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Abstract Non‐perennial rivers and streams (NPRs) are widespread and projected to become more common,
yet effective tools for their characterization and management remain limited. This study introduces a novel
approach to assess aquatic habitat availability in NPRs, applied to a regulated reach of the Sangone River
(Northern Italy). Using the NPRs‐module of the MesoHABitat Simulation Model (MesoHABSIM), we
evaluated habitat dynamics for two native fish species (Telestes muticellus and Padogobius bonelli) and the
macroinvertebrate community (Flow‐T index), in relation to streamflow and the time elapsed since discharge
cessation. Habitat characterization was supported by high‐resolution geospatial and field data collected in July
2021. To analyze flow intermittency, over 1700 multisource satellite images (monitoring period: 2017–2023)
were classified in flowing, ponding, and dry conditions. This information, combined with local hydrological
data, enabled the estimation of ponding durations (median = 8 days), a key factor for evaluating aquatic habitat
persistence during non‐flowing phases, and identification of the driest period (i.e., summer 2022), warranting
focused habitat analysis. Habitat availability varied across ecological targets: adult T. muticellus preferred
higher flows (>1 m3/s) and suffered rapid habitat loss during ponding, making it highly vulnerable to
intermittency. In contrast, juveniles and P. bonelli favored lower flows (∼0.15 m3/s) and declined more
gradually after flow interruption. For macroinvertebrates, suitable habitat increased monotonically with flow
and showed the highest persistence during the ponding condition. This study provides an effective methodology
for NPR characterization and aquatic habitat analysis, offering insights to guide ecological flow strategies to
support NPRs ecosystem conservation.

1. Introduction
Non‐perennial rivers and streams (NPRs, Busch et al., 2020) are generally defined as streams that experience a
lack of surface flow during some portion of the year (McDonough et al., 2011). According to the occurrence and
duration of the zero‐flow conditions, they can be distinguished into intermittent rivers or episodic/ephemeral
streams (Arthington et al., 2014). The former rarely achieve a waterless status, the latter frequently experience the
disappearance of the surface water (Anna et al., 2009). Laid on the borderline between aquatic and terrestrial
ecosystems, NPRs continuously shift their status according to the fluctuation of their hydrological condition,
which modifies the nature of their ecosystems from lotic to lentic until a terrestrial one (Datry et al., 2017). Gallart
et al. (2017) identified three primary hydrological conditions that essentially characterized NPRs: flowing (F),
ponding (P), and dry (D) conditions, with P and D conditions collectively referred to as the non‐flowing (NF)
phase. The F condition indicates a continuous surface flow within the river channel. In contrast, the P condition is
defined by the presence of water within the river channel organized in patches of disconnected wetted areas (e.
g., isolated ponds), when surface flow is equal or very close to zero. Lastly, the D condition implies the absence of
surface water.

Recent studies suggest that NPRs are likely the most widespread type of rivers on Earth (Messager et al., 2021),
comprising more than half of the global river network (Datry et al., 2017). These watercourses dominate arid and
semi‐arid regions (Larned et al., 2010), and are especially prevalent in Mediterranean watersheds, where the
marked dry/wet climate patterns favor their occurrence (McDonough et al., 2011; Tzoraki & Nikolaidis, 2007).
However, flow intermittency is projected to expand globally in future scenarios due to various anthropogenic
pressures, including climate change and increasing water withdrawals (e.g., Döll & Schmied, 2012; Pumo
et al., 2016; Sauquet et al., 2021). Over recent decades, major rivers such as the Nile, Yellow, Indus, and Colorado,
previously known for being perennial, have experienced NF conditions in some reaches (Datry et al., 2014).
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NPRs provide essential ecosystem services (Yeakley et al., 2016), including groundwater recharge, flood
regulation, sediment transport, and habitat connectivity (Magand et al., 2020). They also support biogeochemical
processes and biodiversity, particularly in Mediterranean regions where they sustain numerous unique and
endemic freshwater species, many of which are currently threatened or endangered (Skoulikidis et al., 2017).
Despite their ecological significance and widespread distribution, NPRs often suffer from low public and
institutional recognition. They have historically been undervalued, perceived as less ecologically and econom-
ically important than perennial rivers (Larned et al., 2010; Llanos‐Paez & Acuña, 2022).

Regulatory frameworks have also contributed to the marginalization of NPRs. In Europe, the Water Frame
Directive (WFD, European Union, 2000), although intended to protect all freshwater bodies, effectively excludes
a significant number of non‐perennial streams from biomonitoring primarily due to their typically small catch-
ment areas (<10 km2). Furthermore, assessing the ecological status of NPRs is often neglected or deemed
impractical, as current evaluation methods rely heavily on indices originally developed for perennial rivers
(Munné et al., 2021). This exclusion highlights a gap in regulatory frameworks, which hinders effective man-
agement practices crucial for preserving NPR ecosystems and the services they provide (Leone et al., 2023).
Effective environmental management of NPRs is also precluded by the lack of a robust hydrological monitoring
network, resulting in a scarcity of flow data and limited understanding of the occurrence of NF periods within
river networks. Traditional monitoring networks rely predominantly on in situ measurements (e.g., stream
gauging stations or observation wells), which are generally sparse, especially within NPR reaches (Messager
et al., 2021), and often lack continuous, long‐term data sets (Krabbenhoft et al., 2022). Moreover, gauging stations
provide only point‐based data that fail to capture the spatio‐temporal complexity of flow intermittency (Cavallo
et al., 2022). Even when zero flow is recorded, this does not necessarily imply a completely dry riverbed (Zimmer
et al., 2020), as isolated wetted areas may persist after flow cessation (Bonada et al., 2020). Similarly,
groundwater‐level data from observation wells offer limited utility for characterizing NPR hydrology, as the
distinction between P and D conditions is often unclear. Indeed, the persistence of surface water after flow
cessation may result from a variety of hydrological and geomorphological mechanisms that are not directly linked
to local groundwater levels (Bourke et al., 2021). Finally, the sparse and fragmented nature of monitoring net-
works restricts the calibration and validation of hydrological models (e.g., rainfall‐runoff models), thereby
limiting their ability to accurately simulate flow variability in NPRs (Gallart et al., 2017).

Recent advancements in remote sensing technologies provide new opportunities to address these gaps, promoting
pioneering studies to monitor flow intermittency in river networks using satellite data (Maswanganye
et al., 2022). These approaches have demonstrated potential for characterizing NPR regimes, as they enable
efficient monitoring of large areas with high temporal resolution in a cost‐effective manner. Among the available
optical satellite constellations, the Sentinel‐2 (S2) and PlanetScope (PS) have proven particularly effective, of-
fering an optimal balance between Ground Sample Distance (GSD) and revisit time. For instance, Cavallo
et al. (2022) proposed a supervised classification approach using freely available S2 false‐color images (FCIs) to
identify NPRs and assess their temporariness based on the duration of local hydrological conditions. In another
study, Cavallo et al. (2025), using Sentinel‐2 imagery, developed an automatic approach to estimate the duration
of the dry bed condition in a NPR of Southern Italy. Similarly, Maswanganye et al. (2024) used multispectral
indices for assessing the hydrological conditions of NPRs by combining Sentinel‐1 and Sentinel‐2 data sets.
Additionally, Tayer, Beesley, Douglas, Bourke, Callow, et al. (2023) utilized S2 imagery to derive ecohydro-
logical metrics, describing wetted area attributes and their temporal changes in a large lowland intermittent river.
In another study, Tayer, Beesley, Douglas, Bourke, Meredith, et al. (2023) applied clustering techniques to
identify hydrological zones along a 400 km river reach, uncovering spatial patterns in water persistence and
longitudinal connectivity. Focusing on PS imagery, Wang and Vivoni (2022) introduced an innovative method
leveraging the near‐infrared (NIR) band to detect flowing conditions in NPRs.

Despite these advancements concerning the hydrological characterization, dedicated approaches for defining
appropriate ecological flows (e‐flows, Bussettini & Vezza, 2019) in NPRs remain largely underrepresented
(Leone et al., 2023). Traditional hydrological (e.g., Tennant, 1976) and holistic (e.g., Poff et al., 2010) methods,
designed for perennial rivers, have proven unsuitable for NPRs, as they do not account for the natural inter-
mittency of streamflow (Acuña et al., 2020). More recent studies, however, have demonstrated the potential
of adapting both hydrological (e.g., Acuña et al., 2020; Dornes & Comas, 2025) and holistic approaches
(e.g., Seaman et al., 2016) to NPR contexts. Habitat modeling approaches have also been rarely applied to define
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e‐flows in NPRs (Acuña et al., 2020). Major limitations of traditional micro‐scale habitat suitability models
(e.g., Bovee, 1982; Jorde, 1997) arise in assessing and describing the complex aquatic habitat dynamics when
discharge approaches zero or when remaining aquatic habitats are represented by isolated, disconnected ponds
(Acuña et al., 2020). After flow interruption, indeed, the water surface typically moves into a framing of isolated
wetted areas that still potentially provide a suitable environment for freshwater species (McDonough et al., 2011).
The habitat pattern during the P condition is clearly dependent on the local hydro‐geomorphological features of
the river (e.g., groundwater table, shape and planforms of the channel), but it is ultimately governed by the amount
of time elapsed since discharge ceased (Acuña et al., 2020). To model habitat evolution during both F and NF
phases, a new module was recently developed within the MesoHABitat SImulation Model (MesoHABSIM,
Parasiewicz, 2007) specifically designed for analyzing NPRs (i.e., the NPRs‐module, Acuña et al., 2020; Negro
et al., 2019). This module was created to address key objectives: (a) designing e‐flows to mitigate the impacts of
river damming and water abstraction on freshwater ecosystems, (b) evaluating the effectiveness of river resto-
ration projects, and (c) providing actionable insights to support freshwater species conservation programs in
NPRs. By adopting a meso‐scale perspective, the MesoHABSIM approach overcomes many limitations of
traditional micro‐scale habitat suitability models (e.g., Bovee, 1982). It employs mesohabitats, or Geomorphic
Units (GUs; Belletti et al., 2017), as the primary spatial units of analysis, which are recognized as significant
structural components of river systems, closely linked to the life cycles of various aquatic communities (Kemp
et al., 1999; Petts, 2009). Compared to micro‐scale models, MesoHABSIM offers a more comprehensive and
ecologically realistic depiction of aquatic habitats, enabling a better representation of longitudinal habitat vari-
ability (Vezza, Parasiewicz, Spairani, & Comoglio, 2014), which is especially valuable for describing P condi-
tions in NPRs. Moreover, meso‐scale modeling integrates a wider range of ecologically relevant parameters, such
as cover, refugia, and substrate types, which are critical for different aquatic communities (Parasiewicz, Ryan,
et al., 2013; Wegscheider et al., 2020). Furthermore, MesoHABSIM effectively enables the integration of high‐
resolution spatial information, either collected using proximal sensing or derived from hydrodynamic simulations
(e.g., Farò et al., 2022), to assess habitat availability for diverse freshwater organisms (e.g., Negro et al., 2023;
Pinna et al., 2024).

