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Abstract

This investigation aimed to examine grain size distribution and channel
geometry (width and depth trends) along the terminal section of the river Fiora,
located in northern Lazio (ltaly). This river was chosen for the investigation
because this type of study is generally conducted on large rivers affected by
mesotidal or macrotidal regimes, whereas smaller scale, microtidal systems
have not been as extensively analysed. Additionally, as opposed to many other
rivers in Italy and Europe, the Fiora River has been left relatively laterally
unmodified, in terms of levees, bed/bank revetment and straightening, except in
its distalmost section near the town. A total of 44 samples for grain size
analyses were recovered from the river banks and a detailed bathymetry map
was obtained from a combination of GPS and sonar tools. The channel
geometry investigation was complemented with use of satellite images. The
results found that the Fiora’s changes in width and depth broadly agree with
what is observed in larger scale systems, with seaward widening along the
reach, and seaward deepening in the upstream section, followed by shallowing
in the downstream section. The grain size trends were also in agreement, with
coarser sediment at the upstream and downstream extremities of the reach,
and finer sediment toward the middle. This study suggests that
morpho-sedimentary models developed for larger-scale rivers influenced by
macrotidal conditions can be broadly applied to smaller-scale systems affected

by microtidal environments.

Riassunto

Questa indagine ha avuto [lobiettivo di analizzare la distribuzione
granulometrica e la geometria del canale (larghezza e profondita) lungo il tratto
terminale del fiume Fiora, situato nel Lazio settentrionale (ltalia). Questo fiume
e stato scelto per l'indagine poiché questo tipo di studio viene generalmente
condotto su grandi fiumi influenzati da regimi mesotidali o macrotidali, mentre i
sistemi piu piccoli, soggetti a regimi microtidali, sono stati analizzati meno.

Inoltre, a differenza di molti altri fiumi in Italia e in Europa, il Fiora & rimasto



relativamente poco modificato lateralmente, in termini di arginature, rivestimenti
del fondo e delle sponde e rettificazioni del corso, ad eccezione della sua
porzione piu distale in prossimita del centro abitato. Un totale di 44 campioni
per le analisi granulometriche sono stati prelevati dalle sponde del fiume ed &
stata ottenuta una mappa batimetrica dettagliata mediante la combinazione di
strumenti GPS e sonar. L'indagine sulla geometria del canale & stata inoltre
integrata con l'utilizzo di immagini satellitari. | risultati hanno mostrato che le
variazioni della larghezza e della profondita del Fiora concordano ampiamente
con quanto osservato nei sistemi di maggiore scala, con un allargamento verso
mare lungo tutto il tratto e un approfondimento verso mare nella sezione a
monte, seguito da un progressivo ridursi della profondita nella sezione a valle.
Anche gli andamenti granulometrici sono risultati in accordo, con sedimenti piu
grossolani alle estremita a monte e a valle del tratto e sedimenti piu fini verso la
parte centrale. Questo studio suggerisce che i modelli morfo-sedimentari
sviluppati per fiumi di maggiore scala influenzati da regimi macrotidali possano
essere applicati, in termini generali, anche a sistemi di minore scala soggetti ad

ambienti microtidali.



1. Introduction

River estuaries are complex depositional environments, where marine and
riverine processes overlap and interact with each other (Dalrymple et al., 2007;
Shchepetkina et al., 2019). The fluvial tidal transition zone (FTTZ) of a river is
the section where fluvial and marine processes overlap (Gugliotta et al., 2017),
and can be subdivided into 3 main sections (Dalrymple et al., 2007;
Shchepetkina et al., 2019), including an upstream section dominated by riverine
processes, a middle or transitional section characterized by bidirectional flow
and a progressive shift from fluvial to marine dominance, and a downstream

section where marine processes prevail.

