax was observed on the right bank in pre-flood condition (looking downstream). Middle left: side arm of the river
after erosion and cane uprooting; pieces of canes and rhizome can be observed (post-flood). Middle right: Left bank and large gravel bar created after the flood, where
some of the sensors were located. Lower left: new habitat with cobbles and boulders deposited on the left bank and new rapid created just upstream of the simulated
river reach (observe one person standing on the left bank). Lower right: most of the soil and sediment was eroded in the right toe of the bank; part of the rhizome and

cane remained.
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difference average (m3), net thickness difference (m), and percent
imbalance (departure from equilibrium), among other variables, were
estimated in ArcGis 10.5 © (ESRI, Redlands, CA, USA), by subtracting
the final topography from the previous topography for the same area
(Calle et al., 2018). Consequently, the errors associated with the use of
two surface models to determine volumetric sediment budgets were
described and assumed for each comparative survey analysis, according
to Brasington et al. (2003).

The pre- and post-flood flow hydraulic complexities were quantita-
tively assessed by comparing the pre and post Hydro-Morphological
Index of Diversity (HMID) index proposed by Gostner et al. (2013).
The HMID was specifically designed to assess reach-scale heterogeneity
for engineering programs involving geomorphic measures, as well as
long-term streambed evolution at a catchment scale. HMID serves as a
metric to evaluate flow heterogeneity based on flow depth and depth-
averaged velocity. It incorporates their partial diversity, Pd, metric
defined as:

Pd =1+ (3)

i

where p is the mean and ¢ standard deviation, quantified at the reach
scale, of i-th variable here the depth-averaged velocity (v) and local
depth (d). Notice that % is the coefficient of variation of i-th variable. The

HMID is defined as the sum of the squares of the partial diversity
coefficients:

2 2
HMID — (1 +5) . (1 +f7d) @
v d

Previous approaches made comparisons based on means and co-
efficients of variation of water depth, near-bed and depth-averaged flow
velocity, and bed material grain size (Hajdukiewicz et al., 2018, 2016).
HMID can be considered as an evolution of previous approaches and its
value has been linked to ecological indicators (Gostner et al., 2013). It
does not solely represent physical diversity, since a strong correlation
was observed between this index and Rapid Bioassessment Protocols
(Barbour et al., 1999), a visually-based habitat assessment tool (Gostner
et al., 2013). The results of the HMID were categorized into three classes
based on anthropogenic disturbance: morphologically heavily altered
sites with HMID <5; median alteration with limited variability of hy-
draulic units, 5 < HMID <9, and morphologically pristine sites where
gravel-bed streams fully exhibit their spatial dynamics with HMID >9.

To ensure a valid comparison under equal flow conditions, hydraulic
data were extracted from the simulation performed at the study site
(refer to the section below) for the same discharge of 0.86 m3/s.

2.1.2. Pre & post flooding extension of giant reed (A. donax) and substrate

Riparian vegetation, native and invasive, may reduce the velocity of
water flow and increase the hydraulic roughness of the channel and
floodplains, which can cause an increase in water depth and therefore
increased flood levels (Baptist et al., 2004; Harezlak et al., 2020b). On
the other hand, the high velocity during floods can uproot or damage
riparian vegetation due to sediment scoring, thus potentially resulting in
temporary or permanent loss of vegetation cover (Calvani et al., 2019;
Dzubakova et al., 2015), depending on different factors. For instance,
the development of adventitious roots and stronger structural roots
provide more resistance to uprooting (Garofano-Gomez et al., 2016). In
this study, the orthomosaic of the complete modelling reach was used to
estimate the area and the reduction of giant reed extension after the
flooding (ArcGIS 10.50). Substrate characterization and cover were
characterized during the topographic surveys.

2.2. Hyporheic measurements

We installed ten probes to measure near-surface hyporheic fluxes
around the two large bars present in the post-flood reach (DeWeese
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et al., 2017; Gariglio et al., 2013). Each probe was made with a 30-cm-
long 1-in.-diameter PVC pipe that housed two temperature sensors 20-
cm apart connected to an Arduino data logger that recorded water
temperature every 15 min from February 28th to May 28th, 2020. Each
probe was manually inserted into the sediment with the top sensor set at
the water-sediment interface. We measured the distance from the rim of
the pipe to the streambed sediment at installation and removal of the
probes. These measurements were used to quantify the quality of tem-
perature predicted hyporheic flows (DeWeese et al., 2017).

The water temperature time series were analyzed with the model
proposed by Luce et al. (2013) to extract both hyporheic fluxes and
streambed elevation changes (DeWeese et al., 2017; Tonina et al., 2014).
The method compares the phase, ¢, and amplitude, A, of the tempera-
ture signals of two paired sensors separated by a sediment thickness Az,
and quantified the dimensionless number #:

—In (i)
_ —In(A,) 5)

}7 =
Py — @, Ap

from which the change in streambed elevation, esreambed = €sensor + AZ
(where egensor is the elevation of the bottom sensor), and Darcian flux q
are quantified.

