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José Maria Santos

University of Lisbon

Portugal

Isabel Boavida

University of Lisbon

Portugal

Editorial Office

MDPI

St. Alban-Anlage 66

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal

Sustainability (ISSN 2071-1050) (available at: https://www.mdpi.com/journal/sustainability/

special issues/River Restoration).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Article Number,

Page Range.

ISBN 978-3-03928-328-6 (Pbk)

ISBN 978-3-03928-329-3 (PDF)

Cover image courtesy of Isabel Boavida.

c© 2020 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license, which allows users to download, copy and build upon

published articles, as long as the author and publisher are properly credited, which ensures maximum

dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons

license CC BY-NC-ND.



Contents

About the Special Issue Editors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Preface to ”Integrating Ecohydraulics in River Restoration” . . . . . . . . . . . . . . . . . . . . . ix

Ana Adeva-Bustos, Knut Alfredsen, Hans-Petter Fjeldstad and Kenneth Ottosson

Ecohydraulic Modelling to Support Fish Habitat Restoration Measures
Reprinted from: Sustainability 2019, 11, 1500, doi:10.3390/su11051500 . . . . . . . . . . . . . . . . 1

Helen M. Poulos, Kate E. Miller, Ross Heinemann, Michelle L. Kraczkowski, 
Adam W. Whelchel and Barry Chernoff

Dam Removal Effects on Benthic Macroinvertebrate Dynamics: A New England Stream Case 
Study (Connecticut, USA)
Reprinted from: Sustainability 2019, 11, 2875, doi:10.3390/su11102875 . . . . . . . . . . . . . . . . 21

Kelly M. Kibler, Vasileios Kitsikoudis, Melinda Donnelly, David W. Spiering and 
Linda Walters

Flow–Vegetation Interaction in a Living Shoreline Restoration and Potential Effect to 
Mangrove Recruitment
Reprinted from: Sustainability 2019, 11, 3215, doi:10.3390/su11113215 . . . . . . . . . . . . . . . . 47

Eva C. Enders, Colin Charles, Douglas A. Watkinson, Colin Kovachik, Douglas R. Leroux,

Henry Hansen and Mark A. Pegg

Analysing Habitat Connectivity and Home Ranges of Bigmouth Buffalo and Channel Catfish
Using a Large-Scale Acoustic Receiver Network
Reprinted from: Sustainability 2019, 11, 3051, doi:10.3390/su11113051 . . . . . . . . . . . . . . . . 71

Sergio Makrakis, Ana P. S. Bertão, Jhony F. M. Silva, Maristela C. Makrakis, 
Fco. Javier Sanz-Ronda and Leandro F. Celestino

Hydropower Development and Fishways: A Need for Connectivity in Rivers of the Upper 
Paraná Basin
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vii





Preface to ”Integrating Ecohydraulics in River Restoration”

Rivers have been intensively degraded due to increasing anthropogenic impacts from a growing 
population in a continuously developing world. Conflict demands on freshwater resources, 
exacerbated by climate change, present a difficult dilemma for scientists and managers: until when 
and how much can a river (and its natural flow regime) be altered, while still maintaining processes 
and functions, and guaranteeing sustainable aquatic populations?

Accordingly, most rivers are suffering from pressures as a result of increased dam and weir 
construction, habitat degradation, flow regulation, water pollution/abstraction, and the spread of 
invasive species. In addition, it is expected that global warming will further stimulate conflicts in 
water use, leading to disturbances in river ecosystems.

Science-based knowledge regarding solutions (e.g., environmental flows, dam removal, 
improvement of fish passes, adoption of fish-friendly hydropower solutions, riparian vegetation 
management) to counteract the effects of river degradation, and melding principles of aquatic 
ecology and engineering hydraulics, are thus urgently needed to guide present and future river 
restoration actions.

This Special Issue gathers a coherent set of studies from different geographic contexts, on 
fundamental and applied research regarding the integration of ecohydraulics in river restoration, 
ranging from field studies to laboratory experiments that can be applied to real-world challenges. It 
contains 13 original papers covering ecohydraulic issues such as river restoration technologies, 
sustainable hydropower, fish passage designs and operational criteria, and habitat modeling. All 
papers were reviewed by international experts in ecology, hydraulics, aquatic biology, engineering, 
geomorphology, and hydrology.

It is, therefore, our pleasure to share these studies with the scientific community, engineers and 
technicians, private owners, and public authorities, in the hope that the present edition will provide a 
basis to improve knowledge on river restoration and management and reduce arguments between 
different interests and opinions.

As Guest Editors, we would like to express our broad gratefulness to MDPI, who agreed to 
publish this issue, and to the editorial team of Sustainability, for their kindness and professional 
support; thanks are also due to all the reviewers, for improving original manuscripts and to all the 
authors, for providing their papers with professionalism and scientific rigor.

The papers herein well represent the wide applicability of ecohydraulics in river restoration and 
serve as a basis to improve current knowledge and management and to reduce arguments between 
different interests and opinions.

José Maria Santos, Isabel Boavida

Special Issue Editors

ix





sustainability

Article
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Abstract: Despite that hydromorphological restoration projects have been implemented since the
1940s, the key to improve the effectiveness of future restoration measures remains a challenge.
This is in part related to the lack of adequate aims and objectives together with our limitations in
understanding the effects on the physical habitat and ecosystems from interventions. This study
shows the potential of using remote sensing techniques combined with hydraulic modelling to
evaluate the success of physical restoration measures using habitat suitability as a quantifiable
objective. Airborne light detection and ranging (LiDAR) was used to build a high-resolution
two-dimensional model for Ljungan River, Sweden, using HEC-RAS 5.0. Two types of instream
restoration measures were simulated according to the physical measures carried out in the river to
improve salmonid habitat: (a) stones and rocks were moved from the bank sides to the main channel,
and (b) a concrete wall was broken to open two channels to connect a side channel with the main
river. Results showed that the hydraulic model could potentially be used to simulate the hydraulic
conditions before and after instream modifications were implemented. A general improvement was
found for the potential suitable habitat based on depth, velocity and shear stress values after the
instream measures.

Keywords: instream; restoration; HEC-RAS 2D; LiDAR; cost-effectiveness; fish habitat

1. Introduction

Management of restoration action in regulated rivers might be motivated by different drivers.
In countries located in North Europe and North America, where the Atlantic salmon (Salmo salar L.)
plays an important role for both its high economic and conservation value, it is often found that
the status of Atlantic salmon will have an important role in guidance of management decisions [1].
Several measures can be applied to maintain and improve Atlantic salmon populations, such as flow
related measures (minimum flows, changes in operational strategies), biological measures (re-stocking)
and instream measures (habitat modifications) among others. However, particularly in regulated
rivers and because Atlantic salmon has a wide range of habitat requirements depending on their
life stage [2], implementing effective restoration measures is still a challenge. Most of the habitat
modifications measures will depend on the discharge released from the hydropower system to be
effective. The difficulty increases in specific seasons when water allocation lead to a conflict between
Atlantic salmon requirements and energy demand. In recent years, models that integrate hydrological,
hydrodynamic and habitat has shown to be the most appropriate to evaluate habitat suitability
for aquatic organisms, since they include physical variables such as depth, velocity, substrate and
shelter [3,4].

Sustainability 2019, 11, 1500; doi:10.3390/su11051500 www.mdpi.com/journal/sustainability1
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These models can also help to overcome some of the most common gaps in river restoration
management, such as evaluating the outcome of restoration and mitigation measures before their
implementation. Benchmarks and the use of endpoints that define project goals are valuable indicators
to measure the success of an action, since they are realistic and can be quantified [5]. Hydraulic
parameters and their interaction with physical habitat have been used for several years as benchmarks
to measure instream restoration for fish habitat. For example, the weighted usable area (WUA) is
a well-established method that has been widely used in combination with habitat modelling [6] to
predict and quantify physical habitat requirements per unit area. However, physical habitat simulation
(PHABSIM) [7] only uses a one-dimensional (1D) routine to calculated water surface elevations, and
velocities for each cross-section [8]. Several studies support the use of two-dimensional (2D) models in
order to better capture spatial changes in fish habitat parameters such as depth and water velocity
with a finer (cell) resolution. Crowder and Diplas [9] used a 2D model to capture changes in depth and
velocity after the introduction of boulders and cobbles on a river reach. Lacey J and Millar [8] used
a 2D model and combined this with WUA calculations to predict the effect of instream large woody
debris and a rock groyne habitat. Boavida et al. [10] used a 2D model to assed the effect in WUA
from introducing different instream structures (islands, lateral bays, and deflectors). The accuracy of
results from these models benefit from high resolution bathymetry data. Recent studies have shown
that of light detection and ranging (LiDAR) bathymetry can be used as a suitable tool for mapping
rivers with a high density over large areas [11]. Airborne LiDAR bathymetry (ALB) data also capture
elevation points for the entire foreland, including riparian areas, vegetation, ice and snow, which
opens the possibility to be used in a wide range of studies [12]. ALB is a fast method for collecting
data with high density (>20 points/m2), with an accuracy under water of approximately 5 cm [12],
covering rivers of 15–20 km in a few hours, and reaching up to 10 m depth [13]. Whereas conventional
methods for mapping bathymetry can provide accurate measurements, they can have limitations due
to restricted accessibility, safety precautions and time required [13,14] to fully cover the interested
areas. In the other hand, ALB data requires post-processing, including filtering and removal noise and
false echoes, water surface detection and correction for the refraction [15]. ALB surveys are affected by
environmental conditions such as floods, rain and snow and by water turbidity, since dissolved and
suspended organic material affect negatively the river bottom reflection [16]. Despite these drawbacks,
ALB it is still considered more cost-effective than conventional methods due to the coverage of data
obtained per unit of effort [12,17]. Therefore, the use of ALB data in fish habitat quality models can
support a cost-effective design of mitigation and restoration measures, in terms of amount of suitable
area created per unit of cost spent and prioritize them based on their performance.

In Sweden, during the last three decades, several river restorations have been carried out, most
of them comprised of instream habitat modification measures [18] related to restore river channels
that earlier were modified to transport timber. Timber floating was an important activity from ca.
1850 until 1970, and to facilitate the transportation of logs to the coastal mills the channel morphology
was simplified by removing boulders and large woody debris from the channel to the river banks.
In addition, secondary channels and meander bends were cut off by the construction of stone and
wood levees [19]. The removal of larger stones and other obstacles and elimination of eddies and
side channels has led to a loss of structural complexity and simplified flow patterns [20], which has
had a profound negative impact on stream-dwelling fish and invertebrates [21] as habitat niches were
removed and primary production was limited [22]. Johansson [23] found that channelization affected
both fish abundance as well as species richness and composition. Findings have shown a general
decreased in fish species that depend on flowing water for food, shelter, spawning and movement
between different habitats. Today, 98% of the Swedish salmon rivers are affected by the modification
from timber floating channelization, hydropower development and agricultural areas [18]. The loss of
habitat is considered one of the major threats to fish biodiversity [24] and Sweden has around 20,000 km
of rivers affected by timber channelization [22]. Based on a literature review, Nilsson et al. [25] provide
a summary of the effects from implementing instream measures to restore rivers that were used for
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timber floating. They suggested the following main variables for geomorphology and hydraulic
responses: increased channel area, increased water depth and reduction of velocities, and for ecological
responses: increased habitat complexity for riparian and aquatic organisms.

In this study, hydraulic parameters and their interactions with physical habitats were used as a
benchmark to evaluate the impacts from instream measures carried out in Ljungan river in Sweden.
In the past, Ljungan was heavily modified for timber floating. In addition, Ljungan is extensively
regulated for hydropower production. Even though, salmon and sea trout reproduce in a 19 km
reach from the river mouth to the most downstream hydropower plant at Viforsen [26]. In 2015,
a stakeholders group was established to improve the communication between the different interest
groups in the river, including power producers, non-governmental organisations (NGOs), and the
local county. Today, the stakeholders group has carried out several instream restoration measures.
They have concentrated their efforts on restoring the hydromorphology to the state it had before the
timber floating modifications. Therefore, the term instream restoration is used to refer to the instream
modification carried out in stream habitat to recreate the physical habitat conditions that characterized
the stream habitat before channelization.

This study aims to demonstrate that the use of modelling techniques supported by remote sensing
data is a valuable method to plan and evaluate the success of instream restoration and mitigations
measures. In order to fulfil this, the following objectives were pursued: (a) to create a 2D hydraulic
model for both the situation before and after the instream modifications that adequately simulated
the physical parameters (depth, velocity and shear stress), (b) to evaluate the physical parameters
obtained from the hydraulic model in term of potential suitable areas for salmon and (c) combine the
cost of the instream modifications with their effectiveness (in terms of potential suitable area created)
to calculate the cost-effectiveness of the measures. The method presented aims to show that modelling
tools with support from modern data surveying could help to decide and prioritize where to place and
how to design instream measures. Calculating the cost-effectiveness for the measures is done with the
purpose to share knowledge and experiences and promote this type of methodologies. Future analyses
combining the biological data from monitoring and further physical measured values to contrast
modelling data with measured data will validate and reinforce the potential of this method to help
stakeholders, managers and decision makers to reduce the uncertainty during the planning process.

2. Materials and Methods

2.1. Study Area

The Ljungan River originates on the Norwegian border and runs through the middle part of
Sweden before it reaches the Gulf of Bothnia. Its total length is 399 km with a catchment area of
12,851.1 km2 and a total of 15 power plants, where Viforsen power plant is the most downstream in
the system (Figure 1). The instream restoration measures carried out by the stakeholders were located
at three different locations: Grenforsen (Gren), Allstaforsen (Allsta) and Nolbystrommen (Nolby).
The three locations were selected by the stakeholders group judged by their potential to improve the
salmonid habitat quality after restoration measures were in place (Figure 1).
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Figure 1. Ljungan River and the three locations in which restoration measures have been carried out.
Coloured lines represent cross sections explained in Section 2.3 (Figure 2). Points, triangles and squares
in Grennforsen, Allstaforsen and Nolbystromen, respectively, represent the measured water edge and
are used in Section 3.1 (Figure 3) to verify the hydraulic model.

2.2. Terrain Modification

Bathymetry data were collected during an airborne LiDAR bathymetry (ALB) survey. It was
conducted on 2 September 2015 by the company airborne hydro mapping (AHM), Austria, with the
RIEGL VQ-880 G green laser camera [27] and lasted for 2–3 h to survey approximately 19 km. The total
amount of ground points captured was 1,518,500, and it was delivered as cross sections with 5-m
average distance. These ground points were already filtered by AHM who removed the raw data noise
originated from the laser being scattered by birds, clouds, dust and other particles. The filtering process
involved both automatic and manual filtering (see [15] for more details). In addition, vegetation was
also removed from the point cloud by AHM in the pre-processing step. The survey was carried
out with a measured flow of 58.9 m3 s−1 with an accuracy of 0.07 m for planar coordinates, and
0.03–0.04 m for mean vertical accuracy obtained from comparing LiDAR elevation points with manual
measurements [13]. The maximum average depth reached was 2.8 m restricted by the dark bottom
and organic material in the water. Therefore, additional manual data (14.190 points) were collected
from the river bed and banks using a Sontek RiverSurveyor M9 acoustic Doppler profiler (ADCP) [28]
equipped with a differential GPS system. The ADCP was mounted on a floating platform towed by a
kayak and used to capture bathymetry points from Viforsen and 19 km downstream to the end of the
area covered by LiDAR data. In addition, the ADCP was also used with a small rowing boat to survey
additional points in Allstaforsen [13]. The ADCP surveys were carried out following a pre-specified
route that was mapped based on the missing LiDAR data, however the precision to capture all the
missing areas was subjective to the individual performance and to the external conditions, including
security. In both cases, the GPS antenna system was used to capture the XY coordinates, whereas
the ADCP was used to collect the bathymetric data with a sampling frequency of 1 Hz from the nine
individual transducers which define the channel definition with an accuracy of 1% [28] and gives input
to further development of a digital elevation model (see [13]). The LiDAR and ADCP points were
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combined into a point cloud used as the input to the empirical Bayesian kriging interpolation method
using the average method for overlapping points in ArcGIS [29] to create a digital elevation model
(DEM) with a resolution of 1 by 1 m. The DEM obtained was representative of the situation before
the instream modifications were carried out. In order to simulate the situation after the modifications,
a second DEM was created including the terrain modifications (Figure 2). These modifications were
modelled by altering the DEM using ArcGIS and the raster editor (ArcMap Raster Edit) which allows
changing the values of specific points in a raster. Three reaches in Ljungan river were modelled: Gren,
Allsta and Nolby (Table 1). Two main measures were simulated: (a) Stones and rocks were moved
from the banks to the main channel in Gren, Allsta, and Nolby and (b) a concrete wall was broken to
open two channels: Gren S.Ch 1 and Gren S.Ch 2 (Figure 2).

Table 1. Name for the six scenarios simulated at the three locations, their status before and after
modifications and the objective to fulfill after the modifications.

Location Sub Location Before Modifications After Modifications Objective

Gren

Gren M.Ch Narrow channel with
high banks

Wider channel, rocks that
were on the banks were placed
in the middle. Gravel and
cobbles were added.

Reduce water velocities,
increase the wetted area
and create suitable
habitat for spawning.

Gren S.Ch

Concrete wall was
blocking water to flow in
the right-side channel
under low flows

Wall was opened in two
channels (Gren. S.Ch 1 & Gren.
S.Ch 2) so water could flow
inside the right-side channel,
even at low flows

Restore the right-side
channel and its function
as a nursery area as well
as to restore connectivity.

Allsta
Narrow channel with
higher elevations in the
banks

Wider channel, rocks that
were on the banks were placed
in the middle. Gravel and
cobbles are added.

Reduce water velocities,
increase the wetted area
and create suitable
habitat for spawning.

Nolby

Narrow channel with
higher elevations
specially in the right-side
bank

Wider channel, rocks that
were on the right-side banks
were placed in the middle.
Gravel and cobbles are added.

Reduce water velocities,
increase the wetted area
and create suitable
habitat for spawning.

 
Figure 2. Elevation along the cross sections (colored lines in Figure 1) extracted from the digital
elevation model (DEM) before (solid line) and the DEM after (dashed line) habitat adjustments in the
areas were modifications took place. Figure 1 shows the cross-section lines location, colors correspond
to Gren M.Ch in blue, Gren S.Ch 1 in green and Gren S.Ch 2 in pink in Grenforsen. Allsta has one in
blue, and in Nolbystromen, Nolby in blue.
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2.3. Hydraulic Modeling

A two-dimensional hydraulic model with cell size of 1 by 1 m was developed for each of the three
locations using the HEC-RAS 5.0 software developed by US Army Corps of Engineers [30]. The model
before the restoration measures (reference model) was calibrated for a discharge of 58.9 m3 s−1

corresponding to the discharge measured during the ALB survey. The difference between the water
surface elevation simulated and the values delivered by AHM based on the LiDAR data were used for
the calibration. In order to validate the situation after the modifications, a simulation was done for the
observed discharge on aerial pictures (65.4 m3 s−1), and the wetted area extent from the simulation
results and the water edge from the aerial picture from 2017 when the instream modifications were
already in place were visually compared. The successful of the instream measures were considered
under the premises that the wetted area results will be as expected under the objectives (Table 1) and in
addition they will match the water covered area extent after the modifications from the aerial picture
provided by Lantmäteriet (www.lantmateriet.se) with 0.25 m planar resolution.

The discharges used for the hydraulic simulations before and after instream modifications were
selected based on the following criteria: discharges that are dominant during the spawning season
(60 m3 s−1 and 100 m3 s−1), 138 m3 s−1 is the average flow in Ljungan and 380 m3 s−1 is the average
one-day maximum discharge (Table 2). In addition, because in Gren one of the measures was designed
to reconnect the side channel with the main channel also on lower flows, low discharges that could
be observed particularly during summer months were also analyzed. In order to provide a detailed
coverage of low discharges and due to wetted area changes in a more pronounced way at low flows
changes, four discharges were selected: 20 m3 s−1, 30 m3 s−1, 35 m3 s−1, and 40 m3 s−1. These
discharges were used as inputs for the upper boundary condition. In addition to the 1 by 1 m cells,
break lines were included in areas were higher resolution was needed (such as along river banks,
islands and side channels). Crowder and Diplas [9] showed the importance of analyzing effects at a
finer scale, such as the close surrounding area after placing boulders in the river. Forcing the break lines
in the mesh produced a mesh with different dimensions. Normal depth was specified for the lower
boundary condition, the average channel slope at the downstream part of the reach was used as an
approximation of the friction slope. For the river bed roughness, Manning’s n coefficients ranged from
n = 0.03 (channel with gravels and cobbles) to n = 0.15 (channel with bushes and higher resistance) [31].

Table 2. Parameters used for the hydraulic simulations in each reach.

Reach
Discharge
(m3 s−1)

# of Cells
Dimensions

(m2)
Normal Depth

(m)
Manning’s 1

Gren 20, 30, 35, 40,
60, 100, 138, 380 364.436

Max: 1.92 m2

Min: 0.01 m2

Avg: 0.90 m2
0.01 0.06

Allsta

60, 100, 138, 380

147.229
Max: 1.73 m2

Min: 0.34 m2

Avg: 0.99 m2
0.001 0.03, 0.06, 0.15

Nolby 223.121
Max: 1.74 m2

Min: 0.05 m2

Avg: 0.93 m2
0.001 0.06, 0.08, 0.15

1 See Appendix A, Figure A1.

2.4. Depth, Velocity and Shear Stress Distribution and Potential Suitable Area

Water-surface elevation, depth, velocity and shear stress values were extracted as average point
values for each cell in the mesh for discharges ranging from 20 m3 s−1 to 380 m3 s−1 (Table 2) before
and after the modifications. An initial comparison for the situation before and after modification
for the full range of parameters (depth, velocity and shear stress) was carried out. Analyses of the
potential suitable area (PSA) were carried out using literature data on preferred ranges of habitat
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for juvenile Atlantic salmon [2,32] and available physical habitat data (spawning areas location,
substrate composition, shelter distribution) that were surveyed and mapped by Uni Research in 2014
in Ljungan [33]. Physical habitat data from field measurements were used to compare and support the
data obtained from literature [2,32]. The average depths and velocities simulated from the hydraulic
model were exported to GIS tools and extracted at the spawning locations [33] under the average
spawning discharge conditions. The same was carried out for the nursery areas. After obtaining the
simulated average depths and velocities in the studied areas, the data were compared to the ones
obtained from literature. This comparison showed that the simulated values agreed with the ranges
from literature, except for spawning area depths. Simulated values in Ljungan river could go up
to 2 m, in contrast to the values from Armstrong and Kemp [2] and Forseth and Harby [32], which
did not exceed 1.5 m. Therefore, the depth range used to identify the potential suitable area was
increased accordingly. PSA was calculated as the number of square meters for depth, velocity and
shear stress values that fell inside the range considered suitable (Table 3). PSA was also calculated and
related to the total wetted area to obtain the percentage of PSA (PSA%). Considering the uncertainties
related to habitat results from the hydraulic model and in addition the lack of detailed and observed
depth, velocities and critical shear stress values in the field, the analyses of the PSA were considered
separately as suggested by Scruton et al. [34]. Therefore, PSA were calculated for depth, velocity and
critical shear stress individually instead of weighting and summing them into an overall PSA. Critical
shear stress was included under the assumption that sediment mobility for a given particle size occurs
when the bed shear stress exceeds the critical shear stress [35]. Values were selected according to the
predominant substrate type in the areas [33].

Table 3. Values used to determine the potential suitable area based on literature data [2,32] and field
data [33].

Spawning Area Nursery Area

Depth (m) 0.3–2.0 0.05–0.9
Water velocity (m s−1) 0.3–0.8 0.06–0.9

Critical shear Stress (N/m2) 12.2 53.8

2.5. Calculation of Costs Per Unit of Potential Suitable Area

The cost of the modifications at each location were obtained from the project budget (Table 4).
The total cost at each site was used to calculate the cost to create a unit of potential suitable area. This
was used to compare the cost and the potential effectiveness of the modifications within sites and
within the type of habitat created based on depth, velocity and shear stress values.

Table 4. Costs in EUR per location and action. Values were converted from Swedish Kroner to Euro
using the annual average exchange rate for 2016 (0.105653917).

Excavator Helicopter
Gravel

1–10 cm
Cobbles

10–100 cm
Coarse Cobbles

50–100 cm
Total

Gren M.Ch 2208 24,089 6551 0 1310 34,158
Gren S.Ch 2208 0 0 0 0 2208

Allsta 2504 24,089 6551 0 1310 34,454
Nolby 5404 12,045 3275 0 655 21,379

Total 12,324 60,223 16,376 0 3275 92,199
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3. Results

3.1. Calibration & Verification

Calibration for the situation before modifications was considered good when the correlation
between the observed water surface elevation and simulated water surface elevation exceeded 0.85
(R2 ≥ 0.85). After modification, the verification was considered good when water surface extent
from the simulated results matched the situation observed from aerial pictures (Figure 3). Based on
the results from calibration, the hydraulic model setup for both the before and after situation were
considered adequate for simulating the effects from habitat modification on depth, velocities and
shear stress.

 

Figure 3. Calibration for the hydraulic model before (upper graph) showing water surface elevation
simulated (WSE simulated) against water surface elevation measured by airborne hydro mapping
(WSE AHM). The three panels (lower figures) show the visual verification of the hydraulic model
after modifications at Gren, Allsta and Nolby. Aerial pictures from before and after modifications
and simulated water surface for three locations are presented. Blue color is the water surface extent
obtained from the hydraulic model and overlap by the aerial picture after modifications. Names for
the sub-locations are shown, and the areas analyzed are marked with orange circles.
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3.2. Depth, Velocity and Shear Stress Distribution

After modifications, the range of distributions for depth, velocity and shear stress was reduced.
The lower values found before the modification increased after the modifications, and the higher values
were reduced. This was found at Gren. M.Ch (Figure 4), Allsta (Figure 5) and Nolby (Appendix B.
In Gren S.Ch (Figure 6), results showed increased values for the three parameters after modifications.

Changes in the distribution of depth and velocity, in relation to the range of potential suitable area
(vertical lines) showed that the percentage of cells for discharges from 60 m3 s−1 to 138 m3 s−1 inside
the specified values increased at Gren M.Ch (Figure 4), but this is not the case for the high discharge at
380 m3 s−1. The same results were found for Allsta (Figure 5) and Nolby (Appendix B). Changes in
shear stress values were not that significant at any location. In Gren S.Ch (Figure 6), a general increase
for the percentage of cells after instream modification was found under all discharges and for the three
parameters (depth, velocity and shear stress).

Figure 4. Percentage of cells for values of depth, velocity and shear stress in Gren M.Ch. for the four
different simulated discharges. Vertical lines indicate the limits for the suitable range (Table 3). Darker
areas appear as a result of overlapping the before and after graphs.
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Figure 5. Percentage of cells for values of depth, velocity and shear stress in Allsta for the four different
simulated discharges. Vertical lines indicate the limits for the suitable range (Table 3). Darker areas
appear as the result of overlapping the before and after graphs.

Figure 6. Cont.
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Figure 6. Percentage of cells for values of depth, velocity and shear stress in Gren S.Ch for the six
different simulated discharges. Vertical lines indicate the limits for the suitable range (Table 3). Darker
areas appear as the result of overlapping.

Wetted areas increased at all locations and with increasing discharges after the instream
modifications (Figure 7). PSA% showed an increase for depth after modifications at all locations,
for velocities it also improved at all locations, especially in Gren S.Ch. Shear stress PSA% values
decreased after modification at all sites except in Gren S.Ch.

3.3. Cost Per Unit of Potential Suitable Area

The cost per unit of PSA (Figure 7) showed that the creation of PSA for depth values was the
cheapest at all locations except in Grenn M.Ch, with 380 m3 s−1 as the discharge that showed the most
expensive values Velocity costs showed a similar pattern as depth. Shear stress was the most expensive
PSA, and Nolby exhibited the highest cost per square meter.
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4. Discussion

Several concepts, tools and new techniques are used over recent decades for planning and
evaluation of the feasibility of mitigation and restoration projects in rivers. The availability of high
resolution bathymetry data provide the opportunity to obtain physical parameters such as depth
or velocities values in a finer spatial scale distribution from 2D models compared with previous
analyses carried out with 1D models, which has been reported to be more appropriate for fish habitat
studies [4,9]. Despite that most of the habitat suitability studies are based on average-point depth
and velocities. Pisaturo et al. [36] found that 3D modelling for habitat suitability gave significantly
different results compared with 2D modelling results. This could be important if habitat suitability
indexes were based on e.g., bottom flow velocity [37]. On the other hand, the 3D modelling will
incur higher computational costs [38]. Based on the need for efficient computation and since we do
not have the necessary fish habitat data to utilize the extra information provided by the 3D model,
we decided to run a 2D simulation in this project. The 2D modelling approach has been proved to
successfully simulate the water covered areas and flow patterns which is important for planning
mitigation measures. The same model setup has also been shown to be efficient in evaluating the
drying out areas at different flow regimes [39], which is also relevant for the study in Ljungan. This
study used LiDAR bathymetry data to build a hydraulic model and analyze the depth, velocity and
shear stress distributions which were used as a benchmark to evaluate the success of instream measures
carried out in Ljungan river. The two types of instream measures simulated, returning stones and
rocks to the river channel and opening a wall to reconnect a side channel with the main river, showed
that spawning and nursery areas were potentially improved after the modifications. In addition, it
also showed that Allsta was the location where the instream modification was most cost-effective.
The procedure presented in this study could be used to design mitigation and restoration measures
during the planning process for anticipated impacts but also in future restoration measures to improve
the effectiveness aiming to improve fish habitat conditions.

4.1. Hydraulic Responses and PSA

The instream modifications aimed to improve the habitat for Atlantic salmon spawning showed
an increase of water depth values and a reduction of flow velocity values comparing to the situation
before modification. These findings were also observed by Gardeström et al. [40] who analyzed the
abiotic effects from restoring a channelized river in Sweden, and found that after restoration, water
velocities were significantly reduced and channels were wider. These effects can be related to the
changes in the geomorphology, as explained by Nilsson and Lepori [25], after the reduction in the
bank elevations and the return of stones and rocks to the channel, the channel structure will be more
complex and so roughness and flow resistance will increase. This leads to a reduction in flow velocity
and to an increase in the wetted area. Water depth could increase or decrease depending on the relative
changes done in the channel. According to the values established from literature and field data [2,32]
the suitable area for water depth and velocities increased at all sites for the discharges expected during
the spawning season and also for the average discharge. The area showing values under the critical
shear stress range chosen by literature [35] decreased after the measures at all sites. Despite values
for shear stress PSA after the measures were reduced, still they exhibited a PSA% similar to the one
for velocities, which was also observed for the velocity and shear stress distribution range. The same
results were found by Bair [41], where the range of shear stress and velocities were reduced after large
wood were placed in the river. The shear stress results and analyses for PSA presented in this study
could be considered as conservative because of the following reasons: (a) Wilcock and McArdell [42]
observed partial mobility of the bed to occur between critical shear stress value and twice the shear
stress value, and full mobility was observed above twice the shear stress value, while the PSA in this
study was calculated based just on values lower than the critical shear stress, (b) the critical value
selected from literature was the minimum value indicated within a wider range for coarse gravel for
the spawning area and the highest value for very coarse gravel for the nursery area, and (c) the shear
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stress obtained from the hydraulic model is an average value for each cell face instead of the river bed
shear stress.

The instream modifications aimed to restore the nursery area reconnecting the side channel and
showed increased values at Gren S.Ch for water depth, velocities and shear stress as discharge also
increased. This is in agreement with Nilsson and Lepori [25], who described the predicted changes
after the reconnection of cut-off side channels as increased channel area, increased total flow resistance
and water volume. The largest changes were seen at lower flows, and this was expected since the
channel was only disconnected under low flow conditions. At higher flows, water was still flowing
into the channel from a small area with lower elevation some meters downstream of the concrete wall
also before the modification. Based on the literature data to evaluate the increase in suitability nursery
habitat [2,32], instream modification has led to an increase in the nursery habitat for water depth,
velocity and shear stress. However, even if velocities showed an improvement after modifications
the amount of potential suitable habitat created after modifications for the velocity is small compared
with the amount of habitat for depth. Unlike most of the WUA studies, in this study the preferred
values were considered by separate [34], however, this results may indicate that the potential suitable
nursery area is not appropriate if velocities are not increased. It is also important to highlight that these
values contain the uncertainties related to an inappropriate representation of the instream modification
from the terrain modifications, and as for the other sites, further field data collection will be needed to
corroborate these results.

4.2. Expected Ecological Responses

Several studies support that restoration measures will generally have a positive effect on fish
production [43,44]. Restoration measures for spawning areas has been reported as a success by
Gard [45]. They used a 2D hydraulic model and predicted an increase of WUA for salmon spawning,
which was also supported by the biological monitoring data. Fjeldstad et al. [46] used 2D hydraulic
modelling techniques to predict that the removal of weirs and the addition of spawning gravel would
create favorable conditions for Atlantic salmon spawning, which was also corroborated with biological
data. High shear stress values could cause gravel to be flushed away and consequently, salmon eggs
could be scoured, however, McKean and Tonina [47] found that even at higher shear stress values a
lower amount of gravel was found to be mobile at high flows. In addition, they also discussed that
salmon eggs are usually buried 15–50 cm below the streambed surface, protecting the eggs to be flushed
away. The reconnection of the side channel could provide suitable refuge habitat for juvenile fish [2,25].
Using a 2D hydraulic model, Koljonen et al. [48] predicted an increase in weighted usable habitat for
juveniles, which was related to an observed increase of juveniles densities. However, difficult winter
conditions overrode the density improvements for the next summer juveniles. Gard [45] found lower
fry densities after modification than before the modifications in rearing habitats, but they suggested
that their model could be used to design additional instream modifications, such as the addition of
boulders and the construction of a side channel, could increase the shelter and would modify the depth
and velocities values to the ones preferred by fry and juvenile salmonids. Bair [41] found an increase
in the suitable habitat and shelter for salmon juveniles after large pieces of wood were added to the
river bed. At the same time, shear stress values and velocity decreased. Despite these positive results,
Palmer et al. [49] reported from an extensive literature review that no clear evidence for biological
improvement was found after instream restorations, suggesting that a reason could be the deterioration
of the habitat created after the instream measures. However, Marttila et al. [50] found that long term
changes in habitat structure after restoration either remained unaltered or were reinforced through
time. They were able to discard the hypothesis that the low biological improvements found after
instream restoration were related to a long-term deterioration of the habitat. Therefore, based on our
results for potential suitable areas and the literature findings, there are reasons to believe that future
analyses of monitoring data will corroborate that the restoration measures in Ljungan improved the
usable nursery and spawning areas in the river as a result of the implemented habitat adjustments.
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4.3. Cost-Effectiveness

In terms of cost-effectiveness for the location of the instream measure, Allsta was the most
cost-effective site where the most suitable areas were obtained for the money spent. In addition,
creating suitable ranges of depth was found to be the most cost-effective measure for both spawning
and nursery areas. Based on these results, Allsta and Gren S.C have shown to be the areas to prioritize
for cost-effective restoration measures. However, it is important to notice that further instream works
might be needed to improve the PSA for velocity values in the side channel. The term effectiveness
in this study has been used to describe the effectiveness of instream measures to improve habitat
conditions. However, benefits cannot be calculated until data from biological monitoring is available
after the modifications in River Ljungan.

Re-stocking measures, which consist of the release of young salmon in order to compensate
for the loss of habitat and migration corridors, has been carried out in many hydropower regulated
rivers [51,52], but they are usually reported as a costly and ineffective mitigation measure because
young salmon die in high numbers before maturing to spawning adults. [51,53] In Ljungan, re-stocking
of salmon was carried out in the past, but in the last 15 years, salmon was re-stocked only in 2004
with 13,200 young salmon [54]. The cost per salmon release for re-stoking in Ljungan after bread
from egg to two-year-old smolt is 2.21 EUR (21 SEK), and the costs for capture of spawning fish
(trapped at Viforsen) is 16,904 EUR (160,000 SEK) per year. As an approximation, the cost for the
release during 2004 could be calculated as 46,076 EUR. The total cost calculated in this study for all
the instream modifications was 92,199 EUR, considering the cost over a 40-year time span at 2.5%
p.a. amortization [55], the annuity cost is 3648 EUR/year. Considering the low effectiveness from
the restocking measures, it is expected that instream measures will be a more cost-effective measure
in Ljungan than the previous re-stocking programs. It is important to note that instream mitigation
measures could require a follow-up maintenance [32], e.g., due to sediments deposited which could
clog the interstitial spaces, affecting spawning and nursery areas. This maintenance measures will
incur in an increment in the cost per unit of PSA that has not been included in this study. This however
will be very dependent on the river and the sediment dynamics. Barlaup and Gabrielsen [44] did not
find degradation of the restored spawning habitat from sediment depositions, the amount of sediments
accumulated was washed away when the spawning fish built their redds. Still, Pulg et al. [56] found
a degradation of the restored spawning areas from sediment deposition, expecting unsuitable areas
for reproduction after five or six years. Follow-up mitigation measures could be done, among others,
by harrowing the gravels using an excavator [32], or could be done addressing the sedimentation
source which will require large scale river restoration [56]. Monitoring and follow up will be needed
in Ljungan to determine the maintenance and cost evaluation of the degradation of spawning areas,
based on initial cost elements and necessary frequency.

The suitable habitat data presented in this study is considered as a first estimation, and field
data to calibrate and corroborate the results will be needed to complete the validity of the model.
Biological data will make it possible to evaluate the effects from the instream restoration measures.
Despite the lack of such data, this study has shown the capability to transform a cloud of bathymetry
points into a user-friendly method and techniques that helps to get easily interpretable outcomes that
can positively influence management decisions. It is important to highlight that the LiDAR survey
was affected by turbidity and the low bottom reflection in some areas, which were supplemented by
manual measurements. However, this was not the case in other rivers like Tokkeåi or Hallingdal where
water conditions were clear and average depths registered were up to 5 and 6 m [13,57]. Despite this
limitation, the use of LiDAR bathymetry data as inputs for the hydraulic model has shown the potential
of using this type of technique to model large river reaches with high resolution and use the results to
evaluate fish habitat suitability and to support cost-effectiveness mitigation and restoration measures.
In this particular case, the method presented had been applied after the instream measures were carried
out, but it could also support the design before its implementation, promoting that stakeholders and
water managers could test alternative scenarios [58]. Therefore, a method that supports restoration
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measures in order to fulfill ecological and stakeholder outcomes, and that future efforts will benefit
from the understanding gained, was defined by Palmer et al. [59] as the most effective restoration.
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Appendix A

 

Figure A1. Manning areas used for the hydraulic simulations for Allsta (upper panel) and Nolby
(lower panel). Blue is for areas with n = 0.03, light green n = 0.06, dark green n = 0.09, and orange
n = 0.15.
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Appendix B

Figure A2. Percentage of cells under values for depth, velocity and shear stress in Nolby. Vertical lines
indicate the limits for the suitable range (Table 3).
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Abstract: Dam removal is an increasingly common stream restoration tool. Yet, removing dams
from small streams also represents a major disturbance to rivers that can have varied impacts
on environmental conditions and aquatic biota. We examined the effects of dam removal on the
structure, function, and composition of benthic macroinvertebrate (BMI) communities in a temperate
New England stream. We examined the effects of dam removal over the dam removal time-series
using linear mixed effects models, autoregressive models, non-metric multidimensional scaling,
and indicator and similarity analyses. The results indicated that the dam removal stimulated major
shifts in BMI community structure and composition above and below the dam, and that the BMI
communities are becoming more similar over time. The mixed model analysis revealed that BMI
functional groups and diversity were significantly influenced by sample site and several BMI groups
also experienced significant interactions between site and dam stage (P < 0.05), while the multivariate
analyses revealed that community structure continues to differ among sites, even three years after dam
removal. Our findings indicate that stream restoration through dam removal can have site-specific
influences on BMI communities, that interactions among BMI taxa are important determinants of the
post-dam removal community, and that the post-dam-removal BMI community continues to be in a
state of reorganization.

Keywords: dam removal; benthic macroinvertebrates; community composition; community stability;
community reorganization

1. Introduction

Worldwide, the damming of rivers disrupts hydrological cycles and negatively impacts the
structure and function of riparian ecosystems [1,2]. The alteration and fragmentation of natural
fluvial systems by dams have had myriad cascading impacts on stream ecology, geomorphology and
hydrography [2–5]. This water flow obstruction by dams alters stream nutrient cycling, sedimentation,
thermal regimes, and river-corridor organism mobility [6–8], all of which pose significant threats to
river biodiversity and ecological processes both above and below dams [9–11].

Dam removal is an increasingly common management strategy for restoring river and stream
ecosystem structure and function [4,12,13]. Thousands of dams have been removed over the last
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century, and they continue to be removed at an increasing rate [14]. The vast majority of dam removal
efforts are concentrated in North American and Europe, however, Asia and South America also
comprise regions of increasing dam removal activity [15,16]. While this widespread interest in dam
removal provides a means for restoring river flow and connectivity, dam removal itself is also an
ecological perturbation to stream systems that have often existed in altered hydrological conditions
from decades to centuries [17]. Thus, river restoration can have varied impacts on aquatic system
structure and function [13,18,19] because new flow patterns can change and redistribute substrate and
create changes in habitat availability and quality for both fish and benthic macroinvertebrate (BMI)
taxa [20].

Sedimentation and deposition after the dam removal event can also affect the system for
years [13,21–23], impacting BMI abundance, community structure, species richness, and riparian
ecosystem function [10,24,25]. These effects can be highly variable, long-lasting, and dependent
on variation in dam characteristics and the rate of stabilization of physical conditions after dam
removal [20,26–29]. Short-term effects (i.e., within months) can include an immediate decline in
BMI density and diversity [30,31], while long-term (years) effects are often characterized by a shift
in BMI community composition from lentic- to lotic-specialist taxa as stream flow increases with
time-since-dam-removal [29,32].

Past studies indicate that, for invertebrates, dam removal can stimulate a significant shift above
the dam site from lentic BMI taxa dominance (e.g., Chironomids, Oligochaetes, and other non-insects)
to more diverse assemblages that include a mixture of taxa including riffle-specialists (i.e., “EPT” taxa:
Ephemeroptera, Plecoptera, Trichoptera) [33,34]. In some cases, downstream recovery can resemble
the pre-dam community [21], while in other cases, the post-dam removal BMI community composition
resembles neither the pre-dam community nor that of other nearby free flowing stream reaches [10].

Due to the complexity of responses of BMI communities to dam removal, longer-term,
community-scale studies that start before dam removal and continue several years afterwards are
needed for identifying the diverse, long-term effects of river restoration on stream assemblages and
species interactions [5,24,26,35–39]. The present study investigates the effects of dam removal on BMI
community dynamics in the Eightmile River, CT, USA. A small dam that had been in place since
the 1760s, was removed from the river on the Zemko property of The Nature Conservancy. Our
study began in 2005, one year before drawdown (in 2006) and continued for three years following
dam removal (in 2007) until the fall of 2010. Poulos, Miller, Kraczkowski, Whelchel, Heineman and
Chernoff [37] and Poulos and Chernoff [36] examined the effects of the Zemko dam removal on fish
assemblages and discovered that they continued to be in a state of reorganization at sites adjacent to
the former dam even three years after dam removal. Our objectives for the current study build upon
this knowledge by assessing how dam removal at these same three sites (above and below the dam,
and at a nearby reference site) influenced BMI community structure, function, and stability. Based on
the literature, we hypothesized the dam removal would (1) trigger significant, site-specific effects on
BMI dynamics and function that would differ over the course of the dam removal process, and (2)
that the stability of the BMI community would similarly vary in relation to site and dam stage (i.e.,
pre-dam removal, during drawdown, and post-dam removal).

2. Materials and Methods

2.1. Study Sites

The Eightmile River, located in Salem, CT is a largely rural and forested portion of the state
(Figure 1) [40]. The river was designated a Wild and Scenic River by Congress in 2008, protecting
all major branches and tributaries within the system (House Senate Report 110-94). The Connecticut
Department of Environmental Protection in 1998–1999 characterized the water quality of the main
stem as some of the best in the state based on the prevalence of high water quality indicator BMI
taxa [41]. Sampling was conducted monthly on the same day of each month within sites during the
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growing season (May–October) from 2005–2010 at three main locations (Figure 1) including: the reach
immediately above the dam (“ZAD”) which was a pond prior to drawdown, the reach immediately
below the dam (“ZBD”), and a reference site (“REF”) 7.19 km downstream of the former dam (see
Section 2.1.3 below for justification). Sample sites differed with regard to a number of spatial and
habitat characteristics, such as basin size, canopy and substrate (see Appendix A for site characteristics
and Poulos and Chernoff [36] for site-specific temporal changes in local environmental conditions).
Sampling began prior to dam removal in 2005 and continued through water drawdown (which began
in spring 2006), final dam removal (fall 2007), and for three years afterward.

Figure 1. Map of the Zemko Dam and reference site on the Eightmile River, Haddam, CT.

2.1.1. Above the Zemko Dam (ZAD)

The East branch of the Eightmile River was modified at the Zemko site for a considerable time.
A dam for milling was first constructed there in the 1720s and the resulting pond was periodically
drained until the 1960s when the present-day dam was constructed. At the time of removal, the dam
was a 1.5 m high, 3.7 m wide, and 24.5 m long stone- and earth-fill structure that also served as an
unimproved road crossing. The dam was considered the last impasse to diadromous fish such as,
Salmo salar (Atlantic Salmon), although a fish ladder at Bill’s pond downstream may have continued to
impair upstream fish and BMI movement. Details of environmental changes that occurred over the
study period have been reported by Poulos and Chernoff [36].

Prior to dam removal, the substrate of the above-dam pond was largely organic. This transitioned
to silt and sand as water levels decreased and the dam was removed. As the channel’s flow increased
over the study period, partially submerged cobble-sized rocks emerged at the upstream edge of the
former pond. An approximately 14 m portion of the river at and directly above the dam was also
modified post dam removal with the addition of cobble and large woody debris in order to stabilize
the banks and mimic a more natural streambed structure.
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2.1.2. Below the Dam (ZBD)

The below dam reach was largely a gravel and cobble bed with sand deposits in pools near
the banks. While much of this composition remained constant, there were changes in the river-bed
characteristics during the drawdown and dam removal process. We observed a build-up of sand
and silt in the pool directly below the dam in addition to increased erosion and tree fall within the
stream channel.

2.1.3. The Reference Site (REF)

An upstream reference site was not available because the dam was less than 1 km from its
headwaters, so instead we chose a downstream reference site because of its relatively unimpacted river
channel and bank, its location on protected land (the CT Chapter of The Nature Conservancy), and
little nearby development. Its distance from the dam (7.19 km) was deemed sufficient to avoid direct
dam removal impacts, and pre-study BMI sampling (2004) indicated that there was no significant
difference (ANOVAs, P > 0.05) in numerous invertebrate metrics (total richness and abundance, EPT-,
and percent dominance) from another site monitored on the free-flowing West branch of the Eightmile.

2.2. Benthic Macroinvertebrate Sampling

Surber sampling was chosen as the method for BMI collection based on the results of a series of
experiments carried out at the reference site in 2004 by Olins [42]. An alternate method, rock bags, was
used for the above dam site (ZAD) because of the water depth at this sample site (e.g., average 39 cm
in 2005). At each of the three randomly selected locations within the 100 m riffle area at ZAD, a rock
bag consisting of 0.008 m3 of various sized rocks was placed on the substrate and after approximately
one month was removed and processed in the same manner as Surber samples. At the other sites,
Surber samplers (Wildco; area = 0.093 m2) were used at three randomly selected locations within the
designated riffle. Rocks and 3 cm deep of loose substrate were scrubbed free of organisms and organic
matter, collected in the attached net (500 um), and preserved in 70% alcohol until processing. Analysis
of side by side Surber and rock bag sampling indicated that there was no significant difference in BMI
groups of interest between the two methods (P > 0.05 Olins [42]), supporting the decision to utilize
rock bags at the above-dam site.

Samples were picked from a 12-square sorting tray using magnifier lights (10x) in randomized
sub-samples of 25% (3 squares), and preserved in 70% alcohol. The sub-samples were then processed,
and all organisms were identified to family level (using keys from Voshell and Wright [43]), which was
considered sufficient for analysis of functional feeding and sensitive taxonomic groups (e.g., Tolonen
et al. [44]) and to avoid differences due to rare taxa. Sample counts were limited to those families that
are hydropneustic.

We chose the following groups for classification of the taxa based on the literature and use by other
dam studies: (1) functional feeding groups (predator, collector-gatherer, collector-filterer, scrapers and
shredders) that are utilized to learn more about community changes in response to conditions such as
flow and organic matter [45,46]; (2) EPT- (minus), which included all Ephemeroptera, Plecoptera, and
Trichoptera families , as they are often included in ecosystem health and water quality assessments
(e.g., [47]), however, the Trichoptera family Hydropsychidae was excluded as they were ubiquitous
in most samples, are more stress tolerant in Connecticut streams, and include a variety of species
with differing sensitivity to water quality [48]; (3) Chironomidae (Order Diptera) abundance, as a
common but variable component of the BMI community and an indicator of slow-flowing, silty,
and warmer water conditions [47,49]; and (4) non-insects, consisting primarily of Olig ochaetes and
Amphipods that are both highly tolerant and indicative of lentic conditions. In addition, we also
examined spatiotemporal variation in individual BMI families, abundance and richness, and diversity
(H’, Evar). H’ is most commonly used when evaluating species diversity [50]. Evar is an alternate index
for use in measuring species evenness where 0 is minimum evenness and 1 is maximum [51]. See
Appendix C for a full list of invertebrate taxa and group composition.
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2.3. Data Analyses

2.3.1. Univariate Analyses

Prior to analysis, BMI family abundance matrices were tested for randomness with entropy
analysis following Atmar and Patterson [52]. The results demonstrated that our matrices were highly
significantly more ordered than 10,000 random matrices generated from a Monte Carlo process and that
the data were suitable for the subsequent analyses of patterns within the matrices. We then used mixed
model analyses in the nlme package of R [53], which is a common method for evaluating the effects
of dam removal on stream assemblages to test for differences in the abundance and diversity of BMI
groups at each sample site in relation to dam removal with fixed and random effects and interaction
terms. We estimated variance components within each mixed model to account for the covariance
structure of the repeated measures of the sampling intervals, followed by least squares means pairwise
comparisons to test for differences in BMI assemblages both among and within sites over time. Site and
dam removal were treated as fixed effects and year nested within dam stage was treated as a random
effect. Dam removal was classified into three stages: (1) pre-removal (2005), (2) drawdown to removal
(2006–2007), and (3) post-removal (2008–2010) for this, and all subsequent analyses.

2.3.2. Non-Metric Multidimensional Scaling

We used non-metric multidimensional scaling (NMDS) to analyze community-scale differences in
BMI composition among sample sites and dam stages via the vegan package in R (Oksanen et al. 2013).
The relative abundance of BMI families was plotted in the NMDS solution by (1) sample site over the
entire study period, and (2) dam stage for each sample site using 95% confidence ellipses. We then
tested for differences in BMI ordination space among sites and among dam stages within each sample
site using the ordiareatest command in vegan.

2.3.3. Indicator Species Analysis

We used indicator species analysis [54] and PC-Ord Software [55] to identify key indicator BMI
taxa across all years for the reference, above dam, and below dam sites. The goal of this analysis was to
identify taxa that occurred in a particular habitat or location with high fidelity. The method combines
abundance data from a site and faithfulness of occurrence of a taxon in a particular site. It produces
indicator values for each, which are subsequently tested for statistical significance by a Monte Carlo
permutation. Indicator values (0–100) are simply estimated as the relative frequency of the taxon in
sample sites belonging to a particular target site group.

2.3.4. Spatiotemporal Variation in BMI Community Structure

We examined differences in BMI community composition among sites and over time by
examining Bray-Curtis similarity matrices using a two-way analysis of similarity (ANOSIM; α = 0.05;
999 permutations) for both dam stage (pre-removal, drawdown, and post-removal) and by year.
Spatio-temporal changes in community structure was further analyzed by performing a similarity
percentage analysis (SIMPER) [56]. SIMPER was used to identify major BMI families contributing
to > 50% of the total dissimilarity among sites. This method computes the percentage contribution
of each taxon to the total dissimilarity between pairs of sites; those with the largest contribution to
dissimilarity are those that best discriminate between site communities. All similarity analyses were
performed using a paleontological statistics software package (PAST v2.17) [57].

2.3.5. Multivariate Autoregressive Models (MAR)

We estimated BMI community stability in relation to sample site and dam stage by examining
functional feeding group interaction strengths over the time-series of dam stage using multivariate
autoregressive (MAR) models. The effect of dam stage on BMI functional feeding group (FFG)
community dynamics was also examined by including dam stage as a covariate in the MAR models for
the two dam sites. MAR examined the interaction strengths among BMI FFGs over the time-series at
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each sample site. In MAR models, variates are factors expected to affect their own dynamics and those
of other groups. The MAR framework is similar to a set of simultaneously solved multiple regressions
of interacting taxa, while also accounting for the serial autocorrelation in time-series data (see Beisner
et al. [58]) through the calculation of autoregression coefficients that depend on the correlated response
of one variable to the others in the time-series of interest. Autoregression coefficients depend upon
patterns of change in the data so that, if a given variable does not change, it does not influence the
changes in abundance of taxa in the dataset and the autoregression coefficients are zero. In this case,
the dynamics considered were changes to abundances. Dam stage was treated as a covariate because
of its potential to affect FFG abundance.

MAR models were fit and stability metrics were estimated using the MAR1 package [59] of the
R Statistical Language [53]. Functional feeding group abundance data for each time-step were log
transformed to better approximate the non-linear relationships in the data (sensu Ives et al. [60]) and
standardized to deseasoned Z-scores prior to analysis. Data were deseasoned to facilitate model
comparisons among BMIs and to remove seasonal trends in the data by dampening seasonally varying
population fluctuations. Since sampling occurred during the growing season (i.e., from June to October)
each year, we followed recommendations by Hampton et al. [61] and Ives, Dennis, Cottingham and
Carpenter [60] by specifying a MAR model that skipped estimations between non-consecutive data points
by not filling gaps in the data greater than 1 month in duration (using the fill.gap command in MAR1).

The MAR output produces several stability metrics of community resilience and reactivity that we
used to examine community-level responses to dam removal. These metrics are based on the B species
interaction matrix, as defined by Ives, Dennis, Cottingham and Carpenter [60] who developed three
measures of resilience (which they termed stability), and two measures of reactivity within the MAR
framework. Four of the five metrics depend upon the eigenstructure of the species interaction matrix,
B. The first, det(B)2/p where det is the determinant and p is the number of taxa, measures how species
interactions amplify any environmental variance (dam stage and site) in relation to the stationary
distribution. The second measure, max(λB), is the maximum eigenvalue of B. This measures the rate
of return of the mean from the perturbed or transitional distribution to the stationary distribution; the
largest eigenvalue corresponds to the slowest dimension of change [60]. The third measure of resilience,
max
(
λ⊗
)
, is the maximum eigenvalue of the Kronecker product of B and measures the rate of return of

the variance from the perturbed or transitional distribution to the stationary distribution. The smaller
the values of the three resilience measures the greater resilience that system has to perturbations.

A reactive system is one that frequently moves farther away from the stationary distribution [60] as

reactivity increases stability and resilience decrease. The first measure of reactivity is − tr(
∑

)
tr(V∞) , where tr

is the trace,
∑

is the environmental covariance matrix and V∞ is the covariance matrix of the stationary
distribution (a function of B); less negative values (i.e., those closer to zero) are more reactive due to
the species interactions amplifying environmental variance in V∞. The second measure of reactivity
depends only on B and is max(λB′B) − 1, where B′ is the transpose of B; this measure depends upon
the entire eigenstructure and is sensitive to the smaller eigenvalues; the larger the asymmetry of the
eigenstructure the larger the value of the metric and the higher the reactivity of the system.

3. Results

3.1. Impacts of Dam Removal on BMI Taxonomic Groups

More than 70 BMI families were identified across all sites over the study period from 59 samples,
from which we identified 11,240 individual organisms. The mixed model analyses identified significant
site-level differences for virtually all of the BMI metrics in the study (Table 1, Figure 2, Appendix B).
Site and dam stage interactions were significant for total BMI abundance, non-insect abundance, taxon
richness, and diversity (Evar) (P < 0.05). Total BMI abundance was similar among sites prior to dam
removal, but it diverged significantly among sites during drawdown and after dam removal (P < 0.05).
BMI abundance was significantly higher at ZAD than at the two other sites during drawdown, and all
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three sites differed significantly from one another during the post-dam removal dam stage. Differences
in non-insect BMI abundance over the time-series was due to significantly higher (P < 0.05) non-insect
abundance at ZAD during dam removal. Taxon richness was similar among sites prior to dam removal,
and higher at ZAD during dam removal. Post removal, taxon richness was significantly higher at REF,
intermediate at ZAD, and lowest at ZBD. Evar was consistently lower at ZAD over all sample years
relative to the other two sample sites. Evar fluctuated and differed between ZBD and REF during dam
removal, but they did not differ significantly three years after dam removal.

Figure 2. Mean (± S.E.) BMI abundances and diversity statistics for sub-samples at each site by year.
Dam stages are indicated with dotted lines. Significant differences among dam stages are reported in
Table 1.
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Table 1. F-values from the modified before after control impact mixed model analyses of BMI variables
in relation to the three study sites, the three stages of dam removal, and the interaction between site and
dam stage. Degrees of freedom for BMI variables are 2 (site, stage) and 4 (dam*stage); for functional
feeding group analysis degrees of freedom are 2 (site), and 1 (stage, interaction). Significant terms
are designated by asterisks: * indicates P < 0.05, and ** indicates P < 0. 01. See Appendix C for BMI
abbreviations and descriptions.

