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ABSTRACT

Restoring the longitudinal connectivity of rivers is one of the main objectives of
environmental European directives and policies. Fish passes or fishways are one
of the most common actions for its restoration. Despite the great number of fish
passes constructed during the last two decades to comply with these policies,
few of them have been assessed and their suitability for fish movements is
unknown. There are different options to assess fish passes, but time and
economic costs frequently limit their application. Coarse fishway assessment
methods (CFAMS) are an easy, fast and economic alternative for this purpose.
This study aims to display the potential of CFAMs to evaluate a large number of
fishways, to show the actual status of fishways in an Iberian representative river
basin, and to diagnose their suitability and problems. For this, the Spanish Duero
River Authority promoted the assessment of 64 stepped fishways in the Duero
River basin (Spain) using the AEPS methodology. The results were analyzed
considering the four stages that a fish must overcome in a fishway (attraction,
entry, passage and exit), the fishway type and the construction period. Among
others, results show that 50 % of the assessed fishways allow the free movement

of fish. However, this percentage could have been greater applying an adequate
1
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monitoring program for the fishway design and construction. Furthermore, the
diagnosis by stages of the AEPS methodology allowed to identify the attraction
and passage as the most problematic stages and also helped to define specific
retrofitting solutions for each fishway. The study concludes that the application of
CFAM during fishway design, construction and first operation stages can
increase their effectiveness and, thus, the number of fish passes that contribute

to the restoration of the longitudinal connectivity of rivers.

Keywords: fishway evaluation, AEPS methodology, fish migration, river

connectivity.



41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

1. INTRODUCTION

Since the earliest human settlements, rivers have been sources of food, energy,
transport and protection. This has generated many alterations in freshwater
ecosystems together with many positive and negative environmental impacts all
over the world (Dudgeon et al., 2006). One of the most harmful impacts is the
rupture of river longitudinal connectivity by cross-sectional barriers (Nilsson et al.,
2005). Among other consequences, these obstacles (e.g. dams, weirs, etc.)
directly affect to fish fauna by hindering or preventing their natural movements to
find suitable habitats for their reproduction, feeding and/or refuge (Lucas et al.,
2001; Wofford et al., 2005). This has cause the reduction and the disappearance
of many fish populations worldwide (Hall et al., 2011; Porcher and Travade, 2002;
Doadrio et al., 2011).

One of the main objectives of environmental European directives and policies is
to enhance the longitudinal connectivity of rivers to improve and recover their
biodiversity [e.g. Habitats Directive and Water Framework Directive (WFD)]. This
has led to the accelerated adoption of actions to restore the fluvial connectivity.
These actions range from the removal of the in-stream barriers to the capture and
transport of fish. Nevertheless, the most common alternative is the construction
of fish passes (also named as fishways) (Clay, 1995; FAO/DVWK, 2002; M.
Larinier, 2002), being stepped fishways the most widespread solution around the
world (Noonan et al., 2012). A stepped fishway consists on a succession of cross-
walls in a sloped channel, connected by slots, notches and/or orifices, that divide

the total height of the obstacle (H) in smaller drops (AH) to ensure that the
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hydraulic conditions inside are in the range of the physical capacities of fish fauna
and, thus, enable their passage (Fuentes-Pérez et al., 2017).

However, inadequate designs or negligent constructions can lead to the
inefficiency of fish passes. Thus, building a fishway does not guarantee that fish
fauna can overcome an obstacle (Castro-Santos et al., 2009; Roscoe and Hinch,
2010) and their assessment becomes vital to ensure that they really help to the
restoration of river connectivity as well as to identify possible operating problems.
Nowadays, a small number of fishways has been assessed worldwide, obtaining
despair and in many cases negative results (Bunt et al., 2016, 2012).

The methods for fishway assessment can be classified in two major groups:
biological and hydraulic (Sanz-Ronda et al., 2013). Biological methods study the
fish that are using a fishway in order to assess its performance. They can be (1)
qualitative studies, which assess the effectiveness, determining if a fishway is
able or not to allow the fish passage, generally by visual inspection, video
recording, samplings, traps, etc.; and (2) quantitative studies, which assess the
efficiency, calculating the proportion of fish that locate, entry and overcome a
fishway (Bunt et al.,, 2012; Castro-Santos and Haro, 2010; Larinier, 2001),
generally by means of passive integrated transponders (PIT), acoustic or radio
telemetry (King et al., 2016; Roscoe and Hinch, 2010).

On the other hand, hydraulic methods compare geometrical and hydraulic
characteristics of the fishways with the physical capacities of fish (e.g. swimming
or jumping capabilities, turbulence tolerance, etc.), in order to assess the
effectiveness of the fish pass via qualitative indicators (Barry et al., 2018; Baudoin

et al., 2015). These procedures are usually named as coarse fishways
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assessment methods (CFAM) and they are very practical because of their fast,
simple and inexpensive application (i.e. Armstrong et al. 2004; Sola et al. 2011;
Towler et al. 2013). There are some general experiences (CHE et al., 2011;
Santos et al., 2012) and several standardized protocols of this type of hydraulic
assessments: SNIFFER (2010), ICF (Sola et al., 2011), ICE (Baudoin et al., 2015)
or AEPS (CHD, 2016). SNIFFER and ICF compare values of water level
differences, depths and/or velocities inside the fishway with the fish ability to
overcome certain thresholds, complemented by expert opinions. ICE and AEPS,
besides the above, also include physical characteristics of the fish passes (e.g.
pool dimensions, power dissipation, etc.), and they are conceptually objective. In
the specific case of AEPS, besides the fish passage, it also considers the
attraction, entry and exit from the fishway. Furthermore, it takes into account
some outcomes and conclusions of several previous biological assessments
(Bravo-Cordoba et al., 2018b; Sanz-Ronda et al.,, 2019, 2016) to increase
confidence in the estimation of effectiveness.

Despite biological assessment methods provide richer information, their
application is more expensive than hydraulic methods as they require more time
together with specialized equipment and users (Barry et al., 2018). Therefore,
hydraulic based methods as CFAM are more useful to carry out large scale
fishway assessments. In addition, CFAM can also be used to detect fishway
potential problems and to provide specific solutions for its retrofitting.

In this paper, the use of CFAMs for assessing fish passes and identifying their
problematic aspects is analyzed. For this, the AEPS methodology is applied to

64 stepped fishways constructed from the mid-1990s to 2019 in the Duero River
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basin (Spain). This work aims to (1) highlight the usefulness of CFAM methods
for assessing the effectiveness of fishways, and as tool for detecting errors and
possible retrofitting actions, (2) show the actual status of the fishways in the
Duero River basin, and (3) identify their main potential problems. In addition, the
analysis revealed interesting information about evolution of fishways over the last
years, their main problems, and the possible influence of recent regulations in
their construction. This paper provides a clear example to managers, engineers
and biologists on the usage of CFAMs to assess and improve the existent and

future fishways and to decide how to prioritize efforts during river restoration.

2. MATERIAL AND METHODS

To achieve the proposed objectives, the AEPS methodology has been applied to
asses 64 step-pool fishways. Herein this section, we start by presenting briefly
the AEPS methodology (section 2.1) followed by a description of the study cases
(section 2.2), and data collection procedure (section 2.3). Finally, we present the
data treatment and statistical analyses (section 2.4) in order to obtain
comprehensive and statistically relevant results about the ascent stages through
fishways (attraction, entry, passage and exit), the type of fishway, its physical and

hydraulic parameters, and its construction period.