/ N 1—#
q=v wfe<'7+ﬁ> 1+Zz (6)

= |
Az = Ay Kg(nJrﬁ) @)

The average effective thermal diffusivity, k., expresses the thermal
property of the sediment and pore-water matrix between the paired
sensors and, once it is quantified, is considered a constant in time. It is
quantified from the temperature time series obtained during a period, t,,
when Az is constant and as a known value, Az,

WA p

K, = | k.dt;withk, = 8
/, Ap* 1+ ®

p

where w = 27/P is the expected angular frequency at the analyzed
period, P, of the temperature signal which is 1 day in our analysis.

Comparison between measured and predicted streambed elevation at
retrieval of the probes (June 1st 2020) shows ME and SD of residual of
5.8 cm and 2.99 cm, which are a little bit higher than those reported in
literature (Bray and Dunne, 2017; DeWeese et al., 2017) (see insert table
in Fig. 3). The median grain size was about 3 cm, which sets the
threshold for detectable streambed elevation changes (DeWeese et al.,
2017). Additionally, measuring the elevation around the probes was
challenging as there were variations of several centimetres (3-4 cm)
around the PVC pipe and algae. Here we use the mean value. Thus, part
of this mismatch could be due to field challenges.

2.3. Hydraulic modelling

We used HEC-RAS two-dimensional model to solve the full Saint-
Venant equation to simulate surface water. The model requires speci-
fying two parameters: lateral eddy viscosity, which was set at 0.068 m?/
s and a resistance coefficient expressed as a Manning’s n. We calibrated
and validated the latter by minimizing the residuals between measured
and predicted water surface elevation and depth-averaged velocities. We
developed a 0.05-m size quadrilateral regular mesh that extended in the
nearby floodplain and had the same resolution as the DEM. We imposed
discharge at the upstream boundary condition and normal flow at the
downstream boundary. We used pre- and post-flood topographies to
define the physical domain of the model. The calibrated Manning’s n
had a value of 0.055 s/m'/® for both pre- and post-flood topographies
and minimized the mean, ME, and standard deviation, SD, of the
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Fig. 3. Comparison between field measured and numerically predicted hyporheic fluxes averaged over the first 0.15 m of sediment for a neutral case (a) and
simulating a losing reach (b) with isotropic and homogeneous hydraulic conductivity K = 0.0193 cm s~!. The in-figure table provides the residuals of the streambed
elevation location measured at the end of the study period and predicted from the thermal analysis.

residuals between measured and predicted water surface elevation, and
depth-averaged velocity (Table 1). These values of Manning’s n could be
large since the streambed is gravel but there were several large gravel
particles which may have increased local roughness, especially at low
flows and were not captured in the topographical survey. The ME and SD
values for calibration and validation are in the upper end of those re-
ported in literature for the water surface elevation but within those re-
ported for velocity (Carnie et al., 2015; Kammel et al., 2016; Tonina
et al., 2020).

2.4. Habitat suitability assessment

To investigate the effects of the flood event on habitat quality, we
developed fuzzy-logic SI-based rearing habitat models supported by the
predicted hydraulics for pre- and post-flood scenarios for three fish
species. This includes a native species within the Serpis River Basin, the
Eastern Iberian chub (Squalius valentinus) (Perea and Doadrio, 2015) and
two invasive species, the common bleak (Alburnus alburnus) and
pumpkinseed (Lepomis gibbosus), both widely spread over the Iberian
Peninsula (Curto et al., 2022; Yavno et al., 2020) and already established
in the Serpis River. We used habitat suitability models for depth-average
velocity, depth, substrate and cover availability to quantify each cell
habitat suitability index, SI, within a fuzzy logic approach (Jorde et al.,
2001; Mouton et al., 2008; Munoz-Mas et al., 2012; Noack et al., 2013).
The value of SI ranges from O (not suitable) to 1 (perfect habitat).

The presence/absence data used to develop the habitat suitability
models were retrieved from former studies carried out in the Jacar River
Basin District (Munoz-Mas et al., 2019, 2018a). In these studies, fish
presence was surveyed by snorkeling and data on microhabitat condi-
tions: mean flow velocity (m/s), depth (m) substrate composition (%)
and cover availability (yes/no), were collected systematically in a reg-
ular square grid of 2 m of side length. The percentage of each substrate
type was visually estimated within the following classes: silt (@ < 62

Table 1

Calibration and validation mean (ME) and standard deviation (SD) of the re-
siduals between predicted and measured water surface elevation (WSE) and
depth-averaged velocity (Velocity) for Manning’s n 0.055 s/m*/>

Q(m®5s)  WSE (m) Velocity (m/s)
ME SD ME SD
Pre-flood Calibration 1.42 —0.013 0.07 —0.061 0.126
Validation 0.35 0.003 0.095 N/A N/A
Post-flood Calibration 9.49 —0.031 0.054 0.093 0.176
Validation 2.73 —0.02 0.11 —0.009 0.166

pm), sand (62 pm < @ < 2 mm), fine gravel (2 < @ < 8 mm), gravel (8 <
@ < 64 mm), cobble (64 < @ < 256 mm), boulder (@ > 256 mm) and
bedrock (Munoz-Mas et al., 2012) and the observed percentages were
summarized into the dimensionless substrate index (Mouton et al.,
2011), which ranges between 0 (silt) and 8 (bedrock). The considered
types of cover were: caves, reeds, aquatic vegetation, shade, rocks (large
cobbles, boulders) and woody debris (Munoz-Mas et al., 2016).