BMI Variable
Interaction

Site
Dam
Stage

Site*Dam Stage

BMI abundance 23.34 ** 0.8 3.1 *
Taxon richness 6.4 ** 1.4 3.7 *

H′ 7.2** 2.7 2.5
EVAR 10.0 ** 0.3 2.5 *

EPT- abundance 13.0 * 1.1 0.1
Diptera abundance 9.5 1.1 3.3 **

Non-insects 6.3 ** 3.5 * 4.1 **
Predators 8.3 ** 0.2 2.3

Collector-gatherers 23.1 ** 0.3 8.9 **
Collector-filterers 6.1 ** 2.0 0.6

Scrapers 20.8 ** 2.8 47.3
Shredders 46.2 ** 6.8 13.2

3.2. Functional Feeding Group Dynamics

Functional feeding group abundances differed significantly by site for all FFGs in the study
(P < 0.01) (Table 1, Figure 3, Appendices B and C). However, the interaction between site and dam stage
was only significant for collector-gatherer abundance (P = 0.031). Significant increases in predator
abundance occurred at the two dam sites during drawdown (P < 0.05). Collector-gatherer abundance
declined significantly at ZAD, primarily due to Oligochaetes (Annelida) and Amphipods, which
comprised 77% of the community before drawdown/dam removal and declined to 32% at the end of
the study. Shredder abundance was consistently higher at the REF site relative to the two dam sites for
all years after 2006. Collector-filterer and scraper abundances were variable among the sites. There
was high variability in scraper abundance across years (Figure 3). Although there were significant site
effects (P < 0.01, Table 1, Figure 3), the post-dam removal rebound of scrapers obscured interaction
effects with stage; and scrapers also became much more abundant at REF post dam removal.

3.3. Impacts of Site and Dam Stage on BMI Community Composition and Structure

The NMDS results and the two-way ANOSIM analysis revealed that the three dam sites remained
largely distinct over the study period. BMI families differed significantly among dam stages (R = 0.091,
P = 0.0374) and sites (R = 0.60, P = 0.0001). Although the 95% confidence ellipses did not overlap
among sites in the NMDS solution (Figure 4A), BMI family composition overlapped within sites among
the three dam stages of pre-removal, drawdown, and post-removal (Figure 4B). The one exception was
an overlap between the above and below dam sites during drawdown. Communities of all three sites
shifted closer together in BMI family space post-removal.
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Figure 3. Mean (± S.E.) abundances of BMI functional feeding groups displayed by site and year. Dam
stages are indicated with dotted lines. Significant differences among sites and dam stage are reported
in Table 1.
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Figure 4. Non-metric multidimensional scaling (NMDS) of BMI families in the Eightmile River, CT,
USA over the study period showing (A) BMI relative abundance by family (black dots) plotted with
95% confidence ellipses for each sample site over all sampling intervals, and (B) 95% confidence ellipses
for each dam stage within each sample site (boxes). Sample sites differed significantly in BMI family
space according to permutation tests (P < 0.05), although each site did not vary significantly in BMI
family space by dam stage. The final NMDS solution was a 2-dimensional solution with a stress value
of 0.22.

The SIMPER analysis highlighted that differences in BMI family composition among sites over
the study were principally the result of changes in the two dam sites relative to the reference site over
the course of the study (Appendix D). Such differences were explained by the abundance of more
tolerant, lentic specialist taxa, including non-insects such as oligochaetes and amphipods, as well as
insect taxa such as Chironomids, above the dam relative to the two other sites, and to some extent,
higher Trichoptera abundance at the reference site. In addition, below the dam the post-removal stage
experienced decreases in Hydropsychidae and Chironomids, which are generally considered abundant
and stress-tolerant taxa.

The indicator species analysis corroborated these results and highlighted the distinctness of the
reference site relative to the two dam sites. REF contained nine indicator families, six of which were
EPT- taxa (Table 2). These included less stress-tolerant taxonomic groups including Trichoptera (i.e.,
Brachicentripodidae, Limnophilidae and Glossostomadidae), as well as other sensitive BMI groups like
Plecoptera. In comparison ZBD had only two indicator taxa (both insects), one a predator that occurred
in low numbers (0–5 per sample), and a scraper, while ZAD hosted seventeen indicator species from a
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variety of functional feeding groups. Nearly half of them were non-insect taxa, and all but two were
stress-tolerant. These indicator species were prevalent at ZAD over the entire study period, regardless
of dam stage, and many of them were associated with lentic stream conditions.

Table 2. Maximum indicator values (IV) for significant indicator taxa (P < 0.05) for each sample site.
Taxon acronyms are explained in Appendix C.

Taxon IV P FFG Other Groups

REF

TcLm 43.6 0.0032 SH EPT-

EpEp 47.2 0.0028 CG EPT-

GaHy 46.5 0.0004 SC Non insect

ClPs 62.4 0.0002 SC

DtTp 61.8 0.0002 SH

EpIs 51.9 0.0002 CG ETP-

PlPr 85 0.0002 P EPT-

TcBr 84.5 0.0002 SH EPT-

TcGl 61.6 0.0002 SC EPT-

ZAD

BvSp 20.3 0.0404 CF Non insect

MgSi 15.8 0.0400 P

GaPh 22.2 0.0130 CG Non insect

OdAs 26.8 0.0110 P

PhTb 28.7 0.0054 P Non insect

DtCh 52.3 0.0050 CG Diptera

EpLp 40.9 0.0042 CG EPT-

GaPl 33.6 0.0040 SC Non insect

OdLb 29.1 0.0026 P

ArHy 34.5 0.0020 P Non insect

DtCr 41.7 0.0012 P

OdCn 36 0.0010 P

AmSc 90 0.0002 CG Non insect

AnOl 89 0.0002 CG Non insect

EpCn 48.3 0.0002 SG EPT-

IsSw 43.8 0.0002 CG Non insect

TcLt 68.8 0.0002 EPT-

ZBD

MgCr 39.6 0.0480 P

ClEl 49.8 0.0144 SC

3.4. BMI Community Stability

The MAR results identified significant interactions between the various BMI FFGs during the
study. Model fits (R2) were all >0.5 (Table 3). All functional feeding groups experienced positive
interactive growth rates over the time-series at the REF site, as shown by the positive diagonal
elements of Figure 5A. Between groups, predator growth rates were negatively affected by scraper and
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collector-gatherer abundance. Collector-filterers positively influenced collector-gatherers. Scrapers
positively influenced abundance of both collector-gatherers and predators.

Table 3. Resilience and reactivity metrics from the MAR analysis. Metrics are derived from Ives,
Dennis, Cottingham and Carpenter [60] as described in the methods section.

Attribute Metric
Reference Below Dam Above Dam

Best-Fit Bootstrap Best-Fit Bootstrap Best-Fit Bootstrap

Resilience det(B)2/p 0 0 0.3 0 0.22 0.13
Resilience max(λB) 0.88 0.89 0.94 0.93 1 0.94
Resilience max

(
λB
⊗

B

)
0.77 0.79 0.89 0.87 1 0.88

Reactivity −tr(
∑

)/tr(V∞) −0.34 −0.39 −0.08 −0.18 −0.01 −0.21
Reactivity max(λB′B) − 1 1.46 0.52 6.73 2.99 4.44 2.66

(A) 

(B) 

Figure 5. Cont.
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(C) 

Figure 5. MAR model interaction strengths of the deseasoned, z-score-transformed BMI functional
feeding group community on the Eightmile River at (A) the reference site (REF), (B) the above dam
site (ZAD), and (C) the below dam site (ZBD). Bars extending to the right and left of the dotted
lines represent positive and negative interactions, respectively. Interactions in the best-fit model that
were excluded by bootstrapping are plotted as lighter, hatched bars. Density-dependent changes in
BMI functional feeding groups are displayed along the diagonal of the B-matrix. The C-matrix in
the two dam sites evaluates the effects of dam stage as a covariate influencing functional feeding
group interactions.

The interactive growth rate effects were more complex at the two dam sites, and dam stage
was a significant influence on predator growth rates at both sites and on collector-gatherer growth
rates at ZAD. At ZAD, all taxa except collector-gatherers displayed positive growth rates (i.e., the
positive diagonal element in Figure 5B). Predator growth rates positively influenced scraper abundance.
Collector-gatherer growth rates positively influenced shredders but had a negative effect on predators
and scrapers. Collector-filterer abundances positively affected collector-filterers. Dam removal had
significant negative impacts on predator and collector-gatherer growth rates.

At ZBD, (Figure 5C), collector-filterers and shredders displayed positive growth with increasing
abundance, collector-gatherers showed no significant interaction, and predators and scrapers
experienced negative density-dependent growth over time. Predator abundance negatively influenced
the growth rates of both collector-filterers and scrapers, while scraper abundance negatively impacted
collector-gatherer growth rates. Collector-filterers positively affected growth rates of all but shredders.
Only predator growth rates were negatively influenced by dam removal.

The MAR resilience metrics indicated that the BMI community of the REF site was the most
resilient and least reactive site (Table 3). Most resilient means that environmental perturbations due to
dam removal changed the community the least and that the rate of return of community structure
was the fastest (Ives et al. 2003). The reactivity measures ranked the dam sites in opposite fashion.
The first reactivity metric indicated that ZAD was more reactive. ZBD was the most reactive from the
perspective of the second measure because ZBD had the most asymmetric eigenstructure.

4. Discussion

The effects of dam removal on BMI community structure, function, and stability are complex and
spatiotemporally-variable [20,26–28]. The removal of the Zemko Dam constituted a major change to
the stream system from a previously impounded state that had likely persisted for centuries prior
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to river restoration. Dam removal remains a difficult task, and our results and other similar studies
reveal the complex and interacting effects of dam legacy, stream restoration, and BMI community
reorganization that occurs in response to the restoration of river flow [10,21–23,25,62].

4.1. Changes in Functional Feeding Group in BMI Communities in Response to Dam Removal

The site-specific BMI community responses implied that the environmental changes caused by the
dam removal itself, rather than new environmental conditions such as flow or river connectivity, were
responsible for the observed changes over the study period (e.g., see Poulos and Chernoff [36]). Variation
in BMI community composition is characteristic of even healthy, unperturbed stream habitats [63,64],
and was exemplified in our study by the temporal variation in BMI community composition at the
reference site. Species-level replacement (i.e., “turnover”) may have occurred undetected, given the
lack of species-specific BMI identification in this study. This may explain why there were no significant
differences in diversity or richness for variables like EPT-, which are generally utilized as indicators of
water quality, and thus, would be expected to change in response to river restoration [47].

While the dam removal represented a major disturbance to in-channel river traits, many of
the other environmental characteristics of the sites (e.g., canopy, surrounding land cover) remained
constant throughout the study period. Given the magnitude of these site differences, it is perhaps not
surprising that there was only one BMI functional metric that changed with dam stage across sites,
non-insect abundance, which spiked at ZAD during drawdown. Such a pattern does not typically
appear in studies of other dam removals, but the greater BMI abundance at ZAD at this time period
could be a product of site productivity, e.g., organic matter inputs from upstream and a lack of canopy,
which is a pattern observed elsewhere [20,34,65].

Thus, we did not observe a clear shift in dominance from lentic to lotic BMI taxa in response to
the dam removal. The above dam site was functionally unique, containing 17 indicator taxa, and was
characterized primarily by tolerant and lentic taxa in contrast to the more varied BMI community
composition at the other two sites over the study period. This site-specific dam removal impacts on
the BMI indicator taxa, diversity, and FFG abundances were expected, as evidenced by the continued
dominance of many tolerant, lentic-specialist taxa at the above dam site throughout the study period.

The consistently-different BMI community structure at the above and below dam sites is consistent
with other prior dam removal research. The greater BMI abundance above the dam persisted across
dam stages, which was, in part, due to a few especially abundant taxa (particularly during drawdown).
Others have documented higher abundance of collector-gatherers above vs. below impoundments
(e.g., [66]). While our sample averages would seem to support this (e.g., pre-removal average at ZAD
of 60.0 per sample vs. 14.5 at ZBD), sample variability did not produce statistical differences. These
differences persisted post-removal at ZAD and ZBD but were only significant during drawdown. It is
worth considering whether or not there was increased patchiness and sample variability downstream
from the former dam, in part due to disturbance effects that, while differing with dam stage, were
likely greater at the downstream sample site [67,68].

One of the most pronounced effects was a decline in collector-filterers at ZBD. Since
they feed on fine particulate organic matter [43], they may have been negatively-impacted by
post-dam removal sedimentation supplied by the removal of the upstream impoundment [22,45].
Changes in macroinvertebrate assemblages in response to temporal changes in organic matter are
well-documented [69–72] and demonstrate the importance of debris flow following dam removal as a
regulator of stream community composition.

4.2. Dam Removal Effects on BMI Community Structure

Our results support the idea of a lag in recovery and increased or persistent impairment of the
below dam community, as documented by others (e.g., [21,28]). Although the community composition
of the three samples sites was becoming more similar over the study period, the three sample sites
remained distinct in terms of BMI composition, which suggests that the BMI community continued
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to be in a state of reorganization, even 3 years post-dam removal. Similar continued community
reorganization effects have also been well-documented in other studies (e.g., [73,74]). For example,
Ahearn and Dahlgren [74] found downstream dam removal effects on BMI communities up to tens of
kilometers away. This helps to explain the persistent lag of “recovery” in the below dam community and
its relatively greater downstream effects, which may persist beyond the timespan of usual short-term
ecological monitoring programs that evaluate stream recovery following restoration.

4.3. Community Stability and Dam Removal

Stream resilience includes the concepts of rates of return as well as inertia [36]. REF was the
most resilient and least reactive of sites, while ZBD displayed intermediate resilience and greatest
reactivity (according to one metric), and ZAD was the least resilient sample site (Table 3). The latter is
not surprising because the channel width, substrate, and flow changed most dramatically. Toward
the end of the study period, faster flow, a narrower and deeper channel, and even some patches of
rocky substrate were established. Both dam sites were much more reactive than the reference site. The
more dynamic fluctuation of the ZAD BMI community relative to the communities at ZBD and REF
in response to dam removal is not surprising since this site experienced the largest changes (i.e., it
went from a pool to a stream) over the study period. These results corroborate other dam removal
research on BMI dynamics [21,28,75] that also identified dramatic changes in invertebrate community
composition at above the dam sites. These metrics were also calculated for the fish community in
a previous study [37], which also showed that the fish communities at the two dam sites were less
resilient and more reactive than REF. Interestingly, both the fish and BMI data indicated that ZBD
was the most reactive for the metric max

(
λ

B
′
B

)
− 1. In both cases, this was due to the presence of a

dominant eigenvector within the species interaction matrix, B, that resulted from a pattern of turnover.
There were no clear interannual trends across sites, but that does not remove the possibility of

other environmental variables as influences on the results of the present study. For example, floods
may have similar effects on substrate movement [13,21,62,76,77] and drought events can influence
invertebrate movement and abundance (e.g., [68,78]). In addition to sporadic high-water events, some
of which the sampling schedule naturally avoided, the study period included drought conditions of
various duration and severity in three years.

The use of the far downstream site (REF) as reference was validated by metrics which included
the site’s greater diversity and abundance of taxa associated with higher water quality (EPT-, which
also represented the majority of indicator taxa for the site), and shredders (consistent with the quality
of organic matter there); similar results have been documented elsewhere [25]. Finer scale analysis
could support what appears to be a trend of increasing shredder abundance at all three sites, which is
often the case for undammed streams [71]. While the REF site was presumed to be beyond the reach
of dam removal effects, it is interesting to note that species richness was higher there post-removal
(average of 13.5 taxa/sample) than during pre-removal or drawdown (versus 9.9 and 7.1 taxa/sample,
respectively). It could also be that the increased richness at REF was responsible for the decreased
dissimilarity between REF and the two dam sites.

5. Conclusions

The goals of dam removal projects include increased connectivity, restoration of natural flow, and
re-establishment of biological communities and river system function indicative of free-flowing rivers.
While the goal of river restoration is clear, our results also demonstrate that the dam removal process
comprises a high-magnitude change to a stream system that has experienced chronic and sustained
flow alteration regime for more than 200 years. Our results indicate that community reorganization
following dam removal is site-specific, and that while the above and below dam sites are part of the
same stream system, dramatically different changes can occur at each site in response to dam removal.
Our results are consistent with the growing body of research on the ecological effects of dam removal
in that it demonstrates that stream BMI community composition and interactions shift quickly in
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response to changes in water quantity and quality, and that the greater the alteration of a site prior to,
during, and after a dam removal event, the more reactive and less resilient the stream community.

The results from this study signal the need for implementing more widespread, comprehensive,
and long-term biological monitoring of dam removals to generate better decision support tools
for managers to carry out successful stream restoration. While some of the trends we observed
were consistent with other prior dam removal research, our results also indicated that each stream
community will respond uniquely to dam removal, and that site conditions during and following
stream restoration can have significant effects on the post-dam removal biotic community composition
and taxa interactions. Thus, simply restoring the hydrological regime will not necessarily bring back
free-flowing stream BMI taxa within three years following a dam removal event, especially when the
recovery process relies on complex interactions among taxa, local species pools, and environmental
conditions. Few studies have investigated the interactions among BMI functional feeding groups in a
river restoration context such as the one MAR analysis of BMI community stability. More multivariate
analyses using complex statistical models and other data mining techniques on individual and multiple
studies can provide great insights into general trends in stream ecosystem dynamics following dam
removal worldwide. Our results also suggest that the BMI community continues to recover and change
over time and that community recovery following dam removal may take decades or even centuries,
especially since the original dam structure at the Zemko site had been in place for over 200 years. While
costly, long-term biological monitoring of stream communities well after the dam removal itself will
provide many answers about the process and mechanisms of recovery in response to dam removal.
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Appendix B

Table A2. Post-hoc results. Abbreviations: lsmean stands for least squares mean.

Site by Stage Interaction Effects

Site Stage lsmean SE df Lower CL Upper CL Post-hoc

Abundance
REF drawdown 29.05 12.30 70.29 –6.04 64.14 ab
REF post 58.75 13.58 67.78 19.97 97.53 abc
REF pre 45.06 11.77 47.75 10.96 79.16 abc
ZAD drawdown 101.55 14.23 90.14 61.22 141.87 c
ZAD post 77.09 12.18 45.12 41.72 112.47 bc
ZAD pre 82.13 35.96 174.10 –18.58 182.84 abc
ZBD drawdown 38.76 12.92 76.04 1.98 75.53 ab
ZBD post 27.53 13.79 71.19 –11.79 66.86 a
ZBD pre 72.31 21.28 127.51 12.45 132.17 abc

Richness
REF drawdown 7.08 1.12 10.07 3.16 10.99 ab
REF pre 9.86 1.09 8.91 5.94 13.79 abc
REF post 13.49 1.06 17.51 10.16 16.81 c
ZAD pre 8.12 2.40 95.30 1.33 14.91 abc
ZAD post 9.39 0.98 13.06 6.15 12.64 ab
ZAD drawdown 10.14 1.20 13.35 6.18 14.10 bc
ZBD post 6.52 1.07 18.25 3.18 9.86 ab
ZBD drawdown 6.70 1.15 11.04 2.78 10.62 a
ZBD pre 7.16 1.60 33.07 2.43 11.90 abc

EPT-
REF drawdown 16.20 5.43 13.38 –1.66 34.06 a
REF pre 18.98 5.12 10.53 1.26 36.69 a
REF post 25.85 5.40 28.02 9.68 42.02 a
ZAD pre 11.54 13.63 147.58 –26.71 49.79 a
ZAD drawdown 14.16 6.01 19.77 –4.49 32.81 a
ZAD post 22.12 4.83 17.71 6.93 37.32 a
ZBD post 10.60 5.48 29.70 –5.73 26.94 a
ZBD drawdown 11.08 5.62 15.21 –7.00 29.16 a
ZBD pre 13.54 8.63 46.83 –11.47 38.55 a

EVAR
REF drawdown 0.70 0.05 7.60 0.51 0.89 cd
REF post 0.64 0.05 18.85 0.47 0.80 bd
REF pre 0.66 0.05 7.41 0.47 0.86 abcd
ZAD drawdown 0.45 0.06 10.83 0.26 0.64 ab
ZAD post 0.48 0.05 15.28 0.32 0.64 ac
ZAD pre 0.46 0.11 101.39 0.14 0.78 abcd
ZBD drawdown 0.62 0.05 8.58 0.43 0.81 cd
ZBD post 0.68 0.05 19.47 0.51 0.84 bd
ZBD pre 0.58 0.07 27.10 0.36 0.80 abcd

Collector-gatherers
REF drawdown 11.83 5.19 9.05 –6.86 30.53 a
REF post 16.40 5.76 27.05 –0.90 33.70 a
REF pre 22.67 5.62 12.27 3.89 41.46 a
ZAD post 39.22 8.11 65.27 16.04 62.40 a
ZAD pre 59.99 22.85 88.99 –4.78 124.77 ab
ZAD drawdown 80.10 8.68 50.35 55.03 105.17 b
ZBD post 8.09 8.11 65.27 –15.09 31.28 a
ZBD pre 14.55 13.24 62.04 –23.39 52.48 a
ZBD drawdown 16.54 7.67 36.35 –6.00 39.07 a
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Table A2. Cont.

Site by Stage Interaction Effects

Site Stage lsmean SE df Lower CL Upper CL Post-hoc

Collector-filterers
REF drawdown 8.34 2.61 11.58 –0.51 17.19 a
REF post 6.98 2.85 30.90 –1.49 15.45 a
REF pre 9.23 2.81 15.20 0.18 18.27 a
ZAD drawdown 2.25 4.26 53.34 –10.02 14.53 a
ZAD post 7.67 3.96 66.86 –3.66 19.00 a
ZAD pre –0.21 11.09 88.98 –31.65 31.23 a
ZBD drawdown 9.07 3.78 40.03 –1.98 20.11 ab
ZBD post 8.23 3.96 66.86 –3.10 19.56 ab
ZBD pre 32.24 6.48 67.04 13.72 50.75 b

Site Effects
H′

ZBD NS 1.48 0.07 44.25 1.32 1.64 a
ZAD NS 1.48 0.09 109.44 1.26 1.70 a
REF NS 1.85 0.05 22.62 1.72 1.98 b

Shredders
ZAD NS 0.82 2.14 84.77 –4.38 6.03 ab
ZBD NS 1.29 1.48 56.77 –2.34 4.92 a
REF NS 5.83 0.87 16.19 3.50 8.15 b

Appendix C

Table A3. Functional feeding groups (FFG) included: CG=collector-gatherer, CF=collector-filterer,
P=predator, SH=shredder, SC=scraper. A designation was given when the majority of species in a
family shared a common feeding strategy, and none was specified when species had diverse feeding
strategies (CT DEEP, 2004; US EPA 2011). Relative average abundance per sample denoted by shading:
white = 1+, light gray = 0.1−1, dark gray = 0. Family designations from the beginning of the study
were maintained to enable comparison across all sampling years. This sometimes required combining
taxonomic groups: Oligochaeta include Nemertina, Baetidae include Ameltidae, and Polycentripodidae
include Psychomyiidae. When FFG are not specified it is because the family is comprised of species
with different feeding strategies.

Benthic Macroinvertebrate Taxa List by Group and Site Relative Abundance by Site

Order/Class Family Acronym FFG Non-Insect EPT- ZAD ZBD REF

Amphipoda AmSc CG X

Hirudinea AnHr P X

Oligochaeta AnOl CG X

Acariformes Hydracarina ArHy P X

Bivalvia Sphaeriidae BvSp CF X

Coleoptera Dytiscidae ClDy P

Coleoptera Elmidae ClEl SC

Coleoptera Grynidae ClGy P

Coleoptera Haliplidae ClHa SH

Coleoptera Hydrophilidae ClHy

Coleoptera Psephenidae ClPs SC

Collembola Isotomidae CmIs CG X

Collembola Sminthuridae CmSm CG X

Conchostraca Eulimnadia CoEu X

Diptera Athericidae DtAt P
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Table A3. Cont.

Benthic Macroinvertebrate Taxa List by Group and Site Relative Abundance by Site

Order/Class Family Acronym FFG Non-Insect EPT- ZAD ZBD REF

Diptera Chironomidae DtCh CG

Diptera Ceratopogonidae DtCr P

Diptera Culicidae DtCu CF

Diptera Empididae DtEm P

Diptera Simuliidae DtSm CF

Diptera Tabanidae DtTb P

Diptera Tipulidae DtTp SH

Ephemeroptera Baetidae* EpBt CG X

Ephemeroptera Caenidae EpCn CG X

Ephemeroptera Ephemerellidae EpEp CG X

Ephemeroptera Heptagenidae EpHp SC X

Ephemeroptera Isonychiidae EpIs CG X

Ephemeroptera Leptohyphidae EpLh CG X X

Ephemeroptera Lepotophlebiidae EpLp CG X X

Gastropoda Hydrobiidae GaHy SC X

Gastropoda Physidae GaPh CG X

Gastropoda Planorbidae GaPl SC X

Hemiptera Corixidae HmCo P X

Isopoda IsSw CG X

Lepidoptera Pyralidae LpPy SH

Megaloptera Corydalidae MgCr P

Megaloptera Sialidae MgSi P

Odonata Aeshnidae OdAs P

Odonata Calopterygidae OdCl P

Odonata Coenagrionidae OdCn P

Odonata Gomphidae OdGm P

Odonata Libellulidae OdLb P

Odonata Lestidae OdLS P

Platyhelminthes PhTb P X

Plecoptera Chloroperlidae PlCh X

Plecoptera Capnidae PlCp SH X

Plecoptera Leuctridae PlLc SH X

Plecoptera Perlidae PlPl P X

Plecoptera Perlodidae PlPr P X

Plecoptera Taeniopterygidae PlTn SH X

Trichoptera Brachycentridae TcBr SH X

Trichoptera Glossosomatidae TcGl SC X

Trichoptera Hydroptilidae TcHd X

Trichoptera Helicopsychidae TcHl SC X

Trichoptera Hydropsychidae TcHy CF

Trichoptera Limnephilidae TcLm SH X

Trichoptera Lepidostomatidae TcLp SC X

Trichoptera Leptoceridae TcLt X
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Table A3. Cont.

Benthic Macroinvertebrate Taxa List by Group and Site Relative Abundance by Site

Order/Class Family Acronym FFG Non-Insect EPT- ZAD ZBD REF

Trichoptera Odontoceridae TcOd SC X

Trichoptera Philopotamidae TcPh CF X

Trichoptera Polycentropodidae TcPl/Ps X

Trichoptera Rhyacophilidae TcRy P X

Appendix D

Table A4. Similarity percentage (SIMPER) and two-way analysis of similarity (ANOSIM) results by
dam stage and site-by-site comparisons. BMI family acronyms are described in Appendix B.

Aggregate %
Dissimilarity

Dam Stage
BMI

Family
% Dissimilarity

per Taxon
Mean Abundance

Group 1
Mean Abundance

Group 2

Reference-Above Dam

81.7 pre
DtCh 32.1 11.1 34.0

EpLp 39.9 0.0 6.7

AmSc 46.5 0.0 5.7

88.2 drawdown
AnOl 26.3 0.1 32.8

AmSc 42.3 0.0 23.1

72.2 post

DtCh 20.8 14.0 21.2

TcHy 32.3 8.4 4.6

AnOl 43.3 2.5 9.1

TcBr 48.6 4.2 0.0

Above dam-Below Dam

80.8 pre
DtCh 29.1 34.0 12.6

TcHy 44.7 0.0 24.9

ClEl 51.6 0.3 7.7

78.1 drawdown
AnOl 26.7 32.8 0.9

AmSc 43.2 23.1 1.0

77.3 post
DtCh 26.6 21.2 4.9

AnOl 40.3 9.1 0.2

TcHy 49.8 4.6 5.1

Reference-Below Dam

76.1 pre
TcHy 22.0 6.0 24.9

DtCh 38.0 11 12.6

ClEl 47.0 2.0 7.7

76.9 drawdown
DtCh 18.6 4.2 10.3

TcHy 32.5 6.2 5.4

TcBr 45.4 7.8 0.1

70.4 post

DtCh 16.1 14.0 4.9

TcHy 29.1 8.4 5.1

TcBr 37.0 4.2 0.0

EpHp 43.4 1.3 3.9

PlLc 49.4 2.7 2.6

Families differed significantly among dam stages (R = 0.091, P = 0.0374) and sites (R = 0.60, P = 0.0001) according to
a two-way analysis of similarity (ANOSIM).
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Abstract: Hydrodynamic differences among shorelines with no vegetation, reference vegetation
(mature mangrove), and vegetation planted on restored shoreline (marsh grass and young mangrove)
were compared based on field observations 6.5 years after living shoreline restoration. Mean current
velocities and waves were more strongly attenuated in vegetation (from channel to shoreline: 80–98%
velocity decrease and 35–36% wave height reduction) than in bare shoreline (36–72% velocity decrease,
7% wave height reduction, ANOVA: p < 0.001). Normalized turbulent kinetic energy dissipation rates
were significantly higher in reference vegetation (0.16 ± 0.03 m−1) than in restored (0.08 ± 0.02 m−1)
or bare shoreline (0.02 ± 0.01 m−1, p < 0.001). Significant differences in the current attenuation and
turbulence dissipation rates for the reference and planted vegetation are attributed to the observed
differences in vegetation array and morphology. Although the hydrodynamic analyses did not
suggest limitations to recruitment, mangrove seedlings were not observed in restored vegetation,
while four recruited seedlings/m were counted in the reference vegetation. The lack of recruitment in
the restored shoreline may suggest a lag in morphological habitat suitability (slope, sediment texture,
organic matter content) after restoration. Although hydrodynamics suggest that the restored site
should be functionally similar to a reference condition, thresholds in habitat suitability may emerge
over longer timescales.

Keywords: ecohydraulics; living shoreline; restoration; mangrove; flow-vegetation
interaction; recruitment

1. Introduction

Shoreline ecotones provide essential ecosystem services, yet the modification of shoreline attributes
that are vital to this functionality (e.g., slope, vegetation cover, material structure) is widespread [1,2],
particularly in developed areas [3]. Given the growing human population in near-shore areas [4],
combined with the intensification of coastal hazards [5,6], decisions regarding the management of
the shoreline ecotone are critical to overall coastal sustainability. Nature-based solutions to shoreline
stabilization, such as living shorelines, are intended to maintain the functionality of the ecotone [7],
for instance by preserving or restoring the equilibrium slope, and therefore the natural hydrology and
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connectivity of intertidal and subtidal wetland habitats [8,9]. Living shorelines are often framed as
an alternative or complement to traditional hard-armoring techniques that were designed to prevent
erosion [10] and may be implemented as restoration in areas of active shoreline degradation [11],
including planting or the placement of native species. Hybrid living shoreline approaches may also
include engineered structural elements that were designed to dissipate hydrodynamic energy [7,12].
As investment in living shoreline restoration increases, understanding the influence of restoration
designs to shoreline sediment transport and erosion will lead to more robust decision making and
impactful investments in shoreline stability.

Hydrodynamic interactions are important controls to shoreline processes and functions,
including the transport and retention of sediments and organic matter [13,14], the survival of planted
vegetation [15–17], long-term vegetation recruitment [18,19], the provision of hydraulic habitat for
estuarine species [20], and resilience to extreme events [9,11,21]. In restoring degrading shorelines
with native species, restoration practitioners wish to induce physical–biological feedbacks, wherein the
structure of placed or planted species reduces current and wave velocities, lessens shear stresses on
substrates, and promotes the deposition of sediments and retention of organic matter. The resulting
hydrodynamic and benthic environment ideally should encourage the expansion of the vegetative
community, through propagation and natural recruitment. As the restored community expands,
it should thus engineer conditions that lead to the further success of the community in a positive
feedback mechanism. However, quantitative, field-based observations of nearshore hydrodynamics
within a living shoreline are rarely undertaken. As such, there is a fundamental gap in understanding
how estuarine flows (which may include both waves and tidal and/or riverine currents) interact with
living shoreline structural elements and planted vegetation. For instance, while it is well known
that an increased drag on vegetation attenuates mean flow velocities [22] and wave heights [23],
instantaneous shear stresses may be elevated due to increased turbulence from flow–vegetation
interaction, which can affect sediment transport. The critical role of turbulence in sediment transport
enhancement through vegetation has been highlighted both in unidirectional flows [24,25] and
oscillatory flows [26]. Turbulence can potentially affect sediment entrapment within vegetation and the
vegetation expansion [27]. Current knowledge of such small-scale hydrodynamic processes derives
from either numerical models (e.g., [28]) or laboratory study in flumes [29]. Mimicking distributions,
geometries, and behaviors of natural (and restored) vegetation is challenging [30,31], which limits
the potential for furthering understanding flow behavior in vegetation based on laboratory or
numerical study alone. Furthermore, in the context of restoration, flow interaction within a restored
shoreline will change over time as vegetation matures and the shoreline benthic morphology responds.
Therefore, the hydrodynamic effects that are observed shortly after living shoreline restoration,
when monitoring is most likely to occur, may be transient. The objective of this study is to quantify,
several years after restoration, the morphological and hydrodynamic differences among shorelines
with no vegetation, natural vegetation, and vegetation planted during living shoreline restoration,
and to understand how the observed hydrodynamic differences influence sediment characteristics,
carbon storage, and vegetation (mangrove) recruitment.

2. Materials and Methods

2.1. Study Site Description

Mosquito Lagoon is the northernmost of three estuarine lagoons comprising the extensive Indian
River Lagoon system on Florida’s east (Atlantic) coast. As a bar-built estuary located between Florida’s
mainland and barrier islands, Mosquito Lagoon is a wide, shallow (1–4 m water depth) water body
containing numerous bars and vegetated islands within the main channel. Tidal exchange to the marine
system occurs through an inlet in the northernmost portion of the lagoon, and a canal in the southern
lagoon connects Mosquito Lagoon to the Indian River. Mosquito Lagoon is microtidal, with seasonal
changes in water levels [32]. The climate is humid sub-tropical and the bulk of annual precipitation
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(mean 1250 mm yr−1) is delivered as rain during the wet season from May through October. Salinity in
Mosquito Lagoon ranges from 25 to 45 ppt [32]. The mean annual air temperature is 22 ◦C, and water
temperatures range from 23 to 30 ◦C [33]. The barrier island comprising the east bank of the lagoon
has a long history of human habitation dating to 500 B.C., and pre-historical shell middens [34] create
an anthropogenically altered topography that stretches the length of the island.

Three 50-m to 100-m lengths of shoreline, consisting of one unrestored shoreline (Reference)
and two restored sites (Restored—living shoreline restoration, Seawall—hybrid living shoreline
stabilization) were selected for study from within a 4-km length of Mosquito Lagoon’s east bank in
Canaveral National Seashore, Florida (Figure 1). The Reference site is a reference-condition shoreline
with no evidence of active shoreline degradation. Vegetation in the intertidal zone of the Reference site
is characterized by a stable, mature stand of mangrove forest (Rhizophora mangle, Avicennia germinans,
Laguncularia racemosa) (Figure 2a). Prior to living shoreline restoration in 2011, the Restored site was
actively degrading (Figure 2c). The restoration consisted of submerged oyster mats [35] and zoned
plantings of emergent marsh grasses (Spartina alterniflora) and mangrove (R. mangle, A. germinans)
(for details, see [36]). While early years following the restoration indicated moderate oyster recruitment
to the mats (maximum 200 oysters/m2), a series of stochastic environmental events (e.g., brown tide
algal bloom, drought, and historically low water levels) left recruited oysters vulnerable to predation
and precipitated extensive mortality. At the time of data collection for this study, 6.5 years after
restoration, few oysters inhabited the restoration site, and the mats had been either removed or buried
by sediments and vegetation.

Figure 1. Study site locations.
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Figure 2. Study sites: (a) Reference shoreline site with mature mangrove vegetation; (b) Seawall
shoreline site at the time of hydrodynamic data observation, four years after hybrid shoreline restoration;
(c) Restored shoreline site before restoration; (d) Restored shoreline site one month after restoration;
(e) Two years after restoration; and (f) at the time of hydrodynamic data observation, 6.5 years
after restoration.

The Seawall site is a location of active net shoreline erosion. A retaining wall had been built near
the shoreline in the 1950s, and erosion had progressed to the wall footing by 2012. Bags of cement had
been placed at the footing in an attempt to stabilize sediments (Figure 2b). In 2013, stabilization of
the eroding shoreline with a hybrid living shoreline was undertaken. The modified living shoreline
consisted of 800 mesh bags filled with oyster shells (length:width:height = 100:30:30 cm) arranged in
a low sill structure (one row deep, two rows wide), and plantings of smooth cordgrass (S. alterniflora).
At the time of this study, four years after the hybrid living shoreline restoration, the structure was in
place but buried by sediment, and only sparse vegetation remained on the Seawall shoreline in front of
the retaining wall.

2.2. Field Data Collection

Field measurements were conducted on intertidal shorelines and in subtidal channels at seasonal
low and high water levels, August and November 2017, respectively, 6.5 years after living shoreline
restoration and four years after hybrid restoration. Between the two sampling periods, a sizable
disturbance event, Hurricane Irma, occurred in September 2017. In each site, velocity profiles (15–20 mm
vertical resolution) were sampled through the full water column at 2 Hz using a 2-MHz Acoustic
Doppler Current Profiler (ADCP, Nortek), stationed down-looking in the channel, approximately
10 m offshore (Figure 3). The channel velocity sensor operated in burst sampling mode with either
6600 s of continuous measurements in a 7200-s period or 512 of continuous measurements over
a 600-s period. All the instruments were aligned to a common coordinate system such that u, v,
w components of velocity respectively corresponded to streamwise (parallel to shore), cross-shore,
and vertical directions. Velocity magnitude indicates flow strength, while directionality corresponds to
the direction of the tidal pulse. Positive streamwise velocities corresponded to ebb tide (from south to
north), while negative streamwise velocities were observed during rising tides (from north to south).
Windspeed and direction in the channel were recorded 2 m above the water surface using a Davis
Wind Speed and Direction Smart Sensor (Onset, S-WCF-M003) with a 60-s interval and 1-Hz sampling
rate. Water depth was recorded at shoreline and channel monitoring positions at 60-s resolution (Onset,
U20L-04). Water surface deformations in the channel and on shorelines were observed at 32 Hz using
sonic sensors (Ocean Sensor Systems XB Pro).
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Figure 3. Hydrodynamic data collection schematic.

Within each shoreline, 2–3 cm vertical velocity profiles (1-mm resolution) were sampled at 100 Hz,
using a down-looking Vectrino Profiler (Nortek). Shoreline velocity data were collected in “high”
and “low” probe positions, with respective sampling volumes located approximately within 3.2 to
6.6 cm and −0.5 to 2.1 cm above the bed, with minimal differences among the three sites. In order
to observe the near-bed boundary layer, the low sampling volume intentionally intersected the bed.
Although some data cells were discarded to avoid potential bed interference [37], this configuration
positioned the highest accuracy portion of the profile (5 cm from the probe, [38]) at approximately
1.0 cm above the bed. At this height, local turbulence and flow resistance are affected both by the bed
roughness and by characteristics of vegetation, if present. In the high probe position, the most accurate
portion of the profile was collected around 5.0 cm from the bed. At this height, the bed effect should
become less prominent, and the flow pattern will be more reflective of vegetation-induced drag.

All the sites were surveyed with a CHC X91 + Real Time Kinematic (RTK) GPS survey device
referencing the North American Vertical Datum of 1988 (NAVD 88). Individual xyz point data were
surveyed by taking the mean of six corrected samples. Transects were surveyed at 2-m intervals
from the shoreline to approximately 35 m into the channel. ASCII XYZ point data were converted
to an elevation surface through raster interpolation using the natural neighbor algorithm. At the
Restored and Reference sites, shoreline velocity profiles were collected within vegetation (Figure 4).
Vegetation within a 0.25-m2 quadrat in the immediate vicinity of the probe location was characterized
for stem and prop root density (n), species, and diameter (d) at 10 to 20 cm above the bed. The density
of roots and stems were combined to represent the total number of individual vegetation elements in
each quadrat and are referred to as “elements” in the results below. Five additional 0.25-m2 quadrats
were randomly selected from each shoreline, and the vegetation within was characterized similarly.
Two random transects were selected in each site, beginning at the most seaward extent of vegetation
and continuing until wetland vegetation was no longer observed. Species within a diameter of 10–20 cm
above the bed, and cohort (approximate age) were recorded for every mangrove seedling within a 1-m
wide swath along transects.
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Figure 4. Collection of shoreline velocity profiles at (a) Restored shoreline site; (b) Seawall shoreline
site; and (c) Reference shoreline site.

Five sediment cores (approximately 200–300 g each) were collected to a depth of 20 cm from
the shorelines and channels of each site, close to the locations of hydrodynamic data collection.
Both sediments and water were retained within each core sample. Individual cores were dried in the
lab at 110 ◦C for at least 24 h. Dry sediments were gently ground, sieved at 2 mm, and 20 g samples of
the <2 mm size class were processed for loss on ignition at 550 ◦C for 16 h. Then, cores were pooled by
site for an analysis of grain size distribution using dry and wet sieving.

2.3. Analysis of Hydrodynamic Data

2.3.1. Post-Processing and Quality Control

On the shorelines, precise probe distances from the bed were determined by the velocity profile
and no-slip condition at the bed for the low position, and with the aid of the center beam amplitude
for the high position. Center beam amplitude profiles (sampling rate 2 Hz) starting 2 cm from the
probe until well below the bed were analyzed. The amplitude increased considerably at the bed
due to the strong return signal from the solid boundary. The bed position was selected to coincide
with the minimum amplitude gradient across the recorded profile [39,40]. The ambient environment
of the lagoon provided a particle-rich environment for the proper detection of Doppler shift from
both velocity sensors. As a result, the signal-to-noise ratio (SNR) and correlation for most of the
measurements exceeded the thresholds suggested by Nortek for obtaining reliable measurements.
Most shoreline measurements had SNR >30 dB and correlation >90%. Raw data with SNR <20 dB
and/or correlation <80% (less than 2% of data) were removed from the time-series and gaps were
interpolated linearly. Despite the high statistics in the measurements, some outliers in the velocity
time-series may still exist [41]. The time-series was despiked according to the phase-space thresholding
method suggested by Goring and Nikora [42] and modified by Wahl [43]. In the channel, most of the
cells exhibited very high correlation (>90%), especially in the upper flow region. Measurements with
correlation <70% were discarded. Such low correlation measurements occurred relatively close to the
bed, which was presumably due to strong bed acoustic interference. Wakes generated by passing boats
are not considered in this analysis. Wave data influenced by boat wakes were manually removed from
the data time-series. No sediment transport or bed alterations were observed during the measurements.

To calculate channel-to-shoreline hydrodynamic gradients, the instantaneous velocity time-series
were decomposed into segments of 120 s, across which flow characteristics were calculated. A moving
average was applied, based on 30-s successive shifts of each 120-s segment along the flow velocity
time-series, across which the flow is considered to be quasi-steady. Synchronous shoreline and channel
velocity time-series were paired; the final datasets for each site consisted of 71 to 158 paired segments
for each site and position.
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2.3.2. Turbulent Kinetic Energy Dissipation

The presence of irregular waves precluded the direct calculation of turbulence intensity, as the
sinusoidal pattern of wave orbital velocities affected the variance of the velocity time-series, which is
needed to estimate turbulence intensity. Assessment of turbulence at shorelines was based on
the dissipation rate of turbulent kinetic energy (TKE), ε, as calculated using the structure function
method [44] (Appendix A). This methodology utilizes Kolmogorov’s hypotheses for turbulence
cascade and links TKE dissipation to the covariance of the velocity difference between two points [45]
along the vertical velocity profile. Since wave oscillations decorrelate over larger scales [46,47],
comparing velocities over such short distances leads to the effective filtering of wave-induced
variance. As a result, velocity differences between profile points are attributed to turbulent eddies.
Herein, a second-order structure function (Equation (1)), D(z, r), was formed for the estimation of TKE
dissipation rate at height z above the bed, with vertical velocity fluctuations w′ separated by distance r.
By applying a centered difference technique, this takes the form:

D(z, r) = [w′(z− r/2) −w′(z + r/2)]2 (1)

where w′ = w−w, with the overbar denoting time averaging over the 120 s of the moving average.
Based on Taylor’s cascade theory, the structure function within the inertial subrange is also equal
to [44,45]:

D(z, r) = C2
vε(z)

2/3r2/3 (2)

where C2
v is a constant equal to two [45]. For the calculation of dissipation ε, linear regression was

applied to Equation (3) between D(z, r) and r2/3, in order to derive an equation of the form:

D(z, r) = Ar2/3 + N (3)

where A = C2
vε

2/3 and N is error attributed to Doppler noise, which is independent of r [44]. The mean
dissipation rate was calculated for each 120 s of the moving average at each site and position, and was
normalized by the corresponding root-mean-squared (rms) velocity, urms, to allow for comparison
across sites and days. The rms velocity accounts for both current and wave variation [48] and is given
by Equation (4):

urms =

√
u2 (4)

Data were evaluated to confirm assumptions of normal distribution and heterogeneity of variances.
Current and wave attenuation and turbulent dissipation rates were compared using one-way analysis of
variance (ANOVA) followed by Tukey post hoc pairwise comparisons to identify statistical significance
(α = 0.05) between shoreline types (Restored, Seawall, Reference).

3. Results

3.1. Vegetation Characteristics and Shoreline Morphologies

Shoreline morphologies and characteristics of shoreline vegetation varied among sites. The mean
width of the shoreline, as defined from the water’s edge at the mean low water level to the landward
extent of hydrophytic vegetation, was over 25 m in the Reference site, less than 4 m in the Restored
site, and below 2 m at the Seawall. Shoreline slopes in the Restored and Reference sites were similar
(0.050 ± 0.001 and 0.056 ± 0.001, respectively) and considerably lower than slope of the Seawall
shoreline (0.130 ± 0.005) (Table 1, Figure 5). Vegetation at the Reference site consisted of a mature
stand of mangrove forest. Forest fringing the channel was inundated at all seasonal and tidal water
levels, and emergent vegetation consisted primarily of R. mangle prop roots with a mean density
of 83 elements/m2, mean diameter of 28 mm, and solid volume fraction of 0.068. Many mangrove
seedlings were observed in 1-m wide transects of the Reference site (4 ± 0.8 per transect meter,
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Table 1), consisting of R. mangle, A. germinans, and L. racemosa. The majority of the Seawall site was
unvegetated. Remaining vegetation consisted of one sparse patch of S. alterniflora. In the Restored
shoreline, restoration converted a shoreline of bare sediment (Figure 2c) to a fully vegetated shoreline
with up to 85% vegetation coverage (Figures 2f and 6). Six years after restoration, vegetation in
the Restored shoreline consisted of S. alterniflora, R. mangle, and A. germinans that had been planted
during the restoration, or in the case of S. alterniflora, had propagated vegetatively from plantings.
The site’s heterogeneous emergent vegetation consisted of both S. alterniflora stems/leaves and young
R. mangle stems/prop roots and comprised a greater number of smaller elements (mean density of
97 elements/m2 and diameter of 10 mm) as compared to the fewer, large elements in the mature
Reference site. The frontal element area per unit volume (α) and solid volume fraction (φ) were both
greater in the Reference site (Table 1). No mangrove seedlings were observed in transects of the Seawall
or Restored site.

  

Figure 5. Near-shore morphologies of the (a) Reference, (b) Seawall, and Restored shoreline sites.
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Figure 6. Vegetation cover at the Restored shoreline through time since restoration, with timing of
extreme events (hurricanes Matthew and Irma) indicated.

3.2. Mean Current Attenuation from Channel to Shoreline

Depth-integrated channel velocities varied between sites and days, ranging from near zero during
periods of tidal stagnation up to nearly 20 cm/s during peak tidal exchange (Figure 7). In all the
shorelines and channels, streamwise velocities dominated the flow field. The shoreline velocities
(1.0 and 5.0 cm above the bed) of all the sites were generally lower than the depth-integrated channel
velocities, reflecting typical flow profile behavior (Figure 8). However, current attenuation rates from
channel to shore differed across sites (Tables 2–4). Vegetated shorelines (Restored and Reference)
attenuated currents at greater rates than the unvegetated Seawall site (p < 0.001 at both 1 cm and
5 cm above the bed). Additionally, currents were more strongly attenuated by mature mangrove
vegetation in the Reference shoreline as compared to vegetation at the Restored site (p < 0.001 at both
1 cm and 5 cm above the bed). In vegetated sites, flows consistently decelerated from the channel
to the shoreline (Figure 8). The mean horizontal near-bed (1.0 cm above bed) shoreline velocities in
the Restored and Reference sites were respectively 84–87% and 98% lower than channel velocities.
By comparison, near-bed shoreline velocities at the Seawall site were 72–74% lower than the channel
velocities. Shoreline flows 5.0 cm above the bed for the most part exceeded the near-bed velocities
due to the reduced bottom drag being higher within the boundary layer, but the flows were lower
than the channel speeds. Similar to the near-bed results, the velocity reduction from channel to shore
at the Restored and Reference sites was high (80% and 96%, respectively) relative to the Seawall
(36% reduction when channel velocities exceeded 1.5 cm/s). The differences in current attenuation
between sites were more pronounced 5 cm above the bed (Table 3), reflecting a lowered influence of
bed interaction and stronger interaction with vegetation higher in the flow profile.
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Figure 8. Gradients of mean horizontal velocity from channel to shoreline at the Restored, Seawall,
and Reference sites: (a) 1.0 cm above the bed at low water levels, (b) 5.0 cm above the bed; and (c) 1.0 cm
above the bed at high water levels.

Table 2. Mean ± SD significant wave heights and current velocities observed in shorelines and channels
at the Restored, Seawall, and Reference sites.

Waves Current

Nov 2017
Significant Wave Height (cm)

Aug 2017
1.0 cm Above Bed (cm/s)

Nov 2017
1.0 cm Above Bed (cm/s)

Nov 2017
5.0 cm Above Bed (cm/s)

Channel Shoreline
Percent
Change

Channel Shoreline
Percent
Change

Channel Shoreline
Percent
Change

Channel Shoreline
Percent
Change

Restored 2.4 ± 0.2 1.4 ± 0.1 36 ± 8 1.9 ± 0.8 0.3 ± 0.1 83.8 ± 12.0 1.6 ± 0.5 0.2 ± 0.1 86.9 ± 8.1 1.5 ± 0.3 0.3 ± 0.1 80.1 ± 9.3
Seawall 4.8 ± 0.8 4.5 ± 0.8 7 ± 6 3.9 ± 1.5 + 0.9 ± 0.4 + 74.4 ± 16.1 + 16.0 ± 0.9 4.4 ± 0.4 72.3 ± 2.5 5.8 ± 4.1 + 2.9 ± 1.8 + 36.4 ± 39.3 +

Reference 2.2 ± 0.4 1.4 ± 0.3 35 ± 6 7.6 ± 2.3 0.2 ± 0.1 97.6 ± 1.8 16.1 ± 0.5 0.3 ± 0.1 98.2 ± 0.5 15.2 ± 1.2 0.6 ± 0.2 96.2 ± 1.0

+ when channel velocity exceeds 1.5 cm/s.

Table 3. Results of one-way ANOVA for wave and current attenuation rates from channel to shore,
and normalized turbulent kinetic energy (TKE) dissipation at the Restored, Seawall, and Reference sites.

Mean Square df F-Stat p-Value

Wave Attenuation Rate 9.20 * 2 2694.57 <0.001
Current Attenuation 1.0 cm Above Bed 3.32 * 2 475.94 <0.001
Current Attenuation 5.0 cm Above Bed 6.23 * 2 216.89 <0.001

Normalized TKE Dissipation Rate 0.68 * 2 1660.89 <0.001

* significant at the α = 0.05 level.

Table 4. Pairwise comparisons of wave and current attenuation rates from channel to shore,
and normalized TKE dissipation at the Restored, Seawall, and Reference sites.

Comparison Wave Attenuation Rate
Current Attenuation Rate

Normalized TKE Dissipation
Rate

1.0 cm Above Bed 5.0 cm Above Bed 5.0 cm Above Bed

Mean ± SE
Difference (%)

p-Value
Mean ± SE

Difference (%)
p-Value

Mean ± SE
Difference (%)

p-Value
Mean ± SE

Difference (m−1)
p-Value

Restored-Seawall 29.0 ± 0.7 * <0.001 12.3 ± 0.9 * <0.001 43.7 ± 3.1 * <0.001 0.06 ± 0.003 * <0.001

Restored-Reference 0.5 ± 0.7 0.780 −12.5 ± 0.9 * <0.001 −16.1 ± 2.3 * <0.001 −0.08 ± 0.010 * <0.001

Reference-Seawall 28.6 ± 0.4 * <0.001 24.8 ± 0.8 * <0.001 59.8 ± 2.9 * <0.001 0.14 ± 0.002 * <0.001

* significant at the α = 0.05 level.

When channel currents fell below 1.5 cm s−1, behavior at the Seawall shoreline became
unpredictable, and the shoreline velocities often greatly exceeded the channel depth-integrated
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flows. For instance, mean shoreline velocities up to 3.0 cm/s were observed when channel velocities
were below 0.6 cm/s. Such erratic behavior reflects the pronounced hydrodynamic influence of
waves in the unvegetated site during times of stagnant current. By comparison, within vegetation,
the mean shoreline flows were consistently suppressed to below 0.90 cm/s, even when the channel
flows were of relatively high magnitude (e.g., exceeding 17 cm/s in the channel near the Reference site).
When similarly high channel forcings were observed in the Seawall site, the mean shoreline flows were
far greater: consistently above 4 cm/s.

3.3. Wave Attenuation from Channel to Shoreline

Significant wave heights (Hs, defined as the mean of the top 1/3 wave heights, here computed
across each moving average period) observed in the channels and on the shorelines at all the sites were
low (<8 cm significant wave heights) and generally corresponded with prevailing wind conditions.
The mean significant wave heights observed at the Seawall site (4.8 ± 0.8 cm in channel, 4.5 ± 0.8 cm on
shoreline) were larger than those observed at the Reference site (2.2 ± 0.4 cm in channel, 1.4 ± 0.3 cm on
shoreline) and the Restored (2.4± 0.2 cm in channel, 1.4± 0.1 cm on shoreline) site. Wave heights typically
decreased from the channel to onshore (Figure 9), with stronger and more consistent attenuation
observed within the vegetated sites (p < 0.001, Tables 3 and 4). Significant wave heights decreased
from the channel to shoreline by a mean of 36 ± 8% and 35 ± 6% within the Restored and Reference
sites respectively, while mean wave attenuation was 7 ± 6% at the Seawall site. Wave attenuation
was similar in the Reference and Restored shorelines (p = 0.780). Comparing periods of similar
channel wave heights across sites further confirmed that the vegetated sites attenuated waves more
efficiently than the unvegetated site. When the offshore wave heights were 3–4 cm, attenuation was
greatest at the Reference site (32 ± 17% reduction), followed by the Restored site (22 ± 9% reduction).
By comparison, attenuation at the Seawall site was low (7 ± 4% reduction). Offshore wind waves
exceeding 4 cm were not observed at the Reference or Restore sites; however, wakes from passing
boats were observed to exceed 7 cm in the channel off the Restored site. When offshore wave heights
ranged from 4 to 8 cm, attenuation at the Restored site (23 ± 21% reduction) was greater than at the
Seawall site (7 ± 6% reduction).

Figure 9. Wave attenuation rates from channel to shoreline at the Restored, Seawall, and Reference sites.

3.4. Comparison of Turbulent Kinetic Energy Dissipation across Sites

The linear regression that was applied in Equation (3) had a very good fit with the measurements
5.0 cm above the bed, with R2 > 0.90. However, data fit closer to the bed was variable, and a cutoff
threshold was established at R2 = 0.85, below which measurements were discarded. The number
of points utilized for the linear regression was respectively eight, 11, and 10 for the high position
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in the Reference, Restored, and Seawall sites, while it was consistently five for measurements at the
low position for all the sites. For the low position, no velocities recorded within 4 mm of the bed
were utilized, due to potential bed interference in the signal in near-bed measurements [37]. At 5 cm
above the bed, the normalized TKE dissipation rate was highest at the Reference site (0.16 ± 0.03 m−1),
followed by the Restored (0.08 ± 0.02 m−1) site, and the Seawall (0.02 ± 0.01 m−1) site (p < 0.001, Table 3,
Figure 10). However, 1 cm above the bed, the three sites exhibit similar normalized dissipation rates
(Reference: 0.09 ± 0.02 m−1, Restored: 0.11 ± 0.07 m−1, and Seawall: 0.12 ± 0.03 m−1).

Figure 10. Normalized turbulent kinetic energy dissipation rate (mean ± one standard deviation) on
shorelines at (a) 5 cm and (b) 1 cm height above the bed.