2.1. DESCRIPTION OF THE AEPS METHODOLOGY
The AEPS methodology (CHD, 2016) is a CFAM for stepped fishways evaluation
developed by the Spanish Duero River Authority (Confederacién Hidrografica del

Duero-CHD) in 2016 (www.gea-ecohidraulica.org/AEPSv1.pdf). The acronym
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AEPS derives from the Spanish names of the four stages that fish must overcome
in their ascent through a fish pass (Castro-Santos et al., 2009): attraction, entry,
passage and exit. These stages are assessed studying twenty variables of easy

measurement (table 1 and figure 1).

Table 1. Variables included in the assessment of the four stages that the AEPS methodology considers (see

Figure 1).

STAGE VARIABLES (ABBREVIATION)

Relative flow of attraction (Qattraction)
Attraction
Location of the fish entrance (Lg)

Water level difference at the entrance (AHg)
Water depth at the entrance (Dk)
Width of the entrance (bg)
=ny Water depth before the entrance (Dpreve)

Orientation of the entrance respect to the river (Ortg)

Type of entrance (Tg)

Water level difference between pools (AHps)
Volumetric power dissipation (N)
Mean water depth in the pool (Dmed)
Passage
Water depth between pools (Dps)
Width between pools (bps)

Type of connection between pools (Tps)

Water level difference at the exit (AHs)
Water depth at the exit (Ds)
Width of the exit (bs)
Exit
Water depth after the exit (Dposts)

Orientation of the exit respect to the river (Orts)

Type of exit (Ts)
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Figure 1. Variables to be measured in a fishway according to AEPS methodology (AH — water level
difference; D — water depth; b — width for fish passage; Dpreve — Water depth before the entrance; Dmed —
mean water depth in the pool; Dposts — water depth after the exit; e — entry; ps — passage; s — exit) (see table

1).

Each variable is graphically or categorically scored from O (very unsuitable for the
ascent of the target fish fauna) to 10 (very suitable) (figure 2). The graphical and
categorical scoring systems of AEPS are based on the recommendations of
specialized literature, laboratory studies and field experiences. The AEPS
methodology is focused on the main potamodromous fish species of the Duero
River basin: the brown trout (Salmo trutta, Linnaeus 1758) and two rheophilic
cyprinids: the Iberian barbel (Luciobarbus bocagei, Steindachner 1864) and the
northern straight-mouth nase (Pseudochondrostoma duriense, Coelho 1985),
because they are the most relevant species in terms of biomass and distribution
in the basin. However, using the same scores, it can be applied to other species
with similar capacities and requirements, or it can be adapted to other species

modifying the scoring values.
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Figure 2. Scoring systems for two variables considered in the AEPS methodology: (a) graphical scoring
system for the water level difference at the entrance (based on: Armstrong et al., 2004; Larinier, 2002b), (b)
and categorical scoring table for the type of connection between pools (based on: Baudoin et al., 2015; Clay,
1995; FAO and DVWK, 2002) (NSO — non-submerged orifices; NSN — non-submerged notches; SO —
submerged orifices; SN — submerged notches; NSNO — non-submerged notches and orifices; SNO —
submerged notches with orifices; VS — vertical slots) (see the original reference (CHD, 2016) for more

information).

The score of each stage (attraction, entry, passage and exit) is obtained by
geometric means of the scored variables (eq. 1 to eg. 4, see notation section for
further clarification). The geometric means allow to classify a whole stage as

unsuitable if at least one of its variables is also unsuitable.

Attraction :(Q‘,mraction-LE)l/2 (Eq. 1)

Entry = (AHg-Dg-bg-Dyreve-Orte - Te) (Eq. 2)
Passage =(AHPS'Nps'tmed'DPS'bPS'TpS)lls (Eq. 3)
Exit =(AHgDs-bs-Dposts-Orts - Ts) (Eq. 4)

The methodology classifies the suitability of each stage, as well as the suitability
of each variable, as: Highly Suitable or HS (8 < Score < 10), Suitable or S (6 <

Score < 8), Unsuitable or U (4 < Score < 6), and Highly Unsuitable or HU (0 <
9
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Score < 4). This discretization of the scores allows to define potential problems
of the fishway and their specific solutions. Finally, the lowest value of the four

stages is considered as the overall score for the whole fishway.

2.2. STUDY CASES

All the studied fishways are located in the Duero River basin, the largest basin of
the lberian Peninsula. It is a transboundary system of 97,290 km? shared by
Portugal (19 %) and Spain (81 %) (CHD, 2020) (figure 3). Most of the Spanish
side is under Mediterranean-continental climate, with a mean annual precipitation
of 612 mm, and a contribution to rivers and underground systems of 15,000 hm?
per year (CHD, 2020).

The AEPS methodology was applied to 64 stepped fishways associated to
hydropower plants located in the Spanish side of the Duero River basin (figure
3). Priority for the evaluation was given to those fishways located in sensitive
zones, in the mainstem of the Spanish side of the Duero River and the lower parts
of its tributaries. However, these fishways are about the 50 % of the existing
stepped fish passes in the whole basin and more than 75 % of those built since

the implementation of the WFD in 2000 (CHD, 2019a).

10
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Figure 3. Study area. (a) Location of the assessed fishways in the Spanish side of the Duero River basin (R.

—river), (b) northwest of the Iberian Peninsula, southern Europe.

2.3. DATA COLLECTION

Data collection was carried out when the river flow of each study site (obtained
from SAIH real time gauging stations (CHD, 2019b)) was similar to the one during
the reproductive migration of the target species (public database of CEDEX
(CEDEX, 2019)). The northern straight-mouth nase and the Iberian barbel usually
perform reproductive migrations from April to June, while the brown trout from
November to January in the Iberian Peninsula (Doadrio et al., 2011; Garcia-Vega
et al., 2017; Kottelat and Freyhof, 2007).

Water levels and height differences in the fishways were measured with a
topographic total station Leica TC307 (£ 1 cm). Geometrical characteristics of the
fishways were measured with metal rulers to the same precision level. Based on
the previous information, the discharges through the fishways were estimated
using the formulation for stepped fishways proposed by Fuentes-Pérez et al.

(2017).
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2.4. DATA TREATMENT

The collected information in each fishway was processed following the AEPS
methodology, obtaining the scores for the twenty variables (table 1), the four
stages (eq. 1-4) and the overall score and suitability category (HS, S, U or HU)
for each assessed fishways. Furthermore, the suitability categories of AEPS
methodology were gathered in two final groups of effectiveness: favorable (HS
and S) and unfavorable to fish movements (HU and U)

The evaluated stepped fishways were classified in five groups according to their
connections between cross-walls: vertical slots (VS), submerged notches (SN),
submerged notches with orifices (SNO), non-submerged notches (NSN) and non-
submerged notches with orifices (NSNO) fishways. To study the relation among
variables, stages and the type of stepped fishways, linear mixed models of
analysis of variance were used. Mixed models relate a response or dependent
variable (type of stepped fishways) with one or more explanatory or independent
variables (stages and variables), considering the possible existence of correlated
observations or with heterogeneous variability linked to the presence of random
factors.

