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Abstract

In non-uniform river flows, hydrodynamic features, such as gradients of velocity in flow
directions, are of particular importance for explaining the abundance of aquatic habitats.
Hydraulic complexity metrics referred to as M1, M2, and Ms play an important role when it
comes to the analysis of habitat metrics on a 3D spatial level. Parameter M+ is proportional
to the drag force experienced by an organism, parameter M2 represents how much more
energy an organism must expend if it moves from the lower velocity to the higher velocity
location, and parameters Ms illustrates the circulation in flow. The specific aim of the
present study is to apply those parameters to characterize, under different flow conditions,
the cross-sectional distribution of kinetic energy and coherent structures which are both
relevant for many aquatic organisms. To this aim, laboratory data as well as field
observations along Tiber River, in central Italy, were considered and the hydraulic
complexity metrics were investigated in dimensionless form. On the laboratory-scale, the
dimensionless parameters M1, M2" and M3’ identify the velocity gradient related to the
high/low cross-sectional velocity and the high/low vorticity areas in selected cross-sections
along the flume. Then, the evaluation of the parameter Mz2* in the horizontal plane allows to

verify the relation between the localization of the high/low kinetic energy areas in the
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longitudinal direction. For the field-scale, the parameters were investigated, under high,
moderate and low flow conditions, in a gauged site in the Tiber River. The results indicate
that an aquatic organism should spend more energy where Ms’, which is related to flow
circulation, assumes high values. Furthermore, significant values of M+* and M2* are
observed, which are linked to gradients in the cross-sectional distribution of velocity. These
values are predominantly found at the river centerline for M+* and at the banks for M2*. In
terms of echo-hydraulics, the results based on both laboratory and field data indicate that
they are complementary, showing that for the larger magnitudes of M1 and Ms, which are
related to the kinetic energy and flow circulation, respectively, an aquatic organism should
spend more energy in these zones. Overall, the results based on both laboratory and field
studies suggest that parameters M1 and Mz are inversely linked, i.e., M1 decreased with
increasing M2, while, there is no relationship between parameters M3 and M1. The findings
of the present research would be of particular interest in quantifying biologically important
flow patterns occurring at different spatial scales within different streams and under different

flow conditions.

Keywords: Hydraulic complexity, Eco-hydrology, Eco-hydraulics, River hydrodynamics,
Tiber River.

1. INTRODUCTION

As the physical habitat of in-stream biota, the in-stream habitat is comprised of the
channel's physical structure as well as the spatial and temporal dynamics of the flow regime
(Maddock 1999). Various in-stream and topographic variables affect habitat structure,
including bed slope and deformation, near-bed velocity, and flow circulations (Pedersen et
al. 2004). Sustaining biodiversity is essential to the health of our environment and to the
quality of human life. For our survival, we are dependent on a variety of aquatic plants,
organisms, and their ecological processes. Aquatic biodiversity depends on some factors

including a) chemical variables of water quality including factors such as pH, dissolved
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oxygen, nutrient levels, and pollutants, b) water temperature, c) the structure and
complexity of aquatic habitats, such as the presence of rocks, vegetation, or other physical
features, d) availability of foods, e) the connectivity of aquatic habitats to other ecosystems,
such as wetlands, rivers, or oceans and f) hydrodynamics of flow including velocity and
discharge (J. Morin and McGrady-Steed, 2004; Irfan and Alatawi, 2019; Protasov, et al.,
2019). In this direction, the current research, in terms of eco-hydraulic, aims to investigate
the hydrodynamic features of flow that affect aquatic organisms. Previous literature studies
(Crowder and Diplas 2000, 2002; Gualtieri et al., 2017, 2020) indicated that the hydraulic
complexity parameters, M1 and M2, provide a description of the magnitude of drag forces
applied by aquatic organisms when they move between two locations. The first parameter,
M1, represents the spatial alteration in the flow's kinetic energy. This parameter is defined
as a quantitative measure of the extent of power exerted in the process of transitioning from
one specific location to another. The second parameter, referred to as M2, functions as a
gauge to determine the additional amount of energy an organism is required to expend
when it moves from a region with a lower velocity to one with a higher velocity magnitude.
The third parameter, M3, provides information about circulation zones in the flow which
could be potential feeding places for aquatic organisms such as fishes. Overall, with these
three parameters, M1, M2, and Ms, it becomes possible to assess the hydraulic conditions
that are conducive to the existence of an aquatic habitat. Aquatic habitat is extremely
dependent upon the spatial heterogeneity and variability of flow characteristics, i.e. water
depth and flow velocity. As an example, some researchers (Fausch and White 1981;
Rempel et al. 1999) showed that flow patterns, eddies, transverse flows, velocity gradients,
and thus turbulent kinetic energy, and other complex hydraulic characteristics can predict
salmonid density (Smith et al. 2006). The natural streams were modeled using commercial
packages such as River2D, which is a two-dimensional, depth-averaged hydrodynamic