3.5. Comparison of Sediments across Sites

The bulk of sediments at all the sites consisted of coarse to fine sand. Larger particles were shell
fragments, comprising up to 30% of particles by mass in the Restored and Seawall sites. Only small
fractions of silt/clay were observed; these generally comprised less than 3% of the sample mass.
Before Hurricane Irma, the texture of sediments in the Restored and Seawall sites were similar,
and notably coarser than the Reference site sediments (Figure 11a). Surprisingly, the finest sediments
were found in the channel just off the Reference shoreline, while sediments within the mature mangrove
forest were slightly coarser. Changes to sediment distributions were detected in all the sites after
Hurricane Irma (Figure 11b). Immediately after the hurricane, shoreline sediments at the Reference
site coarsened (Figure 11b), with d16 and d50 increasing from 0.15 to 0.40 mm and from 0.18 to 0.60 mm,
respectively. Within the mangrove vegetation d84 remained relatively stable, but increased in the
channel from 1.00 mm to 2.40 mm (Figure A1). The observed changes account for the deposition
of medium to coarse sand within the Reference vegetation. A similar sediment deposition within
vegetation also occurs at the Restored shoreline. Here, shoreline d16 and d50 remained relatively stable,
but d84 decreased notably from 6.60 to 2.20 mm due to coarse sand deposits. Meanwhile, the opposite
trend in d84 was noted in the Restored channel, coarsening after the hurricane from 4.75 to 6.30 mm,
which was similar to changes observed in the Reference channel. Few changes were detected to
shoreline particle distributions at the Seawall site.
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Figure 11. Sediment particle size distributions in shorelines and channels of the Restored, Seawall and
Reference sites (a) during low water levels before Hurricane Irma and (b) two months after Hurricane
Irma, during seasonal high water levels.

Organic matter (OM) content tended to be higher in the shoreline rather than channel sediments.
However, at the Seawall before the hurricane, the channel and shoreline OM contents were similarly low.
Sediments of vegetated shorelines contained greater percentages of carbon (respectively 4.84 ± 1.32%
and 3.65 ± 1.00% in the Reference and Restored shorelines) compared to the channel and unvegetated
shoreline sediments (e.g., 1.67 ± 0.21% in the Seawall shoreline) (Figure A2). Mimicking particle
size results, the channel sediments off the Reference shoreline, just outside of the mature mangrove
vegetation, contained high percentages of OM (3.12 ± 0.59%), which were levels that were well above
the shoreline sediments in the Seawall site. Immediately after the hurricane, effects of sediment
reorganization were evident. Shoreline and channel OM content became more similar at the vegetated
sites, likely reflecting the large transport and deposition of sand from the channel into the vegetated
shorelines during the event. However, OM content increased substantially in the Seawall shoreline,
up to 3.70 ± 0.89%. During sample collection, it was observed that copious quantities of seagrass
wrack had been deposited in the Seawall shoreline after the hurricane [49], which likely accounts for
the increased OM content found in the sediments.

4. Discussion

4.1. Differential Hydrodynamic Effects of Bare Sediment, Restored Vegetation, and Natural Vegetation

Near-bed shoreline velocities were consistently lower than depth-integrated channel velocities
at all the sites and sampling periods, which is typical flow behavior at channel margins.
Similarly, wave heights at shorelines were consistently smaller than those observed in the channels,
which also was expected behavior for waves across differing water depths. However, flows were
consistently more strongly attenuated in the vegetated sites (Table 2, Figures 8 and 9), with the greatest
attenuation rates observed in mature mangrove vegetation (Table 4). Notably, shoreline velocities
within the mangrove prop roots of the Reference site remained extremely low, even when velocities
in the channel become relatively strong. By comparison, at similar channel flows, velocities in the
unvegetated Seawall shoreline often exceed velocities in the Reference shoreline by an order of
magnitude. Comparable strong current speeds were not observed in the channel near the Restored
shoreline. Therefore, while we can conclude that the planted vegetation attenuated the current at
low speeds, the performance at greater currents speeds (such as those observed at the Reference site)
cannot be verified. However, at larger wave heights, wave attenuation is high in planted vegetation
compared to the unvegetated Seawall site.

The observed current and wave attenuation in vegetation underscores many past laboratory
and field studies that reported similar conclusions regarding the effects of emergent vegetation
on flows [22,50–53]. However, this is one of the first detailed comparisons of flow attenuation
between reference state vegetation and restored vegetation based on field observations. The primary
hydrodynamic interaction of flows within vegetation is related to an increase in flow resistance due
to drag force against the vegetation, leading to slower mean flows within vegetation [54]. This effect
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can be clearly observed as a significantly greater current attenuation in vegetated versus unvegetated
shorelines, both near-bed and higher within the flow profile at 5 cm above the bed (Tables 2 and 4).
Furthermore, the greater difference in current attenuation rate at sites at 5 cm above the bed as compared
to near-bed illustrates the different mechanisms of flow resistance in vegetated and non-vegetated
shorelines. Near the bed, attenuation in the vegetated and unvegetated sites was more similar, as the
bed boundary strongly influenced all the sites. Higher in the flow profile, the interaction with vegetation
became a more significant source of flow resistance, and much stronger differences in flow attenuation
were observed between the vegetated and unvegetated sites.

Prior study comparing flow attenuation through emergent marsh grasses and mangroves [55]
report conclusions similar to the present study: mangrove vegetation is more effective in attenuating
current than emergent marsh grasses, although herein much greater levels of flow attenuation were
observed for similar bare channel current speeds. Observations reported from prior study [55]
were additionally only true when the mangrove canopy was also submerged, which did not occur
in this study. The presented data suggest that differences in vegetation morphologies, densities,
or configuration alone are sufficient to produce the observed stronger flow attenuation through mature
mangrove vegetation. Flow and wave attenuation rates at all the sites were similar across the nominal
range of observed water level variations (0.2 m) within the microtidal environment. Past research has
observed strong nonlinearities in flow attenuation when water level variation exceeded biological
thresholds [55,56]. The results reported herein demonstrate the resilience of emergent vegetation to
attenuate flows across small variations in water levels. While the wave attenuation observed at the
Seawall site was low relative to the vegetated sites, attenuation rates were also consistent across the
observed water levels. This observation suggests that wave attenuation at the Seawall was driven
by a consistent nearshore slope and not affected by the low modular structure comprised of oyster
shell bags deployed during hybrid restoration. No topographic traces of the oyster shell bag structure
remained (Figure 5) after burial by a deep and uniform layer of sediments.

Turbulent Kinetic Energy Dissipation Rate

While mean flow magnitudes in vegetation may be reduced, eddies shed from the interaction
of flows with vegetation components (stems, leaves, prop roots) increased the intensity of turbulent
fluctuations [25,57]. Important consequences to sediment transport in vegetation derive from the
combination of competing effects to mean and turbulent flows [25]. The observed difference in
turbulence dissipation from the near-bed (1.0 cm from bed) as opposed to 5.0 cm above the bed
allows for understanding the partitioning between bed and stem-generated turbulence (Figure 10).
Observations near the bed include turbulence generated at the flow–bed boundary, and in vegetated
sites, also by the flow-stem interaction. Higher within the water column, the effect of the bed
boundary was smaller, and the relative contribution of the stem-generated turbulence may be inferred.
We observe that the magnitudes of the turbulence dissipation rate (normalized to local flow condition)
and the partitioning of turbulent dissipation between the bed and stems varied between sites.
Five centimeters above the bed, normalized turbulent dissipation was significantly greater in vegetated
shorelines. The difference in dissipation rates observed at the vegetated and unvegetated shorelines
may reflect systematic differences in advected turbulence within obstructed versus unobstructed
flows. For example, within rough canopies, the production and dissipation of turbulence may be
imbalanced due to an advection of eddies shed from upstream obstructions [58]. It is likely that
the greater dissipation rates observed in the vegetated sites reflect not only the local production of
turbulence, but also include a greater input of advected turbulence shed from the stems immediately
upstream. The turbulence dissipation rate 1.0 cm above the bed was relatively balanced for all three
sites, which highlights the dominant effect of bed-generated turbulence in near-bed flow regions.

Interestingly, turbulent dissipation was significantly greater in the Reference shoreline than the
Restored shoreline, which was similar to how the current attenuation was also significantly greater.
The differences in current attenuation rates and normalized dissipation rates observed in the two
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vegetated sites likely reflect variable drag, turbulence production, and advection from the differing
vegetation morphologies. Although both sites are vegetated, the vegetation characteristics are markedly
different (Table 1). The mature R. mangle prop roots that dominate vegetation in the Reference shoreline
create an array of relatively sparse, larger elements that are approximately cylindrical above typical
water levels, but have varied rough morphology (through the recruitment of barnacles and oysters) in
subtidal portions of stems (Figure 4c). In addition, TKE in the wake of the prop roots is likely affected
by the variation in the projected frontal area with height, as the prop roots project a bell-shaped rather
than rectangular frontal area (Figure 4c) [59]. Thus, the solid volume fractions represented by assuming
that mangrove roots are regular cylinders with diameters similar to above the typical water level are
likely to be underestimations. In addition, irregularities in the vertical variation of the frontal area
of an obstacle could lead to vertical mixing in the wake, which enhances the turbulence generated
from the stems [60]. At the Restored site, the young mangrove roots and S. alterniflora grass stems and
leaves created arrays with more and thinner elements, compared to the Reference site, with varied
cross-sectional morphology (Figure 4a). These array and morphological differences may partially
explain the differences in current attenuation and dissipation rates observed in the Reference and
Restored sites.

Analyzing the turbulence from field data influenced by both waves and current can be challenging,
as it can be difficult to isolate turbulent fluctuations from periodic oscillations due to non-regular
waves. The methodology applied herein to estimate the TKE dissipation rate was originally developed
for deep flows in the marine environment [44]. However, more recently, it has been utilized in
surf and swash zones [61,62], salt marsh vegetation [63], and flows through mangroves [46,47,64].
The actual turbulence dissipation rates observed in this study are much lower than the rates
reported by Norris et al. [47,64], who observed turbulence dissipation rates up to 6.5·10−4 m2/s3

in pneumatophores of black mangroves. However, both current velocity and wave heights were greater
in the pneumatophores. Additionally, the structure of black and red mangrove vegetation is different.
Pneumatophores are rigid stems that protrude into the flow and usually become fully submerged
during high tide. The vegetation studied herein remained fully emergent across the range of flows
observed. Almost all the normalized dissipation rates reported in [64] are more than an order of
magnitude lower than the normalized TKE dissipation rates reported in this study, although different
normalization factors were applied. Norris et al. [64] normalized dissipation by simultaneous current
and orbital velocity measurements in the free-stream above the pneumatophore canopy rather than
by root-mean-square velocities. Thus, it is unclear whether differences in normalized dissipation can
actually be attributed to the greater turbulence observed within red mangroves and S. alterniflora or
whether the normalization differences between the two studies preclude their direct comparison.

4.2. Mangrove Recruitment into Restored Shorelines

Long-term restoration success ultimately hinges upon the natural recruitment of desired species
into restored areas. The retention and establishment of the first mangrove seedlings can indicate that
a restored site has achieved a critical tipping point in habitat suitability. For example, Kamali and
Hashim [65] observed the natural recruitment of Avicennia marina propagules within eight months
following the installation of a wave break. In this study, 6.5 years after restoration, the growth of
wetland vegetation planted at the Restored shoreline was substantial and had demonstrably altered the
shoreline habitat with respect to cover and hydrodynamics. Past research indicated that propagules
were supplied by dispersal from nearby mature mangrove stands and within-site reproduction,
and that supply was not limited at the Restored shoreline [15]. An increased cover of vegetation
following restoration, particularly of S. alterniflora, was expected to support mangrove recruitment
by “propagule trapping” to promote retention and establishment [17,66,67]. Yet, naturally recruited
mangrove seedlings were not observed in the restored vegetation. By comparison, hundreds of
recruited seedlings were counted during the same year in the Reference site, where a mean of four
seedlings were observed along each 1-m wide band transect meter. The recruitment rates observed
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in the nearby reference areas may indicate levels of recruitment that can sustain a site long-term and
support observations that propagule supply was not a limiting factor at the Restored shoreline.

A detailed analysis suggests that the hydrodynamic limitations to mangrove recruitment do
not explain the lack of observed recruitment at the Restored site. Shoreline hydrodynamic forces
were similar in magnitude to those observed at the Reference site, where mangrove recruitment was
evident. Rather, other limiting factors can perhaps explain the observed recruitment rate differences.
For instance, sediment and morphological characteristics differed in the Restored and Reference
shorelines. Sediments in the mature mangrove forest were finer in texture and contained more
organic matter than those at the Restored shoreline, which more closely resembled sediments from the
bare Seawall shoreline. The nearshore slope leading into the mangrove forest at the Reference site
was very low; nearshore channel sediments were fine, and contained high organic matter content.
This may suggest that the influence of the mangrove vegetation extends well beyond the actual
vegetated zone. As flows approaching the vegetation are attenuated, it is possible that suspended
materials are deposited upstream, over time creating a long, shallow, low-gradient approach to the
shoreline. Similar morphology and fine channel sediments were not observed at the Restored site.
Although vegetation cover was high, shoreline slopes were similar to the Reference shoreline, and flows
were well attenuated; 6.5 years after restoration, sediments and nearshore (subtidal) slopes in the
Restored site still carried evidence of the site’s history. Prior to stabilization, severe erosion of the
shoreline into the adjacent shell midden provided a consistent source of large shell fragments to the
shoreline. The years of site degradation prior to restoration had a greater fraction of large particles,
as smaller fractions were selectively winnowed from the shoreline. The nearshore slope had perhaps not
yet had time to reflect the morphologic adjustments to sediment transport initiated by the addition of
vegetation to the shoreline. Such lingering indicators of sediment and morphology serve to remind that
restoration impact requires time. While some effects—such as vegetation growth and related changes
to hydrodynamics—can be observed relatively quickly, their long-term influence to morphology may
manifest over longer timescales. Thus, thresholds in habitat suitability for mangrove recruitment may
take time to achieve, even when hydrodynamics suggest that a site should be functionally similar to
a reference condition. Given the significant time investment that may be required to create a functional
shoreline from a degraded state, intact shoreline ecotones must be recognized as the green infrastructure
asset that they are, and be preserved at all cost.

4.3. Why Did Vegetation at the Restored Site Thrive While Hybrid Restoration at the Seawall Did Not?

Vegetation planted during restoration was able to readily establish and flourish in the Restored
site, while planted vegetation was not able to persist in the Seawall site, which was stabilized using
a hybrid living shoreline approach. The analysis presented herein suggests that the Restored site
was successful because, from a hydrodynamic perspective, it was well-suited for the applied living
shoreline restoration technique. Although the two sites are contiguous, the unique geographies of
each create very different hydrodynamic environments (Figure 7), which influence the shoreline and
nearshore morphology. The Seawall and Restored shorelines occupy opposite sides of a point that
protrudes into the main channel; thus, their aspects differ relative to the predominant current direction
(Figure 5). Furthermore, the Restored shoreline is located within a small embayment. The effect of
geography to current exposure is evident. Channel currents observed at similar distances from the
shoreline at the same portion of the tidal cycle on contiguous sampling days were consistently greater
at the Seawall site than at the Restored site (Figure 8). In addition, the intertidal slope of the Restored
shoreline was much lower than the shoreline slope in front of the Seawall, similar to the slope observed
in the Reference shoreline. The observed incoming waves were larger in the Seawall channel (Figure 7).
Even with similar wind exposure (all the sites had similar fetch), waves were consistently larger at the
Seawall, potentially due to the greater channel slope.

The lower slope observed in the Restored shoreline, compared to the Seawall, may itself have
been an effect of the planted vegetation; however, the restoration did not include manual site grading.
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Alterations to the Restored shoreline slope would have manifested after restoration due to changes
in sediment deposition and scour patterns. However, the similar sediment grain-size distributions
found at the Seawall and Restored sites (pre-Hurricane Irma) suggest that such changes may have
been nominal, even 6.5 years after restoration. It is rather more likely that the slope of the Restored
shoreline was low before restoration. The combination of lower-energy hydrodynamic conditions
and lower topographic gradients from the shoreline to channel likely explains why the Restored site
thrived with a minimal intervention of vegetation plantings only, while the hybrid living shoreline at
the Seawall was not able to persist.

The divergent trajectories of two contiguous sites highlight the importance of matching the
selected restoration technique to a shoreline’s unique hydrodynamic environment. The design of
a living shoreline should consider the range of hydrodynamic conditions that a site may experience and
the relative frequencies of different hydrodynamic events. For example, restoration should be designed
for robustness during typical and frequent water levels, tidal currents, and windspeeds, as well as
the higher water levels and more extreme currents and waves that a site may experience during
infrequent disturbances. Hybrid shoreline designs that meld living shorelines with high-gradient
armored structures (e.g., bulkheads, revetments) additionally must consider how flows may interact
with the structure across different water levels. For instance, vegetation in the Restored shoreline
remained robust to extreme conditions, and was not diminished by Hurricane Irma, while vegetation
within the Seawall site was not able to persist through the typical site conditions. Site-specific living
shoreline designs are needed to address local environmental limitations in order to improve the
function and resilience of restored shorelines.

5. Conclusions

Despite the growing popularity of nature-based solutions to shoreline erosion, few quantitative
analyses of field-based observations in restored living shorelines have been undertaken.
Herein, differences in nearshore morphology, sediment, vegetation, and hydrodynamics are quantified
among shorelines with no vegetation, natural vegetation, and restored vegetation several years
after living shoreline restoration. High-resolution wave and velocity measurements in shorelines
and channels reveal differences in mean and turbulent flow characteristics in sites with and
without vegetation, as well as between vegetation types. Mean current velocities and waves
are attenuated at significantly greater rates (p < 0.001) and normalized turbulent kinetic energy
dissipation rates are significantly higher (p < 0.001) in vegetated shorelines than in bare shorelines.
Additionally, current attenuation rates and dissipation rates are significantly greater (p < 0.001)
in mature mangrove vegetation than in planted marsh grasses and young mangroves in restored
shorelines. Differences in vegetated shorelines are explained by differences in vegetation characteristics.
Mature mangrove vegetation consisted of a sparser array of larger elements with complex subsurface
morphologies, while the planted marsh grass and young mangroves created a denser array of smaller
elements. Although hydrodynamic analyses did not suggest that flow conditions should limit
recruitment, mangrove seedlings were not observed in restored vegetation, while recruited seedlings
were counted in reference vegetation. A lack of recruitment in restored shoreline may suggest a lag in
morphological habitat suitability (slope, sediment texture, organic matter content) after restoration.
For instance, 6.5 years after restoration, sediments on the restored shoreline remained coarser and
contained less organic matter than on the reference shoreline. Although the hydrodynamics of the
restored site were functionally similar to the reference conditions, other thresholds in habitat suitability
may take longer to manifest. Finally, planted vegetation in one living shoreline withstood extreme
conditions, while vegetation planted at a contiguous hybrid living shoreline was not able to persist.
The divergent response highlights the role of a shoreline’s unique hydrodynamic environment in
living shoreline design. The site-specific range of hydrodynamic conditions and relative frequencies of
hydrodynamic stresses should be a cornerstone of living shoreline design.
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Appendix A

The structure function method employed herein for the calculation of the TKE dissipation rate is
valid within the inertial dissipation range. Thus, the distance separating the velocity cells, r, based on
which the structure function is calculated, should lie within the Kolmogorov length scale, η, and the
length scale of the largest eddies of the flow L, according to η� r� L. The Kolmogorov length scale

was calculated from η =
(
ν3/ε

)1/4
, where ν is the kinematic viscosity of water and was considered

equal to 0.9·10−6 m2/s for a water temperature of 25 ◦C, as indicated by the Vectrino Profiler. At first,
the centered difference technique for the computation of the structure function was applied to the
adjacent cells from the cell of interest at height above the bed, z. This led to a minimum r distance of
0.0019 m, which only slightly exceeded the maximum Kolmogorov length scale estimated from the
induced dissipation rates at the Restored site. As a result, the minimum distance r at the Restored
site was taken as 0.0038 m, which corresponds to a minimum separating distance of four cells, i.e.,
at least two cells above and two below the cell of interest at height z. The range of the calculated
TKE dissipation rates, after boat wakes were removed, was 1.5·10−6–7.5·10−6 m2/s3 for the Reference
site, 8.2·10−8–2.2·10−6 m2/s3 for the Restored site, and 8.4·10−7–5.2·10−5 m2/s3 for the Seawall site.
The corresponding maximum Kolmogorov length scales were 0.0008 m for the Reference site, 0.002 m
for the Restored site, and 0.001 m for the Seawall site, which were lower than the minimum separating
distance r = 0.0019 m and r = 0.0038 m for the Reference and Seawall sites, and for the Restored
site, respectively.

Figure A1. Particle size percentiles (d16, d50, and d84) in Restored, Seawall, and Reference sites before
and after Hurricane Irma.
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Figure A2. Mean carbon content ± SD in shoreline and channel sediments of the Restored, Seawall,
and Reference sites, before and after Hurricane Irma.
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Abstract: The determination if fish movement of potadromous species is impeded in a river system
is often difficult, particularly when timing and extent of movements are unknown. Furthermore,
evaluating river connectivity poses additional challenges. Here, we used large-scale, long-term
fish movement to study and identify anthropogenic barriers to movements in the Lake Winnipeg
basin including the Red, Winnipeg, and Assiniboine rivers. In the frame of the project, 80 Bigmouth
Buffalo (Ictiobus cyprinellus) and 161 Channel Catfish (Ictalurus punctatus) were tagged with acoustic
transmitters. Individual fish were detected with an acoustic telemetry network. Movements were
subsequently analyzed using a continuous-time Markov model (CTMM). The study demonstrated
large home ranges in the Lake Winnipeg basin and evidence of frequent transborder movements
between Canada and the United States. The study also highlighted successful downstream fish
passage at some barriers, whereas some barriers limited or completely blocked upstream movement.
This biological knowledge on fish movements in the Lake Winnipeg basin highlights the need for fish
passage solutions at different obstructions.

Keywords: fish passage; fish telemetry; river restoration; ecohydraulics; Ictiobus cyprinellus;
Ictalurus punctatus

1. Introduction

River connectivity may be interrupted by dams, weirs, and culverts, resulting in fragmentation of
habitat [1]. Damming of large rivers is likely the most noticeable form of river fragmentation [2] and it is
often observed to lead to hydromorphological alteration of the water course and changes in the biota [3].
The fragmentation of riverine ecosystems can result in a decline of fish biodiversity [4,5]. Particularly,
the blockage of the migration of anadromous (e.g., salmon) and catadromous (e.g., eel) fishes has led
to population declines or even extirpation of populations [6,7]. However, there is a lack of appreciation
for the movement needs of potadromous fishes and the various scales that riverine fish species may
move. This makes it more challenging to demonstrate the importance of river connectivity and the
dispersal of riverine fishes that are crucial for population processes such as reproduction, rearing,
and feeding [8]. Several freshwater fish species undertake long distance movements if their riverine
habitat corridor is not impeded and competition for feeding and spawning sites can increase as dams
disconnect, isolate, and reduce the number and size of habitats [9,10]. Consequently, river restoration
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efforts have focused on establishing connectivity to enable longitudinal and lateral fish movement
to meet the life-history requirements for these species [11]. River restoration efforts that reconnect
fragmented habitats are generally successful at improving fish populations [12] and isolated habitats
are quickly recolonized after the removal of barriers [13]. If the removal of a barrier is unfeasible,
increasing river connectivity through the installation of effective fish passage structures can be an
alternate management strategy [14–17].

Riverine fish conservation requires including various spatial scales when considering longitudinal
connectivity of rivers to allow access to resource use that may be influenced by food availability,
water temperature, and suitable habitats that are found in different river sections [18]. Determining
the scale of freshwater fish movements and the size of their home ranges remain a research priority
particularly for imperiled species [19,20]. Here, we focus on two freshwater fish species with long
distance movement behavior. Bigmouth Buffalo (Ictiobus cyprinellus) is a filter-feeder using its very fine
gill rakers to strain food items from the water [21]. Bigmouth Buffalo spawn in the spring to early
summer and lay adhesive eggs on plants. Currently, little is known about the movement patterns
and home ranges of Bigmouth Buffalo. Channel Catfish (Ictalurus punctatus) are an omnivorous,
benthic fish [21]. Channel Catfish spawn during spring or summer when the water warms to an
optimal temperature of 21–28 ◦C. A mark-recapture study using Floy tags demonstrated that Channel
Catfish undergo migratory movements [22], however, the study did not allow for determination of
timing or extent of these movements. Both species are of interest from a biodiversity conservation
perspective in the Lake Winnipeg basin, Canada. First, the loss of access to spawning and/or the
degradation of spawning habitat due to water management practices is thought to have contributed to
the decline in Bigmouth Buffalo (in the Saskatchewan – Nelson River watershed; SARA 2016a, www.
dfo-mpo.gc.ca/species-especes/profiles-profils/bigmouth-buffalo-grande-bouche-eng.html). Second,
Channel Catfish is the only known host fish of the endangered Mapleleaf (Quadrula quadrula; SARA
2016b, http://dfo-mpo.gc.ca/species-especes/profiles-profils/mapleleaf-feuillederable-sk-eng.html).
The mussel is in decline and appears to be limited to the Red, Assiniboine, and Roseau rivers as well as
tributaries on the east side of Lake Winnipeg. Barriers result in habitat loss and fragmentation, altered
flow regimes, and may increase mortality by entrainment in turbines. Consequently, knowledge on
fish movement is essential to inform conservation and recovery strategies, fishery management actions,
and fish passage approaches to avoid migration barriers for these fishes.

The specific objectives of this study were to: (1) describe fish movement and home range of
two fish species, Bigmouth Buffalo and Channel Catfish, in the Lake Winnipeg basin, (2) determine
the transitions between different regions in the Lake Winnipeg basin using continuous-time Markov
models on the telemetry data, and (3) to analyze if and to what extent fish passage may be impeded by
the multiple anthropogenic structures in the Lake Winnipeg system including Red, Winnipeg, and
Assiniboine rivers using a large-scale acoustic receiver network.

2. Materials and Methods

2.1. Study Site

Lake Winnipeg is the largest lake in the province of Manitoba, Canada (52◦7′N 97◦15′W) covering
24,514 km2 (Figure 1). The lake is relatively shallow, elongated, and isothermal, with a mean water
depth of 12 m and spanning 416 km from north to south [23]. Lake Winnipeg’s watershed measures
about 982,900 km2 and covers much of Alberta, Saskatchewan, Manitoba, northwestern Ontario,
Minnesota, and North Dakota. The lake drains to the north into the Nelson River at an average annual
rate of 2066 m3·s−1 and ultimately into Hudson Bay. Lake Winnipeg is eutrophic, receiving excessive
amounts of nutrient run-off from agricultural land use. Lake Winnipeg is also one of the largest hydro
reservoirs in the world and supports one of the most productive commercial and recreational fisheries
for Walleye (Sander vitreus). Several aquatic invasive species are established in the lake including
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Common Carp (Cyprinus carpio), Zebra Mussel (Dreissena polymorpha), and Spiny Water Flea (Bythotrepes
longimanus).

 

Figure 1. Map of the Lake Winnipeg basin including the Red, Winnipeg, and Assiniboine rivers and
Netley-Libau Marsh. Tagging (�) and receiver (�) locations are indicated. Potential barriers to fish
movement are the St. Andrews Lock and Dam, Drayton Dam, and Riverside Dam on the Red River,
Portage Diversion Dam on the Assiniboine River, and Pine Falls Hydroelectric Generating Station on
the Winnipeg River. River sections with the Section ID in parenthesis for the movement analysis using
continuous-time Markov models are indicated on the map with different color codes.

The main tributaries of Lake Winnipeg analyzed in this study include the Red River flowing into
the lake from the south and the Winnipeg River from the southeast (Figure 1). The Red River originates
at the confluence of the Bois de Sioux and Otter Tail rivers between the States of Minnesota and North
Dakota. It is approximately 885 km long and flows northward through the Red River Valley, forming
most of the border of Minnesota and North Dakota before flowing into Manitoba. It empties into Lake
Winnipeg through the Netley-Libau Marsh. There are three water level control structures in the main
stem of the Red River: The St. Andrews Lock and Dam, the Drayton Dam, and the Riverside Dam, that
potentially pose barriers to habitat connectivity and therefore fish movement. The St. Andrews Lock
and Dam is located in Lockport, Manitoba at RKM 43.6 from the mouth of the Red River (Figure 1).
It was constructed in the early 20th century to facilitate commercial navigation from Lake Winnipeg to
the City of Winnipeg by inundating the Lister Rapids during the navigation season. The facility is
operated and maintained by Public Works and Government Services Canada and consists of a dam,
a navigation lock, and a fishway. Fish can move upstream through the lock and the fishway and
downstream through the lock, fishway, and the spill.

The Drayton Dam, situated at RKM 327.3 on the Red River, was constructed in 1964 to provide
water supply for agricultural and municipal use. It is located approximately 3 km north of Drayton,
North Dakota (Figure 1). The dam consists of a concrete weir with a spillway length of 68.5 m and a
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crest elevation of 3.7 m above the natural riverbed. It operates as a run-of-river control structure and
has no dedicated fish passage features.

The Riverside Dam at RKM 476.5 in Grand Forks, North Dakota (Figure 1) was originally built in
1922 as a water control structure. In 2001, it was restored to a rock ramp to provide erosion control,
eliminate a hydraulic roller, provide fish passage and spawning habitats, as well as whitewater boating
opportunities. It consists of a rock arch rapid with a 5% slope (3% near banks). Interestingly, it
was the largest full width rock ramp fishway in terms of tonnage and height in the world at time of
construction [24].

The Winnipeg River flows from Lake of the Woods to Lake Winnipeg (Figure 1). There are eight
hydroelectric dams on the 235 RKM long river with the most downstream facility being the Pine Falls
Hydroelectric Station at Powerview, Manitoba (commissioned in 1952). Flows on the Winnipeg River
are controlled through the various dams by the Lake of the Woods Control Board. None of the dams on
the Winnipeg River including the Pine Falls Hydroelectric Station provide for upstream fish passage.
Downstream migrants can pass through the turbines or spillways.

The Assiniboine River originates in eastern Saskatchewan. It flows east into Manitoba (Figure 1).
Its junction with the Red River is in the City of Winnipeg, Manitoba. The 1070 km long meandering river
is prone to spring flooding. In 1970, the Portage Diversion Dam, located at RKM 163, was completed
to divert flood flows into Lake Manitoba at Portage la Prairie, Manitoba. Fish can move downstream
over the spillway but there is no upstream fish passage installation at the Portage Diversion Dam.

2.2. Fish Collection

Depending on the fish species, different collection methods were used. Bigmouth Buffalo (n = 80)
were caught by boat electrofishing at five tagging locations in the Red River (Figure 1, Table 1). Channel
Catfish (n = 161) were caught by angling with barbless hook and landed with rubber nets or with hoop
nets (1 m diameter, 2.5 cm bar mesh). Collection efforts for Channel Catfish were conducted at six
tagging locations (Figure 1, Table 1), including the Lower Red River and Winnipeg River where high
recreational fishing efforts occur for trophy Channel Catfish.

Table 1. Tagging location with section ID, mean length, and body mass of Bigmouth Buffalo and
Channel Catfish tagged with acoustic transmitters in the frame of the Lake Winnipeg Fish Movement
Study. Bigmouth Buffalo were caught by boat electrofishing and Channel Catfish by angling.

Species Year Section ID Section of Tagging Site n
Mean (± S.D.) Mean (± S.D.)

Length (mm) Body Mass (kg)

Bigmouth
Buffalo

2017 1 Fargo, ND to Riverside Dam 12 593.25 (65.0) 3.11 (1.0)
2017 3 Drayton Dam to Border 8 564.9 (48.6) 2.72 (0.5)
2016 5 Morris, MB to Winnipeg, MB 20 561.2 (58.6) 2.85 (0.9)
2016 7 City of Winnipeg, MB 20 621.1 (57.8) 4.01 (1.2)
2017 9 Downstream of Lockport, MB 20 683.7 (83.3) 6.23 (2.6)

Channel
Catfish

2017 1 Fargo, ND to Riverside Dam 9 671.8 (117.0) 3.46 (2.1)
2017 2 Riverside Dam to Drayton Dam 16 751.4 (106.6) 5.53 (2.5)
2017 3 Drayton Dam to Border 15 690.1 (93.6) 3.65 (1.6)
2016 7 City of Winnipeg, MB 24 660.8 (73.7) 3.33 (1.2)
2016 9 Downstream of Lockport, MB 67 751.2 (113.9) 5.66 (2.8)
2016 12 Winnipeg River 30 640.0 (52.3) 2.98 (1.1)

2.3. Fish Tagging

Upon capture, fish were placed in holding tanks filled with ambient river water. Captured fish
were measured and weighed immediately, only individuals with a body mass >1.2 kg were tagged, and
undersized individuals (>2% tag: body weight) were released (Table 1). Acoustic telemetry transmitters
(VEMCO, V16-4H, 16 mm diameter, 24 g, 6 1

2 years battery life, with an average transmission delay of
120 s with a pseudo random uniform interval between 80–160 s) were implanted in fish. As Channel
Catfish are part of the recreational and commercial fisheries, individuals were also tagged with an
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external Floy tag (Floy Tag Inc., Floy T-bar anchor). Fish were placed into the Portable Electroanesthesia
System (PES™, Smith-Root, Vancouver, WA, USA) to immobilize them during surgery, without use
of chemical anesthetics. The PES™ was set to 100 Hz, 25% duty cycle, and 40 V. Pulsed direct
current is an appropriate sedation for adult fish because it provides a surgery window of 250–350 s
and fish recover quickly with minimal impact to vertebral integrity [25]. Upon sedation, fish were
placed in a padded v-shaped trough. Ambient river water was continuously pumped over the gills
using a recirculating flow-through pump system to maintain normal respiration during the surgical
period (<5 min). A small incision was made posterior to the pectoral girdle just dorsal of the ventral
midline. The acoustic transmitter was inserted posteriorly into the peritoneal cavity. Transmitter
expulsion is common in Channel Catfish [26]. Consequently, for Channel Catfish a specific surgical
procedure was used that tethers the transmitter around the cleithrum and/or supracleithrum near
the scapula by looping a monofilament suture through the transmitter and around the bone [27].
Subsequently, the incision was closed with three to four interrupted sutures (standard surgical knots;
3-0 polydioxanone-II violet monofilament; Ethicon, Cincinnati, OH, USA). Fish were put in the recovery
tank and released 10–15 min post-surgery at the tagging location. Surgical procedures were carried out
in accordance with approved animal use protocols of Fisheries and Oceans Canada (FWI-ACC-2016-018,
FWI-ACC-2017-001) and the University of Nebraska-Lincoln (Project ID: 1208).

2.4. Receiver Array

Acoustic receivers (VEMCO, VR2W and VR2Tx receivers, n = 247) were placed in Lake Winnipeg
and the Red, Winnipeg, and Assiniboine rivers (Figure 1). Receiver spacing in the rivers varied between
5 to 30 km covering an accumulated distance of 860 RKM (Figure 1). As upstream passage at the
Portage Diversion Dam and the Pine Falls Hydroelectric Station is impossible, no receivers were placed
upstream of these two barriers. In Lake Winnipeg, receivers were installed on a 7 × 7 km grid [10].
Data from the receivers were downloaded annually (2016–2018) in the open water season, usually
from June–September.

2.5. Data Manipulation and Analysis

All data manipulations and analyses were conducted in R [28]. The telemetry dataset for Bigmouth
Buffalo and Channel Catfish consisted of >1.3 million individual detections. Subsequently, the ‘dplyr’
library for data manipulations was used to augment the computational efficiency of the subsequent
data analyses [29]. Fish movements, home ranges, and river system connectivity between habitats
were analyzed using the R package ‘riverdist’ [30] and the data analysis was separated by year. The R
package ‘riverdist’ allows to read river network shape files, compute network distances as well as to
as to display and calculate fish home ranges on a linear framework using telemetry data. To create
the river network in R, we imported spatial coordinates (lat/long) and used the ‘convUL()’ function
in the ‘PBSmapping’ package [31] to convert the lat/long coordinates into UTM and then applied the
‘line2network()’ function in ‘riverdist’ to create a river network, which was used to calculate the home
range estimates. Fish movement data were used to calculate the home ranges in the Lake Winnipeg
basin by species and year to describe and compare movements of Bigmouth Buffalo and Channel
Catfish in the basin.

2.6. Continuous-Time Markov Model

Fish movement in the Lake Winnipeg basin was simulated by a continuous-time Markov model
(CTMM) to recognize the continuous movement patterns that fish exhibit. Receivers were grouped
using a combination of geographical proximity, geopolitical boundaries, tributaries, and/or physical
barriers (see Figure 1, Table 2). A multi-state model was used to describe and quantify how fish
transitioned between k unique states (S = {1, 2, . . . , k}), and transitions were only allowed between
adjacent states (i.e., river sections in the Lake Winnipeg basin; Table 2). Assuming that an individual
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fish is able to freely change back and forth between k states in continuous time, a k × k transitional
intensity matrix (Q matrix), was defined as follows:

qrs(t) =
limδt→0P[S(t + δt) = s

∣∣∣S(t) = r]

δt
, r � s

where t is time and qrs is the instantaneous rate of change from the current state r to the next state s.
The rows of the Q matrix sum to zero, while the diagonal entries are defined by qrr = − ∑

s�r
qrs and the

off-diagonal entries can be any non-negative number [32]. Transition probabilities on both extents
of the receiver network could not be predicted by the CTMM (Table 4). Subsequently, given that
the Fargo, North Dakota to Riverside Dam river section was the southernmost extent of our receiver
network, there is only a one way transition to an adjacent state possible. As a result, we can only
predict transition from state 1 to state 2 but not transitions upstream from Fargo. Due to imperfect
detections of the receivers, some fish movements in and out of a given state may have been undetected,
leading to a potential of underestimating movements in the system.

Table 2. Transition matrix representing allowable transitions between states/sections represented in
the continuous-time Markov model (CTMM). Dashes (-) represent no permissible transition while qrs

entries represent allowable transitions between different sections. In bold are the transition over the
barriers (i.e., St. Andrews Lock and Dam, Drayton Dam, and Riverside Dam).

To State/Section

1 2 3 4 5 6 7 8 9 10 11 12

From State/Section

1 q11 q12 - - - - - - - - - -
2 q21 q22 q23 - - - - - - - - -
3 - q32 q33 q34 - - - - - - - -
4 - - q43 q44 q45 - - - - - - -
5 - - - q54 q55 - q57 - - - - -
6 - - - - - q66 q67 - - - - -
7 - - - - q75 q76 q77 q78 - - - -
8 - - - - - - q87 q88 q89 - - -
9 - - - - - - - q98 q99 q910 - -
10 - - - - - - - - q109 q1010 q1011 -
11 - - - - - - - - - q1110 q1111 q1112
12 - - - - - - - - - - q1211 q1212

Note: (1) Fargo, ND to Riverside Dam, (2) Riverside Dam to Drayton Dam, (3) Drayton Dam to Border, (4) Border to
Morris, MB, (5) Morris, MB to Winnipeg, MB, (6) Assiniboine, (7) City of Winnipeg, MB, (8) Upstream of Lockport,
MB, (9) Downstream of Lockport, MB, (10) Netley-Libau Marsh, (11) Lake Winnipeg, (12) Winnipeg River.

Additionally, the ‘msm’ library can calculate retention times (i.e., sojourn times or times spent in
different sections) in the CTMM, where the retention times are exponentially distributed with mean
–1/qrr. Finally, a Pnext matrix was constructed that defines the probability of changing from state r to
state s in the next transition, regardless of the time elapsed. The diagonal entries of the Pnext matrix are
equal to zero.

3. Results

3.1. Home Ranges

Over the three study years, tagged Bigmouth Buffalo were consistently detected in high numbers
(90–100% of tagged population) whereas Channel Catfish detection decreased by up to 40–78% of a
given tagged population (Table A1). Bigmouth Buffalo consistently showed large individual home
ranges varying from 4.2 to 621.9 km per year whereas individual Channel Catfish movement ranged
from 3.4 to 101.3 km (Figure 2, Table 3). In all years, Bigmouth Buffalo had significantly larger home
ranges than Channel Catfish (2016: mean 177.5 km vs. 32.7 km; p < 0.001; 2017: mean 132.6 km vs.
91.0 km; p = 0.03; 2018: mean 150.9 km vs. 60.0 km; p < 0.01, Figure 3). Fish were predominately
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moving in the open water season between April to October and were relatively inactive during the
ice-on season from November to March (Figure 4).

Figure 2. Example of the annual home range (km) of an individual Bigmouth Buffalo (BMBF034) from
2016 to 2018.

Figure 3. Home range (km) for Bigmouth Buffalo and Channel Catfish tagged with acoustic transmitters
in various locations in the Lake Winnipeg basin.
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Table 3. Inter-annual variations in species-specific river movements.

Species Year
Distance (km)

Minimum Mean (± S.D.) Maximum

Bigmouth Buffalo
2016 7 177.5 (119.7) 517.5
2017 4.2 132.6 (105.2) 361.9
2018 10 150.9 (148.0) 621.6

Channel Catfish
2016 0.8 32.7 (28.0) 161.5
2017 3.5 91.0 (93.8) 292.1
2018 16.8 60.0 (56.6) 149.6

Figure 4. Monthly home range (km) of Bigmouth Buffalo and Channel Catfish tagged with acoustic
transmitters in the Lake Winnipeg basin.

3.2. Transitions Over Barriers in the Basin and Between River Sections

Using the continuous-time Markov model (CTMM), we were able to predict the probability of
fish transitioning to the adjacent river/lake sections (Figure 1) given the current section in which they
were observed (Pnext; Tables 4 and 5). For Bigmouth Buffalo in Section 2 (Riverside Dam to Drayton
Dam), there was a low probability (4%) to move upstream over the rock ramp at the Riverside Dam
but a 96% probability to migrate downstream over the Drayton Dam (Table 4). The probability for
upstream transitions over the Drayton Dam was 46%. In regards to the St. Andrews Lock and Dam,
the downstream transition probability of Bigmouth Buffalo was 3%, in comparison to an even lower
upstream transition probability of 0.5%. The predicted transition probabilities between unimpeded
rivers sections were relative high ranging between 39–100% (Table 2a). The CTMM did not predict an
upstream transition probability for Channel Catfish at any of the three barriers on the Red River (i.e.,
Riverside, Drayton, and St. Andrews dams) but there was a very high probability for Channel Catfish
to migrate downstream over the Drayton Dam (100%, Table 5). The predicted transition probability for
Channel Catfish to migrate downstream over the St. Andrews Lock and Dam was also higher with
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44% in comparison to Bigmouth Buffalo (3%). The transition probabilities for Channel Catfish did not
appear to be limited during unimpeded river sections as up-and downstream transition probabilities
were equal in unimpeded reaches (Table 2b).

Table 4. Pnext matrix to estimate the probability of Bigmouth Buffalo moving to the next upstream or
downstream section in the Lake Winnipeg basin. In bold are the transition over the barriers (i.e., St.
Andrews Lock and Dam, Drayton Dam, and Riverside Dam). *Transition probabilities on both extents
of the receiver network cannot be predicted.

To Section

1 2 3 4 5 6 7 8 9 10 11 12

From Section

1 - 1.000* - - - - - - - - - -
2 0.039 - 0.961 - - - - - - - - -
3 - 0.455 - 0.545 - - - - - - - -
4 - - 0.53 - 0.47 - - - - - - -
5 - - - 0.352 - - 0.648 - - - - -
6 - - - - - - 1 - - - - -
7 - - - - 0.543 0.066 - 0.391 - - - -
8 - - - - - - 0.966 - 0.034 - - -
9 - - - - - - - 0.005 - 0.995 - -
10 - - - - - - - - 0.974 - 0.026 -
11 - - - - - - - - - 1.000* - -
12 - - - - - - - - - - - -

Table 5. Pnext matrix to estimate the probability of Channel Catfish moving to the next upstream or
downstream section in the Lake Winnipeg basin. In bold are the transition over the barriers (i.e., St.
Andrews Lock and Dam, Drayton Dam, and Riverside Dam). *Transition probabilities on both extents
of the receiver network cannot be predicted.

To Section

1 2 3 4 5 6 7 8 9 10 11 12

From Section

1 - 1.000* - - - - - - - - - -
2 0.000 - 1.000 - - - - - - - - -
3 - 0.000 - 1.000 - - - - - - - -
4 - - 0.000 - 1.000 - - - - - - -
5 - - - 0.407 - - 0.593 - - - - -
6 - - - - - - 1.000 - - - - -
7 - - - - 0.598 0.038 - 0.363 - - - -
8 - - - - - - 0.564 - 0.436 - - -
9 - - - - - - - 0.000 - 1.000 - -
10 - - - - - - - - 0.224 - 0.776 -
11 - - - - - - - - - 0.074 - 0.926
12 - - - - - - - - - - 1.000* -

Note: (1) Fargo, ND to Riverside Dam, (2) Riverside Dam to Drayton Dam, (3) Drayton Dam to Border, (4) Border to
Morris, MB, (5) Morris, MB to Winnipeg, MB, (6) Assiniboine, (7) City of Winnipeg, (8) Upstream of Lockport, MB,
(9) Downstream of Lockport, MB, (10) Netley-Libau Marsh, (11) Lake Winnipeg, (12) Winnipeg River.

Generally, Channel Catfish had a higher retention times in each of the sections compared to
Bigmouth Buffalo (Table 6). Section 1 (Fargo, North Dakota to Riverside Dam) had the highest retention
time estimates for both species. However, fish were able to freely move upstream from Fargo, ND
into the Bois de Sioux and Otter Tail rivers and subsequently out of the range of our receivers, so any
potential movements further upstream were not captured by our receiver network. Retention times
for Bigmouth Buffalo were likely lower compared to Channel Catfish due to their increased mobility
(Table 3) resulting in Bigmouth Buffalo likely spending less time in distinct sections. Fish residency in
the Assiniboine River was very similar between the two species with 27.3 and 28.1 d for Bigmouth
Buffalo and Channel Catfish, respectively. However, even though the retention times were similar,
Bigmouth Buffalo appear to have swum further distance upstream with three individuals detected
near the Portage Diversion Dam (near RKM 151) whereas Channel Catfish were not detected at the
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Portage Diversion Dam. Movements from fish tagged in the Red River into the Winnipeg River (via
Lake Winnipeg) were generally limited, as Channel Catfish were estimated to spend only 1.0 day in
the Winnipeg River and no Bigmouth Buffalo moved into the Winnipeg River.

Table 6. Predicted mean retention times (in days) in a given river or lake section (see Figure 1) by
the CTMM.

Section River/Lake Section Reach Length/Area Bigmouth Buffalo Channel Catfish

1 Fargo, ND to Riverside Dam 255 km 137.3 134.9
2 Riverside Dam to Drayton Dam 120 km 11.1 104.6
3 Drayton Dam to Border 89 km 12.8 7.7
4 Border to Morris, MB 84 km 7.1 13.4
5 Morris, MB to Winnipeg, MB 75 km 12.8 10.7
6 Assiniboine River 150 km 27.3 28.1
7 City of Winnipeg, MB 40 km 12.1 15.7
8 Upstream of Lockport, MB 21.5 km 15.1 24.6
9 Downstream of Lockport, MB 45 km 7.6 21.1
10 Netley-Libau Marsh 115 km2 4.4 22.4
11 Lake Winnipeg 2862 km2 5.7 2.0
12 Winnipeg River 15.5 km - 1.0

3.3. Limitations to Habitat Connectivity in the RED, Winnipeg, and Assiniboine Rivers

In 2016, nine of the tagged Bigmouth Buffalo moved upstream over the Drayton Dam, while no
Channel Catfish were detected undergoing an upstream movement over the weir (Table 7). In the
following year, a total of twelve Bigmouth Buffalo and 17 Channel Catfish were observed to pass
upstream over the Drayton Dam. In 2018, Bigmouth Buffalo completed 13 upstream movements and
no Channel Catfish were observed. Downstream passage over the Drayton Dam was observed in 2017
(n = 4 Bigmouth Buffalo and n = 2 Channel Catfish) and 2018 (n = 13 Bigmouth Buffalo). Interestingly,
both up and downstream movements over the weir at the Drayton Dam for both species appeared to
occur during peak flows or descending hydrographs (Figure 5a,b).

Table 7. Number per fish species and year of up and downstream passage over the St. Andrews Lock
and Dam, Drayton Dam, and Riverside Dam. In parenthesis the number of fish present in river section
downstream for upstream passage and in the river section upstream for downstream passage. Number
of fish detected on the receiver downstream (Downstream Presence) of the Portage Diversion Dam and
of the Pine Falls Hydroelectric Station that are both impassable for upstream migrating fish.

Barrier Passage/Presence
Bigmouth Buffalo Channel Catfish

2016 2017 2018 2016 2017 2018

St. Andrews Locks and Dam Upstream passage 0 (1) 3 (22) 1 (12) 0 (20) 0 (10) 0 (4)
Downstream passage 1 (13) 4 (21) 1 (9) 5 (15) 3 (7) 0 (1)

Drayton Dam Upstream passage 9 (27) 12 (25) 13 (26) 0 (0) 17 (23) 0 (0)
Downstream passage 0 (5) 4 (20) 13 (19) 0 (0) 2 (11) 0 (0)

Riverside Dam Upstream passage 1 (5) 0 (20) 3 (0) 0 (0) 0 (11) 0 (0)
Downstream passage 0 (1) 0 (12) 4 (11) 0 (0) 1 (9) 0 (0)

Portage Diversion Downstream presence 2 (10) * 1 (16) * 0 (4) * 0 (1) * 0 (0) * 0 (0) *
Pine Falls Station Downstream presence - - - 27 (30) ** 6 (26) ** 1 (18) **

* In parenthesis the number of fish observed in the Assiniboine River section. ** In parenthesis the number of fish
observed in the Winnipeg River section.

Fewer fish passages were observed at the St. Andrews Lock and Dam; three Bigmouth Buffalo
passed upstream over the dam in 2017 and one in 2018. Upstream passage of Channel Catfish was not
observed. One single downstream passage of Bigmouth Buffalo was detected in 2016 over the dam,
four in 2017 and one in 2018 whereas five Channel Catfish passed downstream in 2016 and three in
2017. Similar to the movement patterns observed in Drayton, up and downstream passage at the St.
Andrew Lock and Dam appears also to be associated with peak and descending hydrographs in the
open water season (Figure 5c,d).
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Figure 5. Timing of upstream and downstream movements of (a) Bigmouth Buffalo and (b) Channel
Catfish over the St. Andrews Lock and Dam; (c) Bigmouth Buffalo and (d) Channel Catfish over
Drayton Dam, and (e) Bigmouth Buffalo and (f) Channel Catfish over the Riverside Dam; in relationship
to the discharge (daily mean, m3 s-1) in the Red River at Emerson, Manitoba (Water Survey of Canada,
Hydrometric Station 05OC001).

The Portage Diversion Dam is impassable for upstream fish migration. Tag detections from the
receiver closest to the Portage Diversion Dam suggest that the dam blocked the upstream movement
of three tagged Bigmouth Buffalo in 2016 (n = 2) and 2017 (n = 1). The individuals remained below the
diversion structure for up to four months in the summer, before returning into the Red River.

The Pine Falls Hydroelectric Station does not provide upstream passage. Tag detections revealed
that Channel Catfish tagged in the Lower Winnipeg River moved upstream towards the Pine Falls
Hydroelectric Station in each study year. In 2016, 2017, and 2018, 27, six, and one, respectively, of the
30 tagged Channel Catfish that were tagged in the Lower Winnipeg River moved up to the Pine Falls
Hydroelectric Station where further upstream movement was impeded by the dam.

4. Discussion

The large-scale telemetry study allowed us to gain valuable insights into movement patterns and
retention times of fish in the Lake Winnipeg basin and determine bottlenecks for habitat connectivity.
Habitat connectivity describes how the environment allows or limits movement between different
functional habitats such as feeding, spawning and rearing habitats [33]. Knowledge of species-specific
functional connectivity for particular rivers is key given its importance for the persistence of populations.
It provides useful perspectives on specific management strategies and is especially valuable in the

81



Sustainability 2019, 11, 3051

context of fish passage and barrier removal projects because it can guide decision making to assign
restoration priorities [34]. Functional habitat connectivity can be established through fish dispersal
and migration patterns using telemetry [35]. By studying fish repeatedly over all seasons and a large
geographical area, we observed large scale movement patterns for both, Bigmouth Buffalo and Channel
Catfish, in the Lake Winnipeg basin. In particular, Bigmouth Buffalo demonstrated mean annual home
ranges of 132.6 to 177.5 km. Our study confirmed the limited information available from other river
systems on regular, large-scale movements in Bigmouth Buffalo [36]. In comparison to Bigmouth
Buffalo, Channel Catfish had smaller home ranges with mean annual movements ranging from 32.7 to
60.0 km but still completed frequent movements over the geopolitical border. Our findings confirm
observations by Siddons et al. [22] that Channel Catfish displayed frequent basin-wide, transboundary
movements in the Red River, which is important information for fishery managers from different
jurisdictions for the regulation and management of Channel Catfish fisheries.

The inter-specific differences in home range estimates may be influenced by the fact that the
majority of Channel Catfish (107 out of 161) were tagged below the St. Andrews Lock and Dam, which
may act as a partial barrier to movements [22]. Whereas only 20 of 80 tagged Bigmouth Buffalo were
released below the St. Andrews Lock and Dam; thus, their potential for movement may have been less
restricted than Channel Catfish. Additionally, Channel Catfish detections decreased each year, either
because fish did not move, were not detected on a receiver, lost their tags, suffered natural mortality,
were caught in commercial/recreational fisheries and removed from the study system or migrated out
of the system. However, evidence in our dataset demonstrated that Bigmouth Buffalo displayed longer
and more frequent movements through the available riverine habitats including tributaries (e.g., Seine,
La Salle, and Assiniboine rivers) in comparison to Channel Catfish that were mainly observed in the
main stems of the Red and Winnipeg rivers.

Understanding the spatial ecology of fishes is of crucial importance to fishery managers as it
offers information on how fishes are distributed in both space and time [9]. For example, although
Channel Catfish displayed transboundary movements in the Red River, different recreational fishery
harvest regulations currently exist for the Manitoban portion of the of the Red River in comparison to
the southern reach managed by Minnesota and North Dakota. Subsequently, our results underline
the importance of maintaining habitat connectivity throughout the Red River basin and suggest
considering a conjoint transboundary fisheries management plan. Similarly, the decline of Bigmouth
Buffalo is attributed to the degradation and/or loss of spawning habitat related to water management
practices, principally due to the regulation of water levels and channelization [37]. Furthermore,
periods of drought, agricultural water demands, the introduction of Common Carp (Cyprinus carpio),
and commercial fisheries may have also reduced the population size. In addition, the Portage Diversion
Dam constructed in 1970, represents a barrier to upstream movement for fish in the Lower Assiniboine
River, and coincides with the decline of Bigmouth Buffalo in the Upper Assiniboine and Qu’Appelle
rivers that resulted in a commercial fishery closure for Bigmouth Buffalo in Qu’Appelle River in 1983.

In Canada, the Channel Catfish is the only known host species of the endangered Mapleleaf
mussel, and the presence of the fish host is one of the key features determining if a given river system
supports a healthy mussel population [38]. Among the threats for Mapleleaf populations are aquatic
invasive species (e.g., Zebra Mussel (Dreissena polymorpha)), habitat loss and degradation, water quality,
and siltation, which can negatively impact filter-feeding mussels. Mapleleaf populations can potentially
be recovered by their host, the Channel Catfish, as one of the adaptive functions of mussel parasitism
of migrant hosts is they can transport glochidia up and downstream. If passage of Channel Catfish
is restricted by barriers, it likely poses a constraint on Mapleleaf populations. Being able to observe
Channel Catfish movement over multiple years and large distances, the telemetry study allowed
monitoring individual movement patterns of Channel Catfish. We observed Channel Catfish move
large distances in the system but also pinpointed impediments in the free movement of Chanel Catfish
in the Lake Winnipeg basin due to existing barriers that may inhibit the recolonization and recovery
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potential of Mapleleaf. Consequently, the telemetry study allowed us to gain valuable information for
the Recovery Strategy of Mapleleaf and future risk management strategies [39].

The Portage Diversion Dam on the Assiniboine River and the Pine Falls Hydroelectric Station
on the Winnipeg River are obvious barriers to upstream fish passage as no fishways are installed,
while the St. Andrews Lock and Dam allows for some upstream fish passage through the locks, and
a fishway and weir at Drayton is passable at higher water levels. However, the continuous-time
Markov model (CTMM) highlighted a low transition probability at the St. Andrews Lock and Dam,
suggesting even with the presence of the locks and the fishway, the structures only provide limited
passage opportunities for upstream fish movement. It seems that the downstream movement of both,
Bigmouth Buffalo and Channel Catfish, considerably supplement the Lower Red River population
downstream of the St. Andrews Lock and Dam, given considerably fewer individuals are returning to
the Upper Red River. Upstream movement over the St. Andrew’s Lock and Dam occurred exclusively
in the months of July and August. Our results highlight that the efficiencies to attract and/or pass fish
in the St. Andrews Lock and Dam fishway may be limited. Consequently, a more detailed study at St.
Andrew’s Lock and Dam will be required to analyze attraction and passage efficiencies, as these are
the key components to the success of fishways using adequate high resolution telemetry and time to
event data analysis.

Due to the small number of fish tagged, the short observation period, and some unforeseen
mortality, only a few fish were observed to navigate upstream passage over the rock ramp on the
Riverside Dam site. Furthermore, due to the limitations of the receiver network extent, we were not
able to accurately quantify downstream movement over the Riverside Dam. Subsequently, we could
not fully assess the success and effectiveness of this river restoration project to provide fish passage
by converting an existing low head dam to a rapids using a nature-like fish passage design at this
time [24]. However, rock ramps are intended to provide a passable slope for fish by building up
material on the existing riverbed directly downstream of the dam crest. The approach is particularly
applicable for low head dams but has limitations for high head dams. More specifically, a rock arch
rapids design was chosen at the Riverside Dam site [40,41]. The configuration has several advantages:
It facilitates energy to be dissipated in the center of the rapids whereas the near bank velocities are
reduced; boulders within the arch support each other adding stability; and it allows fish passage by
providing low velocity eddies and passage is resilient to changing discharges. Further research should
be conducted on the ramp to establish its efficiency [14].

