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"Not just a chemical compound, but a fundamental part of Nature, with aspects
that are serene, enchanting, enlivening, profound, spiritual and even terrible. In the
voice of the babbling streams, is a music of Humanity."”

The water book - Alok [ha
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Abstract

This thesis is organized into three main parts.

Part 1, encompassing Chapters 1 and 2, introduces the theoretical and method-
ological framework of the study. Chapter 1 evaluates the effectiveness of
mesoscale habitat modeling for predicting macroinvertebrate community struc-
ture in a braided reach of the Trebbia River (Northern Italy). By analyz-
ing the influence of microhabitat, mesohabitat, and spatial position, results
show that mesohabitats are strong predictors, supporting the transferability
and applicability of mesoscale models in similar river systems. Chapter 2
presents the recently developed QGIS plugin MapStream 3.0, for the field
delineation and description of Geomorphic Units (GUs), which represent the
mesohabitats occupied by the macroinvertebrate communities. The tool is
based on the Geomorphic Unit Survey and Classification System (GUS) and
allows for data acquisition and formatting as required by the SimStream-Web
service for MesoHABSIM applications.
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FIGURE 1: Graphical abstract of Part 1

Part 2, consisting of Chapters 3 and 4, focuses on the development, test-
ing, and validation of a meso-scale habitat model for river macroinverte-
brate communities. Chapter 3 details the modeling approach, which predicts
the macroinvertebrate response to flow alterations using a trait-based index
(namely Flow-T) and the machine learning technique Random Forest. Chap-
ter 4 expands the analysis by testing and validating the model across different
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river systems and morphologies, refining the predictor set and improving the
model transferability. The validation results were satisfactory and support
the application of the MesoHABSIM methodology to the macroinvertebrate
community. The presented approach can be therefore considered a robust
framework for habitat evaluation and ecological flow assessments, integrat-
ing standard analytical approaches that are typically applied exclusively to

fish fauna.
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FIGURE 2: Graphical abstract of Part 2

Part 3, presented in Chapter 5, explores the application of the Flow-T in-
dex in a different geographic and ecological context. Using long-term data
from Catalan rivers (Northern Spain), collected between 1994 and 2022, this
section assesses the sensitivity of the index to hydromorphological variables,

demonstrating its potential use in ecological assessments.

FIGURE 3: Graphical abstract of Part 3

In this thesis, I contributed to all stages of the research, from field activ-
ities to data analysis and conceptual development. The contents of Chapter
1 were derived from the published work of Burgazzi et al. (2021). In this
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Introduction

Rivers

Rivers are powerful sculptors of the landscape and almost every point on
terrestrial surface belongs to a river basin (Wohl, 2020). Historically, humans
have lived and found water supply, food, energy, transport, and fertile soil
for agriculture along rivers, and today 90% of the human population is set-

tled within ten kilometers from a river or stream (Kummu et al., 2011).

HydroRIVERS v1.0

Line width reflects river size 4 -
L b

FIGURE 4: Map of the world’s rivers (source: https://www.hydroshe
ds.org/

Despite freshwater bodies spatially occupy less than 1% of the Earth sur-
face, almost 10% of non-microbial species find their habitat in them (Dud-
geon, 2020), being among the most vital ecosystems on Earth and home for a
huge variety of aquatic and terrestrial communities. They provide essential
ecosystem services (Alan Yeakley et al., [2016) that support both biodiversity
and human societies. They regulate the hydrological cycle, transport nutri-

ents and sediments, sustain the diversity of aquatic and riparian habitats,
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and supply water for agriculture, energy production, industry, and domestic
use (Vorosmarty et al., 2010; Dudgeon et al., 2006). In addition, rivers play
a key role in climate regulation, groundwater recharge, and water auto pu-

rification, while also offering cultural, recreational, and spiritual values to
human communities (Postel and Carpenter, |[1997; Cooper et al., 2016).

FIGURE 5: Trebbia River, June 2023.

Despite their importance, river ecosystems have been heavily impacted
by human activities, including dam construction, water abstraction, land use
change, and pollution, leading to fragmentation (Belletti et al., Grill et
al., 2019), habitat degradation, hydrological alterations (Bunn and Arthing-
ton, 2002), and loss of ecological integrity (Malmqvist and Rundle, 2002). In
response to these pressures, there is a growing need for tools that can guide
river conservation and sustainable water management, including the defi-
nition and application of environmental flows (e-flows), for which habitat
modeling plays a central role. Since 1970, attention was focused on the con-
cept of minimum flow necessary to preserve aquatic species and evaluate the
impacts of hydropower generation, water abstraction and hydraulic protec-
tion works. This concept evolved towards the definition of environmental

flows, defined in the Brisbane Declaration http://www.riverfoundation.
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org.au/images/stories.pdfs/bnedeclaration.pdf| as the ‘quantity, timing
and quality of water flows required to sustain freshwater and estuarine ecosystems
and the human livelihood and well-being that depend on these ecosystems’.

River habitat modeling

River habitat modeling is a key approach in ecohydraulics, with the aim of
understanding and predicting the relationship between physical habitat con-
ditions and the distribution or abundance of aquatic organisms. By linking
hydrological, hydraulic, morphological, and biological aspects, these mod-
els provide critical tools for assessing the effects of flow alterations, chan-
nel modifications, and restoration measures on aquatic communities (Lam-
ouroux et al., 2017). Originally developed to support instream flow pre-
scriptions for fish, habitat models have evolved into multifunctional frame-
works used in a wide range of applications, including ecological flow assess-
ment, environmental impact studies, and biodiversity conservation planning
(Gore, Layzer, and Mead, 2001; Tharme, 2003).

The origins of Habitat Suitability Models (HSMs) trace back to North Amer-
ica in the 1970s (Nestler et al., 2019), with the development of the Physi-
cal HABitat SIMulation (PHABSIM) system (Bovee, (1982), widely acknowl-
edged as the first instream habitat model and still in use today. Since then, a
wide array of models has been introduced to better capture the complex in-
teractions among hydrological, geomorphological, and ecological processes
within riverine environments. A common underlying assumption across all
HSMs is that variability in hydrological regimes is shaped by the morpholog-
ical characteristics of rivers, which in turn define the physical habitat avail-
able to aquatic species or communities (Petts, 2009). HSMs are now recog-
nized as one of the most scientifically rigorous and legally defensible tools
for evaluating the ecological impacts of hydro-morphological alterations (Yi
et al.,2017). They have been particularly developed for: (i) designing e-flows
to mitigate damming and water abstraction impacts (Poff and Zimmerman,
2010; Dunbar, Acreman, and Kirk, 2004, and (ii) assessing the effectiveness
of river restoration initiatives (e.g., Parasiewicz et al., 2013Db).

Despite the diversity of models available, HSMs typically share two core
components: (i) hydro-morphological characterization of the river system,
and (ii) habitat suitability criteria (HSC) for the target species, which deter-
mine habitat availability.
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The hydro-morphological characterization is generally obtained through
tield data collection under varying flow conditions, assessing attributes such
as depth, velocity, and substrate (e.g., Gippel and Stewardson, 1998). More
advanced models now incorporate additional habitat features like channel
geometry and the presence of shelters or cover for aquatic species (e.g., Parasiewicz,
2007). These elements are factored into the HSC to predict the presence or
abundance of target species more accurately. Historically, fish have been
the primary focus of HSMs due to their strong and consistent responses to
hydromorphological changes (Poff and Zimmerman, 2010), and HSC have
been defined at species taxonomic level. Recently, some applications have
included macroinvertebrates as ecological target, considering specific taxa.
The lack of consistency about their response to flow alteration (Poff and Zim-
merman, 2010) complicated their use in ecological flows (eflows) design or
river restoration actions (Mérigoux et al., 2009). Available approaches mainly
focus on single species, not addressing the ecological needs and functioning
of the whole community. Macroinvertebrate habitat models for single species
were developed at the micro and mesohabitat scales. At the microscale, Li et
al. (2008), Mérigoux et al. (2009), and Shearer et al. (2015) developed different
types of models for one or more macroinvertebrate taxa. As a supplement
of the IFIM (Instream Flow Incremental Methodology, Bovee and Milhous,
1978), Gore, 1977; Gore, 1978 attempted to use one species or group of species
as indicator for instream flow assessment. At the mesoscale, Parasiewicz et
al. (2012) developed a meso-scale habitat model (using the MesoHABSIM
approach) for the dwarf wedgemussel (Alasmidonta heterodon), whereas
Vezza, Ghia, and Fea (2015) proposed a meso-scale habitat approach for the
endangered European crayfish (Austropotamobius pallipes). Parasiewicz et
al. (2008)) selected one of the most flow-sensitive orders of benthic macroin-
vertebrates (Odonata) as a target of a habitat model on the Lamprey River
(USA).

The effectiveness of habitat models largely depends on their ability to inte-
grate multiple spatial scales and to account for the interaction between hy-
drological dynamics and geomorphic structures. Habitat conditions in rivers
are shaped by a hierarchical set of drivers, ranging from catchment-level in-
fluences (e.g., land use, geology) to local-scale hydraulic features (Frissell et
al., 1986; Gurnell et al., 2016). Understanding which spatial scale best cap-
tures species-habitat relationships is essential for building models that are
both accurate and transferable across systems (Fausch et al., 2002). Two pri-

mary categories of habitat models are typically distinguished: microhabitat
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scale models, and mesohabitat scale models. Early HSMs primarily focused
on the micro-scale (e.g., PHABSIM, Bovee (1982), CASiMiR, Jorde (1997)), an-
alyzing microhabitat units using localized variables such as depth, velocity,
and substrate. They have long been used to define minimum flow require-
ments for fish, but they are often limited in spatial coverage and ecological
transferability. In particular, micro-scale models often overlook key geomor-
phological elements like channel form and nearby shelter availability, critical
not just for mobile species like fish but also for macroinvertebrate distribu-
tion within a river reach. Furthermore, their applicability at larger spatial
scales (e.g., reach or catchment level) is questioned due to the lack of hierar-
chical morphological representation (Gurnell et al., 2014). To address these
limitations, the focus has increasingly shifted to mesohabitat scale HSMs
over the past few decades. Mesohabitat scale models operate at the level of
mesohabitats, ecologically relevant spatial units that correspond to different
phases of aquatic life cycles (Kemp, Harper, and Crosa, [1999). Furthermore,
the mesohabitat was revealed to be an appropriate spatial scale in describing
the macroinvertebrate distribution in rivers (Burgazzi et al., 2021). Examples
of mesohabitat scale models include the MesoCASiMiR (Eisner et al., 2005),
and MesoHABSIM (Parasiewicz, 2007; Vezza, Zanin, and Parasiewicz, 2017).
These models use geomorphic and hydraulic units (Figure [6| Belletti et al.
(2017)) as the foundation for habitat classification, enabling a more compre-
hensive representation of the river system. Compared to micro-scale mod-
els, meso-scale HSMs incorporate a broader array of variables, including
hydraulic parameters like the Froude number and ecological features like
refuge availability, while requiring less intensive fieldwork. Moreover, HSCs
developed at the meso-scale have demonstrated better transferability across
river systems (Negro et al., 2022).
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Mesohabitat Simulation Model (MesoHABSIM)

The MesoHABSIM (Mesohabitat Simulation Model) is one of the most widely
adopted methodologies for assessing the effects of hydromorphological al-
terations on riverine ecosystems. Originally proposed by Parasiewicz,
Parasiewicz, and subsequently adapted for the italian context (Vezza et
al., Vezza, Zanin, and Parasiewicz, 2017), MesoHABSIM represents the
most used approach in Italy for Habitat Suitability Modeling in rivers. Its
practical implementation is described in the "Manuale tecnico-operativo per
la modellazione e la valutazione dell’integrita dell’habitat fluviale" (Vezza,
Zanin, and Parasiewicz, [2017). The model is also internationally recognized,
being cited in the Common Implementation Strategy Guidance Document
No. 31 Directive, as a suitable tool for defining ecological flows (e-
flows) and listed among the reference methodologies in the World Meteoro-
logical Organization’s Environmental Flows Manual (WMO, Bussettini and

Vezza, 2019).
MesoHABSIM simulates the spatial and temporal habitat availability for aquatic
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organisms as a function of hydro-morphological descriptors at the mesohab-
itat scale. The approach focuses on the spatial scale of the mesohabitats or
Geomorphic Units (GUs, Belletti et al., 2017). These units are characterized
by distinct combinations of hydraulic and morphological attributes and are
revealed to be an appropriate spatial scale for linking physical habitat struc-
ture with ecological function. While the model was initially developed for
tish, it is conceptually flexible and has been successfully applied to other bio-
logical targets, including the whole macroinvertebrate community (this work
is part of this thesis, see Chapter 3, Pinna et al., 2024), crayfish (Vezza, Ghia,
and Fea, 2015, and mussels (Parasiewicz et al., 2012).

The application of the methodology involves multiple phases, including i) a
river network hierarchical segmentation, finalized at the identification and
survey of GUs through field or remote sensing tools, ii) definition of Habitat
Suitability Criteria (HSC) or development of predictive models for selected
target species or communities, iii) spatio-temporal analysis of habitat avail-
ability or target indices under varying flow conditions, resulting in habitat-
flow rating curves and habitat-time series.

The physical characterization of habitats is grounded in a well-established
hydromorphological assessment, analysis and monitoring approach (IDRAIM,
Rinaldi et al., 2016b). The IDRAIM system adopts a hierarchical nested ap-
proach, strongly inspired by the River Styles Framework developed by Brier-
ley and Fryirs (2013). This framework breaks down river systems into spatial
units across multiple scales: (i) catchment/basin scale which represents the
starting point for morphologic and evolutionary analysis; (ii) sub-catchments,
used to better interpret morphological constraints in areas with distinct phys-
ical features; (iii) landscape units: defined by variations in elevation, slope,
geology, and valley morphology; (iv) reaches, that correspond to portions
of the river where boundary conditions and water/sediment flows are rel-
atively uniform, leading to hydromorphologically homogeneous behavior.
Different aspects define an hydrmorphologically homogeneous river reach
(Figure [/, Gurnell et al., 2014} Rinaldi et al., 2016a, among them are (i) the
morphology of the riverbed, including channel pattern and degree of con-
finement; (ii) significant discontinuities in controlling factors such as dis-
charge or channel slope; and (iii) the dominant sediment types character-
izing the bed material. Each morphological type (e.g., sinuous single-thread,
braided, or meandering) tends to exhibit a characteristic mosaic of GUs. This

mosaic reflects the geomorphic processes responsible for shaping the local
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morphology, which are in turn controlled by broader-scale boundary condi-
tions and driving variables operating over larger spatial and temporal do-
mains (Rinaldi et al., 2016b)).
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Within the MesoHABSIM approach, the used spatial scales are comprised
between the reach scale (102-10* m) and the geomorphic unit scale (10'-10?
m). The classification of GUs followed what indicated by the Geomorphic
Unit survey and classification System (GUS, Belletti et al., , developed
on the basis of the hieararchical framework proposed by Gurnell et al. (2016).
The river reach is then subdivided into GUs, surveyed, and described in
terms of physical attributes, such as water depth, flow velocity, substrate
composition, surface slope, presence of cover or shelters, and hydraulic lon-

gitudinal connectivity.

FIGURE 8: Operators performing a geomorphic unit survey for a
MesoHABSIM application.

The most common approach for data collection involves field-based mo-
bile mapping (Figure |8, supported by tools like MapStream 3.0, a QGIS plu-
gin specifically developed for this purpose (see Chapter 2). The plugin en-
ables efficient field acquisition and organization of hydro-morphological data,
which are then used as inputs for the SimStream-Web platform, a web-based
interface for MesoHABSIM applications.

The second phase involves the application of Habitat Suitability Criteria (HSC),
which define the habitat preferences of target species or communities in terms
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of physical descriptors at the mesohabitat scale. HSCs are often developed
using machine learning algorithms such as Random Forests (Breiman, 2001),
which allow the identification of key predictors and the modeling of species
presence, absence, or abundance across habitat types. In Italy, a comprehen-
sive database of fish-specific HSCs (e.g., Negro et al. (2025)) is available, and
recent research has extended these criteria to macroinvertebrates (see Chap-
ter 3, Pinna et al., 2024) and other aquatic taxa. When targeting macroin-
vertebrate communities, the modeling approach does not aim to predict the
presence, absence, or abundance of individual species. Instead, it employs
a regression-based algorithm to estimate a community functional index (see
Chapter 3).

Once the suitable and optimal habitats are identified through HSCs for fish,
or the index quantified for macroinvertebrates, the third component of the
approach consists of a spatio-temporal analysis. By conducting multiple sur-
veys at different discharges, habitat-flow rating curves can be constructed for
each target organism. These curves are then used together with historical or
simulated flow time series to estimate the temporal series of habitat availabil-
ity throughout the year. Similarly, for macroinvertebrates, index-flow rating
curves can be obtained and used to define temporal index series. This anal-
ysis is crucial for detecting ecologically critical periods, such as prolonged
habitat scarcity or excessive variability, which may stress the aquatic com-
munities.

Overall, MesoHABSIM offers a flexible, and ecologically and morphologi-
cally grounded framework for river habitat modeling. Its ability to integrate
tield data, geomorphological structure, and species- or community-specific
preferences across spatial and temporal scales makes it a valuable tool for
ecological river management. In this thesis, the MesoHABSIM framework
is used for the first time as a conceptual basis to adapt mesohabitat-scale
modeling to macroinvertebrate communities, focusing on their responses to
flow variability and morphological complexity in diverse river morpholo-

gies, thus introducing an innovative approach to riverine ecological analysis.

Macroinvertebrate community

Macroinvertebrates are present in almost every stream and river around the
world, and just the extreme and harsh environment (e.g., temporary reaches

with very reduced flowing phases) might limit their occurrence (Hauer and
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Resh, 2017). Aquatic macroinvertebrates are a highly diverse group of or-
ganisms that include insects, crustaceans, mollusks, and worms, typically
larger than 1 mm. They play a crucial ecological role in freshwater ecosys-
tems by mediating processes such as organic matter decomposition, nutrient
recycling, and sediment bioturbation (Wallace and Webster, Adéamek
and Mar3alek, 2013). Based on their role in the ecosystem processes, they are
organized in functional groups (i.e., grazers, shredders, gatherers, filterers
and predators, Wallace and Webster (1996)). Macroinvertebrates serve as a
key link being consumers at intermediate trophic level, though influenced by
bottom-up and top-down processes. They constitute source of food for many
groups at higher trophic levels, such as fish and amphibians. They have been
historically used as bioindicators for river ecological status assessment based
on the EU Water Framework Directive (WFD, 2000/60/EC).