model (Blackburn and Steffler, 2002; Clark et al. 2008).
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Tritico and Hotchkiss (2005) proved that natural boulders create vertical vortex structures
downstream of gravel-bed streams based on spatial variations in bed roughness. Vertical
vortices create areas of high and low pressure within the water column which can impact
aquatic organisms and river ecology by creating flow circulation zones. This impact can be
quite complex and can vary depending on several factors, including the size and strength of
the vortex, the geometry of the river channel, and the local topography. As an example,
Blettler et al. (2016) verified that the macroinvertebrate diversity increased strongly
downstream of the Bermejo and Paraguay River junction. Gualtieri et al. (2017, 2020)
investigated the hydraulic complexity parameters through the junction of Negro and
Solimbes rivers on the Amazon River in Brazil and determined that helical cells forming at
the confluence directly affect the flow rotation strength. Nepf et al. (2022) reported a review
of some research works on the influence of hydraulic conditions on habitat selection and
migration of fish and macroinvertebrates. They reported how habitat selection and
swimming patterns are induced by velocity, turbulence, and bed shear stress. Golpira et al.
(2022) experimentally investigated the effect of rock-ramp boulder placement with varying
boulder concentration and flow rate on habitat hydraulic complexity metrics, including the
kinetic energy gradient and modified recirculation metrics. They found that boulder
placement with the highest boulder concentration resulted in the greatest habitat hydraulic
complexity. Bahmanpouri et al. (2023) analyzed the hydraulic complexity parameters M1
and Mz based on laboratory and field data to investigate the drag forces applied by aquatic
organisms.

The present study, as continuation of Bahmanpouri et al.” (2023) work, aims to investigate
the three hydraulic complexity parameters (M1, M2, and Ms) in more detail. These
parameters are of particular importance to determining the diversity of aquatic organisms
based on analysing the kinetic energy and vorticities at the potential habitat zones. In the

pursuit of this endeavour, it is imperative to consider both laboratory-based and field-based
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measurements, as they provide valuable insights into the development and validation of
spatial metrics that are of essential importance in the realm of various stream conditions.
The current research endeavours to establish a correlation between energy gradients,
vorticity, and flow complexity, all of which play a crucial role in the comprehensive study of
aquatic organisms within the context of eco-hydraulics. This study encompasses fishes
belonging to diverse species and encompassing different stages of their life cycle. Thus, in
the present research, data from both laboratory flume and the field, collected at a gauged
section along the Tiber River, in central Italy, under different flow conditions are used. In
particular, the analysis of laboratory data has allowed us to isolate the effects of the bed
deformation and turbulence structures periodicity, which strongly influence the aquatic
habitat, on stream parameters evaluation. Different cross-sections within each of the flow
patterns of interest are calculated and scrutinized to examine the considered metrics. The
paper is organized as follows: the first Section introduces the laboratory setup and field site,
while the second Section describes the theory behind the hydraulic complexity parameters.
In Section 3, the results from both laboratory and field data are presented. The paper is

ended with the conclusion in Section 4.

2. Spatial metrics for river flow complexity: theoretical background

The velocity gradient is a prominent component in a spatially varying flow pattern. It is worth
noting that velocity gradients exist near banks, boulders, and other obstructions and are
potentially applicable parameters for quantifying and distinguishing between flows having
similar depth and velocity values but influenced by different spatially varying flow patterns
(Figure 2). Two parameters that address local velocity gradients are defined as potential
habitat metrics and they are inferred as (Crowder and Diplas 2000, 2002; Gualtieri et al.,
2017; 2020):

v: oV V,—V
7:V— Evave—zAS ! [1]

)
My " Os ds
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where V is the velocity and Vi and V2 are magnitudes of velocity between the two
consecutive velocity points 1 and 2, whose distance is A;, Vave is the average of Viand V3;
Vmin is the minimum value of V1 and V2 The distance A, can be defined in the transverse
direction as A, (for the present work A, = 0.07 and 1.0 m for the laboratory and field data,
respectively). The first parameter M1 represents the spatial change in a flow’s specific
kinetic energy (i.e. per unit mass and unit length [J/Kgm]). The second parameter M2 scales
the spatial change in the kinetic energy of the flow at the point having the lower velocity

magnitude.