The FTTZ has been extensively studied in large scale macrotidal river systems
(Choi et al., 2021; Dalrymple et al., 1990) and can be defined in different ways
as it is affected by river type, morphology, fluvial flux, tidal range and tidal prism
(Shchepetkina et al., 2019; Gugliotta et al., 2017). The FTTZ is defined as
extending from the upstream limit of tidal influence to the downstream limit of
fluvial influence (Shchepetkina et al., 2019). Fig. 1 (Dalrymple et al., 2007)
better illustrates the structure of the FTTZ as well as the dominant regimes in
each section.
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Figure 1: Zonation of Fluvial Tidal Transition Zone proposed by Dalrymple and
Choi (2007): (A) tide-dominated estuary schematic map, (B) variation of the
dominant processes along the estuary, (C) grain size distribution along the
estuary. Note the coarser grains at each end, whereas the middle exhibits

higher suspended sediment concentration, describing the ETM.

The FTTZ commonly includes the estuarine turbidity maximum (ETM), a zone of
higher suspended sediment concentration (Dalrymple et al., 2007), and which
can be seen in Fig. 1 C, as the suspended sediment peak in the middle-mixed
energy zone. The evolution and trends in width, depth and grain size distribution
along the FTTZ have been extensively studied in large scale riverine systems,
such as in the Mekong (Gugliotta et al., 2017; Gugliotta et al., 2019a), Po
(Yperen et al., 2025), or Fraser rivers (Dashtgard et al., 2015), however, similar
studies on small scale riverine systems have not yet been as extensive or
detailed. Furthermore, it is also important to take into account that studies
related to grain size distribution, channel geometry, and sedimentary structures
are most often carried out in areas with very large tidal excursions, such as the
Sittaung river (Choi et al., 2021), the Petitcodiac river (Shchepetkina et al.,
2016), the Bay of Fundy (Dalrymple et al., 1990) or Mt St Michel (Tessier et al.,
1993), whereas studies in microtidal environments are lacking. In order to verify
whether morpho-sedimentary models developed for large-scale macro- to
meso-tidal systems can also be applied to small-scale rivers affected by
micro-tidal regimes, which represent the majority of coastal riverine systems
worldwide (Caldwell et al., 2019), this study investigates the terminal reach of
the Fiora River, a small-scale riverine system discharging into the micro-tidal
Mediterranean Sea in central Italy. The Fiora river is in contrast with many other
Italian rivers, which over time have been extensively modified and altered with
bed revetments, bank revetments, channel straightening and more, all of which
have altered the evolution of their morphologies (Surian et al., 2003), as well as
their sediment dynamics. The Fiora has been relatively less impacted by human
modifications. This makes this system a reasonably suitable study case for
understanding natural fluvio-tidal morpho-sedimentary dynamics. The study will

aim to deepen the understanding of coastal dynamics in small scale, microtidal



systems, and more specifically, to analyze grain size distribution, as well as
trends in channel width and depth, along the terminal portion of the Fiora river,
consisting of a 4 km section, in order to better understand how the processes
mentioned above interact in a small-scale, microtidal, well preserved riverine
system. The results will be compared with models developed for larger-scale
systems in order to assess whether the observed processes and
morpho-sedimentary features are scale-dependent or whether similar patterns

can be applied across different riverine environments.

2. The Fluvial Tidal Transition Zone: Overview

The upstream, middle and downstream sections of the FTTZ area are affected
by different morpho-sedimentary processes. Essentially, proceeding seaward,
fluvial forces are initially dominant but progressively become weaker, where
tides gain the upper hand, eventually becoming the dominant regime
(Dalrymple et al., 2007). Each different flow regime will impact channel

geometry, sediment transport and inevitably influence grain size distribution.