The importance of the natural flow regime with its flow variability (i.e., timing, duration, frequency,
and rate of change of flows) is well recognized as a driver of ecosystem processes [3,42]. Our telemetry
study enabled us to reveal an interesting timing of fish movement in relation to the hydrograph.
Movements of Bigmouth Buffalo and Channel Catfish in the Red River seem to be triggered by peak
flows and movements were detected close to the peak or during the descending hydrograph limb.
This information is useful for approaches such as by Yarnell et al. [43] that focus on retaining specific
process-based components of the hydrograph also referred to as functional flows instead of trying to
mimic the full natural flow regime. To optimize the functionality of flows, knowledge about which
flows trigger fish movement and other life processes are key elements [44].

Anthropogenic instream barriers, such as weirs and dams serve human needs such as hydroelectric
generation or flood control, but they may restrict fish movements. Consequently, when barriers are
constructed there is concern in regards to changes in fish community assemblages and for potadromous
species that are using diverse habitat types at different times of the year and life stages [45]. Truncated
distributions, degraded fish assemblages, and changes in age class composition are frequently observed
below dams and weirs in Midwestern and Prairie rivers [46–49]. Continued research will be required to
study how the two study species are impacted by barriers and how the barriers impact their reproductive
success, and what adjustments are needed to increase the fishway attraction and passage efficiencies.
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Appendix A

Table A1. Number of tagged fish per species and tagging site that were detected in each year of
the study.

Species Section ID Section of Tagging Site Year n

Bigmouth Buffalo 1 Fargo, ND to Riverside Dam 2017 12
2018 12

3 Drayton Dam to Border 2017 8
2018 7

5 Morris, MB to Winnipeg, MB 2016 20
2017 20
2018 17

7 City of Winnipeg, MB 2016 20
2017 18
2018 18

9 Downstream of Lockport, MB 2017 19
2018 19

Channel Catfish 1 Fargo, ND to Riverside Dam 2017 9
2018 1

2 Riverside Dam to Drayton
Dam 2017 12

2018 3
3 Drayton Dam to Border 2017 10

2018 3
7 City of Winnipeg, MB 2016 22

2017 8
2018 2

9 Downstream of Lockport, MB 2016 64
2017 31
2018 14

12 Winnipeg River 2016 30
2017 26
2018 18

References

1. Fuller, M.R.; Doyle, M.W.; Strayer, D.L. Causes and consequences of habitat fragmentation in river networks.
Ann. N. Y. Acad. Sci. 2015, 1355, 31–51. [CrossRef]

2. Nilsson, C.; Reidy, C.A.; Dynesius, M.; Revenga, C. Fragmentation and flow regulation of the world’s large
river systems. Science 2005, 308, 405–408. [CrossRef]

3. Poff, N.L.; Allan, J.D.; Bain, M.B.; Karr, J.R. The natural flow regime. Bioscience 1997, 47, 769–784. [CrossRef]
4. Liermann, C.R.; Nilsson, C.; Robertson, J.; Ng, R.Y. Implications of dam obstruction for global freshwater fish

diversity. Bioscience 2012, 62, 539–548. [CrossRef]
5. Pracheil, B.M.; McIntyre, P.B.; Lyons, J.D. Enhancing conservation of large-river biodiversity by accounting

for tributaries. Front. Ecol. Environ. 2013, 11, 124–128. [CrossRef]

84



Sustainability 2019, 11, 3051

6. Cairns, D.; Castonguay, M.; Dumont, P.; Caron, F.; Verreault, G.; Mailhot, Y.; de Lafontaine, Y.;
Casselman, J. Why has the American Eel, Anguilla anguilla declined dramatically in the
St. Lawrence River but not the Gulf? ICES CM 2006/J:33. 2006. Available
online: https://www.researchgate.net/publication/230710494_Why_has_the_American_Eel_Anguilla_
rostrata_declined_dramatically_in_the_St_Lawrence_River_but_not_the_Gulf. (accessed on 28 May 2019).

7. Hilborn, R. Ocean and dam influences on salmon survival. Proc. Natl. Acad. Sci. USA 2013, 110, 6618–6619.
[CrossRef] [PubMed]

8. Cooke, S.J. Biotelemetry and biologging in endangered species research and animal conservation: Relevance
to regional, national, and IUCN Red List threat assessments. Endanger. Species Res. 2008, 4, 165–185.
[CrossRef]

9. Lucas, M.C.; Baras, E. Methods for studying the spatial behaviour of freshwater fishes in the natural
environment. Fish Fish. 2000, 1, 238–316. [CrossRef]

10. Kraus, R.T.; Holbrook, C.M.; Vandergoot, C.S.; Stewart, T.R.; Faust, M.D.; Watkinson, D.A.; Charles, C.;
Pegg, M.A.; Enders, E.C.; Krueger, C.C. Evaluation of acoustic telemetry grids for determining aquatic
animal movement and survival. Meth. Ecol. Evol. 2018, 9, 1489–1502. [CrossRef]

11. Fausch, K.D.; Torgersen, C.E.; Baxter, C.V.; Li, H.W. Landscapes to riverscapes: Bridging the gap between
research and conservation of stream fishes. Bioscience 2002, 52, 483–498. [CrossRef]

12. Roni, P.; Beechie, T.; Schmutz, S.; Muhar, S. Prioritization of watersheds and restoration orojects. In Stream
and Watershed Restoration: A Guide to Restoring Riverine Processes and Habitats; Roni, P., Beechie, T., Eds.; John
Wiley & Sons, Ltd.: Hoboken, NJ, USA, 2012; pp. 189–214. [CrossRef]

13. Catalano, M.J.; Bozek, M.A.; Pellett, T.D. Effects of dam removal on fish assemblage structure and spatial
distributions in the Baraboo River, Wisconsin. N. Am. J. Fish. Manag. 2007, 27, 519–530. [CrossRef]

14. Bunt, C.M.; Castro-Santos, T.; Haro, A. Performance of fish passage structures at upstream barriers to
migration. River Res. Appl. 2012, 28, 457–478. [CrossRef]

15. Bunt, C.M.; Castro-Santos, T.; Haro, A. Reinforcement and validation of the analyses and conclusions related
to fishway evaluation data from Bunt et al.: ‘Performance of Fish Passage Structures at Upstream Barriers to
Migration’. River Res. Appl. 2016, 32, 2125–2137. [CrossRef]

16. Walters, D.M.; Zuellig, R.E.; Crockett, H.J.; Bruce, J.F.; Lukacs, P.M.; Fitzpatrick, R.M. Barriers impede
upstream spawning migration of Flathead Chub. Trans. Am. Fish. Soc. 2014, 143, 17–25. [CrossRef]

17. Williams, J.G.; Gessel, M.H. A history of research to develop guidance systems to divert juvenile salmonids,
Oncorhynchus spp., from turbines at federal hydroelectric dams on the mainstem Columbia and Snake rivers,
U.S.A. Mar. Fish. Rev. 2018, 80, mfr8023. [CrossRef]

18. Fuller, I.C.; Death, R.G. The science of connected ecosystems: What is the role of catchment-scale connectivity
for healthy river ecology? Land Degrad. Dev. 2018, 29, 1413–1426. [CrossRef]

19. Cooke, S.J.; Paukert, C.; Hogan, Z. Endangered river fish: Factors hindering conservation and restoration.
Endanger. Species Res. 2012, 17, 179–191. [CrossRef]

20. Arthington, A.H.; Dulvy, N.K.; Gladstone, W.; Winfield, I.J. Fish conservation in freshwater and marine
realms: Status, threats and management. Aquat. Conserv. Mar. Freshw. Ecosyst. 2016, 26, 838–857. [CrossRef]

21. Stewart, K.W.; Watkinson, D.A. Freshwater Fishes of Manitoba; University of Manitoba Press: Winnipeg, MB,
USA, 2004; 278p.

22. Siddons, S.F.; Pegg, M.A.; Klein, G.M. Borders and barriers: Challenges of fisheries management and
conservation in open systems. Riv. Res. Appl. 2017, 33, 578–585. [CrossRef]

23. Manitoba Sustainable Development. Annual Report 2016–2017. 2017; 165p. Available online: https:
//www.gov.mb.ca/sd/annual-reports/con_reports/sd_annual_report_2016_17.pdf (accessed on 28 May 2019).

24. Aadland, L.P. Reconnecting Rivers: Natural Channel Design in Dam Removals and Fish Passage; Minnesota
Department of Natural Resources: St Paul, MN, USA, 2010; 196p.

25. Vandergoot, C.S.; Murchie, K.J.; Cooke, S.J.; Dettmers, J.M.; Bergstedt, R.A.; Fielder, D.G. Evaluation of two
forms of electroanesthesia and carbon dioxide for short-term anesthesia in Walleye. N. Am. J. Fish. Manag.
2011, 31, 914–922. [CrossRef]

26. Marty, G.D.; Summerfelt, R.C. Pathways and mechanisms for expulsion of surgically implanted dummy
transmitters from Channel Catfish. Trans. Am. Fish. Soc. 1986, 115, 577–589. [CrossRef]

27. Siegwarth, G.L.; Pitlo, P.M. A modified procedure for surgically implanting radio transmitters in Channel
Catfish. Am. Fish. Soc. Symp. 1999, 24, 287–292.

85



Sustainability 2019, 11, 3051

28. R Core Development Team. R: A Language and Environment for Statistical Computing; R Foundation for
Statistical Computing: Vienna, Austria, 2018; Available online: https://www.R-project.org/ (accessed on 28
May 2019).

29. Wickham, H.; François, R.; Henry, L.; Müller, K. Dplyr: A Grammar of Data Manipulation. R package version
0.7.6. 2018. Available online: https://CRAN.R-project.org/package=dplyr (accessed on 28 May 2019).

30. Tyers, M. Riverdist: River Network Distance Computation and Applications. R package Version 0.15.0. 2017.
Available online: https://CRAN.R-project.org/package=riverdist (accessed on 28 May 2019).

31. Schnute, J.T.; Boers, N.; Haigh, R. PBSmapping: Mapping Fisheries Data and Spatial Analysis Tools. R
package version 2.70.5. 2018. Available online: https://CRAN.R-project.org/package=PBSmapping (accessed
on 28 May 2019).

32. Jackson, C.H. Multi-state models for panel data: The msm package for R. J. Statist. Software 2011, 38, 1–29.
Available online: http://www.jstatsoft.org/v38/i08/ (accessed on 28 May 2019).

33. Taylor, P.D.; Fahrig, L.; Henein, K.; Merriam, G. Connectivity is a vital element of landscape structure. Oikos
1993, 68, 571–573. [CrossRef]

34. Branco, P.; Segurado, P.; Santos, J.M.; Ferreira, M.T. Prioritizing barrier removal to improve functional
connectivity of rivers. J. Appl. Ecol. 2014, 5, 1197–1206. [CrossRef]

35. Kanno, Y.; Letcher, B.H.; Coombs, J.A.; Nislow, K.H.; Whiteley, A.R. Linking movement and reproductive
history of brook trout to assess habitat connectivity in a heterogeneous stream network. Freshw. Biol. 2014,
59, 142–154. [CrossRef]

36. Moen, T.E. Population Trends, Growth, and Movement of Bigmouth Buffalo, Ictiobus Cyprinellus, in Lake Oahe,
1963–70; Technical Paper 78; U.S. Fish and Wildlife Service: Washington, DC, USA, 1974; 20p. Available
online: https://pubs.er.usgs.gov/publication/tp78 (accessed on 28 May 2019).

37. COSEWIC. Assessment and update status report on the Bigmouth Buffalo Ictiobus cyprinellus Lakes—Great
Lakes—Upper St. Lawrence populations Saskatchewan—Nelson River populations—in Canada; Committee on the
Status of Endangered Wildlife in Canada: Ottawa, ON, Canada, 2009; Volume vii, 40p, Available online: https:
//www.registrelep-sararegistry.gc.ca/virtual_sara/files/cosewic/sr_bigmouth_buffalo_0809_e.pdf (accessed on
28 May 2019).

38. COSEWIC. COSEWIC assessment and status report on the Mapleleaf Quadrula quadrula, Great Lakes—Upper
St. Lawrence population and Saskatchewan—Nelson Rivers population, in Canada; Committee on the Status
of Endangered Wildlife in Canada: Ottawa, ON, Canada, 2016; Volume xi. Available online: http:
//www.registrelep-sararegistry.gc.ca/virtual_sara/files/cosewic/sr_Mapleleaf_2016_e.pdf (accessed on 28 May
2019).

39. Fisheries and Oceans Canada. Recovery strategy and action plan for the Mapleleaf (Quadrula quadrula) in Canada
(Great Lakes-Upper St. Lawrence population); Species at Risk Act Recovery Strategy Series; Fisheries and Oceans
Canada: Ottawa, ON, Canada, 2018; Volume vi, 59p. Available online: http://www.registrelep-sararegistry.
gc.ca/virtual_sara/files/plans/RsAp-Mapleleaf-v00-2018July-Eng.pdf (accessed on 28 May 2019).

40. Newbury, R. Rivers and the art of stream restoration. In Natural and Anthropogenic Influences in Fluvial
Geomorphology; Costa, J.E., Miller, A.J., Potter, K.W., Wilcock, P.R., Eds.; Monograph Series; American
Geophysical Union: Washington, DC, USA, 1995; Volume 89, pp. 137–149. [CrossRef]

41. Rosgen, D.L. Applied River Morphology; Wildland Hydrology: Pagosa Springs, CO, USA, 1996; 390p.
42. Naiman, R.J.; Latterell, J.J.; Pettit, N.E.; Olden, J.D. Flow variability and the biophysical vitality of river

systems. Compt. Rendus Geosci. 2008, 340, 629–643. [CrossRef]
43. Yarnell, S.M.; Petts, G.E.; Schmidt, J.C.; Whipple, A.A.; Beller, E.E.; Dahm, C.N.; Goodwin, P.; Viers, J.H.

Functional flows in modified riverscapes: Hydrographs, habitats and opportunities. BioScience 2015, 65,
963–972. [CrossRef]

44. Kiernan, J.D.; Moyle, P.B.; Crain, P.K. Restoring native fish assemblages to a regulated California stream
using the natural flow regime concept. Ecol. Appl. 2012, 22, 1472–1482. [CrossRef] [PubMed]

45. Landsman, S.J.; Nguyen, V.M.; Gutowsky, L.F.G.; Gobin, J.; Cook, K.V.; Binder, T.R.; Lower, N.;
McLaughlin, R.L.; Cooke, S.J. Fish movement and migration studies in the Laurentian Great Lakes: Research
trends and knowledge gaps. J. Great Lakes Res. 2011, 37, 365–379. [CrossRef]

46. Cooke, S.J.; Bunt, C.M.; Hamilton, S.J.; Jennings, C.A.; Pearson, M.P.; Cooperman, M.S.; Markle, D.F. Threats,
conservation strategies, and prognosis for suckers (Catastomidae) in North America: Insights from regional
case studies of a diverse family of non-game fishes. Biol. Conserv. 2005, 121, 317–331. [CrossRef]

86



Sustainability 2019, 11, 3051

47. Wang, L.; Infante, D.; Lyons, J.; Stewart, J.; Cooper, A. Effects of dams in river networks on fish assemblages
in non-impoundment sections of rivers in Michigan and Wisconsin, USA. Riv. Res. Appl. 2011, 27, 473–487.
[CrossRef]

48. Pierce, C.L.; Ahrens, N.L.; Loan Wilsey, A.K.; Simmons, G.A.; Gelwicks, G.T. Fish assemblage relationships
with physical characteristics and presence of dams in three eastern Iowa rivers. River Res. Appl. 2014, 30,
427–441. [CrossRef]

49. Enders, E.C.; Watkinson, D.A.; Ghamry, H.; Mills, K.H.; Franzin, W.G. Fish age and size distributions and
species composition in a large, hydropeaking prairie river. Riv. Res. Appl. 2017, 33, 1246–1256. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

87





sustainability

Article

Hydropower Development and Fishways: A Need for
Connectivity in Rivers of the Upper Paraná Basin

Sergio Makrakis 1,2,*, Ana P. S. Bertão 1,2, Jhony F. M. Silva 1,2, Maristela C. Makrakis 1,2,

Fco. Javier Sanz-Ronda 3 and Leandro F. Celestino 1,2,*

1 Grupo de Pesquisa em Tecnologia em Ecohidráulica e Conservação de Recursos Pesqueiros e
Hídricos—GETECH, Universidade Estadual do Oeste do Paraná/ Rua da Faculdade, 645, Jd. Santa Maria,
Toledo, PR 85903-000, Brazil

2 Programa de Pós-graduação em Recursos Pesqueiros e Engenharia de Pesca/ Rua da Faculdade, 645 Jd.
Santa Maria, Toledo, PR 85903-000, Brazil

3 GEA-ecohidraulica.org, Universidad de Valladolid, E.T.S.II.AA. de Palencia, Avda. Madrid, 44,
34004 Palencia, Spain

* Correspondence: sergio.makrakis@unioeste.br (S.M.); le_celestino@hotmail.com (L.F.C.)

Received: 31 May 2019; Accepted: 3 July 2019; Published: 9 July 2019

Abstract: South American rivers have become intensely affected by the construction of hydroelectric
dams that block the river’s connectivity for migratory fish species. In order to mitigate the problems
caused by dams and to reestablish connections between habitats, fishways are implemented. Fishways
are structures that aid fish in overcoming obstacles and help preserve migratory, reproductive, and
feeding routes. This study performed an inventory of all hydropower plants—present and future—in
the Upper Paraná River, with the objective of identifying fishways unknown to scientific literature, as
well as the task of mapping them. By doing so, the current situation of structural connectivity via
fishways in the Upper Paraná River Basin was described. Overall, 389 dams along 209 rivers were
identified; of these, only 9% (35 dams) have fishways. In addition, an alarming explosion of future
medium-sized hydropower plants was observed, with an expectation of an almost 500% increase in
relation to those existing. This data reveals a trend of reduction of free-flowing river stretches, which
are crucial habitats for Neotropical potamodromous species, and point to a deficiency in the structural
connectivity of existing hydropower dams. Furthermore, if the implementations of these expected
constructions are associated with limited connectivity as a result of the absence of fishways, the
management of fisheries and their resources in the Upper Paraná River may become unsustainable.

Keywords: potamodromous fish; fish ladder; fisheries management; free-flowing rivers; Neotropical

1. Introduction

The great rivers of South America have been highly fragmented by hydroelectric dams in order to
meet an ever-growing energy demand [1]. The construction of such dams is one of many anthropic
actions which result in the greatest impact on hydrographic basins [2]. Among such impacts is the
regulation of the river flow, which alters nutrient dynamics [3], fragments the ecosystem, changes the
morphology of water bodies [4], and promotes the longitudinal imbalance of the rivers [5], which greatly
decreases biodiversity and leads to the loss of biological and genetic resources [2,6,7]. Furthermore,
this interferes in the migration of diadromous and potamodromous fish by blocking the connectivity
between feeding, reproduction, and development habitats [8].

Potamodromous fish, which migrate solely in inland waters, are severely impacted by the
fragmentation of rivers as a result of dams [9]. The Upper Paraná River Basin is home to approximately
310 fish species [10], of which 15–20 are long-distance migratory species [11–13], which are popularly
known as ‘piracema’ fish [14], and can usually migrate hundreds of kilometers to reproduce [13,15].
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Fish generally migrate longitudinally in an upstream spawning movement into the main river channel,
followed by a downstream dispersion of eggs and larvae [11]. The intact longitudinal pathways are
critical for survival, as well as the lateral migration into tributaries that are often very important
for reproduction and can serve as nursery areas for larvae and young fishes [13,16,17]. Most of
these species are very important for commercial and recreational fishing and represent a source of
income and nourishment for local communities [18]. Several different management strategies, such
as stocking programs and construction of fish passes [19], have been attempted in order to improve
the sustainability of artisanal fishery and the social conditions of families who are dependent on
this resource.

Fishways are constructed in order to reestablish connectivity between upstream and downstream
areas [20–22]. By its basic definition, fishways are structures for conducting water by dissipating
energy through baffles in order to provide a safe passage for migratory fish, without causing stress,
delays, or injuries, and at a low expense of energy [21,23–25]. Fishways can be divided into (i) technical
fishways, like fish ladders; (ii) nature-like structures, like bypass channels and rock ramps; and (iii)
special-purpose structures, like elevators, fish locks, and eel passes [21,26,27]. Nature-like channels,
aside from providing connectivity for fish species, also bear the highest resemblance to the natural
habitat, due to the presence of invertebrates and macrophytes [24,28–31]. In contrast, fish ladders can
be installed in higher dams and possess a shorter length as a result of the dissipation of water energy
through baffles, consequently reducing the cost of installation [21,24,32]. Fish ladders have several
designs which vary depending on the different types of baffles (also called weirs). As a result, they are
known by different names, such as pool and weir, weir and orifice, vertical slot and Denil, and other
mixed systems which present more than one design [21,23,26].

Although several types of fish ladders have been implemented over the last three centuries [33],
fishway science is still in its infancy, especially in South America [34]. The first fish passage constructed
in Brazil was a fish ladder in the Atibaia River in 1911, at the Salto Grande Hydroelectric Dam in the
São Paulo State [35]. This was followed by federal law n◦ 794 of 1938, enforcing the use of fishways as
follows: “Dams in rivers, streams, and creeks must have, as a mandatory complement, constructions
that allow the conservation of fluvial fauna by either facilitating the passage of fish, or by installing
fish farming”. However, this federal law was subsequently revoked by law n◦ 221 of 1967 as a result of
its non-specificity and its enforcement of fishway construction even when not necessary. In the years
that followed, some Brazilian states began to require constructions of fishways in waters within their
boundaries, provided that the environmental agencies issue favorable technical advice. This was the
case for both the states of São Paulo, with law n◦ 9.798 of 1997, and Minas Gerais, with law n◦ 12.488
of 1997.

In view of the mandatory nature of fishway implementation, combined with an absence of a
specific technological understanding of tropical species, existing fishways in South America have
followed a standard of size, hydraulic characteristics, and declivity based on fishways designed
for salmonids and other potamodromous species of temperate climates [35,36]. The morphology,
physiology, behavior, swimming capacity, and life history of Neotropical species, however, differ from
those of temperate regions [14,37–40], for which these fish ladders were originally designed. Thus,
the non-specificity of fishway projects undertaken in South America have furthered the installation
of low-efficiency systems, which have prompted an overall distrust of their functionality [41–43]. To
make matters worse, few hydroelectric enterprises perform adequate evaluations of attraction and
efficiency, as well as the necessary monitoring [44]. Attraction is a metric that evaluates the amount of
fish from a population that are able to find the fishway entrance, while efficiency is another metric that
evaluates how many fish have passed through the fishway, regarding the amount which entered into
the fishway—both metrics are generally expressed in percentages [45,46]. In addition, only a small
percentage of the resulting fishway evaluation and monitoring reports are divulged to the scientific
community [35]. This situation exacerbates the uncertainty regarding the fishways’ performance, and
in turn becomes an argument for the closure of already constructed fishways [47,48], as well as not
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implementing them at all in future projects. Nevertheless, ensuring structural connectivity, that is, the
presence of physical structures that allow the movement of organisms [49], such as fish ladders, may
be the first step in guaranteeing sustainability in fishery resources of regulated rivers [2].

Considering that the Upper Paraná River Basin is the most regulated in South America [1,11],
along with the expectation of future hydropower plants, very little is actually known about the quantity,
types, and dimensions of existing fishways. This lack of information is further inhibited by the
scattering of existing data in different journals and environmental agencies—both state and federal—as
well as the difficult access to projects and installations of hydropower plants and the spatial difficulty
of visiting all of them in such a vast region. Therefore, the need for a public inventory is crucial for
understanding the current and future situation of the Upper Paraná River Basin and to be able to guide
the environmental management of the river and local fishery resources. This study quantified the
hydropower dams—planned, under construction and in operation—in the Upper Paraná River Basin,
identified and characterized the existing fishways, as well as summarized biologic and ecological
aspects of the migratory species in the Upper Paraná River Basin.

2. Materials and Methods

The Paraná River basin has an extension of 2.8 × 106 km2 and covers roughly 80% of the
Paraná-Paraguay River basin [11]. Also known as La Plata River basin, it includes areas of Brazil,
Argentina, Bolivia, and Paraguay (Figure 1). The Paraná River is formed by the confluence of the
Paranaíba and Grande rivers and possesses important tributaries such as Tietê, Sucuriú, Verde, Pardo,
Aguapeí, Ivinhema, Amambaí, Iguatemi, Paranapanema, Ivaí, Piquiri, and Iguaçu rivers. This fluvial
system is distributed through areas of Brazil, Paraguay, and Argentina. The main trajectory of the
Paraná River is roughly 4600 km in length, and the annual sediment load is estimated to be over
1.5 × 108 tons [50]. The mainstem of the Upper Paraná River extends 750 km upstream of the Itaipu
Dam (Brazil-Paraguay border) and northeasterly up to the confluence of the Grande and Paranaíba
rivers [22], comprising Brazilian and Paraguayan territory. However, due to the lack of information
regarding hydroelectric power plants and their respective fishways in Paraguay, this study limits itself
to the dams located in the Upper Paraná River Basin within Brazilian territory, including the Iguaçu
River and its tributaries. The Upper Paraná River in Brazil partly drains the states of Goiás, Minas
Gerais, Mato Grosso do Sul, São Paulo, Paraná, and Santa Catarina.

2.1. Data Collection

2.1.1. Spatial Distribution and Classification of Hydroelectric Dams

The coordinates of hydroelectric dams in operation, planned and under construction, were
obtained through the Georeferenced Information System of the Electric Sector (SIGEL—https://sigel.
aneel.gov.br/portal/home/) of the Brazilian National Hydroelectric Agency (ANEEL), accessed in May
of 2018. The data obtained was processed in the Shapefile format by the Geographical Information
System (SIG) QGIS 2.18 [51], with the World Geographical System (WGS 84).

The hydropower dams were classified into three groups, according to the guidelines set by the
ANEEL, based on the installed power (Megawatt—MW) and the area of the reservoir: (i) small-sized
(Central Geradora Hidrelétrica—CGH), installed power rated at ≤3 MW, divided into microgenerators,
with installed power rated at >0.075 and ≤3 MW [52]; (ii) medium-sized (Pequena Central Hidrelétrica
—PCH)—installed power rated at >3 MW and ≤30 MW, including a reservoir with an area up to
13 km2 [53]; and (iii) large (Usina Hidrelétrica de Energia—UHE)—installed power rated at >30 MW [54].
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Figure 1. The Upper Paraná River Basin in Brazilian territory and its main tributaries.

2.1.2. Fishway Survey

The geographical coordinates of the hydropower plants in operation obtained through the ANEEL
website were inserted into the Google EarthTM software and were utilized to visually inspect each
hydroelectric enterprise to verify the existence of fishways [1]. The information regarding the types of
fishways, design, construction date, and materials, were obtained through broad review of available
literature, including scientific articles, books, and reports. The origin of the information regarding
the fishways were classified into scientific sources (books and articles), reports (from environmental
agencies, hydroelectric plants, universities, as well as doctorate thesis), and visual inspection (fishways
which did not have any previous mention in the literature and were identified for the first time through
Google EarthTM). With a basis in the available data, the fishways (type and design) were categorized
according to Clay (1995), Larinier (2001), and Silva et al. (2018) [21,26,27].

2.1.3. River Connectivity

A risk map of river connectivity of the Upper Paraná River Basin was constructed. For this,
the river stretches were quantified and classified in three categories: (i) blocked—river stretches
fragmented by dams without fishways; (ii) connected—river stretches dammed but connected by
fishways at dams; (iii) free-flowing river stretches—river stretches with natural flow.

It was considered hydropower plants in operation, however, only in this analysis the Baixo Iguaçu
Dam (large-sized), the last one of a cascade of dams along the Iguaçu River, was included, which
started the operation in March 2019.

2.1.4. Bioecological Aspects and Conservation Status of Migratory Species

A review of the literature was conducted to summarize some biological and ecological aspects of
migratory species occurring in the Upper Paraná River Basin: status of conservation [55–57]; maximum
standard length [12,58,59], feeding [11,60,61], spawning season [12,58,61–63], habitat [12,61], and
migratory movements [13].
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2.2. Data Analysis

The proportions of the types of hydropower plants in operation (CGH, PCH and UHE), as well as
the proportions of fishway types were tested by the chi-square test for equal proportion, while the
proportions of fishways by type of hydropower plant were tested by the likelihood test and Fisher’s
exact test. All the analyses were performed by the PROC FREQ procedure of the SAS University
Edition 9.4 (Cary, NC, USA), with a significance level of 5%.

3. Results

3.1. Hydropower Development

Overall, ANEEL’s database provided information regarding 974 hydropower plants, of which
59.2% (n = 577) are planned for construction, 0.8% (n = 8) are under construction, and 39.9% (389
plants) are in operation (Table 1).

The proportion of dams in operation was different between the types of hydroelectric power
plants (CGH, PCH, and UHE) (test for equal proportions: x2 = 59.850, df = 2, p < 0.001). The proportion
of CGH in operation was 51.7% (n = 201) and was greater to the proportion of PCH and UHE, which
represented 26.2% (n = 102) and 22.1% (n = 86), respectively (Table 1). The proportions of PCH and
UHE did not differ significantly (test for equal proportions: x2 = 1.361, df = 1, p = 0.243). The spatial
distribution of CGH, PCH and UHE in operation are illustrated in Figure 2.

Figure 2. Distribution map of hydropower dams in the main rivers from Upper Paraná River Basin, by
type of enterprise: UHE = large, PCH =medium, and CGH = small-sized hydropower plants.
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Table 1. Number of hydropower plants planned, under construction, and in operation according
to ANEEL.

Hydropower Plant Classification Planned Under Construction In Operation Total

Large-sized: UHE 61 2 86 149

Medium-sized: PCH 516 6 102 623

Small-sized: CGH - - 201 201

Total 577 8 389 974

In relation to future hydropower plants, the proportion of planned PCHs was of 89.4% (n = 516)
and was greater to the proportion of planned UHEs, which represented only 10.6% (n = 61). Therefore,
the number of future PCHs (n = 516) represented a five-fold (505%) increase in relation to PCHs in
operation, whereas the number of future UHEs represented an increase of 71% (Table 1).

3.2. Fishway by Hydropower

A total number of 37 fishways were identified and distributed between 35 dams. The Engenheiro
Sérgio Motta Hydropower Plant (UHE) has two fishways—a fish ladder and an elevator, and the São
Joaquim (PCH) has two fish ladders (Table 2). The percentage of fishways differed between the CGH,
PCH, and UHE (likelihood ratio: x2 = 32.074, df = 2, p < 0.001). The proportion of CGHs with fishways
(1.5%; n = 3) was significantly lower in relation to PCHs (Fisher’s exact test: p < 0.001), as well as UHEs
(Fisher’s exact test: p < 0.001). Nevertheless, the proportion of hydropower plants with fishways did
not differ significantly between PCHs (20.6%, n = 21) and UHEs (12.8%; n = 11) (Fisher’s exact test:
p = 0.176).

3.3. Fishway Information Profile

There was no significant difference in proportion of the type of information regarding fishways,
that is, fishways without information (fishway found by visual inspection), with scientific information,
and with reports (test for equal proportions: x2 = 1.523, df = 2 p = 0.469). Overall, of the 37 fishways
encountered, 35.1% (n = 13) did not possess any type of available information and were only identified
for the first time through satellite imaging (Figure 3A; Table 2). Alternatively, 40.5% of the fishways
(n = 15) displayed scientific information (articles or books) in regard to evaluation of attraction,
efficiency, or continuous monitoring. Finally, 24.3% of the fishways (n = 9) had information available
through reports, which can best be described as grey literature (Figure 3A). Of the fish passages with
available scientific information, the fish ladder at Engenheiro Sérgio Motta hydropower dam (known
as Porto Primavera, São Paulo State) stood out as the most studied, having been the subject of seven
published scientific articles.

3.4. Fishway Types

The proportion of fishway types varied in relation to fish ladders, elevators, and lateral system.
Fish ladders were predominant, representing 91.9% (n = 34) of all constructed fishways, while elevators
corresponded to 5.4% (n = 2), and lateral system only accounted for 2.7% (n = 1) (Figure 3B).

Of the 34 fish ladders, no information about design was found for 44.1% (n = 15), whereas for
55.9% (n = 19), some information was available. Of these 55.9%, with respect to design, 26.5% (n = 9)
were pool and weir, 23.5% (n = 8) were weir and orifice, 2.9% (n = 1) were vertical slot, and 2.9% (n = 1)
were of a mixed design (Figure 3C). Photos of the different types and designs of these fishways can be
seen in Figure A1.
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Figure 3. Origin of the information regarding encountered fishways: NO = no previous information
(first records of the transposition system), SCI = fishway with available scientific information (articles
or books), and REP = grey literature information (reports, theses, webpages) (A). Percentage of the
types of fishways found in the Upper Paraná River basin: FL = fish ladder, EL = elevator, and LS =
lateral system (B). Designs of encountered fish ladders: NO = no information regarding baffle types,
PW = pool and weir, WO =weir and orifice, VS = vertical slot, and MX =mixed designs (more than
one design) (C).

3.5. History of Fishways in the Upper Paraná River Basin

The fishways in the Upper Paraná River Basin that possess information regarding their construction
date (n = 19) were built between 1911 and 2015 (a 104-year interval), resulting in an age mean of 47.1
years. In general, 41.1% of these (n = 8) were constructed within the last 18 years (Figure 4A), preceded
by 21% (n = 4) from 1940 to 1959, 15.8% (n = 3) from 1900 to 1919, 10.5% (n = 2) from 1980 to 1999,
5.3% (n = 1) from 1920 to 1939, and 5.3% (n = 1) from 1960 to 1979. In regard to fish ladder designs,
pool and weir was the most widely utilized until the 1950s. From the 1950s onward, what are thought
to be more efficient fish ladder designs gained popularity, predominantly weir and orifice designs
(Figure 4B). In addition, the unique fish ladder with vertical slot design was built in the 1980–99 period.
Alternatively, mixed designs such as the lateral system, Canal da Piracema, as well as elevators, were
constructed exclusively from 2000–2018 (Figure 4B).

Figure 4. Percentage of fishways constructed per 20-year period in the Upper Paraná River Basin (A).
Fishway type and fish ladder design constructed per 20-year period (B). PW = pool and weir, WO =
weir and orifice, VS = vertical slot, EL = elevator and MX = mixed system (includes fishways with
more than one design).
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From all 37 fishways found, 24.3% (n = 9) have some kind of information regarding efficiency,
while only 5.4% (n = 2) were rebuilt or structurally modified to improve their efficiency. The first to
undergo modifications/reconstruction was the Cachoeira das Emas fish ladder in the Mogi-Guaçu
River, São Paulo State, built in 1922 and rebuilt in 1943 (Table 2). Additionally, the Gavião-Peixoto fish
ladder in the Jacaré-Guaçu River was built in 1913 and was rebuilt in 1987, 1995, and 2007 (Table 2).

3.6. Structural Connectivity by Fishways

Regarding all the hydropower plants currently in operation in the Upper Paraná River Basin
(n = 389), only 9% (n = 35) have some type of fishway to provide structural connectivity (Figure 5).
Furthermore, at least two fish ladders are inactive, both are fish ladders in the Paranapanema River at
the Canoas I and II dams (Table 2).

Figure 5. Distribution of hydropower dams in the main rivers of the Paraná River Basin. Black dashes
indicate dams without fishways, and red dashes indicate dams with fishways. Numbers within the red
circles represent the dam ID with fishways and can be found in Table 2.

The Upper Paraná River Basin is composed of a fluvial network that extends through 154,608 km,
where 209 rivers (32,490.4 km) of this network have at least one hydropower dam, which corresponds
to 0.0119 dam km−1. However, only 10% (n = 21) of these rivers have some type of fishway to provide
structural connectivity (Figure 6). The main water courses of the Upper Paraná River Basin are
composed of a 31,454 km river network, where only 9% (2788 km) are connected by fishways, 48%
(15,187 km) are blocked, and 43% (13,598 km) are free-flowing (Figure 6).
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Figure 6. Risk map of river connectivity in the Upper Paraná Basin illustrating hydropower dams and
the stretches of rivers: blocked, connected by fishways, and free-flowing. The circles indicate disabled
fishways, and the asterisk indicates Baixo Iguaçu Dam.

The Paranapanema and Sapucaí rivers present the highest number of dams with fishways (n = 5),
followed by the Grande, Itararé, Paraná, Pardo, Sorocaba, and Mogi-Guaçu rivers (n = 2 each river),
while the other rivers have only one dam with a transposition system (Table 3).

Within a geopolitical distribution, 71.4% of dams with fishways (n = 25) reside within the state of
São Paulo, followed by the states of Minas Gerais, Goiás, and Paraná, with 8.6% (n = 3) each, and the
state of Mato Grosso do Sul with 2.9% (n = 1) (Table 3).

100



Sustainability 2019, 11, 3749

Table 3. Rivers of the Upper Paraná Basin with fishways and their respective length, slope, quantities of
dams per river, dams with fishways, and the percentage of dams that provide connectivity via fishway.
Dam location corresponds to the state in which the dam is located. * Indicates that the river flows on
the border of a neighboring state, but the dam with the fishway follows the legislation of the state
marked by the asterisk. # Indicates a fishway in each state.

N River
River

Length
(km)

River
Slope

(%)

Number
of Dams
per River

Number of
Dams per
River with

Fishway

% of Dams
with Fishway

per River
Dam Location (State)

1 Atibaia 181.5 0.23 2 1 50.0 São Paulo
2 Claro 353.8 0.14 4 1 25.0 Goiás
3 Corumbataí 84.7 0.29 1 1 100.0 São Paulo
4 Peixe 92.1 1.01 1 1 100.0 São Paulo
5 Grande 1156.9 0.08 12 2 16.7 Minas Gerais *
6 Itararé 197.8 0.21 2 2 100.0 São Paulo
7 Jacaré-Guaçu 171.7 0.21 2 1 50.0 São Paulo
8 Jaguari-mirim 98.3 0.21 2 1 50.0 São Paulo
9 Laranjinha 257.8 0.26 1 1 100.0 Paraná

10 Meia Ponte 434.9 0.16 1 1 100.0 Goiás
11 Mogi-Guaçu 406.1 0.24 6 2 33.3 São Paulo
12 Paraná 802.4 0.02 4 2 50.0 São Paulo and Paraná#
13 Paranapanema 718.3 0.08 11 5 45.5 São Paulo *
14 Pardo 481.0 0.18 7 2 28.6 São Paulo
15 Quilombo 35.7 0.56 1 1 100.0 São Paulo
16 Sapucaí 305.8 0.17 5 5 100.0 São Paulo
17 Sorocaba 204.1 0.19 5 2 40.0 São Paulo
18 Tibagi 336.8 0.11 2 1 50.0 Paraná
19 Tijuco 274.8 0.15 2 1 50.0 Minas Gerais
20 Verdão 384.3 0.15 1 1 100.0 Goiás
21 Verde 386.3 0.07 3 1 33.3 Mato Grosso do Sul

Total 7365.1 - 75 35 46.7 -

3.7. Bioecological Aspects and Conservation Status of Migratory Species

Eighteen migratory fish species are listed in Table 4, which occur in the Upper Paraná River
Basin. Some species are rare in this region, such as Salminus hilarii, Steindachneridion scriptum and
Zungaro jahu. Regarding the status of conservation, six species are threatened, among them one near
threatened, NT, (Pseudoplatystoma corruscans); two vulnerable, VU, (Salminus brasiliensis, Rhinelepis
aspera); and three endangered species, EN, (Brycon orbignyanus, S. scriptum and Z. jahu). However,
B. orbignyanus is also classified as critically endangered, CR, in the State of São Paulo, Brazil. The
migratory fish are medium and large-sized species (characiformes, catfish and armored catfish) and
exhibit varied feeding, with short reproductive periods (ranging from two to four months) between
October and March. Most species are restricted to stretches of free-flowing rivers (FFRS) of dams, in
the mainstem and/or tributaries, while some species also inhabit reservoir-dammed areas (Prochilodus
lineatus, Pimelodus maculatus, Pinirampus pirinampu, Pterodoras granulosus, and Rhaphiodon vulpinus).
Migratory species move longitudinally in the mainstem river, upstream and/or downstream, as well as
most species perform lateral movements in dam-free tributaries.

Particularly in the Lower Iguaçu River, upstream of the Iguaçu Falls, there is an endemic and
endangered species, and possibly migratory, Steindachneridion melanodermatum, similarly to S. scriptum.
This species is restricted to a river stretch of 190 km, dam-free, and its knowledge is still limited.
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4. Discussion

The fragmentation of rivers caused by dams is one of the leading factors of population decline in
fish species [4]. Despite the negative effects on migratory and resident fish species, there are still ongoing
plans to develop new hydropower dams, mainly in regions of high hydropower potential that have yet
been unexploited, much like the basins of the Congo, Mekong, and Amazon rivers [97,98]. Therefore,
the future of these free-flowing stretches of the Upper Paraná River Basin may be compromised, due to
an expected 505% increase in medium-sized dams (PCHs). It is possible that this elevated number
of medium-sized dams is the result of an exhaustion of the great hydraulic potentials caused by the
construction of large-sized hydropower plants (UHEs) within the last 50 years [1]. This scenario
jeopardizes migratory fish to an even greater risk than they face with existing dams.

Overall, 389 hydropower dams were identified, and only 35 (9%) of them have fishways in the
Brazilian Upper Paraná Basin (some dams have more than one fishway, totaling 37 fishways overall).
Although 37 fishways is a proportionally small number (9.5%) in comparison to 389 dams, the number
of fishways encountered in this study alone was greater than the 25 fishways listed in all South America
according to the most recent fishway inventory performed by Lira et al. [44]. These authors, however,
only utilized information derived from scientific articles. By contrast, the results encountered in this
study were derived from the integration of different research methods, such as scientific literature,
grey literature, and satellite imaging, which provided the description of 13 new fishways in the Upper
Paraná River Basin.

The number of fishways in this study was much higher in the state of São Paulo than in the five
other Brazilian states drained by the Upper Paraná River. This fact may be related to current state
legislation which requires the construction of fishways, when the position of the state environmental
agency is favorable [99]. The state with the second largest number of fishways was Minas Gerais,
which also has legislation regarding fishway implementation [100], while the other states that are part
of Upper Paraná Basin do not have specific legislation regarding fishways. Despite some Brazilian
states possessing legislation that describes the implementation of fishways whenever pertinent [99,100],
there is no legislation that enforces the evaluation or monitoring of these structures. Once built,
the evaluation and monitoring of the fishway depends entirely on requests from the environmental
agencies and how it affects their granting of operating licenses for each hydropower plant. Otherwise,
the necessary evaluation and monitoring will depend on the good faith of the developers. It is
important to remember that the mere existence of a fishway will not guarantee that it will function as
desired, especially when considering that the observed efficiency of existing structures hardly ever
surpasses 30%.

This reality certainly explains the absence of scientific literature regarding fishways in the region
this study took place. For the most part, fishways with scientific information are a result of partnerships
with the hydropower companies and universities which utilize these fishways as a subject of study [44].
This is the case of the fish ladder at Engenheiro Sérgio Motta Hydropower Plant (Porto Primavera, SP),
which is the subject of the highest number of published scientific articles [34,38,39,73–75], followed
by Itaipu Binacional—Canal da Piracema [41,80–82], Canoas I and II [48,66], but it is also the reality
of other fishways in the Tocantins River, Amazon Basin [101–103]. Many fishways in South America
that have been evaluated are deemed selective or inefficient [41,80,104,105], and despite efficiency
problems being commonplace, only two fishways have been modified or reconstructed in an aim to
improve their efficiency, as were the cases of the Cachoeira das Emas [71,91] and the Gavião-Peixoto
fish ladders [43,95].
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During the data collection for this study, there was a predominance of fish ladders in relation
to other types of fishways (elevators and lateral system). The small number of recorded elevators
in this study could be a result of negative experiences with this fishway type in South American
rivers. Evaluations conducted in some elevators showed low biomass transposition, high operational
cost, and electromechanical problems [42,78,79]. Furthermore, the transposition of fish in this system
is unidirectional (from downstream to upstream), not allowing the return of fish from upstream to
downstream [106]. These factors may have contributed to the non-installation of this type of fishway
in the other dams.

The lateral system found in this study, the Canal da Piracema, located at the Itaipu Dam, is
more than 10 km long, and is considered the longest fishway in the world, comprising different
designs such as semi-natural, vertical slot, and pool and weir [80,82]. Nature-like systems possess
characteristics similar to those found in nature, facilitating the passage of fish, as they can offer habitats
for aquatic organisms [31] and provide restored environments when compared to technical fishways [28].
Additionally, in some cases, nature-like systems and technical fishways can be favored over other
structures such as elevators and fish locks, as they may allow for bidirectional connectivity [22,29].
A large part of fish ladders constructed in the Upper Paraná River until 1960 were of pool and weir
design, and although they are encountered in a much higher frequency, they are considered to be fairly
selective, as they favor jumper fish and limit the passage of fish which swim at the bottom [24,107].
Later, however, more adequate designs were implemented, such as weir and orifice and vertical slot,
which permit the passages of benthic as well as pelagic fish species.

Fishways should obligatorily be implemented when: (i) there are native migratory species that
require passage through the area where the axis of the dam is located; (ii) there is no impassable natural
barrier that separates habitats prior to the construction of the dam (e.g., waterfalls); (iii) migratory
species present a spatial distribution in both stretches that are to be fragmented by the dam, that is,
where gene flow is present; and (iv) there are habitats favorable for spawning upstream from the axis
of the future dam [108]. It is very likely that many of the 354 dams without fishways in the Upper
Paraná River Basin would fit these four criteria proposed by Makrakis et al. [108], which would justify
the implementation of fishways. Considering that the majority of hydropower dams do not permit a
connection to the stretch of river blocked by the dam, it can be assumed that vast stretches have been
highly fragmented, and consequently, gene flow in the Upper Paraná River has been compromised.
Rivers which are prominently inhabited by migratory species are considerably fragmented, such as the
Grande River, which hosts 12 dams, and only 2 of them (16.7%) provide fishways; the Pardo River,
with 2 dams (28.6%); the Mogi-Guaçu River with 2 dams (33.2%); and the Paranapanema, a large
tributary which spans roughly 1,000 km, with only 5 dams (45.5%) (Table 3). The Paranapanema
River is especially notable, as the Rosana Hydropower Plant, which does not offer a fishway, is 25 km
from where it meets the Paraná River, thereby severely hindering connectivity with the mainstream.
Studies have shown that populations of long-distance migratory species in this tributary have been
reduced [109], and this fact may be associated with the lack of connectivity at Rosana Dam.

New dams are expected and they could drastically reduce the number of free-flowing stretches,
which are important areas for the maintenance of potamodromous species [110]. In the Paraná River
mainstem, the preservation of the free-flowing river stretches, the floodplain of Upper Paraná River,
which extends about 230 km from the Guaíra municipality up to downstream of the Porto Primavera
Dam, is essential for the maintenance of fish diversity (Figure 6). Regarding the main tributaries in the
Upper Paraná River Basin, notably the Aguapeí, Ivinhema, Iguatemi, Ivaí and Piquiri and Capanema
(a tributary of Iguaçu River) rivers are completely free-flowing rivers and must be preserved (Figure 6).
Additionally, other rivers that are partially dammed and have long free-flowing stretches require
special attention because they are important areas of spawning and nursery for migratory fish species,
e.g., the Pardo, Verde and Lower Iguaçu rivers [17,110–112].
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The role of fishways in connectivity for some long-distance migratory species in Neotropical rivers
has been widely studied, and its efficacy has been proven, as was the case of the Porto Primavera fish
ladder [17,22,34,39,73,74,113]. A long period of monitoring the Porto Primavera fish ladder has shown
that the fish ladder can provide bidirectional connectivity for some fish species, such as Prochilodus
lineatus [22] and Megaleporinus obtusidens [34], and the results of the connectivity have been corroborated
with the maintenance of P. lineatus gene flow in the whole Upper Paraná Basin [113]. In this sense,
it is fundamental that hydropower plants meet the necessary requirements [108], and should seek
the installation of fishways, especially fish ladders, which allow for the voluntary and bidirectional
passage of fish species [22].

This study conducted a data survey, a revision, and an update to technical scientific information
of existing fishways in the Upper Paraná River Basin within Brazilian borders. Thus, hydropower
plants, both current and future, in attending to the requirements of implementation, must enable the
connectivity of critical habitats to migratory species via fish ladders. The designs of these fish ladders
must meet the biological demands related to the behaviors and swimming capabilities of Neotropical
migratory fish species. Although fish ladders are not a panacea to solve the environmental distresses
caused by impoundments, they can mitigate impacts [22]. A feasible implementation with adequate
designs of fish ladders in hydropower dams of the Upper Paraná River Basin is one of the fundamental
requisites for the viability of maintaining connectivity, and therefore, the conservation of Neotropical
long-distance migratory species.
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Appendix A

 

Figure A1. Weir and orifice fish ladder constructed in metal at the UHE São Domingos—Photo: [61]
(A). Pool and weir fish ladder constructed in the Cachoeira das Emas PCH—Photo: [82] (B). Pool and
weir fish ladder constructed at the São Joaquim PCH—Photo: [102] (C). Weir and orifice fish ladder of
the Canoas I UHE, without water—Photo: [58] (D). Weir and orifice ladder of the Canoas II UHE with
water—Photo: [103] (E). lateral system (Canal da Piracema) of ITAIPU without water—Photo: Leandro
F. Celestino (F). Example of a mixed system (Canal da Piracema) of ITAIPU with water—Photo: [104]
(G). Weir and orifice fish ladder of the Engenheiro Sérgio Motta UHE without water—Photo: Leandro
F. Celestino (H). Weir and orifice fish ladder of the Engenheiro Sérgio Motta with water—Photo:
Leandro F. Celestino (I). Elevator of Engenheiro Sérgio Motta UHE—Photo: Leandro F. Celestino
(J). Example of a vertical slot at Igarapava UHE—Photo: [105] (K). Pool and weir as part of a mixed
ladder at Galvão-Peixoto PCH—Photo: [106] (L), Pool and weir fish ladder constructed at Salto Grande
PCH—Photo: [107] (M).
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Abstract: Due to peak electricity demand, hydropeaking introduces rapid and artificial flow
fluctuations in the receiving river, which alters the river hydromorphology, while affecting the
downstream ecological integrity. The impacts of hydropeaking have been addressed in flumes and in
rivers. However, few studies propose mitigation solutions based on fish responses. The objective of
this communication was to assemble the methods and outputs of flume research focused on Iberian
cyprinids and to present recommendations to be used by freshwater scientists and hydropower
producers. Emphasis was given to the critical role of integrating ecology and hydraulics to find the
causal pathway between a flow change and a measurable fish response. The use of diverse behaviour
quantification methods, flow sensing technologies, and statistical tools were decisive to strengthen
the validity of the findings and to identify fish-fluid relationships, according to flow events. This
communication encourages further research to identify flow thresholds for key life-cycle stages and
complementary river studies to design and assess mitigation solutions for hydropeaking. Although
the research focused on an Iberian cyprinid, the methods suggested have the potential to be extended
to other fish species affected by hydropeaking.

Keywords: hydropeaking; Iberian cyprinids; flow refuges; hydropower; flow variability; fish
physiology; fish behaviour; ecohydraulics

1. Introduction

In response to daily peaks of electricity demand, the hydropower plants (HPP) control the flow
through the turbines very rapidly, which results in downstream hydropeaking [1]. These rapid
flow fluctuations result from the distinct stages of hydropeaking: base-flow discharge (no electricity
production), increasing discharge or up-ramping (powering-on of the turbines), continuous high
discharge (peak electricity demand), and decreasing discharge or down-ramping (powering-off of
the turbines) [2,3]. This continuous flow variability alters the downstream river morphological and
hydrological processes [4–9], with consequences to the ecological integrity of the river system [10].
Notwithstanding, new hydropower plants are planned or under construction [11,12]. In addition, the
estimates of global hydropower potential are convenient for producers [13], therefore, hydropower
production continues to expand [14]. Given these and the predicted impacts of climate change, it is
expected that the artificial flow fluctuations will be particularly severe for Iberian rivers affected by a
Mediterranean climate [15], especially in the summer when water is scarce and the flow downstream
is low, even if an ecological flow is provided by the HPP.

Fish responses to hydropeaking range from organism-level adjustments (neuroendocrine and
metabolic) [16,17], to changes in diel activities (e.g., foraging, finding a suitable habitat, or avoiding
predators), and alterations in key life-cycle events (e.g., reproductive migration, recruitment, and
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survival) [18]. This range of responses is mostly related to the spatiotemporal scale of the effects.
The study of population or community dynamics is to larger spatiotemporal scale effects, whereas
organism-level responses are to finer spatial scales and short-term effects. Different experimental
approaches have been adopted to address those biological responses, namely studies conducted in
riverine conditions [19], in artificial flumes [20–22], and numerical modelling studies [23,24]. In rivers,
changes in fish assemblages along the longitudinal gradient [25,26], in diel activity [27], and in
life-history traits (growth and longevity) [28] have been associated with hydropeaking. In addition,
smaller [19,29–32] to wider spatial-scale movements [33–37] have been reported. This high variability
has been mainly attributed to the difficulty in isolating external factors, to the presence and use of
natural velocity refuges, or to inter-individual and intra-individual variability [19,30]. It is clearly
challenging to find a causal pathway between flow variability and a measurable fish response [38],
explained by the overlapping effects of other physical and biological factors that are difficult to isolate
in rivers [19,31].

Inter-individual and intra-individual changes associated with flow fluctuations are mostly
addressed in flume conditions because it is possible to control the flow events and to isolate potential
confounding factors. Physiological responses, such as elevations in corticosteroid levels and changes
in glucose, have been associated with simulated rapid flow fluctuations in experimental flumes [16].
A high swimming effort [20], no changes in social interactions or growth rates associated with
down-ramping [39], and diverse preference patterns according to substrate and refuges [16,22,25,40,41]
have been reported in experimental flumes. Although some of these findings clearly illustrate that
rapid flow fluctuations affected fish performance, others are inconsistent and even contradictory. It is
still challenging to extrapolate the findings regarding specific changes in a flow component (e.g.,
magnitude or frequency) to population or community-level responses because these flow changes
occur at timescales much shorter than population responses [31]. This is justified by the difficulty to
isolate each flow component in river conditions. Although the impacts of hydropeaking in population
and community dynamics are recognized, it is still complex to attribute a higher effect to magnitude
or frequency. This aspect is crucial to implement operational or morphological mitigation strategies.
Either in rivers or in flumes, it is possible to characterize the hydraulic conditions by using diverse
flow sensing technologies. The measurements are then incorporated in hydraulic numerical models to
either characterize hydropeaking and propose habitat enhancement measures [23,42,43], or to propose
adaptations in the operational schemes [44,45] to predict potential scenarios, and to develop conceptual
frameworks to serve as grounds for hydropeaking studies [2,8,18].

Even recognizing the research effort that has been directed to address the hydropeaking
problematic, few studies have proposed mitigation strategies. Specifically referring to habitat
enhancement solutions, lateral refuges (deflectors) were effectively used for flow-refuging by Iberian
barbels in simulated hydropeaking conditions [21]. T-shaped structures [46] and lateral refuges were
suggested as potential flow-refuges for brown trout [22] and young grayling [47]. However, the
proposed artificial refuges were not tested in natural conditions. Most of the projected structures were
designed to offer flow refuge for salmonids based on changes in the swimming activity [22,46], or the
interaction with conspecifics in flume conditions [48,49]. However, considering flow as the abiotic
factor that determines fish movement, it is expected that it has considerably different effects on the
movement behaviour of fish species, especially considering the morphological adaptations and the
diverse swimming modes resulting from millions of years of evolution [50]. For this research, we
considered the existing knowledge about habitat enhancement strategies to mitigate the effects of rapid
flow fluctuations for salmonids and to bridge the knowledge gap for cyprinids.

Prior to the work that resulted in this communication, the effects of hydropeaking on cyprinids had
been scarcely addressed [26,28]. Moreover, the application of habitat mitigation measures for cyprinids
was inexistent. Remarkably, this group is the most abundant and dispersed in rivers worldwide [51].
Grounded on these knowledge gaps and on the previous findings for salmonid species, the effects of
hydropeaking events were assessed for an Iberian cyprinid and the potential of artificial flow-refuges
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were evaluated at an indoor flume. The main objective of this communication is to assemble the major
findings of those previous experiments by presenting the adopted multidisciplinary approach and
a set of practical guidelines for the design of flow-refuges to freshwater scientists and hydropower
producers. Particular emphasis is given to the critical role of integrating ecology and hydraulics to
find the causal pathway between a specific flow change and a measurable fish response. Lastly, the
limitations of this research are enumerated, and future research opportunities are discussed.

2. Research Approach

2.1. Problem Identification

The first step to implement flow-refuges as a mitigation measure for hydropeaking is the clear
identification of the changes in magnitude, duration, and frequency of a flow event likely to occur
in rivers affected by hydropower production. Thus, the simulated flow events were based on the
operational scheme of Portuguese hydropower plants operating in hydropeaking regime [45,52].
Recognizing the impracticability of dam removal, the potential constraints inherent to the hydropower
facility, and the difficulty of convincing hydropower producers to adapt the operational scheme, the
research focused on the design of potential habitat enhancement solutions, given as flow-refuges. The
methods adopted incorporated a multidisciplinary approach conducted at an indoor flume where
physiological and behavioural responses were measured. The resultant hydraulic conditions were
characterized (Figure 1).