FIGURE 9: Aquatic macroinvertebrates
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Macroinvertebrate communities are strongly influenced by hydromorpho-
logical conditions, such as flow regime, substrate composition, water depth,
and channel morphology. These factors shape the availability and stability
of micro- and mesohabitats and influence key ecological processes such as
drift, colonization, and reproduction. For example, coarse substrates and
moderate flow velocities often favor taxa with clinging or crawling abilities,
such as Ephemeroptera and Trichoptera, while fine sediments and stagnant
waters may support gatherers and filter feeders. Consequently, hydrological
or morphological alterations, whether natural or anthropogenic, can rapidly
modify the community composition and lead to biodiversity loss or func-
tional degradation (Poff and Zimmerman, 2010; Bonada et al., 2006).
Despite their ecological relevance, macroinvertebrates remain underrepre-
sented in habitat suitability models (HSMs), which have traditionally fo-
cused on fish as primary ecological target. However, community-level mod-
eling based on biological indices or multivariate metrics has the potential to
provide a more integrated perspective on habitat quality, especially in sys-
tems where fish are absent, intermittent, or poorly studied. Many different
biological indices are currently in use to assess the ecological status of rivers
based on macroinvertebrate communities (e.g., IBMWP, Alba Tercedor et al.,
2002, STAR_ICMi, Buffagni and Erba,|[2007). Few of them are able to describe
the ecological response to hydromorphological changes. In response to this
gap, the functional index Flow-T was developed by Laini et al. (2022b), de-
rived from macroinvertebrate functional traits, specifically their flow velocity
preferences, to evaluate hydrological variability in rivers. Unlike traditional
taxonomic indices, which are often constrained to local or regional contexts,
Flow-T is based on a large trait database covering nearly 500 taxa across Eu-
rope (Laini et al., 2022a), making it broadly transferable across biogeographic
regions. It can be calculated from both presence-absence and abundance
data, and at varying taxonomic resolutions. Flow-T has shown strong cor-
relations with the widely applied LIFE index but performs better effectively
distinguishing riverine mesohabitats (e.g., riffles, pools, and glides). Its trait-
based approach allows for greater ecological generality, international com-
parability, and flexibility, making it a valuable tool for river monitoring and
management in contexts of hydrological alteration. Given the current chal-
lenges of climate change, water abstraction, and habitat fragmentation, there
is a growing need for tools that can support ecologically sound flow manage-
ment and river restoration strategies. Macroinvertebrate-based habitat mod-

eling offers a promising pathway to achieve this, especially in non-perennial
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rivers or low flow systems where traditional fish based approaches are in-
sufficient. Advancing methodologies that integrate diverse communities can
play a crucial role in guiding conservation efforts and sustaining freshwater

biodiversity under future environmental scenarios.
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Chapter 1

Macroinvertebrate spatial

distribution in rivers

1.1 Introduction

Developing tools for predicting the spatial distribution of organisms, based
on their habitat requirement, is of primary importance in ecology (Lancaster,
Downes, and Glaister, 2009), to both conceive the best conservation strate-
gies and to support stream ecological management (Dolédec et al., [2007).
Physical habitat models aim to predict the suitability of a habitat for a tar-
get species or community by quantifying the relationship between stream
biota and physical habitat (Conallin, Boegh, and Jensen, 2010). Flow velocity,
water depth, substrate size and composition are among the most commonly
used physical parameters (Jowett, Hayes, and Duncan, 2008), but other pa-
rameters can also be included (e.g. water temperature and nearbed shear
stress, Mérigoux and Dolédec, 2004; Grand et al., 2006). Physical habitat
models have been largely employed to predict changes in aquatic commu-
nities (fish and macroinvertebrates) resulting from changes in habitat avail-
ability (Doledec et al., 2007) and, therefore, to assess environmental flow re-
quirements (Shearer et al., 2015). The construction of these models requires
an in-depth understanding of the main hydrological and geomorphological
drivers that affect local communities. However, determining the investiga-
tion spatial scale, which represents the best trade-off between model accu-
racy (i.e. the model’s ability to correctly predict) and model transferability
(i.e. the model’s validity under different environmental conditions) is crucial
(Paton and Matthiopoulos, 2016; Lamouroux et al., 2013; Radinger, Wolter,
and Kail, 2015) because it can affect sampling efforts in terms of time and
resources. Hydraulic microhabitat patterns can be highly variable in space

and time, which creates a dynamic mosaic of different habitat patches. This
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is particularly true in braided rivers, where the high hydrological variabil-
ity and sediment transport promote high spatio-temporal heterogeneity in
hydraulic and geomorphological features (Gray and Harding, 2009} Singh et
al., 2017). In these systems, different geomorphic units (sensu Gurnell et al.,
2016; hereafter referred to as mesohabitats) occur in a single river reach, cov-
ering the whole range from lotic to lentic habitats (Gray and Harding, 2009).
Mesohabitats are defined as medium-scale habitats within a river reach (like
riffles, pools etc.) which arise through the interactions of erosion and depo-
sition. The mesohabitat scale size is generally 10'~10% m (Gurnell et al., 2016;
Belletti et al.,[2017), whereas our definition of the microhabitat scale coincide
with smaller spatial scales (i.e. river elements, 1-50 cm; Gurnell et al., 2016
Belletti et al., 2017). Given their peculiar characteristics, braided rivers can
represent a unique model system to investigate the relationships between
hydromorphology and macroinvertebrate communities. Indeed, their com-
plexity promotes the co-occurrence of organisms with very different niche
requirements (Robinson, Tockner, and Ward, 2002; Gray, Scarsbrook, and
Harding, 2006; Burgazzi et al., 2017). For example, mesohabitats with higher
tflow velocities, like riffles and glides, can host rheophilic taxa (e.g. some Ple-
coptera and Ephemeroptera), whereas isolated ponds or instream pools are
colonized by lentic taxa (e.g. Heteroptera and Odonata). Spatial position (i.e.
coordinates or derived spatial variables, accounting for spatial patterns) can
also affect macroinvertebrate community composition by acting as a proxy
for dispersal dynamics and biotic processes (Burgazzi et al., 2020). For ex-
ample, the closer the communities are located, the more similar they are, due
to higher dispersion rates (via mass effect mechanisms; Heino et al., 2015),
with a gradual distance-decay of community similarity (Soininen, McDon-
ald, and Hillebrand, 2007). Spatial variables can also summarize the effect of
biotic interactions like competition and predation, which can strongly influ-
ence community dynamics (Lamouroux, Doledec, and Gayraud, 2004; Holo-
muzki, Feminella, and Power, 2010} Patrick and Swan, 2011 Morales-Castilla
et al., 2015). The general goal of our work was to evaluate the mesoscale for
habitat modelling of aquatic invertebrates. More specifically, our aims were
to: 1) quantify the role of hydraulic microhabitats, mesohabitats and spa-
tial variables in shaping macroinvertebrate communities, 2) identify indica-
tor taxa for each mesohabitat. We predicted a relevant role of mesohabitats in
shaping the distribution of aquatic macroinvertebrates in braided rivers. De-
spite the strongly supported role of hydraulic variables on the microhabitat

scale, some authors have pointed out that species can be present in places not
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predicted by their own auto-ecological requirements (e.g. Jowett, 2003). For
example, in the near-shore area of riffles and glides, where lentic conditions
are often present, it is possible to find rheophilic taxa under environmental
conditions different from their expected requirements (Burgazzi, Guareschi,
and Laini, 2018; He et al., 2020). From this perspective, mesohabitats may
reflect larger ecological patterns and, thus, improve the reliability of predic-
tions (Parasiewicz and Walker, 2007, Vezza et al., 2012). We also predicted
a relevant role of spatial processes (e.g. dispersal) in shaping macroinverte-
brate communities, as mesohabitat distance and isolation can enhance com-

munity dissimilarity (Karaus, Alder, and Tockner, 2005} Karaus et al.,2013)).

1.2 Materials and methods

1.2.1 Study area

This study was performed in the Trebbia River, a right-side tributary of the Po
River in Northern Italy (Figure[I.I). The climate of the Po plain is classified as
temperate, with mean annual precipitation of around 800mm and a mean an-
nual temperature of 13°C (Peel, Finlayson, and McMahon, 2007). The Trebbia
River flows from the Northern Apennine to the Po River over a total length
of 118 km. Its mean annual discharge is 21.2m3/s (www.arpae.it), with
high flow periods in spring and autumn, and low flows (often drying out
completely in the downstream section) in summer. Downstream the Apen-
nines, the Trebbia riverbed widens, becoming a multi-thread river system
that creates a mosaic of different mesohabitats in main and secondary chan-
nels. The study site (Canneto Sotto, 44°58'13.8"N 9°35’34.0"E, 102 m a.s.l.)
is located within a lowland braided river reach. The study was conducted
over an area covering approximately 0.75 km2 (500m wide, 1500m long; Fig-
ure in June 2019. Sampling activity lasted one week (from 5 to 12 June),
with narrow variability of discharge, water level and connectivity during the

sampling period.
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FIGURE 1.1: Orthophoto of the study area and its location in the Treb-
bia Basin (N Italy). Sampling points are represented by full dots, with
color classification based on mesohabitats.

1.2.2 Field and laboratory protocol

The river reach was divided into several geomorphic units (i.e. mesohab-
itats) and they belonged to these categories: riffles, glides, backwaters, iso-
lated ponds. These mesohabitats are characterized by a gradient of hydraulic
conditions (from lotic to lentic) and connectivity. Sampling points (154 in to-
tal) were distributed into the different mesohabitats proportionally to their
occurrence in the river reach (49 in riffles, 60 in glides, 13 in backwaters, 32 in
isolated ponds; Figure[I.T). The column and bottom flow velocity (i.e. water
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velocity at a 60% of depth and 2.5 cm measured from the bed upward respec-
tively; measured with OTT MF pro electromagnetic current meter), water
depth, dominant substrate (according to the categories in Buffagni and Erba,
2007) and spatial coordinates were recorded at each sampling point prior to
sampling. Macroinvertebrates were collected at each point with a Surber net
(0.05m2 frame area, 500 Im mesh size) and preserved in 90% ethanol for lab-
oratory sorting. Organisms were counted and identified to the family level
(except for Hydracarina) according to Campaioli et al.,[1994 and Tachet et al.,
2010. This taxonomic level is used for ecological status quantification sensu
WED in Italy and other European Countries (e.g. Laini et al.,2019). This level
also prevents major taxonomic inconsistencies, while maintaining a good re-
lationship with environmental variables in ecohydrological and ecological
studies (Heino and Soininen, 2007; Bruno et al., 2014).

1.2.3 Data analysis

Differences in the hydraulic microhabitat variables among mesohabitats were
tested for significance by Generalised Additive Models (GAMs, Hastie (2017))
to correct for spatial autocorrelation. The mesohabitat (riffle, glide, backwater,
isolated pond) was entered into each model as the non-smooth term, while
the smoothing function was applied to spatial coordinates. The effect of
mesohabitats on the macroinvertebrate community structure was visually
evaluated by non-Metric Multidimensional Scaling (nMDS) and tested with
a permutational multivariate analysis of variance (PERMANOVA, Ander-
son, 2001). Bray-Curtis distance was used as the dissimilarity measure in
nMDS, and stress was computed to evaluate the goodness of fit. The PER-
MANOVA was run with 9,999 permutations and using Bray-Curtis distance
on previously Hellinger-transformed data. An Indicator Value analysis (Ind-
Val, Dufréne and Legendre, 1997) was run to detect the taxa that were signif-
icantly associated with particular mesohabitats. Variance partitioning on the
Hellinger-transformed data was used to assess the single and joint effect of
the explanatory variables by the decomposition of R-squared, as described in
Peres-Neto et al., 2006, Three sets of explanatory variables were employed,
namely hydraulic variables on the microhabitat scale (i.e. column and bot-
tom flow velocity, water depth, substrate size), mesohabitat category (a cat-
egorical variable with riffle, glide, backwater and isolated pond as levels)
and spatial variables (derived from the spatial coordinates of each sampling

point). Spatial coordinates were not used directly in variance partitioning,
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but modelled with Principal Coordinates of Neighbour Matrices ( PCNM,
Borcard and Legendre, 2002; Dray, Legendre, and Peres-Neto, 2006). The
procedure proposed by Borcard, Gillet, and Legendre, 2011 was followed
to construct these spatial variables. Briefly, the PCNM method produces
a new set of spatial variables (i.e. PCNM variables) that are the positive
eigenvectors obtained by a Principal Coordinates Analysis on a truncated
Euclidean-distance matrix (computed from the coordinates). PCNM vari-
ables map neighbourhood relationships on different scales onto orthogonal
and linearly uncorrelated components, and allow spatial patterns to be de-
tected among sampling points (Borcard et al., 2004; Alahuhta et al., 2013).
A forward stepwise selection procedure was followed separately for the two
sets of PCNM and microhabitat variables. The variables provided by the
forward selection were used in variance partitioning. The effect of micro-
habitats, mesohabitats and spatial coordinates was also tested for the log-
transformed abundance of the ten dominant taxa (i.e. the ten taxa with high-
est abundance) using GAMs. Substrate and mesohabitat were used as the
parametric terms, whereas the smoothing function was applied to the con-
tinuous microhabitat variables (column and bottom flow velocity and water
depth) and to coordinates. The restricted maximum likelihood method was
used to estimate the smoothing parameter. Variables selection was done ac-
cording to the double penalty approach (Marra and Wood, 2011). All the
analyses were performed with the packages vegan (Oksanen et al., 2019),
packfor (Dray, Legendre, and Blanchet, 2016), mgcv (Wood, 2019), indic-
species (De Caceres, Jansen, and Dell, 2020), ggplot2 (Wickham et al., 2019)
and biomonitoR (https://github.com/alexology/biomonitoR) of the R
statistical software (R Core Team 2019).

1.2.4 Results

Flow velocity (both column and bottom) and water depth varied among
mesohabitats (Table [I.I)), with a significant decrease in both the column and

bottom flow velocities from riffles to isolated ponds.
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TABLE 1.1: Mean (+SD) values of the hydraulic variables and domi-
nant substrate for each mesohabitat.

Mesohabitat Column flow Bottom flow Water depth Dominant substrate

velocity (m/s) velocity (m/s) (m)
Riffle 0.71 = 047 0.43 +0.30 0.22 +0.16 Mesolithal
Glide 0.39 +0.35 0.20 +0.21 0.31 +0.22 Mesolithal
Backwater 0.01 £0.02 0.01 £ 0.02 0.22 + 0.09 Microlithal /Clay
Isolated pond ~ 0.03 £ 0.10 0.03 +£0.10 0.16 £ 0.11 Mesolithal

In particular, the column flow velocity ranged from a maximum of 1.9
m/s in riffles to a minimum of 0.0 m/s in backwaters and ponds. Both col-
umn and bottom flow velocity varied greatly even within mesohabitats, es-
pecially for riffles and glides. The maximum depth (0.84 m) was recorded
for glides, with significant differences among mesohabitats. Both flow veloc-
ity (column and bottom) and water depth exhibited high within-mesohabitat
variability, especially in riffles and glides (Figure S1). Mesolithal (diameter
6-20 cm) was the most frequent substrate for riffles (55% of the samples),
glides (58%) and ponds (44%), whereas microlithal (diameter 2-6 cm) and
clay diameter <6 mm) were dominant in backwaters (31% of the samples for
both). Organic substrates (i.e. CPOM, algae, macrophytes) were recorded
only in backwaters and ponds. In the studied river reach, 13,130 individuals
from 44 families were recorded. Macroinvertebrate communities were com-
posed mainly of Diptera and Ephemeroptera (representing 36% and 32% of
total abundance, respectively). Within these orders, the most representative
taxa were the non-biting midges Chironomidae and mayflies Baetidae and
Oligoneuriidae. The family richness of each sample varied slightly among
mesohabitats, with mean values of 9 (SD + 4) taxa in riffles, 10 (SD = 3) taxa in
glides, 12 (SD + 3) taxa in backwaters and 11 (SD + 3) taxa in isolated ponds.
On the contrary, macroinvertebrate density widely varied among mesohab-
itats, with mean values of 1,336 (SD + 1,342) ind./m?2 in riffles, 1,186 (SD +
901) ind./m?2 in glides, 2,557 (SD + 1,941) ind./m2 in backwaters and 2,898
(SD + 2,288) ind./m?2 in isolated ponds. Some taxa were found exclusively
in one mesohabitat. We found 5 exclusive taxa in the isolated ponds: Hy-
draenidae (Coleoptera), Lestidae (Odonata), Nepidae (Heteroptera), Physi-
dae (Gasteropoda) and Sialidae (Megaloptera), one exclusive taxon in both
backwaters (the Diptera Dolichopodidae) and glides (the Diptera Empidi-
dae), and none for riffles.
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FIGURE 1.2: Non-Metric Multidimensional Scaling (nMDS) ordina-

tion output for the community composition data. Ellipsoids corre-

spond to mesohabitats. The 3D stress value is reported as a measure
of goodness of ordination.

Mesohabitats were widely variable in community composition terms (Fig-

ure([1.2), with samples in the nMDS ordination grouped into two clusters cor-

responding to the lotic (riffles and glides) and lentic (backwaters and ponds)

mesohabitats. According to the PERMANOVA, macroinvertebrate commu-

nities significantly varied among mesohabitats (R? % 0.26, p<0.001).
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TABLE 1.2: Indicator families found with the Indicator Value analysis
for each mesohabitat. “Stat” represents the indicator value of each

family.
Mesohabitat  Class/Order Family Stat p-value
Riffle Ephemeroptera  Oligoneuriidae 0.792  0.001
Diptera Simuliidae 0.767  0.001
Trichoptera Hydropsychidae 0.643  0.002
Ephemeroptera  Baetidae 0.619  0.026
Ephemeroptera Heptageniidae 0.591  0.034
Coleoptera Scirtidae 0.407  0.013
Trichoptera Rhyacophilidae  0.401  0.021
Glide No indicator taxa found for glide
Backwater Ephemeroptera  Caenidae 0.708  0.002
Coleoptera Elmidae 0.684  0.001
Ephemeroptera  Potamanthidae 0.651  0.002
Trombidiformes NA 0.630  0.007
Diptera Ceratopogonidae 0.606  0.002
Ephemeroptera  Leptophlebiidae  0.505  0.003
Amphipoda Gammaridae 0.404 0.012
Isolated pond Haplotaxida Naididae 0.780  0.001
Diptera Chironomidae 0.695  0.004
Trichoptera Hydrophilidae 0.679  0.001
Coleoptera Dytiscidae 0.678  0.001
Coleoptera Hydraenidae 0.468  0.001
Coleoptera Haliplidae 0.449  0.008
Odonata Lestidae 0.433  0.003
Gastropoda Physidae 0.433  0.004
Diptera Culicidae 0.431 0.012
Coleoptera Dryopidae 0428  0.011
Diptera Tipulidae 0.412  0.028

The Indicator Value analysis identified seven indicator families for riffles,

seven for backwaters and 11 for isolated ponds, but no families were indica-
tive for glides (1.2).
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Microhabita lesohabitat

esiduals = 0.66

FIGURE 1.3: The variance partitioning results (represented by a

Venn diagram) for community composition among the components

of mesohabitats, microhabitat variables (column and bottom flow ve-

locity, water depth, substrate size) and significant PCNM variables

(labelled as space in the diagram and computed from spatial coordi-

nates). Numbers represent the proportion of variance explained by
each component. Residual values are also displayed.