2.1 Upstream Section

In the upstream section, which generally experiences a dominant fluvial regime
(Fig. 1 B) (Shchepetkina et al., 2019; Dalrymple et al., 2007), sediment
transport is governed by predominantly net seaward flow conditions. This
results in a net seaward oriented bed shear stress regime, although its
magnitude varies with discharge (Van Rijn et al., 2007). This means the flow
may be able to carry coarser sediment particles depending on discharge, as
higher discharge increases the capacity of the flow to entrain and transport
larger sediment fractions (Van Rijn et al., 2007), while finer particles are more
readily transported in suspension and exported downstream. This can result in
coarser sand-dominated channel deposits supplied by fluvial bedload transport
(Fig. 1 C), whereas finer the suspended load is carried further downstream,
which is consistent with a section where fluvial processes dominate (Gugliotta
et al., 2020; Gugliotta et al., 2019a). In terms of channel geometry (Fig. 1 A),



the upstream FTTZ section generally shows relatively high sinuosity, increasing

seaward depth, and constant channel width (Gugliotta et al., 2019a).

2.2 Middle Section

The middle mixed-energy section (Fig. 1 B) is the most dynamic zone of the
system, mainly due to the competition between fluvial and tidal regimes
(Shchepetkina et al., 2019; Dalrymple et al., 2007). When the tide rises, the tidal
regime will be dominant, and flow will mainly be directed inland, whereas when
tide falls, seaward flow becomes stronger (Yankovsky et al., 2012). The
competition between these two processes can have substantial impacts on
sediment dynamics, as the convergence of river and tidal flows can allow fine
particles to settle out of suspension, leading to a local accumulation of fine
sediment (Fig. 1 C). The middle section of the FTTZ can be seen as a ‘trap’ for
fine sediment, this zone is in fact part of the Estuarine Turbidity Maximum
(ETM), an area of higher suspended sediment concentration (Jay et al., 2015),
due to the convergence of river and tidal flows, flocculation, and the presence of
a moment of slack water period, allowing for the accumulation of mud and the
formation of abundant mud drapes (Dalrymple et al., 2007). The slack water
period, which occurs due to the altering flood and ebb tides can lead to velocity
asymmetries, further impacting the quantity of suspended sediment deposited
(Lanzoni et al., 2002). Looking at channel geometry, this section should begin to
exhibit seaward widening (Fig. 1 A) and a gradual decrease in sinuosity. These
changes are associated with seaward increase in depth, due to the increasing
effect of tides (Gugliotta et al., 2019a).

2.3 Downstream Section

The downstream section is dominated by tides (Fig. 1 B). Here, the effect of the
river becomes almost negligible, and the main force acting on sediment is that
of tides (Gugliotta et al., 2019b; Dalrymple et al., 2007). The powerful and cyclic
tidal currents are able to rework sediment more frequently than in upstream
sections, and this section is characterized by coarser (Fig. 1 C), more sandy,

well-sorted sediment, as flow energy is high enough to winnow away and keep



finer particles in suspension (Dalrymple et al., 2007; Gugliotta et al., 2019b).
Furthermore, in contrast to the rest of the FTTZ, a good proportion of sediment
here is not of fluvial origin, but is of marine origin brought landward by
flood-dominant tidal transport (Dalrymple et al., 2007). The downstream section
is dominated by bidirectional flows, nevertheless this section flow in this section
differs from that in the middle section, as it does not result from a competition
between regimes, but is a pure product of the dominant marine tidal wave
propagation (Hoitink et al., 2016). Channel geometry of the downstream section
shows low sinuosity, widening toward the sea (Fig. 1 A), and seaward
decreasing depth, related to the predominance of tidal effects (Gugliotta et al.,
2019a).