Zero-order Takagi-Sugeno-Kang FRBSs (Takagi and Sugeno, 1985)
were used to develop the habitat suitability models. These models
consist of a series of rules such as: IF velocity is Low, Depth is Medium,
Substrate is Coarse and Cover is Present THEN the suitability is 1 (i.e.,
High), describing the suitability related to the different combinations of
microhabitat conditions. Fuzzy sets are used to quantify the membership
to each category (Zadeh, 1965). Consequently, the transitions between
them (e.g., from Low to Medium) are gradual, likewise the suitability is.

Through cross validation and the hill climbing algorithm (Mouton
et al., 2008; Munoz-Mas et al., 2016), we determined the optimal
number of categories or fuzzy sets—between two or three—and the
cover types that must be present to maximize the habitat suitability
(1727 alternative models), whereas the parameters of the membership
to each fuzzy set were based on the quantiles (i.e., 25 % and 75 %) of the
presence data (Bennetsen et al., 2016; Gobeyn et al., 2017; Munoz-Mas
et al., 2018b).

The habitat quality for the entire reach was quantified with the
Weighted Usable Area (WUA) index (Bovee, 1982):

NC
WUA = Z SI; e A; 9)

i=1

where NC is the number of cells within the wetted area, A,,, of the stream
and A; is the area of the i-th cell. This parameter is a function of
discharge and provides information on the global quality of the habitat
at the reach scale. Rating curves for WUA values for rearing life stage of
each species were derived for flow rates between 0.2 and 2 m>/s.

2.5. Hyporheic exchange analyses

We developed a three-dimensional hyporheic model with MOD-
FLOW. The model was 530 m long, 60 m wide and 3 m thick. The mesh
extended 2 m laterally on the right floodplain, because the stream was
confined by bedrock on that side. We use 0.5 m by 0.5 m resolution
horizontal cell and fifteen vertical layers whose size progressively
increased from 0.1 m at the top to 1 m at the bottom layer. We imposed
the predicted water surface elevation within the stream wetted area and
extrapolated it laterally to inform the upper boundary conditions. We



J.M. Aramburii-Paucar et al.

imposed the head equal to the upstream and downstream water surface
elevations at the upstream and downstream boundaries and impose
impermeable layer at the side. We imposed an ambient groundwater
basal flux at the bottom layer, which was set to 0 to simulate neutral
conditions. Boulders were simulated by imposing 0 hydraulic conduc-
tivity on the first layer as their thickness was unknown.

The simulation for testing the performance of the hyporheic model
was done with a constant discharge similar to 1.9 m>/s for which we
have predicted water surface elevation and occurred during the moni-
tored period. Measured hyporheic fluxes had all downwelling direction
with mean value equal to 0.0054 cm s™! at this stream discharge.
Comparison between hyporheic fluxes measured in the field with the
temperature probes and predicted by the model helped us constrain the
values for a homogenous and isotropic hydraulic conductivity, K =
0.0193 cm s~ 1. The field measurements from all probe locations always
quantified downwelling fluxes also in areas, e.g., downstream riffle,
where upwelling was expected (Gariglio et al., 2013; Tonina and
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Buffington, 2009). At those locations under neutral conditions MOD-
FLOW predicted downwelling conditions (Fig. 3a). This suggested that
the reach is in losing condition and we placed a downwelling basal
groundwater velocity of 0.00146 cm s ! at 3 m level below the
streambed. This basal flow caused a nearly 23 L s™* loss of water from
the stream with stream discharge of 1.9 m®/s. By applying this losing
condition, MODFLOW simulations predicted similar hyporheic fluxes to
those measured in the field, ME = 0.0063 cm s ! and SD = 0.0074 cm

!, with predicted values within 96 % of the measured value (Fig. 3b).