Figure 1. Circular flow chart displaying a potential sequence of steps to study the impacts of hydropeaking
in flume conditions and to propose mitigation measures accordingly. HPP-Hydropower Plant.

With this approach, it was possible to relate physiological adjustments, changes in motion, and
structure use, with the hydraulic conditions created by flow fluctuations and the presence of structures.
Although it was adopted to assess the hydropeaking problematic for an Iberian cyprinid, this research
approach has the potential to be adapted to other flume-based research and fish species.
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2.2. Experimental Design

The experiments were conducted at an indoor flume with a rectangular cross-section, constructed
on a steel frame with glass panels on both sides (Figure 2). The flume length was shortened to 6.5 m
using two perforated metallic panels. The discharge and the water level were controlled by a sluice
gate upstream and by a flap gate downstream and the maximum discharge was set to 60 L·s−1. This
flume is equipped with a false bottom, which means it is highly versatile when testing a wide range
of structures.

Figure 2. Top (a) and lateral (b) view of the indoor experimental flume, respective dimensions (m).
C1-C5—Behaviour observation areas.

A diverse set of flow events was tested, where magnitude, peak duration, peak frequency, and
event duration were changed (Figure 3). For all experiments, the base-flow conditions consisted of
a continuous 7 L·s−1 flow event (Figure 3, blue line). The peak discharges tested were 20, 40, and
60 L·s−1 and were adapted during the progress of the experiments based on the findings of each setup
(Figure 3).

The peak events were initially studied in the presence of lateral deflectors (Figure 3, Setups 1
and 2) [21,53]. For these structures, two configurations were tested-meandered, and single-sided-in
two experimental setups termed setup 1 and 2, respectively (Figure 3). The reasoning behind the
selection of lateral structures was: (i) their broad use in restoration actions [54], (ii) velocity preferences
of the selected cyprinid species [55,56], (iii) velocity refuges proposed for other species [22], (iv) habitat
modelling studies based on suitability curves [23], and (v) in studies aiming at designing effective
fishways for this species [57].

Instream structures, namely v-shaped structures and solid triangular pyramids, were tested in the
third experimental setup (Figure 3, Setup 3) [58]. The instream structures were designed according
to: (i) the results from the previous experiments with lateral deflectors, (ii) fishway experiments with
this species [59], and (iii) the potential effect of these structures on the hydrodynamic conditions (e.g.,
formation of vortices and shaded areas) and, consequently, on specific fish motion patterns.
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)

Figure 3. Flow events and flume configurations for each experimental setup. The tested structures
were: for Setup 1, lateral meandered deflectors, for Setup 2, lateral single-sided deflectors, and,
for Setup 3, v-shaped structures and solid triangular pyramids, respectively. Q—Discharge (L·s−1);
T—Time (minutes).

2.3. Hydraulic Characterization

To characterize the hydraulic conditions and the hydrodynamic environment, two measuring
technologies were adopted: (i) velocity measurements using acoustic Doppler velocimetry (ADV),
followed by a calibration to a theoretical 3D numerical model, and (ii) a novel technology using an
artificial lateral line probe (LLP), which measures the pressure gradients over the probe body, which
enables a characterization of fluid-body interactions [58]. For both, we selected a measurement grid
that covered the areas that would be most affected by the structures and by the peak event. Acoustic
Doppler Velocimetry (ADV) technology (Nortek-AS Vectrino 10 MHz, 100 Hz sampling rate) was used
to characterize the velocity field in the flume when equipped with meandered deflectors for 7, 20,
and 60 L·s−1. The ADV output was used to calibrate a numerical model, extending its measurements
to the single-sided deflector configuration, and to predict the flow field, according to the imposed
changes [21]. One disadvantage of ADV technology is that it only performs point flow measurements,
which neglects the fluid-body interactions that fish use to process flow. This and other conventional
techniques often measure at a sampling rate that is below (1–50 Hz) the sensory range of lateral lines
(10s–100s Hz) [60]. Artificial lateral lines have emerged to provide a closer representation of the
hydrodynamic changes that are actually perceived by fish [61,62]. The artificial lateral line used for
this research consisted of a 0.22 m length standard NACA 0025 airfoil shape, which is most similar to a
cross section of a fish. This sensor measures pressure gradients over its body, mimicking the natural
analogue, by using six differential pressure sensors, two in the front (snout) and two at each side of the
probe body [58]. The pressure measurements were performed for two depths, using a 200 Hz sampling
rate. The selected flow metrics derived from the LLP (i.e., mean pressure, mean front fluctuations, and
mean pressure asymmetry) result from previous measurements conducted in an experimental vertical
slot fishway where those and other pressure variables were compared with fish behaviour [63]. Those
pressure metrics are quadratically related with flow velocity, turbulence, and cyclic flow patterns [63].

2.4. Assessment of Fish Responses

The selected cyprinid species was the Iberian barbel, Luciobarbus bocagei Steindachner, 1864
(hereafter, L. bocagei). This potamodromous cyprinid is endemic to the Iberian Peninsula, and it has
specific habitat requirements and velocity preferences during its ontogeny [51]. Thus, it is possible
to study the effects of hydropeaking for different life-cycle stages of this species. Furthermore, the
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swimming mode of L. bocagei differs from the widely studied salmonids. Although often identified
as slower swimmers, by using the posterior half of the body for propulsion, these fish can be more
efficient in turning and accelerating abilities [50].

Two types of fish responses were quantified: organism-level and whole-animal performance.
With this approach, it was possible to capture immediate homeostatic adjustments and behavioural
patterns, according to the imposed flow changes. To find whether they presented a stressor for
L. bocagei, the selected organism-level responses were blood glucose and lactate. The reasons to
select glucose were: (i) it generally increases after the cortisol response through the cortisol-mediated
gluconeogenesis [64,65], which means there is a time latency between cortisol and the glucose response,
and (ii) it has been broadly used in flow variability studies with reported increments comparatively
to pre-stress levels [19,66]. Following the scientific recommendation that more than one response
should be quantified [16], the other physiological response selected was lactate. Lactate is a metabolite
of muscle activity, and is expected to increase during continual swimming [67]. Glucose and lactate
level adjustments have been widely used as secondary physiological indicators of stress to flow
variability [38]. Hence, both physiological responses may represent reliable surrogates of a stress
response to flow variability.

Whole animal performance was analysed by quantifying changes in motion related to the structures
tested and the occurrence of the peak event. The behavioural metrics were divided into two categories:
(1) structure use and (2) swimming activity in the flume. Successful structural use was considered
when a single fish or a group of two to five fish were observed in the immediate downstream area of
the structure. The swimming activity metrics were separated into two types: fish sprints, defined as a
swimming activity lasting a few seconds and characterized by several tail beats, and fish drifts, defined
as downstream fish displacements driven by passive advection of the body in the flow direction. The
frequency of behaviour was defined as the number of occurrences, in absolute frequency, over the
duration of the flow event.

The biological results were analysed and interpreted according to the characterization of the
hydraulic and hydrodynamic conditions. Thus, it was possible to relate inter-individual and
intra-individual responses with the hydraulic conditions created in the flume and to find the most
advantageous hydraulic conditions given by the flow event and the flow-refuge for L. bocagei.

3. Discussion of the Major Findings

3.1. Is There an Effect of the Simulated Peak Events?

After initially testing two peak discharges, i.e., 20 and 60 L·s−1, under the highest discharge in the
presence of meandered deflectors, (i) the onset of a glucose response occurred sooner, (ii) the use of
deflectors as flow refuges was inhibited, and (iii) the sprinting and drifting activity was higher [21].
Additionally, event duration and peak frequency dictated a sustained glucose response in the 60 L·s−1

flow events, and the unpredictability of the two-steps event (i.e., 20 L·s−1 followed by 60 L·s−1) resulted
in elevated glucose levels [21]. From these findings, it would be tempting to suggest that there was
a clear adverse effect of the hydropeaking events. However, signs of exhaustion were undetected
and corroborated by the absence of a lactate response. Fish were able to cope with water velocities >
60 cm·s−1 by hiding in the downstream area of the deflectors [21]. Still, the ability of L. bocagei to cope
with the hydraulic conditions created under 60 L·s−1 was lower and the swimming activity decreased
especially after peak repetition.

The unpredictability of the events when more than one of the flow components (e.g., magnitude
and frequency) was altered resulted in the most visible responses. Longer peak flows, with higher
magnitudes and repeated peaks, resulted in glucose increments, increased swimming effort, and
difficulty to find the available refuges [21]. Similar findings occurred in the presence of the single-sided
deflectors [53]. This cumulative effect is recognized in the literature [18,68]. On the other hand, when a
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hydropeaking event was tested in the absence of these structures, the lowest physiological responses
were obtained [53]. This was explained by the highly predictable and homogenous flow conditions.

Regarding the instream structures tested in the third experimental setup, the effects of the same flow
event differed significantly between the tested configurations [58]. After testing the instream structures,
it was clear that the combined effect of the flow event and structure created local hydrodynamic
changes that dictated the range of responses shown by L. bocagei, and not solely by the peak event
itself [58].

3.2. Which Flow Event Structure Is the Most Ecologically Conclusive?

The most ecologically relevant findings regarding the hydropeaking problematic for this species
are not solely those that identify the 60 L·s−1 flow events as the most adverse, but mostly the exceptions
to this trend. In one hand, the presence of deflectors created a more heterogeneous flow environment,
yet L. bocagei were still able to use them for flow-refuging. Nonetheless, the scarcer search for deflectors
under 60 L·s−1 in comparison with the 20 L·s−1 flow events and the increased overall swimming activity
suggest that the critical hydraulic conditions created in the vicinity of the deflectors reduced L. bocagei
ability to find the low flow areas downstream of the deflectors [21]. On the other hand, the combination
of a flow event with the presence of instream structures altered the distribution of velocity, turbulent
fields, and pressure fluctuations, which generates distinct behavioural responses [58].

The movement behaviour of L. bocagei was not solely related to the unpredictable flow conditions
resulting from the peak discharge (i.e., 60 L·s−1). Specifically referring to the instream structures,
under the single-step flow event, the individual and group use were higher for the solid triangular
pyramids [58]. The lower velocities expected inside the v-shaped structures, which would favour
L. bocagei for flow-refuging, were masked by the complex flow conditions created by these structures.
Even if the swimming activity was more pronounced under 60 L·s−1, the physiological responses were
not always indicative of stress or exhaustion.

From all experiments, it was possible to demonstrate that the most conclusive responses occurred
in the events where more than one flow component (given as magnitude, frequency, or duration)
changed in the presence of the structures that created the most complex flow conditions. These were:
(i) the single-step and two-steps events for 60 L·s−1 for meandered deflectors [21], (ii) the two-steps
and the repeated single-step events for one-sided deflectors [53], and (iii) the single-step event for
v-shaped structures [58] (see Figure 3).

3.3. Which Hydraulic Conditions Are the Most Beneficial?

From the analysis of the three experimental setups, the most favourable hydraulic conditions
were those where flow magnitude, peak frequency, and peak duration were lower. These events were
the base-flow events in the presence of deflectors and v-shaped structures [53,58], and the single-step
events where the lowest peak discharge, i.e., 20 L·s−1, was tested [21]. For these events, there were
no physiological adjustments, the swimming effort was low demonstrated by the lower frequency of
individual sprints and the balanced frequency of individual and group behaviour), and fish could
easily access the refuges.

The movement behaviour results indicated that L. bocagei were using the deflectors more frequently
than the instream structures, and that, under moderate peaks, their use was enhanced [21,53,58].
However, the physiological responses were not so clear. Glucose increments occurred in the presence
of both deflector configurations [21,53], whereas lactate increments occurred only in the presence of
v-shaped structures [58]. With these findings, a question emerged: does the higher use of deflectors
imply that these structures are the most adequate for L. bocagei under hydropeaking conditions? By
combining ecological and hydraulic perspectives, it was possible to assert that the hydraulic conditions
created by the presence of deflectors motivated their use. It was clear that L. bocagei were able to
use the meandered and the single-sided deflectors as flow refuges more effectively than the two
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triangular-shaped structures. Under these conditions, the swimming activity (frequency of sprints and
drifts) was enhanced.

Analysing the numerical models for deflectors [21,53], and the pressure distribution maps of the
Lateral Line Probe (LLP) for the instream structures [58], it was evident that, rather than just velocity, it
was the combination of local scale hydrodynamic features, given by mean front pressure fluctuations
and mean pressure asymmetry that determined the movement patterns. These explained the difficulty
for L. bocagei to use the triangular structures as velocity refuges, but also their ability to use those
changes in hydrodynamic features to find other areas for flow-refuging [69], move upstream (favouring
rheotactic behaviour) [70,71], or to benefit from group behaviour [72].

3.4. Flow Sensing Technologies: Acoustic Doppler Velocimetry and Lateral Line Probe

From the Acoustic Doppler Velocimetry (ADV) measurements and the hydraulic models, it was
possible to define a flow threshold that represented the resting state for L. bocagei. For lateral structures
(i.e., deflectors), velocity magnitudes ranging from near 0 to 0.41 m·s−1 allowed L. bocagei to use the
available flume area. This range enhanced L. bocagei swimming performance, without any physiological
response [21,58]. The hydraulic characterization given by the FLOW-3D® models was relevant to
explain deflector use and swimming activity patterns. However, the information that the velocity
ranges provided was not sufficient to explain the diversity of L. bocagei organism level responses.

The results from the Lateral Line Probe (LLP) provided unique findings on the role of the
hydrodynamic conditions as primary triggers of movement patterns by L. bocagei [58]. After analysing
the fish responses together with the derived pressure variables, it was possible to define pressure
thresholds referring to the mean front pressure, mean pressure fluctuations, and mean pressure
asymmetry that provided the most and the least favourable hydrodynamic conditions for L. bocagei [58].
Asymmetry was the pressure variable that was the most related with L. bocagei responses, with a
favourable asymmetry window being observed for the base-flow event with v-shaped structures [58].
On the other hand, the highest-pressure asymmetry and the high mean front pressure and pressure
fluctuations measured in the single-peak event for the same structures hindered the fish’s ability to cope
with the hydrodynamic conditions and resulted in lactate adjustments [58]. These pressure metrics
were identified for the first time as potential surrogates of local hydrodynamic stimuli, according to
the observed fish responses. Rather than just velocity, it is the combination of local hydrodynamic
changes (i.e., mean front pressure, mean fluctuations, and asymmetry) that lead fish to select the flow
conditions that ensure the lowest energetic costs. These regions are not only represented by the low
flow areas inside the refuge, but also represented by regions that favour the formation of vortices
and turbulent areas that fish can take advantage of [58]. Considering the range of pressure readings
by the lateral line system [72], the LLP represents a potential tool to assess the distributed sensing
capacity of fish. Thus, in comparison with the ADV, the LLP provided a better representation of how
specific hydrodynamic changes affect the movement behaviour of fish. That study was the first to use
this technology to understand smaller-scale movement behavioural patterns of fish associated with
flow variability. The results are promising considering the role that local-scale hydrodynamic changes
have on the swimming performance of fish, and represent a step forward to understand the ecological
significance of the pressure field around the fish and its movement patterns.

4. Recommendations for Hydropower Producers

The research effort to find mitigation solutions to hydropeaking consequences is expanding.
However, it is urgent to bridge the gap between this scientific knowledge and hydropower producers.
With this flume-based research, it was possible to propose potential design guidelines for flow-refuges
and recommendations to adapt the operational schemes in a hydropower plant. Specifically referring
to the physiological findings, with this research, there was no unequivocal evidence that supported
the existence of a flow threshold representing the resting state for L. bocagei. However, the lowest
physiological responses were observed when L. bocagei was subjected to 7 and 20 L·s−1 in the presence
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of lateral deflectors, and in the absence of instream structures. For lateral deflectors, this absence
of a physiological response, corresponding to a velocity threshold of 0–0.41 m·s−1, which is in
accordance with velocity preferences for this species [73–75], represents a further step regarding the
definition of the resting state with respect to flow variability. Nonetheless, contrary to what would
be expected, the physiological responses were not consistently lower under base flow conditions
(continuous 7 L·s−1), but fluctuated, according to the flow event and structural configuration. With the
exception of the hydropeaking event with v-shaped structures, the levels of blood lactate did not differ
significantly between events, and the movement patterns of L. bocagei were not indicative that fish
were exhausted [21,53]. These results emphasize the importance of habitat heterogeneity as a decisive
factor for the definition of the most adequate conditions for this species. The concomitant analysis
of physiological and movement behavioural responses was essential to find the most suitable flow
event-structure configuration for L. bocagei. For any study aiming to assess the potential of mitigation
measures to hydropeaking based on quantified fish responses, we recommend selecting more than one
level of an ecological organization (e.g., individual and population), and then to quantify different
levels of organism-level responses (e.g., metabolic changes and whole-animal performance metrics
likely to be associated with rapid flow fluctuations). Considering the absence of a universal threshold
for a physiological response that represents the resting state for flow variability, the validity of a
physiological result is significant only if compared with a base-flow or control condition. Lastly, in
riverine conditions, there is a myriad of environmental variables that are difficult to isolate. Therefore,
it is critical to isolate confounding external factors that may mask the effect of the flow changes. This
can be partially outweighed by conducting experiments in outdoor and indoor flumes where it is
possible to control flow variability and isolate external variables, and to replicate the conditions.

The metrics to describe movement behaviour were selected for their likelihood to be expressed
under the simulated peak events. Remarkably, the fish responses were not always indicative that
the proposed lateral or instream structures would be effective for flow-refuging. In rivers affected by
hydropeaking, it is substantially more challenging to relate specific motion patterns and organism-level
responses with the hydrodynamic changes. To implement lateral refuges in natural conditions, the
most decisive factors for their design are the hydraulic and hydrodynamic changes that result from
hydropeaking, which, in turn, determine the choice of the type, number, and positioning of structures.
First, it is necessary to characterize the rapid flow fluctuations and the changes in water depth, velocity,
and wetted profile before the design and implementation of a lateral or instream refuge [6]. Afterward,
the proposed structures can be tested through numerical modelling to understand whether the added
habitat heterogeneity provides velocity refuging areas, or creates unstable hydraulic conditions for
fish [43,76]. According to our findings, both classical velocity measurements and novel biomimetic
technologies provided sound results regarding the characterization of the flow patterns. Feasibility,
cost, and post-processing are aspects to consider regarding the choice of a flow sensing technology. Yet,
to assess the potential of habitat enhancement measures, it is more important to consider the fluid
changes and their impact on fish organism responses and the motion patterns of fish. Thus, ADV
technology provides a solid representation of the flow field, whereas the LLP illustrates fluid-body
interactions, which provides a better representation of the pressure field that fish would perceive.

Specifically referring to recommendations to implement the artificial flow-refuges in natural
conditions, the mitigation structures to be proposed should assure velocity refuges during up-ramping
and lateral connectivity with the main channel during the down-ramping stage. To implement lateral
refuges (deflectors), their length, angle, and height are crucial design factors [77,78]. Thus, the opening
angle should be at least in the same order of magnitude as the fish body length [79], favour group
behaviour, guide the flow, prevent clogging [22], and create or maintain the flow dynamics of the
pool-riffle (sediment deposition-transport) systems while avoiding bank erosion [78]. The opening
angle, excessive wide angles, in relation to the river bank, are discouraged. To avoid fish stranding,
especially during down-ramping, the area behind the deflectors should avoid potential stranding zones,
or assure a minimum water depth of 0.5 m [22,76]. Although a heterogeneous habitat is recommended,
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adding refuge areas is not always the most effective solution [43,79]. There must be a trade-off between
existing river habitat conditions and the effectiveness of adding new structures, while remembering
that, in natural conditions, each case is unique and generalizations have to be made with caution.

One final recommendation refers to an unexpected finding regarding the fish responses to the
two-step flow event (i.e., 20 followed by 60 L·s−1). The high glucose levels, the inability to find the
deflectors particularly during the transition between discharges, and the increased swimming activity
in the second step, demonstrated that a stepped flow event is not favourable for L. bocagei [21]. The
explanation for these results refers to the difficulty of L. bocagei to cope with the unpredictable flow
conditions. This finding may be convenient for hydropower producers, since the economic benefit of a
two-step event, would likely be lower than, for example, a continuous high peak single-step event. We
recommend that the duration of the base-flow events between two high peaks is extended to enable
fish to recover from the effort required to cope with the continuous high peak. Nevertheless, prior to
the implementation of any operational scheme, it is crucial to quantify the impacts in river conditions.

5. Identify Limitations to Find Research Opportunities

In flumes, it is difficult to simulate rapid flow fluctuations of the same order of magnitude and
rate of change as in some regulated rivers due to pumping capacity or to limitations inherent with
the flow control [68]. Although it was possible to simulate rapid flow fluctuations, the maximum
discharge of our flume was limited to 60 L·s−1. This construction limitation was partially overcome by
reducing the flume cross-section with two parallel deflectors that were installed in the upstream flume
area for the meandered deflector’s setup. With this solution, it was possible to get higher velocity
ranges during the hydropeaking events [21]. The deflectors were clearly used for flow-refuging, but, at
the same time, the more complex flow environment reduced the success for L. bocagei to use these areas
in comparison with the 20 L·s−1 flow events [21]. Thus, the effect of the rapid flow fluctuations was
still evident. To achieve the most comprehensive results, the construction limitations inherent in the
facilities must be recognized and alternatives to surpass potential limitations have to be considered.

Experimental flume research has been suggested as a valuable tool to understand the effects
of rapid flow fluctuations in downstream fish communities [18,68]. A wide diversity of studies
conducted in laboratory conditions discovered the behavioural diversity that is found in nature [80].
Although experimental flume research is reliable to study behavioural patterns, extrapolations to
natural conditions are discouraged and its transferability should be further substantiated. Nonetheless,
the behaviour patterns observed (e.g., use of available refuges, longitudinal movements, take advantage
of flow changes to minimize energetic costs) have been observed in studies conducted in rivers [17,19],
in nature-like channels [20], and in artificial streams [66]. Ideally, complementary river studies should
be conducted to assess the ecological consequences of those patterns, and, particularly, in the context
of hydropeaking.

One of the biggest problems of ecological studies conducted in controlled conditions is the
difficulty to replicate the experiments and their findings. These studies are usually constrained by
the number of organisms that is possible to obtain from the natural conditions, which reduces the
robustness of the findings. To outweigh this limitation, the recommendations are to use a diverse set of
behavioural quantification tools (e.g., physiology and movement behaviour) complemented with a
detailed characterization of the hydraulic conditions, and the use of statistical tools that are adequate
for small-sized samples. With the analysis of distinct levels of fish responses, it is possible to identify
trends and to establish relationships, according to flow variability.

Lastly, although the present recommendations are mostly directed for young adults of L. bocagei,
they can be extended to other Iberian cyprinid species. Nonetheless, single-species studies are
difficult to extrapolate to communities, or the river ecosystem. Although the single-species limitation
was recognized, this work represents a step forward to understand and mitigate the impacts of
hydropeaking for cyprinids.

122



Sustainability 2019, 11, 6998

6. Future Hydropeaking Research: Recommendations for Freshwater Scientists

The findings that motivated this communication present the initial steps to propose effective
mitigation measures for hydropeaking consequences for cyprinids inhabiting rivers affected by the
Mediterranean climate. Further research opportunities are described afterward.

Long duration and repeated flow peaks produced physiological adjustments as well as a reduction
of the swimming activity during the second peak with the same magnitude. Thus, we hypothesized
whether the swimming effort was higher in the second peak, which resulted in a reduction of sprinting,
drifting, and in an inability to find the velocity refuges, or if L. bocagei were getting adapted to the peak.
To address these questions, the simulation of more than one peak repetition is recommended.

There was not enough evidence supporting that a specific flow change resulted in an actual stress
response. Thus, the identification of a flow threshold that represented the resting state for L. bocagei
was not straightforward and deserves further investigation. Fish have evolved adaptive mechanisms
to cope with natural extremes. However, under hydropeaking conditions, the flow changes are
significantly more severe and frequent than in a free-flowing river. The energy-cost that is associated
with those rapid and artificial changes is likely proportional. Although fish are able to adapt to novel
conditions, the associated energy expenditure has considerable drawbacks. It will certainly reduce
the energy available for diel activities or to successfully complete life-cycle stages. If a biomarker
for flow variability is established, it will be possible to infer whether the flow fluctuations in natural
conditions represent a potential stressor, or, otherwise, initiate behavioural strategies to compensate
for the adverse flow fluctuations and maintain homeostasis.

Given the particular role of event predictability for L. bocagei, the study of alternative up-ramping
and down-ramping rates is strongly advised. It is predicted that the slower onset of the up-ramping
stage will enable fish to gradually adapt not only to the severity of a peak flow, but to the water level
change. In the same way, slower down-ramping rates have the potential to reduce the stranding
probability since the gradual flow decrease may function as a cue for fish to escape from potential
isolated pools. A particular focus should be addressed to the critical down-ramping stage since this is
usually associated with reduced chances of survival and high mortality rates.

The water velocity preferences of L. bocagei vary during its ontogeny. Given that most literature
focuses on salmonids, the design of flow refuges according to velocity and habitat preferences for L.
bocagei, and other cyprinid species, will likely differ. Thus, more studies focusing on other fish species
(with distinct swimming modes) and habitat guilds are encouraged. In addition, it is necessary to
further the investigation to specific life-cycle stages, namely larvae and juvenile survival, foraging,
reproductive migrations, or spawning. Specific aspects of the life-cycle of salmonids have been recently
proposed to be included during the development of mitigation solutions for salmonids affected by
hydropeaking [81]. However, such guidelines are inexistent for cyprinids. In addition, flow regulations
specifically addressed to hydropower plants operating in hydropeaking exist for a few regions in
European countries, however, they focus exclusively on salmonid species [82]. Thus, it is critical to
study the flow requirements for other fish families, cyprinids in particular, and for critical bottlenecks to
ensure the sustainability of fish communities affected by hydropeaking, and to increase the awareness
of policymakers to include flow recommendations in national legal instruments.

Local hydrodynamic changes were related to specific movement behaviour and physiological
responses [58]. These findings represent the first step of a novel perspective to study behavioural
patterns related to rapid flow fluctuations. Thus, it is still premature to generalize. To strengthen the
findings regarding fluid-body interactions under rapid flow fluctuations and habitat heterogeneity, it is
necessary to establish a quantitative relationship. With it, it would be possible to predict the magnitude
of specific movement patterns, relate them with local hydrodynamic changes, and interpret them in
terms of swimming effort.

Although it was possible to define guidelines for the design of deflectors and to propose alternative
operational measures, it was not possible to upscale them in the river system. Thus, it should be
reinforced that, prior to the implementation of any mitigation measure based on flume research, it is
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necessary to perform experimental tests in riverine conditions. In addition, it is strongly recommended
that future research combines flume experiments with research conducted in rivers.

7. Conclusions

The motivation to write this communication emerged from the need to assemble the methods and
the main findings obtained from flume research, with the purpose that this knowledge could be used
by freshwater scientists and hydropower producers. Although the scientific findings were obtained
for an Iberian cyprinid inhabiting river affected by the Mediterranean climate, the methods that were
adopted have the potential to be extended to other river systems affected by hydropeaking, fish
species, and particular bottlenecks. Despite the limitations inherent in indoor flumes, the possibility to
control the flow changes and to quantify fish responses provided unique clues regarding fluid-body
interactions, given by pressure thresholds, which are difficult to observe in natural conditions. The
refined scale of the research not only identified the potential negative aspects of hydropeaking, but
also the opportunities that can emerge from them, and the ability of fish to adapt and compensate
under adverse flow conditions. The use of diverse behavioural quantification methods (e.g., different
levels of fish responses), flow sensing technologies and statistical tools were decisive to strengthen the
validity of the findings and to identify fish-fluid relationships, according to flow variability. Emphasis
is given to habitat heterogeneity as a decisive factor to propose solutions to mitigate hydropeaking.
This communication encourages further research to identify flow thresholds for key life-cycle stages
and complementary river studies to design and assess mitigation solutions to hydropeaking.
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Abstract: Peak-operating hydropower plants are usually the energy grid’s backbone by providing
flexible energy production. At the same time, hydropeaking operations are considered one of the
most adverse impacts on rivers, whereby aquatic organisms and their life-history stages can be
affected in many ways. Therefore, we propose specific seasonal regulations to protect ecologically
sensitive life cycle stages. By reviewing hydropeaking literature, we establish a framework for
hydrological mitigation based on life-history stages of salmonid fish and their relationship with key
parameters of the hydrograph. During migration and spawning, flows should be kept relatively
stable, and a flow cap should be implemented to prevent the dewatering of spawning grounds
during intragravel life stages. While eggs may be comparably tolerant to dewatering, post-hatch
stages are very vulnerable, which calls for minimizing or eliminating the duration of drawdown
situations and providing adequate minimum flows. Especially emerging fry are extremely sensitive
to flow fluctuations. As fish then grow in size, they become less vulnerable. Therefore, an ‘emergence
window’, where stringent thresholds on ramping rates are enforced, is proposed. Furthermore,
time of day, morphology, and temperature changes must be considered as they may interact with
hydropeaking. We conclude that the presented mitigation framework can aid the environmental
enhancement of hydropeaking rivers while maintaining flexible energy production.

Keywords: sustainable hydropower; sub-daily flow fluctuations; peak-load energy production;
pulsed flows; environmental flow; biologically sensitive periods; salmonids; Salmo salar; Salmo trutta;
Thymallus thymallus

1. Introduction

Mountainous rivers are often subjected to sub-daily flow variations caused by peak-operating
hydropower plants, which run their turbines according to the demand of the electricity market.
These hydropower plants allow high flexibility in energy production, making them an essential part
of the current and future electric grid as they can buffer periods of low energy availability of other
renewables, such as wind or solar energy [1,2]. At the same time, hydropeaking entails numerous
adverse ecological consequences and has therefore been described as “one of the most significant
impacts on rivers downstream of dams” [3]. Fish communities, in particular, are severely threatened by
hydropeaking [4]. Fish can be affected by changes in various components of the hydrograph, whereby
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the most common responses—stranding, drift, and dewatering of spawning grounds—are mostly
related to up- and downramping rates [5,6], peak flow magnitude [5], and baseflow duration [7].

Considering the large capacity of existing storage hydropower plants [8], as well as new ones that
are currently being planned and installed [9], it is imperative to develop appropriate and transferable
management measures to mitigate these ecological impacts. Many structural (e.g., constructing
retention basins) and operational (e.g., reducing flow fluctuation rates) mitigation measures have been
proposed [10,11], but implementation remains difficult, among other issues, because of significant
reductions in the energy yield when setting ecological thresholds [2,12]. Therefore, well-targeted
mitigation measures have to be developed to avoid energy losses and to guarantee ecological efficiency.

Freeman et al. [13] argue that adverse effects can be minimized by either restoring vital
features of the natural flow regime or by implementing a flow management scheme which avoids
hydropower-induced habitat bottlenecks. Regarding the latter, multiple studies point out the need to
identify critical flows, which include seasonal and diel considerations when determining operational
mitigation strategies in rivers affected by hydropeaking [5,13–16]. To maintain self-sustaining fish
populations in regulated water bodies, river management must take all life-history stages into account,
especially during ecologically sensitive periods, when designing and implementing customized flow
regimes [7]. This study aims to establish a framework for hydrological mitigation in rivers affected
by hydropeaking, based on life cycle stages of fish and their relationship to key parameters of the
hydrograph. We, therefore, describe the impacts of hydropeaking on each life cycle stage and propose
critical aspects which must be considered when defining mitigation rules. We focus on salmonid fish as
they are the most studied and most affected fish family regarding hydropeaking [17,18]. Nevertheless,
many aspects of the presented mitigation concept can potentially be transferred to or adapted to the
requirements of other taxa.

2. Life Cycle Stage-Specific Mitigation Approach

Within the life cycle of many salmonids, upstream spawning migrations are followed by the
deposition of fertilized eggs in the gravel bed. In the following weeks, the eggs develop within the
gravel substrate where, after hatching, the larvae (alevins) also stay until their yolk sack is absorbed.
Afterwards, the fry emerge from the riverbed to find nursery habitats, e.g., along the shoreline for
feeding and growth. As fish increase in size, they use different habitats. Once they reach sexual
maturity, their life cycle starts over again [19,20].

The literature indicates that each of these life cycle stages can show a distinct sensitivity to
different aspects of the hydropeaking hydrograph, whereby reproduction and early life stages seem
to be the most sensitive ones [15]. Thus, the key parameters for flow restoration will vary between
the life cycle stages. In the following subchapters, we will therefore discuss the ecological effects
of hydropeaking for each sensitive life stage, as well as establish a specific mitigation framework
approach for each life cycle stage (Figure 1).

2.1. Migration and Spawning

River flow is a crucial factor for spawning-related activities [21]. In hydropeaking rivers, highly
variable flows can influence, among other factors, migration, nest digging, and spawning behavior.
Studies have shown that migration patterns of lake trout (Salmo trutta lacustris), as well as Chinook
(Oncorhynchus tshawytscha) and pink salmon (O. gorbuscha), were correlated with the hydropeaking
regime. Fish avoided migrating during changing flow magnitudes and they were able to cover greater
distances on the days with peaking operations of lower amplitudes [22,23].
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Figure 1. Life stage-specific hydropeaking flow rules: Conceptual framework for the sensitive life stage
approach to mitigate the adverse impacts of hydropeaking. The dashed red lines represent a schematic
daily hydropeaking hydrograph (two peaks and a baseflow phase), whereas the solid blue lines depict
recommendations for hydrological restrictions to aid the environmental enhancement of hydropeaking
rivers. “Day/night” indicates that restrictions might differ with time of day. For a detailed description,
see Sections 2.1–2.4 (salmonid illustrations by DAB graphics, used with permission from The Wild
Trout Trust Ltd, Waterlooville, England, www.wildtrout.org).

When fish are able to reach suitable reproduction areas, spawning can be interrupted by rapid
flow fluctuations [16,24–26]. During downramping events, brown trout (S. trutta fario) stop preparing
their redds [24] and brown trout and Atlantic salmon (S. salar) leave the spawning area if hydraulic
conditions become unsuitable [26]. As soon as flows increase again, Atlantic salmon are highly
motivated to continue redd preparation, and resume spawning once flows have returned to more
stable conditions [24,25], whereas brown trout take more time to re-engage in spawning-related
activities [24].

To mitigate the effects of hydropeaking on migrating fish, it is therefore advantageous to release
higher flows during migration periods [21]. Furthermore, during spawning, it is suggested that
flows are kept relatively stable [16], at least for a sufficient duration to allow females to complete
nest preparation and oviposition [26], which can take multiple hours to days for one spawning
bed [27,28], but several weeks for the entire population. The flow magnitude to enable these ecological
functions can differ among geomorphic habitat units as it depends on the hydraulic conditions of the
reach [21,25] and the species present [26]. By allocating a steady environmental flow release during
the peak spawning period (e.g., ca. four weeks for S. trutta), the ecological conditions can already be
improved [29].
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Although some salmonids tend to spawn during discharges greater than the median [30],
the release of too high flows is not recommended if these water levels cannot be sustained throughout
the incubation period [28]. At that stage, higher discharges could encourage nest-building in areas
that will be at a higher risk of being dewatered between the hydropeaks later in the season. Instead,
flow caps, i.e., upper peak limits, should be implemented [21,26,31–33], as the survival of intragravel
life stages is linked to redd site selection during the spawning period.

2.2. Intragravel Life Cycle Stages: Egg Incubation and Alevins

In hydropeaking rivers, intragravel life cycle stages can be predominantly influenced through
either siltation of sediments [34,35], scouring [21,35], or dewatering of spawning grounds [21,31,32].
In the winter, mountainous rivers are characterized by an extended low baseflow period. During this
season, hydropeaking rivers, however, often exhibit relatively high flow fluctuations. This operational
scheme leads to higher flow amplitudes in winter compared to summer [36,37].

As salmonids deposit their eggs in the gravel bed, siltation may reduce hatching success by
affecting interstitial water flow [38,39]. It has been suggested that hydropeaking is a governing factor
regarding fine sediment dynamics in gravel-bed rivers, as hydropeaking can change the fine sediment
composition of both surface and subsurface layers [40]. Indeed, a recent study [34] found that ramping
zones exhibited significant surface clogging due to a continuous accumulation of fines. In contrast,
permanently inundated areas contained little or no fine sediment infiltration into the riverbed’s surface
layers as fines are subject to transport. Interestingly, the hydropeak magnitude itself, expressed as
the peaking ratio, was not related to fine sediment infiltration rates [34]. It seems, therefore, that the
spawning ground position in the riverbed (see Section 2.1) can influence hatching success through the
effect of sediment sizes.

It is expected that, due to nest-building of female salmonids, spawning ground stability is
increased as sediments are sorted and redds, therefore, feature coarser substrate surfaces than
unspawned beds through winnowing of fines. Despite this coarsening effect, however, studies [41]
have demonstrated that redds are more unstable than unspawned beds. For example, redds exhibited
a 12–37% lower grain resistance to motion, as well as a 13–41% higher boundary shear stress for
the same flows in comparison to unspawned beds. Also, bed-average shear stress was significantly
reduced [41]. Although studies indicate that salmonid spawning usually takes place in locations
with less excess shear stress [21], hydropower peak flows may enhance the risk of embryo mortality
as redds are more likely to be eroded than the surrounding gravel bed [21,41]. However, although
scour has been cited as a potentially adverse effect, no study has yet quantified its impact magnitude.
Furthermore, the scouring potential also depends on the peak flow magnitude. Unfer et al. [42]
demonstrated that only flow magnitudes larger than half the size of mean annual high flow events
were able to substantially erode sediments in the Alpine Ybbs River, Austria. The risk of egg erosion
due to hydropeaking may, therefore, be rather case-specific [35] and may only occur in rivers with a
high peaking magnitude.

If spawning occurs during peak flow periods, the drawdown to winter baseflows between peaks
could lead to the dewatering of spawning grounds, which is a significant concern as it can result in
the mortality of eggs and alevins [31,43]. It has been demonstrated that salmonid eggs are generally
rather robust to dewatering and can survive extended time frames without inundation, provided that
they are kept moist, are not subjected to extreme temperatures (i.e., freezing or heating) exceeding
incubation tolerances, and receive sufficient oxygen through the influx of air into the interstitial
spaces [31,43–46]. In contrast, newly hatched alevins (eleutheroembryos) are less tolerant to redd
desiccation and may die within 4–12 h of dewatering, whereas pre-emergent alevins are considered the
most sensitive intragravel life stage [44–46]. Since pre-emergent alevins depend on gills for respiration,
dewatering events <1 h lead to very high (>96%) mortality rates [44], which can have profound impacts
on fish populations. However, groundwater upwelling might attenuate apparent adverse effects where
available [21,43,47].
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To prevent the mortality of intragravel life stages, it is recommended that power production is
adapted to discourage fish from spawning in shallow water which will later fall dry (see Section 2.1).
Additionally, the duration of hydropower production stops should be minimized. Also, the provision
of enhanced minimum flows during this critical development period can help to reduce the difference
between incubation and spawning flows [32,43,48,49]. During the egg incubation, limited redd
dewatering through the hydropower plant operation might not entail complete losses in some
cases [16,32], such as in the presence of local groundwater upwellings and at temperatures above
freezing [43]. However, considering that spawning can occur over an extended period and that multiple
species can be present in the same river, allowing limited redd dewatering is not recommended since
alevins, which require continuous inundation [7], may be present throughout the entire time [16].

2.3. Fry Emergence and Early Juvenile Development

After alevins have absorbed the major portion of their yolk sack, they emerge as fry from the
substrate [19,20]. During this early ontogenetic development, they are very susceptible to pulsed-flow
operations as they utilize high-risk habitats in the ramping zone and have little swimming capacities,
entailing drift and stranding of individuals [5,6,50–53]. In the Saltdalselv River, Norway, high flows
during the alevin and fry stage significantly increased the mortality of Atlantic salmon and brown
trout [54]. Similarly, fry recruitment was negatively related to the number of hydropeaks during the
emergence period in the Lez River, France [55].

2.3.1. Thresholds for Impact Mitigation

Rapid flow reductions due to downramping can increase the stranding probability of fish through
quickly receding water levels, causing sub-lethal impacts or direct fish mortality [16,18]. Studies
have shown that stranding is species- and size-selective, whereby recently emerged fry are the most
vulnerable life-history stage [15,52,56,57]. This finding is supported by the analysis of ten-year flow
downramping monitoring data of Canadian rivers, showing that the highest stranding probabilities
occur from May to August when juveniles inhabit nearshore areas which are likely to be dewatered [50].
Field surveys at the Drava River, Austria, revealed 50–500 stranded larvae of European grayling
(Thymallus thymallus) per 100 m shoreline after single hydropeaking events [58]. In general, a reduction
of ramping rates to <0.17–0.25 cm·min−1 is related to less stranding and, therefore, a greater probability
of attaining a higher fish ecological status [4,59]. On a more detailed level, experimental studies indicate
that, during fry emergence, mitigation thresholds on downramping velocity must be rather low to
prevent stranding, e.g., 0.23–0.31, 0.2, or 0.1 cm·min−1 for larvae of Atlantic salmon, European grayling,
or brown trout, respectively [6,52,56,60].

Early juvenile life stages are also susceptible to downstream displacement [52], especially during
nighttime hydropeaking [5]. However, little is known about the long-term population effects caused
by drifted fish. Nevertheless, a reduction of drift is advisable. Therefore, a lowered upramping rate
and a reduced peak amplitude are recommended [5,29].

2.3.2. Emergence Window Establishment

Generally, it is advisable to stabilize the flow as much as possible in the early growing season [59].
Alfredsen et al. [33] suggest introducing a cap flow and restricting rapid flow changes during swim-up.
Since fry are especially vulnerable to sub-daily flow fluctuations and are present only at specific periods
of the year [16,52], a feasible management approach is to define temporal ‘emergence windows’ where
stringent thresholds, e.g., regarding downramping to prevent stranding, are enforced [8,15,52,61].
These emergence windows should start with the highly sensitive alevin phase [44–46] just before fry
emerge from the gravel, whereas the length of the window depends on the growth, which is mainly
related to temperature. Stranding experiments [52,56] indicate that the temporal duration must be
around two weeks for European grayling and four weeks for brown trout, as grayling improves its
reactivity to drawdown events quicker than brown trout. Even though these two species spawn at
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different periods (brown trout in fall/winter and European grayling in late winter/spring), their
larvae occur in the same season (mid-April to early August) due to their temperature-dependent egg
development [62], underlining the feasibility of the emergence window approach. Approximate start
and end dates can be calculated with temperature data if the time of spawning is known [19,33,62].
For example, Figure 2 depicts a first river-specific assessment of emergence windows for brown
trout and European grayling for selected Austrian hydropeaking rivers based on information from
anglers. Due to the imprecise data situation, the proposed time frames are still rather long and
represent only a rough estimate. It would be possible to confine the time period of the emergence
window by assessing the exact emergence time through electrofishing surveys and modeling based
on spawning time and day degrees of egg development. The results would allow the deduction of a
river-specific period of early fish life cycle development by analyzing the water temperature of the
sampling year. This information could then possibly be transferred to the following years. Another
feasible approach would be to visually observe (stranding of) larvae from the end of April onwards to
determine a river reach-specific emergence window. In rivers with different species of Pacific salmon,
the implementation might be more difficult due to varying emergence periods [48].

Figure 2. Emergence window proposal for brown trout (Salmo trutta) and European grayling
(Thymallus thymallus) in selected Austrian hydropeaking rivers. The depicted time frame is based on
temperature-dependent models for predicting the time of median hatch as reported in the literature.
For the brown trout, we used the formula from Crisp [19], and for the grayling, the one published by
Jungwirth & Winkler [62]. The begin and end of the spawning time for each species was reported by
anglers and served as the starting point for the calculations, which were then based on daily mean
temperature data of ten years (gauging stations of Austrian Hydrographic Service; meters above the
Adriatic in brackets; † = metarhithral (i.e., lower trout) fish region; ¶ = hyporhitrhral (i.e., grayling) fish
region). Emergence of brown trout and European grayling takes place between mid-April and early
August, whereby the emergence windows of both species also partially overlap. The duration of the
emergence periods is displayed in the bars as a mean number of days.

2.4. Parr to Adults

Parr are also vulnerable to stranding and drift, whereby the risk is reduced as they grow in size
and increase their swimming performance, and additionally shift to deeper habitats away from the
dewatered ramping zone [53]. Therefore, less restrictive ramping rates—in comparison to fry—can be
sufficient [5,15,16,52,56,57]. However, since stranding probability is also determined by other factors
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aside from downramping velocity (e.g., wetted history, baseflow conditions, time of day), these must
be considered in the establishment of mitigation rules as well [15]. For example, before a large flow
reduction, lower reductions are recommended prior to higher ones to shorten the wetted history [50].
Furthermore, the time of day can play a significant role. Some studies report that, during summer,
young-of-year brown trout and grayling are less vulnerable during the day and more susceptible to
stranding during the night [5,56,60]. In contrast, during colder water temperatures in fall or winter,
higher stranding is reported for daytime than for nighttime hours for brown trout, rainbow trout
(O. mykiss), Atlantic salmon, and Coho salmon (O. kisutch) [6,63,64]. Both can be related to diel
behavior changes [65] as, for example, in winter, salmonids are passive during the day and active in
the night [64,66]. Therefore, ramping rate restrictions should be more stringent during darkness in
summer and during daylight hours in winter. It must be noted, however, that Connor & Pflug [48]
have reported exactly the opposite as the above cited studies. They recommend limiting downramping
to nighttime hours between the emergence and outmigration period. However, this focus on daytime
mitigation might be because, in the Skagit River case study, daytime flow reduction represented
89% of all events during the peak stranding period [48]. Differences in stranding or drift might also
be triggered by other factors, such as water turbidity or predation. In this regard, more research is
necessary. In the meantime, however, case-specific solutions are required.

Regarding fish movement patterns during hydropeaking, Robertson et al. [67] found that,
in winter, flow neither affected fish activity or habitat use, nor displaced Atlantic salmon parr. Only in
late winter was fish activity reduced during high flows in the night. Similarly, Stickler et al. [68]
did not detect differences in fish activity between high and low flows, which was also confirmed by
Berland et al. [69], who analyzed parr movement in September related to river flow and ramping rate.
Therefore, it can be concluded that, for the most part, hydropeaking does not affect salmonid fish
movements in winter. In contrast, in summer, juvenile Atlantic salmon show higher movement rates
in hydropeaking channels than in control channels [70], a pattern which was also confirmed for 1+
salmon in a telemetry study during spring [71]. Considering the increase in juvenile fish movement
during summer in combination with inhibited feeding during peak flows [72], it is not surprising
that, at the end of the growing season, fish that were subjected to fluctuating flows had a lower
body fat and body mass than fish subjected to stable flows. Although the effects were small [70] or,
in some cases, not detectable [58], the long-term impact on the population can be potentially many
times higher. Simulating the effects of stranding on the salmon population in the Dale River, Norway,
Sauterleute et al. [73] conclude that the most substantial adverse effect on the population abundance in
hydropeaking rivers is related to the stranding of older juvenile fish during winter daylight conditions,
suggesting that the stranding of salmon at this life cycle stage is likely to have greater population
impacts than that of earlier life cycle stages. Furthermore, the stored energy reserves from the summer
may be a critical factor in determining overwinter survival [74,75].

3. Discussion

Future sustainable hydropower management relies on the development of well-informed and
targeted mitigation strategies [76]. Here, we propose a management framework to mitigate adverse
impacts of hydropeaking operations on salmonid fish, whereby we advocate that, in each season,
the most sensitive life cycle stage should be the decisive element regarding peaking restrictions. Figure 1
constitutes a graphical depiction of this mitigation framework approach by illustrating a hydropeaking
hydrograph scheme (two peaks and a baseflow phase), as well as the above-described flow restrictions
necessary for aiding the environmental enhancement of hydropeaking rivers (i.e., depending on
season: implementing flow caps, allocating minimum environmental flows, decreasing the flow
ratio, minimizing dewatering durations or prohibiting dewatering, or lowering ramping rates).
Alfredsen et al. [33] used a similar approach by defining flow blocks for environmental flow allocation
to meet the need of Atlantic salmon life stages in the Daleelva River, Norway. Due to sub-daily
flow fluctuations, hydropeaking represents a specific sub-group within environmental flow in rivers
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where hydrological stress on aquatic ecosystems is intensified. Therefore, there is a need to develop
qualitative seasonal flow rules for hydropeaking rivers as well. Here, we focused solely on salmonid
species as most available literature deals with this fish family [15,17,18]. Many aspects of the presented
framework can potentially be transferred to other taxa as well, but further research must be conducted
on other fish families, such as cyprinids, to validate these suggestions.

Literature indicates that different elements of the hydrograph can be tweaked to improve the
survival of the respective life stages (Figure 1), whereby the temporal windows must be adapted to
the local river conditions. However, mitigation thresholds (e.g., for baseflow, peak flow, ramping
rate) depend not only on the life cycle stage, but also on the respective species present, as well
as the time of day. Nevertheless, only a few quantitative thresholds have been proposed so far,
highlighting the need for further research [15]. Therefore, for the most part, we were only able to
extract qualitative/conceptual mitigation recommendations. Related to that is the question of which
life cycle stage is the most sensitive to sub-daily flow fluctuations regarding having the greatest adverse
effect for the fish population.

The field of environmental flow has progressed towards advocating function- and
process-oriented flows [14,77], thereby moving away from static water allocations and towards
dynamic environmental flows to sustain ecological communities [14,78]. Considering that
hydropeaking rivers are essentially residual flow stretches—just that, in addition to water
abstraction, they are also highly impacted by sub-daily flow fluctuations [79]—mitigation measures
for hydropeaking must be incorporated into the seasonal and inter-annual environmental flow
requirements. Therefore, scientific advancement must merge the concepts of dynamic environmental
flow and hydropeaking mitigation to propose sustainable and holistic management recommendations
for flow-altered watercourses.

3.1. The Effects of River Hydromorphology

Many studies indicate that the ecological effects related to hydropeaking, e.g., stranding
or drift, are also dependent on river morphology, including bank slope, grain size distribution,
or cover [5,12,64,80]. Higher stranding, for example, occurs more frequently on lower gradient bars
than on steeper banks [64], but steeper banks provide less larval and juvenile habitats. Coarse substrate
will trap fish more during dewatering than small grain sizes [80]. Due to water retention, vertical
dewatering speed reduces with distance to the hydropower outlet, therefore lowering the stranding
risk along the river’s course [3,59]. In morphologically unfavorable river sections (e.g., in channelized
rivers), spawning, larval, and juvenile habitats are often lacking, whereas in nature-like channels,
ramping rate reductions may improve the fish ecological status [4]. Hauer et al. [3,80] highlight that
the changes in wetted width between baseflow and peak flow and, thereto related, changes in the
lateral ramping velocity depend on the river’s channel bar form, as well as the baseflow magnitude
(see also [81]). Depending on this combination, a <1:2 peaking ratio can have a greater impact on
cross-sectional wetted width than a 1:5 ratio [80]. Therefore, Halleraker et al. [59] recommend different
dewatering thresholds for distinct flow ranges in the Surna River, Norway, where more stringent flow
limits are needed for lower discharges than for high ones [50,59].

Self-forming gravel bars (e.g., point bars or alternating gravel bars) have been identified as
both suitable structures for young-of-year trout, as well as areas of reduced stranding risk due to
self-forming backwater habitats [80,82]. These findings underline the need to combine hydrological
rehabilitation with morphological restructuring measures to minimize the ecological impact of
hydropeaking [8,12,80,83]. Next to river restoration measures, connectivity to tributaries may also play
an essential role in supporting fish populations in hydropeaking rivers. Tributaries often exhibit more
stable hydrological conditions and less risk of erosion and, therefore, may provide suitable spawning
and rearing habitats for fish [3].
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3.2. The Effects of Sub-Daily Temperature Changes

Another abiotic factor that can influence the effects of hydropeaking on fish is water temperature,
as the release of pulsed flows is often coupled with thermal changes (i.e., thermopeaking) [84].
The ecological effects of long-term thermal alterations below dams have received some attention [85],
whereas less is known about the reaction of eggs or fish to sub-daily thermopeaking. Therefore, further
analyses have to be performed to study potential effects in detail [4].

Research has shown that both hydropeaking and thermopeaking can influence macroinvertebrate
communities [86]. Although we did not integrate macroinvertebrates into our conceptual mitigation
framework, this group should be included in more holistic approaches in the future, not only because
benthic communities are an essential food source for fish, but also because they are an indispensable
aspect of functioning river systems [87]. Also, as benthic dwellers, macroinvertebrates are particularly
sensitive to sediment composition and habitat conditions in the river bed [34].

3.3. Other Hydropeaking-Related Impacts

Aside from thermopeaking, two other hydropeaking-related impacts have recently been described.
‘Saturopeaking’ refers to fluctuations of gas saturation which follow the rapid, periodic, and frequent
pattern of hydropeaking operations [88], and ‘soundpeaking’ to hydropeaking-induced changes in river
soundscapes, whereby sound pressure levels can be strongly correlated with turbine discharge [89].
Although some guidelines exist for supersaturation (i.e., when total dissolved gases saturation exceeds
100%) [88], possible ecological effects of saturopeaking and soundpeaking in hydropeaking rivers still
remain to be studied [15], as well as the combined effects of these pressures.

3.4. Achieving Hydrological Mitigation Measures and Their Economic Implications

To achieve mitigation, either structural or operational measures can be utilized [10,12], whereby
similar positive hydrological changes in the tailrace can be obtained, e.g., by changes in the power
plant operation scheme, as well as through the construction of retention basins [2,90]. Considering
the economic implications, however, these two approaches show quite different outcomes [2].
Hydropeaking power plants operate competitively according to immediately changing market prices,
which means that the quicker their turbines can be turned on and off, the higher the economic
benefits are. Therefore, operational restrictions affect the ability to produce highly valuable peak
energy [2,12,91], especially if less favorable turbines types are installed [92] or the water availability
imposes constraints. In contrast, peak retention basins might initially require significant investment
costs, but, according to Person et al. [12], they show high beneficial ecological effects by reducing
sub-daily flow fluctuations at reasonable costs. Since retention basins allow ramping rate reductions,
they may be especially useful for applying seasonal flow rules during ecologically sensitive periods [90].
Only limited space availability may be the major problem for the construction of such basins.
In contrast, instream velocity refuges such as deflectors require less lateral space [93]. In the very
critical larval phase, a combination of compensation reservoirs and altered operational management
might be most effective by avoiding over-sized reservoirs. Currently, the feasibility of the air cushion
underground reservoir (ACUR) technology [94] to mitigate environmental hydropeaking effects is
being tested in the European project “HydroFlex” [95].

3.5. Limitations of This Study and Research Needs

In recent years, researchers have established a firm knowledge basis regarding general
fish ecological topics, such as the response of different salmonid life-history stages to different
environmental parameters, including water flow, temperature, or substrate conditions [96,97] (Table 1).
Of course, there are questions which still remain to be answered [96,98]. In the last years, hydropeaking
research has significantly advanced in terms of scientific output [99], and this increasing amount of
information has allowed us to formulate the presented mitigation framework (Figure 1). Nevertheless,
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although such a life cycle stage approach constitutes the most up-to-date framework on hydropeaking
mitigation, it is to be expected that future studies will significantly expand the present knowledge base
regarding the effects of hydropeaking on various life cycle stages, and proposed flow management
recommendations may have to be adapted. Therefore, Table 1 presents a knowledge matrix which
highlights crucial research areas in the field of hydropeaking impact and mitigation. Future research
will, among other goals, have to better quantify the effects of hydropeaking on spawning activities
and egg incubation phases (especially with regard to scour or siltation, and sub-daily temperature
changes), and investigate impacts on the fish population and community level, including studying
the effects of hydropeaking on the food web (e.g., between nutrients, periphyton, macroinvertebrates,
and fish).
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4. Conclusions

Research shows that fish are sensitive to hydrological modifications, especially sub-daily flow
fluctuations, which can influence each life cycle stage through various components of the hydropeaking
hydrograph. We reviewed the literature to understand how hydropeaking influences each life cycle
stage of salmonids. This approach allowed us to conceptualize a qualitative mitigation framework
which is based on seasonal flow regulations to protect ecologically sensitive life cycle stages (Figure 1),
whereby the following flow rules are recommended: During migration and spawning, flows should be
kept relatively stable, and a flow cap should be implemented to prevent the dewatering of spawning
grounds during intragravel life stages. While eggs may be comparably tolerant to dewatering,
post-hatch stages are very vulnerable, which calls for minimizing or eliminating the duration of
drawdown situations. Especially emerging fry are extremely sensitive to sub-daily flow fluctuations.
Therefore, a temporally-limited ‘emergence window’, where stringent thresholds on ramping rates are
enforced, is proposed. As fish grow in size, they become less vulnerable. Therefore, less restrictive
ramping rates (in comparison to fry) can be acceptable. In all seasons, adequate environmental flows
shall be allocated. Furthermore, when setting mitigation thresholds, interacting effects of daytime,
river morphology, and water temperature also have to be considered.