Figure 1. Calculation mesh, i in transverse direction, j in streamwise direction and k in the
vertical direction. Red circles show the selected points of velocity in two perpendicular
directions
Thus, to distinguish between flows with similar water depth and velocity values but different
velocity gradients surrounding them, the parameters M1 and Mz allow the evaluation of a
flow's velocity gradient and its scaled specific kinetic energy, respectively. In other words,

based on Crowder and Diplas (2000), the first parameter (M1) is proportional to drag force

on an organism and it is a measure of the amount of power expended in moving from one
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location to another. The second parameter (Mz2) represents how much more energy an
organism such as fish must expend if it moves from the lower velocity to the higher velocity
location. The concept of hydraulic complexity parameters considering the aquatic

organisms is highlighted in Figure 2.

N ~

Movement (change in kinetic energy) M2

Drag Force (M)

~
« _\ ~ Feeding in circulating
' flow zones (M3)

Figure 2. Description of the hydraulic complexity parameters, updated based on
Bahmanpouri et al. (2023) to consider M3

For the first parameter, kinetic energy per unit mass (V;) multiplied by a drag coefficient and

a frontal area provides the drag force acting on a specific object or organism such as fish
(Munson et al., 1990). Hayes and Jowett (1994) and Fausch and White (1981) presented
some data to estimate the minimum and maximum possible values of 2V,,. x [(V, —V;)/
As|/VZ2,, that existed at the location of an aquatic organism such as fish. Further, they
reported a range of focal point velocity values (Vmin), “velocity shears” and “velocity
differences” that existed at fish locations.

The third parameter M3 highlights the weighted average of flow rotation in the transversal
vertical or horizontal plane, known as “modified circulation”. This parameter is a scale of the
strength and frequency of eddies and is defined, in the vertical plane, as (Gualtieri et al.
2020):

A Av
[ Tolelna |(W Iy

Aror XA, XA,

Mz = XA, XA, [3]
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where Aw, Av and Au are the variations of velocity in the vertical, transverse and
streamwise directions, respectively. Figure 2 depicts the meshing diagram of Ms, which can
be calculated in both vertical and horizontal planes, respectively. The Ms parameter
represents the flow circulation within an area, which is important for evaluating the
environmental impact of turbulence structures. According to the data by Shields and Rigby
(2005), the approximate range of observed magnitudes in the field for the three selected
parameters M1, M2 and Mz is 0-0.2 J.kg"'.m"", 0.9-1.3 m'", 0.2-1 s, respectively.

For the present work, the aforementioned parameters are investigated in dimensionless
form, i.e. M1* = (M1-Mmin)/ (Mmax-Mmin), M2* = (M2-Mmin)/ (Mmax-Mmin), and Ms* = (M3-Mmin)/
(Mmax-Mmin). By employing these dimensionless representations, the collected data can be

more effectively compared and analyzed, without losing their meaning.

3. Experimental- and field-scale studies and dataset

3.1 Laboratory-scale data

The laboratory data were collected at the hydraulic laboratory of the University of Palermo
(Italy) in research (Termini and Sammartano, 2008; Termini, 2015) aimed to evaluate the
flow velocity field and the evolution of turbulent flow structures in a straight flume (see
Figure 3). The channel was of width B = 40 cm with fixed banks and bed of quartz sand (Dso
= median sediment diameter = 0.65 mm). For the purposes of the present work, two runs
with flow discharge of 0.013 m3/s (see also in Termini, 2015) are considered for the
analysis: the “Smooth Banks” (“SB”) run, characterized by flat and rigid bed (i.e. the so-
called pre-deformed-bed configuration), and the “Deformed Banks” (“DB”) run, which is a
mobile-bed run with the same hydraulic conditions as the SB run. The run time was based
on the reaching the equilibrium deformed-bed configuration. During the SB run, the 3D
instantaneous flow velocity components were measured in 14 points along 5 verticals of 17

measurement cross-sections (sections A + S in Figure 3a). At the end of the DB run, the
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bed was found covered by alternating regions of scour-holes/deposit-fronts, as for example
Figure 3b shows in the channel reach between sections D and H. In the present work, the
analysis is restricted to the channel reach D+H where the alternating scour-deposit regions

were clearly distinguishable.