To identify which were the most problematic variables and/or stages, a frequency
analysis of the suitability categories by variable, stage and the overall
performance of the evaluated fishways was performed, by type of stepped
fishway and construction period. For this purpose, two periods were considered,
from the mid-1990s to 2009 and from 2010 to 2019. The division by construction

period was considered to assess the possible impact of the implementation of the

12
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WEFD is the Duero basin. The Chi-squared test was used to evaluate if there were
significant differences in effectiveness between both construction periods.
All the statistical analyses were performed using SAS® and Statgraphics

Centurion.

3. RESULTS

Half of the assessed fishways showed a favorable effectiveness (29.7 % S and
20.3 % HS), meanwhile the other half showed problems related to the design,
construction or operation (10.9 % U and 39.1 % HU) (figures 4a and 4b) (see
appendix A). Most of the problems were identified at the Attraction and Passage
stages, where almost the third part of the fishways were classified as unfavorable
(figure 4b). The mean score of the Attraction was significantly lower than the

scores of the rest of the stages (7.05 = 0.37; p < 0.05; table 2).
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Figure 4. Effectiveness of the studied fishways according to the AEPS methodology: (a) location of the
studied fishways in the Duero River basin and their overall classification (R. — river), (b) percentage of
fishways in each suitability category (HS — Highly Suitable; S — Suitable; U — Unsuitable; HU — Highly

Unsuitable), in total (overall) and by stages and variables (see table 1 for abbreviation description).

Attraction problems were mainly caused by an inadequate location of the fish
entrance (Lg) (45.3 %), rather than by an inefficient attraction flow (Qattraction) (28.1
%) (figure 4b). These inefficient flows were caused by fishway discharges that,
although they ranged from 150 L/s to 500 L/s and in general were about 300 L/s,
they were lower than 3.0 % of the usual river flow during the migration season.
For the Passage stage, an excesive volumetric power dissipation (N) was the
main source of low suitability. This variable is calculated from others such as AHps
and Dmed (Towler et al., 2015), which were favourable in a greater proportion of
cases (89.1 % and 98.4 %, respectively), than N (70.3 %) (figure 4b).

In the Entry and EXxit stages, the variables lower scored were those related to a
poor adjustment between the water level in the river and the water level in the
fish entrance or exit pools (AHe and AHs). The Exit stage was also very
conditioned by the type of connection between the upper pool and the river (Ts),
where in many cases were free overfalls (figure 4b).

According to the type of stepped fishway, VS were the most effective, with 81.8
% classified as favorable and displaying the greatest score (9.39 £0.17; p <0.05).
Secondly, SNO showed a score of 8.89 + 0.18 and 63.6 % of favorable cases,
meanwhile NSNO and NSN types obtained the lowest scores (figure 5 and table

2).
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Figure 5. Studied fishways in each suitability category by type of stepped fishway according to AEPS
methodology (HS — Highly Suitable; S — Suitable; U — Unsuitable; HU — Highly Unsuitable; NSN — non-
submerged notches; SN — submerged notches; NSNO — non-submerged notches and orifices; SNO —

submerged notches with orifices; VS — vertical slots).

Table 2. Linear mixed model outcomes: mean score and standard error for each type of stepped fishway by

stage and overall. Different uppercase or lowercase letters over the mean values show significant differences

between stages or types, respectively (a = 0.05) (VS — vertical slot fishways; SN — submerged notches;
SNO — submerged notches with orifices; NSN — non-submerged notches; NSNO — non-submerged notches

and orifices; n — number of fishways).

STAGE
TYPE n ALL STAGES
ATTRACTION ENTRY PASSAGE EXIT
Ca Ba Aa Ba a
VS 11
(8.21 + 0.65) (9.46 £ 0.30) (9.91+0.12) (9.17 £ 0.39) (9.39+£0.17)
Cc A bc Bc B bc c
SN 5
(5.08 £ 1.47) (8.93 £ 0.26) (7.28 £ 0.65) (8.49 £ 0.53) (7.92 £ 0.31)
Bb A ab Ab A ab b
SNO 33
(7.38 £ 0.46) (9.05 £ 0.35) (9.15 +0.37) (8.98 £ 0.27) (8.89 £ 0.18)
Cc Ad Bc A bc d
NSN 9
(5.83+£0.44) (7.84 £ 0.97) (6.59 £ 0.52) (8.24 £0.63) (7.38 £ 0.39)
NSNO 6 A abc Acd Ac A abc cd

16



STAGE
TYPE n ALL STAGES
ATTRACTION ENTRY PASSAGE EXIT
(6.54 + 2.44) (7.89 + 1.04) (737+1.12) (7.53+243) | (7.49+0.91)
ALL B A A A
64
TYPES (7.05 + 0.37) (8.83 + 0.25) (8.61+0.24)  (8.73+0.29)

287

288 Most of the evaluated fishways (62.5 %) were constructed or modified during
289  2010-2019. In addition, there was a variation in the election of type of stepped
290 fishway over time (table 3a). During the period from the mid-1990s to 2009, the
291  most constructed type was NSN (37.5 %) whereas during 2010-2019 it was SNO
292 (67.5 %) (table 3a). NSN and SN fishways were exclusively constructed during
293 the first period, whereas VS in the second one. The effectiveness of all assessed
294  stages increased significantly in the last period (p < 0.05; table 3b). In general
295 terms, fishways constructed from 2010 had a significantly greater effectiveness
296 than those built before 2010 (16.7 % vs. 70 % of favorable cases; p < 0.05) (figure

297  3b).
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Table 3. Changes over time of effectiveness (favorable — fishways classified as HS and S; unfavorable —
fishways classified as HU and U) by (a) type of stepped fishways (VS — vertical slots; SN — submerged
notches; SNO — submerged notches with orifices; NSN — non-submerged notches; NSNO — non-submerged

notches and orifices) and (b) stages according to AEPS methodology (n — number of fishways).

a) EFFECTIVENESS BY TYPE OF STEPPED FISHWAY

VS SN SNO NSN NSNO

1990- 2010- 1990- 2010- 1990- 2010- 1990- 2010- 1990- 2010-

2009 2019 2009 2019 2009 2019 2009 2019 2009 2019

Favorable - 81.8% 0.0% - 50.0% 66.7% 0.0% - 25.0% 50.0%
Unfavorable - 18.2% 100% - 50.0% 33.3% 100% - 75.0% 50.0%
n - 11 5 - 6 27 9 - 4 2

b) EFFECTIVENESS BY STAGE

ATTRACTION ENTRY PASSAGE EXIT OVERALL

1990- 2010- 1990- 2010- 1990- 2010- 1990- 2010- 1990- 2010-

2009 2019 2009 2019 2009 2019 2009 2019 2009 2019

Favorable 41.7% 85.0% 70.8% 925% 37.5% 90.0% 79.2% 925% 16.7% 70.0%

Unfavorable 58.3% 15.0% 29.2% 7.5% 625% 10% 20.8% 7.5% 83.3% 30.0%

n 24 40 24 40 24 40 24 40 24 40

4. DISCUSSION

Since the application of the European policies in the last two decades, a large
number of fish passes have been constructed in European rivers (Barry et al.,
2018). Therefore, it is essential to find methods to assess the efficiency of these
devices in a reliable, fast and economical way. The application of the AEPS
methodology, a hydraulic based CFAM, has allowed to describe the individual
and global status of a large number of fish passes in a wide geographic area, and
to detect fish passes with operational problems, with a lower investment and a

faster and easier application than biological assessment methods. In general, for
18
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biological efficiency studies, a minimum of 3 months (usual period of active
migration) is required to obtain reliable data, whereas CFAM, as AEPS, can be
applied in less than one day per fishway.