This study introduces a novel approach to assess fish and macroinvertebrate habitat availability in NPRs during
both F and NF phases by integrating advanced habitat modeling tools with remote sensing technologies. To model
the evolution of aquatic habitat in relation to flow conditions and the time elapsed after flow cessation (NF phase),
the innovative NPRs‐module of the MesoHABSIM approach, integrated into the SimStream‐Web service
(Politecnico di Torino (DIATI), 2024), was employed. Physical habitat description was achieved using high‐
resolution aerial imagery acquired via Uncrewed Aerial Systems (UAS), complemented by two‐dimensional
(2D) hydrodynamic modeling and field measurements. Data from S2 and PS satellite missions, together with
locally recorded hydrological data, were used to characterize the hydrological regime and quantify the duration of
the P condition, prior to a completely dry riverbed, over a 7‐year monitoring period (2017–2023). The outcomes
of both analyses were integrated to analyze the spatio‐temporal variability of aquatic habitat availability in a
regulated, hydro‐morphologically homogeneous reach of the Sangone River (Northern Italy).

2. Materials and Methods
2.1. Study Area

To apply meso‐scale habitat modeling to NPRs, a regulated hydro‐morphologically homogeneous reach of the
Sangone River was used as a case study. The Sangone is a small stream that entirely flows within the Piemonte
Region (Northern Italy, Figure 1). Originating from the Alps at an elevation of 2,000 m above sea level, it
stretches for nearly 50 km until it joins the Po River near the metropolitan city of Torino, situated at 220 m above
sea level. The river's average slope is 2.7%, and its catchment area covers 268 km2, occupied almost equally by
plains (53%) and mountainous areas (47%).

The Sangone catchment can be divided into two main parts, delineated by a noticeable narrowing of its basin near
the village of Trana, where a gauging station of the hydrometric network of the Environmental Protection Agency
(ARPA) of the Piemonte Region monitors mean daily streamflow (Figure 1). Operating for over 20 years, this
station provides valuable insights into local hydrology. From 1 January 2003 to 31 December 2023, the mean
discharge was approximately 3.00 m3/s, corresponding to the 28th percentile of the flow duration curve. The
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bankfull discharge (sensu Leopold et al., 1964), approximated as the 2‐year flood, is 34.50 m3/s, while minimum
flows rarely drop below 0.44 m3/s (97th percentile). No zero‐flow events have been recorded. Peak discharges
typically occur in spring (April–June) and autumn (October–November), low‐flow conditions dominate in winter
(January–March) and summer (July–September) months. Since March 2014, an observation well of the envi-
ronmental monitoring network of the Metropolitan City of Turin, located at the end of the selected reach (∼8 km
downstream of the Trana section), has been monitoring daily groundwater levels (Figure 1). Until 31 December
2023, the mean groundwater level was 8.11 m below ground level, with minimum and maximum values of
− 14.26 and − 6.26 m, respectively.

In the upper part of the Sangone, characterized by a perennial hydrologic regime, primary pressure on the fluvial
ecosystem arises from water abstraction for hydropower generation. However, these withdrawals originate from
small diversion weirs with minimal storage capacity, and return the water to the river upstream of the Trana
section, therefore their effect on the monitored reach can be considered negligible, and the gauging station
measurements reflect the natural flow regime. In the downstream part, below the village of Trana, hydro‐
morphological impacts escalate significantly due to the presence of agricultural water diversions and ground-
water abstractions (Figure 1). In this lower segment, before joining the Po River, prolonged flow intermittency
can occur, particularly in summer when water is highly withdrawn for crop irrigation. However, no reliable data
exist on the actual volumes of water withdrawn by these diversions, making it difficult to accurately quantify their
impact on the natural flow regime.

The study area is located in the middle part of the Sangone catchment, just below the water abstractions located in
the vicinity of the village of Trana (Figure 1). In the monitored non‐perennial reach, river banks are not confined
and the river planform corresponds to a sinuous with alternate bars morphology characterized by some multi‐
thread sections (Gurnell et al., 2014). For the MesoHABSIM application, a 450‐m‐long sub‐reach (the study
site, Figure 2) was selected. It has a mean slope of 1% and spans a length between 10 and 20 times the average
channel width, as recommended by Vezza et al. (2017).

Figure 1. The study area (Northern Italy). The catchment (in gray) of the Sangone River (in white), which flows into the Po
River (in azure), near the metropolitan city of Torino. The locations of the flow time series from the Trana gauging station
(green dot), surface water and groundwater abstractions (red dot), and groundwater level time series from the observation
well (purple dot) are reported. The study site is marked by a blue line, while the monitored non‐perennial reach is shown in
black. The main flow direction is indicated by the blue arrow.
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2.2. Habitat Description

The meso‐scale habitat model, MesoHABSIM (Parasiewicz, 2007), is a methodological approach designed to
model aquatic habitats using GUs (such as pools, glides and riffles, Belletti et al., 2017) as spatial unit of analysis.
MesoHABSIM is characterized by a specific data collection strategy and analytical techniques that allow
computing the habitat availability for target species under variable discharge conditions (Vezza, Parasiewicz,

Figure 2. Simulation results for (a) water depth and (b) velocity under the flow condition observed during the UAS flight
(Q = 0.15 m3/s), utilizing the bathymetrically‐corrected DEM as background. Depth and velocity are color‐coded according
to the corresponding categories of the MesoHABSIM approach (Table 1), ranging from the smallest (in blue) to the highest
(in red). (c) Corresponding GUs mosaic overlaid on the RGB orthomosaic collected during the field survey of 12 July 2021.
The GUs are color‐coded following the standardized scheme adopted in the SimStream‐Web service. The main flow
direction is indicated by the blue arrow.
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Spairani, & Comoglio, 2014). It provides habitat time‐series, employable to predict the magnitude and duration of
stressful events for the aquatic fauna (Koutrakis et al., 2019; Parasiewicz, Rogers, et al., 2013).

The fluvial habitat description is achieved by analyzing specific physical attributes collected in the field (Vezza
et al., 2017), which can be supplemented with remotely acquired data and outputs from 2D hydrodynamic models
(e.g., Farò et al., 2022). These physical attributes include both abiotic (water depth, flow velocity, and sediment
composition) and biotic (biotic substrate, cover, and shelter availability) factors (Table 1). To quantify available
habitat for target species, habitat suitability criteria (HSC, e.g., Negro et al., 2023; Pinna et al., 2024) are applied
to each GU under monitored flow conditions. The rank of suitability of each mesohabitat is determined based on
the GU's physical attributes, which are evaluated against specified variable ranges considered in the HSC. For
freshwater fish and macroinvertebrates, these criteria are typically defined by analyzing empirical data on species'
presence and abundance at the mesohabitat scale using machine learning techniques (e.g., Costarrosa et al., 2022;
Vezza, Parasiewicz, Calles, et al., 2014).

For fish species, the application of the HSC classifies the mesohabitats as unsuitable (if the fish species is pre-
dicted as absent), suitable (fish species predicted as present) or optimal (fish species predicted as abundant). The
available habitat (HA) is then computed for each surveyed flow condition (Q) using the following equation (Vezza
et al., 2017):

HA,Q(%) = ∑
N

i=1

Ωi,Q
Ωmax

∗ ki,Q (1)

where, Ωi is the area of the i‐th mesohabitat (m
2) under flow conditionQ, and Ωmax is the maximumwetted area of

the selected river reach (m2) at the highest monitored flow condition. The coefficient k reflects the level of
suitability: it is set to 0 for GUs predicted as unsuitable, 0.25 for suitable GUs, and 0.75 for optimal GUs.