1.0

R s e A e

2.0

Figure 3. a) Plane-view of the laboratory channel; b) Bed deformation at the end of DB run.

The examined sections D+H were reciprocally distant of 20 cm so that the channel reach
was 80 cm long. As Figure 3b shows, in section D a scour hole is found on the right side of
the cross section and a front of deposit formed on the left side. In section E, a new scour
hole starts on the right and the left sides. In section F, the bed configuration is similar to that
observed in section D. In sections G and H, a front of deposit is found in the central part of
the cross-section and two scour holes formed in the left and right sides of the cross-section,
almost symmetrically with respect to the channel axis (more details can be found in Termini

and Sammartano, 2008; Termini, 2015).

3.2. Field-scale case studies

3.2.1. Upper Tiber River (central Italy)

The Upper Tiber River basin is bounded downstream by the hydrometric section of Ponte
Nuovo, with a length of about 120 km from the springs and a drainage area equal to 4145

km? (Figure 4).
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Figure 4. Location of the study area

In this work, the streamwise flow velocity measurement were carried out using an ADCP
(acoustic Doppler current profiler) at Ponte Nuovo gauged section. Specifically, a total of

three flow measurements were made under different hydraulic conditions, classified as low,

medium, and high in Table 1.

Table 1. Main characteristics of the flow velocity measurements used for the analysis at Ponte

Nuovo site (Upper Tiber River, central Italy).

Date River width Maximum | Aspect ratio | Discharge
(flow condition) (m) water (width/depth) (m?3/s)
depth (m)
Oct. 2014 46.7 1.23 37.97 13
(Low flow)
Jan. 2015
(Medium flow) 47.27 1.76 26.86 30
Mar. 2015
(High flow) 49.98 2.72 18.38 103

4. Results and Discussion

4.1 Laboratory-scale case
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The dimensionless parameters M1*, M2*, and Ms* are first estimated by using the data
collected in sections D+H of the laboratory channel during the SB run. In a previous work
(Bahmanpouri et al.,, 2023), the analysis of the gradient of the streamwise velocity in
sections D and E allowed us to verify that M1 and M2 adequately indicate the spatial
variation of the kinetic energy due to the alternating high/low velocity pattern in the
streamwise direction. In the present work, all the parameters M1*, M2*, and Ms* are analyzed
in sections D+H. As Figure 4 shows, while in section D higher values of flow velocity are
found on the right side of the cross-section with peak values at Y/B = 0.32, in section E
higher values of flow velocity occur almost symmetrically to the channel axis at a relative
distance Y/B = 0.32 from the banks. In section F, the distribution of flow velocity is similar to
that observed in section D but with lower peak values. In section G, and then especially in
section H, the higher values of flow velocity are found almost symmetrically to the channel
axis at a relative distance of 0.32 from the banks. In the last two sections, the velocity
values are lower than those obtained in sections D+F. According to findings obtained by
Termini (2015) (see also in Termini and Sammartano, 2008), by comparing the distributions
of flow velocity shown in Figure 5 with the bed deformation obtained at the end of the DB
run (see Figure 3b), it is clear that the higher values of flow velocity occur in the

correspondence of the scour holes obtained in the deformed-bed condition.
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Figure 5. Distribution of the flow velocity V [cm/s] in sections D+H

Termini (2015) demonstrated that the deformed-bed configuration is strongly related to the
formation of alternating regions of high/low flow velocity in the pre-deformed configuration.

Figures 6 and 7 report the distributions of the parameters M1" and M2" estimated in sections
D+H. Figure 6 indicates that in section D, a high spatial velocity gradient (M+1’) occurs on the
right side of the cross-section, reaching its peak value at a relative distance around of 0.3
from the bank. In section E, higher values of M1™ are found both close to the bed at the right
bank and close to the free surface on the left side of the cross section, while in section F,

the peak values are observed on the right side of the cross section.



277

278

279

280

281

282

283

284

285

286

287

288

Section D
@
Section E

/B /B

Section F

0.25 0.3 035 0.4 045 05 055 06 065 0.7 0.75
Y/B

Section G

025 03 035 04 045 05 055 0.6 065 0.7 0.75

Y/B Y/B

a) Vertical distribution for each section

b) Depth-averaged distribution considering all sections

Figure 6. Distribution of the parameter M+ in sections D+H.