In this study, the usefulness of hydraulic based methods (AEPS methodology) is
demonstrated by assessing 64 stepped fishways in the Duero River basin. The
evaluation of fishway effectiveness by means of suitability scores and categories
provides a tool to prioritize actions and to distribute the resources for river
restoration and management. Likewise, the discretization of the scores by ascent
stages (attraction, entry, passage and exit) allows to diagnose possible problems

in each fish pass and to propose specific solutions for their retrofitting.

4.1. GLOBAL STATUS

Regarding the global status of the studied fishways, results show that 50 % of
assessed fishways are potentially suitable to allow the movements of main fish
species of the Duero River basin. This percentage rises to 70.3 % if only Passage
stage is considered. Close results were obtained in other Iberian regions, as
Catalonia 55 % (Ordeix et al., 2011; Sola et al., 2011) and Portugal 49 % (Santos
et al., 2012). In contrast, in a study developed in the Ebro River basin (one of the
largest rivers in Iberia), where 131 fish passes were evaluated, only 17.8 %
showed favorable results (CHE et al., 2011). The construction year (before 2011)
of the fishways included in that study may explain the observed differences. Our
results show that fishways constructed before 2010 displayed lower scores
(higher unsuitability) than fishways constructed after this year. This could be

explained by several reasons: (1) an increase in the knowledge of fishway design
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(e.g. Fuentes-Pérez et al., 2017; Quaresma et al., 2018), (2) a better fit between
physical capabilities of fish and designs (e.g. Roméao et al. 2012; Sanz-Ronda et
al. 2015), (3) a consolidation of the European guidelines (e.g. FAO/DVWK 2002;
Larinier 2002b) and (4) a greater concern of Water River Authorities which control
and regulate more severely the construction process (Sanz-Ronda et al., 2013).
The study also shows an evolution over time toward streaming connections such
as VS and SNO, together with an increase of the scores, which seems to indicate
a better performance of these type of fishways. During last years, specialized
literature has pointed out that streaming connections are preferable than plunging
ones as they usually demand less effort for fish and do not require jumping
between pools; consequently they seem to be more suitable for rivers with fish
with wide morpho-ecological traits (Branco et al., 2013; Sanz-Ronda et al., 2016;
Silva et al., 2009). Furthermore, VS and SNO fishways have demonstrated good
performance for the passage of Iberian cyprinids as well as brown trout (Bravo-
Cordoba et al., 2018a; Sanz-Ronda et al., 2016, 2019). In addition, VS and SNO
present better self-regulation of the hydraulic variables than other fishway types,
which compensate possible construction errors and water level oscillations
(Fuentes-Pérez et al., 2016, 2014). Therefore, it seems that VS and SNO are the
preferable options for new constructions or retrofitting old ones.

Some of the studied SN fishways were working close to plunging regimens, that
is to say, with a low submergence in the notch (< 10 cm). One of the reason could
be that despite they were designed to operate in streaming regimens, i.e. as NSN,
the river dynamics or the lack of discharge management through the structures

favoured an operation in plugging regimen, i.e. as SN. Due to the multiple benefits
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of streaming regimens (Branco et al., 2013; Sanz-Ronda et al., 2015a; Silva et

al., 2009) the operation under plugging regimens is penalized by AEPS.

4.2. DIAGNOSIS OF THE STUDIED FISHWAYS

The most frequent causes of fish pass failure include the lack of attraction flow,
inadequate location of the entrance, absence of maintenance and inadequate
hydraulic conditions (e.g. flow patterns, velocities or turbulence) inside the
fishway for the target species (FAO/DVWK, 2002; Larinier, 2001; Silva et al.,
2018; Williams et al., 2012). In this study, Attraction and Passage were the two
stages with the lowest scores. For Attraction stage, the location of the fish
entrance is essential. The optimal location is as close as possible to the most
upstream part of the barrier, adjacent to its base and/or to the exit of the turbines
in case of a powerhouse (M Larinier, 2002; Williams et al., 2012). Furthermore,
an attraction flow near the fish entrance is desirable to create a detectable flow
pattern not masked by other flows (Burnett et al., 2017; FAO/DVWK, 2002; M.
Larinier, 2002). 45.3 % of the studied fishways had an incorrect fish entrance
location and 28.1 % lacked an appropriate attraction flow in their surroundings. A
large number of works (e.g. Bunt et al., 2012; Larinier et al. 2005; Williams et al.
2012) identify these two variables as the main cause of inadequate operation of
the fishways. Once these problems have been identified, it is possible to
implement specific solutions for each case. For example, Bunt (2001) showed a
positive effect of approaching the fish entrance to the spillways.

Regarding the Passage, results show that it was negatively influenced by both

high water drops between pools (AHps, in 10.9 % of the fishways) and small size
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of the pools. This caused an excessive volumetric power dissipation within pools
(N, in the 29.7 % of the fishways). N is directly related to turbulence levels inside
the pools, which can disorient the fish (Clay, 1995; M. Larinier, 2002) and
increase the cost of swimming performance (Enders et al., 2005). Likewise, AH
is related to the water velocity and, when it exceeds fish swimming or jumping
capacities, the fish cannot pass the notches or slots (M. Larinier, 2002; Sanz-
Ronda et al., 2016). The correction of these deficiencies is usually challenging,
and some alternatives can be, for instance, the increase of the water volume in
the pool (by increasing the sill elevation in the notches, and thus, the water depth
in the pool) or the addition of extra pools and cross-walls in order to share the
excessive drops among them. If the failure is localized in a specific pool, this can
be retrofitted by modifying the successive cross-walls (Fuentes-Pérez et al.,
2016).

The water drop is usually a conflictive variable also in the Entry and EXxit stages.
Despite the overall better results of these two stages (favorable > 80 %), in both
cases AH was the variable with the lowest score. Failures in this variable are
usually linked to (1) not considering the water level oscillations related to changes
in river discharge during the migration season in the design and operation of the
fishway, (2) a wrong on-site layout during the construction process or (3) the
modification of the river control sections during the construction. Although high
water level differences or plunging flows at the entrance can be related to a better
attraction (Williams et al., 2012), they can also exceed the swimming and/or
jumping capacities of fish (Ruiz-Legazpi et al., 2018; Sanz-Ronda et al., 2015b).

Likewise, small differences in water levels or excessive submergence can reduce
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the velocity and turbulence at the entrance, affecting negatively to Attraction.
Larinier (2002b) recommends a minimum velocity of 1 m/s and a maximum of 2.4
m/s at the entrance. Excessive water level differences at the fish entrance can be
solved, for example, by installing a set of pre-barrages; meanwhile, the small
water drops can be corrected by increasing the sill elevation of the most

downstream notch or slot (Fuentes-Pérez et al., 2016).

4.3. OTHER CONSIDERATIONS

In general, the overall passage problems identified in this study can have two
main origins: (1) not considering the recommended criteria for fishway design or
(2) unsupervised modifications during the construction with respect to the original
project. Although the former is difficult to solve if there is not a project control
agent with advanced knowledge in the fishway design field, the latter could be
avoided with an adequate in-site inspection during the construction process
(Mallen-Cooper and Brand, 2007; Sanz-Ronda et al., 2013). An inspection based
on hydraulic evaluation methods (e.g. AEPS), after construction and prior to the
machinery retreat, could have solved the possible deficiencies, increasing the
percentage of favorably scored fishways.