3. Geomorphological Setting

3.1 The Fiora River

The Fiora river is a central Italian waterway originating on the slopes of Monte
Amiata, and stretching southward for 84 km, until it reaches the town of
Montalto Marina, and joins with the Tyrrhenian Sea. The hydrographic basin
(Fig. 2 B) covers an area of 826.9 km? (Nannoni et al., 2025). In terms of
geology, the upper part of the catchment is composed of primarily quaternary
volcanic products, whereas the lower parts consist of Neogene and Late
Pleistocene sediments (Nannoni et al., 2025). This will be important to consider
as the upstream composition of the catchment will build up a relevant
component of the downstream sediment which will be analyzed. The terminal
reach of the river, from the river mouth to 1 km upstream, is seen to be subject
to some human modifications, mainly large boulder banks to stabilize the river
mouth, whereas the rest of the river exhibits little to no modifications in terms of

levees, straightening or bank revetments.
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Figure 2: Geographical Context: location of the Fiora mouth, near Marina
Montalto (A), and Fiora river drainage basin (B), obtained via QGIS elaboration,
extrapolating information such as flow direction and accumulation from a DTM,

via the use of algorithms such as Fill Sinks (Wang and Liu).

In recent times, human activities and impacts have increased on and around the
Fiora, mainly related to land use changes (Piazzola et al., 2015). Although the
river is left mostly unmodified, earlier impacts on channel morphology and
sediment dynamics appear to be mostly related to mining in the drainage area
and related release of pollutants (Nannoni et al., 2025). Despite a lack of direct
modifications, there is one important structure to be considered, the Vulci Dam,
built in 1923 (Nannoni et al., 2025), which can have important impacts
especially on sediment transport, as it can trap sediment behind it and increase
erosion downstream of it (Kondolf, 1997), however for the purpose of this study,
the impacts should be minimal. From historical satellite imagery using Google
Earth, the study reach, and particularly the final 1 km section from the river

mouth, has been almost unchanged since 1985.
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3.2 The Study Reach

The specific study reach (Fig. 3) consisted of the terminal portion of the river,
measuring 4 km, extending from the mouth to the first bridge on the river. The
reach presented 7 meanders, and had an upstream part with a width stable
around 25 m, which then progressively widened until a maximum of 82.6 m at a
point 2.7 km downstream of the upstream study reach boundary. The mouth,
near the town of Montalto Marina, had cement embankments up to 1 km
upstream of the river mouth on the South-East side, where boats were tied
down, and on the North-West side there were boulder banks present to the
same extent. These extended from the mouth to the first bend where the river
gets slightly larger. Beyond that point there was almost no bank modification
except one ramp to lower boats in the water, and one short stretch of recently
added bank boulders at the second bend. Beyond the upper boundary of the
study reach, there were large rocks present making further excursion upstream

impossible.

m¢ Study Reach Boundaries
§% —— Reach Boundaries
= Upper Extent of Cement and Boulder Banks

=== Small Boulder Bank

Figure 3: The Fiora Study Reach: the green lines show the extent of the study

reach, the red line shows the upper extent of the cement and boulder banks,
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and the blue line shows a small boulder bank. Note the decreasing seaward
sinuosity and terminal straighter and wider reach, characteristic of tidal

influences, similar to what illustrated in Fig. 1 (A).

4. Methodology

The study is mainly based on field examinations carried out between the 24-28
May 2026, along the terminal 4 km-long section of the river. The expedition was
conducted as part of a research project focused on the terminal reach of the
Fiora River, developed through a collaboration between the Universities of
Padova and Siena. The field campaign included several data collection
activities, including: (i) the recovery of sensors deployed in March 2026 to
monitor water-level variations and flow velocity; (ii) the collection of grain-size
samples from channel banks and the thalweg along the river reach; (iii) the
measurement of river bathymetry and the generation of a high-resolution
channel map; and (iv) the collection of sediment cores. Although the expedition
involved extensive collaboration among all participants, with researchers
contributing to multiple aspects of data acquisition, the present study primarily
focuses on the characterization of channel geometry, bathymetry, and grain-size

variations along the channel banks.