Then, in section G, the parameter M1" assumes values lower than in the previous sections
with higher values close to the bed in both sides of the cross-section. These areas of high
values of M1 are then extended towards the free surface in section H.

Figure 6 shows the distribution of M2* in sections D+H. The higher values of M2* are found
on the right side of section D with a peak value close to the bed. Passing from section D to

section F higher values of M2* are found close to the right bank and including an area
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gradually smaller. In section G, two small areas with high values of M2* are observed close
to the banks. These areas of high values of M2* are expanded in the whole water depth in

section H.
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Figure 7. Distribution of the parameter M>* in sections D+H.

The distribution of the parameter Ms* in sections D+H is reported in Figure 8. Alternated
zones characterized by high/low vorticity values are found. In particular, section D shows

high values of Ms* close to the bed and in the central part (i.e. in the range 0.35 < Y/B <
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0.65) where the bed profile changes. This behaviour is also observed in section E, where
higher values of M3s* are especially observed moving from the right side towards the left
side of the cross-section. In section F, small zones of high circulation can be observed
especially at the bed close to both banks and peak values can be also observed near the
free surface. In sections G and H, the zones of high circulation close to the bed tend to

expand towards the free surface, almost symmetrically to the channel axis.
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Figure 8. Distribution of the parameter Ms* in sections D+H.
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To examine the relationship between the observed patterns of the parameters M1* and M2*
and the alternating high/low velocity pattern along the analyzed channel reach, Figure 9
illustrates the horizontal distribution of the depth-averaged velocity V in the reach D+H. As
Figure 9 shows, a high peak of flow velocity occurs near the right bank of sections D and F
while lower peak values occur almost symmetrically to the channel axis in sections E and
G. In section H such a behavior is maintained although it is less evident and with velocity

values lower than those obtained in the upstream sections.

Figure 9. Distribution of the resultant depth-averaged velocity V (cm/s) in the horizontal plane

Figure 10 reports the depth-averaged velocity, V, normalized by the mean velocity Um (with
Um=Q/A), and the depth-averaged values of parameters M1", M2" and M3’ in sections D+H.
This figure illustrates that in section D, M1* decreases passing from the right bank to the left
bank. The parameter M2 assumes high values for relative distances from the right bank
ranging from Y/B=0.25 and Y/B=0.6, where the aquatic organism should spend the higher
energy. The flow circulation, given by the parameter M3, assumes an increasing trend
passing from Y/B=0.25 cm to Y/B=0.4 and then it decreases assuming a low value at
Y/B=0.6, then it increases again. In section E, the depth-averaged value of M1 has a
decreasing trend on the right side of the cross-section assuming the lowest value at Y/B=

0.4, then it increases until it peaks around Y/B=0.60. The depth-averaged of M2" has a
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similar trend but it assumes high values in the range 0.25 <Y/B<0.4. The depth-averaged
value of M3™ decreases from the right bank to the transversal abscissa Y/B=0.55; then it
increases assuming a high value at Y/B=0.65. In section F, while M1" and M2" are like in
section D, M3™ decreases on the left side of the cross-section more largely than in section D.
In section G, the values of M+1" in the right side of the cross-section are lower than those
observed in section F assuming the lowest value at Y/B=0.4 then, it slightly increases. The
values of M2" assume a behaviour similar to M1". M3s™ decreases from the right bank to the
channel axis where it reaches a minimum value; then it increases again. Lastly, in section
H, both M+* and M2* have higher values in the range at 0.25 <Y/B<0.4, then they decrease
assuming the lower value at Y/B=0.55 cm and then they increase again. Additionally, the

magnitude of Ms* decreases with increasing the distance from the right bank.
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Figure 10. Comparison between the depth-averaged values of V/Um, M+* M;* and Ms* in sections
D+H.