The implementation of these seasonal restriction guidelines will not only counter possible
hydropower-induced population bottlenecks but has the potential to entail less significant reductions
in energy yield compared to all-year round hydrological limits [76]. Nevertheless, further research
is necessary to evaluate the ecological effectiveness of the proposed concept and to quantify exact
thresholds for different species, life cycle stages, seasons, and time of day in distinct river types [15]
while minimizing flexible energy yield reductions in the implementation thereof.
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Abstract: Culverts can provide a significant barrier to fish passage by fragmenting fish habitats
and impeding the passage success of small-bodied fish. Geographical connectivity is critical to
the maintenance of diverse fish assemblages. Culverts with high cross-sectional velocity can cause
population fragmentation by impeding passage of small, freshwater fish. Behavioral responses
of small fish to high velocities can differ among functional groups, and swimming behavior of
many species is not well known. We tested effects of substrate type on swimming behavior in two
small, freshwater fish species—southern leatherside chub (Lepidomeda aliciae, a midwater species),
and longnose dace (Rhinichthys cataractae, a benthic species)—across three substrate treatments: (1) a
bare flume, (2) large flow obstacles, and (3) a natural cobble substrate. Both longnose dace and
southern leatherside chub used paths of low velocity and swam in the near-substrate boundary area.
Fish in the bare flume and large obstacle treatments swam along the corners of the flume in a straight
swim path, whereas fish in the natural substrate treatment used all parts of the flume bed. There was
no relationship between passage success of fish and substrate type, fish species, or their interaction.
In contrast, substrate type, fish species, and their interaction were significant predictors of passage
time. Southern leatherside chub passed through the test section about two to four times faster than
longnose dace. Both species took longer to pass through the large flow obstacle treatment compared
to the bare flume or natural substrate. The natural substrate created a complex velocity profile with
areas of low velocity throughout the entire flume, in contrast to the other two treatments. Our data
suggest natural substrates can improve the passage of small fish in high-velocity culverts for both
benthic and midwater functional groups.

Keywords: fish passage; culvert hydraulics; native fishes; velocity refuge; substrate size

1. Introduction

Geographical connectivity to source populations through a network of rivers and streams is critical
to the development of diverse fish assemblages. Manmade barriers to fish migration or dispersal
have been linked to the decline of freshwater fish assemblages throughout the world [1]. Culverts in
streams are ubiquitous in the United States [2,3] and frequently act as barriers to fish passage [2–7].
Recent studies estimate that 30% to 53% of culverts are barriers [2,8]. These structures adversely
affect the survival of freshwater fish species [3,8,9], by preventing migration and fragmenting the
habitats of freshwater fish, which leads to increased risk of extinction [10,11]. Culverts can also prevent
dispersal [6,11], which is critical for population maintenance and access of spawning habitats [3].

Sustainability 2019, 11, 470; doi:10.3390/su11020470 www.mdpi.com/journal/sustainability147
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Culverts with high velocity profiles fail to accommodate smaller fish, because they do not account for
differences in swimming behavior and size-dependent swimming abilities [1,12]. However, correctly
retrofitting culverts can effectively restore fish passage [13]. Research on how the morphological
and behavioral adaptations of fish affect passage behaviors through culverts will provide valuable
information that could inform future culvert design, particularly for small fish [1,9,14,15].

Salmonids are disproportionally represented in studies of fish passage through high-velocity
environments [16,17]. In a recent review of fish passage, 77% of studies examining the ecological
impact of culverts included salmonids, whereas 45% of all fish passage studies concerned salmonids
exclusively [11]. Although the passage success of salmonids has historically been prioritized
due to commercial value, scientists are now recognizing the importance of passage for other fish
species [18,19]. In recent years, studies on lampreys [20–22], perch [1,12,23,24], sculpins [25],
sturgeon [26–29], cyprinids [30,31], and galaxiids [32] have increased our knowledge on non-salmonid
fish passage. Some species of small-bodied fish exhibit behavioral adaptations that facilitate
upstream passage through high-velocity zones by using low-velocity paths. In non-uniform flows,
small, weak-swimming fish select paths of low velocity to swim upstream [14,15,33]. For example,
flume studies document small-bodied fishes consistently swimming in the reduced velocity zone
(RVZ) produced by the culvert wall [33,34]. Similarly, many studies have indicated that substrate type
may influence passage success in culverts by providing areas of reduced velocity [35–39]. However,
given the diversity of behavior and functional form of small fish compared to salmonids, there still is
relatively little known regarding the effect of substrate type on navigation of small, freshwater fish
through culverts [3,11].

Culverts can become a barrier to fish passage for any species of fish if the design fails to account
for a given species’ behavioral adaptations [12]. Several studies call for research on adaptive swimming
behaviors that might inform culvert design [11,15,40,41]. These adaptations include the selection of
energy-efficient swim paths and using different swimming strategies. Small fish may use sprint or
burst swimming speeds to cross velocity barriers [1,9], or swim at high speeds to minimize passage
time [42,43]. Small fish may also conserve energy by taking refuge in areas of reduced velocity [40,44].
Morphological adaptations between functional groups can also influence swimming strategy [28].
Fish in the midwater functional group may take advantage of low-velocity refuges in the wake of
obstacles by using “burst-and-coast” swimming [41,44]. Benthic fishes are morphologically adapted to
hold position on the substratum by bracing and sheltering [25,45–47]. Behavioral and morphological
responses of small fish to high velocities may differ between functional groups, suggesting that culverts
designed for the passage of small fish may need to accommodate a range of swimming abilities and
strategies, instead of treating small, non-salmonid fish as one group. However, if small fish from
different functional groups employ similar swimming strategies for passage, one culvert design may
be sufficient to allow for the passage of diverse assemblages of small, non-salmonid stream fish.

To inform culvert design in the context of stream restoration for small-bodied stream fish, species
from two different functional groups were selected to model how morphological and behavioral
differences between functional groups influences passage behavior and swim paths on different
substrates. We tested effects of substrate type on swimming behavior in southern leatherside chub
(Lepidomeda aliciae, a midwater species) and longnose dace (Rhinichthys cataractae, a benthic species)
across three substrate treatments: (1) a bare flume with no substrate, (2) large obstacles (15 cm diameter),
and (3) a natural cobble substrate (see Section 2.2 below). Because longnose dace is a benthic species,
we expected it to use bracing behaviors and do best in the natural substrate [25,45]. Conversely,
we expected southern leatherside chub to use “burst-and-coast” swimming and “refuging” to perform
best in the “large obstacle” treatment. We compared the passage time and behavior, and swim paths
of southern leatherside chub and longnose dace in each treatment to determine if functional groups
(midwater and benthic) react similarly to different velocity profiles. We then quantified fine-scale
patterns of velocity generated by the three treatments and mapped the velocity profile of swim paths
in each treatment.
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2. Materials and Methods

2.1. Study Species

Longnose dace are widely distributed across North America [48]. Like other benthic
omnivores [28,29,45,47], they exhibit bracing behavior in high velocities, allowing them to endure
powerful flows without large increases in energy expenditure [25,45,49]. Southern leatherside
chub co-occur with longnose dace in streams in central Utah, USA, as midwater carnivores [50].
These species are not known to undergo spawning migrations, but are most active during the warmest
part of the year, i.e., June through August. In Soldier Creek, UT, USA, where specimens were
collected for our experiments (39◦59′37.5” N, 111◦29′42” W, elevation = 1554 m, gradient = 22.5 m/km),
southern leatherside chub and longnose dace are two of the most abundant fish species, and they
co-occur with mottled sculpin (Cottus bairdi), redside shiner (Richardsonius balteatus), mountain
sucker (Catostomus platyrhynchus), cutthroat trout (Oncorhynchus clarki), and introduced brown trout
(Salmo trutta) and rainbow trout (Oncorhynchus mykiss) [51]. We captured adult longnose dace
(mean total length = 82.5 mm ± 3.75 mm; range = 75 mm–90 mm) and southern leatherside chub
(mean TL = 72.5 mm ± 3.75 mm; range = 65 mm–80 mm) with handheld seine nets (mesh size = 6.5 mm)
in Soldier Creek during June and July of 2010. We pulled seine nets through pool and riffle
environments and collected all fish for a given week over the course of one to two hours.

2.2. Experimental Design

We conducted six passage tests each week: three on longnose dace and three on southern
leatherside chub over the course of 4 weeks for a total of twelve replicates or trials for both species.
This was four trials for each species in each of the three flow treatments described below. We randomly
assigned 5 fish from one of the two species to each trial, for a total of 60 fish of both species used in this
study. Thus, we collected at least 15 fish of each species at the beginning of each week.

Trials were conducted in a laboratory flume designed to simulate flow conditions in a culvert with
a similar diameter (Figure 1). That is, high velocity conditions towards the central portion of the barrel,
with reduced velocities near the edges. The flume was made of Plexiglas with an adjustable flow rate,
depth, and slope. The recirculating supply of water was equipped with an inline Venturi meter to
accurately monitor flow rate, and water velocities were set by manipulating the slope of the flume.

 

Figure 1. Plan view of the experimental flume representing the bare flume, large obstacle, and natural
substrate treatments. Cylinders were placed in the large obstacle treatment only. In the natural substrate
and bare flume treatments, the entirety of the experimental flume was covered with cobble substrate or
left bare, respectively.

Trials consisted of three treatments: (1) the bare flume representative of bare culverts [32],
(2) linearly arrayed obstacles made of concrete cylinders 15 cm in diameter (see Figure 1), representative
of baffles, and (3) natural cobble substrate from the stream where the fish were collected. For the
natural substrate trial, we positioned the substrate along the entire length of the flume upstream from
the acclimation area, and spanning the entire width of the flume (Figure 1). A standard sieve analyses
of four samples showed that the substrate median diameter (d50) was 46 mm with a standard deviation
of 6.7 mm.

Fish were allowed to acclimate for one hour in a holding area at a water velocity of 0.20 m/s
(Figure 1). After the acclimation period, we increased the flow rate until the flume reached the desired
cross-sectional average velocity for each test (see below). Once the flow rate was steady, we raised the
containment barrier (a mesh panel) to begin a trial. Each trial lasted 60 minutes from the end of the
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acclimation period. In trials with natural substrate, cobbles were extended beyond the test section,
such that fish were not suddenly confronted with an abrupt difference in bottom material at the end
of the test section. Passage success was the number of fish per trial that traversed the test section of
the flume. We also recorded the time for each fish to swim the length of the test section (Figure 1).
If fish did not complete the test within 60 minutes, we recorded them as having failed. If a fish did
not change position after 15 minutes, we lightly prodded their caudal fin to motivate movement [52].
If fish were impinged against the downstream gate or otherwise exhibited extreme exhaustion with no
reaction to prodding, we removed them from the test [1,52].

We mapped fish swim paths by recording the position of each fish at five minute intervals as they
moved upstream. Based on visual observations, positions were marked as the distance upstream from
the beginning of the test section and the distance from the right edge of the flume. Swim paths were
mapped as a sequence of positions with a straight line drawn between positions. Fish were visually
monitored during the time between recording intervals (i.e., 5 minutes), but position was not recorded.

The average cross-sectional velocity for each trial was set at 25% greater than the prolonged
swimming speeds for both species, which were 0.54 m/s for southern leatherside chub and 0.73 m/s
for longnose [49]). Prolonged swimming speeds underestimate fish passage [53,54], since fish are often
forced to swim above their prolonged swim speeds [1,49,55]. For longnose dace, we ran tests at a flow
rate of 0.20 m3/s, a velocity of 0.91 m/s, a depth of 0.2 m, and a Froude number of 0.66, whereas flow
rate was 0.15 m3/s, with a velocity of 0.68 m/s, a depth of 0.16 m, and a Froude number of 0.60 for
southern leatherside chub. At these velocities the approach flow was fully developed according to
the Blasius equation for flat planes [56], and Reynolds numbers were >100,000 for all experiments.
To control turbulent surface waves that form at high velocities, which can impact the swimming ability
of the fish [9], we tethered a 1 m long plywood board to the water surface at the inlet section of the
flume. This board did not overlap with the test section.

We ran all trials within 4 days of collecting fish [57]. We transported fish to holding tanks
(volume = 1100 liters) in aerated, insulated coolers filled with river water. The holding tanks were kept
under 12 h light and dark cycles at about 18 ◦C, and fish were fed frozen brine shrimp twice daily.
Mean water temperature was also kept at 18 ◦C ± 4 ◦C in the experimental flume. This temperature
was in the mid-range of that experienced by fish in Soldier Creek during the growing season [51].

2.3. Velocity Profiles and Swim Paths

We used a SonTek 16-MHz Micro Acoustic Doppler Velocimeter (ADV) [58] to generate detailed
maps of current velocity for each of our substrate treatments. The ADV is a three-pronged sensor that
takes 3D velocity readings in a ≈0.3 cm3 sampling volume 5 cm below the probe tip. ADV output data
includes signal to noise ratio (SNR) and correlation (COR) values that filter out noise in the acoustic
reflections. COR values are ideally greater than 70%, but COR values as low as 30% can be used for
mean velocity measurements over variable terrain, and SNR values for mean current measurements
can be as low as 5 dB. [59]. To reduce the effect of high turbulence near the substrate, only SNR values
greater than 5 dB and COR above 30% that resulted in at least 70% good points were include in our
analysis. We used the mean water-column velocity to characterize the velocity profile [46]. Velocity
measurements were taken along a grid 1 cm above the substrate on 5 × 5 cm planform [14]. We used
AutoCad software [60] with the velocity data to map isovels (contours of equal velocity) for a 3.5 m
length of the flume located near the center of the 10 m test section.

To determine the lowest velocity swim path available to fishes in each of the substrate treatments,
we plotted velocity along a simulated continuous swim path. We modeled this minimum velocity swim
path after the observed swim paths for each substrate treatment. In the natural substrate treatment,
where swim paths were highly variable, we simulated the path of minimum velocity through the
measured velocity grid and plotted the resulting velocity profile. To simulate the swim paths, we used
an algorithm that assumed fish could move any direction from a given point to follow the path of
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minimum velocity. We mapped minimum velocity profiles of a simulated fish swim path using
AutoCad software [60].

2.4. Statistical Analyses

We used a logistic analysis of variance (Proc Logistic, SAS 9.3, SAS Institute, Cary, North Carolina) to
examine the relationship between the categorical response variable (if individuals successfully traversed
the 10 m test section; yes or no) and the categorical independent variables of fish species (2 levels),
substrate treatments (3 levels), and their interaction [61]. For individuals that successfully traversed the
test section (95 out of 120 individuals), we examined the relationship between passage time (a continuous
dependent variable) and fish species (2 levels), substrate treatments (3 levels), and their interaction with
a mixed model ANOVA in SAS 9.3 (Proc Mixed) [62]. We used a natural log-transform to meet the
assumptions of the parametric model. A replicate trial was a random effect in both analyses.

3. Results

3.1. Swim Paths

In all substrate treatments, both longnose dace and southern leatherside chub passed through
the flume within 1 cm above the substrate. Swim paths in the control (i.e., bare flume) and large flow
obstacle treatments were completely uniform: fish swam in a straight swim path as close as physically
possible to the wall of the flume, where velocity was lowest. They entered and exited the test section
of the flume in the same position near the walls of the flume. None of the fish in these two treatments
moved laterally from one side of the flume to the other. In the large flow obstacles treatment, none of
the fish swam along the edge of the cylinders opposite the wall of the flume (i.e., interior edge). Because
position of fish was recorded at 5 min intervals, swim paths for the natural substrate treatment appear
as straight lines between recorded points. However, in the natural substrate treatment, in contrast
to the uniform swim paths in the other two treatments, we observed fish swimming throughout the
flume near the substrate with no clear preference for flume walls. There appeared to be no directional
pattern to swim paths in the natural substrate treatment other than upstream, and fish made lateral
movements across the flume, reversals in direction (including downstream), and entered and exited
the test section in variable locations across the width of the flume (Figure 2).

 

Figure 2. Plan view of sample swim paths of southern leatherside chub and longnose dace in bare
flume (top), large flow obstacles (middle), and natural substrate (bottom) treatments in the 10 m test
section of the flume. The flume test section is 10 m in length and 1.2 m in width, and the position and
relative size of the large obstacles are indicated by the black circles. In these two treatments, the red
line indicating longnose dace and the blue line indicating southern leatherside chub are slightly offset
to show color differences, but do not represent differences in swim path.
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3.2. Passage Success and Time

At least 70% of individuals in both species among all three treatments successfully passed through
the test flume (Figure 3a). There was no relationship between passage success of fish and substrate
type, fish species, or their interaction (Table 1). In contrast, substrate type, fish species, and their
interaction were significant predictors of passage time (Table 2). Southern leatherside chub passed
through the flume about two to four times faster than longnose dace. Both species took longer to pass
through the large flow obstacles treatment compared to the bare flume or natural substrate. This effect
was more pronounced in southern leatherside chub (Figure 3b).

Figure 3. Mean (±1 SE) of (A) passage rate, and (B) passage time (in min) through the flume based on
substrate type and fish species.

Table 1. Logistic regression analysis for fish passage success through the flume comparing the three
substrate treatments (bare flume, large obstacles, and natural substrate) and two fish species (southern
leatherside chub and longnose dace), and their interaction.

Source of Variation df Chi-Square P-Value

species 1 0.09 0.76
substrate 2 2.09 0.35

species × substrate 2 1.43 0.49
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Table 2. Analysis of variance for time of fish passage through the flume comparing the three substrate
treatments (bare flume, large obstacles, and natural substrate) and two fish species (southern leatherside
chub and longnose dace), and their interaction.

Source of Variation df F Value P-Value

species 1/89 46.31 <0.0001
substrate 2/89 11.94 <0.0001

species × substrate 2/89 3.96 0.0224

3.3. Velocity Profiles and Swim Paths

The three substrate treatments created dramatically different velocity patterns in the test field.
The lowest velocities in the bare flume were near the flume walls. Velocity increased uniformly from
the walls to the center of the flume, where velocity was highest (Figure 4). In the large flow obstacle
treatment, the areas of lowest velocity were located downstream from the obstacles and between the
obstacles and the wall of the flume. Like the bare flume, the highest velocity in the large flow obstacles
treatment was located in the center of the flume. (Figure 4). In contrast to both of these treatments,
the natural cobble substrate produced a complex, nonuniform velocity pattern with low and high
velocities distributed throughout the entire flume area (Figure 4).

 

Figure 4. Plan view of velocity field in experimental flume for substrate treatments of bare flume (top),
large flow obstacles (middle), and natural substrate (bottom). Length of the section shown above was
3.5 m. Water flow is from right to left. Velocity contours are in units of cm/s, and are shown at a flow
rate of 0.91 m/s.
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The velocity experienced by fish for simulated swim paths in the bare flume was constant at about
47 cm/s throughout the length of the flume near the flume walls (Figure 5a). In the large obstacle
treatment, the velocity profile of simulated swim paths fluctuated regularly between velocities of
28 cm/s and 80 cm/s as the fish moved along the flume wall past the obstacles (Figure 5a). In the
natural substrate treatment, the velocity profile of the simulated swim path fluctuated irregularly
between about 15 cm/s and 49 cm/s as the fish moved in irregular paths across the flume following a
low-velocity path (Figure 5b).

Figure 5. Velocity profiles for longnose dace flow conditions with velocity measurements taken 1 cm
above the substrate along simulated typical swim paths; (a) bare flume (designated as control) and large
flow obstacles treatment, and (b) bare flume (designated as control) and natural substrate treatment.
The distance is longer in the natural substrate treatment because the swim path was not straight.

4. Discussion

Successful restoration of stream habitats depends on connectivity of fish assemblages within the
stream system. Culverts can become barriers to fish movement and lead to fragmentation of otherwise
suitable habitat [63]. The results of this study indicate that small-bodied stream fish, such as longnose
dace and southern leatherside chub, select swim paths of low velocity to pass through culverts. It also
suggests that natural substrate positively affects the ability of small fish to swim upstream by providing
areas of reduced velocity. Fish consistently utilized paths of low velocity when navigating upstream
through the experimental flume. In all treatments, fish swam close to the substrate, where velocity
is lowest. Neither species used the midwater area, even though southern leatherside chub typically
frequent midwater habitats [64]. The swim paths of fish also mirrored the path of lowest velocity.
In the bare flume trial, fish swam up the side of the flume, where velocity was lowest [65]. Conversely,
the natural substrate treatment produced a highly variable velocity profile [66]. The swim paths of
fish in the natural substrate treatment reflected this variability. Swim paths lacked a clear pattern and
covered the entirety of the flume bed, mirroring the non-uniformity of the velocity profile.

The difference in passage time between the two species is likely due to differences in swimming
behavior, which is influenced by morphological features, such as rostrum shape, size of pectoral
fins, and body shape [28]. Behavioral and morphological responses to high velocities differ between
functional groups [23,25]. In high velocities, longnose dace exhibit a bracing behavior that allows
them to maintain position without expending much energy [45,49,67]. Southern leatherside chub,
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on the other hand, must swim continuously to maintain position, even in lower velocity zones [49].
These behavioral adaptations minimize energy expenditure [25,40,45]; for southern leatherside chub,
rapid passage through high velocity areas conserves energy, whereas longnose dace are able to brace
without increasing energy expenditure [25,46]. Rough bottom substrates may provide an energetic
advantage to both species if substratum dimensions are similar to the body size of the fish [27,46].
Fish seek refuge from the main current by “flow refuging” in areas of reduced flow velocity [44]. As the
water velocity increases, the maximum distance that fish can travel without resting decreases [68,69].

The availability of low-velocity zones is an important factor to consider in high velocity flow
fields [70]. Our observations support the hypothesis that small, weak-swimming fish navigate
upstream by using paths of low velocity [15,33]. Our findings are also consistent with reports of
small-bodied fish moving upstream along the side of the flume in the reduced velocity zone or
skimming the substrate [15,28,33,34,71]. This study suggests that average cross-sectional velocities
may not provide a good metric for predicting passage of small-bodied stream fish, because both
midwater and benthic swimmers use the low-velocity area directly above the substrate for passage.
This study also indicates that constricted structures that create high velocities are more likely to be
a barrier to midwater swimmers, which don’t have energy-saving bracing behaviors like benthic
species [49].

The use of natural substrate and artificial or natural rugosities to create low velocity zones gives
greater flexibility to culvert design in stream restoration plans. The average cross-sectional velocity
in a culvert is used to accommodate the prolonged swimming speed of the weakest swimmer [72],
which results in dramatically increased culvert sizes [15]. The size of the smallest fish that must
transverse the culvert influences its design and cost [12]. These results demonstrate that for multiple
species of small-bodied fish, upstream passage is greatly facilitated by lining the culvert bottom with
the substrate found in the fish species’ native environment. This is a simple and economical mitigation
compared to the expense of replacing or otherwise modifying the culvert barrel.

Other studies on fish passage have shown that in addition to velocity, turbulence can have strong
effects on swimming behavior and movement [9,12,73]. We did not measure turbulence in the bare
flume or large obstacles treatments; however, we did observe that fish in the large obstacle treatment
did not use the turbulent wake region downstream of the obstacles, suggesting that perhaps turbulence
influenced swim path behavior in this treatment. In the natural substrate treatment, we did not
observe any noticeable effects of turbulence. Turbulence was likely lower in the natural substrate
treatment because the size of the substrate particles were smaller than in the large obstacle treatment.
Effects of combined velocity and turbulence measurements would be an interesting area for future
experimental research.

In summary, our data suggest that the type of substrate in a culvert can have a strong influence
on movement and swimming behavior of both mid-water and benthic-oriented fish. Natural cobble
substrate provides a much less restrictive environment for passage with multiple low velocity paths,
compared to large obstacles or a bare culvert. These results add to our understanding of how small
stream fish move through high flow environments created by culverts and other flow restrictions.
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Abstract: Deep slot fishways (DSF) are similar to vertical slot fishways (VSF) except that a sill has
been placed at the base of the slot, and thus require a lower discharge to operate. The conversion of a
VSF to a DSF, which requires minimal design modifications, can make for a more flexible design in
inflow management, maintaining the correct operation of the fishway in periods of limited water
availability. It is, however, crucial to understand the new flow conditions that will be created inside
the fishway, and their implications for fish passage. In this paper, the hydrodynamics of DSF were
studied for two different pool configurations and five sill heights. The investigation comprised the
analysis of the water surface configuration, the velocity and turbulence fields, as well as the definition
of the equations that related discharges to depths in the pools. The DSF designs compared well in
terms of water surface patterns and maximum velocities with VSFs, but resulted in a more complex
three-dimensional flow pattern and increased turbulence levels. Further testing with fish is needed to
analyze whether the benefits of retrofitting a VSF by adding a sill during low flows are cancelled out
by increased fish passage difficulty.

Keywords: fishway; upstream passage; hydraulic models; flow patterns; velocity distribution;
turbulent flow

1. Introduction

Hydraulic works (dams, diversion dams, and dikes) can lead to major changes in the
characteristics of river ecosystems. One of the most important negative impacts on the ichthyofauna
is that they can create an insurmountable physical barrier impeding the natural movements of fish.
Fish passage structures are designed to restore the longitudinal (downstream-upstream) connectivity
of streams and rivers affected by such obstacles [1], facilitating the passage of fish.

Fishway designs have traditionally been developed targeting salmonid species, to facilitate their
passage during the migration period. Low passage efficiencies have been found in such devices
for potamodromous species and other non-salmonid diadromous species [2–4], with failure often
attributed to the diversity in behaviours, morphology, physiological capacity, and swimming ability.
Free movement of non-salmonid species is however crucial to sustain stocks in a moderately natural
state and to maintain fish community structure and dynamics [5]. The biological objectives of building
a fish pass are thus developing towards allowing permanent free movement of the complete fish
community [6]. The introduction of temporary or permanent design modifications in existing fishways
can be a solution to improve their efficiency for a wider range of species during the whole year,
contributing to the achievement of this goal. A few studies have already shown the potential of
retrofitting technical fishways as an economic solution for improving fish passage [7,8].
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Pool-type fishways, which are the most common type worldwide [9–11], consist of a channel with
a sloping bed divided by cross-walls into a series of pools. The total height of the obstacle to surmount
is divided into a number of small drops and suitable hydrodynamic conditions are recreated in the
pools to facilitate the passage of fish. Vertical slot fishways (VSF) and deep slot fishways (DSF) are
particular types of pool-type fishways, which differ on the type of connection between pools. They are
both modular systems in which the opening that joins two successive pools is known as a slot. The slot
is vertical when the opening extends all the way down the transversal wall, whereas the deep slot is
the design where the opening is limited by a sill at its base.

The most straightforward advantage of DSF with respect to VSF is that they require a lower
discharge to operate. The conversion of a VSF to a DSF, which requires minimal design modifications,
can thus make for a more flexible design in inflow management, maintaining the correct operation
of the fishway in periods of limited water availability. It is however crucial to understand the flow
conditions that will be created inside the fishway, and their implications for fish passage.

Previous studies in VSFs have shown that the flow field is mainly two-dimensional, with nearly
uniform velocities along the water column and small vertical velocities in comparison to the horizontal
ones [12–14]. The velocity fields in the pools are relatively insensitive to variations on the discharge,
and the water depths are proportional to a dimensionless discharge with an almost linear relation.
Two main flow regions can be distinguished: the recirculation regions characterized by low velocities,
horizontal eddies and reversed flows; and the main flow region defined by a high velocity jet, where
maximum velocities occur [15].

The introduction of a sill at the base of the slot entails a change in the hydraulic characteristics
of the flow. The sill may improve the orientation of the jet diagonally over the pool, thus avoiding
short-circuiting from one pool to the next without the dissipation of an adequate proportion of kinetic
energy of the flow [10]. DSFs are associated with larger pool depths for a given discharge in the
fishway [16]; the height at which the sill is positioned makes it possible to increase or decrease the pool
depths. The velocity field is also expected to be significantly different, with velocities being clearly
three-dimensional in DSFs. It is essential to study these differences in order to evaluate the possible
impact on the fish species that use these structures to overcome barriers.

The hydraulic conditions in the fishway must be compatible with the fish swimming capabilities
and behavior [17]. Extensive data on swimming performance are currently available for many
species [18], which can be compared to the velocity field developed in the fishway. It seems obvious that
maximum water velocities must be less than the burst speed of the ascending fish. The majority of the
flow velocity within the pools must also be below the species’ critical swimming speed, which has been
often used to define the transition from the use of purely aerobic red muscle fibres to the recruitment of
anaerobic white muscle fibres that result in muscle fatigue and oxygen debt [19]. High vertical velocity
components are also likely to influence the behavior of the fish, and can force them to shift from one
depth to another [6,8]. On the contrary, low-velocity zones seem to play an important role, allowing
fish to rest during upstream passage [20].

Turbulence also affects fish swimming performance and behavior [21]. Turbulence criteria have
been incorporated into the design of pool-type fishways, typically through simple indicators of the
average turbulent kinetic energy in the pools such as the volumetric power dissipation [22,23]. Recent
studies have analyzed in more detail the fish response to turbulence parameters in fishways, with the
aim of assessing the effect of potential key-variables that should be considered for future fishway
designs. Their findings suggest that high turbulent kinetic energy can confuse fish in their efforts to
move through the fishway along energy efficient paths, increasing fish fatigue [24]. On the contrary,
pool areas with low turbulent kinetic energy and Reynolds shear stress values can be used by fish for
resting during the ascent though the fishway [25,26]. It should be noted, however, that fish response to
variations of these parameters is still not well documented, and that other turbulence descriptors such
as the eddy size and strength are also suspected to be important for effective fish passage [27].
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In this paper, the hydrodynamics of DSFs were studied experimentally. The objective was to
investigate the feasibility of DSF as a retrofitting option to make existing VSF more suitable for fish
passage during low flows. Two different basic pool configurations of VSF, reported to be effective
by Rajaratnam et al. [28], and previously studied by the authors [12] were considered. A sill was
positioned at the base of the slot, and five different sill heights were evaluated. The performance of the
fishway was evaluated only in terms of hydrodynamics, and no experiments with fish were conducted.
The experimental model study of the hydrodynamics of DSFs allowed us to acquire fundamental
knowledge on the operation of this type of fishways. This is intended to contribute to the development
of more effective fish passage structures, capable of accommodating all movements of a wide range of
species and sizes of fishes.

2. Materials and Methods

The experimental work was carried out at the CITEEC (Centro de Innovación Tecnolóxica en
Edificación e Enxeñería Civil) at the University of A Coruña (Spain). The fishway scale model consisted
of a metallic structure 12 m long, 10% slope and 1 × 1 m2 rectangular section. The fishway was divided
into eleven pools. The first four pools presented a T2 configuration, the next three were transition
type pools and the last four had a T1 configuration (Figure 1). The two pool designs differ in the
dimensions and shape of the cross walls. In design T1, the left side cross-wall is shorter and has a
baffle fixed to its upstream face, and the right side cross-wall is longer. The flume bed, side walls and
the cross-walls (vertical) separating the pools were made of transparent methacrylate sheets making it
possible to observe the flow. The experimental measurements were recorded in pools number 3 and 7
(Figure 1a). Discharge was measured by means of an electromagnetic flowmeter. All the elements in the
recirculating water circuit were automated and their operation was centralized in a control computer.

Figure 1. (a) Plan view of the laboratory model; (b) Details of design T1 pool, with slot width
b = 160 mm; (c) Details of design T2 pool, with slot width b = 150 mm; (d) Data point mesh in a
plane parallel to the bed for T1 design; (e) 3D-view of the slot in design T1, with a sill of a height of
200 mm; and (f) 3D-view of the slot in design T2, with a sill of a height of 200 mm. All dimensions are
in millimeters.
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Uniform flow conditions [13,28,29] were used in the tests, so that the mean depth measured at the
middle transverse section (yo) was the same in all the pools. At the lower end of the flume a tailgate
causing overflow was used to reach the necessary boundary conditions for the uniform flow. For this
reason, the tailwater levels were different for each discharge tested.

A traversing system was placed over the experimental pools to automate the positioning of
the measurement instruments and could therefore be set automatically at any point in the pool.
Two measurement devices—a depth probe and a velocimeter—were placed on the traversing system
to perform the measurements. Velocities were measured by means of a Doppler Effect velocimeter
(MicroAcoustic Doppler Velocimeter SonTek: San Diego, CA, USA). Through the MicroADV Data
Acquisition System the velocity in the three Cartesian axes (Vx, Vy, and Vz) was obtained for each data
point [30,31]. The water surface height in the pools was measured by means of a conductivity-based
depth probe, DHI Wave Gauge Type 202. The instrument remained at each data point for 10 s to collect
data on depth. The velocity data was measured at a frequency of 15 Hz during 15 s.

Velocity measurements were carried out in planes parallel to the flume bed with a separation
of 10 cm between them, starting at 5 cm from the channel bed up to as close to the water surface as
possible. In each plane, data points were distributed forming a 10 × 10 cm mesh, reduced to 5 × 5 cm
in critical zones (Figure 1d). Therefore a three-dimensional mesh of 10 × 10 × 10 cm was used to
measure velocity. In each plane parallel to the flume bed, velocity was measured at 140 points in
design T1 and at 132 points in design T2. The number of parallel planes ranged from 2–8 depending
on the discharge and sill height. A summary of the experimental measurements obtained is presented
in Table 1. Depth measurements in the pools were evaluated using a two-dimensional mesh with
points at a 10 × 10 cm maximum separation in between. Depth was measured at 111 and 109 points in
designs T1 and T2, respectively.

The experimental survey is summarized in Table 1. Five different sized sills were tested in
each pool design (T1 and T2). The range of discharges used for each sill varied from the minimum
discharge needed to use the measuring instruments up to the maximum discharge achievable in the
laboratory model.

Table 1. Summary of the experiments: sill heights tested, flow discharges analyzed and number of
measurement planes in each test.

Design Sill Height (cm) Discharges Q (L/s)
# Measurement Planes

Lowest Q Highest Q

T1

10 25, 35, 45, 55, 65, 75, 84, 94 2 7
20 24, 35, 45, 55, 65, 75 3 7
30 26, 35, 45, 55, 65, 75 3 7
40 25, 34, 44, 55, 65 4 7
50 25, 35, 45, 55 5 7

T2

10 26, 35, 45, 55, 65, 75, 85, 95 2 7
20 25, 35, 46, 55, 65, 75 3 8
30 25, 35, 45, 55, 65 4 8
40 25, 34, 44, 55 5 7
50 25, 35, 44 6 7

The hydrodynamics of a DSF depend upon the discharge (Q), the geometric slope (S), the slot
width (b) and the sill height (z). From the dimensional analysis, the following dimensionless variables

were chosen for the representation of the experimental results: QA = Q/
√

gb5, yA = (y – z)/b.
The variable QA is the dimensionless discharge and yA is the relative flow depth. The variable y
represents the depth measured at any given point in the pools. The following characteristic depths
were defined: the mean depth at the transverse middle section of the pool (yo), the depth at the slot
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measured from the lower sill base (yb), the mean depth in the pool (ym), and the maximum and
minimum depths in the pool, (ymax and ymin, respectively).

In order to quantify the turbulence generated in the DSFs, two key turbulent variables were
selected: the turbulent kinetic energy k, calculated as k = 0.5

(
v′2x + v′2y + v′2z

)
, where v′2x, v′2y, v′2z are

the variance of the fluctuation velocity in each spatial direction; and the turbulence intensity Ikt, defined
as Ikt = k/V2, where V is the mean velocity. It should be noted that the temporal resolution of the
velocity measurements would not allow us to perform other types of analysis such as the calculation
of the power spectrum.

3. Results

3.1. Discharge Equations

Discharge equations that provide a dimensionless relationship between depth and discharge were
calculated by means of the analysis proposed by Puertas et al. [12] for vertical slot fishways. In this
case, an independent term has been included, since the addition of the sill leads to yo �= 0 when Q = 0.
The equation has the following form:

QA = α
(yo

b

)
+ μ. (1)

The experimental values of the dimensionless discharge QA, as compared to yo/b values for
both designs and the five sills used are shown in Table 2. Also shown are the linear relationships
computed from the experimental data along with the correlation factor in parentheses. The values of
the proportionality factors depend on the configuration of the transverse cross-walls and sill height.
An increase in sill height implies a proportional increase in depth. This characteristic is of utmost
importance since it will allow designers to choose the most appropriate design and sill in terms of the
available discharges and required depths.

The experimental results were compacted to obtain a single discharge equation for each pool
design. The experimental results and linear relationships are shown in Figure 2, which also include the
experimental values observed in the vertical slot fishways (z = 0). The discharge equations obtained
provide a good fit to the experimental data, with a coefficient of correlation above 0.90 (Table 3).
Design T2 has a higher proportionality coefficient in the equations than design T1 (0.90 versus 0.83).
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Figure 2. Trend line and experimental values of the relationship (yo − z)/b versus the dimensionless
discharge QA for the two pool designs.
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Table 2. Summary of experimental results used to calculate the discharge equations. Discharge
equations QA − yo (dimensionless discharge-dimensionless depth) for the two designs and the five sill
heights used. Shown in parenthesis is the correlation coefficient r2.

Sill Design T1 Design T2

(cm) QA yo/b Equation QA yo/b Equation

10 0.777 1.483 QA = 0.794yo/b − 0.583 0.935 1.731 QA = 0.844yo/b − 0.545
1.078 2.115 (r2 = 0.996) 1.283 2.217 (r2 = 0.999)
1.403 2.476 1.658 2.620
1.715 2.841 2.008 2.997
2.021 3.361 2.376 3.421
2.332 3.679 2.743 3.926
2.628 4.010 3.119 4.240
2.937 4.809 3.478 4.756

20 0.757 2.241 QA = 0.818yo/b − 1.040 0.921 2.369 QA = 0.677yo/b − 0.680
1.092 2.688 (r2 = 0.986) 1.266 2.856 (r2 = 0.999)
1.402 2.885 1.668 3.453
1.701 3.295 2.019 4.040
2.016 3.663 2.373 4.497
2.326 4.205 2.733 5.026

30 0.796 2.769 QA = 0.857yo/b − 1.666 0.916 2.961 QA=0.731yo/b − 1.269
1.071 3.348 (r2 = 0.975) 1.288 3.512 (r2 = 0.999)
1.383 3.507 1.643 4.007
1.725 4.034 2.010 4.488
1.997 4.313 2.388 4.977
2.343 4.560

40 0.773 3.345 QA = 0.817yo/b − 1.981 0.900 3.631 QA = 0.772yo/b − 1.880
1.068 3.783 (r2 = 0.997) 1.248 4.007 (r2 = 0.997)
1.383 4.111 1.625 4.534
1.707 4.479 2.000 5.038
2.017 4.905

50 0.769 3.915 QA = 0.774yo/b − 2.264 0.903 4.233 QA = 0.720yo/b − 2.142
1.094 4.362 (r2 = 0.998) 1.273 4.734 (r2 = 0.999)
1.392 4.691 1.630 5.243
1.707 5.142

Table 3. Discharge equations QA − yo (dimensionless discharge-dimensionless depth) and
dimensionless relationships among the characteristic depths (maximum ymax, at the slot yb, mean ym,
and minimum ymin) and the mean depth in the transverse middle section yo, for both designs and all
sill heights. Shown in parenthesis is the correlation coefficient r2.

Design T1 Design T2

QA 0.827(yo − z)/b 0.895(yo − z)/b
(r2 = 0.955) (r2 = 0.933)

(ymax − z)/b 1.063(yo − z)/b + 0.388 0.996(yo − z)/b + 0.679
(r2 = 0.994) (r2 = 0.984)

(yb − z)/b 0.981(yo − z)/b + 0.242 1.053(yo − z)/b + 0.172
(r2 = 0.986) (r2 = 0.954)

(ym − z)/b 1.018(yo − z)/b 1.015(yo − z)/b
(r2 = 0.998) (r2 = 0.998)

(ymin − z)/b 0.982(yo − z)/b − 0.433 0.973(yo − z)/b + 0.496
(r2 = 0.997) (r2 = 0.992)

3.2. Water Depth

The relationships obtained between yo and the other characteristic depths yb, ymax, ymin, and ym

are shown in Table 3. The slot is a section of unavoidable passage in the ascension of fish though
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the fishway and provides information on the maximum velocity required to overcome the barrier.
Similarly to the other characteristic depths, yb/b increased linearly with the discharge Q. However,
the water height over the sill in slot (yb − z)/b remained relatively constant regardless of the type of sill
used (Figure 3). On the basis of these results, it is possible to foresee that the velocities at the slot reach
a constant value that is independent of the discharge and the sill under consideration. The passage
section through the slot is not a control section; the Froude number (F) was calculated for this section
and the regime was found to be subcritical F = u/

√
g(yb − z) < 1 (where u is the velocity at the slot).
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Figure 3. Depth at the slot (yb) in terms of the dimensionless discharge (QA) and sill height (z).

3.3. Water Surface

The configuration of the water surface patterns in the DSFs was studied taking three factors into
consideration: the basic design of the transverse cross-walls; the sill height; and the discharge. Designs
T1 and T2 exhibited different water surface patterns as shown in Figures 4 and 5, although some
similar features were detected: (1) a sharp drop in depth after the slot, continuing along in the direction
of the flow; (2) the existence of a nearly circular area of minimum depths; and (3) the distribution of
isodepth lines approximately perpendicular to the direction of the longitudinal axis of the fishway.

 

Figure 4. Water surface levels in designs T1: (a) Sill = 10 cm, Q = 55 L/s; (b) Sill = 10 cm, Q = 45 L/s,
(c) Sill = 50 cm, Q = 45 L/s; and (d) VSF (no sill), Q = 65 L/s.
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Figure 5. Water surface levels in designs T2: (a) Sill = 10 cm, Q = 55 L/s; (b) Sill = 10 cm, Q = 45 L/s,
(c) Sill = 50 cm, Q = 45 L/s; (d) VSF (no sill), Q = 65 L/s.

The main differences with the pattern observed in the VSF designs (Figures 4d and 5d) were:
(1) the location of the area of minimum depths inside the pool, which moved towards the interior
of the pool, close to the crosswall, in both DSF designs and (2) the distribution of isodepth lines in
the design T1, that changed from an oblique to a perpendicular orientation to the direction of the
longitudinal axis of the fishway.

In the examples presented in Figures 4 and 5 we can see the effect of the sill height and flow
discharge on the configuration of the water surface. The figures show the water surface for two different
sill heights (10, 50 cm) and two discharges (45, 55 L/s). These representative examples illustrate the
similarity of the water surface patterns within each pool type (T1 and T2), regardless of changes in
these parameters.

3.4. Velocity Fields

The flow in the VSFs is nearly two-dimensional and the velocity vectors are parallel to the flume
bed. Horizontal velocities are uniform along the vertical direction and vertical velocities are close to
zero. On the contrary, the flow generated in the DSFs is very complex. In DSFs there is a wide variability
in the circulation patterns which are dependent upon the cross-wall design, the sill height and the
vertical position over the bed, these factors being invariable in terms of the circulating discharge.
In Figure 6, it is possible to observe the differences between the velocity fields, particularly in the
velocities occurring near the bed and the velocity fields above the greatest sill height. Also evident is
the importance of the vertical velocities in some of the pool zones which favor the vertical circulation
of the water.

As expected, the horizontal velocity fields in planes below the sill height are very different to those
found in VSF (Figure 6e,f). In these planes, a jet flow region is not formed and maximum velocities
are significantly lower. However, substantial differences can also be observed between the horizontal
velocity fields above the sill height and those measured in VSFs. The addition of the sill, even if it
has a low height, significantly modifies the overall flow pattern in the pools, which in turn results in
changes in the velocity fields in planes closer to the surface, primarily: (1) the main flow follows a more
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curved path as it crosses from one slot to the next in the DSFs; (2) the size of the recirculation regions
developed in the upstream part of the pools in design T1 of the VSF is reduced; and (3) the large
recirculation eddy developed in design T2 of the VSF is not formed, and a smaller eddy is developed
on the right side of the jet.

 

Figure 6. Velocity fields in planes parallel to the bed: (a) Design T1, plane lower than sill height;
(b) Design T2, plane lower than sill height; (c) Design T1, plane above sill height; (d) Design T2,
plane above sill height; (e) Design T1, VSF (no sill); and (f) Design T2, VSF (no sill). Vectors represent
the mean horizontal velocity (Vx − Vy) and the color scale represents the vertical velocities (Vz).
Please note that vertical velocities in the VSF are negligible except in the slot area, so they are not
plotted in subfigures e and f.

As well as acquiring knowledge on the spatial distribution of the velocity, it is necessary to
quantify these velocities and relate them to the discharges supplied. The spatial variability of the
velocity fields in DSFs makes it very difficult to find these relationships. The slot velocity is chosen as a
characteristic velocity, since this is an unavoidable passage section for fish. The velocity magnitude at
the slot remains independent of the height over the bed, and it even proved to be stable when subjected
to discharge variations. The velocity at the slot is indeed approximately constant, regardless of the
discharge and the sill used, as shown in Figure 7. The mean velocity values at the slot in design T2 are
slightly higher than those in design T1 (averaged values for all discharges and sill heights of 1.1 m/s
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vs. 0.9 m/s, respectively). As can be seen in Figure 7, these values are very similar to those measured
in the VSF (averaged values for all discharges of 1.1 m/s in design T1 and 1.2 m/s in design T2).
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0

1

2

3

0 1 2 3 4

QA

Vb /Vmb 
No Sill
Sill 10 cm
Sill 20 cm
Sill 30 cm
Sill 40 cm
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0
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2
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Figure 7. Experimental values of the velocities at the slot in both designs and different sill heights.
Note: Vb = velocity at slot, Vmb = average velocity at the slot.

In addition to the slot velocity, it is useful to know the maximum velocities in the pools that the
fish will potentially have to negotiate (Table 4). The maximum velocity values in DSFs are achieved at
heights greater than the sill elevation, and are similar to those measured in the corresponding VSF
design. These maximum velocities are slightly higher in design T2 than in T1.

Table 4. Maximum velocity Vmax/Vmb for both designs. Note: Vmb = average velocity at the slot;
PA = planes parallel to the bed with an elevation greater than sill height; and PB = planes parallel to the
bed with an elevation lower than sill height. In the case of DSF designs (with sill), a range of maximum
velocities is indicated, considering all studied planes above or below the sill.

Design T1 Design T2

VSF (no sill) 1.1 1.3

DSF (sill)
PA 0.7–1.9 0.5–1.5
PB 0.4–1.1 0.3–1.3

3.5. Turbulent Kinetic Energy

The distribution of turbulent kinetic energy k and turbulence intensity Ikt in the pools is extremely
complex. The values of k and Ikt for the three different zones in the pools defined in Figure 8 are
summarized in Table 5. The high variability in the values of both designs is notable, and it is also
clear that the values of the turbulent kinetic energy generated in planes greater than the sill height
(in italicsin Table 5) are, in general, substantially higher.

The distribution of k values in the planes parallel to the flume bed for the different experimental
situations is shown in Figure 8. In the lower planes (Figure 8a,b) it is possible to note small areas with
high levels of turbulence, whereas these areas become increasingly larger in the higher planes. In the
planes above the sill height, a very high turbulence zone is visible at the slot exit going in the direction
of the side wall (Figure 8c,d). The area of high turbulence, with k greater than 1000 cm2/s2, occupies
nearly the entire pool. On the contrary, the turbulent energy is localized in the main flow region in
the corresponding VSFs designs, with a pronounced decay towards the walls (Figure 8e,f). Very low
turbulence levels are observed in the recirculation regions.
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Table 5. Values of the turbulent kinetic energy (k) and turbulent intensity (Ikt) at three different
locations in the pools (1, 2, and 3 in Figure 8) and different heights (h) above the bed. The values of k
and Ikt corresponding to heights above the sill are indicated in italics.

T1

k (cm2/s2) Ikt

Sill (cm) Q (L/s) h (cm) k1 k2 k3 Ikt1 Ikt2 Ikt3

10 75 5 428 773 473 2.880 0.915 0.157
25 6655 3254 482 0.365 0.701 0.563
45 5583 1514 556 1.325 0.420 0.993

20 65 5 285 511 251 0.831 0.766 0.115
15 498 361 371 3.142 1.170 0.765
35 5532 1874 252 0.273 0.314 0.967

30 65 5 274 349 325 0.189 0.277 0.253
15 462 331 193 1.237 3.770 0.389
45 10,164 5426 301 1.535 2.300 1.264

40 55 5 311 187 241 0.249 0.242 0.157
25 200 300 143 3.831 0.792 0.394
45 7189 3569 229 6.106 23.279 20.501

50 45 5 173 118 218 0.314 0.095 0.124
35 196 104 94 0.318 0.158 0.578
55 6988 4602 220 1.769 26.678 2.560

T2

k (cm2/s2) Ikt

Sill (cm) Q (L/s) h (cm) k1 k2 k3 Ikt1 Ikt2 Ikt3

10 75 5 111 411 326 0.061 1.356 0.595
25 160 311 678 0.334 0.293 0.812
45 627 250 862 0.428 0.412 0.236

20 65 5 468 368 640 1.239 0.182 0.225
15 276 279 407 0.965 0.285 0.352
35 4107 4129 720 74.995 4.977 0.802

30 55 5 344 254 458 3.291 0.475 0.305
15 334 164 207 0.847 0.497 0.276
45 5767 4776 353 3.080 1.951 0.322

40 45 5 172 168 160 2.971 0.227 0.086
25 153 120 109 0.283 0.124 0.311
45 1049 1964 191 0.530 0.667 0.652

50 35 5 162 161 156 0.663 0.144 0.118
35 120 159 157 0.304 0.951 0.330
55 327 497 126 0.220 0.792 3.526
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Figure 8. Turbulent kinetic energy level lines (cm2/s2) in planes parallel to the bed: (a) Design T1,
plane lower than sill height; (b) Design T2, plane lower than sill height, (c) Design T1, plane above
sill height; (d) Design T2, plane above sill height; (e) Design T1, VSF (no sill); and (f) Design T2,
VSF (no sill). Vectors represent the mean horizontal velocity.

4. Discussion

This study analyzes the hydrodynamics of DSFs for two different pool configurations and five
different sill heights, using a laboratory physical model. The experimental results included the data
obtained in the VSFs, considering this type of fishway as a special case of DSFs in which sill height
is zero. The inclusion of these data allowed us to compare the two types of fishways in addition to
providing us with a more generalized view of these structures. Further details on the characteristics of
the flow field developed in the two VSF designs can be found in the work of Puertas et al. [12].

Retrofitting of VSFs by adding a sill across the slot can be a solution to maintain adequate water
depths for fish swimming during low flows. For the same discharges, the addition of a sill results in
an increase in depth proportional to its height, while still allows fish to swim rather than leap over
obstacles. Design T2 has a greater flow conveyance efficiency than design T1, which means that for
the same discharge a lower depth is obtained (and consequently a higher velocity). In the extreme
case in which the sill blocks most of the slot (very large sill height), the connection between pools is,
effectively, a submerged notch operating in a streaming regimen [32]. In fact, the regimen in VSFs is
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sometimes referred to as streaming flow by analogy with these pool-type designs [33]. In laboratory
experiments under controlled conditions, this flow regime has been found to enhance fish movements
through surface notches, increasing the negotiation success of several species with different ecological
characteristics, such as the Iberian chub [34,35] or the Iberian barbel [34,36]. Although further research
is needed, these findings suggest that this flow regime favors multi-species fish passage, which can be
considered an advantage of DSFs compared to other pool-type designs.

Unlike VSFs, the addition of the sill in DSFs prevents bottom dwelling species from swimming at
their desired depth when passing through the slot. VSFs, which offer the full range of depth for passage,
or pool-type fishways with submerged orifices would be preferable for these species, because of their
preference for swimming close to the bottom. Moreover, the flow is no longer two-dimensional and
flow conditions differ considerably along the vertical direction. This could also potentially contribute
to different passage efficiencies of bottom-oriented and water-column species. In the lower planes
(below the sill elevation), velocity and turbulence levels are low, and fish could find suitable resting
areas to recover after negotiating the slot. On the contrary, fish face more challenging hydraulic
conditions in the upper region of the pools (above the sill elevation). Maximum velocities are in
the same order of magnitude as in the corresponding VSFs, but the three-dimensionality of the flow
increases. High vertical velocity components, which only occurred in the slot region in VSF designs,
are likely to influence the behavior of the fish [6]. Ascending velocities can disturb the fish behavior
by generating a secondary flow that may force fish to shift from one depth to another [8]. Fish might
move up in the water column, encountering less favorable hydraulic conditions.

Turbulence increases with respect to VSFs in this upper portion of the pools, which can also
affect fish locomotion [21,37]. The highest turbulent kinetic energy values, both averaged over the
horizontal plane and point values, are obtained in the planes higher than the sill level, showing a
certain degree of coupling with the velocity fields. High turbulent kinetic energy can confuse fish in
their efforts to move through the fishway along energy efficient paths, increasing fatigue [24]. In order
to allow fish to rest, the pools should also provide large areas of low turbulent kinetic energy values
(<0.05 m2/s2) [25]. In the designs tested, such areas would only be available in the lower portion of
the pools, which would force fish to move vertically to find them. It should be noted, however, that the
effect of turbulence on fish passage is still in the early stages of investigation, and other variables
such as the Reynolds shear stress and eddy size are also suspected to be important in explaining fish
swimming behavior [27]. Their effect is however likely to differ widely among species, and even
among individuals within a species [38].

Thus, for further research, it would be useful to deepen the characterization of turbulence
in DSFs, calculating additional descriptors that might correlate with fish response. Due to the
high number of velocity measurements performed in this study, a relatively short measurement
period was used. The experimental survey could be extended considering a more limited number
of representative discharges and DSFs configurations, identified based on the results of this work.
For these representative cases, longer time series of instantaneous velocity could be measured in order
to increase the accuracy of the calculated turbulence descriptors. It would be also interesting to increase
the ADV sampling frequency, in order to allow the analysis of inertial and dissipation subranges of the
power spectrum.

Considering the potential implications for fish passage, it is necessary to conduct experiments
with fish in order to study how hydraulic conditions in DSFs can affect fish passage. Given the
variability in swimming performance, behavior and niche occupancy between species, several species
representative of different morpho-ecological groups should be tested, similarly to what has been
recently done for other fishway designs [34]. The findings suggest that the DSFs designs could be
more species selective than VSFs, and therefore not appropriate for facilitating passage for a wide
range of fish species. This would require exploring alternatives to reduce fishway selection, such as
introducing operational changes that take advantage of temporal differences in movement patterns
between species [39]. A potentially higher passage difficulty in DSFs would lead to a compromise
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between improved functionality of VSFs during the low-flow season, and potentially lower passage
rates outside this season. If this were the case, the use of temporary modifications (e.g., removable
sills) could be the way forward to improve the efficiency of the fishway during the whole year.

5. Conclusions

A wide variability was observed in the water circulation patterns of DSFs, depending on the
cross-wall design, the sill height and the circulating discharge. The flow established was clearly
three-dimensional, unlike that developed in VSFs. An uneven distribution of turbulent kinetic energy
in the pools at different heights was found. The complexity of the flow obliges fish to tackle a
three-dimensional water circulation with highly turbulent areas.

The discharge relationships that relate discharge and depth were calculated for both pool designs.
Design T2 was verified to have greater flow conveyance efficiency, so given the same design discharge,
the depths would be lower in this design. The use of different sill heights at the base of the slot makes
inflow management more flexible. An increase in the sill height translates to a proportional increase in
depth. However, the water height above the sill at the slot remains relatively constant regardless of the
sill height used. The invariance of the velocity at the slot against the discharge and height over the
flume bed was demonstrated. The velocities in design T2 were higher than in design T1.

The results show that retrofitting a VSF by adding a sill at the base of the slot might improve
its functionality during low flows, ensuring adequate water depths for fish swimming. However,
given the complexity of the flow developed in DSFs, further research is needed to evaluate the fish
response to these challenging hydrodynamic conditions.
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Abbreviations

b Slot width
Ikt Turbulence intensity
k Turbulent kinetic energy
Q Discharge
QA Dimensionless discharge
S Bed slope
Vb Velocity at the slot
Vmb Velocity at the slot, averaged for all discharges tested
Vx, Vy, Vz Velocity components in the three Cartesian axes
y Flow depth
yA Dimensionless flow depth
yo Mean depth at the transverse middle section of the pool
yb Depth at the slot measured from the base of the sill
ym Mean depth in the pool
ymin Minimum depth in the pool
ymax Maximum depth in the pool
z Sill height
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Abstract: Low-head ramped weirs are a common instream obstacle to fish movements. Fish passability
of these structures, where water passes over but does not generate a waterfall, is primarily related
to ramp length and slope, but their relative contribution has seldom been considered. This study
aims to assess the passage performance of a potamodromous cyprinid, the Iberian barbel (Luciobarbus
bocagei), negotiating an experimental ramped weir with varying ramp length (L) and slope (S).
Four configurations were tested, with a constant discharge of 110 L·s−1. Results suggest that both
factors influenced passage performance of fish. Attraction efficiency (AE) increased with increasing L
and S, whereas the number of successes (N) and passage efficiency (PE) decreased upon increasing
L. For S, it was found that both N and PE peaked at the intermediate level (20%). These results
suggest that configurations with the lowest slopes may not necessarily be the best option because
they may be less attractive for the fish and their demand for space is higher. Higher slopes (but not
excessive) could be more attractive to fish, less space-demanding, and therefore, more cost-effective.
Future studies should investigate how discharge and boulder placement influence fish passage across
ramped weirs, to improve habitat connectivity.