In addition, the inspection process also allowed the identification of maintenance
problems (also considered in the AEPS methodology (CHD, 2016)). The 32.8 %
of the studied fishways presented problems due to obstructions (debris,
branches, leaves and other drifts). The fishways were cleaned before measuring
the variables needed for the application of the methodology. In absence of this

previous cleaning phase, the final scores could had been lower as these
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obstructions may modify the hydraulics inside the fishway. Therefore, although
the first action to restore the longitudinal connectivity of a river stretch is the
fishway construction and its evaluation, the second one is the implementation of
a maintenance schedule adapted to the river dynamics in order to ensure its
adequate operation. Lastly, the final action is the application of a periodical and

effective control plan by the water authorities.

5. SUMMARY AND CONCLUSIONS

This paper analyses the functionality of AEPS as a coarse fishway assessment
method. The application of CFAM or hydraulic methods is in general a faster, less
expensive and simpler option than biological assessment methods, mainly due
to the nature of the variables to measure and the necessary tools for their
application. However, the uncertainties in these methods are greater than in
biological assessments due to the absence of fish monitoring. The easy and
simple application of the AEPS methodology has made possible to assess a large
number of fishways in a wide geographic area. Its application has also
demonstrated the need of an assessment after construction of any fishway, as
most of the assessed structures require retrofitting actions to ensure their
adequate operation.

The application of AEPS showed that 50 % of assessed fishways are potentially
suitable for fish movements and that VS and SNO fishway types were the most
effective ones. The research also revealed that fishway design improved their
effectiveness over time, probably due to an increase of knowledge of native fish

species and the consolidation of European regulations.
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Attraction and Passage were the two stages with lower suitability scores. Most
relevant failures for the attraction were a poor location of the device and low
attraction flows, whereas for the passage, they were high water drops between
pools and small size of the pools. Fishways design and construction processes
were identified as the key causes of those defects, thus the control during these
processes have to be guaranteed, together with periodical inspections to ensure
a correct maintenance.

CFAMs seems a valid tool to handle the assessment of all the constructed
fishways. However, further research is necessary. Specifically, it is necessary the
improvement of CFAMs through their direct comparison with results from
biological methods, to relate them to biological efficiencies, and to incorporate
other fish species as well as other types of fish passes. Until then, we can
conclude that AEPS methodology and CFAMSs in general, provide a systematic
tool to managers, engineers and biologist to identify and solve problems and
correct deviations by its application during design, construction and operation

phases of the existent and future fish passes.
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Notation

The following symbols and abbreviations are used in this paper:

AH = water level difference or drop (m)

AHe = water level difference at the entrance (m)
AHps = water level difference between pools (m)
AHs = water level difference at the exit (m)

be = width of the entrance (m)

bps = width between pools (m)

bs = width of the exit (m)

CFAM = coarse fishway assessment method

De = water depth at the entrance (m)

Dmed = mean water depth in the pool (m)

Dposts = water depth after the exit (m)

Dpreve = water depth before the entrance (m)

Dps = water depth between pools (m)

Ds = water depth at the exit (m)
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HS =
HU =
Le =
n o =
N =
NSN =
NSNO=

NSO =

Orte

Orts
Qattraction=
S =
SN =
SNO =
SO =
Te =
Tps =

Ts =

VS =

WFD =

total height of an obstacle (m)

highly suitable

highly unsuitable

location of the fish entrance

number of fishways

volumetric power dissipation (W/m3)
non-submerged notch with orifice fishway
non-submerged notch and orifice fishway
non-submerged orifice fishway
orientation of the entrance respect to the river
orientation of the exit respect to the river
relative attraction flow (%)

suitable

submerged notch fishway

submerged notch with orifice fishway
submerged orifice fishway

type of entrance

type of connection between pools

type of exit

unsuitable

vertical slots fishway

water Framework Directive (2000/60/EC)

6. REFERENCES

27



528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

Armstrong, G., Apahamian, M., Fewings, G., Gough, P., Reader, N., Varallo, P.,
2004. Environment Agency Fish Pass Manual, Environment Agency:
national fish pass manual. Environment Agency, Bristol.

Barry, J., Coghlan, B., Cullagh, A., Kerr, J.R., King, J.J., 2018. Comparison of
coarse-resolution rapid methods for assessing fish passage at riverine
barriers: ICE and SNIFFER protocols. River Res. Appl. 34, 1168-1178.

Baudoin, J.-M., Burgun, V., Chanseau, M., Larinier, M., Ovidio, M., Sremski, W.,
Steinbach, P., Voegtle, B., 2015. Assessing the passage of obstacles by
fish. Concepts, design and application. Onema, Paris (France).

Branco, P., Santos, J.M., Katopodis, C., Pinheiro, A., Ferreira, M.T., 2013. Pool-
Type Fishways: Two Different Morpho-Ecological Cyprinid Species Facing
Plunging and Streaming Flows. PLoS One 8, e65089.
doi:10.1371/journal.pone.0065089

Bravo-Cérdoba, F.J., Sanz-Ronda, F.J., Ruiz-Legazpi, J., Valbuena-Castro, J.,
Makrakis, S., 2018a. Vertical slot versus submerged notch with bottom
orifice: Looking for the best technical fishway type for Mediterranean
barbels. Ecol. Eng. 122, 120-125.

Bravo-Cérdoba, F.J., Sanz-Ronda, F.J., Ruiz-Legazpi, J., Fernandes Celestino,
L., Makrakis, S., 2018b. Fishway with two entrance branches:
Understanding its performance for potamodromous Mediterranean barbels.
Fish. Manag. Ecol. 25, 12-21. doi:10.1111/fme.12260

Bunt, C.M., 2001. Fishway entrance modifications enhance fish attraction. Fish.
Manag. Ecol. 8, 95-105. doi:http://dx.doi.org/10.1046/j.1365-

2400.2001.00238.x

28



552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

Bunt, C.M., Castro-Santos, T., Haro, A., 2016. 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. 32, 2125-2137. doi:10.1002/rra.3095

Bunt, C.M., Castro-Santos, T., Haro, A., 2012. Performance of fish passage
structures at upstream barriers to migration. River Res. Appl. 28, 457-478.
doi:10.1002/rra.1565

Burnett, N.J., Hinch, S.G., Bett, N.N., Braun, D.C., Casselman, M.T., Cooke,
S.J., Gelchu, A., Lingard, S., Middleton, C.T., Minke-Martin, V., 2017.
Reducing carryover effects on the migration and spawning success of
sockeye salmon through a management experiment of dam flows. River
Res. Appl. 33, 3-15.

Castro-Santos, T., Cotel, A., Webb, P., 2009. Fishway Evaluations for Better
Bioengineering : An Integrative Approach A Framework for Fishway. Am.
Fish. Soc. Symp. 69, 557-575.

Castro-Santos, T., Haro, A., 2010. Fish guidance and passage at barriers, in:
Domeneci, P., Kapoor, B.G. (Eds.), An Eco-Ethological Perspective.
Science Publishers, Enfield, pp. 62—-89.