Variance partitioning (Figure showed that the effect of the three sets
of explanatory variables on macroinvertebrates was similar, with the micro-
habitat, mesohabitat and spatial variables respectively explaining 21%, 21%
and 20% of community variability (considering pure and shared fractions
together). However, relative contributions widely varied when considering
only pure fractions, with 5% explained by microhabitats, 3% by mesohabi-
tats and 7% by spatial variables. A large fraction of variance (66%) remained
unexplained. For the dominant taxa, mesohabitat was the most important
determinant of taxa variability because it significantly affected nine of the
ten tested taxa. The effect of the microhabitat variables varied among taxa,
often with non-linear relationships showing optima at intermediate values.
The column flow velocity significantly affected eight of the ten dominant
taxa, with either non-linear (e.g. Baetidae, Hydropsychidae; optimum of
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approximately 0.4-0.5 m/s) or negative (e.g. Chironomidae, Naididae) re-
lationships. The bottom flow velocity was influential only for the Hepta-
geniidae and Oligoneuriidae family (non-linear and positive relationships,
respectively). Depth and substrate significantly affected nearly half of the ten
dominant families (respectively Chironomidae, Baetidae, Naididae, Hepta-
geniidae, Simuliidae, Caenidae, and Chironomidae, Naididae, Hydracnidia,
Caenidae, Leuctridae). The spatial coordinates also had a strong impact on
explaining dominant taxa’s variability, with a significant effect on most tested

taxa.

1.3 Discussion and conclusions

The distribution of aquatic macroinvertebrates in a single river reach is shaped
by factors acting on different spatial scales (Garcia-Roger et al., 2013; Man-
frin et al., 2016; Krajenbrink et al., 2019). In this study, we examined the
relative effect of hydraulic microhabitats, mesohabitats and spatial position

on macroinvertebrate communities in a braided river.

1.3.1 Effect of mesohabitats on macroinvertebrate commu-
nity composition

Community composition was influenced by mesohabitat hydromorpholog-
ical characteristics, with macroinvertebrates showing a compositional shift
from lotic to lentic conditions. Such findings support the presence of a habitat
filtering effect on the mesoscale level. Our outcomes are consistent with pre-
vious findings (Pastuchova, Lehotsky, and Greskova, 2008; Gray and Hard-
ing, 2009; Karaus et al., 2013; Starr, Benstead, and Sponseller, 2014) that de-
scribe a differentiation in macroinvertebrate communities among mesohabi-
tats. In most previous works however, the examined mesohabitats were not
classified as in the present study (see Belletti et al., 2017| for details). For ex-
ample, Karaus et al., 2013/ studied the EPT (Ephemeroptera, Plecoptera and
Trichoptera) fauna of tributaries, backwaters and ponds, whereas Gray and
Harding, 2009 evaluated the variability of macroinvertebrate communities in
main channels, side braids, spring creeks, spring sources and ponds. How-

ever, disregarding the classification system used, mesohabitats were good
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predictors of macroinvertebrate communities. Variance partitioning also high-
lighted mesohabitats as being influential for community composition. How-
ever, the variance explained by mesohabitats sharply dropped when consid-
ering only the pure fraction. This could be due to the high correlation be-
tween microhabitats and mesohabitats. Mesohabitats are highly defined by
flow velocity and water depth values. This supports the notion of a high level
of variance explained by shared fractions. The large number of rare taxa in
the dataset could also affect mesohabitats” explanatory power. Indeed, rare
taxa were found to correlate less to environmental variables than common
taxa (e.g. éizling et al., 2009; Alahuhta et al., 2014). When we examined the
dominant taxa, our results highlighted that mesohabitats could be better de-
scriptors of density variability than microhabitat variables for certain taxa
(e.g. Leuctridae, Hydropsychidae, Oligoneuriidae). Moreover, some taxa
were indicative, or even exclusive, of particular mesohabitats. For example,
the family Oligoneuriidae (Ephemeroptera) was associated with riffle habi-
tats, whereas Potamanthidae (Ephemeroptera) was found almost exclusively
in backwaters. Interestingly, no indicator taxa were found for glides, which
could be due to their intermediate features, as they can host both rheophilic
and lentic taxa (Leung, Rosenfeld, and Bernhardt, 2009). Considering exclu-
sive taxa, isolated ponds were the most peculiar habitats. Here, we recorded
tive exclusive families, generally found in lentic waters. Backwaters can also
be considered lentic environments, as supported by the presence of pool-
like taxa (Bonada, Rieradevall, and Prat, 2007). However, their dissimilarity
from lotic environments may be reduced by their greater connectivity, which
allows exchanges of aquatic stages of organisms. These relationships are par-
ticularly important in the habitat suitability modelling context, especially in
braided rivers. Indeed, the taxa associated with specific mesohabitats can
be extremely sensitive to changes in river discharge (as discharge affects the
proportion of each type of mesohabitats), whereas the distribution of micro-
habitats may be less affected. For example, a low flow period may increase
the relative spatial extension of backwaters and ponds through a lentifica-
tion process (Falasco et al., 2018), limiting the occurrence of rheophilic taxa,
that are replaced by lentic ones (Datry et al., 2014). Conversely, flood events
may lead to a higher proportion of riffles and lotic habitats, with changes
in relative abundance in macroinvertebrates (e.g. decreased abundance of
Gammaridae and Turbellaria and increase for Baetidae, Chironomidae and

Simuliidae; Robinson, Uehlinger, and Monaghan, 2003).
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1.3.2 Effect of microhabitat variables on macroinvertebrate

community composition

Based on our results, microhabitats were also relevant for determining macroin-
vertebrate community composition, especially when the entire community
is taken into account. Even within a mesohabitat, a certain degree of het-
erogeneity (as observed especially for riffles and glides) can trigger the co-
occurrence of organisms with different niche requirements. For example,
near-shore microhabitats in riffles can act as flow refuge by hosting both
rheophilic taxa and more lentic taxa that are absent from the centre of the
channel, representing a flow refugia (Lancaster, Downes, and Glaister, 2009).
Under such conditions, both mesohabitats and microhabitats would affect
macroinvertebrate communities with different taxa responding to variables
on distinct spatial scales (Boyero, 2003; Gray and Harding, [2011). At the same
time, microhabitats cannot fully predict the distribution of all dominant taxa.
For example, Hydropsychidae was affected only by column velocity, but not
by the other microhabitat variables, whereas Leuctridae responded to depth
and substrate but not to column or bottom flow velocity. Thus, the effect
of microhabitat variables may depend on the taxa considered. Column ve-
locity and water depth were the most influential microhabitat variables for
dominant taxa, as already found in previous studies (e.g. Mérigoux and
Doledec, 2004; Brooks et al., |2005). Our results show that these variables
affect macroinvertebrate distribution with non-linear relationships, with op-
tima at intermediate values for most taxa. Also substrate category (both
organic and inorganic) was an important driver of macroinvertebrates dis-
tribution, as also reported in previous findings (Cummins and Lautff, |1969;
Braccia and Voshell, 2006; Heino and Korsu, 2008; Barnes, Vaughan, and
Ormerod, 2013), with some taxa, like Chironomidae and Naididae, showing

preferences for organic or fine inorganic substrates.

1.3.3 Effect of spatial position on macroinvertebrate commu-
nity composition

Our results highlight that spatial position can also affect macroinvertebrate
communities. In rivers and streams, the spatial arrangement of habitat patches
can profoundly affect macroinvertebrate distribution (Mykrd, Heino, and
Muotka, 2007; Zilli and Marchese, 2011). Indeed, along highly connected
mesohabitats like those in the main channel, organisms can easily disperse,

especially through drift (Brown et al., 2011). In this case, the community that
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inhabits a certain mesohabitat can be affected by the community of meso-
habitats located immediately upstream, with a sink-source mass effect mech-
anism (Leibold et al., 2004). The importance of these mechanisms can be
enhanced with very abundant taxa (Tonkin and Death, 2013). This can be the
case of glides, for which intermediate environmental conditions allow the
co-occurrence of taxa with different niche requirements. This is supported
by the indicator taxa for these mesohabitats being absent. On the contrary,
spatial disconnection can also profoundly affect macroinvertebrate commu-
nities by reducing the exchange of organisms and selecting taxa with aerial
dispersal ability (Astorga et al., 2012; Karaus et al., 2013). In this context,
the use of connectivity measures that account for network topography and
patches arrangement can help to unravel patterns of macroinvertebrates dis-
tribution (Cafiedo-Argiielles et al., 2015).
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Chapter 2

MapStream 3.0: a QGIS plugin for

river habitat survey

2.1 Introduction

Rivers are very complex systems, where hydrological and morphological dy-
namics are deeply interconnected with ecological processes at different tem-
poral and spatial scales. Understanding and describing hydromorphology
of river systems is crucial both for the requirements of classification and
monitoring of water bodies (European Water Framework Directive 2000/60,
WEFD), and for assessing such complex interactions between physical and bi-
ological conditions. Gurnell et al., 2016/ developed a hierarchical framework
to understand hydromorphology and its interaction with river behaviour at
different spatial scales, from reach to catchment. Embedded with the hier-
archical approach, Belletti et al., 2017| defined a system for the survey and
classification of geomorphic units (GUS, Geomorphic Units survey and clas-
sification System), widely used for characterizing physical habitats and mor-
phology (Akstinas et al., 2024; Negro et al., 2021; Pinna et al., 2024; Vezza
et al., 2014; Virbickas et al., 2020). Geomorphic units are formed by physi-
cal processes like water flow and sediment transport, influenced by drivers
acting at the reach or broader scales (Belletti et al., |2017). They character-
ize the morphology of a river, being considered the primary element of the
morphological mosaic of a river reach (Fryirs and Brierley, 2013). Further-
more, being the geomorphic unit one the most appropriate spatial scale to
assess the links between morphological and biological processes, the GUS
system was revealed to be crucial also for supporting river habitat evalua-
tion. Among others, the mesoscale habitat modeling approach (MesoHAB-
SIM, MesoHABitat SIMulation Model (Parasiewicz, 2007; Parasiewicz et al.,
2013a), is based on the spatial scale of the geomorphic unit (GU or hydro-
morphological unit, HMU) to evaluate mesohabitat availability for fish and
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macroinvertebrate communities (Negro et al., [2021; Pinna et al., 2024). The
application of the MesoHABSIM methodology can be coupled with the GUS
system to design the mosaic of geomorphic features as hydromorphologi-
cal information of the analized river reach. Given the weakness of existing
tools that facilitate the collection of field data according to the GUS, the de-
velopment of an open-source tool was needed, to enable efficient field data
collection.

This chapter aims to present the recently developed MapStream plugin for
QGIS, to perform mesohabitat mapping and description, and enable a stan-
dardized collection and organization of data for users. The graphical user
interface (GUI) of the plugin was developed using Qt Designer, a widely-
used tool for designing and building user interfaces in the Qt framework
Cubillas et al., [2024; Custodio et al., [2019; Duarte, Silva, and Teodoro, 2018,
Qt Designer allows for a streamlined and efficient layout of widgets and in-
terface components, translated into the corresponding XML-based .ui and
python-based .py files and integrated into the plugin to ensure the interac-
tion between the GUI and the underlying plugin logic.

The motivation behind the development of a plugin is to ensure that users
can work in a GIS environment while monitoring and visualizing the progress
of data acquisition on a georeferenced map. Furthermore, the outputs are
correctly formatted as shapefiles or text files, ready to be employed as inputs
for further applications (i.e., SimStream-Web service, https://mesohabsim. i

sprambiente.it/).

2.2 MapStream development

2.2.1 Field procedure and statement of need

The MapStream plugin was developed to assist in field data collection ac-
cording to the integration of the mesoscale habitat model MesoHABSIM with
the GUS framework (Belletti et al., 2017; Rinaldi et al., 2016c). The habitat sur-
vey performed with the MapStream plugin is a mobile mapping procedure,
requiring low cost and easy-to-use instruments (Vezza et al., 2014): a laser
rangefinder connected via Bluetooth to a field rugged tablet with a compat-
ible installed version of QGIS. For the MesoHABSIM model application, the
habitat descriptors to be collected for each GU are i) the GU type, ii) the GU

area, iii) water depth and iv) flow velocity spatial distribution, v) substrate
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composition, vi) presence of cover and shelters, vii) GU longitudinal connec-
tivity, viii) water surface gradient. After selecting a representative homoge-
neous hydro-morphological reach (see Belletti et al., 2017), The GPS position-
ing of the field tablet or a GPS receiver is used to capture the starting point
of the survey. The field data collection involves walking downstream to map
HMU polygons, together with cover presence and HMU longitudinal con-
nectivity (Figure 2.1Ip), and to return upstream collecting water depth, flow
velocity and substrate composition within each mapped GU (Figure 2.1f)
(Vezza et al., 2014). In wadeable streams, 7 to 30 mean water column veloc-
ity values are typically collected for each HMU using a standard flowmeter.
Depth measurements and substrate estimates are conducted to capture the
variability of instream flow conditions and to characterize the GU area. Dur-
ing the GU mobile mapping, the MapStream plugin automatically associates
to each georeferenced polygon the GU area, and the maximum and mini-
mum elevation of the polygon vertices, enabling calculation of the GU water
surface gradient (see e.g., Vezza et al., 2014 for details).
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FIGURE 2.1: a) Laser rangefinder and MapStream installed on a field
rugged tablet, b) operator mapping a GU using a laser rangefinder,
and c) operator collecting punctual measurements within a GU.

2.2.2 Technical implementation and GUI interface

The MapStream plugin interface is organized into distinct sections for project
creation, data acquisition and data visualization. The main interface is di-
vided into three primary tabs: Home, Create New Work, and Data collec-
tion (Figure 2.2). Additional sections such as Logs and Acknowledgments
are available. At the bottom of the Mapstream window it is always visible
a combo box to initialize a serial port for connecting the laser rangefinder
via Bluetooth or monitor the Bluetooth connection status (Connected, Uncon-
nected or Not yet initialized).
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* Home tab:
The Home tab (Figure[2.2a) serves as the entry point to the plugin, dis-
playing the installed plugin’s version. The Open button allows users
to load an existing project, opening the corresponding files to visualize

previous field data collection.

¢ Create New Work tab:
In the Create New Work tab (Figure 2.2b), users can generate a new
project by entering essential metadata for the survey. Three inputs are

required:

— River: A text box to enter the name of the surveyed river.
— Date: A date selector to record the survey date.

— Select R.S.: A button to set the reference system (R.S.) for georef-

erencing spatial data.

* Data collection tab:
The Data collection tab (Figure ) is dedicated to the data collection
and mapping. Users can specify the type of features they are recording
by selecting the corresponding checkbox labeled STATION, VERTEX,
or MEAS. (measurement). Different functions are provided for acquir-

ing the spatial data:

- PinPoint Drawing: provided for manually inserting points on the

map, such as the first station reference point or measurement points.

— Delete last point: users are able to delete the last inserted record
of the flagged point shapefile (i.e. STATION, VERTEX or MEAS.).

— Change station: users can change the reference point for data ac-
quisition with the laser rangefinder to continuously map the river

reach.

— Go to last station: the last entered station point is converted to the

reference station point for data acquisition with the laser rangefinder.

— Close current GU: once the vertex data collection is finished, users
can click on Close current GU to add a new polygon feature to the
GU shapefile. A dialog box is automatically opened (Figure ?2d),
showing the progressive GU number, the total difference in height
of the water surface, the area, and the perimeter of the GU. The
user can select the GU type from a drop-down list, and record the
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presence of covers (or shelters) for the fauna by selecting the cor-

responding checkboxes.

- MEAS Conditional Symbology: users can select one physical habi-
tat variable, among depth, velocity, and substrate, to define the color
symbology of MEAS. points according to the classification of the

chosen variable.

The interface facilitates the systematic collection of spatial and physical habi-
tat data, ensuring ease of access to the mapping tools during field surveys,
and obtaining organized output shapefiles.

a) B4 MapStream QGIS Plugin X b) B Mapstream QGIS Plugin
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FIGURE 2.2: Plugin interface windows: a) Homepage, b) Create new
work, c¢) Data collection, d) Closing GU polygons, and e) measure-
ments points acquisition
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2.2.3 Operating steps and outputs

Users begin by creating a new project, entering essential data such as the
river’s name, survey date, reference system, and the destination folder for
tile storage. Alternatively, an existing project can be opened by loading the
configuration file saved in the project folder, allowing users to continue with
previously initiated work.

Setting Up the Project:

¢ Shapefile Setup: When started, the Mapstream plugin generates four
shapefiles which are loaded into the table of contents: STATION, VER-
TEX, MEAS., and GU.

¢ Bluetooth Connection: A Bluetooth connection can be established with

a laser rangefinder, selecting the appropriate serial port.
Station setting and GU data collection:

* Positioning the first station point: The first STATION point is set us-
ing the plugin’s pinpoint drawing tool on a georeferenced background
image, establishing a reference location for every measurement.

* Vertex points acquisition: The georeferenced vertices defining the perime-
ter of the HMU are acquired using the laser rangefinder. A georefer-

enced polygon can be created with at least three georeferenced vertices.

¢ Closing the GU polygon: Once the necessary georeferenced points are
acquired, the GU polygon can be closed, and additional physical habi-
tat descriptors of the habitat are collected (i.e.: GU type, presence of
cover and shelters for the fauna, GU longitudinal connectivity, (Figure

22d).

* Measurement points: the shapefile MEAS. include all points for water
depth, flow velocity and substrate type collected within each GU. The
measurement points can be added to the mobile map either through
pinpoint drawing or laser rangefinder acquisition (Figure2.2e).

Progression and Output:

e Station progression: Users can set a new STATION points to proceed
further along the river reach, allowing for sequential mesohabitat map-

ping along the river (Figure[2.3).
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¢ Output generation: The final output includes polygon and point shape-
tiles (Figure that contain the georeferenced mosaic of habitats, and
the corresponding physical descriptors. These files are stored in a des-

tination folder selected by the user.
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FIGURE 2.3: Shapefiles generated by MapStream: a) GU map (poly-
gon shapefile), and b) measurement points (point shapefile and text
file).