4.2 Field-scale case results

Figure 11 highlights the cross-sectional distribution of the velocity at Ponte Nuovo site,
along the Tiber River, under high, moderate and low flow conditions, carried out by the
ADCP. The investigated cross-section exhibited larger velocity magnitudes towards the
center during high and moderate flow conditions, and towards the right half during low flow

conditions. With an increase in discharge, a velocity dip (the maximum velocity below the
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water surface) is formed which is particularly notable in high-flow conditions (see Figure
11a). Formation of the velocity dip can be induced by various parameters, however, for the
present cross-section, the aspect ratio appears to be the dominant one (Moramarco et al.,
2017; Kundu and Ghoshal, 2019; Termini and Moramarco, 2020; Bahmanpouri et al.,

2022a,b).
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Figure 11. Ponte Nuovo (Tiber River): cross-sectional distribution of flow velocity for different flow
conditions
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Figure 12 shows the cross-sectional distribution of parameter M1". For comparisons with
literature, at the Ponte Nuovo section, three different scales of 0.0-0.5 J/Kg-m, 0.0-0.1
J/IKg-m and 0.0-0.04 J/Kg-m are observed under high, moderate and low flow conditions,
respectively, for M1. Notably, for all flow conditions, the larger magnitudes of parameter M+
are associated with the larger changes of velocity magnitude in the transverse direction.
Accordingly, by moving from a low-velocity region to a high-velocity region, larger
magnitudes of drag force are applied to aquatic organisms. Gualtieri et al. (2017) reported
the average magnitude of 0.01 < M1 (J/Kg.m) < 0.07 between Rio Negro and Rio Solimdes

in the Amazon River Basin with the 0.5 < A, (m) < 2.0. The kinetic energy in these flow

structures can be spent by swimming fish (Videler et al. 1999; Enders et al. 2003).
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Figure 12. Ponte Nuovo (Tiber River): cross-sectional distribution of M1’

Figures 13 highlights the cross-sectional distribution of parameter M2" for Ponte Nuovo site.
Based on parameter M2", the amount of energy required for an organism to travel from a
low-velocity to a high-velocity location is represented by the kinetic energy at the region with
the lower velocity magnitude. Larger magnitudes of M2" for example at the left side of the
channel for different flow conditions induced by larger changes of velocity at these zones

and are induced by bed shape and bank effect.
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Figure 13. Ponte Nuovo (Tiber River): cross-sectional distribution of My’

For comparisons with the literature, the minimum, average and maximum magnitudes of M2
are equal to 0.05, 0.29, and 1.15 (1/m) under high flow, 0.04, 0.14, and 0.85 (1/m) for
moderate flow, and 0.04, 0.13, and 0.75 (1/m) under low flow condition, respectively.
Gualtieri et al. (2017) documented the average magnitude of 0.09 < M2 (1/m) < 0.37 at the
confluence between Rio Negro and Rio Solimoes in the Amazon River Basin. Other
researchers calculated the minimum and maximum magnitudes of M2 as 0.08 and 0.34
(1/m) (Fausch and White, 1981), 3.1 and 40.7(1/m) (Hayes and Jowett, 1994) and 0.002
and 97.3 (1/m) (Crowder and Diplas, 2000). The value of M2 is influenced by the
characteristics of the river, including its discharge and shape, which affect the flow velocity.
In case of decreasing the flow discharge such as during dry seasons or existing obstacles
that cause drag like rough surfaces or bedforms, the M2 metric would increase because the
velocity in the denominator decreases.

Figures 14 shows the cross-sectional distribution of the parameter M3" at Ponte Nuovo
station based on available observational data. Their magnitudes are similar to those by
Gualtieri et al. (2020) for the low-flow condition through the Amazon River. Larger
magnitudes of parameter M3  are observed at the whole channel for the high flow
conditions, and at the sides for low and moderate flow conditions, indicating larger rates of
flow circulations in these areas. This could be due to the bed profile shape observed in the
Ponte Nuovo cross-section that can result in the formation of secondary currents and flow

circulations.
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440 Figure 14. Ponte Nuovo (Tiber River): cross-sectional distribution of parameter M3

441 The distribution of the depth-averaged values of M1", M2" and M3™ and the velocity ratio is
442  illustrated in Figure 15 for all flow conditions. The parameter M+* is associated with the
443  change in velocity, such that higher values of M+* corresponded to higher flow velocity
444  gradients. The magnitude of the parameter M1* is observed to be highest at the center of

445  the channel for all flow conditions, with a maximum value of 0.5.
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Furthermore, the parameter M2* exhibited larger magnitudes on the sides of the channel for
moderate flow condition and on the right side for low and high flow conditions. In high-flow
conditions, the magnitudes are particularly prominent. Parameter Ms* remained nearly
constant across the transverse direction in the high-flow condition. However, it is larger on
the channel sides under low and medium flow conditions. It is important to note that these
parameters are normalized with respect to Um (mean velocity). For instance, in the high-flow
condition, the magnitude of Um (1.09 m/s) is greater compared to that of medium and low

flow conditions (0.55 m/s and 0.34 m/s, respectively).