CEDEX, 2019. Annual gauging databases [WWW Document]. Cent. Stud. Exp.
Public Work.

CHD, 2019a. Information system “Mirame IDEDUERO” [WWW Document].
Confed. Hidrografica del Duero.

CHD, 2019b. Hydrological Information System of the Spanish River Duero

Authority (SAIH) [WWW Document]. Confed. Hidrografica del Duero.

29



576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

CHD, 2016. Manual para la evaluacion de la funcionalidad de pasos para peces
de estanques sucesivos. Metodologia AEPS (1.0). Coordinacion: Sanz-
Ronda et al.; Autores: Valbuena-Castro et al. Confederacion Hidrografica
del Duero, Valladolid (Spain) (available at: www.lifemedwetrivers.eu).

CHE, Boné-Puyo, P., Langa-Sanchez, A., 2011. Evaluacion de los pasos de
peces en la demarcacion del ebro. Confederacion Hidrografica del Ebro y
Tecnoma, Zaragoza (Spain).

Clay, C.H., 1995. Design of fishways and other fish facilities, 2nd ed. CRC
Press, Ottawa, Canada.

Doadrio, I., Perea, S., Garzon-Heydt, P., Gonzalez, J.L., 2011. Ictiofauna
continental espafola: bases para su seguimiento. Ministerio de Medio
Ambiente y Medio Rural y Marino, Centro de Publicaciones, Madrid
(Comunidad Autébnoma de Madrid).

Dudgeon, D., Arthington, A.H., Gessner, M., Kawabata, Z.-l., Knowler, D.,
Lévéque, C., Naiman, R.J., Prieur-Richard, A.-H., Soto, D., Stiassny, M.,
2006. Freshwater biodiversity: importance, threats, status and conservation
challenges. Biol. Rev. 81, 163-182. doi:10.1017/S1464793105006950

Enders, E.C., Boisclair, D., Roy, A.G., 2005. A model of total swimming costs in
turbulent flow for juvenile Atlantic salmon (Salmo salar). Can. J. Fish.
Aquat. Sci. 62, 1079-1089. doi:10.1139/f05-007

FAO/DVWK, 2002. Fish Passes: Design, Dimensions, and Monitoring. FAO,
Rome, Italy.

Fuentes-Pérez, J.F., Garcia-Vega, A., Sanz-Ronda, F.J., Martinez de Azagra-

Paredes, A., 2017. Villemonte’s approach: validation of a general method

30



600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

for modeling uniform and non-uniform performance in stepped fishways.
Knowl. Manag. Aquat. Ecosyst. 418, 11. doi:10.1051/kmae/2017013

Fuentes-Pérez, J.F., Sanz-Ronda, F.J., de Azagra, A.M., Garcia-Vega, A.,
2016. Non-uniform hydraulic behavior of pool-weir fishways: A tool to
optimize its design and performance. Ecol. Eng. 86, 5-12.
doi:10.1016/j.ecoleng.2015.10.021

Fuentes-Pérez, J.F., Sanz-Ronda, F.J., Martinez de Azagra, A., Garcia-Vega,
A., Martinez de Azagra Paredes, A., Garcia-Vega, A., 2014. Modeling
Water-Depth Distribution in Vertical-Slot Fishways under Uniform and
Nonuniform Scenarios. J. Hydraul. Eng. 140, 06014016.
doi:10.1061/(ASCE)HY.1943-7900.0000923

Garcia-Vega, A., Sanz-Ronda, F.J., Fuentes-Pérez, J.F., 2017. Seasonal and
daily upstream movements of brown trout Salmo trutta in an Iberian
regulated river. Knowl. Manag. Aquat. Ecosyst. 418, 9.
doi:10.1051/kmae/2016041

Habitats Directive, 1992. Council Directive 92/43/EEC of 21 May 1992 on the
conservation of natural habitats and wild fauna and flora. Off. J. Eur.
Communities 206, 7-50. doi:10.1017/cbo9780511610851.039

Hall, C.J., Jordaan, A., Frisk, M.G., 2011. The historic influence of dams on
diadromous fish habitat with a focus on river herring and hydrologic
longitudinal connectivity. Landsc. Ecol. 26, 95-107. doi:10.1007/s10980-
010-9539-1

King, S., O'Hanley, J.R., Newbold, L.R., Kemp, P.S., Diebeld, M.W., 2016. A

Toolkit for Optimizing Fish Passage Barrier Mitigation Actions. J. Appl.

31



624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

Ecol. doi:http://dx.doi.org/10.1111/1365-2664.12706

Kottelat, M., Freyhof, J., 2007. Handbook of European freshwater fishes,
Copeia. Kottelat, Maurice Freyhof, Jorg, Cornol (Switzerland) and Berlin
(Germany). doi:10.1643/0T-08-098a.1

Larinier, M., 2002. Pool fishways, pre-barrages and natural bypass channels.
Bull. Fr. Péche Piscic. 364, 54-82. doi:10.1051/kmae/2002108

Larinier, M, 2002. Location of fishways, in: Bulletin Francais de La Péche et de
La Pisciculture. pp. 39-53.

Larinier, M., 2001. Environmental issues, dams and fish migration, in: Marmulla,
G. (Ed.), Dams, Fish and Fisheries: Opportunities, Challenges and Conflict
Resolution. FAO Fisheries Technical Paper N° 419. Food & Agriculture
Organization of the United Nations (FAO), Rome, pp. 45-89.

Larinier, M., Chanseau, M., Bau, F., Croze, O., 2005. The use of radio telemetry
for optimizing fish pass design. Aquat. Telem. Adv. Appl. MT Spedicato, G.
Lembo, G. Marmulla.) pp 53-60.

Lucas, M.C., Baras, E., Thom, T.J., Duncan, A., Slavik, O., 2001. Migration of
freshwater fishes. Wiley Online Library, Oxford, UK.
doi:10.1002/9780470999653.fmatter

Mallen-Cooper, M., Brand, D.A., 2007. Non-salmonids in a salmonid fishway:
what do 50 years of data tell us about past and future fish passage? Fish.
Manag. Ecol. 14, 319-332. doi:10.1111/].1365-2400.2007.00557.x

Nilsson, C., Reidy, C.A., Dynesius, M., Revenga, C., 2005. Fragmentation and
flow regulation of the world’s large river systems. Science (80-. ). 308, 405—

408. doi:10.1126/science.1107887

32



648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

Noonan, M.J., Grant, J.JW.A., Jackson, C.D., 2012. A quantitative assessment of
fish passage efficiency. Fish Fish. 13, 450-464. doi:10.1111/].1467-
2979.2011.00445.x

Ordeix, M., Pou-Rovira, Q., Bardina, M., Munné, A., Sola, C., Casamitjana, A.,
Sellares, N., 2011. Fish pass assessment in the rivers of Catalonia (NE
Iberian Peninsula). A case study of weirs associated with hydropower
plants and gauging stations. Limnetica 30, 405-426.

Porcher, J.P., Travade, F., 2002. Chapter 1 Fishways : Biological Basis , in:
Bulletin Francais de La Péche et de La Pisciculture. pp. 9-20.

Quaresma, A.L., Roméao, F., Branco, P., Ferreira, M.T., Pinheiro, A.N., 2018.
Multi slot versus single slot pool-type fishways: A modelling approach to
compare hydrodynamics. Ecol. Eng. 122, 197-206.