For macroinvertebrates, the habitat suitability is expressed through the Flow‐T index (Laini et al., 2022), which
ranges from 0 (completely lentic GU) to 1 (highly lotic GU), and can be predicted using the HSC developed by our
research group (Pinna et al., 2024). The available habitat (HA) is then quantified as the weighted mean value of the
Flow‐T index (FlowT) for each monitored flow condition (Q) using the following equation (Pinna et al., 2024):

Table 1
The Physical Habitat Attributes Considered by the MesoHABSIM Approach for the Geomorphic Units' Characterization

Habitat parameter Units
Number of
categories Categories/Description

Geomorphic units (GUs) type Yes/no 18 Pothole, Cascade, Rapid, Riffle, Step, Pool, Glide, Dune, Aquatic vegetation,
Secondary channel, Flood lake, Wetland, Artificial element, Waterfall, Plunge
pool, Backwater, Rock glide, Isolated pond

GU gradient % 1 Water surface mean gradient of the GU

GU longitudinal connectivity Yes/no 1 Habitat binary attribute describing mesohabitats longitudinal river connectivity

Depth Percentage of samples 9 Categories in 0.15 m increments (range 0.0–1.20 m and above)

Velocity Percentage of samples 9 Categories in 0.15 m/s increments (range 0.0–1.20 m/s and above)

Substrate Percentage of random
samples

12 gigalithal (rocks), megalithal (>40 cm), macrolithal (20–40 cm), mesolithal (6–
20 cm), microlithal (2–6 cm), akal (gravel > 0.2 cm), psammal (sand), pelal
(silt and clay), detritus (organic matter), xylal (woody debris, roots), sapropel
(dark anoxic mud), phytal (submerged plants)

Cover Yes/no 9 Boulders, canopy shading, overhanging vegetation, roots, submerged vegetation,
emerging vegetation, undercut banks, woody debris, shallow margins

Froude number (Flow velocity)/
(9.81*depth)0.5

1 Average over the GU area

Flow velocity standard
deviation (SD)

m/s 1 SD over GU area

Note. For each habitat parameter, the corresponding categories are expressed as reported in Vezza et al. (2017).
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HA,Q = ∑
N

i=1

Ωi,Q
Ωmax

∗ FlowTi,Q (2)

where, FlowTi is the Flow‐T index assigned to the i‐th mesohabitat under flow condition Q, Ωi is its area (in m
2),

and Ωmax represents the maximum wetted area of the selected river reach (m2) under the highest monitored flow
condition.

To characterize the fluvial habitat, a systematic field data collection campaign was conducted to obtain high‐
resolution spatial information of the surveyed sub‐reach. UAS data and the Structure from Motion technique
were employed to reconstruct both the RGB orthomosaic (2 cm pixel size) and the corresponding Digital
Elevation Model (DEM; 5.4 cm pixel size) of the study site (Figure 2). One hundred sixty‐six off‐nadir images
(− 10° tilt to avoid light reflectance from the water surface) were captured using a DJI Phantom 4 Pro RTK
quadcopter equipped with an FC6310R camera. The UAS flight was conducted on 12 July 2021, at an average
height of 60 m, during low water levels. Data processing was performed using Metashape software (Agisoft, St.
Petersburg, Russia), following a standard workflow for river applications (e.g., Woodget et al., 2015). Four
ground control points, distributed across the study area and measured using a dual‐frequency Global Navigation
Satellite System (GNSS) receiver in Real‐Time Kinematic (RTK) mode, served as checkpoints for the 3D model
validation. Errors on the checkpoints were 0.01, 0.03, and 0.03 m on the east, north and up components,
respectively.

Given challenges in accurately capturing submerged riverbed elevations from photogrammetric data due to light
refraction at the air‐water interface (e.g., Dietrich, 2017; Murase et al., 2008; Tewinkel, 1963), a bathymetric
correction was performed on the DEM using GIS tools (e.g., Lingua et al., 2023). The submerged surface was
reprojected to correct for overestimations of elevation using a simple approach based on Snell's law (e.g., Yudha
Partama et al., 2017). Given generally shallow water depths at the surveyed flow conditions (maximummeasured
depth = 0.38 m), a linear mono‐parametric model with a slope of 1.33 was assumed for the bathymetric
correction. This resulted in a bathymetrically‐corrected DEM suitable for developing the 2D hydrodynamic
model.

During the UAS flight, a river survey according to the MesoHABSIM protocols (e.g., Vezza et al., 2017)
was further performed. In this way, the mosaic of GUs was outlined under the observed flow conditions (Q= 0.15
m3/s) and supplemented with details on local cover presence and substrate composition. Specifically, GUs were
delineated and stored in a GIS environment by walking downstream, and their local habitat attributes (GU type,
GU longitudinal connectivity, and presence of fish cover, Table 1) were annotated. Coming back upstream,
substrate composition was assessed by identifying the dominant granulometry at a minimum of 10 points per GU,
following the categories adopted in the MesoHABSIM approach (Table 1; Vezza et al., 2017). Additionally,
georeferenced information on water depth and current velocity was also collected above 60 points within the
study site using an OTTMF Pro flowmeter (Ott HydroMet, Kempten, Germany), and a dual band GNSS receiver.

Water depth and depth‐averaged velocity distributions within GUs were simulated using a 2D fixed‐bottom
numerical model developed with HEC‐RAS (Hydrologic Engineering Center of U.S.A, Davis, California,
Version 5.0.7) software. The bathymetrically‐corrected DEM served as input geometry for model construction.
To determine the appropriate mesh resolution for the model, three grid configurations were explored (i.e., 0.0625,
0.25, and 1 m2). Following Célik et al. (2008), a grid convergence (GC) analysis was performed to assess dis-
cretization uncertainty in water surface elevation (WSE), depth, and velocity. The results showed excellent
convergence for WSE (median GC Index <0.1%), while depth and velocity were more sensitive to mesh
refinement, particularly in shallow and near‐bank areas. Nevertheless, habitat availability for all ecological targets
varied by less than 0.7% among grid configurations, with no difference for fish species between the 0.25 and
0.0625 m2 mesh sizes. Balancing numerical accuracy and computational efficiency, the 0.25 m2 mesh was finally
selected for the model's calibration and subsequent habitat analysis. Model's calibration involved adjusting the
Manning's coefficient to achieve optimal agreement between simulated and observed WSE (Tonina &
Jorde, 2013). The observed WSE was derived using Kriging interpolation by combining the RGB orthomosaic
with the DEM generated with Metashape (Lingua et al., 2023). The discharge measured during the UAS survey
(Q = 0.15 m3/s) was used for model calibration (Figure 2). Eleven Manning's values (n) ranging from 0.040 to
0.050 were tested, with the best fit obtained for a value of 0.045, resulting in a root mean square error (RMSE) of
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0.035 m and an R2 exceeding 0.99. The selected Manning's coefficient was kept constant above the entire domain,
as under the investigated discharge conditions, submerged areas were entirely confined within the active channel.
Furthermore, sensitivity tests using spatially variable roughness across different substrate patches showed no
significant effect on habitat availability (e.g., Pasternack et al., 2004). Once calibrated, the model was applied to
simulate four discharges (i.e., 0.15, 1.00, 2.00, 3.00 m3/s) under steady‐state conditions, representing flow per-
centiles from the 99th to the 28th of the time series recorded in Trana, to describe the aquatic habitat in the
surveyed sub‐reach.

In addition to the four F conditions simulated with the hydrodynamic model, habitat characteristics were also
derived for the first day after flow cessation (P condition), by assuming a linear recession of the wetted area over
time between flow interruption and complete drying. To estimate the extent of wetted areas under this condition,
the corrected DEM was artificially filled to simulate water accumulation in the lowest topographic depressions
using GIS tools. The subsequent satellite‐based analysis was then leveraged to (a) validate the assumption of a
linear decline in wetted area after flow cessation, and (b) qualitatively verify the extent of the modeled wetted
areas on the first day of the P condition, represented by a framing of isolated ponds.

As required by the MesoHABSIM approach, GU mosaics for the five simulated conditions (4 F and 1 P) were
outlined and characterized with all their local habitat attributes (Table 1). Specifically, the field‐collected in-
formation (e.g., GUs distribution, substrates and covers distribution) was synergistically integrated in a GIS
environment with high‐resolution data represented by the RGB orthomosaic, the bathymetrically‐corrected DEM,
and the simulated water depths and velocities. Such information was finally formatted according to the input
requirements of the SimStream‐Web service.

Concurrently with the UAS survey, an electrofishing campaign was further conducted at the study site following
the Italian protocols for wadable rivers (i.e., Balzamo & Martone, 2014). This survey provided updated infor-
mation on the local fish community composition, as available data were mostly limited to outdated studies
(e.g., Badino et al., 2002), and supported the selection of appropriate ecological targets for habitat assessment. A
total length of 150 m was analyzed using backpack electrofishing (model ELT60 IIGI 1.3 kW; DC voltage 300–
500 V; frequency ≤30 Hz) by sampling different GUs identified and described at the current flow condition. To
minimize handling stress, fish captured in each GUwere immediately identified, classified into adult and juvenile
life stages, and released back into the same mesohabitat. During temporary holding, water was partially replaced
and aerated by an operator to ensure fish welfare. The observed fish species were Italian vairone (Telestes
muticellus), Padanian goby (Padogobius bonelli), Italian chub (Squalius squalus), Italian barbel (Barbus ple-
bejus), Italian minnow (Phoxinus lumaireul), and Italian brook barbel (Barbus caninus).

As ecological targets for applying the MesoHABSIM approach to monitored NPRs reach, two native fish species,
adult and juvenile T. muticellus and adult P. bonelli, and the macroinvertebrate community (i.e., Flow‐T index)
were selected to account for both rheophilic and benthic organisms. The choice of these target fish was informed
by the electrofishing survey and by the availability of HSC for Italian freshwater fauna. The HSC for these targets
are included in the national library supported by the Italian National Institute for Environmental Protection and
Research (ISPRA) and are accessible through the SimStream‐Web service, which provides a comprehensive
collection of HSC sets for native Italian freshwater species. Specifically, the HSC used in this study were
developed by our research group using machine learning techniques applied to empirical species data collected at
multiple sites across the Alpine and Apennine regions of Italy over several years (e.g., Pinna et al., 2024; Vezza,
Parasiewicz, Calles, et al., 2014). The selected HSC, presented in Figures S1–S4 in Supporting Information S1,
were then applied via SimStream‐Web to quantify aquatic habitat availability in the study site under five
simulated conditions, using Equations 1 and 2. An overview of the data acquisition and analysis workflow
implemented in this study is illustrated in Figure 3.