2.24 Application of the Mapstream outputs

The outputs generated by the MapStream plugin can seamlessly serve as
inputs for the SimStream-Web platform, enabling MesoHABSIM model ap-
plications. SimStream-Web (https://mesohabsim.isprambiente.it/) is
provided by the Italian Institute of Environmental Protection and Research
(ISPRA), is internationally employed to evaluate river habitats for fish (Ne-
gro et al., Virbickas et al., and macroinvertebrates communities
(Pinna et al., and to obtain the Habitat Integrity Index (IH, Bussettini
and Vezza, The platform requires as input hydro-morphological in-
formation at the mesoscale about the analyzed river reach, such as i) geo-
referenced shapefile of the hydro-morphological unit maps (.dbf, .prj, .shp,
shx formats) and ii) text file of the measurement points (.txt format). The
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MapStream plugin provides such data correctly formatted to be uploaded
in the SimStream-Web platform (Figure 2.4). The output of the Mapstream
plugin are introduced in SimStream-Web after a new project creation (Figure
2.4p). SimStream-Web Users are then asked to insert hydro-morphological
unit map and point measurements files (Figure 2.4b). SimStream-Web gener-
ates georeferenced habitat maps in shapefile format (Figure c), among
other results (i.e., habitat-flow rating curves, the habitat time series, and
Habitat Integrity Index (IH) calculation).
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- Diate 4 Discharge [m"/s]
D 07/06/2024 1 2.800
Hydro-morphological unit map Point measurements
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TaroHMLU shp, TaroHMU she, TaraHMU. dbf, TaraHMU pr Browse TaroMEAS txt Browse

Taro_Habitat_Suitability
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[ Suitabie

M Mot suitable

Google Satellite

FIGURE 2.4: a) Hydromorphological data upload in SimStream-Web

service: GU map (polygon shapefile), and b) measurement points

(point text file) generated by the MapStream plugin. b) Example of
Habitat Suitability Map provided as output by SimStream-Web.
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Chapter 3

Physical habitat modeling for
macroinvertebrates using the

Flow-T index

3.1 Introduction

Rivers are increasingly subject to hydromorphological pressures and are among
the most endangered ecosystems in the world (Dudgeon et al., 2006; Rees et
al., [2021). Dams and barriers on rivers, pollution, and overwhelming water
consumption are among the most threatening factors. European rivers are
highly fragmented by artificial structures (Belletti et al., 2020) resulting in al-
tered flow regimes, that may be further impacted by climate changes and in-
creasing water demand (Schneider et al., 2013). Macroinvertebrates are fun-
damental for the functioning of river ecosystems because they play an essen-
tial role in the entire food chain, being secondary producers and consumers
at an intermediate trophic level. They are the main source of food for fish,
amphibians, and aquatic birds (Melcher, Hauer, and Zeiringer, 2018). Impor-
tant processes like nutrient cycles, decomposition, or primary production are
influenced by macroinvertebrates and their conservation must be kept into
account for effective river management (Carter, Resh, and Hannaford, 2017;
Lopez Lopez and Sedefio-Diaz, 2015; Wallace and Webster, [1996). Macroin-
vertebrate community structure is sensitive to flow regime alteration, and
it is affected by the occurrence of high and low flows (Doretto et al., 2019;
Wood, Agnew, and Petts, 2000). Macroinvertebrates can be easily found in
most aquatic systems, and their role as bioindicators of ecological status is
largely supported in Europe and all over the world (Bonada et al.,2006; Gre-
sens et al., 2009; Melcher, Hauer, and Zeiringer, 2018). River habitat model-
ing rarely considers macroinvertebrates as ecological targets for analyses (see
Introduction). Given the large number of taxa and the complexity of their
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spatial distribution, it becomes of crucial importance to develop approaches
able to capture the ecological functionality of the whole macroinvertebrate
community. Few studies discussed the appropriate spatial scale to explain
the linkage between the physical habitat’s conditions and the community as-
semblage. Chapter 1 of this Thesis highlights that the mesohabitat scale (i.e.,
the geomorphic unit scale) has the potential to describe the distribution of the
whole macroinvertebrate community and support the use of the mesohabitat
scale for macroinvertebrate habitat modeling. Indeed, the mesohabitat scale
allows building biological models with a wider variety of hydromorphologi-
cal variables, evaluating the community composition at a larger spatial scale
(see Chapter 1, Burgazzi et al., 2021; Parasiewicz et al., [2013a). However, all
the meso-scale habitat models available in literature (Mesohabitat Evaluation
Model - MEM, Hauer, Mandlburger, and Habersack, 2009; Hauer et al., 2011}
MesoCASiIMIR, Noack, Schneider, and Wieprecht, 2013; and MesoHABSIM,
Parasiewicz and Walker, 2007) are mostly focused on fish as ecological tar-
gets and just very few applications of the MesoHABSIM model are currently
available for macroinvertebrates (Parasiewicz et al., 2013a Vezza, Ghia, and
Fea, 2015). To characterize the macroinvertebrate response to flow regulation
several biological indices have been developed in the last decade, mostly
considering the linkages between community composition and flow velocity
(Rheoindex, Banning, 1990; LIFE index, Extence, Balbi, and Chadd, 1999; ELF
index, Theodoropoulos et al., 2020; MESH index, Timm et al.,2011). Indeed,
flow velocity strongly shapes macroinvertebrate community functions (Poff
and Zimmerman, [2010), such as respiration and feeding (Petts, 1984; Wright,
Furse, and Armitage, 1994). Interestingly, the recently proposed Flow-T in-
dex (Laini et al., 2022b) has been based on the ‘current velocity” ecological
trait (Tachet et al., 2010) and tested with an international dataset (from Italy,
UK, Cyprus), demonstrating good transferability performance (Laini et al.,
2022b). The Flow-T index was also revealed to be effective in describing the
community response to flow variation and the assemblage of taxa in differ-
ent types of mesohabitats (Laini et al., 2022b). The main aim of the present
study was to develop a mesohabitat model for the whole macroinvertebrate
community, focused on the trait based Flow-T index. A machine learning
approach was employed to calibrate and validate the model in three Ital-
ian Rivers (Trebbia, Taro, and Enza Rivers, Northern Italy), characterized by
braiding morphology, gravel riverbeds, and summer low flows. The main
research objectives were: i) to provide a novel approach to model the habitat

of the whole macroinvertebrate community;, ii) to extend the MesoHABSIM
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methodology to a different ecological target community, iii) to implement a
new module for the whole macroinvertebrate community in the SimStream-

Web service.

3.2 Material and methods

3.2.1 Study area

The present study was conducted in three rivers (Trebbia, Taro, and Enza
Rivers, Table located in Northern Italy. These rivers originate in the

Northern Apennines and are important right-bank tributaries of the Po River
(Figure 3.1).

TABLE 3.1: Mean Annual Discharge (MAD), reach length, river
width, catchment area of Trebbia, Taro, and Enza Rivers.

River = Municipality MAD Reachlength River width Catchment area

(m3/s) (m) (m) (km?)
Trebbia  Rivergaro 23.6 1200 500 1070
Taro S. Secondo 40.6 1000 450 2030
Enza Cedogno 9.74 600 300 890

For much of their lengths, they run through mountain zones, then they
widen at the foot of the Apennines to become multithread systems with ac-
tive channel widths ranging from 300 m to 500 m wide. This area of the
Po Plain is characterized by a temperate climate, with 800 mm mean an-
nual precipitation and 13°C mean annual temperature (Peel, Finlayson, and
McMahon, 2007). The considered river reaches are characterized by a braid-
ing morphology and gravel riverbeds. The longitudinal extension of the
reaches ranged between 600 m (Enza River) and 1200 m (Trebbia River). Two
different field campaigns were performed in the summer of 2019 and 2020,
during continuously flowing conditions. The model was trained in Trebbia
River (2019 campaign) and tested in Trebbia, Taro, and Enza Rivers (2020
campaign), during low flow periods, which correspond to the most critical
bioperiod for the aquatic biota (Dewson, James, and Death, 2007; Dunbar et
al.,,n.d.; Wood and Armitage, 2004). During the low flow period, the aquatic
habitat availability is reduced by the limited submerged area, which nega-
tively affects the functionality of the macroinvertebrate community due to

the reduced flow velocities and increased water temperatures.
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c) Trebbia River | d) Taro River e) Enza River
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m

FIGURE 3.1: a) Study sites location in Northern Italy within the Po

River Basin, b) aerial photo of the Enza River near Ciano d’Enza, and

high-resolution orthomosaic of the surveyed area of: c) Trebbia, d)
Taro, and e) Enza rivers.

3.2.2 Methodological steps

To resume the four methodological steps, a flowchart is provided (Figure3.2).
Step 1 was represented by the hydromorphological description of rivers, and
macroinvertebrate data collection. Step 2 was dedicated to the 2D hydro-
dynamic modeling and mesohabitat characterization of the analyzed rivers.
In Step 3, the functionality of the macroinvertebrate community was mod-
eled, and the Flow-T index calculated. In step 4, the developed model was
implemented in the SimStream-Web service, an online service used for the
MesoHABSIM model application.
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la. HYDROMORPHOLOGICAL 1b. MACROINVERTEBRATE
DESCRIPTION DATA
BATHYMETRY
P S B 2. HYDRODYNAMIC OBSERVED FLOW-T
MESOHABITAT MOSAIC MODELING &
MESOHABITAT

CHARACTERIZATION

WATER DEPTH,
FLOW VELOCITY AND
SUBSTRATE DISTRIBUTION

-
3. MACROINVERTEBRATE
COMMUNITY MODELING

MACROINVERTEBRATE
COMMUNITY MODEL

4. SIMSTREAM-WEB FOR
MACROINVERTEBRATES

FIGURE 3.2: Flowchart of the successive steps (1-4) of the en-

tire process made of: la) and 1b) hydromorphological description

and macroinvertebrate data collection, 2) hydrodynamic modeling

and mesohabitat characterization, 3) macroinvertebrate community

modeling, 4) implementation of the macroinvertebrate module in
SimStream-Web.

Hydromorphological description and macroinvertebrate data

The description of the system involved a multidisciplinary approach based
on two different techniques: (i) topographic and hydromorphological de-
scription of the river reaches and (ii) macroinvertebrate sampling and anal-
ysis. In this specific study, high resolution orthophotos supported the clas-
sification of mesohabitats and substrates remotely, in a synergic combina-
tion with the field surveys, as recommended by Rinaldi et al. (2016c). An
Uncrewed Aerial Vehicle (UAV, DJI Mavic 2 Pro) was employed for the pho-
togrammetric surveys of the areas of interest. A Structure-from-Motion (SfM)
solution was applied to obtain RGB orthomosaics (spatial ground resolution
<5 cm) and the corresponding Digital Terrain Models (DTM, spatial ground
resolution 10 cm) of the three river reaches. The survey period was selected
to produce the most accurate DTM during the lowest flow conditions and
to avoid bad weather issues (rain or clouds). The bathymetry and the flow
tield were investigated by means of a RiverSurveyor M9 (Sontek, San Diego,
CA, USA), made up of a HydroSurveyor Acoustic Doppler Current Profiler
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(ADCP). The acquisition system was completed with a double frequency an-
tenna GNSS (Global Navigation Satellite System), assembled on a floating
platform. The vessel was moved along the river by following a path from
side to side to better describe the channel morphology. Together with the
bathymetric data acquisition, a design of the mesohabitat mosaic was carried
out, according to Belletti et al. (2017). In the Trebbia River, we performed
a granulometric analysis on dry lateral bars and isles following the Pebble
count method (Wolman, 1954), in order to define the grain size distribution.
Within the identified mesohabitats, the substrate classification was carried
out following a stratified random technique according to what suggested for
the MesoHABSIM model application (Parasiewicz, 2007, Vezza, Zanin, and
Parasiewicz, 2017). Macroinvertebrates were collected, simultaneously to the
hydromorphological description, with a Surber net (0.05 m? frame area, 500
pm mesh size). The replicates were distributed in the river reach to capture
the spatial extension and relative proportions of the different geomorphic
units (pool, riffles, isolated ponds, etc.). In addition, within each mesohabi-
tat, the location and the number of replicates were defined to proportionally
represent the hydraulic units (i.e., spatially distinct patches of relatively ho-
mogeneous surface flow and substrate characteristics, Belletti et al. (2017)).
Following this procedure, in each mesohabitat, a different number of repli-
cates, ranging from 1 (very small mesohabitats) to 11 (large mesohabitats),
were collected, ensuring that the macroinvertebrate sampling was represen-
tative of the hierarchical structure of river geomorphic features (sensu, Bel-
letti et al., 2017). Organisms were identified at the stereomicroscope at the
lowest practical taxonomic level (usually family and genus) according to Ta-
chet et al. (2010). Flow preferences were retrieved from the affinity to the
current velocity traits of the macroinvertebrate assemblage, and the Flow-
T index was calculated, according to Laini et al. (2022b), for each replicate.
Lastly, for each mesohabitat, the average value among replicates was used to
estimate the Flow-T index at the mesohabitat scale.

Hydrodynamic modeling and mesohabitat characterization

Optical photogrammetry, combined with bathymetry acquisition, may have
sufficient precision in shallow clear waters to describe the riverbed elevation,
and it is also a valuable approach to address the issues related to shallow
zones bathymetric measurements (Dietrich, n.d.; Kasvi et al.,|[2019). Follow-
ing the approach reported in Kasvi et al., 2019, a bathymetric linear model
was calibrated for each river, by comparing the riverbed elevation, obtained
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from the structure-from-motion DTM, and the real riverbed elevation pro-
vided by the bathymetric data. The obtained linear models were then used
to reduce the error in water depth >0.2 m, since in very shallow water the
elevation error was negligible. The corrected DTMs were employed in the
HEC-RAS software (US Army Corps of Engineers, Hydrologic Engineering
Center, Davis, California - version 5.0.7) to develop 2D hydrodynamic mod-
els. Such models were developed for each reach considering an unsteady
state and fixed bottom conditions. A mesh size of 1 m was considered suit-
able for our applications and the Manning coefficient was locally calibrated
using discharge and sediment granulometry data collected during the sur-
veys. The upstream boundary condition was set as a constant flow hydro-
graph, while the downstream boundary condition was set as normal depth,
with a bed slope value corresponding to the considered section. For each
river reach, five different discharge scenarios were simulated: one corre-
sponding to the flow condition measured during the surveys, and 4 other
discharge conditions, with a probability of exceedance ranging from 30% to
90% (Q3p and Qqy, respectively), estimated using a daily flow record of 15
years (2003-2018). Water depth and flow velocity distribution at the meso-
habitat scale for the different discharge scenarios were extracted from the
resulting raster maps. In this way, each mesohabitat was characterized in
terms of flow velocity, water depth, substrate composition, and hydraulic
connectivity with the main channel. The distribution of the simulated vari-
ables was organized in classes of relative frequency, ranging with steps of
15 cm (depth) and 15 cm/s (velocity) as suggested by Vezza, Zanin, and
Parasiewicz (2017). The classification of the riverbed substrate composition
was based on what suggested by the MesoHABSIM methodology (Vezza,
Zanin, and Parasiewicz, 2017); the observed classes of substrate were: me-
galithal (>40 cm), macrolithal (20-40 cm), mesolithal (6-20 cm), microlithal
(2-6 cm), akal (gravel), psammal (sand), pelal (silt, clay). The longitudinal
connectivity of each mesohabitat to the main channel was set as a categorical
binary (No/Yes) variable.

Macroinvertebrate community modeling

Random Forest (RF, Breiman, 2001)) is considered a robust and efficient ma-
chine learning technique, largely used in ecological applications (Cutler et
al., 2007; Evans and Cushman, 2009; Franklin, 2010; Murphy, Evans, and
Storfer, 2010). RF can easily determine the variable importance ranking and
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capture the non-linear relationships between target variables and habitat de-
scriptors. In the current application, the RF technique was employed to build
a multivariable habitat model to assess the response of the macroinvertebrate
community to the mesohabitat descriptors. Therefore, the training dataset
was composed of the habitat descriptors, whereas the responsive variable
was represented by the Flow-T index computed for each mesohabitat. A re-
gression model was employed, to relate the continuous target variable to the
input training mesohabitat descriptors. The model was developed in R en-
vironment (R Development Core Team) using the package ‘randomForest’
version 4.6-14 (Liaw and Wiener, 2002). RF is based on a combination of a
large set of decision trees, trained by selecting random bootstrap samples of
the original dataset and a random set of predictive independent variables.
Each sample contains approximately two-thirds of the elements of the origi-
nal dataset. The elements not included in the training dataset are referred to
as out-of-bag data (OOB, i.e. the validation dataset) for each bootstrap sam-
ple. After growing the forest, the global accuracy in cross-validation (Rcy?)
and the error rates (Eppp) were computed using the OOB data. To ensure the
stabilization of the OOB error, the total number of trees in the forest was set
to 5000 replicates. The best parsimonious model was outlined by selecting
the most significant input variables. To assess the ranking of importance of
the habitat predictors within the model we employed the importance func-
tion of the randomForest package. Specifically, the importance is expressed
in terms of Mean Decrease in Accuracy (MDA, Liaw and Wiener, 2002), in-
dicating the accuracy that the model would lose by excluding each variable.
In this case, the variables characterized by positive MDA values were se-
lected. Additionally, a correlation matrix was built to avoid the usage of two
or more correlated variables and collinearity effects on the performance of the
model (Vezza et al., 2014). Lastly, the Partial Dependence Plots (PDPs) were
used to visualize the RF (Breiman, 2001) results, and interpret their ecological
meaning (Cutler et al., 2007). PDPs allowed to analyse the partial relation-
ships between the Flow-T index and the selected habitat predictors. Besides
the cross-validation (OOB procedure), the model was validated with a test
dataset collected on Trebbia, Taro, and Enza rivers (2020 field campaign).
To evaluate the prediction power of the model, the same package random-
Forest (Liaw and Wiener, 2002) was employed, by providing predictors and

responses as a test data frame.
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SimStream-web for macroinvertebrates

The RF model was integrated into the SimStream-Web platform, a web ser-
vice used in Italy and abroad to perform habitat assessment and the applica-
tion of the MesoHABSIM methodology, as described in Chapter 2.

It allows to obtain, for perennial and temporary rivers, i) the habitat avail-
ability for fish species (and life stages) of interest and (ii) the Habitat In-
tegrity Index (IH, Vezza, Zanin, and Parasiewicz, 2017). The Homepage of
SimStream-Web (Figure 3.6a) shows two possible sessions: “Calculate ses-
sion” and “Download session”. The former allows the user to insert the
hydromorphological information required to evaluate the river habitats for
tish and macroinvertebrates, whereas the latter allows downloading the re-
sults. During the data input, SimStream-Web also performs data validation,
aimed at verifying the hydromorphological data consistency, and at provid-
ing logs to the user. In the “Calculate session”, the user is asked to insert
the hydromorphological data of the surveys (Figure [3.6b) and to select the
community and the species models to be applied (Figure 3.6k). Navigating
to the “Download session” the user can download the outputs provided by
the SimStream-Web in a compressed folder. SimStream-Web accepts the hy-
dromorphological information, collected at the mesohabitat scale, as inputs
(e.g., shapefiles and text files, .dbf, .prj, .shp, shx, and.txt formats), and the
web service generates i) geo-referenced habitat maps, ii) habitat-flow rating
curves (the relationships between habitat availability and the flow rate), and
iii) habitat time series to calculate the IH Index. In this work, the SimStream-
Web service was modified and adapted by our research group to apply the
Flow-T index at the mesohabitat scale, taking as input the mesohabitat de-
scriptors of a river reach. The Flow-T index model will be available among
the selectable models, in the macroinvertebrate model list. The selection of
the Flow-T model in SimStream-Web provides the possibility to perform 2
different analyses and obtain 2 main outcomes: i) the Flow-T maps and ii)
the Flow-T rating curve (the relationship between the Flow-T index and the
flow rate). The first allows to visualize the Flow-T index associated with
the mesohabitats in a GIS map in shapefile format. The latter indicates how
the index varies with flow and how the wetted area increases, with an in-
crease of the flow rate. The input data required by the service are: i) the
date, ii) the daily discharge value expressed in m3/s during that date, iii) the
mosaic of mesohabitats inserted as a shapefile, iv) a tab-delimited text (.txt)
containing water depth, flow velocity and substrate values collected or sim-

ulated for each mesohabitat. To build the Flow-T rating curve, the weighted
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mean value of the Flow-T index, corresponding to each discharge condition

(FlowT pfean,) has been calculated as reported in the following equation:

N
Zi:1 Amesohabitat,i,Q X FIOWTmesohabitat,i,Q

3.1
AWET,max ( )

FIOWTMean,Q =

where, the FlowT pesohabitat,i,0 is the sum of the Flow-T values obtained
for each mesohabitat weighted on the ratio between the area of each meso-
habitat (Apesohabitat,i,0 » €Xpressed in m?) and the maximum submerged area
of the reach (AWET max , €Xpressed in m?), corresponding to the maximum

considered discharge condition.