Romao, F., Quintella, B.R., Pereira, T.J., Almeida, P.R., 2012. Swimming
performance of two Iberian cyprinids: The Tagus nase
Pseudochondrostoma polylepis (Steindachner, 1864) and the bordallo
Squalius carolitertii (Doadrio, 1988). J. Appl. Ichthyol. 28, 26-30.
doi:10.1111/j.1439-0426.2011.01882.x

Roscoe, D.W., Hinch, S.G., 2010. Effectiveness monitoring of fish passage
facilities: historical trends, geographic patterns and future directions. Fish
Fish. 11, 12-33. d0i:10.1111/j.1467-2979.2009.00333.x

Ruiz-Legazpi, J., Sanz-Ronda, F.J., Fuentes-Pérez, J.F., 2018. Influence of
environmental and biometric factors on the swimming capacity of the
Iberian barbel (Luciobarbus bocagei Steindachner, 1864), an endemic

potamodromous cyprinid of the Iberian Peninsula 37, 251-265.

33



672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

doi:10.23818/limn.37.21

Santos, J.M., Silva, A., Katopodis, C., Pinheiro, P., Pinheiro, A., Bochechas, J.,
Ferreira, M.T., 2012. Ecohydraulics of pool-type fishways: getting past the
barriers. Ecol. Eng. 48, 38-50. doi:10.1016/j.ecoleng.2011.03.006

Sanz-Ronda, F.J., Bravo-Cordoba, F.J., Fuentes-Pérez, J.F., Castro-Santos, T.,
2016. Ascent ability of brown trout, Salmo trutta, and two Iberian cyprinids -
Iberian barbel, Luciobarbus bocagei, and northern straight-mouth nase,
Pseudochondrostoma duriense - in a vertical slot fishway. Knowl. Manag.
Aquat. Ecosyst. 417, 10. doi:10.1051/kmae/2015043

Sanz-Ronda, F.J., Bravo-Cordoba, F.J., Fuentes-Pérez, J.F., Ruiz-Legazpi, J.,
Garcia-Vega, A., Ramos-Gonzalez, N., Salgado-Gonzalez, V.M., Martinez
de Azagra Paredes, A., 2013. PASOS PARA PECES : escalas y otros
dispositivos de paso. Notas técnicas del CIREF 7, 17.

Sanz-Ronda, F.J., Bravo-Cordoba, F.J., Ruiz-Legazpi, J., Fuentes-Pérez, J.F.,
2015a. The most evaluated fishway in Spain: a new lesson every yeatr, in:
Fish Passage 2015. Internationl Conference on River Connectivity Best
Practices and Innovations. Groningen, The Netherlands, pp. 146-147.

Sanz-Ronda, F.J., Bravo-Cordoba, F.J., Sanchez-Pérez, A., Garcia-Vega, A.,
Valbuena-Castro, J., Fernandes-Celestino, L., Torralva, M., Oliva-Paterna,
F.J., 2019. Passage Performance of Technical Pool-Type Fishways for
Potamodromous Cyprinids: Novel Experiences in Semiarid Environments.
Water 11, 2362.

Sanz-Ronda, F.J., Ruiz-legazpi, J., Bravo-cordoba, F.J., Makrakis, S., Castro-

Santos, T., 2015b. Sprinting performance of two Iberian fish: Luciobarbus

34



696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

bocagei and Pseudochondrostoma duriense in an open channel flume.
Ecol. Eng. 83, 61-70. doi:10.1016/j.ecoleng.2015.05.033

Silva, A.T., Lucas, M.C., Castro-Santos, T., Katopodis, C., Baumgartner, L.J.,
Thiem, J.D., Aarestrup, K., Pompeu, P.S., O'Brien, G.C., Braun, D.C.,
2018. The future of fish passage science, engineering, and practice. Fish
Fish. 19, 340-362.

Silva, A.T., Santos, J.M., Franco, A.C., Ferreira, M.T., Pinheiro, A.N., 2009.
Selection of Iberian barbel Barbus bocagei (Steindachner, 1864) for orifices
and notches upon different hydraulic configurations in an experimental
pool-type fishway. J. Appl. Ichthyol. 25, 173-177. d0i:10.1111/j.1439-
0426.2009.01237.x

SNIFFER, 2010. Trialling of the methodology for quantifying the impacts of
obstacles to fish passage. Edinburgh (United Kingdom).

Sola, C., Ordeix, M., Pou-Rovira, Q., Sellares, N., Queralt, A., Bardina, M.,
Casamitjana, A., Munné, A., 2011. Longitudinal connectivity in
hydromorphological quality assessments of rivers. The ICF index: A river
connectivity index and its application to Catalan rivers. Limnetica 30, 273—
292.

Towler, B., Mulligan, K., Haro, A., 2015. Derivation and application of the
energy dissipation factor in the design of fishways. Ecol. Eng. 83, 208-217.
doi:10.1016/j.ecoleng.2015.06.014

Towler, B., Orvis, C., Dow, D., Haro, A., 2013. Fishway Inspection Guidelines.
UMass Amherst 18.

Water Framework Directive, 2000. Directive 2000/60/EC of the European

35



720

721

722

723

724

725

726

727

728

729

730

Parliament and Council of 23 October 2000 establishing a framework for
Community action in the field of water policy, Official Journal of the
European Communities. doi:10.1039/ap9842100196

Williams, J.G., Armstrong, G., Katopodis, C., Larinier, M., Travade, F., 2012.
Thinking like a fish: a key ingredient for development of effective fish
passage facilities at river obstructions. River Res. Applic. 28, 407-417.
doi:10.1002/rra.1551

Wofford, J.E.B., Gresswell, R.E., Banks, M.A., 2005. Influence of barriers to

movement on within-watershed genetic variation of coastal cutthroat trout.