3. Results
3.1. Morphology
The pre-flood topography had only one large bar and pool with the

rest of the streambed nearly featureless, which resembled a plane-bed
river with few large boulders (Montgomery and Buffington, 1998)
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Fig. 4. Column plot for the comparison of substrate types, in percentage of the total area (a), including the riparian vegetation. Digital terrain model (DTM) of the
river reaches for pre- (b) and post-flood (c) conditions, their digital elevation difference (d) and streambed elevation changes along their thalwegs (e), which are

shown as the solid blue line in b and c.
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(Fig. 4a and d). Conversely, the post-flood topography presents more
longitudinal and lateral morphological complexity because the flood
formed new pools and bars along with extensive scouring around
boulders (Fig. 4b—c-d). Sediment transport also changed the sediment
patch size and distribution within the streambed and on its banks, where
we performed the substrate comparison, including the riparian vegeta-
tion (Fig. 4a). Overall grain size distribution presented some relevant
changes between pre- and post-flood, and post-flood resulted in looser
and less interlocked particles, with lower amount of sand with a 31 %
reduction in sand patches. More specifically, the increase of gravel (from
22 to 36 % in area) is related to the removal of sand and finer sediment,
the resetting of the side channel on the left side, and the creation of new
gravel bars; the same selective transport process applies to the cobbles,
which present a smaller increase (see Figs. 2 and 5). In addition, in both
banks, the removal of the canes left small proportions of boulders and
bedrock exposed (for more detail on the substrate spatial distribution,
see Fig. 1 in Supplementary material).

From a quantitative perspective, the sediment budget was estimated
based on the two DTMs (Table 2). The average net thickness difference
of —0.279 m, the total area of surface lowering in contrast with surface
rising (8321 m? versus 3207 mz, respectively), demonstrated that the
sedimentary balance was negative, i.e., a clear dominance of erosion
over deposition. The general estimation indicated a total net volume
difference of 4086 m® of sediment; that is, a net degradation in this river
reach.

Significant increases in the partial diversity of depth (Pd; of 1.98
compared to 1.76 pre-flood) and depth-average velocity (Pdy of 1.86
compared to 1.63 pre-flood) were observed, reflecting increments of
12.5 % and 14.3 %, respectively. HMID value transitioned from a pre-
flood medium state 8.21, to a post-flood high level, 13.56. This shift
suggests a noticeable achievement in the recovery of natural landforms,
with a hydromorphological variability range comparable to that of
pristine gravel-bed rivers (HMID>9) (Gostner et al., 2013).

During the flood event, extensive scouring occurred along the banks
and floodplain, leading to the exposure of a significant portion of the
root system of the invasive giant reed (Fig. 5). Consequently, a sub-
stantial area of the riparian zone was cleared of these plants. Conversely,
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Table 2

Statistical descriptors relating to the morphological sediment budgets calculated
for the overall river reach under study, for the period between December 2019
(before flood) and February 2020 (after flood). TAI = total area of interest (m?);
TNVD = total net volume difference (m®); ANTD = average net thickness dif-
ference (m) for the area of interest; PI = percent imbalance (departure from
equilibrium); TASL = total area of surface lowering (mz); TASR = total area of
surface raising (mz); UVSL = average unit volume of surface lowering (m® m’z);
UVSR = average unit volume of surface raising (m® m™2); SD = standard devi-
ation of the net thickness differences (m).

TAI m? 11,528
TNVD m® 4086
% error 0.027
ANTD m —0.279
% error —0.026
PI % value —0.394
TASL m? 8321
TASR m? 3207
UVSL m® m™2 0.439
% error 0.022
UVSR m® m 2 0.135
% error 0.066
SD m 0.416

native vegetation, such as oleander (Nerium oleander), characterized by
deeper root systems and greater stem flexibility, exhibited negligible
effects. The removal of giant reed resulted in a reduction of approxi-
mately 4244 m?, representing a decrease of approximately 41 %
compared to the initial distribution. This reduction was primarily
attributed to the presence of a secondary channel located on the left side
of the main channel (north of the main channel in Fig. 5). The existence
of this secondary channel facilitated higher flow velocities and con-
tained coarser particles from previous episodes of high discharge, as well
as less consolidated particles that were more susceptible to erosion
during the flooding event. The roughness, in terms of Manning’s N for
hydraulic modelling was firstly assessed from literature (Arcement and
Schneider, 1984; Barnes, 1967). After calibration, it was set at 0.043 in
the channel and 0.055 on the banks with dense vegetation stands and
large boulders.

Vegetation

Metres
30 60 120 180 240

Fig. 5. Mosaic of aerial photograph showing riparian invasive species, giant reed (Arundo Donax, in blue polygons), (a) pre-flood distribution with an extent of
10,264 m? and (b) post-flood distribution with an extent of 6020 m2. The red circle indicates location of scour around a few large boulders, which were in pre-flood
conditions mostly imbedded in the streambed; ca. 60 m upstream those boulders is the largest and new gravel bar.
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3.2. Habitat suitability assessment

The simpler pre- than post-flood streambed morphology displayed
less heterogeneity in terms of the hydraulics spatial distribution (Fig. 6).
Flow velocity and depth had a very narrow range of variability in the
pre-flood condition, which is typical of altered or channelized streams.
Conversely, the post-flood topography had a broad range of depth and
velocity with pools as deep as 2.6 m and localized fast flows over riffles
of nearly 2.7 m/s. The effect of large boulders is visible in the flow field
as water moves around or barely submerges them at low flows (red circle
in Fig. 6). These features were almost embedded into the streambed in
the pre-flood topography. The river length represented in Fig. 6 is
shorter than the image in Fig. 5 because some extension near the
boundary was removed to avoid boundary effect (in hydraulic terms) for
the habitat suitability assessment.