3.3 Results

3.3.1 System description and field data

A total of 360 macroinvertebrate samples, 180 for the training dataset and
180 for the test dataset (60 for each of the 3 river) were collected. Overall, 317
mesohabitats divided into 5 categories (glide, riffle, pool, backwater, isolated
pond) were described following the MesoHABSIM approach. In addition, 4
high-resolution orthophotos and 4 DTMs were produced using the 2019 and
2020 field campaigns. Using the ADCP, it was possible to collect a total num-
ber of measurement points ranging from 1350 (Trebbia River, 2020 field cam-
paign) to 20,200 (Trebbia River, 2019 field campaign). The measured velocity
was generally higher in the mesohabitats riffle and glide, as expected. The
depth distribution varied among the different types of mesohabitat. Due to
the reduced discharge conditions, in the Enza and Trebbia rivers (2020 field
campaign) depth and velocity were generally lower than in Taro and Treb-
bia rivers (2019 field campaign). The substrate description obtained from the
orthophotos allowed to determine the predominant substrate type in more
than 9600 points overall in the 4 river reaches. The most frequently occurring
substrates were mesolithal (6-20 cm diameter, 55%) and microlithal (2—-6 cm
diameter, 26%). Concerning the macroinvertebrates, the largest number of
samples was collected in the mesohabitat riffle (117), followed by the meso-
habitat glide (111), isolated pond (64), pool (35), and backwater (33, Figure
B.3). A total amount of 49,760 organisms belonging to 67 different families
were identified. Diptera was the most abundant taxonomic group (27,630 in-
dividuals), followed by Ephemeroptera (11,598 individuals) and Oligochaeta
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(2847 individuals). The most abundant family was Chironomidae (22,299 in-
dividuals), followed by Baetidae (7174 individuals), Simuliidae (4374 indi-
viduals), and Naididae (2691 individuals, Figure [3.3).

a) Mesohabitats b) Families

Backwater
33

others
13222

Pool
35

Chironomidae
22299

Isolated pond
64 Naididae

2691

Simuliidae
4374

Glide Baetidas
111 7174

FIGURE 3.3: Pie charts illustrate a) the distribution of sampled meso-
habitats by type and b) the predominant families of macroinverte-
brates across the three rivers.

3.3.2 Hydrodynamic simulation and mesohabitat descriptors

The synergic combination of photogrammetry, bathymetry, and GPS field
data collection lead to obtaining quite accurate bathymetric models, thus
quite precise DTMs, and to defining and classifying the mesohabitats in the
different river reaches (R? coefficient ranging from 0.89 to 0.96 for the 4 linear
bathymetric models). Globally, the highest number of mesohabitats (96) was
found in the Trebbia River (2020 campaign), whereas the minimum num-
ber (51) was identified in the Enza River. The prevalent type of mesohabi-
tat was riffle (96), followed by glide (90), isolated pond (54), pool (48), and
backwater (26). The hydrodynamic simulations were performed on the base
of the DTMs of the 4 river reaches with a mesh size of 1 m. The flow ve-
locity and water depth distribution were formatted in raster maps with a
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ground resolution of 10 cm. The Manning coefficient was calculated from
the Chezy equation, and its values for each river reach were: 0.035 m!/3s~1
(Enza River), 0.036 m!/3s~1 (Taro River), and 0.036 m'/3s~1 (Trebbia River).
The distributions of water depth and flow velocity obtained from the hy-
drodynamic simulations were validated using the dataset collected on the
field using the ADCP as ground truth. For Enza, Taro, and Trebbia rivers,
the determination coefficient of the 2D hydrodynamic models ranged from
0.85 to 0.96, whereas the RMSE ranged from 0.05 m to 0.08 m for the 2019
and 2020 field campaigns. Based on the obtained information from the hy-
drodynamic modeling, orthophotos and field observation, the mesohabitat
mosaic for each discharge and each river was digitized in GIS environment,
reporting the spatial information of i) water depth, ii) flow velocity, and iii)
substrate composition at the mesohabitat scale (Figure 3.4).
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FIGURE 3.4: Top: Digital Terrain Model of the Trebbia River (2019)

associated with the distribution of a) water depth and b) flow veloc-

ity raster resulting from the 2D hydrodynamic simulation, c) location

of macroinvertebrates sampling points. Bottom: detailed description

of a mesohabitat riffle: d) water depth, e) flow velocity, f) substrate

composition frequency, and g) degree of affinity of the taxa present in
the mesohabitat to current velocity categories.

3.3.3 Macroinvertebrate community model

Table[3.2]shows the selected mesohabitat descriptors composing the RF macroin-
vertebrate community model, listed in order of importance (Figure 3.5p).
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TABLE 3.2: Independent variables selected as part of the parsimo-
nious RF model of the Flow-T metric. The variables are ranked in
order of importance.

Independent variables

PELAL Substrate (<0.06 cm, clay)
MICROLITHAL Substrate (2-6 cm, coarse gravel)
CV75_90 Class of current velocity (75-90 cm/s)
CV45_60 Class of current velocity (45-60 cm/s)
CV60_75 Class of current velocity (60-75 cm/s)
CV90_105 Class of current velocity (90-105 cm/s)
CV120 Class of current velocity (>120 cm/s)
CV15_30 Class of current velocity (15-30 cm/s)
CV15 Class of current velocity (<15 cm/s)
CONNECTIVITY Hydraulic longitudinal c.
D60_75 Class of water depth (60-75 cm)
D15_30 Class of water depth (15-30 cm)

The model is represented in Figure where the PDPs coming from the
RF algorithm, are shown. CONNECTIVITY is the only categorical variable,
whereas all the others are continuous, with non-linear relationships. The
trends are different: descending monotone (i.e. PELAL), ascending mono-
tone (i.e. MICROLITHAL), step function (i.e. CV75_90, CV45_60, CV60_75,
CV90_105, CV120, CV15, D60_75) or bellshaped function (i.e. CV15_30, D15_30).
Two classes of substrates (i.e. PELAL and MICROLITHAL) were the most
important habitat descriptors in predicting the macroinvertebrate response
to flow velocity (Figure and b), having opposite trends. PELAL (silt
and clay) had a negative influence on the Flow-T prediction, whereas MI-
CROLITHAL (2-6 cm) had a positive effect. Moderate to high velocities
classes (CV45_60, CV60_75, CV75_90, CV90_105, and CV120) showed a gen-
eral positive influence on the Flow-T index values. CV45_60, CV60_75, and
CV75_90 showed a peak of around 10% frequency and then a slight decrease,
monotone trend. Conversely, the influence of the low flow velocity classes
CV15, ranging from 0 to 15 cm/s, and CV15_30, ranging from 15 to 30 cm/s
was much lower and negative (the two velocity classes were identified as less
significant with a clear drop of the MDA, see Figure [3.5b). The presence of
the categorical variable CONNECTIVITY resulted in an increased predicted
Flow-T index value. It follows that the mesohabitats not connected to the
main channel (e.g. isolated ponds) will be marked by lower Flow-T index
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values. Two classes of water depth were selected by the model as less im-
portant in the prediction. The water depth class ranging from 60 to 75 cm
(D60-75) had a negative effect on the prediction of the Flow-T index, whereas
the class ranging from 15 to 30 cm (D15-30) presents a bell-shaped behavior
with a maximum of around 20% occurrence. Note that, on the vertical axes
of the PDPs, the range of predicted values of the Flow-T index was limited
between 0.39 and 0.45, but this represents the obtained Flow-T curve after
averaging the effects of all other variables in the model, beside the one con-
sidered in the PDP. The predictive powers in calibration (Figure [3.5c) and in
validation (Figure ) were: R?cy = 0.71 and R?;.5¢ = 0.63, RMSEy = 0.073
and RMSE,.; = 0.060, Pearson correlation coefficient pcy = 0.844 and pyest
= 0.800. The same figure also highlights how the model described the link-
ages between the macroinvertebrate community assemblage and the phys-
ical habitat descriptors. This remarkable finding can be appreciated in the
pattern of points in Figure and d, arranged in clusters stratified by types
of mesohabitat. Specifically, the data of the mesohabitats characterized by
low flow velocity (i.e. Backwaters and Isolated Ponds) and, therefore, by the
occurrence of lentic taxa, are grouped in the low Flow-T area of the scatter
plots. On the contrary, Glides and Riffles are grouped in the higher Flow-T
area of the scatter plots, being characterized by higher flow velocity and lotic

taxa.
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FIGURE 3.5: a) RF Flow-T Partial Dependence Plots of the most im-

portant mesohabitat attributes, b) variable importance ranking, c)

scatter-plot of observed vs predicted Flow-T (calibration), and d)
scatter-plot of observed vs predicted Flow-T (validation).

3.3.4 SimStream-web for macroinvertebrates

In the SimStream-Web service is now possible to select as an ecological tar-
get the macroinvertebrate community, to apply the Flow-T biological model.
Specifically, the application of the macroinvertebrate community model pro-
vides the following results: i) Hydromorphological unit data, ii) Biological
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model results, and iii) Flow-T rating curve. A user manual is available in
the “Resources” area, on the SimStream-Web homepage. Figure 3.7| shows
an example of the application of the Flow-T biological model through the
SimStream-Web service. The application was performed on the Enza River,
considering 5 different discharge scenarios. The results of the analysis con-
sisted of the Flow-T maps (Figure and b) and the Flow-T rating curve
(Figure 3.7c). Two different Flow-T maps are reported considering the mini-
mum (0.33 m3/s, Q3p) and the maximum (5 m3/s, Qqp) simulated discharge
scenarios. The wetted area and Flow- T rating curve indicate the evolution of
wetted area and Flow-T index at different discharge conditions. Figure
and b shows how an increase in discharge from 0.33 m3/s to 5 m?/s causes
the activation of two secondary channels where some isolated ponds became
connected to the main channel and, therefore, the Flow-T index increased.

a b)) rysro-marphologecal d ]  iir

Calculate session m

a -

Download session
T}  species and life stage selection d) Ouputseiection

8
m
= B Frewe-T rating clave
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FIGURE 3.6: SimStream-Web service: a) Homepage with sessions for

data upload and results download, b) form for hydromorphological

data upload, c) species selection with the possibility to choose the

Flow-T index model, and d) selection of output to be provided by the
service.
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mum (5 m3/s) discharge conditions, and c) Flow-T and wetted area
rating curves.

3.4 Discussion

The present research contributes to developing a mesohabitat model focused
on the trait-based Flow-T index (Laini et al., 2022b)), able to track the effects
of hydromorphological changes on the whole macroinvertebrate community.
We led the foundation for broadening the range of ecological targets used by
the MesoHABSIM methodology and we implemented a specific module for
macroinvertebrates in the SimStream-Web service. The biological model has
a satisfactory prediction power of the Flow-T index and shows good accu-
racy and reliability. It is important to state that the model was calibrated and
validated during summer low flow conditions in summer; thus, further anal-
yses and validation will be needed to ensure the applicability during other
periods of the year, or during high flows. The presented approach can be
applied through the SimStream-Web service to assess the spatial distribution
of the community and to quantify its ecological response to morphological

variation or flow alteration at both mesohabitat and reach scale.
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3.4.1 Macroinvertebrate community model

The present research gave insight into mesohabitat modeling for the whole
macroinvertebrate community. For the first time in species distribution mod-
eling, a mesohabitat model was developed to assess the ecological response
of the whole macroinvertebrate community to physical habitat changes, in
particular to the flow velocity. These results are in line with literature that
supports the key role of velocity in determining the macroinvertebrate re-
sponse to physical habitat conditions (Statzner, Gore, and Resh, 1988). It is
important to note that the Tachet database of macroinvertebrate traits, em-
ployed to develop the Flow-T index (Laini et al., 2022b), and the hydromor-
phological field dataset used to predict the same index, are based on different
spatial scales. This ensures using distinct and independent datasets for the
original development of the Flow-T index and the community model at the
mesohabitat scale, avoiding collinearity and circularity issues (Dormann et
al., 2013). The mesohabitat spatial scale was shown to be appropriate for
modeling the spatial distribution of the community (see Chapter 1, Burgazzi
et al.,2021). Some other authors obtained similar results, although using dif-
ferent mesohabitat classifications compared to the one used in our study (Bel-
letti et al., 2017). More in detail, Gray and Harding (2009) assessed the com-
munity variability among main channels, side braids, spring creeks, spring
sources, and ponds, whereas Karaus et al. (2013) evaluated the total diversity
of Ephemeroptera, Plecoptera, and Tricoptera (EPT) among lateral aquatic
habitats (i.e., tributaries, backwaters, and ponds). Moreover, the interaction
between the geomorphological structure and the macroinvertebrate commu-
nity assemblage was also demonstrated by other studies (Pastuchova, Lehot-
sky, and Greskova, 2008; Starr, Benstead, and Sponseller, 2014). Furthermore,
the mesohabitat scale allows the grouping of distinct combinations of hy-
draulic conditions (i.e. flow velocity, water depth, and substrates), in which
macroinvertebrates may persist (Jowett, 2003). Our results showed that two
types of substrates (PELAL and MICROLITHAL), the most important habi-
tat descriptors, had the opposite effect in predicting the Flow-T and this can
be explained by the linkage between the sediment composition and the flow
field that characterizes each mesohabitat. Indeed, the occurrence of fine sedi-
ment such as PELAL can be attributed to low flow velocity, and this substrate
was characterized by the presence of lentic taxa (e.g., Dytiscidae, Hydrophil-
idae, most Odonata). On the contrary, the presence of coarser substrates such
as MICROLITHAL can be related to flow velocity and to the presence of lotic

taxa (e.g., filter feeders). The positive effect of moderate and high velocity
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(from 45 cm/s to >120 cm/s) on the Flow-T index values demonstrated that
the model can capture changes in the community assemblage, depending on
the flow conditions. The higher the occurrence of moderate and high veloc-
ity classes, the higher the Flow-T index, indicating a larger presence of lotic
taxa adapted to persist in lotic ecosystems (Statzner and Holm, 1989). The
trend showed by low velocity classes CV15 and CV15_30 highlighted that
the occurrence of these classes (greater than 10%) produces a decrease in the
response of the community to the flow velocity, due to an assemblage char-
acterized by lentic taxa. Regarding the role of the CONNECTIVITY variable,
this finding is in line with former studies (Bonada et al., 2006; Gallardo et
al., 2008; Leigh and Sheldon, 2009), demonstrating the effect of loss of con-
nectivity on the macroinvertebrate assemblage with a decreasing trend in
richness and abundance along the gradient riffle — connected pool - isolated
pool. Furthermore, the recent study of Harrison et al. (2023) conducted in
the Mississippi River, shows how the reduced or less frequent connectivity
of secondary channels to the main channel, has a strong effect on both rich-
ness and structure of the macroinvertebrate community. Specifically, during
periods of reduced connectivity, the community structure is mainly charac-
terized by the presence of lentic or generalist taxa, consistent with the find-
ings of our study. Generally, the range of variability of the target decreased
with the decreasing importance of the variables in the model. For example,
the less important descriptor D15_30 predicts Flow-T index values ranging
from 0.415 to 0.435. The reduced range of the target variable represented in
the PDPs can be explained by the fact that the plots show the average of all
the possible curves generated by the trees of the forest. The predicted val-
ues of the Flow-T index in the three rivers ranged from 0.2 to 0.6 (Figure
B.5d). Our model, which we validated with a robust dataset, can describe
the relationship between the macroinvertebrate assemblages and the phys-
ical habitat descriptors, as shown by the good separation of the mesohabi-
tats in the observed vs predicted Flow-T scatter plots. This result is aligned
with the findings of Laini et al. (2022b) regarding the association between the
Flow-T index and the mesohabitat types, and those of Burgazzi et al. (2021)
about the effects of mesohabitats on the community assemblage. Moreover,
this result is representative of the relationship between the macroinvertebrate
community composition and the physical hydraulic variables, as supported
by literature (Dunbar et al., n.d.; Petts, 1984; Wood and Armitage, 2004). In
detail, the influence of flow conditions on the macroinvertebrate commu-

nity is highlighted by Mérigoux and Doledec (2004), although, according to
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these authors, shear stress and Froud number, directly related to flow veloc-
ity, were selected as the most important hydraulic parameters, among a set of
five. However, the results obtained from the study of Mérigoux and Dolédec
(2004), show that Froude number and shear stress were the most important
parameters, whereas substrate type and bed roughness were less important.
In the present study, two classes of substrate types were selected as the most
important variables. This dissimilarity could be related to several aspects,
including i) the difference in seasons investigated by Mérigoux and Doledec
(2004) (i.e., spring and autumn), and in the present study (i.e., summer), ii)
the difference in spatial scales used by the authors (i.e., sample-unit), and in
the present study (i.e., mesohabitat), iii) the different statistical approaches
to assess the community response. It is of great interest to notice that the set
of variables selected by our study is composed of different types of habitat
descriptors, which have an important role in describing the macroinverte-
brate spatial distribution, as demonstrated also by Brooks et al. (2005). Addi-
tionally, some of those habitat descriptors act as a proxy for other ecological
characteristics. For example, flow velocity and hydraulic connectivity can be
considered as a proxy for the presence of food for macroinvertebrates or their
ability to feed. However, other important physical characteristics, such as the
hydraulic conductivity in the hyporheic zone, the temperature, or the pres-
ence of the substrate detritus, are not included in the model calibration. We
did not take them into account because of the intrinsic morphological charac-
teristics of the case study: a supporting thermal flight performed on the Treb-
bia River did not show high variability of the water temperature among the
mesohabitats. The same behavior was observed also for the hydraulic con-
ductivity, which is strictly related to the temperature distribution (Lapham,
1989; Su et al., 2004). Furthermore, the detritus substrate was not present
in the studied reaches, even though it represents an important variable. In
fact, as demonstrated by the review of Wissinger et al. (2021), the presence
of organic matter, such as dead leaves or wood, would provide benefits to
macroinvertebrates, being used as habitat or as food source. Moreover, as-
pects related to the chemical quality of water can also play a crucial role in
shaping ecological processes, even if the present study focuses specifically
on the biotic relationships with hydromorphological conditions. As further
developments of these findings, a recently started study, conducted by our
research group, will perform a broader validation of the Flow-T biological

model, in several rivers with different morphologies within the Po River
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Basin. A deeper investigation of the relevant physical variables will be per-
formed and, if necessary, the model improved. Future model applications
are however recommended below the threshold of incipient motion for sed-
iments. Indeed, as demonstrated by Gibbins et al. (2004), bedload sediment
transport may trigger macroinvertebrate drift and may strongly change the

macroinvertebrate distribution in mesohabitats.