4.1 Channel Bathymetry and Width

The channel bathymetry work was carried out with a team of 2 kayaks, each
towing a tool to gather data on channel depth. One kayak towed a sonar device
(Deeper Chirp +3) with a 100 kHz acquisition frequency, paired with a GPS
receiver to analyse depth (Fig. 5 A,B), whereas the other kayak towed an ADCP
Sontek M9 (Fig. 5 C), equipped with a single beam for depth survey, with an
acquisition frequency of 500 kHz, and an RTK GPS. The kayaks moved
upstream each proceeding along a river bank, then one rowed downstream on
the opposite bank, while the other proceeded downstream in a zig-zag path.
The raw data from both types of sensors was then downloaded on QGIS, where
via TIN interpolation, a DEM of the riverbed was obtained (Fig. 5 D,E), with a

resolution of 1 m. From this DEM, the thalweg of the river was traced and
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extrapolated as an excel file via the QGIS elevation tool. Depth was then plotted
on a diagram as a function of distance from the upstream boundary of the study
reach. The depth measurement was carried out along the thalweg to ensure a
consistent and continuous measurement line, and to reduce errors induced from
the channel slopes, as well as other potential local topographic anomalies which
may not be representative of the overall depth evolution of the reach. Channel
width was calculated along the whole reach from satellite imagery, with a
measurement transect every 50 m, measuring width at the vegetation limit, from
bank to bank. Width was then plotted on a diagram as a function of distance

from the upstream boundary of the study reach (Fig. 4).

Measurment Transects

0 100 200 m
|

Figure 4: Width Study: width measurement transects on a portion of the Fiora
study reach. The measurements were carried out along the entire study reach,

each 50 m apart.
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to raft (B), ADCP device (C), raw ADCP and sonar bathymetric data points (D),
and elaborated final DEM (E), obtained via TIN interpolation of the raw data.
Red areas show the deepest parts of the river bed, whereas blue areas the

shallowest parts.
4.2 Grain Size Data from Channel Banks

The sediment samples were gathered by kayak (Fig. 6 A) at both the banks. On
the 26™ of May, a kayak gathered 44 samples at the bank, roughly at the water
level, at an interval of about 70 m between each sample for the entire 4 km
reach (Fig. 6 D). Samples were recovered by means of a 20 cm long PVC pipe
(2 cm in diameter) (Fig. 6 C). The sediment sample was pushed out with a rod
into a bag and labelled. The bank granulometry samples were returned to the
University of Padova, where through the use of a Mastersizer (Fig. 6 B), each
sample’s grain sizes were measured. Sample preparation included individually
mixing each one to ensure that the portion used was uniform, and subjecting
them to ultrasound waves, to avoid flocculation of the clay fraction. Samples
were analysed with a particle refractive index of 1.57, based on the results of an
X-ray diffraction study of a representative sample, that showed that the principal
mineralogical components included quartz (29.85%), K-feldspar (25.30%),
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calcite (12.82%) and chabazite (7.10%) among others in lesser proportions. A
particle absorption index of 0.01 was used, with water as the dispersant, having
a refractive index of 1.33, and a Mie scattering model paired with a general

purpose analysis model.

e Bank Samples
800 m

Figure 6: Granulometry Study: tools used to gather bank granulometry samples
(A,C), Mastersizer device (B), and map showing the locations of the bank

samples (D), each about 70 m apart.

5. Results

5.1 Channel Geometry: Width

The river width increases proceeding downstream (Fig. 7 B), starting from a
width around 25 m in its upstream section, and reaching a maximum of 82.6 m,

2.7 km downstream of the upstream investigation boundary. This change shows
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an increase of width by a factor of 3.3 in the portion of the Fiora unaffected by
artificial embankments. From the site of maximum width, the Fiora’s width
decreases slightly and becomes more constant, however the measurements in
the final section are biased, as artificial embankments on both sides of the
channel constrain the river, hence these measurements cannot be considered

representative of natural conditions.