Keywords: potamodromous cyprinid species; low-head ramped weirs; upstream migration; ecohydraulics

1. Introduction

River fragmentation by small engineered structures, far more numerous than dams, has led to
severe declines or local extinctions of many fish populations by blocking upstream movements for
reproduction, feeding, and refuge needs [1–3]. By identifying the importance of aquatic connectivity
for good ecological quality in rivers, the European Water Framework Directive (WFD) emphasized
the need to re-establish free movements for all fish species and size classes, regulating that member
states should assess all instream obstacles, even small weirs, and minimize their barrier effect [4–6].
Since then, a few studies on small obstacles (considering assessment protocols, e.g., [7–9], or field
assessments, e.g., [10–12]) and projects, such as the European project AMBER and other operational
programs like the EU LIFE programs, have been developed, aiming to enhance the knowledge on
permeability of small obstacles and fish passage, recommend strategies for action, and rehabilitate
river habitats [3,13,14].

Portuguese rivers have more than 8000 small weirs [14] that are, in general, less than 5 m in height.
Along with small broad-crested weirs (designed with a vertical downstream face, [15]), low-head
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ramped weirs, with inclined faces that fish may be able to overcome by swimming, are the most usual
design [8,16]. In fact, some old broad-crested weirs that, after assessment, could not be removed have
undergone rehabilitation works to include ramps in their designs, in order to enhance fish passability
(e.g., [17]). However, the effectiveness and efficiency of these structures remains poorly understood,
particularly for potamodromous cyprinids, which are an important component of Mediterranean
European fish assemblages [18].

In low-head ramped weirs, water passes over the ramp and does not generate a waterfall [8,19].
The permeability of such structures to fish movements is usually site-, season-, and species-
specific, depending on the effect of hydraulic boundary conditions (e.g., roughness of the ramp
surface, conditions at the ramp toe related with erosion processes, and/or structure maintenance),
hydrodynamics (e.g., water depth, discharge, and turbulence) present in the vicinity of the
structure [19,20], and on fish swimming abilities, which are closely related to fish species groups
and body size [21–23]. Nevertheless, in the physical design of a ramped weir, length and slope play
an important role on the efficiency of these structures to successful upstream passage of fish [9,19,24].
As mentioned by Baker [24], although the effect of ramp length and slope is difficult to discriminate
and their relative contribution has seldom been assessed, it is particularly important to study the
interaction of these key factors in order to establish more appropriate design considerations for these
types of obstacles.

The goal of this study was to assess the passage performance of a medium-size potamodromous
cyprinid, the Iberian barbel, Luciobarbus bocagei (Steindachner, 1864), negotiating an experimental
low-head ramped weir with varying ramp length (L) and slope (S). Iberian barbel was selected as
the target species for being considered a representative of several species from the genera Barbus and
Luciobarbus, commonly present in rivers from Mediterranean and Western Europe [25,26]. It is expected
that (i) passage performance of fish, considering the attraction as well as upstream successful passages,
will be influenced by the different combinations of L and S; (ii) attraction efficiency would increase
with increasing L and S, due to increasing water velocity near the ramp that may act as an attraction
factor for fish; and (iii) successful passages, and consequently passage efficiency, would decrease with
increasing L and increasing S, hampered by the increasing water velocity present downstream and
over the ramped weir.

2. Materials and Methods

To study the influence of L and S on the passage performance of Iberian barbel, four configurations
encompassing two ramp lengths (L = 1.50 and 3.00 m) and three different slopes (S = 10%, 20%, 30%)
were assessed (L150 S10; L150 S20; L150 S30; L300 S10). The experimental ramped weirs (Figure 1a),
made of maritime plywood, were tested in an indoor ecohydraulic flume (a rectangular steel frame
10.00 m long × 1.20 m high × 0.60 m wide, with glass-viewing panels on sidewalls that allow direct
observation of fish where, due to its dimensions and facilities, it is possible to preform ecohydraulic
studies, assessing the influence of key hydraulic variables on the behavior of specimens) installed
at the Hydraulics and Environment Department of the National Laboratory for Civil Engineering
(LNEC), in Lisbon. The flume (Figure 1b) includes an upstream and a downstream tank, separated
from the channel by mesh panels (from where the water enters the flume and is recirculated), and it
was tilted at a 3% slope to represent the average slope of central and southern Iberian rivers (Catchment
Characterisation and Modelling, version 2 [CCM2]; [27]). The experimental ramped weir (Figure 1b),
spanning the entire channel width, was fixed in the flume at 2.50 m upstream of the acclimation
area, a 0.60 m2 area created by two mesh panels in the downstream zone of the flume. Immediately
downstream of the ramp toe, a zone 0.50 m in length was established as the approach area. Discharge
was measured by a flow meter installed in the supply pipe and maintained constant at 110 L·s−1.
Consequently, in all the configurations tested, the water depths at the weir crest and along the
ramps, measured using rulers placed along the glass-viewing panels of the channel, were similar.
Values registered at the weir crest varied from 0.19 to 0.20 m (observed in L150 S10 and L300 S10,
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respectively). Along the ramp, water depths decreased from 0.10–0.11 m (registered in L300 S10 and
L150 S10, respectively), registered at the upper part of the ramp, to 0.06–0.08 m (observed in L150
S30 and L150 S10, respectively). A minimum water depth of 0.20 m, which was found to be the most
suitable according to literature [17,19] and previous studies by Amaral et al. [15,28], was maintained in
the approach area to standardize that condition throughout the experiments. Since the water column
over the tested ramps was not deep enough (≈0.10 m) to use a 3D acoustic Doppler velocimeter and
there was too much aeration and turbulence downstream of the ramp, especially at the ramp toe,
the water velocity along the ramps, as well as upstream and downstream of the ramp, was instead
measured with a flow probe (model FP 101, Global Water Instrumentation) in 21 and 27 sampling
points for L = 1.50 m and L = 3.00 m, respectively. Sampling points were established along three
longitudinal planes—a plane along the center of the ramp and two lateral planes spaced 0.05 m from
the walls, and at intervals of 0.75 m along the ramp. Measurements were also taken in the middle
of the weir crest, as well as 0.50 m upstream and downstream (0.50 and 1.00 m) of the ramped weir.
These measurements (Vx) were represented graphically by contour maps, to illustrate water velocity
variation along the tested combinations.

Figure 1. Images of (a) the four configurations tested (L represents the length (cm), while S the slope
(%) of the ramp); (b) the experimental flume, representing a side view of the channel on a slope of 3%
(scheme above), and a top view (scheme below) with the location of (1) the experimental low-head
ramped weir (2.50 m upstream the acclimation area), (2) the approach area (the 0.30 m2 shaded area
immediately downstream of the ramp toe), and (3) the acclimation area (the 0.60 m2 shaded area
between the two removable fine mesh panels located downstream).

Adult Iberian barbel used in the experiments (n = 80; mean total length (TL) ± standard deviation
(SD) = 16.3 ± 2.1 cm) were captured by wadeable electrofishing (Hans Grassl IG-200) in the Lisandro
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River, a small Atlantic coastal river near Lisbon. Fishing and handling permits for capture of wild
fish (40/2017 and 222/2017/CAPT; 41/2017 and 223/2017/CAPT; 42/2017 and 224/2017/CAPT,
respectively) were issued by the Portuguese Institute for Nature Conservation and Forests (ICNF, I.P.).
A total of four electrofishing episodes were performed (two episodes per week during two consecutive
weeks to not bias the fish motivation, collecting 20 fish per episode) according to the protocol adopted
by the European Committee for Standardization (CEN 2003). To transport the fish to the laboratory
facilities at LNEC, a fish transport box (Hans Grassl, 190 L) with external aeration was used. At LNEC,
fish were maintained in filtered and aerated acclimation tanks (700 L tanks; Fluval Canister Filter FX5),
where water quality was daily monitored (temperature = 23 ± 1 ◦C, pH = 7.7 ± 0.1, and conductivity =
174 ± 14 μs·cm−1), using a multiparametric probe (HANNA, HI 9812-5), and high-quality levels (i.e.,
active fish, no mortality) were guaranteed by the mechanical and biological filtration system, with a
turnover rate of 2300 L·h−1. Fish were only tested after an acclimation period of 48 h from the holding
conditions in the laboratory.

The study was conducted in agreement with national and international guidelines to maintain
the welfare of the tested animals and minimise stress (J. M. Santos holds FELASA Level C certification
(www.felasa.eu) to direct animal experiments). Fish experiments and maintenance in the laboratory
and experimental facility were authorized (reference DGAV: 0420/000/000/2012) by the Department
for Health and Animal Protection (Direcção de Serviços de Saúde e Protecção Animal) in accordance
with the recommendations of the “Protection of animal use for experimental and scientific work”.
No fish were sacrificed during this study and, after finishing the experiments, all fish were taken back
and released in their natural habitat.

Experiments were performed during late spring–early summer, reported by some authors as the
main reproductive season for this species [19,29]. For each configuration tested (L150 S10; L150 S20;
L150 S30; L300 S10), 4 replicates were carried out with schools of 5 fish (n = 20 fish) that were
haphazardly selected from the acclimation tanks and were used only once. The unit of analysis was
therefore a school of five adult Iberian barbel with similar size, as this species tends to move in schools,
rather than individually, as observed in other studies by Amaral et al. [15,28] and Romão et al. [26,30],
to increase hydrodynamic efficiency [31]. For fish to adapt to the conditions in the flume, each replicate
started with an acclimation period of 15 min (period previously tested by Amaral et al. [15,28,32] and
considered to be appropriate for the acclimation of fish to the flume). After that time, the upstream
mesh panel of the acclimation area was removed, and fish were able to volitionally explore the channel
for a maximum of 60 min. Since both upstream and downstream passages were allowed, fish could
approach, attempt to pass, and successfully negotiate the ramp multiple times. Fish movements
were monitored by direct observation and recorded (top view) by a video camera (GoPro HERO5).
The number of fish that entered the approach area (Ap), the number of fish that entered into the ramp
and actively tried to negotiate it (At), and the number of fish that completely passed the ramp to
upstream, i.e., completed successful passages (N), were registered. Metrics of passage performance,
such as percentage of attraction efficiency (AE%) and percentage of passage efficiency (PE%), were then
calculated from Equations (1) and (2), adapted from Amaral et al. [15]. For the statistical analysis,
because this study did not have a full factorial design, and data were not homoscedastic nor normally
distributed, a nonparametric Kruskal–Wallis H test was performed to analyze the influence of L and S
on the successful negotiation of the experimental ramps, pondering the results for N, AE%, and PE%.
The dunn.test package [33], from the open-source software R [34], was used to compute the analysis.

AE% = 100 × At/Ap, (1)

PE% = 100 × N/At, (2)
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3. Results

Upstream successful passages were registered in all the configurations tested. However,
the number of N, Ap, and At, and consequently values of AE% and PE%, varied according to the tested
configurations, highlighting the effect that factors L and S may have had on the passage performance
of Iberian barbel. The total number of N, together with values of PE%, mainly decreased with the
increase of tested L (Figure 2a) and S (Figure 2b). On the contrary, values of AE% registered an increase
with the increasing values of both L and S (Figure 2a,b). Configuration L150 S20 recorded the highest
number of Ap, At, and N (totals of 31, 21, and 17, respectively), being the configuration with higher
PE% (81%). On the other hand, configuration L150 S30 registered the lowest numbers, with only Ap =
15, At = 11, and N = 4. However, it was the most attractive configuration for fish, with AE% = 73.3%,
followed by L300 S10 (71.4%), which in turn was the least efficient configuration in terms of PE%,
registering only 15% (Ap = 28, At = 20, N = 3). Configuration L150 S10 was the least attractive for fish
(AE% = 53.6%), registering several approaches (Ap = 28) but few attempts (At = 15) to negotiate the
experimental ramp.

Figure 2. Results for the number of successful passages (N; bars), and attraction efficiency (AE%;
dotted line) and passage efficiency (PE%; solid line) for the configurations tested, considering the
variation of (a) ramp length (L); (b) ramp slope (S).

Results from the Kruskal–Wallis H test suggest a marginally significant influence (i.e., P ≤ 0.10) of
both factors L and S on the number of N (L: H = 1.85, 1 d.f., P = 0.10; S: H = 4.47, 2 d.f., P = 0.10), as well
as on values of PE% (L: H = 3.19, 1 d.f., P = 0.07; S: H = 5.71, 2 d.f., P = 0.05). The ramp with L = 1.50 m
achieved better results than the one with L = 3.00 m and, in terms of slope, S = 20% stood out from the
other slopes tested as the most successful. As for AE%, however, results reveal no significant influence
of factors L (H = 0.004, 1 d.f., P = 0.90) and S (H = 2.30, 2 d.f., P = 0.31).

Figure 3 displays the variation of water velocity (Vx) for the different tested ramps. Contour maps
revealed that water velocity values increased with L and S. This increase was particularly important
in the case of L150 S30 and L300 S10, where values of water velocity above 3 m·s−1 were registered
close to the toe of the ramp. On the contrary, configuration L150 S10 was the one with the lowest water
velocities (1.8 m·s−1 close to the toe of the ramp, and a maximum of 2.3 m·s−1 over the ramp).
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Figure 3. Contour maps of water velocity (Vx) for the configurations tested, considering the variation of
ramp length (L) and slope (S). Measurements were made with a flow probe (model FP 101, Global Water
Instrumentation). Black dots represent water velocity sampling points. The approach area, located
immediately downstream of the ramp toe between two lines of sampling points, is identified by the tag
below (Ap area).

4. Discussion

In situ studies on the negotiation of small instream obstacles by fish—that must associate the
assessment of fish movements and an extensive characterization of all the hydrodynamic conditions
that fish need to overcome in order to successfully pass the obstacle—can be very complex and
onerous [35–37]. All the requirements needed to carry out such studies, in terms of human resources
and time, field equipment, and robust technology, may strongly constrain their developments [35,38],
unless a long period of execution and provision of funding is ensured, conditions that most scientific
field experiments often fail to achieve. Therefore, the use of full-scale or even scaled-down laboratory
facilities, such as the ecohydraulic flume used in the present study, is presented as a more expeditious
parallel approach to study fish behavior and negotiation of small instream obstacles [25,39,40]. Inherent
to laboratory conditions, these ecohydraulic flumes provide the opportunity to easily manipulate
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important factors, control for confounding variables and effects that could bias the results, and observe
responses that should improve the knowledge of events occurring in the wild [25,39,41].

In this study, the influence of L and S on the passage performance of the Iberian barbel negotiating
an experimental low-head ramped weir was assessed, maintaining a constant discharge of 110 L·s−1.
Although experimental conditions tested in the flume were a simplification of what fish may encounter
in nature, they allowed detailed observation of fish behavior (e.g., fish approaching the ramp, attempts
to negotiate it, and successful passages) as well as the control and analysis of physical and hydraulic
variables, such as ramp length and slope, discharge and consequently water velocity, and water
depth at the toe of the ramp that, along with fish swimming abilities and other boundary conditions
(e.g., roughness of the ramp surface, structural conditions of the ramp toe), are referred by some
authors [8,9,19,20,24] as preponderant factors for the successful upstream passage of fish along
ramped weirs.

Results of this experiment suggest that both factors L and S had a marginally significant influence
on the number of N, and consequently on values of PE%, but their influence on AE% was not
significantly determined. As in other experiments by Amaral et al. [15,32], and in Goering and
Castro-Santos [42], the “fish passage paradox”—concerning the influence of water velocity and,
consequently, of turbulence and energy dissipation present on these small barriers [9,19] in the
attraction of fish and on the successful negotiation of the obstacle—was also observed in the present
study. Fish were attracted to the ramped weir by high values of water velocity but, at the same
time, it might have been a limiting factor for successful upstream passage—what attracts fish is what
hampers movements.

Contrary to what was initially expected, configuration L150 S10, that combined the smallest L
with the lowest S, and thus the one that registered the lowest values of water velocities, was not
the configuration that recorded the highest values of N or PE%, and was also the least attractive
(AE% ca. 50%). In this configuration, only half the fish that entered the approach area (Ap = 28)
went into the ramp and actively tried to negotiate it, a fact that may suggest that the water velocity
(Vx = 1.7 m·s−1) was not the most appropriate to establish an attractive path for fish to proceed and
successfully pass the obstacle [42–44]. On the other hand, configurations L150 S30 and L300 S10,
which displayed high water velocity (registering values of 3.6 and 3.4 m·s−1, respectively, at the ramp
toe) due to the correspondingly steeper S and the longer L, achieved the highest values of AE% but
registered a low number of N (only 4 and 3 successful passages, respectively) and, consequently,
the lowest values of PE% (36% and 15%, respectively), suggesting that water velocity, and the potential
turbulence associated to these type of obstacles [9,19], had a positive influence on the attraction of
fish to the ramp but, at the same time, might have hampered their successful upstream passage
possibly due to fish disorientation and fatigue [43–45]. This was especially observed in configuration
L300 S10 where, in some attempts, fish were able to negotiate the ramp up to its half-length by
sprinting (maximum-speed swimming), overcoming values of water velocity around 3 m.s-1. However,
most likely due to fatigue, fish stopped swimming and were dragged down to the end of the ramp..
Therefore, to enhance fish passage along long low-head ramped weirs, it would probably be important
to retrofit these types of obstacles with substrates, such as different types of blocks or rocks for a more
nature-like design, in order to create areas with diverse hydraulic conditions along the ramp [46,47],
allowing fish to rest and to recover energy to continue successful negotiation of the ramp [22,47].
Since the swimming performance of the Iberian barbel is quite similar to the swimming performance
of other rheophilic cyprinids and salmonids of the same length [22], these results may be more broadly
applicable. Nevertheless, species swimming traits and the different strategies to negotiate obstacles
should always be considered [30,48,49]. Finally, configuration L150 S20, which displayed intermediate
values of water velocity when compared to the other configurations tested, was the combination that
recorded the best results for N and PE%, and registered also nearly 70% of AE%, a value that may
be considered as a reasonable percentage for attraction. Taken together, these results may suggest
that, upon designing ramped-weirs, configurations with the lowest slopes may not necessarily be the
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best option, because they are less attractive for the fish and their demand for space is higher, thereby
increasing construction costs. Conversely, as the present study shows, higher (but not excessive)
slopes, though yielding a similar PE%, can be more attractive to fish, less expensive and, therefore,
more cost-effective.

In conclusion, this study is in line with the outcomes of Baker [24] about the importance that L and
S may have on the permeability of low-head ramped weirs for upstream movements of fish, both in
terms of the attraction of fish to the ramp and especially regarding successful negotiation. However,
the negotiation of ramped weirs by potamodromous fish species should be further investigated. Future
studies should explore discharge variation and boulder placement, featuring different arrangements
and geometries that influence fish passage across low-head ramped weirs, to further improve habitat
connectivity. Thereby, the outcomes from the present work, complemented with future research
pondering the above considerations, may significantly contribute to help engineers and biologists to
design more appropriate passage structures for low-head instream obstacles.
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Abstract: River fragmentation by large hydropower plants (LHP) has been recognized as a major threat
for potamodromous fish. Fishways have thus been built to partially restore connectivity, with fish lifts
representing the most cost-effective type at high head obstacles. This study assessed the effectiveness
with which a fish lift in a LHP on the River Lima (Touvedo, Portugal), allows potamodromous
fish—Iberian barbel (Luciobarbus bocagei), Northern straight-mouth nase (Pseudochondrostoma duriense)
and brown trout (Salmo trutta fario)- to migrate upstream. Most fish (79.5%) used the lift between
summer and early-fall. Water temperature was the most significant predictor of both cyprinids’
movements, whereas mean daily flow was more important for trout. Movements differed according
to peak-flow magnitude: nase (67.8%) made broader use of the lift in the absence of turbined flow,
whereas a relevant proportion of barbel (44.8%) and trout (44.2%) passed when the powerhouse
was operating at half (50 m3s−1) and full-load (100 m3s−1), respectively. Size-selectivity found for
barbel and trout could reflect electrofishing bias towards smaller sizes. The comparison of daily
abundance patterns in the river with fish lift records allowed the assessment of the lift’s efficacy,
although biological requirements of target species must be considered. Results are discussed in the
context of management strategies, with recommendations for future studies.

Keywords: potamodromous fish; migration; lift; hydropower; species management

1. Introduction

Rivers are currently one of the most threatened ecosystems in the world [1,2], with flow regulation
and longitudinal fragmentation by dams and weirs being among the main causes of environmental
degradation and reduction of available habitat for freshwater fauna [3–5]. Large hydropower plants
(LHP) are particularly harmful for fish populations, not only by causing the blockage to their movements,
but also by increasing the risk of fish stranding, drifting and dewatering of spawning grounds caused
by flow variations, as results of peak-operations in response to energy demands [6–9]. In fact, a myriad
of studies have reported significant declines or extinctions of many fish affected by LHP [10–13].
Particularly impacted are potamodromous species, i.e., freshwater species that seasonally undergo
upstream migrations along the river, for the purpose of finding suitable habitats for reproduction, which
are needed to complete their life-cycles [14–16]. A significant amount of research has therefore been
carried out with the goal of restoring longitudinal connectivity in an upstream direction [15,17]. In this
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context, the development of fishways to transpose barriers stood up as a hydraulic structural solution
which facilitates fish movements past the barriers, while partially restoring river connectivity [18–20].

From the different fishway types that have been constructed worldwide to address upstream
migration of fish [18,21], fish lifts are the most used and cost-effective at high dams (>15 m; [22]),
from the economic and biologic point of view [23,24]. A fish lift consists of a mechanical system
which is located at the foot of an obstruction, which attracts (by a guiding flow) the fish into a
cage with an inscale (non-return device), raising it and then emptying it in the reservoir upstream,
transporting fish over the barrier (for schemes see [18,25]). Although much less studies on fish lifts
are available when compared to other fishways, such as pool-type or nature-like facilities [17,26],
these structures have nonetheless been monitored in different regions and targeted different fish
species [27]. In Europe, fish lift studies have mostly addressed salmonids [23,24,28] and eels [29], but
also cyprinids [30,31]. However, most assessments were performed without considering the abundance
and size-structure of fish species downstream the dam (often costly due to the human resources and
equipment involved) that potentially constitute the migrant population to use the fish lift (but see
Discussion below). Such information, in addition to seasonal and daily patterns of fish migration
and associated environmental triggers [32], is fundamental to address fish lift selectivity and efficacy,
and may be useful to support management decisions.

Studies of the effectiveness of fishways on LHP often focus on high-value economic and recreational
species, namely diadromous and salmonids [33,34], whereas studies on potamodromous fish have
often been neglected [17,26]. These species, however, are well represented in riverine fish assemblages,
particularly in Iberia [9,35,36] and free instream movement is crucial for their survival [37]. Moreover,
this is particularly important as potamodromous fish are key components of the lower and middle
reaches of temperate rivers [38] and sensitive to river regulation and longitudinal fragmentation [16].
Within the fish community present in the study area, the cyprinids Iberian barbel Luciobarbus bocagei
(Steindachner, 1864) (hereafter barbel) and Northern straight-mouth nase Pseudochondrostoma duriense
(Coelho, 1985) (hereafter nase), and the salmonid brown trout Salmo trutta fario (Linnaeus, 1758)
(hereafter trout) are amongst the most abundant species in northern Iberian rivers [39] and were
therefore the focus of this study.

The main goal of this study was therefore to assess the effectiveness with which a fish lift in a large
hydropower plant on the River Lima (Portugal), allows potamodromous fish to migrate upstream.
For this, we assessed the seasonal and daily use of the lift by the fish population and compared it with
(1) the environmental factors that are known to be associated with the triggering of the fish upstream
migration; (2) the peak-flow magnitudes at the power plant (0, 50 and 100 m3s−1, see Study Area); and
(3) the size structure (to infer selectivity) and abundance (to calculate a ratio of effectiveness) of the fish
population downstream.

We predict that (i) fish counts through the lift would vary between the different months for all
three species following patterns outlined in the literature, i.e., cyprinid species movements should
mainly occur during the reproductive season, i.e., summer [40,41], and further extending to early
fall when species start to search for winter, feeding or thermal refuges [15,42] (with regard to the
trout, movements are predicted as well to occur in the reproductive season, in this case, between
late fall and early-winter [43]); (ii) daily activity of the studied species would not show marked
diurnal/nocturnal preferences due to the absence of natural predators in the River Lima [16,44], which
should not restrict movements to take place preferentially during the night, when survival is expected
to be maximum [26]; (iii) water temperature and flow, two of the most important environmental
factors responsible for triggering migration [35,45], would be the most significant ones for the target
species; (iv) large-sized and faster-flowing species would be better able to cope with higher peak-flow
magnitudes (50 and 100 m3s−1) than smaller ones, and hence expected to use the lift during such
conditions; and (v) selectivity should be low, although the presence of larger individuals in the lift
when compared to the downstream river segment, would be expected to occur as a result of upstream
migration of adults to spawning sites [41].
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2. Materials and Methods

2.1. Study Area

The River Lima runs for 135 km in the north-west part of Iberian Peninsula, being shared by Spain
and Portugal (Figure 1). It runs on a NE-SW direction and is characterized by a relatively high run-off,
as a result of a mean annual rainfall of about 2000 mm. Geology is mainly granitic and the topography
consists of a series of steep and narrow valleys in the upper reaches, contrasting with the lower reaches,
with milder gradients and wider valleys dominated by alluvial materials.

Figure 1. Map of the study area in the River Lima, North Portugal. The black pentagons refer to the
dam locations.

The Touvedo LHP stands at 47 km from the river mouth and is the first large instream barrier to
upstream fish migration. It is 42 m high and it serves as a tailwater reservoir for the high flows released
by the Alto Lindoso Dam, located 16.5 km upstream (250 m3s−1 at full operation), by temporarily
storing them, and then returning them to the river, with values not higher than 100 m3s−1. The dam
is equipped with a 22-MW Kaplan turbine and three spillway gates, with a maximum discharge of
3200 m3s−1 when the reservoir reaches the run-off storage limit. Mean number of spillway discharge
events is 32/year, which mainly occur (c. 80%) from mid-autumn to early spring [44]. The Touvedo LHP
works under three peak-flow magnitudes: (i) 0 m3s−1, turbine shutdown (i.e., powerhouse off), which
is compensated by a 5.5 m3s−1 constant ecological flow (a minimum of 4.0 m3s−1 + 1.5 m3s−1 from the
fish lift) to ensure the connectivity of the different habitats and movements of species downstream;
(ii) 50 m3s−1, half-load operation; and (iii) 100 m3s−1, full-load operation.

A network of spawning, feeding and refuge habitats is available for fish upstream the Touvedo
dam. These are mainly located in the Rivers Adrão, Froufe and Saramadigo, which have no man-made
obstacles (i.e., all free-flowing) and also no sources of pollution across their watersheds [9].
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The dam features a fish lift (2.1 m long, 1.3 m wide and 2.9 m high) which is located on the left bank.
It has 3 entrances (two placed above the turbine gates and another one displaced 20 m downstream,
to take advantage of the turbined flow) and was initially designed to improve diadromous species
movements, such as Atlantic salmon Salmo salar and sea trout Salmo trutta trutta. A maximum attraction
flow of 4.5 m3s−1 is released to promote attraction towards the entrances, which have a mean water
velocity varying between 0.21 and 0.55 m s−1 (turbine shutdown, powerhouse off) and between 0.68
and 0.91 m s−1 (turbine operating, powerhouse on), as previously measured with a SonTek FlowTracker
Handheld ADV (model number P4267, Qualitas Instruments Ltd., Madrid, Spain, 2012) at nine points
across their width [44]. Inside the attraction circuit, the fish move towards the trapping cage, which is
set to raise and empty every 4-h.

2.2. Fish Passage through the Lift

To account for seasonal variations in migration patterns, monitoring of fish passage through
the lift was made on a monthly basis, from March 2013 until February 2014. Continuous data was
acquired through an automatic video-recording system, which included a video camera (Bosch, mod.
MR700, Gerlingen, Germany) placed on the top of the fish lift (allowing the collection of trapping
cage images during the final period of the cage ascent) and a video recorder (Bosch, mod. LTC455).
Target species (barbel, nase and trout) were the most frequent and abundant potamodromous fish
species previously recorded in the catchment [30,44]. Following this approach, no fish handling was
required, as opposed to other monitoring techniques (e.g., mark-recapture or radio telemetry), thus
avoiding causing injury or stress to the fish. The camera was installed on the upper part of the fish lift
in order to acquire images of the lift cage during its final period of ascension. The trapping cage was
sealed with 20 × 20 cm white quadrats to obtain clearer images for identification and estimates of fish
lengths [29]. Collected data included: the timing of fish passage (day and hour), the number of fish per
cycle, the identification of each fish to the species level and the estimated total length of individuals
(TL, to the nearest cm). For further details on the video-recording system, see [29].

To determine the role of environmental variables on fish movements, six potential predictors were
recorded: (1) water temperature, recorded on an hourly basis by a Vemco Minilog-II probe placed in
the downstream river segment; (2) mean daily flow, defined as the amount of flow through the turbine,
spillway or ecological flow provided by the dam reports on an hourly basis; (3) daily flow fluctuation,
i.e., the standard deviation of hourly flows—turbined, spillway or ecological—provided by the dam
reports; (4) mean daily rainfall, provided by a nearby weather station (code 03F/01G, managed by
the Portuguese Institute for Sea and Atmosphere, I.P.), located 17 km downstream from the Touvedo
dam; (5) accumulated rainfall, obtained by combination of the mean daily rainfall that occurred
on the three preceding days (as we predicted that fish would move upstream a few days earlier in
response to accumulated rainfall; (6) photoperiod, as the time of civil twilight, i.e., the length (in hours)
of the daytime period, obtained at http://zenite.nu/ (accessed June 2018); and (7) the proportion of
illumination of the moon, based on the ephemeris available at http://www.rodur.ago.net/en/ (accessed
June 2018), obtained by dividing the lunar cycle into four phases.

2.3. Fish Catches Downstream

To obtain a measure of fish lift efficacy, surveys (n = 9) were performed once every month (unable
to sample on March 2013 and January-February 2014, due to adverse weather conditions) in a river
segment (total length: 340 m) located immediately downstream the dam, by using a combined wadable
and boat electrofishing scheme (DC, 300–700 V, SAREL model WFC7-HV, Electracatch International,
Wolverhampton, UK) to obtain the most reliable picture of fish abundance (unit effort = 1 fishing
day—4h of effective sampling—along with ratios of fish-lift records to downstream catches; for
further details on the sampling procedure, see [29]). Fish were then identified and measured for
TL (nearest cm); native specimens were then returned to the river alive, whereas non-natives were
sacrificed in accordance with Portuguese legislation. Fish surveys were not performed in March 2013
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and January–February 2014 due to adverse weather conditions (high flow events) that prevented
secure access to the river.

2.4. Data Analyses

Monthly fish counts recorded in the lift were initially plotted on a line chart to examine seasonal
activity and search for migration periods. Next, to search for eventual daily patterns of passage through
the lift, two periods were considered: 06:00–18:00 h (day) and 18:00–06:00 h (night) [41]. For both data,
the chi-square test of goodness of fit was conducted to account for differences in the relative abundance
of fish passing through the lift in each month and between day and night periods, respectively.

The relative influence of environmental variables on the fish counts in the lift was also evaluated
through generalized linear models (GLM) following a Poisson distribution. For this purpose, a forward
stepwise approach was conducted, based on the Akaike Information Criterion (AIC) for each fitted
model, selecting only the variables leading to the most adequate model (i.e., lowest AIC). In each
model, variable significance was set at α = 0.05. To improve data distribution, we applied a log (x + 1)
transformation to all environmental variables before fitting them into the GLM, with the exception of
the proportion of illumination of the moon, which was arcsin-transformed. Durbin–Watson statistics
for each model were also calculated to detect possible autocorrelation between residuals (values
ranging from 1 to 2 are considered to be acceptable). To search for significant differences in species
movements according to the different peak-flow magnitudes (0 m3s−1, powerhouse off; 50 m3s−1,
powerhouse at half-load; 100 m3s−1, powerhouse at full-load), the chi-square test of goodness of fit was
employed. Size selectiveness in the fish lift was assessed by comparing the population size structure of
each species recorded in the lift with the one obtained downstream the dam, using Fisher’s exact test.
Size-classes were partitioned in 5-cm intervals, to allow a more detailed effect of selectivity [29].

Literature has outlined the absence of a standardized procedure to evaluate fish passage efficacy [17,46],
a qualitative concept consisting of checking if the fishway is capable of allowing the target species to
pass. This concept differs from efficiency, which focuses on its quantitative performance, defined as
the percentage of marked fish that enter and successfully negotiate the fishway out of the total fish
previously marked [47]. A ratio of fish lift efficacy was therefore calculated by dividing the number of
fish observed ascending the lift (number day−1) by the total number of fish captured below the dam
(unit effort = number in 1 fishing day), being considered as a proxy of the lift’s efficacy [48].

All analyses were conducted in R version 3.5.2, [49], using the packages stats (implemented in R)
and MASS [50].

3. Results

3.1. Seasonal Fish Counts in the Lift

Fish counts through the lift varied significantly between the different months for all three species
(barbel: χ2 = 57.828, df = 11, p < 0.001; nase: χ2 = 232.440, df = 11, p < 0.001; trout: χ2 = 66.315, df = 11,
p < 0.001) (Figure 2). A total of 548 barbel, 1801 nase and 63 trout were recorded passing the fish lift
within the study period, with most of the fish being observed between summer and early fall (79.5%),
i.e., August and October. Among the three species, nase was the most abundant (74.7% of the total fish
counts), with the highest counts being recorded in August (699) and October (491). Barbel (22.8%) was
more abundant in October (125), while trout (2.6%), the least abundant species, peaked a maximum of
13 individuals in both April and October.
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Figure 2. Fish counts for barbel (dotted green line), nase (green line) and trout (dark green line) in the
fish lift, between March 2013 and February 2014.

3.2. Daily Patterns of Fish Passage

Fish recordings in the lift did not vary significantly with the time of day for barbel (χ2 = 0.006,
df = 1, p = 0.936), nase (χ2 = 0.810, df = 1, p = 0.368); and trout (χ2 = 3.028, df = 1, p = 0.082). Among
the three species, the highest difference in percentage of fish passing between two periods belonged to
trout (58.7% of the fish counts recorded during the night period) (Figure 3).

Figure 3. Abundance of barbel, nase and trout recorded in the fish lift during the day (06:00–18:00) and
night (18:00–06:00).

3.3. Effects of Environmental Variables on Fish Passability

Water temperature (F = 22.425, p < 0.001) and daily flow fluctuation (F = 4.894, p < 0.001) were
positively associated with nase passability. The fitted model for this species included a third significant
variable positively associated—photoperiod (F = 3.955, p = 0.049) (Table 1). Water temperature was
also included in the model for barbel passability (F = 7.138, p = 0.008), together with mean daily flow
(F = 7.733, p = 0.006) and accumulated rainfall (F = 12.818, p < 0.001) as significant variables, all with
positive associations (Table 1). For trout, only the mean daily flow (positively associated) was retained
in the final model (F = 3.941, p = 0.049).
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Table 1. Variables entered in the GLMs explaining species abundance in the Touvedo fish lift. Seven
different factors were analyzed, but only those included in the final models are presented. For each
species, significance of each variable in the final model was calculated through the F-test. Beta coefficients
(ß) and Durbin–Watson statistics (D) for each model are also presented.

Variable ß F-Test p-Value D

P. duriense 1.127
Water temperature 0.466 22.425 <0.001

Flow variation 0.228 4.894 0.029
Photoperiod 0.198 3.955 0.049

L. bocagei 1.812
Water temperature 0.167 7.138 0.008

Mean daily flow 0.155 7.733 0.006
Acumulated rainfall 0.276 12.818 <0.001

S. trutta fario 1.996
Mean daily flow 0.151 3.941 0.049

3.4. Fish Passage in Relation to Peak-Flow Magnitudes

Fish lift use varied according to peak-flow magnitudes, with nase showing significant differences
in passability (χ2 = 55.460, df = 2, p < 0.001). Accordingly, passability of this species was the highest
(67.8%) when the powerhouse was off (0 m3s−1, Figure 4). Contrastingly, passability of larger species,
i.e., barbel (χ2 = 6.480, df = 2, p = 0.039) and trout (χ2 = 5.631, df = 2, p = 0.060) occurred mainly when
the powerhouse was operating, being the highest for the barbel (44.8%) upon operation at half-load
(50 m3s−1), whereas for the trout, the largest portion of individuals (44.2%) migrating occurred when
the powerhouse was operating at full-load, though differences in the last species were not significant
(100 m3s−1; χ2 = 5.631, df = 2, p = 0.060).

Figure 4. Relative abundance (%) of barbel, nase and trout recorded in the lift for different peak-flow
magnitudes: 0 m3s−1 (pale green; powerhouse off), 50 m3s−1 (light green; powerhouse at half-load)
and 100 m3s−1 (dark green; powerhouse at full-load).

3.5. Fish Lift Selectivity

Differences in population size structure were found when comparing the proportions of fish
counts in the lift and captures downstream of the Touvedo dam for all three species (Fisher’s exact
test, p < 0.05), though these differences were more pronounced in barbel and trout (Fisher’s exact test,
p < 0.001), with some selectiveness being observed (Figure 5). For both species, the proportions of
individuals observed in the lift (barbel: mean ± SD = 22.4 ± 6.9 cm; trout: 23.5 ± 4.2 cm) were generally
larger than the ones captured in the river segment downstream (barbel: 18.1 ± 4.5; trout: 16.5 ± 4.5 cm).

193



Sustainability 2020, 12, 172

Nonetheless, for barbel, both lift recordings and river surveys revealed 15–20 cm individuals as the
most abundant size class (Figure 5). For nase, despite differences in size-class distributions were found
(Fisher’s exact test, p = 0.016; mean size ± SD = 13.0 ± 3.6 in the lift and 13.3 ± 2.9 in caught fish),
the same size classes were represented in the lift and river surveys, but with a larger proportion of the
smallest size individuals (TL ≤ 10 cm) occurring in the fish lift: 24.3% (10.1% in the river downstream)
(Figure 5).

Figure 5. Size class (cm) distributions of barbel, nase and trout recorded in the lift (light green) and
captured downstream of the Touvedo dam (dark green).
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3.6. Fish Lift Efficacy

The passage-to-catch ratio was generally higher in barbel (mean ± SD = 1.36 ± 1.06) than in nase
(mean ± SD = 0.26 ± 0.25) and trout (mean ± SD = 0.10 ± 0.10). Average monthly ratios for the barbel
were superior to the unit in half of the study period, attaining a maximum value of 3.10 in September
(Table 2), when this species recorded higher counts in the lift (Figure 2). Ratios for nase in its most
active period (August-October; Figure 2) varied between 0.43 and 0.75, being considerably higher
than the ratios obtained in the remaining months (≤0.10; Table 2). For trout, ratios were generally low
throughout the year, despite an increase was observed in September–October, when mean values were
superior to the overall mean obtained for this species (0.10).

Table 2. Mean daily number of barbel, nase and trout migrating through the Touvedo fish lift and
captured downstream by electrofishing in 2013 (unit effort = 1 fishing day (4 h of effective sampling)),
along with ratios of fish-lift records to downstream catches. (a) Undetermined ratio due to the absence
of caught individuals by electrofishing, despite being observed in the fish lift.

Barbel Nase Trout

Fish Lift Electr. Catch
Ratio

Fish Lift Electr. Catch
Ratio

Fish Lift Electr. Catch
RatioMonth

N Day−1 N Unit Effort−1 N Day−1 N Unit Effort−1 N Day−1 N Unit Effort−1

Apr 0.70 0 (a) 0.13 5 0.03 0.43 5 0.09
May 1.52 0 (a) 0.42 1 0.42 0.16 0 (a)
Jun 1.36 2 0.68 0.50 18 0.03 0.03 1 0.03
Jul 0.77 0 (a) 1.26 13 0.10 0.06 1 0.06

Aug 2.80 0 (a) 23.30 30 0.75 0.07 2 0.03
Sep 3.21 1 3.10 13.76 31 0.43 0.45 3 0.14
Oct 4.03 12 0.34 4.03 34 0.47 0.35 1 0.35
Nov 1.34 1 1.30 1.34 28 0.09 0.14 2 0.07
Dec 0.62 0 (a) 0.62 29 0.03 0.10 9 0.01

Mean 1.82 1.78 1.36 5.04 21.00 0.26 0.20 2.67 0.10

4. Discussion

This study assessed the effectiveness with which a fish lift in a LHP allows native potamodromous
fish to migrate upstream. To accomplish such goal, we assessed the seasonal and daily use of the
lift by fish and compared it with the environmental factors that are known to be associated with the
triggering of the fish upstream migration, the peak-flow magnitudes at the power plant and the size
structure and abundance of the fish population downstream. This continuous monitoring of fish stocks
downstream the dam, though time-consuming and enclosing inherent technical difficulties of sampling
a large river [51], has seldom been used in fish lift evaluation studies (e.g., [23,30]) and provided a
useful proxy of the efficacy of the fish lift that, together with the seasonality of fish movements, can be
used by managers to better plan fish lift operations and shutdowns.

As it was expected, fish counts through the lift varied significantly between the different months
for all three species. Overall, the highest number of fish counts was attained in late summer–early
fall, when almost 80% of the individuals used the fish lift, with nase being the most abundant species
(74.7% of the total fish counts), followed by barbel (22.7%). The large proportions of both species
observed in late summer is consistent with previous reports on these rheophilic cyprinids [52,53].
Similarly, in a work by De Leeuw and Winter [53] in the lowland rivers Meuse and Rhine in the
Netherlands, the authors reported more movements of the common barbel Barbus barbus and common
nase Chondrostoma nasus during both summer-early fall (July–October) and spring (spawning season
for both species). It is highly likely that such activity observed in the lift is related to reproductive
migrations, which takes place during these periods, particularly in summer [40,41], when these
potamodromous species migrate upstream to seek areas for reproduction, typically in gravel and
pebble beds located in upstream tributaries [39]. These species also showed movements outside their
usual spawning period, displaying a second peak in early-fall (September–October), a result that
is also consistent with other studies, in which “out of season” movements may reflect a search for
winter, feeding or thermal refuges, as it has been observed in other potamodromous cyprinids [15,54].
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The presence of trout in the fish lift was residual (only 2.6% of the total fish counts), with movements
occurring throughout the year and not only restricted to the spawning period, which typically occurs
during late fall and winter [43]. The similarity of observed seasonal fish counts in the lift, with the
species migratory ecology, provides therefore an indication that the lift is not disrupting the seasonality
of fish movements, serving therefore its purpose.

No significant differences were found in daily patterns of fish passage ascending the fish lift,
which is in accordance with our expectations. Though some studies suggest that cyprinids are more
active during the night to avoid predation (e.g., [37,41]), such patterns can be quite species-specific [16].
In a recent study conducted in the Meuse river basin (Belgium), Benitez et al. [16] found that the
common barbel Barbus barbus did not show any differences in daily activity when passing through the
existing fishways, contrarily to the trout, which was more active during the day, a result that was also
supported by some authors (e.g., [43]), but not others (e.g., [42]). In a series of surveys conducted in
the Zêzere River (Tagus river basin), Santos et al. [52] also did not find differences in daily activity for
the Iberian straight-mouth nase (Pseudochondrosoma polylepis), a sister species of the present P. duriense.
Such findings, as well those of the present study, reflect the absence of predators in the sampled river
segment downstream of the Touvedo dam [44], which does not constrain the activity of native species
to take place during night-time periods when survival would be expected to be maximum [26,41].

Water temperature was found to be the most significant predictor of the abundance of both
cyprinids (barbel and nase), which is consistent with our expectations and with previous findings on
the migratory ecology of these species, where increasing water temperature acts as an environmental
trigger for the upstream movements of these species [30,55]. Flow variables (mean daily flow and
daily flow fluctuations) were also important to explain upstream movements of both cyprinids, as it
was previously expected: daily flow fluctuation, which can act as an environmental trigger for fish
migration [45,56], also had a positive effect on the observed nase in the lift, whereas barbel abundance
in the fish lift was positively associated with increasing mean daily flow. Moreover, accumulated
rainfall, which also has a direct influence in river flow [57], was also present in the model for barbel
passability. Taken together, these results corroborate the ones in the literature in which flow (in addition
to water temperature) is also one of the most important variables in triggering fish migration [45,58],
particularly under conditions of high-water level fluctuation [59] as in the Touvedo LHP. Photoperiod
was also positively associated with barbel passability, which seems to indicate a higher activity during
the day in the lack of predators [60], as previously mentioned. Mean daily flow was the only variable
selected by the model to explain the number of trout individuals that migrated through the fish lift.
This result is in agreement with some studies [61,62], but not with others [30,41] that pointed out
water temperature as the most important factor in the upstream migration of this species. It should be
noted, however, that the number of individuals recorded was considerably lower compared to the
remaining potamodromous species, which may have reduced the statistical power of our analyses.
On the other hand, it is possible that a different hierarchy of environmental factors stimulated the same
behaviour in different years [45]. Hence, long-term studies could provide a broader understanding of
the interaction between environmental variability and potamodromous fish movements, in order to
clarify trends over long time series (>10 years), while also providing important data for scientists and
ecosystem managers.

Fish passage in relation to the different peak-flow magnitudes differed in two of the three species,
with the largest proportion of nase (67.8% of total abundance) using the fish lift in the absence
of turbined flow (powerhouse off). Contrarily, barbel made broader use of the fish lift when the
powerhouse was operating at half-load (50 m3s−1). As for trout, it should be noted that while
differences were not significant, the largest proportion of movements occurred when the powerhouse
was operating at full-load (100 m3s−1). It is our conviction that nase made larger use of the fish
lift when the powerhouse was off (i.e., with turbines shutdown) due to the lower water velocities
(0.21–0.55 m s−1) that occur at the lift entrances upon this scenario [44]. Though nase is a medium-sized
cyprinid [63], for which adults can cope critical swimming speeds up to 0.78 m s−1 [64] and therefore
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theoretically being able to negotiate such a range of velocities, individuals found in both river segment
downstream and lift were mainly juveniles, small-sized fish (mean: 13.0 cm TL), for which swimming
performance is typically lower than larger conspecifics [65,66]. It is thus important to ensure that water
velocities that nase will face within the entrances that lead to the lift are sufficiently attractive—not
too low (<0.20 m s−1) to hinder attraction [29], nor too high, above their critical swimming speed
(>0.78 m s−1, [64])—for appropriate entrance and passage, particularly during summer and early fall
when most of the individuals (74.7%) used the fish lift. It is tempting to suggest that managers should
try to implement management strategies, such as periodic turbine shutdown [67], that best balance
the trade-off between energy production and the potential for upstream fish migration [68], at least
during the critical migratory periods. However, this is often difficult to achieve and dependent on
the characteristics of the national network of hydropower schemes as well as on the specificities
of the energy market. Nevertheless, the specific requirements of the different species migrating,
namely swimming performance, should be taken into account when planning for a mitigation flow
scheme such as ecological flow releases. Both barbel (mean TL: 22.4 cm) and trout (mean TL: 23.5 cm),
the two largest species that used the lift, have rheophilic habits during part (barbel) or the whole
(trout) life-cycle [36], which, combined with their greater ability to withstand higher velocities during
short time periods (adult barbel: Ucrit = 0.81 m s−1, [69]; trout: Ucrit = 0.65 m s−1 and Umax varying
between 0.94–1.26 m s−1, depending on water temperature, [70]), may have determined the larger
proportion of individuals of both species using the fish lift under the half- load (50 m3s−1) and full-load
(100 m3s−1) conditions, respectively. It should be noted, however, that the willingness to enter and use
the fish lift cannot be explained solely by the water velocity at the entrances nor the size of individuals.
Such motivation can also be driven by other internal (such as the physiological condition or fatigue
level) or external (such as turbidity or turbulence) factors not accounted for in the present study.
For example, some recent studies on fish passage have pointed out the importance of turbulence in
determining the success and timing of potamodromous fish migration upstream [71,72]. It is clear
that future studies should focus on experimental controlled conditions, where the variables of interest
(e.g., water velocity and associated turbulence parameters) can be manipulated while controlling
for potential confounding factors (e.g., temperature), which provide an excellent opportunity to
disentangle the effect that multiple factors have on fish attraction and passage through fish lifts.

The comparison of species size-structure between observed fish in the lift and those captured
downstream, which gives an indicator of fishway selectivity, showed some differences for all three
species, particularly for barbel and trout, with the occurrence of larger individuals in the fish lift
relatively to the river downstream, as it was previously predicted (see Introduction). Such selectivity
could have also arisen as a result of sampling the fish with electrofishing in specific habitats, such
as deep pools, where typically the larger fish, like barbel and trout [44], dwell, and where capture
efficiency is often lower than in shallower (up to 1.5 m) habitats [9,63]. On the other hand, the smaller
individuals of these species may not display a marked migration stimulus, at least associated with
reproduction (e.g., [15]), so their abundance in the fish lift should be lower than that of the larger
ones. Another relevant aspect that could partially explain the lower abundance of smaller-sized
individuals of these species is related to the potential effect of water velocity in the fish lift attraction
circuit (up to 0.90 m s−1 when the powerhouse is on), which may have limited the entrance of smaller
individuals, for which swimming capacity is typically more limited comparatively to the larger
ones [66]. Assessing their swimming capabilities would help clarify if the observed patterns are related
with their lower swimming capabilities, or the lack of environmental cues for these smaller fish to
perform upstream migrations.

As a proxy of the fish lift’s efficacy, the standardized passage-to catch ratio was used, as there are
presently, to the best of our knowledge, no standard methods nor metrics to evaluate efficacy, neither
any defined thresholds (e.g., [46,73]). Our results showed that the mean value of this indicator was
higher than 1 for the barbel, suggesting that more individuals were using the fish lift compared to those
that were available downstream and captured by electrofishing. As outlined above, such results should
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be analyzed with caution as most barbel, particularly the larger individuals, often dwell in deep pool
habitats [9] where electrofishing is clearly less effective [74], and thus their population downstream
that is potentially available to migrate could have been under–evaluated. The use of other techniques,
such as mark-recapture or passive integrated transponders (PIT) telemetry [75], can be useful to
provide more accurate data on barbel stocks arriving at the foot of large–scale barriers. The mean ratio
obtained for the nase (0.26), the most abundant species in the fish lift, was higher than those reported
by Noonan et al. [26], who reviewed worldwide estimates of fish passage efficiency across all types of
fishways. In the case of fish lifts and the presence of non–salmonid species, the mean value reported
was only 0.10, which makes the present estimate (0.26) quite optimistic in the current context, although
their work focuses on efficiency rather than efficacy as in the present study. However, since the concept
of efficacy is not defined in terms of minimum standards (e.g., [41,46]), it should be specified with
respect to the biological requirements of the species using the fishway, and not as an absolute value [47].
In the Lima basin, cyprinids are the most dominant and abundant species in the main river [9,41].
Consequently, the main goal of the lift, rather than allowing the whole species’ population downstream
to move upstream the dam (as it would in the case of anadromous or catadromous species), is to
prevent fragmentation of potamodromous populations between different river segments [25]. For such
species that carry out their life cycles downstream and upstream the dam [30], simple documentation
of them passing upstream is sufficient [76], providing enough evidence that a considerable proportion
of individuals used the fish lift, assuring a long-term sustainability of fish populations.

It should also be noted that the low ratios observed in the months outside the migratory season
(for barbel, nase and trout) do not necessarily represent low lift efficacy, as they may reflect the absence
of migratory stimuli and the consequent lack of motivation to overcome the obstacle. Trout was the
species that theoretically performed the lowest, as shown by their lowest mean ratio (0.10) when
compared to the other two species, as well to the corresponding mean value (0.35) in the literature
for salmonids using fish lifts [26]. This is unlikely to reflect a lower performance of trout upon
negotiating water velocities to enter the lift, as trouts are typically better swimmers and withstand
higher velocities than cyprinids, but instead their natural low abundance in the present cyprinid-type
river segment [77]. Future studies should try to associate efficacy to other indicators, namely efficiency
and delay, to achieve a broader assessment of fish passage through a fishway [78]. In the particular case
of fish lifts, it would be important to try to quantify the two components of attraction efficiency [17]:
guidance (i.e., arrival at the entrance) in response to attraction currents, and entry (i.e., decision to
enter). In this sense, biotelemetry techniques could be applied to monitor such fine-scale activity.

Finally, it should be pointed out that actions to improve the efficacy of upstream movements of
potamodromous species at fish lifts may not always be the best practice. Fish lifts are unidirectional
systems, transporting fish from downstream to upstream of dams, but do not operate on the reverse
side (i.e., from upstream to downstream), therefore not allowing subsequent downstream migration.
When this is coupled with the absence of suitable spawning and growth habitats upstream (even if
they are present downstream), fish lifts may act as ecological traps, doing more harm than good to fish
populations [79]. Although a unidirectional fishway, the Touvedo fish lift is not likely to be acting as
an ecological trap, due to the existence of a network of good quality habitats upstream the Touvedo
dam (see Study Area). Taken together, the Touvedo fish lift enables the upstream migration of a
“considerable” number of adult potamodromous fish in the proper seasonal timing, which is a positive
step towards the maintenance of populations above and below the dam, potentially contributing to
their future sustainability. However, different fish species were found to be affected differently by the
peak-flow magnitudes (nase preferentially migrating during periods of turbine shutdown, whereas
barbel and trout making broader use of the lift when the powerhouse was operating), which points to
the need of a proper peak-flow management during the species reproductive season. Future studies
should consider determining to what extent fish can safely use the spillway gates or the turbines as a
pathway in their descendent routes.
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Abstract: The longitudinal connectivity of many rivers is interrupted by man-made barriers
preventing the up- and downstream migration of fishes. For example, dams, weirs, and hydropower
plants (HPP) are insuperable obstructions for upstream migration if no special measures like fish
passes are put into effect. While upstream fishways have been implemented successfully and are
still being optimized, the focus of current research is more and more on effective fish protection and
guiding devices for downstream migration. According to current knowledge fish guidance structures
(FGS) have a high potential in supporting the downstream migration by leading fishes to a bypass
as an alternative to turbine passage. This work presents a structured and straightforward approach
for the evaluation of potential locations of FGS combining traditional dimensioning principles with
computational fluid dynamics (CFD) and novel findings from etho-hydraulic research. The approach
is based on three key aspects: fish fauna, structural conditions, and hydraulic conditions, and includes
three assessment criteria, which are used in an iterative process to define potential FGS locations. The
hydraulic conditions can be investigated by means of hydrodynamic 3D simulations and evaluated
at cross sections of potential FGS positions. Considering fundamentals of fish biology and ethology
allows for rating of the flow conditions and thus for a suitability assessment of various locations.
The advantage of the proposed procedure is the possibility to assess FGS configurations without
implementing the FGS in the numerical model, thus limiting the computational expense. Furthermore,
the implementation of various operation conditions is straightforward. The conceptual approach is
illustrated and discussed by means of a case study.

Keywords: fishway; downstream migration; fish guidance structure; numerical 3D model; OpenFOAM

1. Introduction

Man-made barriers like hydropower plants (HPP), weirs, and dams interrupt the longitudinal
connectivity of rivers, which hinders migration of fishes and delimitates their natural habitats [1].
The negative impacts on fish communities and consequently on the whole ecosystem underline the
need to restore river connectivity allowing for up- and downstream migration of fishes again [2]. The
importance of healthy river ecosystems is manifested by international regulations and guidelines. For
instance, the EU’s Water Framework Directive states that impacted water bodies need to achieve “good
ecological status” and national laws stipulate river restorations (e.g., Federal Act on the Protection of
Waters in Switzerland). The upstream migration of fishes has been studied in detail during the last
decades, leading to a considerable number of upstream fish passage designs [3,4]. They can be classified
into nature-like structures (e.g., fish ramps), technical structures (e.g., vertical slot fishways), and special
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purpose structures (e.g., eel ladders) [5]. Devices improving a successful downstream migration have
been investigated less and are a topic of current research [3,6–10]. The two main approaches for the
reestablishment of downstream migration and guidance of fishes from the headwater into the tailwater
of HPP are conveyance and bypass [8,11]. The former requires the application of fish-friendly turbines
(e.g., minimum gap runner or Alden turbine) or a fish-friendly facility management. These measures
can result in very high installation costs or considerable losses in energy production, respectively.
The latter approach includes fish guidance structures (FGS) in terms of racks that block fish passage
physically using narrow bar spacing or eliciting fish movement along the rack via generated flow
fields as well as non-physical barriers like acoustic deterrents or strobe lights that cause fish deterrence.
FGS have an especially high potential to support downstream migration [6–8,10–16]. Sensory systems
are based on fish-specific behavior that shows high variation among different species [10–12].

FGS use the concept of guiding fishes along the rack or screen axis to a bypass. Usually they are
positioned with a horizontal angle α < 45◦ to the approach flow to achieve the favorable ratio between
the tangential velocity vt and normal velocity vn above one (Figure 1a), which is considered as a suitable
criterion for guiding efficiency along the rack [8,13]. These so-called angled FGS can be installed either
with horizontally or vertically oriented bars. The bar spacing of horizontal angled screens is usually
between 10 and 20 mm so that fish with a body height greater than this cannot physically pass
(Figure 1b). To date, horizontal FGS were mostly installed at HPP with design discharges below
100 m3/s (e.g., HPP Raghun, Germany with Q = 88 m3/s) to avoid normal velocities vn larger than the
sustained fish swimming speed, which would press fish against the rack [12] (Section 2.1.1). The most
common vertical screens are louvers and bar racks, which are frequently used in the north-eastern
United States [14,15]. Louvers consist of vertical bars that are generally positioned perpendicular
to the flow direction (Figure 1c), while the bars of bar racks are oriented normal to the rack plane
(Figure 1d). The bar spacing of bar racks and louvers is usually larger than for horizontal screens so
that a considerable share of the fish species can pass them. However, depending on fish size they may
prevent physical passage as well [6,10,16].