2.3. Hydrological Characterization

To accurately describe aquatic habitat variation in the monitored NPRs reach, a satellite‐based analysis was
conducted to investigate the local hydrological regime, with a specific focus on the frequency and duration of flow
intermittency. For this purpose, S2 and PS multispectral images and high‐resolution images (HRIs), including the
RGB orthomosaic and available Google Earth imagery, were integrated with locally recorded streamflow and
groundwater level data to estimate the occurrences and durations of the P and D conditions over 7 years (2017–
2023). The derived information was used to (a) define the amount of time over which wetted areas progressively
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contract to zero (i.e., P durations), necessary for assessing habitat dynamics during NF phases, and (b) identify the
most severe drought periods within the monitored timeframe, representing critical windows for focusing habitat
assessment efforts.

For satellite‐based analysis, the methodology proposed by Cavallo et al. (2022) was employed. This approach
allows the detection of surface water presence in NPRs through supervised analysis of False Color Images (FCIs)
created using specific S2 band combinations. In this way, hydrological conditions (F, P, or D), in sufficiently wide
NPR reaches (∼30 m) that are not covered by a vegetation dome, can be identified and associated with satellite
image acquisition dates. In this study, to increase observation frequency, the same methodology was adapted and
employed for PS imagery.

S2, a mission of the European Space Agency, comprises three twin sun‐synchronous satellites: Sentinel‐2A
(operational since 2015), Sentinel‐2B (operational since 2017), and Sentinel‐2C (operational since 2024).
Together, they provide a revisit time of up to 2–3 days, acquiring images in 13 spectral bands in the visible (Red‐
Green‐Blue), near‐infrared (NIR), and shortwave infrared (SWIR) ranges, with a GSD of 10–60 m. The FCIs
proposed by Cavallo et al. (2022) for S2 images are based on SWIR‐NIR‐Red bands (B11‐B8‐B4, Table 2).

The PS constellation, operated by Planet Labs (San Francisco, CA, USA), consists of over 150 sun‐synchronous
CubeSats launched since 2013. These satellites, equipped with three different sensor generations, acquire imagery
in visible and NIR wavelengths (4–8 spectral bands), with almost a daily revisit time and a resampled GSD of 3 m
(Frazier & Hemingway, 2021; Roy et al., 2021). Due to the absence of SWIR bands, a modified false‐color

Figure 3. Workflow summarizing the data acquisition and analysis performed in this study. The process is structured into
three interconnected components: habitat description (orange), hydrological characterization (magenta), and habitat analysis
(blue).

Table 2
Sentinel‐2 and PlanetScope Spectral Band Characteristics, and Corresponding Ground Sample Distance (GSD), Used for
Composing False‐Color Images

Sentinel‐2

Wavelength range [nm]; GSD [m]

PlanetScope

Wavelength range [nm]; GSD [m]Band number Band number

B11 (SWIR) 1565–1655; 20 B3 (Red) 590–670; 650–682; 650–680; ∼3

B8 (NIR) 785–899; 10 B4 (NIR) 780–860; 846–888; 845–885; ∼3

B4 (Red) 650–680; 10 B1 (Blue) 455–515; 464–517; 465–515; ∼3

Note. For PlanetScope, wavelength ranges correspond to three sensors generations, each with slight variations (Frazier &
Hemingway, 2021).
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combination using Red‐NIR‐Blue bands (B3‐B4‐B1, Table 2) was identified to maximize the possibility of
distinguishing water from other features in the river corridor. This combination was selected as (a) two bands
(namely B3 and B4) are in the same wavelength range of the ones used for S2 (respectively B4 and B8, Table 2),
and (b) it provided an equivalent shade of colors (Figure 4). Validation of this approach was carried out through
comparisons of PS FCIs with S2 and HRIs imagery with identical or closely matching acquisition dates. Spe-
cifically, consistency in hydrological condition assessments was checked. Moreover, four field surveys per-
formed during the summers of 2021 and 2022 served as reference observations to further evaluate the reliability of
the proposed approach.

All available satellite images of the study area with low or no visibility obstructions (e.g., cloud cover or fog) were
retrieved: S2 (Level 2A data set) via the geemap Python package (Wu, 2020), and PS via the Planet Explorer

Figure 4. Sentinel‐2 (S2, B11‐B8‐B4, below) and PlanetScope (PS, B3‐B4‐B1, above) false‐color images corresponding to
(a) flowing (22 August 2022), (b) ponding (24 August 2022), and (c) dry (27 August 2022) conditions during the most severe
drought event of summer 2022. The RGB orthomosaic representing the surveyed sub‐reach is depicted on the top of the
image. The red arrow highlighted the residual wetted areas during the ponding condition on 24 August 2022.
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platform (https://www.planet.com/explorer/). For each image, FCIs were generated in a GIS environment by
combining the identified bands from each sensor (Table 2). These FCIs were then processed through a supervised
classification procedure to assign the hydrological conditions (F, P, or D).

Due to surface water and groundwater abstractions occurring between the gauging station and the monitored
reach (Figure 1), the flow time series recorded in Trana (i.e., the natural streamflow) does not represent the flow
rate in the study site (i.e., the altered streamflow). However, the absence of reliable data on water volumes
withdrawn (or released) at the agricultural weirs, and on the timing of diversions operations, precluded recon-
structing the altered flow regime over the entire monitored period (2017–2023). Additionally, considerable
interannual variability between discharge (or groundwater levels) and the occurrence of different hydrological
conditions further limits long‐term reconstructions (e.g., multiyear; see Figures S5 and S6 in Supporting Infor-
mation S1). To address this, we adopted a conservative approach, restricting the analysis to the most critical
period (tC) for aquatic habitat availability. Specifically, we considered the 1 June–30 October interval of each
year, when withdrawals for irrigation intensify during the main summer crop season in Northern Italy (Azar
et al., 2016), and when the satellite‐based analysis indicated the highest occurrence of NF conditions. Within these
windows, we then identified the most severe drought period, characterized by the greatest extent of the totally D
condition. The altered streamflow during this period was then approximated (Figure 6b) and used as an example
to perform a focused habitat analysis, representing the worst‐case scenario for aquatic habitat availability.

To approximate the altered flow time series during this critical period, we analyzed the relationship between
discharges at Trana, groundwater levels in the observation well, and the hydrological conditions derived from
supervised classification (Figure S6 in Supporting Information S1). First, we assessed the predictive ability of
discharges at Trana to distinguish between F and NF phases (binary classification) during summer periods using a
Receiver Operating Characteristic (ROC) curve and associated Area Under the Curve (AUC). Next, we applied
the Youden Index (e.g., Fluss et al., 2005) to the ROC curve of the most severe drought period, obtaining a
threshold discharge value (Q*) that optimally separated F and NF conditions in the monitored reach. This
threshold represents the maximum discharge recorded at Trana below which NF conditions (P or D) were
consistently observed in the monitored reach during the most severe drought period. As natural flow remained
relatively stable during this critical period (Figure 6b), based on the supervised classification of satellite images
we assumed that abstraction and release patterns were likewise stable, and therefore treated Q* as a constant

Figure 5. Time series of (a) flow (recorded at Trana) and (b) groundwater level (registered by the observation well) during the
monitored period (1 January 2017–31 December 2023). The satellite‐derived hydrological conditions are presented by
vertical lines in blue (flowing condition), yellow (ponding condition), and red (dry condition). The most severe drought
period corresponding to summer 2022 can be clearly identified. All related data are provided in Table S1.
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threshold. Indeed, during drought periods with minimal precipitations, agricultural water diversions in Northern
Italy usually operate at their maximum capacity, withdrawing all available water up to the licensed volume while
releasing a minimum flow (Santato et al., 2016). Based on this, Q* was used to define the altered flow time series
(QAltered) through the following system of equations:

{
QAltered (tC) = QNatural (tC) − Q∗, QNatural (tC)>Q∗

QAltered (tC) = 0, QNatural (tC)≤Q∗
(3)

where, QNatural is the mean daily discharge recorded at the Trana gauging station during the identified critical
period (tC). In this framework, all diversions and abstractions downstream of the Trana section (Figure 1) can be
idealized as a single main water diversion with a minimum release that produces zero‐flow at the study site, and a
maximumwithdrawal capacity equal toQ*. To further test the reliability of this analysis, the resulting altered flow
time series in terms of hydrological conditions was validated against the satellite‐derived hydrological
classification.

2.4. The New SimStream‐Web Module for NPRs (NPRs‐Module)

In NPRs, aquatic habitat varies with flow rate during F phase and with time during the NF periods (Acuña
et al., 2020). To account for the interplay between flow, time and habitat availability, the innovative NPRs‐
module of the MesoHABSIM approach introduces a specific rating curve able to simultaneously consider the
intermittent behavior of aquatic habitat availability. This curve directly derives from the traditional habitat‐flow
rating curve of common habitat models, by adding a second quadrant to the graph. This second quadrant accounts
for the recession of wetted area and habitat availability with respect to the amount of time elapsed after flow
cessation (Negro et al., 2019). The resulting curve is then called habitat‐flow‐time rating curve (Figure 6a).
Specifically, the habitat values computed using Equations 1 and 2 for each considered flow condition are
interpolated using a mathematical spline function to generate the habitat‐flow‐time rating curves for the selected
ecological targets.

The definition of this curve allows the generation of the habitat time‐series for NPRs, enabling the analysis of the
spatio‐temporal variation of aquatic habitat availability during both F and NF phases. Specifically, a daily flow
time series can be converted into habitat time series by means of the following system of equations:

{
HA(t) = H(Q(t)), Q> 0

HA(t) = H(T), Q = 0
(4)

where,H(Q(t)) represents the habitat availability, for a given ecological target, corresponding to the streamflowQ
(t) at time t, while H(T ) defines the habitat availability as a function of T, the time elapsed since flow ceased.