L |
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Figure 7: Results of the Width Study: width measurement transects on the Fiora
study reach (A), one each 50 m. Note that the area delimited by the red bars
presents artificial embankments on both sides, meaning width measurements
there are inaccurate with respect to natural conditions. Evolution of the Fiora’s
width proceeding downstream (B). The 0 m distance corresponds to the
upstream limit of the investigation (railway bridge). Note that from between
3000-3100 m the artificial embankments begin, and heavily impact the width
measurement from there on. The study reach exhibits the expected width

evolution, with progressive widening downstream, toward the sea.
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5.2 Channel Geometry: Depth

The analysis of the depth changes along the transect was carried out along the
thalweg of the river reach. The upstream section, from 0-1.8 km, presented
seaward deepening, starting off from depths which fluctuated around 1-1.5 m,
and reaching a maximum depth of 4.3 m around the middle of the investigation
area, in the pool of a meander bend, 2.3 km downstream of the upper boundary
of the study reach (Fig. 9 B). In the upstream section, the Fiora deepens by a
factor of ~5.4. From here a progressive seaward decrease in depth can be
observed, toward the mouth of the river, shallowing by a factor of 2.9. The
Fiora’s mouth exhibits a more or less stable depth around 1.5 m despite local
fluctuations, until a sharp drop can be observed at the very end, as the open
sea is reached. The overall depth trend presents very strong local depth

variations, related to the development of pools and riffles.

Fiora DEM

3 Depth (m)
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Figure 8: Fiora DEM: full DEM of the Fiora study reach (A), obtained via the TIN
interpolation of raw ADCP and sonar data points and enlarged section (B). Note
that red parts show the deepest channel areas, whereas blue parts are the

shallowest.
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Figure 9: Results of the Depth Study: full DEM of the Fiora study reach (A),
obtained via the TIN interpolation of raw ADCP and sonar data points. Note that
red parts show the deepest channel areas, whereas blue parts are the
shallowest. The pink line is the thalweg, along which depth measurements were
taken to obtain the profile. Depth evolution of the thalweg along the Fiora study
reach (B), obtained from the DEM above, the 0 m distance corresponds to the
upstream boundary of the investigation area (the railway bridge). Depth along
the reach evolves as expected, with seaward deepening in the upstream
sections, and seaward shallowing nearing the mouth.
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5.3 Grain Size of Bank Deposits

The grain size analysis showed that samples B0-B43 had a geometric mean
D50 value of 105.7 ym, and a geometric mean D90 value of 387.7 um. The
coarsest sample was B30, with a D90 value of 837.1 ym, whereas the finest
sample was B4, with a D50 value of 7.7 um. The sample presenting the highest
mud portion was also B4, with 88% of its particles finer than 63 pm. Grain size
analysis revealed that the Fiora presented coarser grain sizes in the upstream
and downstream sections, with a central section showing a rough decrease in
median grain size. Spatial distribution of D50 values (Fig. 10) show a trend that
in the upstream section presented a D50 value around 200 um which steadily
decreased until a minimum of 100 um in the central section, 1.8 km downstream
from the upper boundary of the investigation. As we reach the estuary mouth,

the values increase again, as we have coarser sediment present.

® Bank Samples
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Figure 10: D50 Results: locations of the bank granulometry samples (A) from
B0 to B43, D50 of the samples (B), with the 0 m distance corresponding to the
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upstream boundary of the investigation reach. Note the coarser values at the

extremities, with finer ones at the center.

The cumulative volume percentage of particles finer than 63 pm (Fig. 11 B)
presents a trend that is roughly comparable to the D50 graph, with higher mud
concentrations at the center of the study reach, and decreased concentrations
at the extremities. Here the samples closest to the estuary mouth (BO, B1, B2)
showed the lowest mud concentration. Finally, Fig. 12 shows the D90 of each

sample, with a trend showing a progressive decrease in the coarse fraction

proceeding seaward.
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Figure 11: Mud Content Results: locations of the bank granulometry samples
(A) from BO to B43, cumulative volume % of particles finer than 63 um (B), with
the 0 m distance corresponding to the upstream boundary of the investigation
reach. Despite the peak in samples B4 and B5, the samples gathered in the

central section show the most consistent elevated mud percentage.
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Figure 12: D90 Results: locations of the bank granulometry samples (A) from
B0 to B43, graph showing the D90 of the samples (B), with the 0 m distance
corresponding to the upstream boundary of the investigation reach. Note that
the coarser fraction of the particles gradually decreases proceeding seaward,

until an increase at the 3 km mark.