3.4.2 SimStream-web for Flow-T index applications

As supported by previous works (Parasiewicz et al., 2012; Vezza, Ghia, and
Fea, 2015} Vezza et al., 2014), we used a mesohabitat approach to develop the
above-described macroinvertebrate community model. The mesohabitat al-
lowed to build a biological model with a wide variety of mesohabitat descrip-
tors, evaluating the community composition at a large scale (Parasiewicz et
al.,2012). Burgazzi et al. (2021) and Laini et al. (2022b) demonstrated that the
mesohabitat is effective in capturing the ecological functionality and describ-
ing the spatial distribution of the whole macroinvertebrate community. The
usage of the mesohabitat spatial scale enabled a broadening of the range of
the ecological targets used by the MesoHABSIM methodology (Parasiewicz,
2001; Parasiewicz, 2007). Our findings contribute to investigating the effects
of flow variation and river morphological characteristics on the macroin-
vertebrate community assemblage. Being the macroinvertebrates one of the
most important bioindicators (Buss et al.,[2014) sensitive to flow regime alter-
ation, these findings are important to fill a gap in their habitat modeling. The
SimStream-Web platform (https://mesohabsim.isprambiente.it/app/h
ome/) allows the application of the community model by selecting it among
the other available models. In contrast to the other fish species-specific mod-
els, the Flow-T model considers the whole community of macroinvertebrates.
This result allows the integration of other available methods focused on sin-
gle species (Parasiewicz et al., 2008; Parasiewicz et al., 2012} Vezza, Ghia,
and Fea, 2015) or to a smaller spatial scale (Li et al., 2008; Mérigoux et al.,
2009; Shearer et al., 2015). The Flow-T maps (as exemplified by Figure 3.7a)
represent an effective tool to understand how the macroinvertebrate com-
munities respond over time to the changing discharge conditions. In most
of the mesohabitats, an increase in discharge resulted in an overall increased
Flow-T index, except for isolated ponds and backwaters. The Flow-T index
responds to the increase in flow due to its effects on connectivity (i.e., con-
nection of isolated pools to the main channel). The same response of the
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community to flow changes can be observed in the Flow-T rating curve at
the spatial scale of the river reach. Indeed, the general increasing trend of the
Flow-T index with the flow is perfectly in line with the aforementioned re-
sult. It is of great interest to notice that the Flow-T rating curve quite clearly
traces the non-monotone evolution of the wetted area, intrinsically related to
the peculiar morphology of the multithread system. The flexes of the curves
are related to the activation of new secondary channels after an increase in
flow conditions. These results meet literature and former studies (Doretto
et al., 2019; Wood, Agnew, and Petts, 2000), which highlight the sensitivity
of the macroinvertebrate community assemblage to the alteration of the flow
regime, and to the occurrence of high and low flows. As well as the Habitat-
Flow rating curves allow to obtain habitat time series (Milhous, 1990) for fish
species, similarly, the Flow-T rating curve represents the key element to gen-
erating Flow-T time series, analog of habitat time series. The habitat time se-
ries represents a crucial instrument to assess deviation in habitat availability
(or macroinvertebrate response to flow velocity) between reference and al-
tered discharge conditions. The effects of loss of habitat related to increased
duration and frequency of flow events below minimum thresholds have been
demonstrated (Parasiewicz et al., 2013a Vezza, Ghia, and Fea, 2015). Assess-
ing the deviation of the Flow-T time series, between altered and reference
flow conditions, could lead to the definition of a new Habitat Integrity In-
dex (Vezza, Zanin, and Parasiewicz, 2017; Bussettini and Vezza, 2019) for the
macroinvertebrate community habitat. It is worth noting that the presence
of biotic communities depends not only on the instantaneous flow condi-
tions but also on the previous hydrological history. This temporal dimension
is not directly incorporated into the modeling prediction; however, through
the comparison between altered and reference time series, past hydrologi-
cal conditions are taken into account. It would also be relevant to include
in a multicriteria approach framework the two Habitat Integrity Indices, one
for fish fauna and one for macroinvertebrates, performing an ecologically
integrated approach to assess habitat availability for current and future sce-
narios (Gore, Layzer, and Mead, 2001; Vassoney et al., 2021). As reported
by Vassoney et al. (2019) and Vassoney et al. (2021), the multicriteria analy-
sis (MCA) has been frequently applied in Italy to support decision-making
problems concerning water resource management and environmental flow
assessment. MCA is a kind of decision support system useful to improve the
definition, understanding, and evaluation of different alternatives of water

use, supporting the identification of a solution for the complex problems and
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conflicts involved in regional water resource planning.



64

Chapter 4

Testing and refining the Flow-T
model

41 Introduction

As described in Chapter 3, a macroinvertebrate community model was re-
cently developed and successfully validated on three braided, gravel-bed
river reaches within the Po River Basin in Italy. The macroinvertebrate com-
munity model is based on the Flow-T index (Laini et al., 2022b)), able to cap-
ture ecological responses to hydrological and morphological variability at the
mesohabitat scale. While promising within its initial validation context, its
generalizability to broader hydromorphological conditions remains uncer-
tain, needing testing and refinement across diverse river types. As suggested
by Quesada-Alvarado et al. (2024), river channel typology emerges as a crit-
ical explanatory variable in macroinvertebrate response studies, not only
within ecological analyses, but also for biomonitoring and water resources
management. Several studies underscore the variability of macroinverte-
brate community responses across distinct geomorphic and climatic contexts.
Schroder et al. (2013) demonstrated that macroinvertebrate substrate pref-
erences differ significantly between lowland and mountain streams, reflect-
ing distinct ecoregional patterns. Similarly, Lorenz, Feld, and Hering (2004)
identified eight distinct stream types based on different metrics (e.g., feeding
type composition and habitat preferences) across Germany, indicating that
ecological relationships established within specific river morphologies may
not be universally transferable. Recent research by Quesada-Alvarado et al.
(2024) in tropical streams further confirmed clear distinctions in macroinver-
tebrate assemblages associated with different river channel typologies based
on riverbed shape, substrate composition, and morphological characteris-
tics, reinforcing the importance of geomorphological factors in structuring

macroinvertebrate communities. Thus, expanding habitat modeling efforts



Chapter 4. Testing and refining the Flow-T model 65

to encompass diverse river typologies is critical for providing reliable, robust
and effective predictive models. The present study aims to test and refine
the existing Flow-T macroinvertebrate community model through its appli-
cation across a broad range of morphological contexts, including braided,
meandering, cascade, step-pool, and straight channel morphologies. The
Random Forest (RF, Breiman (2001)) algorithm, renowned for its flexibility
in capturing complex ecological patterns and handling non-linear variable
interactions (Cutler et al., 2007} Breiman, 2001), supports this predictive mod-
eling framework. By systematically integrating new field data from diverse
hydromorphological contexts and iteratively refining the model through an
expanded dataset, this research seeks to enhance the predictive accuracy, eco-
logical interpretability, and transferability of the model. The study was con-
ducted within the project Implementazione dei deflussi ecologici nei corsi d’acqua
del Distretto idrografico del Fiume Po, funded by Fondo per lo Sviluppo e la Co-
esione (FSC) 2014-2020 - Piano Operativo Ambiente - Interventi per la Tutela del
Territorio e delle Acque - Implementazione dei deflussi ecologici nei corsi d’acqua del
distretto idrografico del fiume Po.

4,2 Material and methods

4.2.1 Study area

The present study was conducted across a diverse set of river systems located
in Northern Italy, encompassing three main contexts, in continental climate:
multi-thread, unconfined channels (C-MT, Enza, Taro, and Trebbia Rivers),
and single-thread, partially confined channels (C-ST, Pellice and Sangone
Rivers), and alpine climate: single-thread, confined channels (A-ST, Graines,
Messuere, Pacoula, Saint Marcel, Savara Streams). Therefore, the study in-
cludes a total of ten river and stream reaches (Table 4.1} Figure 4.).
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River/Stream Region Municipality Channel type Riverbed
Enza ER San Polo d’Enza Multi-thread - Braided Gravel
Taro ER Giarola Multi-thread - Braided Gravel

Trebbia ER Canneto Sotto Multi-thread - Braided Gravel
Pellice PIE Villafranca Single-thread - Meandering  Gravel
Sangone PIE Sangano Single-thread - Straight Gravel
Graines VDA Graine Single-thread - Cascade Boulder
Messuere VDA Messuere Single-thread - Cascade Boulder
Pacoula VDA Fontainemore Single-thread - Step-pool Boulder
Saint Marcel =~ VDA  Miniere di Saint Marcel Single-thread - Cascade Boulder
Savara VDA Molere Single-thread - Cascade Boulder

TABLE 4.1: List of study river and stream reaches included in the
model calibration and validation. Channel type and riverbed compo-
sition were classified based on Rinaldi et al.,|2016a

The Trebbia, Taro, and Enza Rivers are right-bank tributaries of the Po
River and originate in the Northern Apennines. These rivers flow through
mountainous terrain before transitioning into the foothills of the Po Plain,
where they form wide, multi-thread braided systems (Rinaldi et al., 2016al)
with active channel widths ranging between 300 and 500 meters. This area
experiences a temperate climate with a mean annual precipitation of approx-
imately 800 mm. The reaches investigated in these rivers are characterized
by gravel riverbeds and a braiding morphology typical of Apennine rivers.

In contrast, the streams located in Valle d’Aosta, Graines, Messuere, Pa-
coula, Saint Marcel, Savara originate in the western Alps and are influenced
by high-altitude alpine conditions. These mountain streams are character-
ized by high gradients, coarse sediment substrates, and relatively narrow,
single-thread channels. The alpine climate in this region features colder tem-
peratures and higher annual precipitation, often exceeding 1000 mm, with a
significant contribution from snowmelt and glacial runoff.

The Pellice and Sangone Rivers, situated in the Piedmont region, repre-
sent transitional systems between alpine and foothill environments. These
rivers flow through mixed morphologies that include confined and partially
confined reaches, with a combination of gravel and cobble substrates and
varied degrees of channel incision. Climatic conditions are intermediate be-
tween those of the Po Plain and the alpine headwaters, with moderate pre-
cipitation and seasonal variability in flow regimes.

The climatic and hydromorphological diversity among these river sys-
tems allowed for testing the macroinvertebrate community model across a
wide gradient of environmental conditions and channel types. Field data

used for the model update and validation were collected in 2023 during the
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summer low flow period, a sensitive season when aquatic habitat availability
is often limited due to reduced flow and elevated water temperatures. This
period is particularly critical for macroinvertebrate communities, as reduced
hydraulic diversity and thermal stress can significantly affect their composi-
tion and functionality (Dewson, James, and Death, Dunbar et al.,
Wood and Armitage, 2004).

T et L e RalY
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FIGURE 4.1: Study sites location within the Po River Basin.

4.2.2 Methodological steps

To clarify the sequence of model development phases and associated field
campaigns, a visual summary of the study workflow is provided in Figure
The timeline outlines the temporal progression of data collection, model
calibration, validation, and testing activities carried out between 2019 and
2023. The initial model development, including the first calibration and val-
idation phases, was performed using data from the Trebbia River (training
in 2019) and subsequently validated on braided reaches of the Trebbia, Taro,
and Enza Rivers in 2020, as detailed in Pinna et al. (2024), see Chapter 3.
Building upon this foundation, the testing phase was conducted using data
collected during the summer of 2023. Observations of the Flow-T index and

associated hydromorphological variables were gathered from ten river and
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stream reaches: Enza, Taro, Trebbia, Pellice, Sangone, Graines, Messuere, Pa-
coula, Saint Marcel, Savara.

Following testing, a second training phase was undertaken. The second
training set included data from Enza, Taro, Trebbia (both 2019 and 2023 cam-
paigns), Sangone, Graines, Messuere, Pacoula, and Savara (2023 campaigns),
representing a mix of unconfined-braided, single-thread, partially confined
reaches and confined, cascade and step-pool morphologies.

Subsequently, the second validation phase was performed on an indepen-
dent subset composed of five reaches: Enza, Taro, Trebbia (2020 campaign,
previously used in validation but excluded from second training dataset),
Pellice, and Saint Marcel (2023 campaign). This step was designed to test the
re-trained model’s performance across both familiar and novel hydromor-
phological conditions, ensuring its reliability for wider application.
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FIGURE 4.2: Timeline of data collection and model development

phases. The first training and validation (Pinna et al., [2024) were

based on 2019-2020 data. In 2023, new data from ten diverse river
reaches supported model testing, second training, and validation.

4.2.3 Hydromorphological surveys and macroinvertebrate sam-
pling
Field campaigns in 2023 were carefully designed to collect mesohabitat hy-
draulic, substrate, and morphological parameters, following standardized
protocols consistent with previous campaigns to ensure data comparabil-
ity. Field data collection was carried out between June and October 2023
across ten river and stream reaches located in Northern Italy: Enza, Taro,
Trebbia, Pellice, Sangone, Graines, Messuere, Pacoula, Saint Marcel, Savara.

The methodology applied follows the same multidisciplinary approach de-
tailed in Pinna et al. (2024), integrating hydromorphological characterization
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with macroinvertebrate sampling to quantify the Flow-T index at the meso-
habitat scale.

Two complementary survey techniques were adopted depending on the
river type and logistical feasibility of the surveys. For the Trebbia, Taro,
Enza, Sangone, and Pellice Rivers, Uncrewed Aerial Vehicles (UAVs) were
employed to conduct high-resolution photogrammetric surveys. Using a DJI
Mavic 2 Pro, RGB orthomosaics (spatial resolution <5 cm) and Digital Terrain
Models (DTMs, resolution 10 cm) were generated via Structure-from-Motion
(SfM) photogrammetry under low-flow and clear water conditions to ensure
maximum visibility and accuracy. Bathymetric data were acquired using
an ADCP (Acoustic Doppler Current Profiler) system mounted on a float-
ing platform, equipped with a dual-frequency GNSS antenna. The obtained
high-resolution ortophotos supported the remote classification of mesohab-
itats and substrate types, in synergy with field-based observations, as rec-
ommended by Rinaldi et al. (2016c). The corrected DTM was employed to
perform 2D hydrodynamic models and reconstruct the flow field under the
discharge conditions observed during the surveys in HEC-RAS software.

For the remaining 5 mountain streams (i.e., Graines, Messuere, Pacoula,
Saint Marcel, Savara) a mobile mapping technique (Vezza et al., 2014) was
adopted, combining field GPS surveys with the MapStream 3.0 plugin for
QGIS (see Chapter 2). This method allowed for efficient delineation of geo-
morphic units and physical data collection in confined, high-gradient streams
where the topographic survey was less feasible and more time-consuming.
The water depth and flow velocity measures were operated by means of a
current meter (OTT mf pro). The distribution the water depth and flow ve-
locity measurement and substrate observation points within the mesohab-
itats, was assessed using the stratified random technique according to the
MesoHABSIM model (see Chapter 2, Parasiewicz, 2007; Vezza, Zanin, and
Parasiewicz, 2017).

Macroinvertebrate sampling was conducted concurrently with hydromor-
phological data collection using a Surber net (0.05 m?, 500 #m mesh size),
targeting different mesohabitat types (e.g., riffles, pools, cascade, isolated
ponds) to ensure spatial representativeness within each mesohabitat. Fol-
lowing the stratified random technique applied for physical data collection,
the sampling protocol included a total of 40 replicate samples per reach, dis-
tributed across an average of 10 distinct mesohabitats of the same reach.
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Collected organisms were identified under a stereomicroscope to the low-
est practical taxonomic level (typically genus or family). The degree of affin-
ity to current velocity trait (Tachet et al., 2010) was used to calculate the Flow-
T index (Laini et al., 2022b) for each replicate, and values were then averaged

to derive an index value for each sampled mesohabitat.

4.2.4 Model testing

The predictive performance of the existing macroinvertebrate community
model was tested using the independent dataset collected during the sum-
mer of 2023 from ten river and stream reaches. The test dataset included
mesohabitat scale observations of the Flow-T index and associated predictor
variables collected in the ten reaches.

Model testing was performed in R using the Random Forest regression
model. Observed values of the Flow-T index were compared against predic-
tions generated by the model.

Model performance was evaluated using three statistical indicators: i) de-
termination coefficient (Rees;?), calculated to assess the variance in Flow-T
observations explained by the model, ii) Root Mean Square Error (RMSE,s;),
to quantify the average prediction error; iii) Pearson correlation coefficient
(ptest) between observed and predicted values, indicating the strength and
direction of the linear relationship.

4.2.5 Model re-training and validation

To extend the applicability and improve the predictive performance of the
previously developed macroinvertebrate community model, the original train-
ing dataset was expanded to include additional river reaches with different
morphological characteristics. This dataset enlargement was made possible
through the integration of data collected during the field campaigns in sum-
mer 2023.

The re-training of the predictive model was performed using the Ran-
dom Forest (RF) regression algorithm (see Chapter 3 for details), which had
previously shown strong performance in capturing the complex, nonlinear
relationships typical of ecological data. The model was implemented in R,
with a total of 5,000 trees built and a node size of 5.

In order to construct a parsimonious model, a feature selection process
was carried out, consistent with the approach adopted in the earlier model

(Chapter 3, Pinna et al., 2024). Variable importance was quantified using the
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Mean Decrease in Accuracy (MDA) metric provided by the randomForest
package, while multicollinearity among variables was assessed using a Pear-
son correlation matrix. A threshold of 0.8 was applied to identify and ex-
clude highly correlated variables, ensuring that redundant predictors were
removed.

As in the testing phase, the re-trained model performance was assessed
based on the determination coefficient (R?), Mean Squared Error (MSE), Root
Mean Squared Error (RMSE), and Pearson’s correlation coefficient p, between
observed and predicted Flow-T values. Variable importance was graphically
displayed to highlight the most influential predictors, and Partial Depen-
dence Plots (PDPs) were generated for each selected variable to facilitate eco-

logical interpretation of the variable behavior in predicting the Flow-T index.

4.3 Results

4.3.1 Field data and morphological characterization

During the summer 2023 field campaigns, a total of 400 macroinvertebrate
samples (40 for each of the 10 reaches) were gathered. Additionally, 5 high-
resolution orthophotos and 5 DTMs were produced on 5 river reaches. An
Acoustic Doppler Current Profiler (ADCP) was employed for the bathymetry
reconstruction in those 5 river reaches, and integrated with the DTM genera-
tion and correction. Overall, more than 10000 water depth and flow velocity

measurement points were collected by means of the ADCP.

River/Stream Discharge (m3/s) Survey technique Sampled GU

Enza 0.47 Photogrammetric 10
Taro 2.10 Photogrammetric 10
Trebbia 2.48 Photogrammetric 10
Pellice 0.17 Photogrammetric 11
Sangone 0.37 Photogrammetric 9
Graines 0.15 Mobile mapping 11
Messuere 0.03 Mobile mapping 11
Pacoula 0.05 Mobile mapping 12
Saint Marcel 0.06 Mobile mapping 13
Savara 0.51 Mobile mapping 22

TABLE 4.2: Summary of field survey characteristics for each river and

stream reach. Reported values include low-flow discharge measured

during the 2023 campaign, the hydromorphological survey technique

adopted (photogrammetric or mobile mapping), and the number of
sampled mesohabitat per reach.
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In the remaining 5 reaches, where the mobile mapping technique was
applied, a total of 785 measurement points were manually collected within
the sampled mesohabitats.