According to Equation 4, the altered flow time series (Figure 6b), derived from the hydrological characterization,
was converted into habitat terms using the habitat‐flow‐time rating curves (Figure 6a), to evaluate the spatio‐
temporal evolution of aquatic habitat in the monitored reach for the considered ecological targets during the
most severe drought period (Figures 6c–6e).

To facilitate habitat modeling in NPRs and support the definition of e‐flows in regulated non‐perennial reaches,
the new NPRs‐module has been developed and it is freely available to users through the SimStream‐Web service
(Version 1.1.0; Politecnico di Torino (DIATI), 2024) on the web page of the Italian National Institute for
Environmental Protection and Research (ISPRA).

3. Results
3.1. Habitat Description

A total of 172 GUs were delineated and described across the five simulated conditions. Among these, 14 mes-
ohabitats (8.1% of the total) were identified as isolated ponds, representing the remaining wetted areas during the
P condition on the first day after flow cessation. Overall, glides comprised the majority of GUs (35.5%), followed
by riffles (32.6%). Backwaters, rapids, and pools accounted for 10.5%, 9.3%, and 4.1%, respectively. The water
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surface area of identified GUs varied significantly, ranging from a minimum of 1.8 m2 (attributed to a backwater)
to a maximum of 675.0 m2 (attributed to a glide). Considering habitat attributes, water depths were generally
shallow across all flow conditions. At the lowest flow condition (Q = 0.15 m3/s), most depths were below 0.30 m
(mean = 0.07 m, Figure 2). At the highest flow (Q = 3.00 m3/s), depth values remained below 0.70 m
(mean = 0.23 m). Conversely, flow velocities increased significantly with discharge, ranging from a mean of
0.20 m/s at 0.15 m3/s to 0.68 m/s at 3.00 m3/s. The riverbed substrate was dominated by mesolithal (49.6%),
macrolithal (33.8%), and microlithal (14.9%), with psammal and pelal substrates contributing less than 1% each.
Regarding fish cover and shelters, boulders were the most common feature, observed in 99.0% of GUs, followed
by emerging vegetation (50.0% of GUs), shallow margins (41.3% of GUs), and canopy shading (37.2% of GUs).
Water surface gradients across the mesohabitats ranged from 0.0 to 0.068.

3.2. Hydrological Characterization

The comparison of PS FCIs and HRIs, assumed as ground truth, demonstrated excellent agreement in dis-
tinguishing submerged and emerged areas, revealing a satisfactory level of correspondence (Figure 4). Specif-
ically, in all cases (100%), the hydrological conditions identified in PS imagery matched those observed in the
corresponding 12 available HRIs. Similarly, a perfect correspondence (100%) was also assessed when comparing
403 PS and S2 FCIs acquired in the same dates, as well as with the hydrological conditions observed during the
four independent field surveys. Thus, the methodology for the supervised classification of hydrological condition
proposed by Cavallo et al. (2022), and adapted for PS imagery, was considered suitable for the purposes of the
study.

A total of 1,736 cloud‐free satellite images from S2, PS, and HRI sources were classified as F, P, or D over the
monitored period (1 January 2017–31 December 2023). The majority were PS images (1,057; 60.9% of total
images), followed by S2 (667; 38.4%) and HRIs (12; 0.7%). This extensive data set allowed for an average of 189
hydrological condition observations per year, ranging from 122 in 2017 to 210 in 2019, which correspond to a
very high effective revisit time of 1.93 days. Overall, F conditions predominated (73.8% of total images), fol-
lowed by P (21.4%) and D conditions (4.8%). In the monitored reach, NF periods occurred annually but varied
significantly in terms of duration and severity. For example, in 2019, the reach never dried out, with P lasting only
22 days. In contrast, complete drying occurred in 2017, 2022, and briefly (i.e., 5 days) in 2023 (Figure 5).
Seasonal patterns indicated that NF conditions were most frequent during August and September (100% of
monitored years). Additional occurrences were observed in July (71.4% of monitored years), October (57.1%),
and June (28.6%). Rare NF events were detected in March and April (14.3%) at the end of the annual winter low
flow period.

The relationship between the discharges at Trana or groundwater levels in the observation well and the occurrence
of NF conditions detected via supervised classification did not exhibit a consistent pattern with P and D conditions
that originated at different values depending on the year (Figure 5). Overall, as represented in Figure S5 in
Supporting Information S1, P condition occurred at discharges ranging from 0.36 to 2.45 m3/s (mean= 0.99 m3/s)
and groundwater levels ranging from − 14.26 to − 7.29 m (mean = − 9.50 m). D conditions were associated with
discharge values between 0.27 and 0.96 m3/s (mean= 0.63 m3/s) and groundwater levels ranging from − 13.31 to
− 8.24 m (mean = − 10.79 m). Analysis of P durations before transitioning to completely D conditions revealed
six distinct events, lasting from 4 to 96 days. The median P duration was 8 days, which was assumed as repre-
sentative of the time required for the monitored reach to dry out after flow ceased and incorporated into the second
quadrant of the habitat‐flow‐time rating curves (Figure 6a).

By focusing on the summer periods from 2017 to 2023 (1 June–30 October) and reducing the analysis to a binary
classification problem (F and NF), we found that discharges at Trana were generally a stronger predictor than
groundwater levels, yielding an AUC of 0.91. Examining each individual summer period, the Youden Index was
generally higher and more consistent when based on discharges at Trana, ranging from 0.73 in 2019 to 1.00 in
2017. In contrast, while groundwater levels produced the highest Youden Index values in 2019 (1.00) and 2020
(0.87), they also exhibited greater variability, dropping as low as 0.42 in summer 2022. Nevertheless, we observed
significant interannual variability in the thresholds which distinguish the zero‐flow periods (Figure S6 in Sup-
porting Information S1). Specifically, for the F condition, the lower quartile (3rd quartile 75%) values for each
year ranged from 1.01 to 3.04 m3/s for discharge (mean = 1.65 m3/s) and from − 10.27 to − 7.26 m for
groundwater levels (mean = − 7.72 m). While, for the NF phase, the upper quartiles (1st quartile 25%) exhibited
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Figure 6.
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slightly lower variability, ranging from 0.80 to 1.65 m3/s for discharge (mean = 1.08 m3/s) and from − 9.28 to
− 7.51 m for groundwater levels (mean = − 8.22 m). Overall, discharge showed higher variability during the F
condition, particularly in 2018, when whiskers ranged from 0.58 to 10.62 m3/s (median= 2.70 m3/s), compared to
the NF phase (maximum variability: 0.27–2.45 m3/s in 2017). In contrast, groundwater levels exhibited the
opposite pattern, with the greatest variability occurring during the NF phase compared to the F condition
(maximum variability from − 13.31 to − 7.32 m in 2017).

Among the summer periods from 2017 to 2023, the drought of 2022 emerged as the most severe period for the
monitored reach, with over 40 consecutive days of total D condition between July and August (Figure 5). This
window was therefore selected as the critical period (tC) for the habitat analysis. Specifically, the altered
streamflow was defined from 1 June to 8 October, corresponding to the assumed duration of the crop irrigation
season of 2022, as all satellite observations before and after this period indicated a F condition. During this period,
by computing the Youden Index (i.e., 0.98) of the corresponding ROC curve, the optimal threshold discharge
value (Q*) which separated F and NF phases was estimated at 1.12 m3/s (Figure 6b). Below Q*, from 1 June to 8
October, all satellite images (100.0%) were consistently classified as P or D conditions. Moreover, a strong
agreement was observed between the hydrological conditions derived from the satellite‐based analysis and the
resulting altered streamflow, with a classification accuracy of 85.1% across the three conditions (i.e., F, P, and D,
Figure 6b).

3.3. Habitat Assessment in NPRs

The resulting habitat‐flow‐time rating curves revealed distinct trends for each ecological target (Figure 6a). For
adult T. muticellus, habitat availability increased sharply from 0.15 to 1.00 m3/s, reaching 15.5% of the maximum
wetted area. Beyond this discharge, the curve plateaued, with habitat extent showing only a slight increase up to
3.00 m3/s (16.7%). At low flows (e.g., 0.15 m3/s) and during P conditions, habitat availability was minimal,
approaching 0.0 m2 (<1% of the wetted area). Conversely, juvenile T. muticellus exhibited peak habitat avail-
ability at 0.15 m3/s (14.9% of the wetted area), with a progressive decline as flow increased, reaching 2.3% at
3.00 m3/s. Residual habitat during the P condition covered 7.7% of the wetted area on the first day after flow
cessation and persisted for up to 8 days before the sub‐reach dried out. Adult P. bonelli displayed a similar trend to
juvenile T. muticellus, although it showed the highest overall habitat availability among all targets. Habitat
availability peaked at 1.00 m3/s, covering 62.3% of the wetted area, with over 90% of GUs at this flow condition
classified as optimal. However, habitat availability declined at higher discharges, dropping to 29.9% at 3.00 m3/s.
During the P condition, P. bonelli habitat contracted more gradually compared to juvenile T. muticellus. For
macroinvertebrates, the Flow‐T index showed a monotonic increase with discharge, ranging from 0.24 at 0.15 m3/
s to nearly 0.5 at 3.00 m3/s. During the NF phase, the index maintained a relatively high value (>0.1) on the first
day after flow cessation, exceeding values observed for any fish target, before steadily declining to zero as drying
progressed.