6. Discussion

6.1 River Width

The progressive widening of the Fiora River channel was coherent with what
expected, and with what was observed in larger scale macrotidal river systems,
such as the Mekong or Sittuang, (Gugliotta et al., 2019a; Gugliotta et al., 2017;
Dalrymple et al., 2007; Choi et al., 2020), and can be attributed to the
progressive shift from fluvial dominated processes to tidal dominated ones, and
in particular, the influence of tidal prism (Gugliotta et al., 2019a, Gugliotta et al.,

2019c). The observations on the Fiora are also consistent with the Déng Nai
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river (Gugliotta et al., 2019c), which despite again being a larger scale
mesotidal system, with spring tides often observed fluctuating over 3 m
(Gugliotta et al., 2019c), showed a similar widening trend as the Fiora. The
results suggest that both microtidal and macrotidal regimes can notably impact
the morphology of a river’s mouth and FTTZ. Due to the scale differences of the
rivers, and the fact that a microtidal regime will have a smaller tidal prism than a
macrotidal regime, the widening observed on the Fiora is in the range of meters,
whereas in the other two, kilometers. It is however important to note that (Fig.
13), the Fiora widens by a factor of 3.3, from 25 m at the upstream reach
boundary, to 82 m at its widest just before artificial embankments constrain it.
This is similar to the Mekong’s trend, which fluctuated around 1.5 km before
expanding to 4 km, but is less than what is observed in the Péng Nai, which
fluctuates below the 1 km mark before expanding to 5 km. Despite the
differences in tidal prism, the effect impacts the Fiora and Mekong similarly in
proportion, whereas the Déng Nai experiences enhanced widening, likely due to
the role that valley confinement plays in its upstream portion, and the transition

from a confined to unconfined valley setting (Gugliotta et al., 2019c).
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Figure 13: Width Comparisons: Fiora’s width evolution (A) compared to the
Mekong’s (B) (Gugliotta et al., 2019a), and the Bdng Nai river (C) (Gugliotta et
al., 2019c), showing how all rivers exhibit notable seaward widening in their
terminal portions, despite their substantial scale differences and different tidal

regimes.

6.2 River Depth

As with channel width, the Fiora’s depth trend also behaved similarly to what
was observed in the Mekong, as well as other larger scale rivers (Gugliotta et
al.,, 2019a; Gugliotta et al., 2017). Figure 14 highlights that both rivers
experience progressive seaward deepening in the upstream sections until they
reach their deepest points. From here on the trend changes to progressive
seaward shallowing. The upstream channel deepening can be attributed to the
dominant river energy (Gugliotta et al., 2019a; Gugliotta et al., 2017), whereas
the tidal forces responsible for the widening previously observed are also
responsible for the seaward shallowing observed in the final section (Gugliotta
et al.,, 2019a; Gugliotta et al., 2017; Gugliotta et al., 2019c). As observed for
channel width, similar patterns to those documented in large-scale macrotidal
systems can also be identified in small-scale microtidal environments.
Proportionally, the trend is also again very similar, with the Fiora initially
fluctuating around 1-1.5 m until reaching a maximum depth of 4.3 m, and the
Mekong fluctuating around 15 m before reaching a depth of 40.4 m, thereby
both reaching a maximum depth 3 times deeper than their upstream channel
depth trends. It is important to note that despite the well defined trend in the
Fiora, field measurements show a high level of variability related to local
morphologies. For example, thalweg depth may vary notably between riffle and
meander pool zones, introducing significant noise in the measurements. This
can mask the observed trend, and make its identification difficult. Therefore,
though the trend is overall coherent with what is expected, the noise associated

with the local morphological characteristics may easily mask its presence.
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Figure 14: Depth Comparisons: depth profile of the Fiora (A) compared to the
Mekong (B) (Gugliotta et al., 2019a). Both show progressive deepening
seaward in the upstream section, which then changes after their deepest point,
to progressive seaward shallowing. Diagram summarising the depth trend
observed and the controls associated with the fluvial tidal dynamics (C)
(Gugliotta et al., 2019a).