The increase in streambed complexity and, in turn, in the flow field
enhanced the aquatic habitat quality for the endemic Eastern Iberian
chub and an invasive fish species, the common bleak (Fig. 7). The
development or rejuvenation of a pool in the upper part of the river
reach (with the first 200 m in length) corresponds to the majority of the
highly suitable habitat for the native species, although other micro-
habitats by the riverbanks also show some improvements. These changes
resemble in a great manner, although in smaller magnitude, the best
microhabitats for the common bleak. On the contrary, some of the very
suitable microhabitats for the (invasive) pumpkinseed near the banks
changed or disappeared after the morphological changes, and we only
observed some enhancement in the lowest part of the pool, which did
not compensate the habitat loss.

The general results in terms of weighted usable area (WUA) also
displayed the aforementioned relevant changes (Fig. 8). Whereas the
flood did not change the habitat quality and total extent of the invasive
species L. gibbosus, the flood did nearly double the habitat in terms of
WUA for the native species Easter Iberian chub and common bleak, with
ca. 100 % increase in habitat, and even larger magnitude of change in
flow conditions below 0.8 m%/s.

3.3. Hyporheic exchange
This analysis was based on 5 probes (table in Fig. 3; probes 1, 3, 6, 9
and 10) working the entire study period, whereas the probe 2 stopped

recoding after April; other three probes did not work, and one was not
found. Point hyporheic measurements showed that the reach recharged
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Fig. 7. Pre- (1) and post- (2) flood distribution of habitat quality distribution
for the one native species (Eastern Iberian chub, Squalius valentinus) (A) and two
invasive species (common bleak, Alburnus alburnus — B — and pumpkinseed,
Lepomis gibbosus — C) at the discharge of Q = 1.5 m®/s.

the aquifer during the study period (February till June 2020). Assuming
the reach would behave similarly in the pre-flood condition, this basal
groundwater flow would be strong enough to suppress any hyporheic
recirculating cells (Fig. 9a, Table 3). In the post-flood conditions, the
scour around few boulders generates local hyporheic recirculating cell
(Fig. 9a, band Table 3) which has limited effect at the reach scale. Under
this losing condition, the impact of the flood on hyporheic exchange is

Velocity (m/s)
P High: 2.7

Depth (m)

. [ Hish : 26

I T \Veters
0 30 60 120 180

Fig. 6. Velocity (A) and depth (B) distribution at pre (1) and post (2) flood conditions at the same discharge of 1.5 m3/s. Red circle indicates locations of scour
around large boulders, which were in pre-flood conditions mostly imbedded in the streambed. Notice the depth around the boulders.
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Fig. 8. Weighted usable area (WUA) for the native Eastern Iberian chub
(Squalius valentinus) and invasive (common bleak Albumus and pumpkin seed,
Lepomis gibbosus) species as a function of discharge for both pre- (full circle
marker) and post- (triangle markers) flood periods.

limited as exemplified by nearly identical downwelling flux distribu-
tions for pre- and post-flood scenarios (Fig. 10a).

Conversely under neutral conditions, the flood has a noticeable effect
on hyporheic flows distribution (Fig. 9¢c, d) both in terms of fluxes
(Fig. 10b) and residence time (Fig. 10c). Hyporheic exchange has faster
velocities (Fig. 10b) and shorter hyporheic residence times (Fig. 10c) in
the post- than pre-flood conditions. In-stream discharge has a small
impact on hyporheic exchange, whose both fluxes and residence times
reduce with increasing discharge, which indicates that hyporheic ex-
change gets shallower with increasing discharge.

4. Discussion

Our results suggest that flood events are important disturbances with
the opportunity for ecosystem resetting (Townsend et al., 1997) and
fulfilling several ecological functions (Escobar-Arias and Pasternack,
2010). During the annual flood season, large-magnitude peak flows
typically transport a significant portion of the annual sediment load and
restructure the channel and floodplain landforms, which create the
habitat template of the river corridor ecosystem (Yarnell et al., 2015).
Such large flows scour the riverbed and the vegetation that encroached
on the channel and disperse seeds and wood fragments to rejuvenate
riparian vegetation (Petts and Gurnell, 2022). Consequently, peak flows
emerge as primary drivers of ecosystem processes that maintain habitat
diversity over the long term (Yarnell et al., 2015).

Our analysis focused on short-term effects of the flood on fish habitat
quality and hyporheic exchange. The 18-year return period flood
induced substantial morphological changes on the banks and the chan-
nel. Channels morphological changes include the formation of deeper
and more frequent pools, increase in morphological complexity and
surface hydraulic heterogeneity (Duffin et al., 2023). These changes
were also detected with HMID index, whose value changed between pre-
and post-flood, and resulted in the reach to move from medium (HDMI <
9) to pristine (HDMI = 13) status.