The estimated altered flow time series for the monitored reach downstream of the water abstractions during
summer 2022 is presented in Figure 6b. In Figures 6c–6e, the corresponding habitat time series for the adult stage
of T. muticellus and P. Bonelli, and the Flow‐T series are depicted, respectively. Over the considered period, four
discharge events aboveQ* (in late June, mid and late August, and late September, Figure 6b) temporarily restored
the F condition in the monitored reach, before transitioning again to P and subsequently to D conditions. The
shortest P condition duration, corresponding to 4 days, was observed in late August. Each discharge event
produced a corresponding peak in the habitat series. According to the habitat‐flow‐time rating curves, habitat
availability for adult T.muticellus dropped rapidly to zero immediately after flow cessation (Figure 6c), making it
highly vulnerable to flow intermittency. In contrast, adult P. bonelli and the macroinvertebrate community

Figure 6. (a) Habitat‐flow‐time rating curves for the surveyed sub‐reach, computed using SimStream‐Web. The curves show the evolution of total wetted area (%) and
available habitat for adult Telestes muticellus (filled diamonds), juvenile T. muticellus (open diamonds), adult Padogobius bonelli (triangles), and the Flow‐T index
(filled stars), as functions of discharge and time. The flowing condition is highlighted in blue, the ponding condition, estimated to stand for 8 days, in yellow, and the dry
condition in red. (b) The natural (in gray) and the altered (in black) flow time series estimated from 1 June to 8 October 2022. Hydrological conditions derived from the
satellite‐based analysis are reported on the top of the graph using vertical lines. The altered habitat time series for (c) adult T. muticellus and (d) adult P. Bonelli, and
(e) Flow‐T series obtained via SimStream‐Web. For discharges exceeding 3 m3/s, habitat values could not be estimated and are represented as NaN (not‐a‐number)
values.
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exhibited a more gradual decline, reflecting their greater capacity to exploit residual aquatic habitats during NF
periods (Figures 6d and 6e).

4. Discussion
4.1. Satellite Images Analysis

In an attempt to improve the temporal resolution in monitoring NPRs habitat dynamics, we adapted the S2 image‐
based approach proposed by Cavallo et al. (2022) to include PS imagery. Specifically, we replicated similar color
schemes by combining specific bands (B11‐B8‐B4 for S2 and B3‐B4‐B1 for PS) to highlight water presence in
river corridors. The primary difference in band selection for FCIs between S2 and PS lies in the replacement of the
SWIR band with the Blue band in PS composites. While the SWIR band is particularly effective in differentiating
water bodies from other land covers, it is not available in PS sensors, requiring alternative spectral configurations.
Nevertheless, the introduction of a new generation of PS sensors since 2018 has improved spectral clarity (Frazier
& Hemingway, 2021), aligning their acquisition bands more closely with S2 and allowing better integration of
information collected with these systems (Table 2, Roy et al., 2021).

The integration of S2 and PS data sets effectively overcomes common limitations encountered in hydrological
assessments for NPRs, offering high temporal and spatial resolution. Through this approach, we achieved a very
high effective revisit time of 1.93 days, equating to more than one observation every 2 days, which marks a
significant advancement in temporal resolution over previous studies. For example, Gallart et al. (2016) were able
to establish the duration of the hydrological conditions (or aquatic states) in 12 NPRs only on a monthly or
seasonal scale. Maswanganye et al. (2024), using Sentinel‐1 and S2 imagery, achieved a 10‐day revisit time for
two NPRs in South Africa. Similarly, Cavallo et al. (2022) reported a revisit time of 15 days when relying solely
on S2 imagery for ungauged NPRs in Southern Italy. In their study, daily‐scale assessments were then made
possible by developing predictive models to estimate hydrological conditions between image acquisitions. In
contrast, this study eliminated the need for such modeling by leveraging the high observational frequency enabled
by the integration of S2 and PS imagery, which provided an average revisit time up to 1.5 days during summer
2022. This greatly simplifies and accelerates the characterization of hydrological regimes, a particularly valuable
outcome especially for entirely ungauged NPR systems.

Our use of satellite imagery enabled a detailed characterization of the hydrological regime in the lower Sangone
River, which is subject to flow intermittency caused by water abstractions. This approach identified drought
periods and allowed us to quantify the relative frequency and duration of different hydrological conditions.
Through our analysis, summer 2022 was identified as the most severe drought period, aligning with recent
findings by Bonaldo et al. (2023), who reported 2022 as a year of prolonged drought across Northern Italy. In
contrast, locally recorded hydrological data from the gauging station and the observation well, when considered
alone, were insufficient for accurately assessing the frequency and duration of hydrological conditions within the
monitored reach (Figure 5). Consistently with findings from Cavallo et al. (2022), the significant overlap between
observed hydrological conditions and discharge or groundwater level data made simple correlations unfeasible
(Figure S5 in Supporting Information S1). Even when the analysis was simplified to a binary classification (F and
NF), it was not possible to identify a threshold that consistently distinguished these phases over the entire
monitoring period (Figure S6 in Supporting Information S1). The limitations of using these data sources for
describing the complex spatio‐temporal dynamics of hydrological conditions in NPRs have already been pointed
out by several authors (e.g., Bonada et al., 2020; Gallart et al., 2017; Zimmer et al., 2020). In our study, we
observed the same inherent constraints, which were further exacerbated due to the water abstraction practices that
affect the monitored reach. Particularly, groundwater level data showed weaker correlations with hydrological
conditions, as the same levels corresponded to varying conditions (F, P, or D, Figure S5 in Supporting Infor-
mation S1). Such complexities, also reported by Scanlon et al. (2002) and Sophocleous (2002), arise from the non‐
linear and variable relationships between groundwater levels and streamflow, influenced by several factors like
rainfall intensity, soil characteristics, and land use. While in situ monitoring tools alone are often inadequate for
capturing the complexity of NPRs hydrology, their integration with satellite‐based observations provides a
powerful means to characterize hydrological regimes. In this study, this combined approach enabled a detailed
reconstruction of the P condition dynamics over the 7‐year monitoring period (2017–2023). Specifically, we were
able to determine the duration of multiple P events, revealing substantial variability in the transition from F to D
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conditions (Figure 5). These transitions ranged from as short as 4 days (late August 2022) to as long as 96 days
(summer 2017), demonstrating the importance of high‐frequency monitoring.

The threshold discharge (Q*) of 1.12 m3/s in the Trana time series was used as a benchmark to identify when
continuous flow ceased in the monitored reach during the most severe drought period corresponding to summer
2022 (Figure 6). Although the use of a fixed threshold may be considered a rough approximation (e.g., Yu
et al., 2024), our analysis, focused on a critical period, demonstrated strong alignment with the satellite‐derived
hydrological conditions. Specifically, we achieved a Youden Index of 0.98 when the analysis was reduced to a
binary classification problem (F and NF), and an overall classification accuracy of 85.1% across the three con-
ditions (F, P, and D), both of which are notably high. The primary source of misclassification occurred in late
September, when nine observed P conditions were interpreted as dry by the model. In our opinion, this
discrepancy may be linked to changes in the water abstraction regime, which likely increased flow releases at the
end of the irrigation season, particularly given the absence of any evident increase in streamflow or groundwater
levels recorded in the study area (Figure 6b). Nevertheless, from an aquatic habitat perspective, this misclassi-
fication represents a conservative estimate. Moreover, the selected Q* closely corresponds to the total licensed
water abstraction (above 1 m3/s) for the area, based on the available data from the Metropolitan City of Turin
WebGIS. These results therefore support the suitability of this approach for characterizing the altered flow regime
during the selected critical period (1 June–8 October). While this method was tested over a single timeframe, its
extension to other periods appears feasible. In particular, as suggested by the analysis based on ROC curves,
discharge thresholds could be defined and calibrated for each summer period to account for interannual variability
in water availability. This perspective offers valuable insights for enhancing water resource management in the
Sangone catchment. By integrating continuous discharge and groundwater level data from in situ monitoring
stations with remotely sensed observations, it would be possible to dynamically establish zero‐flow thresholds for
downstream reaches during crop irrigation seasons, thereby enabling almost real‐time drought mitigation and
more effective resource planning.

However, constraints remain regarding the broader application of this methodology to different NPR reaches,
particularly in estimating precise P durations from remotely sensed data. Despite S2 and PS currently providing
the best trad off between GSD and revisit time among multispectral missions with global coverage, they still
present inherent limitations related to both sensor characteristics and scene‐dependent factors (e.g., cloud cover,
shadows). Their effective spatial resolution (10 m for S2 and 3 m for PS) requires monitored reaches to have a
minimum active channel width to ensure reliable detection of hydrological conditions. Previous studies suggest
that at least three pixels are necessary for robust supervised classification (e.g., Cavallo et al., 2022; Jiang
et al., 2014). The temporal dimension also poses challenges. Indeed, sufficient satellite coverage has only been
available since 2017, precluding long‐term analysis. Additionally, for NPRs with P durations near or below the
effective revisit time (e.g., ≤1 day), overestimations may occur, leading to potentially incorrect habitat evalua-
tions. In our case study on the Sangone River, several conditions supported the feasibility of the approach. The
active channel width of the monitored reach (∼42 m) exceeded the minimum threshold imposed by the S2 GSD,
and the integration of PS data with a finer spatial resolution further improved water detection. This enhancement
not only increased classification accuracy but also suggests the potential applicability of the method to narrower
NPR reaches (i.e., ∼10–30 m in width), an aspect warranting further investigation. Furthermore, the monitored
reach lies in a plain, away from steep terrain, and the presence of dense riparian vegetation is limited by intensive
agricultural practices along its banks. These favorable conditions reduced the likelihood of shadowing, which
could prevent water identification or lead to misclassifications. Regarding the temporal dimension, most of P
conditions in the monitored reach (85% of total P) had durations exceeding 7 days, significantly longer than the
effective revisit time we achieved. Additionally, NF phases predominantly occurred in summer, when cloud cover
in Italy is generally minimal, thereby further improving the effective revisit time. Finally, the typical acquisition
time of S2 and PS scenes over the study area (∼09:30–10:30 a.m.) provided favorable illumination conditions, as
the sun was already sufficiently high to minimize shadows, especially during summer.