Overall, 119 mesohabitats (Table[d.2), including 8 different types (step, cas-
cade, rapid, riffle, glide, pool, backwater, isolated pond, Figure [4.3) were character-
ized and subsequently used for the model testing.

sep‘ 2 backwater, 15

riffle, 22 i

cascade, 6

_glide, 19
rapid, 19

isolated pond,
6

pool, 31

FIGURE 4.3: Pie chart illustrating the distribution of the sampled
mesohabitats by type across the 10 river reaches.

4.3.2 Evaluation of the model test

The dataset built during the summer of 2023, made up of a pool of 119 sam-
pled mesohabitats, was employed to test the existing macroinvertebrate com-
munity model. Figure shows a scatterplot of the calculated vs predicted
Flow-T values in each mesohabitat. The dataset comprehends river reaches
of diverse climatic and morphological types, for example: Trebbia River (C-
MT, round-shaped points, Figure ), Pellice River in a continental, single-
thread reach (C-ST, square-shaped points, Figure[#.4c), and Savara Stream in
an alpine, single-thread reach (A-ST, diamond-shaped points, Figure 4.4d).
Overall, the tested model indicates a poor fit (R?=-0.59, RMSE=0.164, 0Pearson=0.429),
systematically underpredicting Flow-T in the A-ST reaches. Nevertheless,
the figure shows that the points are grouped in clusters by types of meso-
habitat, highlighting the capability of the model in distinguishing the hydro-
morphological differences between mesohabitats characterized by higher flow
velocity (e.g. riffle, rapid, cascade), and consequently by the occurrence of
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lotic taxa, and mesohabitats with lower flow velocity (e.g., isolated ponds,
backwater) and lentic taxa. This finding can be observed in both the clusters
visible in Figure 4.4} the first made up of A-ST river types, and the latter of C-
ST and C-MT river types. Globally, the plot suggests that the first calibrated
Flow-T model requires improvement and re-training to achieve reliable pre-
dictive performance across different river morphologies.
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FIGURE 4.4: a) Scatter-plot of observed vs predicted Flow-T (test-

ing). Representation of point is color-based per mesohabitat type, and

shape-based per climatic and morphological type: continental, multi-

thread (C-MT, round-shaped points), continental, single-thread (C-

ST, square-shaped points), and alpine, single-thread (A-ST, diamond-

shaped points). Pictures of b) Trebbia River (June 2023), c) Pellice
River (October 2023), d) Savara Stream (October 2023).
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4.3.3 Re-trained macroinvertebrate community model

The re-trained Random Forest model was developed using an expanded dataset
consisting of the 50 original observations on the Trebbia River (2019 cam-
paign) and 94 new ones (from the 2023 campaigns), for a total of 144 Flow-
T observations. A pool of different morphological types were considered,
improving the transferability and predictive power of the original model.
Figure displays the 12 mesohabitat descriptors selected for the parsimo-
nious RF model predicting the Flow-T index, ranked by importance. The
GRADIENT variable, representing the water surface slope of the mesohab-
itats, resulted being the most important predictor in the re-trained Flow-
T model. In respect to the previous predictive model, GIGALITHAL and
PSAMMAL substrate variables were selected during the model re-training.
Additionally, the MICROLITHAL predictor, already present in the previous
parsimonious model, continues to be part of the predictor pool, even if with
a much decreased importance. Figure shows the core of the model
represented by the Partial Dependence Plots (PDPs) derived from the RF
analysis. The plots highlight the response of the Flow-T index to the pre-
dictive independent variables, all of which are continuous except for the
categorical variable CONNECTIVITY. The variable GRADIENT presents an
ascending monotone relationship with Flow-T, indicating much higher pre-
dicted Flow-T values for steeper mesohabitats (e.g., step or cascade). The
substrate variable PELAL demonstrates a descending monotone trend. Ve-
locity classes show varied patterns: higher velocity classes (i.e., CV45_60,
CVe60_75, CV75_90, CV_120) positively affect Flow-T predictions, lower ve-
locity classes (i.e., CV_15) negatively influence the index. Substrate classes
show diverse influences, with MICROLITHAL and GIGALITHAL positively
affecting Flow-T values, in contrast with PSAMMAL that shows a decreasing
trend. CONNECTIVITY affects the predicted Flow-T index, with connected
mesohabitats been associated to higher Flow-T values.
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FIGURE 4.5: a) RF Flow-T Partial Dependence Plots of the 12 most
important mesohabitat predictors, b) ranking of variable importance
as Mean Decrease Accuracy, c) scatter-plot of observed vs predicted
Flow-T (training), and d) scatter-plot of observed vs predicted Flow-

T (validation).

Representation of point is color-based per meso-

habitat type, and shape-based per climatic and morphological type:
continental, multi-thread (C-MT, round-shaped points), continental,
single-thread (C-ST, square-shaped points), and alpine, single-thread
(A-ST, diamond-shaped points).
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Figure and d demonstrate the predictive accuracy of the model dur-
ing calibration (R2cy = 0.79, RMSEy = 0.065, Pearson correlation coeffi-
cient pcy = 0.888), and validation (R?,,;y = 0.68, RMSE,;i4 = 0.064, Pearson
correlation coefficient p,qs = 0.829). These results continue underscoring
clear distinctions in macroinvertebrate community assemblages according to
mesohabitat types, and show strong accuracy in predicting Flow-T values

across various river morphologies.

4.4 Discussion and conclusion

This study refines and improves the macroinvertebrate community model
based on the Flow-T index (Laini et al., 2022b; Pinna et al., 2024), the first at-
tempt of a mesohabitat scale model for the whole macroinvertebrate commu-
nity. The re-training dataset covered a wide spectrum of channel morpholo-
gies (from 1 to 5) and mesohabitat types (from 5 to 8), providing a remark-
able improvement in the predictive power of the macroinvertebrate commu-
nity model, and an ideal testbed for assessing the transferability of the initial
model to different river morphological types. We confirmed the possibil-
ity of broadening the range of ecological targets used by the MesoHABSIM
methodology and we updated the specific module for macroinvertebrates.
The biological model has an improved prediction power of the Flow-T index
and shows good accuracy and reliability.

4.4.1 Re-trained macroinvertebrate community model

Although the re-trained model (Figure confirms the relevance of flow
velocity and substrate type as important predictors, the variable GRADIENT
turned up as the most important predictor. This finding suggests that the
water surface gradient can capture important differences in the community
assemblages. Particularly, not only it acts like a proxy of flow velocity, mak-
ing steeper mesohabitat characterized by more lotic taxa, but also it seems to
behave as a distinguishing factor between different geomorphic units. This
is in line with the findings of Lorenz, Feld, and Hering (2004), which demon-
strated that benthic communities can separate several groups of stream ty-
pology and in particular alpine streams can be well distinguished. Addition-
ally, Schroder et al. (2013) confirmed the separation between lowland and
mountain regions of macroinvertebrate community structure, and specifi-

cally defined habitat preferences of substrates. Furthermore, the application
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of the Flow-T index explored with Catalan macroinvertebrate data (see Chap-
ter 5 for details), demonstrated that Flow-T index can separate mountain re-
gions by the slope of the sampling site, together with other variables. Sub-
strate predictors remain ecologically meaningful, even if, unlike the initial
model, where substrate types (PELAL and MICROLITHAL) were the only
substrate classes in the parsimonious model, the retrained model suggests
a more integrated pool of substrate type variables (PELAL, GIGALITHAL,
PSAMMAL, MICROLITHAL). High PELAL occurrence continues to be as-
sociated with low Flow-T values due to the preference of lentic taxa for fine
sediment, and its importance ranking continues being elevated. Similarly,
substrate class PSAMMAL has a negative influence on the Flow-T prediction,
being associated to lentic environments. In contrast, high occurrence of sub-
strate classes like GIGALITHAL and MICROLITHAL are associated to more
lotic conditions and higher predicted Flow-T values. These findings further
support the role of substrate composition in shaping community structure,
as previously noted by Lorenz et al. (2004).

In line with prior findings, flow velocity remains the dominant driver of
macroinvertebrate response (Statzner, Gore, and Resh, (1988; Statzner and
Holm, [1989; Mérigoux and Doledec, |2004), with various classes of velocity,
particularly intermediate to high (i.e., CV_120, CV45_60, CV60_75, CV75_90
cm/s) positively affecting Flow-T values prediction. This trend, consistently
observed across several velocity ranges in the partial dependence plots (Fig-
ure 4.5p), reinforces the association between lotic-adapted taxa and dynamic
hydraulic environments. Conversely, low-velocity classes (i.e., CV_15) show
a clear negative trend, due to the occurrence of lentic or generalist taxa. The
synergy among the velocity and substrate classes in predicting the Flow-T
index at the mesohabitat scale is also in line with the finding of Pardo and
Armitage (1997), which underpin that flow dynamics, water velocity, and
substrate nature were the most important variables in shaping the benthic
community of the Frome River (England). The spatial scale adopted by our
and their study is the same, however the main difference can be found in
the criteria of classification of the mesohabitats. Moreover, Beauger et al.,
2006|found that in the Allier River (France) the community composition and
richness was shaped by substrate type and velocity classes, being the veloc-
ity range 30-120 cm/s the one resulting in the highest community and EPT
richness and density. Longitudinal CONNECTIVITY predictor retained its
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ecological relevance in predicting the Flow-T index, confirming the trend al-
ready found in the initial model. However, in the retrained model, the di-
vergence in predicted Flow-T values between connected and disconnected
mesohabitats (Figure .5a) further underscores the importance of longitudi-
nal connectivity as model predictor. In fact, in the previous version of the
model, the range was comprised between 0.42 and 0.43, while in the opti-
mized model Flow-T ranges between 0.44 and 0.49. This finding is even more
confirming previous studies (Bonada et al., 2006; Gallardo et al., 2008} Leigh
and Sheldon, 2009} Harrison et al., 2023), that highlight the role of longitudi-
nal connectivity in shaping the macroinvertebrate community composition
and richness.

The mesohabitat spatial scale continues to prove appropriate for mod-
eling macroinvertebrate responses (Burgazzi et al., 2021), as showed by the
grouping of the points in the scatterplots, during both calibration and valida-
tion phases. Specifically, for each of the two main morphological groups, in
the continental and alpine climate regions, it is easily recognizable the strat-
ification of the points in the scatterplots (Figure and d) by the type of
mesohabitat. In the recalibrated model, a greater diversity of mesohabitats
is represented (8 types, compared to the previous version (4 types, 3.5).
This improvement enables better differentiation of community composition
among mesohabitat types. Interestingly, the observed and predicted values
of Flow-T in lentic mesohabitats (e.g. backwaters) are much higher in alpine
stream reaches with respect with the same type of mesohabitat belonging to
the continental climate river reaches.

Overall, the retrained model provides a robust and ecologically mean-
ingful tool for evaluating habitat suitability at the mesohabitat scale. Its
improved accuracy and interpretability make it capable of capturing the re-
sponse of macroinvertebrate communities in diverse morphological contexts,
with potentials for broader validation across other morphologically diverse
systems. However, its application should remain within the bounds of sta-
ble sediment conditions, as macroinvertebrate distribution may shift signif-
icantly during bedload transport events (Gibbins et al., 2004). While the
present work focuses on biotic responses to hydromorphological conditions,
it is worth acknowledging that the physicochemical quality of water can also
influence macroinvertebrate communities, especially when comparing rivers
with different geomorphological and climatic settings (e.g., alpine vs. low-
land rivers). Future analyses could explicitly address this aspect. This study

satisfied some of the necessary developments indicated in Chapter 3 Pinna et
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al., 2024, consisting of testing the previous model, reconsidering the pool of
predictive variables of the parsimonious model, and validating the re-trained

model in several rivers with different geo-morphological characteristics.
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Chapter 5

Exploring Flow-T index
applications in Mediterranean

rivers

5.1 Introduction

Hydromorphological degradation, together with flow alteration, water qual-
ity deterioration, and climate change, constitutes one of the most significant
pressures impacting river ecosystems (Vorosmarty et al., 2010). Addressing
hydromorphological impacts on aquatic biota through effective assessment
tools is critically important for both nature conservation and the applica-
tion of the European Water Framework Directive (WFD). Macroinvertebrates
are extensively employed as bioindicators to evaluate the ecological status
of freshwater ecosystems due to their sensitivity to environmental changes
(Bonada et al., 2006). While existing macroinvertebrate metrics such as the
Margalef index (Margalef, 1951), Simpson’s diversity index (Simpson, 1949),
and IBMWP (Alba Tercedor et al., 2002) are valuable for monitoring water
quality, they predominantly focus on organic pollution and nutrient enrich-
ment. Consequently, understanding how hydromorphological degradation
specifically affects macroinvertebrate communities remains critical (Friberg,
Sandin, and Pedersen, 2009; Feld and Hering, 2007) but continues to be rela-
tively understudied (Friberg et al., 2005; Lorenz et al., 2004; Guareschi et al.,
2014).

To date, few methods have specifically assessed the impacts of hydro-
morphological alterations on macroinvertebrate communities across Europe
(e.g., Flow-T, Laini et al., 2022b)). The Flow-T index has been demonstrated

as particularly effective in capturing hydromorphological variability at the
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community level across different mesohabitats, making it suitable for habi-
tat modeling applications (Burgazzi et al., 2021; Pinna et al., [2024). In or-
der to assess the response of the Flow-T index to hydromorphological vari-
ables, clustering analysis has proven effective. Given the diverse range of
available clustering methods (Hennig and Meila, 2015), no single method is
universally optimal; thus, the clustering approach must align with the spe-
cific research context and analytical objectives (Hennig and Meila, 2015; Von
Luxburg, Williamson, and Guyon, 2012). Specifically, Hierarchical Cluster
Analysis (HCA) was employed in this study due to its capability to inte-
grate both continuous and categorical variables, and effectively handle com-
plex ecological datasets with inherent hierarchical structures (Ward J., [1963;
Everitt et al., 2011). HCA is particularly suited for ecological studies because
it does not require pre-specifying the number of clusters and provides in-
tuitive visualizations, such as dendrograms, which aid in interpreting eco-
logical data patterns and relationships (Legendre and Legendre, 2012} Bor-
card, Gillet, and Legendre, 2011). Within the context of this research, the
ECOBILL-CARIMED project provides an extensive dataset of macroinverte-
brate monitoring across multiple river basins in Catalunya (NE Spain). This
comprehensive dataset includes long-term data series, capturing temporal
(from 1994 to 2022) and spatial (approximately 6000 km?) variability, and
offering a unique opportunity to analyze ecological patterns and hydromor-
phological impacts in diverse sites of Catalan river basins. The availability
of such detailed temporal data gives the opportunity to test the robustness
and transferability of the Flow-T index in Mediterranean rivers. This chapter
specifically applies a hierarchical cluster analysis, to explore how the Flow-
T index responds to hydromorphological variables, thereby enhancing our
understanding of the macroinvertebrate community composition based on

varying climate and hydro-morphological river conditions.

5.2 Material and methods

5.2.1 Data source and study area

The macroinvertebrate data used in this study were collected within the frame-
work of the ECOBILL project https://parcs.diba.cat/es/web/conser
vacio-de-la-biodiversitat/rius, aimed at assessing the ecological sta-
tus of rivers in the province of Barcelona. The project consists of a long-

term monitoring program led by the Freshwater Ecology, Hydrology and
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Management (FEHM) research group of the University of Barcelona (UB,
https://www.fehm.cat/) since 1994. It follows standardized sampling pro-
tocol (GUADALMED protocol, Jaimez-Cuéllar et al. (2002)) to ensure com-
parability across sites, basins, and sampling over time. Each site was sam-
pled twice each year, during spring and summer seasons. Among all the
monitored river basins, only the Llobregat and Besos (Figure [5.2a) were se-
lected for this specific study, as they have been continuously monitored since
1994, providing the largest and most consistent dataset. The Foix, Ter, and
Tordera river basins were incorporated into the monitoring program at a later
stage, resulting in shorter data series. The Llobregat River originates in the
Pre-Pyrenees at an altitude of approximately 1,300 meters above sea level
and flows southeast for about 170 km before reaching the Mediterranean Sea
near Barcelona. It drains a catchment area of approximately 4,948 km? and
is characterized by significant hydrological alterations due to water abstrac-
tion, industrial and urban discharges, and the presence of multiple reservoirs
and dams. Despite these pressures, the Llobregat River supports diverse
macroinvertebrate communities that reflect both natural gradients and an-
thropogenic impacts. The Besos River, in contrast, is a shorter river system,
with a length of about 17 km and a drainage basin of approximately 1,000
km?. Originating from the Montseny and Coastal Range mountains, it flows
into the Mediterranean Sea near the city of Barcelona. The Besos River is
highly influenced by urbanization, with historically poor water quality due
to industrial and domestic pollution. However, recent efforts in wastewater
treatment and river restoration have led to improvements in water quality
and biological communities, including macroinvertebrates.

The dataset consisted of all replicates at sampling sites from 1994 to 2022 (Fig-
ure ), resulting in environmental variables, including slope, elevation,
physiographic unit type, and temperature, coupled with the physical, biolog-
ical, and chemical variables. Each replicate data was associated with a Flow-
T index value, calculated with the biomonitoR R Package (Laini et al., 2022a).
The study sites within these basins include a range of upstream and down-
stream locations to capture the effects of hydro-morphological variables on
macroinvertebrate assemblages.
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FIGURE 5.1: a) Study sites location in Northern Spain (Catalunya)

within the Besos and Llobregat Basins. b) Flow-T index temporal

trend with smooth line (green line, GAM method) and 95% confi-
dence interval (grey shading).

5.2.2 Morphological characterization of sites

The hydro-morphological characterization of the sampling sites was con-
ducted within this PhD thesis, combining remote sensing data and available

field measurements. The following parameters were considered:

¢ Slope: the slope of each sampling site was derived from a Digital El-
evation Model (DEM) of Catalonia provided by the Agéncia Catalana
de I’Aigua (ACA), with a spatial resolution of 10 meters. The DEM was
processed in QGIS3, where a slope raster was generated. The slope
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value for each sampling site was estimated by overlapping the center-
line of the river with the slope raster and calculating the mean over the
length of the sampled reach;

¢ Elevation: the elevation of each sampling site was directly extracted
from the previously described DEM;

¢ Physiographic unit: the classification of physiographic units for each
sampling site was performed following the framework established by
Brierley and Fryirs, 2013. This approach categorizes landscape units
based on geomorphic, geographic, lithologic attributes, and erosional
or depositional processes. The considered classes are Depositional Pied-
monts (DP), Erosional Piedmonts (EP), and Mountain ranges (M).

¢ Water temperature: water temperature was recorded as part of the phys-
ical data collected in the field during sampling campaigns by the FEHM
research group. These measurements provide site-specific temperature

values, complementing the morphological characterization;

These parameters were used to assess the influences of hydro-morphological
variables on the Flow-T index, and therefore on the macroinvertebrate com-
munity composition. Unfortunately, flow velocity and discharge data were
not always collected during the field data collection campaigns and were not
included in the analyses.