This indicates the recovery of natural landforms and ecologically
important hydromorphological variability. This increase in ecological
status is also supported by the results of the aquatic habitat modelling
that showed an increase in the habitat quality for one native and one
invasive fish species, although changes were negligible for another
invasive species. Therefore, these changes represent an increase in the
diversity of habitats and potentially positive effects on the diversity of
aquatic species, not only for the two fish species mentioned above but
also for others that may be distributed in other sections below the dam.
The increase in hydraulic diversity within the study section was
accompanied by the creation of a new rapid upstream of the target river
stretch, at the location where riparian vegetation had previously
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established itself on a bar, resulting in the formation of a stable island.
The vegetation cover was so dense that detailed topographical surveys
were impeded. This section of channel could not be included in the
hydraulic and habitat models. Although other studies have documented
the dynamics of island development related to woody debris, the new
central (small) bar observed in this single channel segment did not show
any evidence related to vegetation (Gurnell et al., 2005; Gurnell and
Bertoldi, 2020; Mikus et al., 2013; Revelli et al., 2008; Wohl et al.,
2019), as no sign of debris was observed in the gravel or around when
the sensors were installed; however, no digging was made in the
riverbed to explore this possibility.

An additional change was the creation of pioneer habitats for the
riparian vegetation. The flood opened space and allowed pioneer species
to recolonize the riparian zone. The invasive giant reed developed such a
thick canopy that native species could not grow. The reduction of this
invasive plant in terms of percentage was relevant, and this was fav-
oured by the presence of a secondary channel on the left bank, which
was covered with vegetation in the pre-flood condition. The presence of
the secondary channel was not detected in the pre-flood survey, because
the vegetation was very dense and neither walking nor drone survey
detected it. However, this secondary channel allowed flood flows to
converge and have sufficient shear stress and capacity to uproot vege-
tation more significantly than expected during the flood. This suggests
that a strategy of renewal or rejuvenation of the riparian ecosystem in
large areas could notably benefit from some previous local vegetation
management; it does not have to reside solely on generating extreme
peak flows capable of uprooting rhizomes and stems. On the contrary, it
can be significantly facilitated by the maintenance of certain river forms
that facilitate the development of localized high shear stresses, even at
low flood flows, to balance ecological and economical (preserve suffi-
cient irrigation flows) needs especially in areas where agriculture has an
important footprint like this Mediterranean region. This limited riparian
vegetation management is potentially necessary in regulated rivers
because of constrains on high flows not only for removing invasive
species but also to preserve natives (e.g., Benjankar et al., 2020).

Likewise, many river sections in the Jtcar River Basin District, the
banks of the Serpis River are dominated by large stands of giant reed.
These stands develop large stems and rhizomes, which protect them
from uprooting. On the other hand, they exhibit a rigid bio-mechanical
behaviour (Garcia-Ortuno et al., 2014), which facilitates that the rigid
stems and rhizomes can be broken and uprooted during large flooding
events. The uprooting and plant transport is an important phenomenon
in these rivers because such high-velocity events frequently result in a
large mass of woody debris that can collapse structures such as culverts
and bridges and poses additional flood risk in the surrounding areas.
However, uncertainties in vegetation traits play a key role in ecohy-
draulic modelling (Lama et al., 2022). Therefore, this information con-
cerning plants removal during flooding is beneficial for river
management by supporting decision making on the optimization of
floodplain functions (Harezlak et al., 2020a).

The bed scour around boulders has provided new habitats, which
were not present before. It allows the formation of hyporheic exchange,
which the pre-flood topography did not have because the reach loses
water at a rate which overwhelmed any hyporheic flux induced by the
pre-flood topography. This localized hyporheic flow has a limited effect
at the reach scale. However, the analysis of the reach under neutral
conditions shows the beneficial impact of the flood on the hyporheic
exchange, which may occur in other reaches along the river and in this
site in wetter time periods.

The increase in hyporheic flux under neutral condition is due to the
increase in channel morphological complexity, which induced variation
of near-bed heads. The post-flood topography has more frequent pools,
scours and deposition areas, namely streambed irregularities that induce
hyporheic exchange (Gordon et al., 2013), which is not present in the
pre-flood topography. Although we could not measure the pre and post
flood streambed permeability, post-flood sediment was looser than pre-
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Fig. 9. Hyporheic fluxes for pre (a, c¢) and post (b, d) flood conditions for losing (a, b) and neutral (c, d) ambient groundwater conditions with probe locations (red
squares) at 1.5 m®/s stream discharge. Positive (red color) fluxes mean upwelling whereas negative (blue color) fluxes mean downwelling. The red circles indicate the
location of scour around large boulders, which were in pre-flood conditions mostly imbedded in the streambed. In the post-flood condition is where some hyporheic

flows would develop under losing condition.

Table 3

Downwelling and upwelling streambed areas as a function of stream discharge and ambient groundwater conditions.