Discussion

The results obtained both from laboratory and field data highlight that the parameters M1
and M2 are strongly related to the formation of high/low velocity areas, and to the
consequent accelerated-decelerated zones. By using laboratory data, high values of M2 are
found in the zones where scour holes form. The variation of the parameters, especially M2,
is linked to the kinetic energy of the flow. This is especially important, as an example, in
locally accelerated stream-wise velocity around obstructions, such as piers, which thus
provide favorable migration corridors for fishes determining mean velocities that are greater
than average reach velocities with low relative turbulence (Tritico and Hotchkiss 2005). The
lowest achievable value of M2 for each zone would occur if the mildest velocity gradient
surrounded the location of an aquatic organism. Conversely, the highest attainable value
would be reached when the steepest change in velocity is found at the location. Shields et
al. (1995) based on the placement of spur dikes, which create vortices, substantially
increased fish biomass in river flow. Their results reasoned that before attempting to restore
the physical habitat, it is important to ensure that the water quality in terms of suspended

particles is good enough to sustain aquatic life. The range of above parameters suggest the
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same flow patterns that may indicate suitable habitats for the organisms such as fishes.
Based on previous research works (e.g. Gualtieri et al., 2017, 2019), the difference in
parameters values could be both because of different directions and distances between the
velocity magnitudes. Furthermore, the varying flow kinematic conditions made it challenging
to make a comprehensive comparison. Kozarek et al. (2010) based on field data on
Staunton River, Canada, reported that, although velocity or depth characteristics are
insufficient to explain fish (brook trout) habitat preferences in the complex flows created by
boulders and other flow obstructions, brook trout density generally increased as the flow
complexity increased. The finding was in agree with the anticipated behavior of piscivorous
species, which tend to exhibit a preference for positions in close proximity to regions
characterized by high gradients. Such a strategic placement allows these species to
conserve energy in slow-flowing areas while still benefiting from access to fast-moving
currents for prey acquisition (Nestler et al., 2012; Liao, 2007; Booker et al., 2004). In the
case of field observations, it was found that freshwater dolphins in the confluence of the
Negro and Solimdes Rivers actively avoided areas with high M2 values (Gualtieri et al.,
2017, 2020).

Vorticity is a potentially useful metric for calculating spatial flow patterns for biological
purposes (Crowder and Diplas 2002). The parameter Ms based on velocity components
indicate the strength of rotation in the flow domain that can be applied to identify preferred
spawning grounds for fish (Yang et al., 2008; Zhu et al., 2013). The laboratory data show
that Ms higher values of circulation are found close to the front deposit and in the scour
holes, i.e. especially where the bed profile changes. Thus, the obtained results suggest that
the animal should spend more energy where the erosion process on the bed develops until
the formation of the scour hole. Larger magnitudes of parameter M3 are also observed,
under high and moderate flow conditions, close to the banks due to the deformed bed

profile observed in the Ponte Nuovo cross-section, resulting in the formation of secondary
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currents and flow circulations. These findings confirm the observations reported by previous
researchers. Bedulli et al., (1990) reported that the total density of aquatic organisms such
as zoobenthos decreased during the low flow condition in the summer months with respect
to the preceding years. However, in samples collected in the late spring, Ferrari and
Rossetti (1990) observed a notable increase in the numerical importance of aquatic
organisms such as phytal copepods and gastropod larvae.

Some researchers defined a synthetic parameter, the mean individual size (B/A), i.e. the
ratio between total biomass (B) and total abundance (A) of organisms to describe the
disturbance effects on the community. Such a ratio tends to diminish progressively along a
gradient of increasing organic enrichment of sediment (Pearson and Rosenberg, 1978;
Weston, 1990, Ceccherelli et al. 1994). Therefore, it is thought that the zones with high
vorticities are potential zones for deposited sediment particles. Consequently, these zones
can be considered as potential zones for feeding aquatic organisms. Table 2 compares the
minimum, average, and maximum magnitudes of hydraulic complexity parameters for the

present research and the available data from the literature.