Nevertheless, additional sources of uncertainty affecting the accuracy of our approach are linked to the reliance on
supervised classification of satellite imagery. As extensively discussed by Cavallo et al. (2022) for S2 imagery,
detecting water is not always possible. Small wetted areas (≤10 m), depending on their relative position to image
pixels, may fall below the detection capability, resulting in misclassification of hydrological conditions. This
limitation is particularly critical during transitions from F to NF phases, when narrow wetted channels may still
sustain flow continuity, or when residual ponds are too small to be captured, leading to confusion between P and D
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conditions. Since the primary objective of the analysis was to estimate the duration of aquatic habitat availability,
we applied a conservative rule: in cases of uncertainty, the worst hydrological condition was assigned (i.e., P for
ambiguous F/FN cases, and D for ambiguous P/D cases). However, to mitigate classification errors, a three‐step
validation procedure was implemented. First, 12 HRIs available during the monitoring period were used as
ground truth to validate our classification, with hydrological conditions derived from S2 and PS imagery perfectly
matching those observed in the corresponding HRIs. Second, four independent field surveys conducted in the
summers of 2021 and 2022 confirmed classification reliability during NF periods, again showing perfect cor-
respondence. Third, to further assess consistency, we compared all same‐day acquisitions from S2 and PS
constellations (403 paired images in total) in a GIS environment. In every case, hydrological conditions were
identically assigned, supporting a high level of robustness in the classification approach. Nonetheless, further
measures can be adopted to reduce uncertainty. For example, Cavallo et al. (2022) validated supervised classi-
fications of NPRs flow regime in Southern Italy using geolocated ground photos collected in the field during
satellite overpasses. Maswanganye et al. (2024) enriched the classification of flow intermittency in South Africa
NPRs by integrating Sentinel‐1 radar data, while Hinrich Kaplan et al. (2019) employed strategically placed
cameras to characterize flow regimes in small streams in Luxembourg. In our case, in addition to satellite data,
locally recorded discharge and groundwater level time series were available. Although a complete hydrological
picture of the monitored reach could not be reconstructed due to missing water abstraction data, these time series
provided an independent data set for evaluating the accuracy of our classification. Specifically, by reducing the
analysis to a binary classification problem (F vs. NF) and applying ROC curve analysis, we obtained an overall
AUC ≥ 0.90 considering both discharge and groundwater level data, providing strong evidence of classification
reliability during periods largely characterized by flow intermittency (i.e., summer). It is also important to
emphasize that our reliance on a supervised approach, despite the limitations, was largely motivated by the current
lack of transferable algorithms that can be consistently applied across different river systems and extended
monitoring periods (Cavallo et al., 2022). To date, only a few methods have been specifically developed to
distinguish water from non‐water pixels in multispectral satellite images of NPRs. For example, Cavallo
et al. (2025) proposed an algorithm for S2, while Wang and Vivoni (2022) introduced one for PS. Both studies,
however, were restricted to specific NPRs systems and reported overall accuracies between 0.8 and 0.9 in
detecting water presence, which may be considered comparable to the results achieved in our study.

4.2. Habitat Assessment

Meso‐scale habitat simulation models (e.g., MesoHABSIM) have been widely used in the context of water re-
sources planning and the management of perennial rivers (Yi et al., 2017). In Mediterranean watersheds, they
have been successfully employed for defining mesohabitat requirements of different autochthonous freshwater
species (Costarrosa et al., 2022; Negro et al., 2025; Pinna et al., 2024; Vezza et al., 2016). However, applications
in NPRs have only recently gained momentum, reflecting an increased scientific interest in these dynamic en-
vironments (Blackman et al., 2021; Busch et al., 2020). For instance, Acuña et al. (2020) emphasized the potential
of meso‐scale habitat suitability models for evaluating aquatic habitats in NPRs using fish species as ecological
indicators. Our study further supports this perspective, particularly through the innovative NPRs‐module of
SimStream‐Web, which proved effective in assessing habitat dynamics during both F and NF phases for both fish
and macroinvertebrate communities. Results from the Sangone River demonstrate the module's adaptability in
evaluating aquatic habitats at different hydrological conditions and its potential for broader applications in NPR
systems. These findings align with Negro et al. (2019), who started testing this module to account for habitat
variability during NF phases in a highly regulated NPR in Catalonia (NE Spain).

The integration of proximal sensing and hydrodynamic modeling for aquatic habitat assessment is rapidly
expanding, particularly for meso‐scale analyses (Farò et al., 2025). To the best of our knowledge, this study
represents the first attempt to quantify habitat availability for different freshwater communities in a non‐perennial
river using such an integrated framework. Regarding the bathymetric correction of the DEM, applied to mitigate
optical refraction distortions in UAS‐derived data, this study employed a simplified approach based on a linear
regression model derived from Snell's law (slope = 1.33). Although site‐specific calibration of such models is
generally recommended (Negro et al., 2025), this simplified correction was deemed appropriate given the limited
number of available ground control points and, in particular, the shallow water conditions characterizing the
surveyed sub‐reach during the UAS flight (mean depth = 0.07 m; maximum = 0.38 m). Indeed, the magnitude of
bathymetric underestimation typically increases proportionally with water depth (Westaway et al., 2000);
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therefore, under the conditions observed during the UAS flight, the potential error is expected to be minimal,
approximately equivalent to the DEM spatial resolution (5.4 cm) and well below the most representative substrate
size (mesolithal, 6–20 cm). This interpretation is consistent with previous findings indicating that, under shallow
water conditions (<0.2 m), refraction correction is often unnecessary, as the mean vertical error is comparable to
that observed over emerged terrain (Westaway et al., 2001). Moreover, slope values reported in literature for
mono‐parametric linear correction models (e.g., 1.5–1.6; Negro et al., 2025; Yudha Partama et al., 2017) would
not have significantly increased the reprojection of the submerged riverbed under the shallow conditions observed
during the UAS survey. Therefore, despite the absence of site‐specific calibration, the corrected DEM can be
considered reliable and well‐suited for the hydraulic and habitat modeling objectives of this study. In developing
the hydrodynamic model, particular attention was given to selecting an appropriate (a) mesh resolution and (b)
bed roughness coefficient. Following established recommendations (Célik et al., 2008; Tonina & Jorde, 2013), a
grid convergence analysis was performed, leading to the selection of a 0.25 m2 mesh. This resolution is finer than
those typically adopted in similar studies (∼1 m2) and is generally considered mesh‐independent for habitat
availability assessments in both micro‐ and meso‐scale analyses (e.g., Farò et al., 2023; Papaioannou et al., 2020;
Pasternack et al., 2004). Our tests confirmed this, showing habitat variation below 0.7% across the three
considered grid configurations. Model calibration was conducted by adjusting the Manning's coefficient to
minimize discrepancies between simulated and observed WSE, achieving a very high degree of correspondence
(RMSE = 0.035 m). Although exhaustive validation (Tonina & Jorde, 2013) was not feasible due to the limited
number of in situ depth and velocity measurements, the best‐fitting Manning's value (n = 0.045) closely matched
that predicted by the empirical relationship of Loukas and Quick (1996) based on reach slope. Moreover, in
accordance with Tonina and Jorde (2013), the sensitivity analyses performed over the range of Manning's values
(0.040–0.050) revealed negligible variations in fish habitat availability, with the maximum difference in the
Flow‐T index being less than 0.8%. Similarly, assigning spatially variable roughness values to substrate patches
derived from the RGB orthomosaic produced no significant change in habitat availability across ecological
targets. These results collectively indicate that the developed hydrodynamic model can be considered reliable and
adequate for supporting the assessment of aquatic habitat availability in the monitored NPR reach.

Within the surveyed sub‐reach, the hydrodynamic results revealed that water depths remained shallow (<0.70 m)
across flow conditions, while flow velocities slightly increased with higher simulated discharges. The observed
steep rise in wetted area with increasing discharge highlights the geomorphic influence of the low‐confined, wide
channel morphology, which promotes lateral inundation without significant increases in water depth. Substrate
analysis indicated dominance by coarse grain sizes (mesolithal and macrolithal), resulting in a high distribution of
boulders as cover attributes. These findings seem to further confirm the choice of a relatively high Manning's
coefficient (i.e., 0.045) as bed roughness of the hydrodynamic model (Chow, 1988). Electrofishing surveys
highlighted the ecological importance of the reach, identifying a significant presence of freshwater fish species.
These findings align with recent literature on the biodiversity of NPRs, which recognizes such systems as
important spots of freshwater species richness (e.g., Acuña et al., 2020; Skoulikidis et al., 2017).