6.3 Grain Size Data

The results from the granulometry analysis broadly agreed with what observed
in larger scale macrotidal systems such as the Mekong or the Gironde
(Gugliotta et al., 2019a; Gugliotta et al., 2017; Allen, 1991), as well as larger
scale microtidal systems like the Po (Yperen et al., 2025). The general observed
pattern shows an upstream section with coarser sediment, a middle section with
a higher concentration of suspended sediment, and a downstream section
where the coarse fraction becomes more relevant again (Gugliotta et al., 2020;
Gugliotta et al., 2019a; Dalrymple et al., 2007; Gugliotta et al., 2019b). The

Fiora also exhibits the same pattern, however it is not as well defined as larger
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scale macrotidal systems, presenting a larger variability and a less clear, but still
recognisable trend. The Fiora’s upstream section presents coarser sediment,
with higher D50 values and lower mud content percentages, consistent with the
dominance of fluvial processes. The central section shows lower D50 values
and increased mud content percentages, coinciding with the definition of the
2007; Jay et al., 2015).

Nevertheless, similarly to the depth data a certain disturbance occurs also in

estuarine turbidity maximum (Dalrymple et al.,

relation to grain size distribution. Accordingly, the ETM cannot be accurately
defined, as the occurrence and distribution of mud is often masked by local
topographic and hydrological variations, which can lead to a sample having
more mud or more coarse grains. For example, moving along a meander bend,
the sediment granulometry will progressively change, with coarser material
upstream, and finer sediment downstream. This granulometry pattern is
reflected in the general observed trends (Fig. 15 A,C; red circles). The Fiora’s
results also agree with what is observed in the Po (Fig. 15 D), showing that the
coarse fraction becomes less relevant progressively downstream until a small

peak at the outlet, likely due to the progressive waning of fluvial forces.
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Figure 15: Granulometry Comparisons: Fiora’s D50 (A), note red circles
identifying coarse samples which lie at the upstream entrance of a meander.
Mud content % (C), note red circles identifying samples richer in mud, lying
toward the center and exit of a meander. Grain size trends in the Po (Yperen et
al., 2025) (D), and the grain size trend in the Gironde Estuary (Dalrymple et al.,
2007, after Allen, 1991) (B). Note how both show a similar trend to the Fiora,

with coarser extremities and a finer center.

7. Conclusions and Future Improvements

The morphology of the Fiora, studied via its width and depth trends primarily,
showed that despite being a small scale microtidal system, it exhibited the same
trends in channel geometry and grain size as the larger scale macrotidal
counterparts. This remained true despite the fact that in small scale systems,
local hydrodynamic factors can be very efficient in masking the observed
trends, rendering them at times cryptic. This strongly suggested that the effect
of tides, though characterized by a smaller excursion and prism, still was
fundamental in shaping the river. Though the granulometry results also broadly
agreed with the established literature on the FTTZ, they showed a more
masked signal due to local hydrodynamics, as before. This could be improved
by gathering more samples along the study reach, in order to gain a denser
data distribution and more clearly and certainly reveal the granulometry trends
on the Fiora, potentially allowing for an identification of the ETM with a good
degree of confidence. Additionally, excursions further upstream, could
potentially allow the granulometry trend to become even clearer. Nonetheless,
the current results still showed how the reach’s granulometry was affected by
both fluvial forces, as well as the tidal ones, in a manner that strongly correlated

with what was seen in large systems with more relevant tidal excursions.
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