5.2.3 Cluster analysis

To investigate the spatial variability of the Flow-T index, and its responses to
hydro-morphological variables, we applied a Hierarchical Cluster Analysis
(HCA) using R software (version 4.4.2). Since the dataset included both nu-
merical (i.e., slope, elevation, water temperature) and categorical (i.e., Phys-
iographic unit type) variables, we computed pairwise dissimilarities using
Gower’s distance (Everitt et al., 2011). Gower’s distance is particularly suit-
able for mixed data types as it standardizes numerical variables and treats
categorical variables separately.

A matrix representation of the Gower distance was obtained, allowing us
to determine the most similar and dissimilar pairs of observations. The most
similar pair had the smallest Gower distance, indicating high similarity in en-
vironmental attributes, while the most dissimilar pair had the highest Gower
distance, highlighting significant differences in the considered variables.
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The HCA was performed using Ward’s method (Ward J., [1963) on the
computed Gower distance matrix. Ward’s method minimizes the variance
within clusters, ensuring compact and well-separated groups.

To determine the optimal number of clusters, we computed Average Sil-
houette Width (ASW, Rousseeuw, 1987) for cluster numbers ranging from 2
to 10. The silhouette width measures the cohesion within clusters and sepa-
ration between clusters, with higher values indicating a better-defined clus-
tering structure. The number of clusters comprised between 2 and 10 corre-
sponding to the highest ASW silhouette width was selected for the analysis.

To assess the effectiveness of clustering, we examined the distribution of
Flow-T values across clusters, using a boxplot visualization. Additionally,
the hierarchical dendrogram resuming the cluster analysis process was pro-
vided.

Finally, 2D and 3D visualizations of the clustering results were generated
to explore relationships among all the environmental variables (i.e., slope,
elevation, temperature, physiographical unit type) used for the analysis.

This analysis allowed us to evaluate how the clustering structure corre-
lated with macroinvertebrate communities, providing insights into the influ-
ence of environmental variables on biological assemblages. The combination
of silhouette analysis and hierarchical clustering ensured a comprehensive

identification of ecological patterns.

5.3 Results

5.3.1 Morphological characterization

The analysis involved a total of 54 sampling sites, evenly distributed among
the Besos and Llobregat basins with a total of 1654 replicate data collected
from 1994 to 2022. Each sampling site was characterized in terms of slope,
elevation, and physiographic unit type. The elevation values extracted from
the DEM of Catalunya, ranged between 15 m.a.s.l. and 1140 m.a.s.1. The slope
attributes obtained from the elaboration of the same DEM, result comprised
between 0.11% and 34.7%. The physiographic unit classification provided
3 types of units distributed among sites as follows: 22 Depositional Pied-
monts (DP), 28 Erosional Piedmonts (EP), and 4 Mountain ranges (M). The
1654 replicates were characterized by water temperature ranging from 3°C to
32°C.
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5.3.2 Cluster Analysis Results

The hierarchical clustering analysis identified distinct groups within the dataset
based on environmental variables, including slope, elevation, physiographic
units, and temperature. The optimal number of clusters was determined us-
ing the ASW and dendrogram analysis, both of which indicated that three
clusters provided the best partitioning of the data. The ASW analysis identi-
fied the three-cluster solution as the most robust, with the highest coefficient
value (0.754, Figure[5.2a). The dendrogram obtained through Ward’s method
(Figure 5.2b) further supported this result, confirming the presence of well-
separated clusters when a classification threshold of three was applied. The
distribution of the Flow-T index across the three identified clusters is repre-
sented in the boxplot in , which demonstrates the differences in Flow-T
values between clusters and suggests that environmental variables influence

macroinvertebrate distribution patterns.
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FIGURE 5.2: a) Silhouette width values for the number of clusters
from 2 to 10, b) Hierarchical dendrogram, c) Boxplot representation
of the Flow-T index across the clusters.

As main result of the HCA applied on the dataset, a series of scatter plots
(Figure illustrating the clustering of observations visualized for pairs of
environmental variables, was obtained. Each point represents an observa-

tion, with colors corresponding to the three clusters: cluster 1 (pink), cluster
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2 (green), and cluster 3 (blue).

The first column explores the interaction between temperature and slope
(Figure 5.3g), and temperature and physiographic unit type (Figure [5.3f).
Cluster 1 remains associated with the highest temperatures and low slopes,
Cluster 2 exhibits moderate temperature and slope values, and Cluster 3 cor-
responds to low temperatures and steep slopes. The physiographic unit dis-
tribution confirms that temperature also plays a role in cluster differentiation,
with Cluster 3 being associated with the coldest environments.

The second column illustrates the relationship between temperature and
elevation (Figure [5.3f), and physiographic unit type and elevation (Figure
5.3d). A clear inverse trend is observed between elevation and temperature,
with Cluster 3 dominating high-altitude and low-temperature regions, Clus-
ter 2 occupying mid-range conditions, and Cluster 1 being prevalent at lower
elevations with warmer temperatures. The physiographic unit further distin-
guishes the clusters, reinforcing their spatial and environmental separation.

The third column shows the cluster distribution based on elevation and
slope (Figure [5.3p), and physiographic unit type and slope (Figure [5.3p).
Cluster 1is predominantly found at low elevations with gentle slopes, whereas
cluster 2 spans a broader intermediate range of elevation and slope values.
Cluster 3 is distinctly associated with high elevations and steeper slopes, sug-
gesting a strong environmental gradient structuring this cluster. Figure
reveals that Cluster 1 is confined to the DP physiographic unit, while Clus-
ters 2 and 3 occur in EP and M, respectively.
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FIGURE 5.3: Series of 2D scatter plots for the visualization of the clus-
ters based on the environmental variables. All the points are color-
coded based on the assigned cluster (Cluster 1 in pink, Cluster 2 in
green, Cluster 3 in blue).
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To complement the patterns observed in the 2D scatter plots, a 3D com-
prehensive visualization of the clustering results is provided (Figure [5.4p).
The 3D scatter plot illustrates the distribution of the three identified clusters
based on elevation, temperature, and slope, with each point representing an
observation. In the 3D scatter plot, the shape of each point corresponds to the
physiographic unit associated with the observation. Specifically, circles rep-
resent DP, squares denote EP, and diamonds correspond to M. Their spatial
distribution is further represented on the accompanying map (Figure [5.4p),
where sampling locations are displayed with the same color scheme, high-
lighting the geographic positioning of each cluster within the study area.

Cluster 1 is primarily associated with low-elevation areas below approx-
imately 300 meters, where temperatures exceed 15°C and slopes remain rel-
atively gentle. Cluster 2 spans intermediate elevations between 200 and 800
meters, exhibiting moderate temperatures ranging from 5°C to 25°C and a
wider variation in slopes. Cluster 3 is distinctly located in high-elevation
regions above 800 meters, where temperatures are significantly lower (typi-
cally between 0°C and 10°C) and slopes are steep, often exceeding 15%. The
spatial distribution observed in the map reinforces the environmental separa-
tion of these clusters, with Cluster 3 predominantly occupying mountainous
areas, while Clusters 1 and 2 are found in progressively lower areas. Ad-
ditionally, the time-series plot of Flow-T (Figure [5.4c) provides insights into
how macroinvertebrate communities are influenced by these environmen-
tal clusters. Over time, Cluster 3 consistently exhibits the highest Flow-T
values, while, Clusters 1 and 2 display considerably lower Flow-T values.
This suggests that environmental conditions associated with Cluster 3 (e.g.
higher elevations and lower temperatures), may support macroinvertebrate
communities characterized by higher Flow-T values.

Together, these visualizations reinforce the relationship between environ-
mental variables and spatial clustering trends in macroinvertebrate commu-
nities.



Chapter 5. Exploring Flow-T index applications in Mediterranean rivers 93

an memey SR e = =
= ESEmmE

o T gl 421
LR L L —
memunenm o
-—. =
B g
-y,

o ol
. 53 N &
Cluster classification Sampling sites — Rivers %/.',) oF
e 1 o Besbs Elevation (m) % »” N
* 2 © Llobregat .2,500
.3 [ Besos 0
] Liobregat
9]
1.00
Cluster
# Cluster 1
* Cluster 2
* Cluster 3
0.75
,; I i
Zaso . . P, vt
g CHE O e o
a F £ L PR
e
0.25 3 ! E .
o s
3 4
0.00
1995 2000 2005 2010 2015 2020

FIGURE 5.4: a) Spatial distribution of the sampling sites, b) 3D visual-
ization of clusters based on elevation, slope, and temperature, shape-
coded based on the physiographic unit, c) Flow-T calculated values
over time, with smooth line (GAM method) and 95% confidence in-
terval. All the points are color-coded based on the assigned cluster
(Cluster 1 in pink, Cluster 2 in green, Cluster 3 in blue).

5.3.3 Temporal trends

The temporal analysis of IBMWP and Flow-T indices reveals divergent pat-
terns that offer valuable ecological insights. Over the observed period (1994-2022),
IBMWP shows a general upward trend, particularly marked from 1994 to the
early 2000s, suggesting an overall improvement in biological water quality.
This trend coincides with a gradual reduction in the Flow-T index between
1994 and 2000, followed by a relatively stable pattern in the subsequent years.
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FIGURE 5.5: Temporal trend of IBMWP index from 1994 to 2022, with
smooth line (green line, GAM method) and 95% confidence interval
(grey shading).

As IBMWP increases, this corresponds to a greater total number of fami-

lies being recorded, likely consistent with enhanced water quality conditions.

However, when examining changes in relative family occurrence over time,

a more nuanced pattern emerges.
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FIGURE 5.6: Macroinvertebrate family occurrences during the 1994-
2022 period.

Specifically, while the absolute number of families increases with improv-

ing conditions, lentic, more tolerant, and highly dispersive families tend to
increase in relative abundance (e.g., Oligochaeta, 5.6). These families are gen-
erally more resistant to disturbance and better able to recolonize recovering
habitats. In contrast, the relative occurrence of lotic and sensitive to Flow-T
index families (e.g., Chironomidae, Simuliidae, Figure declines, partic-
ularly during the early years of time series. This trend, counterintuitive at
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tirst glance, highlights how community composition can shift toward more

generalist, opportunistic taxa despite ecological improvements.

5.4 Discussion

5.4.1 Spatial trend and response to morphology of Flow-T in-

dex

Overall, the results highlight clear environmental structuring among the clus-
ters, with elevation, slope, temperature, and physiographic unit type acting
as key factors in shaping macroinvertebrate community composition. The
separation between clusters suggests distinct responses of the Flow-T index,
influenced by these environmental gradients.

Cluster 1 composition highlights the association of lower values of Flow-T
index with depositional areas characterized by low elevation, high tempera-
tures, and gentle slopes. Cluster 2, consisting of EP physiographic unit type,
intermediate elevation with moderate slopes, and temperature variability, is
associated with intermediate values of Flow-T index. Cluster 3 is correlated
with mountainous areas featuring high elevation, steep slopes, and lower
temperatures, and clearly shows the highest values of Flow-T index. Simi-
larly, across several National Parks in Spain Guareschi et al. (2012) found that
environmental variables like basin slope, temperature, and altitude, were ef-
fective in shaping the macroinvertebrate community structure in mountain-
ous streams. The clustering of Flow-T with environmental variables suggests
that the index is sensitive to and effectively captures differences in the hy-
dromorphological and environmental conditions of the sampling sites. This
finding is supported, for example, by Lorenz, Feld, and Hering (2004) that
delineate a classification of German streams based on the macroinvertebrate
composition. Differently from this study, they mainly used substrate size and
geology as variables for the cluster analysis. However, they found that the
most distinguishable clusters are the mountainous and lowland areas, and
this is in line with our result well separating Cluster 1 and Cluster 3. Another
study conducted by separately analyzing mountain and lowland streams in
Germany (Schroder et al., 2013), highlighted that habitat preferences differ
between the two groups.

These findings support the use of Flow-T index as a meaningful metric
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for linking macroinvertebrate community structure to the physical charac-
teristics of river habitats. Furthermore, this result further reinforces the ap-
plicability of Flow-T index in habitat modeling and ecological assessment
frameworks.

5.4.2 Temporal trend of Flow-T index

The inverse relationship observed between IBMWP and Flow-T during the
initial years of the temporal series may reflect a process of ecological recov-
ery. This trend could be, at least partially, attributed to the arrival of new
lentic taxa, typically associated with low Flow-T values but exhibiting high
dispersal and colonization capacities. Their establishment would inevitably
contribute to an increase in the overall IBMWP index.

This finding is consistent with Cano-Barbacil et al., 2025, who showed
that trait-based indicators reveal a long-term decline in flow-dependent taxa
across intermittent and variable flow regimes, even in contexts of improv-
ing ecological status. They argue that hydrological alterations and increas-
ing flow intermittence can lead to biotic homogenization, where generalist
taxa outcompete flow-specialist species. Similarly, in our data, the observed
decline in Flow-T, driven by the loss or reduced dominance of lotic fami-
lies, may reflect hydromorphological pressures (e.g., altered flow regimes, re-
duced flow permanence), rather than purely chemical or structural degrada-
tion, or changing climate. These results emphasize the ability of the Flow-T
index to provide a valuable lens through which to understand how macroin-
vertebrate communities respond to varying morphological contexts. Fur-
thermore, although not directly proven, some of the used environmental
variables might be interpreted as a proxy of flow regime, able to shape the
community composition, richness, and organization over time. For exam-
ple, Pace, Bonada, and Prat, 2013/ used macroinvertebrate data series of two
sampling sites in the Llobregat river basin to assess the effects on richness
and composition of the community of hydrological varying conditions. They
found that hydrological conditions influenced the community, being the droughts
periods reason of invertebrate density reduction. Furthermore, Cafiedo-Argiielles
et al. (2020) found that in the Llobregat, Besos and Foix basins the metacom-
munity organization varied over time, being affected by several variables,
among which changing flow regime. Ultimately, as further development of
this study, assessing the long-term correlation between the Flow-T index and
hydrological conditions, including dry or ponding phases, in all or part of the
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sampling sites would be of great interest. Moreover, it should be considered
that decreasing discharge generally worsens water quality, as the dilution
capacity for pollutants is reduced.

Overall, this study put the basis for a long-term, spatial extended macroin-
vertebrate distribution analysis, based on the recently developed Flow-T in-
dex (Laini et al., 2022b), which has proven having potential to explain the
whole macroinvertebrate community response to physical habitat conditions.
However, limitations of this study are mainly related to the exclusion of key
hydromorphological variables such as flow velocity, discharge conditions,
and substrate composition, which are fundamental drivers of macroinverte-
brate distribution. Future analyses should therefore incorporate these vari-
ables to achieve a more comprehensive understanding of the community eco-

logical responses.
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Conclusions

Based on the presented work, significant advances have been made in un-
derstanding and modeling river habitats for macroinvertebrate communi-
ties. This research provided a detailed exploration of the relationships be-
tween macroinvertebrates and their habitats, emphasizing the mesoscale as
particularly effective for macroinvertebrate habitat modeling. By integrating
geomorphic and hydraulic characteristics with extensive ecological data col-
lected in diverse river systems, the study robustly demonstrated that mesoscale
habitat modeling effectively captures community variations depending on
both hydrological dynamics and geomorphological characteristics.

Based on our results, braided rivers are a good model system to build the
relationships needed to apply mesoscale modeling to macroinvertebrates. In
our study area, we found a wide range of different habitat conditions (high
diversity of geomorphic features and units) that allowed the co-occurrence of
taxa with various habitat requirements. Hence, the dynamism of these sys-
tems can be an added value for applying mesoscale modeling methods, as
long as these methods are calibrated with data collected from different sea-
sons and flow conditions. Collectively, our findings (Chapter 1) support the
use of mesoscale habitat modeling for aquatic macroinvertebrates. In fact,
since macroinvertebrates may persist in different hydraulic microhabitats,
mesohabitats represent a grouping factor that spans different combinations
of flow velocity, water depth, and substrate. This means that they can act as
a proxy for the distribution of macroinvertebrates by tracking the processes
that act on different spatial scales. This sets the conditions for result transfer-
ability and, consequently, for a good predictive power of mesoscale models.
In Chapter 2, the creation and practical application of the MapStream 3.0
QGIS plugin marked a significant contribution, notably enhancing the ef-
ficiency and accuracy of field data collection. The plugin streamlined the
geomorphic unit survey process, essential for the precise and systematic col-
lection of data required by the MesoHABSIM methodology. Through facil-
itating the collection and organization of habitat attributes, MapStream im-
proved the quality and usability of field-generated datasets.

A key achievement of the research is the development and validation of
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the macroinvertebrate community model, which combined the trait-based
Flow-T index with the Random Forest (RF) modeling approach, generat-
ing a reliable and transferable predictive tool. This work lays the founda-
tion for a gap-filling in habitat modeling, developing a biological model for
the whole macroinvertebrate community, which has often been excluded in
habitat evaluation and environmental flows studies. The RF model, used to
predict the Flow-T index (Laini et al., 2022b)), achieved good accuracy and
prediction power, both in the calibration and validation processes. The re-
sults were revealed to be effective in broadening the application of the model
in different climatic and hydro-morphological conditions and extending the
application of the MesoHABSIM methodology to a new ecological target. In
this regard, it would be of interest to distinguish different levels of appli-
cation across multiple rivers sharing the same river type, or across multi-
ple rivers belonging to different river types, and across multiple rivers lo-
cated in distinct physiographic units. The outcomes of the application of
the model through the SimStream-Web tool highlight the ecological response
of the community to instream flows. This model was validated (Chapter
4) through extensive field data collection and advanced 2D hydrodynamic
simulations in multiple watercourses with diverse river morphologies. The
demonstrated transferability and predictive power of the re-trained model
across different river types and geographic locations confirm its robustness
and potential applicability for sustainable river management. Further vali-
dation and iterative refinement of the Flow-T macroinvertebrate community
model across diverse climate regions (e.g., mediterranean or semi-arid) and
degrees of flow intermittence might lead to an even more robust and trans-
ferable tool. The findings may have relevance for an ecologically integrated
forecasting methodology applicable for environmental flows design based
on different ecological targets (fish and macroinvertebrates), in perennial and
non-perennial rivers.

In fact, applying the Flow-T index across Catalan rivers (Northern Spain,
Chapter 5), including non-perennial streams, provided scientific support for
the hypothesis that the macroinvertebrate community model might maintain
its predictive accuracy and applicability also in intermittent river systems.
Moreover, testing the Flow-T index within the broader temporal and spatial
contexts of Catalan rivers offered valuable insights into its international ap-
plicability and responsiveness to significant hydromorphological variations.

This expanded evaluation underscored the potential of the Flow-T index as
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a reliable ecological indicator across different climatic, hydrological, and ge-
ographical contexts, highlighting its relevance for integrated water resource

management.

Ultimately, this thesis substantially advances the understanding and prac-
tical application of river habitat modeling for macroinvertebrate communi-
ties, given their role as vital ecological indicators. By integrating innovative
methodological approaches, robust statistical analyses, and effective field
data collection tools, it suggests a new method for the integration of macroin-
vertebrates in habitat modeling frameworks. It emphasizes the critical role of
multidisciplinary and multi-target approaches in conservation planning and
sustainable river management, to effectively protect and restore freshwater
biodiversity and manage or reduce resource exploitation and environmental

pressures.
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