The habitat availability for T. muticellus, assessed through the HSC included in SimStream‐Web, revealed that
adults preferred moderate flow conditions (>1.00 m3/s), while juveniles favored lower flows (0.15 m3/s,
Figure 6a). These observations are consistent with their size‐dependent flow preferences and are supported by (a)
electrofishing data, which identified juveniles as the dominant life stage within the study area, and (b) previous
findings reported in available literature (Harby et al., 2007; Negro et al., 2021). Conversely, habitat availability
for adult P. bonelli was consistently higher, particularly at lower flow conditions. These results align with earlier
studies that report a species' preference for shallow waters with low velocities (Vezza et al., 2012) and coarse
substrates (Lugli et al., 1992; Negro et al., 2021), both of which are abundant in the study site. The Flow‐T index
during the F phase showed a consistent increase with discharge, reaching the maximum value (0.5) at the highest
considered flow condition. This trend, consistent with the findings of Pinna et al. (2024), is due to the index's
strong correlation with current velocity (Laini et al., 2022), which scales with discharge in this reach. During P
conditions, isolated ponds still provided residual habitat for juvenile T. muticellus, adult P. bonelli, and mac-
roinvertebrates until the reach transitioned to a completely D condition. Whereas adult T.muticelluswas the most
sensitive to flow cessation, with nearly no available habitat during the NF phase (∼0.0 m2). These results align
with findings by Hodges andMagoulick (2011), who demonstrated that the effects of flow interruption on fish are
species‐specific. Notably, benthic organisms demonstrated the highest resilience, maintaining suitable habitat
even under zero‐flow conditions. These findings corroborate studies highlighting that isolated ponds serve as
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critical refugia for sustaining aquatic communities during zero‐flow events (e.g., Bonada et al., 2020; Kerezsy
et al., 2017). Nonetheless, to preserve these species, it is crucial to maintain adequate surface flow regimes to
minimize the duration of NF periods, thus avoiding completely D conditions. Our analysis indicates that during
low‐flow periods and heightened water withdrawals, NF phases should be interrupted with flow releases (sensu e‐
flows) at least every 8 days, on average, to prevent the complete loss of wetted area in the monitored reach. This
flow release frequency would also help sustain suitable conditions in isolated pools during extended P phases,
mitigating stressors such as elevated water temperatures and reduced dissolved oxygen.

Implementing the NPRs‐module requires additional efforts compared to the standard MesoHABSIM approach
used for perennial rivers, in order to characterize local physical habitat during NF periods. Specifically, surveys
conducted during the P condition are important to describe aquatic habitat evolution after flow cessation.
Moreover, it is critical to determine if and when the considered river reach moves to a completely D condition. To
this end, further field surveys were planned in the study site during the summers of 2021 and 2022 to assess habitat
availability during zero‐flow periods, prior to reaching a completely D condition. However, these attempts did not
allow for capturing the P condition due to rapid hydrological transitions (Figure 5) and the unpredictable impacts
of water diversions, which introduce further variability in the transition from F to D conditions. Given these
limitations, an alternative method was used to estimate residual aquatic habitat during the NF period. This
involved artificially filling the bathymetrically corrected DEM in a GIS environment to simulate pond formation
in the most depressed areas of the reach, where residual habitat is likely to persist during zero‐flow periods.
Although this method does not yield exact wetted area estimates, we implemented a two‐step validation procedure
that showed satisfactory agreement. First, according to what suggested by Yu et al. (2022), we verified the ex-
pected linear decline in wetted area prior to complete drying by analyzing wetted area extents using FCIs. Second,
we qualitatively validated the modeled wetted areas on the first day after flow cessation using PS imagery
classified as P during the summers of 2021 and 2022. This approach, combining high‐resolution DEMs, satellite
imagery, and georeferenced habitat attributes, proves to be a practical solution for rapidly estimating aquatic
habitat at the meso‐scale in NPRs during P conditions.

Information on P duration, derived from satellite image analysis, played a crucial role in defining habitat‐flow‐
time rating curves for the monitored reach, as required by the innovative NPRs‐module of the MesoHABSIM
approach (Figure 6a). In this study, to evaluate aquatic habitat evolution during the NF phase, from the full range
of observed P durations preceding dry out over the monitored period (from 4 to 96 days) we adopted the median
value (i.e., 8 days) as a representative indicator of typical P persistence in the monitored reach. This assumption is
supported by local hydro‐morphological characteristics, as ponded mesohabitats remain environmentally suitable
throughout this relatively short period despite hydraulic disconnection. Specifically, ponds are generally sus-
tained by hyporheic fluxes through coarse, highly permeable riverbed sediments, which promote water renewal.
This subsurface exchange provides thermal buffering, preventing water temperatures from exceeding known
tolerance limits for the target species during the analyzed periods. Moreover, dissolved oxygen concentrations are
expected to remain sufficiently high, given the limited organic pollution affecting the monitored reach and the
short assumed ponding duration, which does not favor substantial algal biomass development or oxygen
depletion. Nevertheless, alternative assumptions may be adopted to account for site‐specific hydro‐morphological
conditions or species‐specific ecological thresholds (e.g., fish thermal limit). In this regards, SimStream‐Web
offers the flexibility to explore different scenarios. For instance, users can analyze varying P durations (such
as minimum or maximum durations over a selected period), enabling the computation of alternative habitat‐flow‐
time rating curves. This allows the assessment of critical scenarios in aquatic habitat availability and the eval-
uation of alternative e‐flow release strategies aimed at sustaining ecological integrity in the analyzed reaches.

Due to increasing anthropogenic pressures and climate change patterns, intermittency in watercourses is globally
increasing (McDonough et al., 2011). Rivers that normally present a perennial behavior are changing their nature,
assuming intermittent features along their course (Datry et al., 2014). This situation is particularly evident in the
Sangone River, where current water abstraction licensing poses a significant threat to the survival of the aquatic
ecosystem in its downstream reaches. An overall increase in the duration and frequency of zero‐flow periods in
different reaches below the village of Trana is observable in recent years, particularly during the summer months
(July–September). To mitigate this situation, ecological flows (e‐flows) must be defined and implemented, taking
into account the frequency and duration of the P and the D conditions. In this context, the innovative NPRs‐
module of SimStream‐Web emerges as a valuable tool for enhancing water resource management. By quanti-
fying the habitat for aquatic organisms over flows and time after flow cessation, this module enables the analysis
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of the deviation between natural and altered habitat time series. Consequently, different e‐flows scenarios can be
tested and evaluated to minimize the environmental impacts of water abstractions during low flow and drought
periods, enhancing freshwater ecosystems and conserving local biodiversity. Beyond the Sangone River, the
methodological framework developed in this study can be extended to NPRs of diverse climatic regions. Our
approach, integrating (a) globally available satellite data, (b) hydrological assessments capable of defining local
streamflow even with limited in situ records, and (c) the MesoHABSIM methodology, which relies on a detailed
hydro‐morphological characterization of aquatic habitat, provides a transferable tool to support e‐flow imple-
mentation in NPRs worldwide. Its successful application, however, requires the fulfillment of several key con-
ditions. First, the hydro‐morphological context must be suitable, including sufficient channel width relative to the
spatial resolution of satellite imagery, favorable terrain and riparian settings to minimize shadowing, and ponding
durations that exceed the effective satellite revisit time to ensure reliable detection of hydrological conditions.
Second, streamflow information, whether recorded or modeled, is essential to complement remotely sensed
observations and enable accurate e‐flow assessment. Third, ground‐based observations are needed to validate
satellite‐based classifications across a range of hydrological conditions, ensuring reliable identification of
ponding and dry phases. Finally, robust habitat suitability criteria must be available or specifically developed for
the target community, which can be informed through targeted field sampling.

5. Conclusions
Preserving non‐perennial rivers and streams and their ecosystems requires effective tools to describe the complex
dynamics of aquatic habitats during both flowing and non‐flowing phases. In this study, we utilized satellite data
to characterize the hydrological regime of the Sangone River, a small regulated stream in Northern Italy, and
integrated this information into the innovative NPRs‐module of the MesoHABSIM approach. This integration
allowed us to analyze fish and macroinvertebrate habitat availability as a function of flow and the time elapsed
since flow cessation.

The study demonstrated the effectiveness of combining S2 and PS imagery for monitoring NPR hydrological
regimes at an unprecedented temporal (1.93‐day revisit time) resolution. Using a supervised classification
approach, we identified F, P, and D conditions over a 7‐year monitoring period (2017–2023). Results revealed
significant variability in P durations (4–96 days) and identified severe drought periods, such as summer 2022,
with up to 40 consecutive days of D riverbed.

The NPRs‐module of SimStream‐Web emerged as a powerful tool, seamlessly integrating remotely sensed and in
situ hydrological data with high spatial and field‐collected information to generate habitat‐flow‐time rating
curves. These curves enabled analyzing aquatic habitat dynamics across flowing and non‐flowing phases,
providing a comprehensive understanding of the effects of altered flow regime on freshwater ecosystems. This
methodology offers actionable insights for minimizing ecological impacts during droughts and low‐flow periods.

Our study highlights the potential of the NPRs‐module for water resource management for the intermittent stream
network. By providing detailed insights into hydrological conditions and habitat availability, it supports the
development of e‐flows strategies. These strategies can mitigate the impacts of increasing flow intermittency
caused by climate change and anthropogenic pressures, promoting the conservation of aquatic ecosystems in the
Sangone River and similar systems worldwide.
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The results of the satellite based hydrological classification (2017–2023), along with the associated hydrological
data sets (streamflow and groundwater level time series) are provided in Table S1. The streamflow time series
recorded by the Environmental Protection Agency of the Piemonte Region is publicly accessible at https://www.
arpa.piemonte.it/rischi_naturali/snippets_arpa_graphs/map_meteoweb/?rete=stazione_idrologica. The ground-
water time series recorded by the Metropolitan City of Turin is publicly accessible at http://www.cittametropolita
na.torino.it/cms/ambiente/risorse‐idriche/progetti‐ris‐idriche/rete‐monitoraggio/acque‐sotterranee. Sentinel‐2
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satellite imagery is openly accessible through various platforms, including the Copernicus Data Space Browser:
https://browser.dataspace.copernicus.eu/. The GIS data used to produce Figures 1 and 2, the code for generating
Figures 5 and 6, and Figures S5 and S6 in Supporting Information S1, as well as the input and the output files for
the aquatic habitat assessments performed using SimStream‐Web, along with additional analysis results can be
accessed from Zenodo repository: https://doi.org/10.5281/zenodo.15489770; (Negro et al., 2025). The
SimStream‐Web tool (Version 1.1.0), used for aquatic habitat assessments, is available under the GNU General
Public License v3.0. It is hosted at: https://mesohabsim.isprambiente.it/app/home/, and was developed at the
Polytechnic of Turin (Department of Environment, Land and Infrastructure Engineering—DIATI).
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