Discharge (m3/s)

Neutral conditions

Losing conditions (21 L/s)

Downwelling Upwelling Downwelling Upwelling
Area (m?) Area (m?) Area (m?) Area (m?)
Pre-flood 1.9 4323.75 4008.00 8330.75 1.0
1.5 4348.50 4028.00 8375.50 1.0
1.1 4277.25 3820.75 8097.50 0.5
0.86 4177.75 3676.00 7853.00 0.75
0.31 3701.25 2595.50 6284.50 12.25
Post-flood 1.9 5343.75 4467.50 9778.00 33.25
1.5 5188.75 4369.25 9525.25 32.75
1.1 4989.00 4262.75 9222.00 29.75
0.86 4807.00 4179.75 8957.75 29.00
0.31 3884.75 3619.25 7482.75 21.25
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neutral for different stream discharges.

flood condition, which would indicate higher streambed permeability.
Thus, potentially surface-subsurface water interaction was more limited
in the pre-flood conditions.

Increasing hyporheic exchange should increase nutrient removal as
more surface water may filter through the streambed, where the mi-
crobial community can uptake and transform reactive solutes. The
hyporheic exchange can benefit rivers flowing within agricultural fields
as they can transform solutes more efficiently. However, this reach is
mostly losing such that hyporheic exchange at the bedform scale has
limited impact on its water quality through, for instance, nitrification
and denitrification processes. However reach scale hyporheic exchange,
which is mainly modulated by the interaction between groundwater
table and water surface elevation may be important in this stream as it
may have longer residence times than bedform induced hyporheic ex-
change and bring biogeochemical processes to completion, e.g., deni-
trification (Tonina and Buffington, 2023).

The importance of the boulders and, in general, the alluvial material
in the habitat improvement through the creation of hydraulic hetero-
geneity has been previously analyzed (Branco et al., 2013). More
recently, importance of boulders and scour patterns have been recog-
nized in modifying and enhancing hyporheic exchange (Dudunake et al.,
2020). However, information is still limited on the synergy of the surface
and subsurface hydraulic conditions in creating habitats that mitigate
climate change impacts. Such interactions and the potential benefits
constitute, therefore, a line of research that can be further developed
also with the use of recent development of field sensors (DeWeese et al.,
2017) and that can shed new light on habitat improvements concerning
aquatic species sensitive to climate change in terms of hydraulics but
also stream and pore water temperature.

The increase in morphological complexity and habitat quality is
consistent with the idea that pulse events are beneficial disturbances,
and the release of high flows from water management structures could
have an important effect at the riverscape scale and not just at the reach
scale (Suen and Eheart, 2006; Yarnell et al., 2015). Thus, large and
frequent flows, < 18 year return period, could be useful and efficient
tools for riverine restoration (Chen and Olden, 2017; Groll, 2017; Hayes
et al., 2018). For example, some studies considered the intermediate
disturbance hypothesis assumption as the basis for defining the fitness
function for six eco-hydrological indicators to maintain the livelihood of
aquatic ecosystems (Suen and Eheart, 2006). In this context, the
consideration of a range of flow events (e.g. high-flow pulses, low flows,
etc.) and related ecological processes (e.g. sediment delivery, fish pop-
ulation dynamics, vegetation dynamics, etc.) should be considered to
select environmental flow parameters that can be ecologically relevant
at a spatial scale larger than the reach-scale, e.g. at the river basin scale
(Derepasko et al., 2021; Poff et al., 2017; Yarnell et al., 2015).

Nevertheless, a fundamental question concerns the degree to which
the studied flood event contributed to recovering the original natural
morphology of the study reach prior to dam construction. We were able
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to find only one study that documented this issue but only for the first 8
km below the dam (Sanchis-Ibor et al., 2019). Downstream that point,
several tributaries and a steep gorge contribute with relevant seasonal
flows and sediment supply that make the evaluation difficult. Sanchis-
Ibor et al. (2019) studied the channel forms and vegetation adjustment
to damming and explained that vegetation, specifically Salicaceae spe-
cies, played a significant role in controlling flood effectiveness and
reducing river mobility in the Serpis River. Regulated flow regime and
vegetation encroachment cause the stabilization of channel migration
and the transformation from a meandering multi-thread to a fixed
single-thread channel. Unregulated flood events that previously caused
channel migration were not available post-dam and led to channel sta-
bilization. The vegetation, then dominated by Salix atrocinerea, along
with other species (e.g., Salix purpurea, Salix eleagnos, Arundo donax, and
Populus nigra) formed a dense forest gallery along the flowing channel
(Sanchis-Ibor et al., 2019).