Table 2. Minimum, averaged, and maximum magnitudes of hydraulic complexity parameters

Study and data type M, (J/JKg.m) M; (1/m) M; (1/s)

Min Ave. Max Min Ave. Max Min Ave. Max

0.0002 0.06 0.249 0.6 119.13 500.88 0.0002 0.06 0.249

Present research-
Laboratory

Present research — 0.001 0.01 0.04 0.05 0.29 1.15 0.001 0.10 0.39
Field — Low flow

Present research — 0.001 0.01 0.02 0.04 0.14 0.85 0.001 0.06 0.36
Field — Medium flow

Present research — 0.001 0.13 0.92 0.04 0.13 0.75 0.001 0.07 0.50
Field — High flow

Fausch and White, - - - 0.08 - 0.34 - - -
(1981) - Field

Hayes and Jowett, - - - 3.1 - 40.7 - - -
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(1994) - Field

Crowder and Diplas, - - - 0.002 - 97.3 -
(2000) - Laboratory

Gualtieri et al., (2017, 0.01 - 0.07 0.09 - 0.037 0.047 - 0.055
2019) - Field

Glopira et al., (2022) - 0.001 0.38 16 0.001 4.56 52.61 -

Laboratory

In terms of the cross-sectional distribution of hydraulic complexity parameters, generally, M1
has an inverse relationship with M2 and Ms so that large magnitudes of M1 are observed at
the center of the cross-section while large magnitudes of M2 and Ms are seen bear the
banks. In terms of depth-averaged distribution of hydraulic complexity parameters, overall,
all parameters have the same trend of changing the magnitude in the transverse direction.
It means a change in kinetic energy of flow in transverse direction may result in the
formation of circulations in flow.

Vortices generated by the movement of a fish’s fins play a part in determining a fish’'s
maneuverability (Bandyopadhyay et al. 2000). Piscivorous predators and copepods can
detect the presence of prey through the vortex structures left behind by fish and other
organisms as they swim (Hanke et al. 2000). Way et al. (1995) found that grooved blocks
used to line parts of the Mississippi River created small eddies that allow
macroinvertebrates to build feeding structures that are sheltered from high-velocity flows
but remained in contact with faster feeding flows. Herein, larger circulations are observed at
the bank sides or bottom of the cross-section due to larger vertical-averaged velocity
differences. Crowder and Diplas (2002) reported relatively high vorticities along the channel
banks. Such observations suggest that aquatic organisms use vortices and other complex

flows in different manners and at different scales.

Conclusions
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Flow patterns, such as changes in velocity, recirculation zones, and flows perpendicular to
the main current, are usually caused by the presence of mesoscale topographical features.
These flow patterns have a significant impact on stream ecology. The hydraulic complexity
metrics known as M1, M2, and Ms are investigated for the velocity dataset collected at the
laboratory as well as Ponte Nuovo gauged site, along the Tiber River in ltaly. In this
direction, the velocity components measured in selected cross-sections are used. In terms
of ecological function, these parameters are of particular significance for analysing habitat
metrics in 3D space. The M1 and M2 parameters provides an estimation of the kinetic
energy spent by organisms in the flow to move. Flow circulation is highlighted by the M3
parameter, indicating that the areas with flow circulation are not considered as the primary
habitats for aquatic organisms. However, these areas could serve as potential feeding
grounds for aquatic organisms. Based on the laboratory data, the results demonstrate that
the parameters, particularly Ms, effectively characterized the variation in flow velocity and
the impact resulting from the development of turbulent structures and flow circulation within
each cross-section. These parameters are strongly correlated with the formation of scour
holes and deposit fronts. The obtained patterns of the stream parameters suggest that the
animal should spend more energy where the erosion process develops on the bed until the
formation of the scour hole. In these areas, flow circulation assumes also high values
influencing the animal’s activities. The application of field data indicates that larger
magnitudes of M3 are observed at different parts of the cross-section, especially near
banks, depending on flow type allowing the detection of larger flow circulations zones.
Overall, parameter M1 has an inverse direction with the parameters M2 and M3 as larger
magnitudes of M1 are observed at the centre of cross-section while large magnitudes of M2
and Ms are seen near the banks.

Generally, the results highlight the possibility to detect potential locations for a larger

density of aquatic organisms. Overall, the findings suggest that the hydraulic complexity
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parameters might add some insights into the habitat heterogeneity as well as evaluate

ecological and biological patterns in rivers with remarkable flood rates such as Tiber River.
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