Figure 1. (a) Layout of a fish guidance structure (FGS) with horizontal angle α with respect to the
approach flow velocity va (velocity components vn and vt are normal and tangential to the rack,
respectively); (b) example geometry of a horizontal FGS; (c) example geometry of a louver; (d) example
geometry of a bar rack. The black arrows represent the flow direction.
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Despite the relatively large bar spacing of vertical FGS, an avoidance effect is achieved by turbulent
flow structures created by each bar and sensed by the fish when approaching the rack [10,16], while
the guiding effect along the FGS comes from vt/vn > 1 [6,8]. The primary mechanisms for guiding fish
movement at FGS are specified as follows:

1. Of primary importance are the hydraulic cues caused by the rack bars, i.e., the turbulent zones
and flow separation along the rack edges [16], triggering an avoidance reaction in fish. These
turbulent structures cause only a few fish to swim through the FGS [10,17]. However, the
avoidance reaction decreases with increasing bar spacing [12]. In fact, two fish species-specific
reaction patterns could be observed in ethohydraulic experiments [10,17]. Some species, such as
barbel, brown trout, and eel show investigative behavior and do not avoid rack contact. Instead,
they hug the upstream rack surface and actively use it as a guidance structure but avoid passing.
Grayling and spirlin, for example, behave differently as they avoid structures and only touch the
screen in exceptional situations.

2. The second mechanism is called sweeping flow, i.e., the parallel flow component vt actively
drifting the fish towards the bypass. This mechanism is decisive for the functionality of FGS
because otherwise the fishes are not directed towards the bypass. In case of exhaustion, the fish
will be pressed against the bars of horizontal FGS and in case of FGS with vertical bars they can
pass through the rack.

In addition to the classical bar rack, there exist further developments that are not arranged
orthogonally to the rack axis, such as those with straight (Modified Bar Rack, MBR [10,17]) or curved
bar cross-section shapes (Curved Bar Rack [18–20]). First investigations of this FGS type show a
lower flow deflection and more symmetric flow field in the tailwater as well as lower hydraulic losses
compared to conventional FGS.

Furthermore, screens can also be positioned with an inclination (“inclined racks”) or even
horizontal to the riverbed plane. However, this type of FGS is dependent on a relatively shallow water
depth, as the angle of inclination should be <10◦ [8]. For larger hydropower plants, this screen type is
therefore usually unsuitable.

The proper positioning of FGS requires good knowledge of the hydraulic conditions prevailing
at possible locations and a well-founded understanding of behavior patterns of the predominant
fish communities [3,21]. Due to today’s computing power, computational fluid dynamics (CFD) has
evolved as a powerful tool for investigating the flow under varying conditions and therefore has
a high potential for fishway designs, for both up- and downstream migration. Various researchers
applied CFD to investigate upstream fish passages, for example to assess the hydraulic conditions in
pool-type fishways [22–27] or to optimize the attraction flow of fishway entrances [28,29]. However,
downstream migration numerical simulations have been rarely used. A few authors implemented CFD
models of turbine flows to assess fish mortality or injury rates [30,31]. Raynal et al. [32] investigated
the hydraulic impacts of horizontal inclined bar racks in a rectangular channel by means of model-
and real-scale CFD simulations. Mulligan et al. [33,34] performed numerical simulations and acoustic
doppler velocimeter (ADV) measurements for surface partial-depth guiding walls in a laboratory
flume to assess the guiding efficiency for surface-oriented fish species. A similar study was performed
by Lundström et al. [35] who investigated the guiding potential of a surface guide wall at the Sikfors
HPP in Sweden assessing the surface-orientated downstream migration of fish salmon smolts.

In contrast to most of the studies applying CFD to assess fishways, which focus on general facility
optimization or are related to site-specific fish passage investigations, this paper presents a conceptual
approach for the positioning of FGS using CFD, fish biology, and expert knowledge to support the
planning of measures for fish downstream migration. The conceptual approach is illustrated and
discussed by means of a case study of the HPP Brügg in Switzerland. Firstly, we will introduce the
different aspects of the suggested approach and present a possible way to link the hydraulics with
species-specific fish behavior patterns to rate the suitability of potential FGS configurations. Next,
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the application of the conceptual approach is introduced step by step for the HPP Brügg. Finally, we
discuss the advantages and drawbacks of the conceptual approach, draw the main conclusions, and
give recommendations for future research.

2. Methods

2.1. Conceptual Approach

The successful downstream guidance of fishes into the tailwater of HPP is a complex challenge,
involving knowledge from different fields of research and concerns of various stakeholders [3]. In
order to consider all essential aspects, the conceptual approach shown in Figure 2 is suggested to
identify potential FGS positions. The approach is based on the three key aspects of fish fauna, structural
conditions of HPP, and hydraulic and hydrologic conditions, and includes three assessment criteria,
which are used in an iterative process to define potential FGS locations as described hereafter.

Figure 2. Conceptual approach for the positioning of FGS using computational fluid dynamics (CFD)
and expert knowledge.

2.1.1. Fish Fauna

Considering a river reach for restoration, awareness, and understanding of existing fish
communities and their role in the ecosystem of the river is of major importance. This mainly includes
knowledge of required habitats, migration behavior, and reproduction cycles. Based on the findings
one or several target species may be identified. Subsequently, the fish biological fundamentals related
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to the defined target species must be scrutinized involving the migration period, body proportion, and
species-specific swimming speed capabilities to be compared to the inflow conditions of the FGS.

Fish body proportions can be characterized by the relative body width wfish,rel and height hfish,rel
as well as the proportion index P [12,36]. The relative body widths and heights are defined as the
ratio between maximum width wfish and height hfish, respectively, and the total length L of the fishes,
whereas the proportion index P is known as the ratio between hfish and wfish. For fishes with P > 1 the
critical length Lcrit for the physical rack passage in relation to the bar spacing sbar can be determined as:

Lcrit =
sbar

w f ish,rel
(1)

This criterion is strictly valid for vertically oriented bars. According to the present state of
knowledge, fish change their natural body alignment only conditionally and rarely pass the barrier
in a lateral position [37]. Therefore, for horizontal bars a higher protective effect can be expected for
fishes having P > 1. As no general fish behavior patterns concerning the rack passage are known yet, it
is recommended to use the same principles for horizontal bars as for vertical ones [12].

Various models have been developed for the design of incident flow velocities and horizontal
angles of angled FGS, such as the approaches of Pavlov [36] and Bates and Vinsonhaler [14]. However,
the method of O’Keeffe & Turnpenny [9] indicates the most favorable conditions for effective fish
protection. They state that FGS must be designed in such a way that the normal speed vn perpendicular
to the rack axis does not exceed the sustained swimming speed vsust of the fish:

vn ≤ vsust (2)

The sustained swimming speed refers to the swimming activity that can be maintained by the
fish over several hours (often t = 200 min is defined as the minimum characteristic duration) without
fatigue [38,39]. Many empirical general and species-specific univariate and multivariate models were
developed to estimate vsust. The works of Wolter and Arlinghaus [40], Peake [41], and Ebel [12] provide
an overview of the relevant literature. Ebel [12] analyzed 785 studies from 21 countries including 80
fish species. Based on these data, he developed different multivariate models to quantify the sustained
swimming speed vsust of European fish species and provide design recommendations for FGS and
bypass systems at HPP. For a first assessment of vsust, the general multivariate model of Ebel can be
applied, (derived from 225 datasets on 22 European fish species). In this model, L represents the body
length [m], T the water temperature [◦C], and t the swimming duration [s]:

log(vsust) = 0.5130 + 0.7941· log(L)− 0.0906· log(t) + 0.2921· log(T) (3)

For a more precise definition of vsust, Ebel proposes empirical multivariate approaches for
rheophilic (4) and non-rheophilic species (5):

log(vsust) = 0.5460 + 0.7937· log(L)− 0.0902· log(t) + 0.2813· log(T) (4)

log(vsust) = 0.3674 + 0.7692· log(L)− 0.0982· log(t) + 0.3649· log(T) (5)

It should be noted that these approaches are not applicable to genera with special swimming styles
such as lampreys (Petromyzontidae), sturgeons (Acipenseridae), or eels (Anguilidae) where species-specific
models must be used. The swimming ability of lampreys can be assessed with the approach of
Beamish [42], where p represents the body weight [g]:

vsust = 0.7671 + 0.1309· log(p)− 0.2632· log(t) + 0.0077·T (6)
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For sturgeons the model of Peake et al. [43] applies:

vsust =
3.1782 + 2.26·L + 0.0547·T − log(t)

4.55 + 0.0536·T − 1.85·L (7)

and for eels the approach of Ebel [12] is suggested:

log(vsust) = 0.425 + 0.567· log(L)− 0.133· log(t), for T > 10 ◦C (8)

It must be mentioned that these models represent fish in optimal conditions, which is not the case
when fish migrate.

With regard to permissible flow velocities, regulators of the US [8] and UK [9] provide some
recommendations for FGS that are listed in Table 1. Both reports include many case studies, but most
of their recommendations are not explicitly related to the behavior patterns of the target species. In
the regulations for the UK [9], it is mentioned that vn should be smaller than the 90th percentile of
the maximum sustained swimming speed, which is reasonably consistent with the recommendations
of Ebel [12]. However, an overview of the sustained swimming speed vsust is only given for some
fish species.

Table 1. Recommendations concerning permissible flow velocities of the regulators of the US [8] and
UK [9] (vn = normal velocity, va = approach flow velocity, vsust = sustained swimming speed).

Literature Physically Impassable Physically Passable

[8] vn < 0.12 m/s for salmonid fry
vn < 0.24 m/s for salmonid fingerling

va = 0.3–0.6 m/s for small and weak swimming fish
va = 0.8–1.5 m/s for larger and strong swimming fish

[9] vn < 90th percentile of vsust
va = 0.3–1.0 m/s
vn < 90th percentile of vsust

2.1.2. Structural Conditions

The second pillar of the suggested approach represents the HPP and the associated structural
conditions. It must be determined what type of HPP or migration obstacle is present, and its geometric
dimensions must be specified. This includes the river width, the width and length of the headrace
channel, the elevation difference to be overcome, and the prevailing flow depths.

2.1.3. Hydrologic and Hydraulic Conditions

The hydrologic and hydraulic conditions in the inflow area of the HPP also have to be assessed.
In a first step, the flow duration curve of the investigated river stretch should be evaluated as
to typical scenarios relevant for downstream migration of the target species, thereby accounting
for their migration periods. From this, typical discharges result that should underlie the detailed
hydraulic investigations. For this purpose, numerical modelling and field measurements can be used
to determine the flow fields in detail for the relevant scenarios. Best knowledge of the prevailing
hydraulic conditions can be achieved when both methods are combined, and field data can be used to
calibrate and validate the numerical model. Considering FGS in real-scale numerical 3D-simulations
of HPP is usually restricted to a smaller section, because the required grid resolution to resolve the
whole FGS would lead to very large computing time making the conceptual approach inexpedient.
Therefore, the hydraulic conditions of the present state without FGS are used as a reference, while the
effects of FGS on the flow fields and on rack-near fish behavior known from detailed etho-hydraulic
modelling [6,7,10,13,17,19,20,44–47] are taken into account separately in the assessment phase, see
Section 2.3.
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2.1.4. Feasibility Design of Potential FGS Positions and Types

Based on the numerical results, the HPP geometry, and an initial estimate of the fish biological
conditions, advantageous regions in the headrace channel for the installation of FGS can be determined.
First considerations about the FGS type should be undertaken as well. Overviews of the application
range of different FGS types are given in References [8,9,12].

2.1.5. Flow Conditions in Cross Section of Potential Positions

In a next step, a possible FGS position is defined for each advantageous region. The hydraulic
conditions obtained from the numerical model are then evaluated in the cross-section of the defined
FGS position. For FGS with horizontally angled flow, the tangential velocities along the rack and
the normal velocities perpendicular to the rack axis are of interest. In the case of non-angled racks,
the subsequent evaluation is based on the approach flow velocity. For the definition of the relevant
hydraulic parameters for other FGS types, References [8,9,12] can be used. It is important to select the
FGS type with regard to the target species. For instance, investigations concerning the downstream
migration of barbels showed that bar racks support a successful passage, while louvers are less suitable
as a guiding device [13,17].

2.1.6. Rating the Flow Conditions with Respect to Target Species

The determined flow conditions, and thus the suitability of the rack positions to support the
downstream migration of fish, can then be assessed using Equation (2) in combination with the decisive
sustained swimming speeds vsust of the target species (Equations (3)–(8)). To achieve a good guiding
efficiency along the rack, the ratio between the tangential velocity vt and normal velocity vn has to be
above one [8].

This evaluation is considered as the primary assessment criterion for a potential FGS position. If
the conditions are not fulfilled, the position of the FGS should be adjusted and the assessment must be
carried out again.

2.1.7. Geometric Properties of FGS

After identifying a suitable position, the geometric characteristics of the FGS can be determined
based on the fish biology, the site-specific conditions, and the chosen type of FGS. In the case of
physically impassable barriers, the bar spacing must be defined in relation to the body proportions of
the target species. To this end, Equation (1) can be rearranged to provide a criterion for the bar spacing
sbar, which requires the definition of an appropriate value for Lcrit. It is recommended to choose the
body length of the target fish species during its first migration stage in the life cycle as Lcrit. For vertical
bars that are passable for fish, the negative correlation between the bar spacing and the protective
effect must be taken into account [12]. The design of the rack geometry should also consider the rack
stability, low susceptibility for rack vibration, and the installation of the rack cleaning system.

2.1.8. Structural Feasibility and Hydraulic Losses

Finally, the structural feasibility of the FGS realization and hydraulic losses caused by the FGS
must be examined. Particular attention should be paid to the installation of a rack cleaning system and
whether a certain configuration allows satisfactory connection with both bottom-near and surface-near
bypass entrances. Basic dimensions for the bypass design and the rack cleaning system can be found
in References [8,9,12]. Another important criterion to consider is the installation cost of the FGS.

For evaluation purposes, hydraulic head loss can be estimated with conventional formulas, like
the approaches of Raynal et al. [13], Albayrak et al. [44], and Beck et al. [19] for vertical angled racks
or the methods of Albayrak et al. [45] for horizontal angled racks. For inclined FGS the method of
Raynal et al. [46] can be applied. The hydraulic head loss of FGS are particularly dependent on the
flow velocity, the bar shape, and the bar spacing [13,44]. For HPP, these losses should be minimized
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to keep the deficits in electricity production as low as possible. If empirical equations are applied
to estimate the hydraulic head loss, it must be noted that these formulae were developed based on
laboratory tests or empirically from data sets, mainly for homogeneous inflow. Accordingly, for highly
inhomogeneous approaches, flow condition deviations must be expected.

It is crucial that these two assessment criteria are appraised in close cooperation with the HPP
operator. If a requirement is not met, the position of the FGS can be adjusted and the whole assessment
must be carried out again starting with the evaluation of the hydraulic conditions in the adjusted
cross-section. If no satisfactory FGS position is found even after repeated iteration through the concept,
the investigated region should be excluded from the feasibility design. If this procedure is carried
out for each region identified in the feasibility design, one or several potential FGS positions may
be defined.

2.2. Numerical Modelling

The hydraulic conditions in the inflow area of HPP can be investigated by means of hydrodynamic
3D-simulations. To this end, the opensource CFD software OpenFOAM [48] constitutes a useful tool,
which was used in the present study. For simulations of free-surface gravity flows the Eularian solver
interFOAM is most suitable [49]. The interFOAM solver uses the Reynolds-averaged Navier-Stokes
equations combined with a turbulence model acting as closure relation to the Reynolds-Stresses as
governing flow equations [50]. The equations are solved with a finite volume method in combination
with the PIMPLE algorithm for pressure-velocity coupling [50,51]. The interFOAM solver identifies
the interface between water and air based on the volume of fluid (VOF) method, which is based on the
water fraction parameter αw having values between 0 (air) and 1 (water). The interFOAM solver uses
an artificial compression term in the transport equation of αw to define a fluid interface (αw = 0.5) and
to avoid the use of interface reconstruction schemes. Detailed information about the VOF method and
its implementation in the interFOAM solver can be found in References [26,51,52].

Another advantage of OpenFOAM besides its free availability is the use of an unstructured
computational grid. The additional use of polyhedral cells (in addition to hexahedral cells) allows
even complex geometries to be accurately mapped.

2.3. Influences of FGS on the Flow Field

The presented approach considers the hydraulic conditions without FGS. Hence, it is not
possible to directly simulate the hydraulic effects of FGS on the flow field in its vicinity. Therefore,
expert knowledge of these effects on the fish guidance efficiency should enter in this phase of the
conceptual approach.

Raynal et al. [13,32] investigated the influences of angled bar racks on the flow field in their
vicinity by means of laboratory investigations and numerical simulations in a rectangular channel.
Based on systematic ethohydraulic model studies, Kriewitz [10] and Albayrak et al. [17] modified the
classical angled bar racks by varying the bar angle β independent of α. Likewise, Beck et al. [19,20]
developed curved bar racks and also tested these in laboratory flumes for both hydraulic and fish
guidance performance. For all tested combinations of the horizontal angle α, the bar spacing, and the
bar shape in the mentioned studies, a flow deflection and acceleration along the rack axis could be
observed. The ratio of tangential to normal velocity increased continuously along the rack axis, mainly
induced by increasing tangential velocities, as the normal velocities increased only slightly along
the rack. These effects of the bar racks on the upstream flow field mainly increase with decreasing
horizontal angle α, while the bar spacing and shape have minor influences on the hydraulic cues in the
upstream near-rack zone.

In contrast to vertical angled bar racks, angled FGS with horizontal bars, particularly
hydrodynamic bar shapes, which are the preferred types to minimize head losses, hardly affect
the flow field, neither in the near-rack upstream nor downstream zones [47], except at flow depths
close to the bed and to the surface if bottom and top overlays, respectively, are used.
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Based on these findings it can be concluded that the evaluation of potential FGS positions
following the suggested approach would not change fundamentally if the FGS could be included in
the numerical models, as FGS mainly increase the tangential velocity along the rack axis.

3. Results: Application of Conceptual Approach to Case Study Hydropower Plant Brügg

HPP Brügg is located on the Aare river, a tributary of the Rhine river, about 2.2 km downstream of
Lake Biel in Switzerland (Figure 3). It is a bay type HPP equipped with two double regulated Kaplan
turbines having frontal approach flow. The HPP is placed next to the weir Port, which has five weir
bays each equipped with a double hook gate. The design flow rate of the HPP is 220 m3/s. At higher
flow rates, the additional discharge is spilled over the weir.

Figure 3. Situation of hydropower plant (HPP) Brügg 1©, upstream fishway 2©, weir Port with
weir bays WB1–WB5 3©, and ship lock 4©. The white arrows indicate the flow direction (photos:
map.geo.admin.ch).

The facility in Port/Brügg features an upstream fishway in the form of a vertical slot pass.
However, this fish pass was not considered for the investigations of possible FGS positions, as it has to
be rebuilt and the new exit will possibly be located upstream of the headrace channel.

Downstream migration of fish is currently only possible by passing through the Kaplan turbines,
during weir operation, and for a limited time through the adjoining ship lock.

The revised Federal Act on the Protection of Waters in Switzerland requires restoration of the
longitudinal connectivity of Swiss rivers [53]. Thus, obligations to improve the fish passage at the
Port/Brügg facility are of a “very high” priority. Based on this prioritization, remediation measures are
to be implemented by 2020. Hereafter, the results from applying the conceptual approach described in
Section 2 to HPP Brügg are presented.

3.1. Fish Fauna

Through efforts to re-establish a self-sustaining salmon (Salmo salar) population in the Rhine river
basin, this fish species is also expected in the Aare system in the long term. Therefore, salmon and
barbel (Barbus barbus) have been defined as target species for the design of fishways along the Aare
river. Salmon smolts in the life cycle state of first downstream migration have a body length between
10 and 20 cm considered as Lcrit [12,54]. The decisive body length of the barbel is estimated to be in the
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same range [55,56]. The relative body width wfish,rel is 0.10 and 0.11 for salmon and barbel, respectively.
The proportion indices of salmon and barbel are P = 1.80 and P = 1.55, respectively [12]. The sustained
swimming speeds vsust were assessed with Equation (3) for a swimming duration of t = 200 min and
are between 0.36 and 0.85 m/s, depending on the water temperature (T = 5–15 ◦C).

3.2. Structural Conditions

Upstream of the HPP the river width is about 80 m. The headrace channel has a length of 46 m, a
width of 24 m, and its entry width from the inlet pier to the left river bank is about 60 m. The water
depth in the headrace channel is more than 6 m. The usable head of the HPP is 0.8–3.0 m, which leads
to an annual electricity production of 25 GWh. The road bridge over the facility has a bridge pier
placed in the middle of the headrace channel with a width of 1 m and a length of 3.5 m.

3.3. Hydrologic and Hydraulic Conditions

The five weir gates of HPP Brügg remain closed up to the design flow rate of 220 m3/s and
the entire water volume is turbined. These conditions represent the most demanding situation for
downstream migrating fish. Due to the closed weir, only the route via the powerhouse is possible and
with the turbines running near full capacity, the flow velocities in the headrace channel are highest.
HPP Brügg has an average annual runoff of 270 m3/s. The smallest average monthly discharge
occurs in January and is 190–200 m3/s. Thus, the migration periods of fish play a subordinate role, as
the relevant operational condition occurs throughout the year. Moreover, the goal of installing fish
guidance structures at HPP Brügg is to ensure safe downstream migration for every native species all
year long, which requires to consider the described operation condition to be decisive.

Accordingly, the hydraulic conditions were simulated for an operating condition with turbine
operation at closed weir bays. The discharge was 195 m3/s and thus slightly below the design
discharge. We did not simulate the whole design flow rate as no water level measurements to validate
the numerical results were available for this operating condition. The hydraulic conditions in the
inflow area of the HPP Brügg were investigated by means of hydrodynamic 3D-simulations using
the opensource CFD software OpenFOAM (release v1712), as introduced in Section 2.2. The k-ε-RNG
turbulence model was applied for the simulations performed herein.

For the sake of efficiency, a cascade of three simulations was carried out, whereby the model
perimeter was reduced in size while the spatial resolution was increased. The model geometry of the
first simulation (S1) includes the HPP Brügg, the weir Port, as well as 930 m of the Aare river upstream
and 710 m downstream (Figure 4a). In the second simulation (S2), the HPP and weir were mapped
(Figure 4b) and in the third simulation (S3), only the headrace channel and turbine admission flow area
were included (Figure 4c). The initial resolutions of the computational grids are listed in Figure 4a–c.
The computational grid of the S3 model, consisting of about 6.1 million cells, is shown in Figure 4d.
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Figure 4. (a–c) Model perimeters of the simulation sequence with the respective grid spacing; (d)
Computational grid of the third simulation and orientation (coordinate system).

For simulation S1, different boundary conditions for water and air at the inflow and outflow
borders were set based on the known water surface elevations (Table A1 in Appendix A). As initial
conditions, different water surface elevations and flow velocities were applied for the head and tail
waters. For simulations S2 and S3, the steady-state solution of the previous calculation was used as the
initial condition and the boundary values αw, u, p, k, and ε were mapped accordingly.

In order to verify convergence of the solution to a steady state, the mass balances of water and
the water surface elevation in the head and tail water were recorded over time. The solution was
considered stationary when the mass balance was fulfilled, and constant water surface elevations were
reached (Figure A1 in Appendix A).

The numerical models were validated using water level measurements in the head and tail waters
of the HPP. The difference of the simulated and measured water surface elevations amounts to only a
few centimeters and is thus in good agreement.

For simulation S3, the hydraulic conditions at steady state are shown in Figure 5. These results
were used in the further application of the conceptual approach.

Figure 5. Flow velocity contours in the headrace channel at steady state for simulation S3: (left) flow
velocity at horizontal plane at water depth of 3 m; (right) flow velocity at different vertical cross
sections. The light blue transparent plane represents the water surface at water fraction αw = 0.5.

3.4. Feasibility Design of Potential FGS Positions and Types

Prior to this study, two different studies concerning the installation of FGS at HPP Brügg had been
carried out focusing on structural feasibility [57,58]. These studies spatially narrowed the feasibility of
FGS implementation to the headrace channel. Due to the high flow depth of more than 6 m, inclined
FGS are not an option, while angled FGS are considered to have the greatest potential of supporting
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fish downstream migration. Based on these findings and the simulated hydraulic conditions, two
different regions for the installation of FGS in the headrace channel were defined (Figure 6).

Figure 6. Potential configurations of FGS in the headrace channel of HPP Brügg, where horizontal
angles to main approach flow direction are indicated. The existing vertical slot fishway for upstream
migration is shown in green. The black arrows indicate the flow direction and the arrow lengths
represent the velocity magnitude.

3.5. Flow Conditions in Cross Sections of Potential Positions

Possible FGS configurations were defined for each region determined in Section 3.4. Two
configurations were selected for region 1 (V1a and V1b), while there is only one configuration in
region 2 (V2). From a qualitative point of view, configuration V1b is unfavorable, as it is placed almost
perpendicular to the flow vectors. However, this configuration was still considered as it allows for
a very short bypass inside the inlet pier of the HPP down to the tailwater. The downstream end of
configuration V2 is positioned on the left side of the inlet pier since a bypass through weir bay 1 (WB1)
is not possible. The FGS of all configurations are positioned horizontally angled to the main flow
direction, to favor the ratio of tangential to normal velocities being above one. For these three positions,
the hydraulic conditions obtained from the numerical model were evaluated in the corresponding
cross-section (Figure A2 in Appendix A).

3.6. Rating the Flow Conditions with Respect to Target Species

The hydraulic conditions were rated with respect to the target species. To this end, Equation (2)
was applied and the ratio of tangential to normal velocities was determined (Figure 7). Ethohydraulic
experiments with various fish species have shown that vertical bar racks with horizontally angled
approach flow guide fish to the bypass under laboratory conditions [10,17]. Thus, a rather high value
of sustained swimming speed of vsust = 0.7 m/s, but within the range of 0.36 to 0.85 m/s determined
in Section 3.1, was applied to rate the hydraulics.
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Figure 7. Rating the flow conditions with respect to the target species: (left) ratio of tangential (vt) to
normal velocities (vn); if the ratio is above unity, good fish guiding efficiency can be expected; (right)
normal velocities compared to vsust = 0.7 m/s. The light blue transparent planes indicate the water
surface at water fraction αw = 0.5.

The results show that a good guiding efficiency can be expected for configurations V1a and V2
since the tangential velocities of these configurations are mostly higher than the normal velocities.
At configuration V1b the ratio between the tangential and normal velocities is largely below one,
likely resulting in a lower guiding efficiency than for the other configurations. The rating of the flow
conditions indicates that the normal velocities of configurations V1a and V1b exceed vsust, especially
for the left half of the rack, which incorporates the risk of fish being jammed at the rack. The same
applies to configuration V2 at the inlet pier of the HPP, where high normal velocities occur due to flow
separation (see also Figure 5).

Consequently, none of the investigated configurations meets the assessment criteria concerning
the hydraulic conditions. Since no other FGS configuration is possible in region 2, this area has not been
considered further. Configuration V1b was initially considered because it would allow a favorable
bypass connection. Since the rating of the hydraulic conditions is very negative and there would hardly
be a better evaluation even with an adjusted position, this configuration was not further investigated.
Configuration V1a only fails with regard to the normal velocities at the left half of the rack. To reduce
the normal velocities in front of the left turbine inlet, a milder horizontal angle is required. Thus, an
adjusted configuration of V1a, named V1a*, was investigated where the horizontal angle α of the left
half of the rack was reduced from 42◦ to 30◦. For this adjusted configuration, the hydraulic conditions
were again evaluated in the corresponding cross-section and rated with the same assessment criteria
as described above (Figure 8). The adjusted configuration shows potential for a good fish guiding
efficiency and the normal velocities are mostly below the limit value of vsust. Consequently, this
configuration meets the assessment criteria concerning the hydraulic conditions.
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Figure 8. Assessment of the adjusted configuration V1a*: (upper left) adjusted FGS position;
(upper right) absolute flow velocities in the corresponding cross-section; (lower left) ratio of tangential
(vt) to normal velocities (vn); (lower right) normal velocities compared to vsust = 0.7 m/s. The light
blue transparent planes represent the water surface at water fraction αw = 0.5.

3.7. Geometric Properties of FGS

As described in Section 3.4 angled FGS are considered to have the greatest potential supporting
the fish downstream migration. Configuration V1a* requires a rack length of approximately 42 m and
a height of more than 6 m. According to Equation (1) a bar spacing sbar between 1.0 and 2.2 cm is
required for FGS that are physically impassable. Since the proportion indices of salmon and barbel
are above one, a high protective effect is to be expected with horizontal bars. For FGS with vertical
bars (louvers and bar racks) there is no general rule about bar spacing. Bar spacings between a few
centimeters up to more than 30 cm are reported in the literature [8–10]. For similar situations to HPP
Brügg, a bar spacing in the order of 5–10 cm can be found in the same literature.

3.8. Structural Feasibility and Hydraulic Losses

Whether an FGS such as in configuration V1a* can be installed, it must be examined in detail in a
further step, which is beyond the scope of this study. The bypass might be aligned similar to that of
the existing fishway and its discharge can potentially be partly used as attraction flow for upstream
migration. Special attention must be paid to the bridge pier to investigate how it affects the design and
operation of the rack cleaning system.

Recent findings indicate lower hydraulic head losses for horizontal racks compared to vertically
oriented bars, especially for hydrodynamic bar shapes [45,47]. Therefore the hydraulic head losses for
configuration V1a* with horizontal bars were estimated based on the approach of Albayrak et al. [45],
assuming rounded bar shape with a bar spacing of 1.5 cm, a bar thickness of 0.8 cm, and a bar depth of
8 cm. From the numerical simulations a mean approach flow velocity of 1.25 m/s was determined
and the mean horizontal angle between the velocity vectors and the screen axis is about 30◦. For
such conditions the estimated hydraulic losses amount to 2–3 cm. To compare with the hydraulic
head losses of configuration V1a* with vertical bars, we applied the approach of Beck et al. [19] for a
curved bar rack with rounded bar tips. The calculation was performed for a bar spacing of 8 cm, a bar
thickness of 0.8 cm, and a bar depth of 10 cm. The approach flow velocity and the mean angle between
the velocity vectors were the same as for horizontal bars. With these assumptions, the resulting
hydraulic head losses amount to 4–5 cm. In contrast to classical and modified angled bar racks with
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rather asymmetric and inhomogeneous flow fields downstream of the rack, curved bar racks (i) cause
significantly reduced head losses and (ii) align the flow, ensuring a symmetric turbine admission
flow [20]. This is particularly important for configuration V1a* as the rack is immediately upstream of
the turbines. Note that in these examples, no bottom and top overlays were assumed.

However, these results must be considered with caution as the flow conditions in the headrace
channel are highly inhomogeneous. It is the task of the HPP operator to define what hydraulic head
losses due to FGS are acceptable. Thus, it cannot be definitively stated here whether the location V1a*
represents a suitable FGS position concerning the two assessment criteria of structural feasibility and
hydraulic losses.

4. Discussion

Silva et al. [3] developed a multidisciplinary approach providing a general framework to consider
the interests of all stakeholders in the development and implementation of fishways. The presented
approach in this work may be considered as a specification of this framework to address downstream
fish migration by means of FGS involving essential aspects for a successful layout. With the proposed
concept, we intend to provide a tool that combines traditional dimensioning principles of fish descent
aids as reported in References [8–10,12] with computational fluid dynamics in order to evaluate suitable
FGS configuration in a structured and straightforward way.

The proposed procedure uses the hydraulic conditions of the present state without FGS as a
reference since the geometric representation of the FGS in the numerical models would require very
small cell sizes (some millimeters) that would lead to a very high computing effort impeding an
efficient layout procedure. On the one hand, omitting the FGS in the numerical simulations has the
advantage that all possible FGS locations can be examined using the results of the same simulation,
which reduces the computing effort considerably. On the other hand, the influences of the FGS on
the surrounding flow field are not directly considered with this approach and have to be accounted
for by expert judgement separately. As to the effect of FGS on the upstream flow field sensed by
approaching fish, distinction should be made between FGS with vertical and horizontal bars. Based
on findings on the flow impact of various kinds of vertical angled FGS in their vicinity [13,19,20,32],
the suggested approach gives rather conservative results in terms of fish guidance efficiency, as
the rack-parallel sweeping flow component tends to be intensified by the racks (“guidance effect”).
Regarding angled FGS having horizontal bars without overlays, the flow field is quasi unaffected [47]
so that the approach proposed herein is fully applicable. If bottom and/or top overlays are applied,
the guidance effect for bottom- and surface-oriented fish is intensified, so that guidance efficiencies are
again likely underestimated by the present approach. The overall assessment would thus not change
considerably if FGS were included in the numerical models. However, further research on this topic
involving numerical simulations and laboratory experiments for different FGS types is recommended
to reduce uncertainties in the understanding of the impact caused by FGS on the upstream flow field.

The connection between hydraulics and the related behavioral responses of fishes is summarized
in only one variable, which is vsust. This may be criticized as a too restrictive simplification of
the complex behavioral pattern of fish species. Indeed, many authors claim that there are gaps
in knowledge regarding species-specific behavior of fish, which must be approached in future
research [1,3,59–61]. For example, the velocity increase along the rack is another important criterion,
which can also be assessed easily based on the CFD results. The United States Bureau of Reclamation
(USBR) [8] states that louvers should be operated with bypass-to-approach flow velocity ratios between
1.1 and 1.5. The ratio for vertical and horizontal FGS is in a similar, slightly lower range, but is still the
subject of ongoing research. Nevertheless, the presented approach is structured in such a way that it is
possible and desirable to consider future findings when rating the hydraulic conditions.

Fish downstream migration devices must incorporate four features [3]. Firstly, they must shield
fish from the zones of potential injury, e.g., turbine passage. Secondly, they have to guide the fish to
an alternative migration corridor. Thirdly, fishes must find their way into the bypass and last, but
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not least, fishes should successfully migrate through the bypass into the tailwater without damage.
Thus, after finding a suitable configuration of an FGS by means of the presented approach, a proper
design of the bypass is a crucial prerequisite for supporting a successful downstream migration. For
the implementation of a bypass in the numerical model, flow obstruction by the FGS has to be taken
into account. As discussed above, depending on the type of angled FGS, a part of the approach flow
is diverted parallel to the FGS. This is reasonable from a hydrodynamic point of view, because flow
obstruction first occurs at the most upstream part of the FGS causing a small increase of the water
surface elevation, i.e., the tangential velocity will increase being in favor of fish guidance efficiency. As
a first attempt, a similar behavior might be simulated with the numerical model by using a baffle at
the location of the FGS and specifying a hydraulic head loss estimated by empirical approaches as
given in the literature. However, the capability of baffles to reproduce the flow field near FGS must
be validated by further investigations, and further research on how to consider FGS in a simplified
manner is needed. Once this has been achieved, the presented concept can be extended by carrying
out additional CFD simulations for the identified potential configurations, in which the bypass and
the FGS are resolved and directly taken into account.

5. Conclusions

The successful downstream guidance of fishes into the tailwater of HPP by fish guidance structures
(FGS) is a complex challenge. In order to consider all essential aspects, a structured and straightforward
conceptual approach for the evaluation of potential FGS positions by means of CFD was presented.
The applicability of the concept was illustrated and discussed based on the case study of HPP Brügg
in Switzerland. The use of numerical models instead of field measurements to investigate the flow
situation allows for assessing the hydraulic conditions in any desired section and for different scenarios
and operating conditions. Furthermore, numerical results can be used for additional investigations,
such as the evaluation and optimization of the turbine admission flow. In the present conceptual
approach, potential FGS positions can be assessed without implementing the FGS in the numerical
model to facilitate efficient application. However, this states also the main limitation because the
hydrodynamic influence of FGS on the local flow field cannot be directly simulated but has to be
assessed indirectly by considering recent findings form experimental etho-hydraulic and detailed
numerical investigations (“expert judgement”). Future research has to develop new approaches to
include FGS in a simplified manner while reproducing the main flow features near FGS at reasonable
computational expense. Such a contribution would make the present approach more powerful.
Furthermore, interactions between hydraulics and related species-specific behavioral responses of
fishes are the subject of current research and related new findings can easily be included in the concept.

Applying the approach to HPP Brügg showed that the conceptual approach serves as an
optimization tool for potential FGS configurations. A suitable configuration concerning the hydraulic
conditions could be determined for which the normal velocities exceed the sustained swimming
speed vsust of the target species only locally and which shows a ratio of tangential to normal velocity
above one. Further steps in the design process, such as checking structural stability of the FGS and
technical aspects of the rack cleaning system, are not part of the case study herein but are important in
real-world applications.
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Appendix A

Table A1. Boundary conditions of the first OpenFOAM model (S1) for all hydraulic variables. An
extended definition of their numerical implementation can be found in [62].

Boundary αw u p k ε nut

inlet water fixedValue flowrate-
InletVelocity

fixedFlux-
Pressure fixedValue fixedValue calculated

inlet air zeroGradient noSlip fixedFlux-
Pressure

kqRWall-
Function

epsilonWall-
Function

nutkWall-
Function

outlet water fixedValue inletOutlet fixedValue inletOutlet inletOutlet calculated

outlet air inletOutlet fixedValue zeroGradient inletOutlet inletOutlet calculated

atmosphere inletOutlet pressureInlet-
OutletVelocity totalPressure inletOutlet inletOutlet calculated

walls zeroGradient noSlip fixedFlux-
Pressure kqRWall-Function epsilonWall-

Function
nutkWall-
Function

Figure A1. Assessment of the convergence to a steady state for the three simulations (S1), (S2) and
(S3): (top) mass balance of water over time; (bottom) water surface elevation over time in the head and
tailwater of the HPP. For the simulation (S3), the tail water was not included in the model.
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Figure A2. Hydraulic conditions in the cross-sections of the defined FGS positions. The light blue
transparent planes indicate the water surface at water fraction αw = 0.5.
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Abstract: A repulsive effect, that some induced primary stimuli, like sound and light, is known to be
provoked in fish behavior. In the present study, two strobe light frequencies, 350 flashes/minute and
600 flashes/minute, were tested in laboratorial conditions, using three native freshwater fish species
of northern Portugal: Brown trout (Salmo trutta), Northern straight-mouth nase (Pseudochondrostoma
duriense) and Iberian barbel (Luciobarbus bocagei). The results showed a differential repulsive behavior
of the fish species to light stimulus, and particularly to a frequency of 600 flashes/minute. S. trutta
presented the most repulsive behavior, whereas the L. bocagei showed less repulsion to the light
stimulus. No relevant differences were found between pre-test and post-assessments, confirming a
rapid recovery of natural fish behavior after the deterrent effect. The results highlighted the potential
of behavioral barriers, particularly in salmonid streams, based on strobe light stimulus.

Keywords: underwater light; behavioral barriers; brown trout; endemic cyprinids; deterrent effect

1. Introduction

Mediterranean freshwater ecosystems and particularly native fish are severely threatened by
human activities, such as river regulation, responsible for dramatic habitat modifications [1], leading
to the reduction of habitats (e.g., breeding, feeding, and shelter) and increased biotic interactions
(e.g., competition and predation) with the non-indigenous species [2]. In Iberia, a large number of
small and large dams are responsible for the disruption of river connectivity, which can directly affect
fish movements. The migratory reproductive routes of diadromous and inclusively potamodromous
species to the spawning habitats are inhibited, with consequences for their survival [3,4], as well as the
interruption of the migrations downstream of the cyprinids have great importance in the life cycle of
these fish, especially in the trophic and refuge migrations [5–7]. Other movements of Iberian cyprinids,
often in the downstream direction, may result also from severe droughts, where fish may look for
refuge in pools with favorable morphological and physicochemical conditions, namely well-developed
canopies [8]. The existence of certain barriers becomes a serious handicap for their survival. According
to the Red Book of the Portuguese vertebrates [9], 69% of native freshwater fish species are extremely
vulnerable, justifying the development of in-situ conservation measures.

Native salmonid (S. trutta) and cyprinid (L. bocagei, P. duriense) species of northern Iberia have
higher displacements along the river, namely during the potamodromous reproductive seasons,
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and their interest for conservation (e.g., threatened populations) and exploitation (e.g., angling activity)
purposes is relevant for different management plans. Furthermore these species show a vulnerability
in River Douro catchment: Trout is restricted to the upper part of a few tributaries [10], negatively
impacting the upstream and downstream movements [11], whereas the other two cyprinids are strongly
impacted by regulation, coupled with the natural wide variability of flow, common in the Iberian
Peninsula [12,13]. Moreover, Iberian rheophilic cyprinids have exigent habitat requirements [12],
and frequently make displacements especially in spawning activity, during which they have to find
well-oxygenated gravel-bed spawning areas but also to complete their life cycle [14].

Baras and Lucas [3] state that in regulated rivers, spawning grounds (breeding migrations
upstream) and feeding and sheltering sites (trophic migrations downstream) can be at great distances,
forcing these species to migrate further and further away. The authors concluding that potamodromy
may correspond to an adaptive response for these species.

However, these movements are highly conditioned by the presence of obstacles, and high fish
mortalities has been registered [15,16]. Abrupt changes in pressure, cavitation, shear forces, turbulence,
and mechanical shock are some of the effects experienced by fish in the adduction to the hydroelectric
turbine [17–19]. For these reasons, deterrent systems have been used in different management
applications and physical and nonphysical barriers developed to prevent fish from spreading or
to guide fishes away from sources of mortality [4,20,21].

Non-physical barriers can use behavioral and/or physiological stimuli to control fish movements,
since fish may exhibit attraction or repulsion behavior, caused by various environmental stimuli
including sound [15,22,23], light [20,21,24,25], electric [26,27], chemical [28,29], and mixed [30,31]).
The efficiency of these non-physical barriers depends on the fish species, the environmental conditions,
and the potential habituation to a particular stimulus [32,33].

Light has been used over the centuries, both as a repulsive/attractive stimulus, for fish, and
other aquatic animals [4]. Luminous stimuli are particularly important to fish because they use vision
for food, reproduction or to avoid predation, and responses to light are therefore crucial for their
survival [34]. The use of strobe light on behavioral barriers for fish has demonstrated repulsive
efficiency with some species, and at various tested frequencies [29,35–37]. However, even if there are
studies concerning the movements of Iberian rheophilic cyprinids, they are limited to the influence of
environmental factors on longitudinal displacements in rivers (e.g., Lucas & Baras [7]; Ovidio et al. [38];
Benitez & Ovidio [39]), and not to laboratory conditions to determine deterrent effects that can be
transposed to natural conditions, in order to mitigate the effect of obstacles. Only the particular
case of hydropeaking has been recently subject to indoor flume tests in Iberian barbel [40]. It is,
therefore, an unprecedented study of great relevance, since the applied knowledge resulting from
these experiments can contribute to the protection and safeguarding of these species through the
deterrent effects of these stimuli on fish, avoiding their access, for example, to electric production
turbines (upstream dam), pumping systems (downstream dam), and adductor systems, thereby
reducing their mortality rate caused by the physical impacts typical of those structures [15]. Different
light barriers had been used to protect native fish populations by re-routing them to the proper
passages in hydroelectric power plants [41], and to avoid or, at least, slow down the spread of invasive
non-indigenous species [4,42–45].

The main objective of the present study was to evaluate the repulsive behavioral response,
in laboratory conditions in three native freshwater species of Northern Portugal: Brown trout (S. trutta),
a salmonid species, and two endemic cyprinids, Northern straight-mouth (P. duriense), and Iberian
barbel (L. bocagei), exposed to two stroboscopic light frequencies, either in day and night periods.
We hyphotetyze for different reactions considering the specific vision and trophic factors, characteristics
of each taxa.
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2. Materials and Methods

2.1. Study Site

The study took place in the fish farm facilities of governmental services, the Portuguese
Conservation of Nature and Forest Institute (Posto Aquícola de Castrelos) in northeastern Portugal,
which took place between May 2011 to December 2014. The laboratorial recirculating tanks were used
to develop the experiments, supplied with a good water quality from a headstream, the River Baceiro.
During experiments. The water temperature ranged from 14 to 16 ◦C and a high dissolved oxygen
concentration (> 9.0 mg·L−1) was maintained in the laboratorial tanks.

2.2. Target Species

Three native species of the Douro basin, S. trutta, P. duriense, and L. bocagei were used in the
tests with the following biometric data: [Total length TL: mean ± SD (cm); Mass M: mean ± SD (g))]:
(1) S. trutta-TL: 16.1 ± 2.3 cm; M: 59.2 ± 23.9 g; (2) P. duriense-TL: 12.4 ± 3.2 cm; M: 21.7 ± 11.6 g; and
(3) L. bocagei-TL: 12.9 ± 2.5 cm; M: 32.8 ± 23.1 g. The fish were captured by electrofishing (Hans Grassl
ELTII, DC 300/600 V) in the River Sabor (Douro basin) and transported in appropriated conditions of
low temperature (T < 16 ◦C) and oxygenation (DO > 9.0 mg O2·L−1). Before the experimental trials,
fish spent a quarantine week, after which they were distributed separately by different maintenance
tanks, under similar water quality conditions with the test tank until the beginning of each trial (2 to
3 weeks). After the tests, the captured fish were in good health and were released in the same area of
the river where they had been previously captured.

2.3. Test Stimuli

The trials were carried out under laboratory conditions and discriminated by each species,
considering a group of 20 individuals replaced at each trial. To evaluate the reaction of fish it was
induced a strobe stimuli: 350 flashes/minute, with opening of 30 ms and 984 l× for the daytime period
and 739 l× (1 l× = 1 lm/m2) for the night period and 600 flashes/min with aperture of 30 ms and
1226 l× for the daytime period and 739 l× for the night period. Lux values were recorded underwater
(0.3 m distance) with Lux Meter RS-PRO Model 180-7133 with an accuracy of 4%.

2.4. Experimental Design

Experimental rectangular test tanks, with dimensions of 1.5 × 1.0 × 0.5 m and a capacity of
750 L were used, with oxygenation system and temperature control. The walls of the tanks, with the
exception of the strobe lamp window, were coated with black matte paper and by avoiding visual
influences from outside. The placement of a central black span (Figure 1) 0.70 × 0.36 × 0.45 m, served
to promote the circular movement of fish. To create the adequate water flow conditions in the tanks
(30 L·min−1), a distributed pumping system was fitted and adjusted to the available internal space
in order to stimulate the rheophilic behavior of these species. Each aquarium was equipped with
a strobe light placed in the middle of one of the lateral corridors, where the fish counting line was
defined (Figure 1). The test tanks were equipped with two video cameras (Model Sony 600TVLines,
underwater camera), involving an infra-red system for night recording of fish movement. One of the
video cameras (video 1—Figure 1) was placed just above the counting line, thus allowing a recording
of the passage of the fish. The second video camera (video 2—Figure 1) was placed close to the test
tank, allowing a more comprehensive video recording of the entire tank (Figure 1).
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Figure 1. Design and conceptual model of the laboratorial test tank: (a) Functional diagram; (b,c)
Counting line; (d) Test tank.

The same tests were performed for each target species, using the two mentioned frequencies
during both nocturnal and diurnal periods. Each fish group (20 individuals) was placed in the
aquarium two hours before starting each test for proper acclimation. The trials lasted for 130 min,
corresponding to 60 min of pre-test (strobe light off), 60 min of Test (strobe light on), and 10 min of
Post assessment (strobe light off). For each species and frequency tested (350/600), 3 replications
were performed, both in the daytime and at night, totaling 36 trials for the three species (720 fish).
The efficacy of each frequency was checked by video analysis and by direct observation of fish passages
at the counting line, by comparing the means of the number of passages of the pre-test (strobe light off)
to the means of the number of passages of the treatment test (strobe light on). Fish were counted each
minute by freezing the video images, resulting in counts accumulated of 5 min. Data were organized in
12 periods of 5 min, completing the hour of pre-test and treatment tests. For post assessment tests only
2 periods of 5 min were considered. Through the comparative analysis between the counts obtained in
the pre-test, and test, the behavioral response of each species was analyzed.

The relative efficiency corresponds to the fraction (percentage) that was affected repulsively by
each the strobe light stimulus, and was calculated according to the following formula:

Relative efficiency (%)= (1−
(

no. fishes counting line − tests (strobe on)
no. fishes counting line − pre-tests (strobe of)

)
)× 100

2.5. Statistical Analysis

The statistical analyses were initially performed using the Shapiro-Wilk procedure to test if data
had a Gaussian distribution and by the Bartlett test to verify the homogeneity of variance. Since
normality assumptions were not verified, no parametric tests were applied.

In the first test, a 2-way permutational multivariate analysis of variance (PERMANOVA) (type-III)
was conducted, which was applied to the overall data (involving simultaneously day and night
periods), considering the following factors: Stroboscopic light effect (2 levels: off and light stimuli),
light frequencies (2 levels: 350 flashes/min and 600 flashes/min), and fish species (3 levels: S. trutta,
P. duriense, and L. bocagei) all fixed factors used to assess the effect of each variable on the deterrent
behavior response. The analysis included a random factor with different sets of fishes tested (6 levels).
It used a balanced cross-design of the fixed factors. Additional PERMANOVA pairwise comparisons
were used to statistically analyze the reaction of fish species. These computations are based on a
similarity matrix using Euclidean distances.
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In the second approach a 3-way PERMANOVA (type-III) was used for each fish species, taking
into account the following factors: Stroboscopic light effect (2 levels: off and light stimuli), light
frequencies (2 levels: 350 flashes/min and 600 flashes/min), and day period (2 levels: day and night),
as fixed factors, in order to verify the individual fish species responses.

All PERMANOVAs were performed with 999 permutations on the basis of Euclidean distances
(Anderson 2001). PERMANOVAs were computed with PRIMER 7 & PERMANOVA+ (Primer-E, UK)
for Windows.

3. Results

The global results of 2-way PERMANOVA showed a significant effect of the stroboscopic light
(p < 0.01) and of the fish species (p < 0.01), but not of frequency type (p > 0.05). Only the interaction
between species and the considered assemblages was significant (p < 0.05). The pair-wise tests for
fish species allowed significant differences (p < 0.05) between S. trutta and L. bocagei and between
P. duriense and L. bocagei to be determined, but not between S. trutta and P. duriense.

Based on the 3-way PERMANOVA tests developed for each fish species, it was possible to
highlight the following results: (1) S. trutta- the light effect (Pseudo F = 22.89, p < 0.001) and light
frequencies (Pseudo F = 3.46, p < 0.05) effects were significant; (2) P. duriense- only light effects (Pseudo
F = 6.84, p < 0.01) were significant; (3) L. bocagei- no significant differences were detected.

S. trutta appeared to be more sensitive to light stimulus comparatively with both endemic cyprinid
species (Table 1). The relative efficiency was indeed more effective for S. trutta during the day, with
88% (600 flashes/min), 77% (350 flashes/min). The relative efficiencies between both cyprinid species
were also distinct. The L. bocagei exhibited the lower deterrent effect relatively to the stroboscopic light
effect, since the relative efficiencies were on average, and during day and night periods, only near
28%, and 25%, respectively, while for P. duriense these values were always above 40%, reaching 64.5%
for 350 flashes/min/night (Table 1). Extract of video that shows the behavior of the fishes (trout in
600 flashes/min/day and nase 350 flashes/min/night) with the beginning of strobe stimulus can be
seen in the “Supplementary Material”.

Table 1. Relative efficiency (%) of the various stimuli tested in S. trutta, P.duriense and L. bocagei.

Specie (dates) Trial

Counting Line 1

(n◦. of fishes)
Relative

Efficiency (%)
Pre-test Testing

S. trutta
(19/5/2011–8/8/2011)

350 flashes/min
Day 2354 535 77.27

night 1606 819 49.00

600 flashes/min
day 1558 189 87.87 2

night 1328 437 67.09 3

P. duriense
(13/6/2011–8/7/2011)

350 flashes/min
day 2329 1376 40.92

night 2273 374 64.50

600 flashes/min
day 3156 1298 58.87

night 1740 975 43.97

L. bocagei
(16/6/2011–10/7/2011)

350 flashes/min
day 2538 1822 28.21

night 2466 2176 11.76

600 flashes/min
day 2428 1771 27.06

night 2055 1529 25.60
1 Average of counted fish in the 3 repetitions, in each trial; 2 Maximum day; 3 Maximum night.

Figure 2 shows the time sequence of the fish counts (mean values − counting line) in each of the
three trail tests for S. trutta and P.duriense: Pre-test treatment -and post-assessment tests. It should be
noted that, after the light stimuli of the treatment tests (strobe light on), the fish species behavior during
the post-assessment tests were similar to the behavior observed in the pre-test periods. The L. bocagei
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were not considered for this graphical presentation because it did not show significant repulsive
behavior (relative efficiency values always lower than 30%).

(a) 

(b) 

Figure 2. Fish count (mean values − counting line)) in the tests: 350 flashes/min/day (350 day),
350 flashes/min/night (350 night), 600 flashes/min/day (600 day), 600 flashes/min/night (600 night)
with the species: S. trutta (a) and P.duriense (b): pre-test (60 min), test (60 min) and post-assessment (10
min).

4. Discussion

Non-physical barriers to guide fish movement can be a useful technique, particularly for the
protection of freshwater native species. We studied brown trout to show their behavior [46,47].
However, for endemic cyprinids and inclusively for brown trout populations of Iberia, these techniques
have not been applied to promote the success of fish downstream migration, through their behavior.
Of course, the use of these techniques requires adequate research to determine the specific behavioral
responses of each endemic species, since the reaction and response effects to different kind of stimuli
remain unknown.

In fact, strobe lights have been successful in altering the behavior of fish and are the most
widely underwater light system used for fish deterrent purposes [21,48,49], particularly for salmonid
species [24,50–52]. Patrick et al. [53], in experiments with several species of freshwater and
estuarine fish, concluded that stroboscopic light has a greater repulsive effect than continuous light.
Sager et al. [32] reports that the repulsive efficacy of stroboscopic light in fish depends greatly on
the frequency used (flashes/minute), and Coutant [51] adds that most strobe lights tested are set
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at frequencies of 300 flashes/minute or higher. The literature refers to the use of light stimuli
in fish with strobe light at various frequencies: 60 flashes/minute [31,54], 86 flashes/minute [36];
300 flashes/minute [35,37], and considering the evaluation of both the day-time period and the
nocturnal period [29,35,55].

As verified in the results of the present study, S. trutta presented in general and particularly
during the daytime a greater repulsive behavior than the cyprinid species, namely related to L. bocagei.
The difference in repulsive behavior of stroboscopic light, between salmonid and cyprinids is not
surprising, since Amaral et al. [55] also observed a superior repulsive behavior of salmonid Chinook
salmon in relation to the repulsive behavior of the cyprinid Ptychocheilus oregonensis in the Yakima
River (USA). Hansen et al. [56] verified that Chinook salmon, which exhibited a greater repulsive
behavior to various light stimuli in the diurnal period and suggests, in its study, that this result may be
related to vision and trophic factors. Nevertheless, our results also display clear behavioral differences
between fish species, even inside the same family.

Salmonids are predominantly visual predators [57], feeding on small fish, crustaceans, and
insects [58] during the day-time [59,60] and crepuscular periods [61], due to the higher ability to detect
preys, which may be justified by the higher visual sensitivity during these periods, also observed in
the present study for S. trutta (87.87%). Relatively to cyprinid species, it was observed for P. duriense,
an absolute maximum value of the repulsive behavior (64.5%) and L. bocagei (28.21%). This result may
also be related to the visual capacity, which is variable according to the food strategy, activity cycle
(diurnal or nocturnal), water depth, and transparency [62,63]. P. duriense, includes a diet composed
of plant material, organic debris, but also by small invertebrates [48]. It is a species that in trophic
terms lays between S. trutta and L. bocagei, exhibiting visual capacity for predation, but the adapted
mouth (lower corneal lip) allows to feed an algae and invertebrates, which may justify the results of
the present study. L. bocagei presented a reduced sensitivity to the luminous stimulus for the two tested
frequencies. The low sensitivity may be related to a higher dependence on, less illuminated benthic
habitats and, consequently, presents sensory systems well developed like the olfactory and acoustic
system [54].

Our results indicate that a repulsive effect of the light stimulus was maintained at a high rate
throughout the 1-h of each treatment test, however there seems to be a slight habituation at the end of
the test period, in both species, in the 350 flashes/min/day (Figure 2). The post-assessment results
seem to reinforce the observation of a low resident effect, because immediately after the end of the light
stimulus the fish return to its position similar to the pre-test situation (Figure 2). Mesquita et al. [54]
found a habituation behavior of a cyprinid species Danio rerio, after 22.5 min, although it is important to
note that they used a low frequency stroboscopic light (60 flashes/minute). However Hamel et al. [20]
verified in the tests performed in-situ with strobes lights (360 flashes/minute and 450 flashes/minute)
in Lake Oahe, that rainbow smel (Osmerus mordax) showed no habituation phenomena within the 4 h
period of the trials.

The present work contributes to important knowledge of the behavior of native fish populations
in the Iberian region, namely related with the objective of its conservation. The results, in general,
indicate the high potential of stroboscopic light as a repulsive behavioral stimulus of fish, especially
for the species S. trutta and P. duriense. The specific behavioral differences of each species found in
the present study, if deepened, can allow the development of selective behavioral systems, of great
utility in the safeguarding of these native species. Other trials, with longer periods, should then be
carried out with these species, and with invasive species to add information to their habituation and
avoidance patterns. Furthermore, this deterrent technology must be tested in natural conditions, using
this effect alone or integrated with other behavioral barriers (e.g., bubble curtains, acoustic), in order
to safeguard threatened fish species. The development of behavioral barriers specifically adapted to
this endemic species of northern Iberia seems to be strategic, particularly in regulated rivers.
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