With different species proportions, this situation resembles the plant
diversity in our target river stretch. Although there is no scientific
assessment below the gorge (Barranc del Infern), the sediment deficit
below the dam can notably change in our case, where the flow and
sediment supply below the dam (from hillslopes and tributary streams)
can partially compensate for some of the dam’s effects. As it was
described by previous studies, the local-scale responses to dam regula-
tion in terms of river morphology and sediments dynamics present a
relevant variability, reflecting factors such as controls upon sediment
yield associated with the availability of sediment from hillslopes or
tributary systems (Gonzalez del Tanago et al., 2015). In addition to the
moderate and high erosion rate of the hillslopes in the watershed of the
study site, with potential high yields to river channels, the consequences
of agriculture development for soil erosion could be relevant to mitigate
sediment deficit in our case, as it was demonstrated of great importance
in other river basins in Spain and Portugal (Canton et al., 2011; de Graaff
et al., 2010; Gonzalez del Tanago et al., 2015). Nevertheless, given the
dominance of medium-sized substrate in the study site, the fine sediment
does not seem to play a fundamental role and there is no sign of
aggradation at the local scale. In the present, we hypothesize that the
channel is relatively stable in the study site as a consequence of the
reduction in the frequency of high flows (Sanchis-Ibor et al., 2019) and
the encroachment of vegetation (giant cane) in comparison with the
oldest graphical information, as explained below. Both factors have been
regarded as fundamental to interpret morphological changes in other
Mediterranean rivers, although with much finer sediments (Gonzalez del
Téanago et al., 2015).

The oldest orthophoto available that include our site is dated
1956-57 and was taken just before the dam’s closure. It shows a wider
single channel with lateral bars and some braided sections nearby, and
the riparian vegetation is almost absent on the left bank. In that decade,
the watershed below the dam displays dominant natural landscapes
(herbs and shrubs in low density) but also a dominant proportion of
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agricultural land use around the study site, as well as small weirs
diverting flow and bridges crossing the river. In accordance, the forest
cover and Mediterranean garrigue seem to display a general positive
trend in the watershed. In contrast, previous studies just below the dam
indicated that the land-use change in the drainage basin between 1956
and 2009 did not reveal significant changes in terms of effects on sedi-
ment yield (Sanchis-Ibor et al., 2019). These observations suggest that
further specific studies are required to analyse the biogeomorphic
complexity of the watershed in terms of land-use changes (Gonzalez del
Tanago et al., 2015; Graf, 2006), and to give light on the natural original
morphology of this river. With the present knowledge, we can assume
that the flood event returned the study site to a situation closer to the
natural state because the vegetation encroachment was significantly
reduced, the channel width increased, there was a significant increase in
the bare coarse sediments, and the sediment transport was temporarily
activated and new gravel bars developed, resembling the oldest graph-
ical information available. However, further research is needed to assess
the degree of recovery and to determine the mid- and long-term effects
of this flood event.

The storm’s impact on the Serpis River epitomizes the extraordinary
power of natural events to reshape and rejuvenate riverine ecosystems.
The flood event’s consequences extended far beyond the riverbed,
affecting the riparian vegetation and the underlying hyporheic zone, a
dynamic interface between the stream and the surrounding ground-
water. The flood’s scouring action uprooted riparian vegetation,
particularly dense stands of Arundo donax. This disruption fostered the
creation of new biogeomorphic features, including gravel bars, side
channels, and pools, while simultaneously enhancing the suitability of
habitat for some fish species. The flood event’s hydromorphological
imprint on the Serpis River unveiled the river’s inherent resilience and
capacity to respond to large and frequent floods. This natural distur-
bance, akin to a pulse of flooding, served as a catalyst for restoring the
river’s geomorphological complexity, connectivity, and habitat
diversity.

5. Conclusions

Our findings provide support for the Intermediate Disturbance The-
ory (IDT), indicating that large and frequent floods have positive im-
pacts on stream functioning at various scales. At the local scale, these
floods rearrange habitat distribution, enhance habitat diversity, and
promote hyporheic exchange. At the reach scale, they contribute to
increased streambed complexity and improved lateral and vertical
connectivity. We posit that controlled releases of high flow events can
serve as an effective strategy to revitalize fluvial forms, riparian habi-
tats, and create opportunities for colonization by pioneer plant species.

Notably the presence of natural features, such as subdued and
vegetated side channels, can significantly enhance the success of flood
disturbances while reducing the required river discharge for desired
renewal, even in the context of regulated flows. This suggests that
implementing vegetation management practices, such as small-scale
clearing or selective cutting, prior to high flow events can optimize
the cost-benefit ratio of these management actions within an environ-
mental flow strategy. This approach may reduce the dependence on high
river discharge from reservoirs to achieve the desired ecological and
morphological maintenance.

Our results indicate that the utilization of pulse high flows and
natural high flows as restoration agents can have significant positive
effects throughout entire riverine systems. Contrary to active restoration
that typically is limited to few kilometre stream lengths (e.g., Bernhardt
et al., 2005), high-flow pulses as they move through the riverine
network may reset and enhance riverine and riparian habitats along
hundreds of kilometres if not entire riverine lengths and thus are
extremely cost-effective. Consequently, we propose that prescribed high
flows be considered as highly effective passive restoration techniques for
numerous streams and rivers.
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Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2024.170717.
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