Ecol. Appl. 15, 628-637. doi:10.1890/04-0095

36



731

732
733
734
735

10
11
12

13

APPENDIX A
Table A.1. Scores of the assessed variables for the studied stepped fishways in the Duero River basin (VS — vertical slots; SN — submerged notches; SNO — submerged notches
with orifices; NSN — non-submerged notches; NSNO — non-submerged notches and orifices; Qatraction — relative flow of attraction; Le — location of the fish entrance; AH — water
level difference; D — water depth; b — width for fish pass; Ort — orientation respect to the river; T — type of element for fish pass; Dpreve — water depth before the entrance; N —
volumetric power dissipation; Dmed — mean water depth in the pool; Dposts — Water depth after the exit; e — entry; ps — passage; s — exit).
ATTRACTION ENTRY PASSAGE EXIT
" RIVER  TYPE OVERALL | s w w w DATE OF
CODE O § |2 £ & & % o0f w|Q £ - F g & £|Q £ o o % £ | CONSTRUCTION
e S e < a (¢] b g [a) o Q = D < a3 o
PE1 Pedroso VS 8.7 87 10 75|95 10 10 75 10 10 10|10 10 10 10 10 10 10|10 10 10 10 10 10 10 2010-2019
ARl  Arlanza VS 6.9 69 95 50|94 10 10 10 10 110 70|94 94 89 87 10 93 10 |77 42 10 10 10 10 5.0 2010-2019
AR2 Arlanza VS 0.0 87 100 75,00 00 10 10 10 40 10|99 10 10 10 10 95 10|97 82 10 10 10 10 10 2010-2019
AR3 Arlanza SNO 7.1 71 10 5099 93 10 10 10 10 10|10 10 10 10 10 10 10|97 83 10 10 10 10 10 2010-2019
AR4 Arlanza VS 0.0 10 10 10|94 70 10 10 10 10 10|10 10 10 10 10 10 10|00 0O 10 10 10 10 10 2010-2019
AR5 Arlanza SNO 0.0 10 10 10|94 70 10 10 10 10 10 (96 97 81 10 10 10 10 |00 OO 10 10 10 10 10 2010-2019
CE1l Cega SNO 0.0 87 10 75,79 24 10 10 10 10 10|00 OO OO 10 10 99 98|94 83 10 85 10 10 10 2010-2019
CE2 Cega NSNO 8.7 87 10 75|92 84 10 89 10 10 80|88 81 82 10 10 89 80|89 10 10 10 10 10 50 2010-2019
DU1 Duero SNO 6.6 66 58 75|91 67 10 88 10 10 10|10 10 10 10 10 10 10 |84 70 10 10 10 0.0 10 1990-2009
DU2 Duero VS 6.6 66 57 75,93 63 10 10 10 10 10|10 10 10 10 10 10 10|95 73 10 10 10 10 10 2010-2019
DU3 Duero NSNO 0.0 51 00 50|00 60 85 00 10 10 10 |00 58 00 10 10 23 74|00 10 00 00 00 10 50 1990-2009
DU4 Duero SNO 8.7 87 10 75|88 50 10 10 10 110 70|99 93 10 10 10 10 99|95 73 10 10 10 10 10 2010-2019
DU5 Duero SNO 7.1 71 10 50|94 70 10 10 10 110 10|10 10 10 10 10 10 10 |76 25 75 10 10 10 10 2010-2019
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ATTRACTION ENTRY PASSAGE EXIT
P RVER TYPE OVERALL L - N N " DATE OF
CODE O § |29 £ s & % og |2 £ - F g & £|Q £ o o % £ | CONSTRUCTION
e S b < fa) o b 3 fa) o a = b g 3 o
DU6  Duero  SNO 77 |82 10 67|77 60 10 10 10 50 70|98 10 86 10 10 10 98|10 10 10 10 10 10 10 7010-2019
DU7  Duero  SNO 00 |67 55 84|00 00 10 10 10 10 10 |93 99 80 10 82 10 10|10 10 10 10 10 10 10 2010-2019
DUS  Duero  SNO 00 |10 10 67|94 68 10 10 10 10 10 |00 00 00 10 93 96 94|00 00 10 10 10 10 10 2010-2019
DU9  Duero VS 76 |76 10 59|95 89 10 85 10 10 10 (97 10 10 10 10 85 10|91 56 10 10 10 10 10 2010-2019
DUIO  Duero  SNO 52 |52 80 34|75 60 10 10 10 30 10 |93 99 10 10 65 10 10 |89 10 10 10 10 10 50 2010-2019
DULL  Duero  NSN 49 |49 57 42|81 10 10 55 10 10 50|62 85 25 10 10 55 50|89 10 10 10 10 10 00 1990-2009
DUL2  Duero VS 79 |79 83 75|10 10 10 10 10 10 10|10 10 10 10 10 10 10 |89 10 10 10 10 10 50 2010-2019
DUI3  Duero  SNO 79 |79 83 75|10 10 10 10 10 10 10 |98 97 87 10 10 10 10 |89 10 10 10 10 10 50 2010-2019
DUL4  Duero  SNO 74 |74 68 92|97 10 10 10 10 10 10 [97 92 74 10 10 10 10 |89 97 10 10 10 10 10 2010-2019
DUIS  Duero  SNO 89 |96 10 92|97 10 10 10 10 10 10 |97 10 10 10 10 10 10 |89 97 10 10 10 10 10 2010-2019
DUL6  Duero  SNO 85 |85 84 92|97 10 10 10 10 10 10 |94 10 10 10 10 10 10 |89 97 10 10 10 10 10 2010-2019
DU17  Duero  NSN 00 |58 58 59|94 97 10 10 10 10 70|00 73 00 10 10 58 50|79 50 10 10 10 10 50 1990-2009
DUIS  Duero  SNO 65 |65 57 75|10 10 10 10 10 10 10 |10 10 10 10 10 10 10 |89 10 10 10 10 10 50 2010-2019
DULS  Duero SN 00 |53 55 51|90 77 10 10 10 10 70|00 7.7 00 10 75 10 70|79 65 75 10 10 10 50 1990-2009
DU20  Duero SN 00 |67 60 75|88 67 10 10 10 10 70|00 65 00 10 55 10 70|89 10 10 10 10 10 50 1990-2009
DU21  Duero  NSN 00 |36 51 50|78 53 10 83 10 10 50|74 90 63 10 93 62 52|00 50 10 83 10 10 00 1990-2009
DU22  Duero  NSN 00 |64 54 75|00 00 10 10 10 10 10|71 88 52 10 10 10 50|00 50 10 10 10 10 00 1990-2009
DU23  Duero  SNO 70 |70 99 50|97 81 10 10 10 10 10 |98 10 10 10 90 10 10 |71 50 10 10 10 50 50 2010-2019
DU24  Duero  SNO 82 |82 10 67|91 83 10 10 10 10 70|91 97 10 10 62 99 97|85 74 10 10 10 10 50 2010-2019
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ATTRACTION ENTRY PASSAGE EXIT
P RVER TYPE OVERALL L - N N " DATE OF
CODE O § |29 £ s & % og |2 £ - F g & £|Q £ o o % £ | CONSTRUCTION
e S b < fa) o b 3 fa) o a = b g 3 o
DU25  Duero  NSN 00 |58 50 67|88 67 10 10 10 10 70|00 92 00 10 10 10 50|86 50 10 10 10 10 10 1990-2009
DU26 Duero NSNO 00 |86 98 75|00 54 00 10 75 10 50|00 7.5 00 98 10 25 80|79 50 10 10 10 10 50 1990-2009
DU27  Duero VS 75 |75 51 10|91 10 10 10 10 10 80|10 10 10 10 10 10 10 |89 10 10 10 10 10 50 2010-2019
DU28  Duero VS 89 |10 10 10 |91 10 10 10 10 10 80|10 10 10 10 10 10 10 |89 10 10 10 10 10 50 2010-2019
DU29  Duero VS 88 |88 76 10 |91 10 10 10 10 10 80|10 10 10 10 10 10 10 |89 10 10 10 10 10 50 2010-2019
DU30  Duero  SNO 76 |76 63 92|89 50 10 10 10 10 10 |97 10 85 10 85 85 85|82 70 10 10 10 10 50 2010-2019
DU31  Duero  SNO 82 |87 82 92|86 10 10 10 10 40 10|10 10 10 10 10 10 10 |82 70 10 10 10 10 50 2010-2019
DU32  Duero  SNO 82 |82 73 92|88 75 10 10 10 70 10|10 10 10 10 10 10 10 |82 70 10 10 10 10 50 2010-2019
DT1  Duratbn  SNO 43 |43 10 25|87 53 10 92 90 10 10|91 10 83 10 75 92 10 |82 60 10 10 10 10 50 2010-2019
ERI  Eresma NSNO 00 |42 72 25|00 00 10 94 84 10 80|00 80 77 00 81 91 77|89 50 10 10 10 10 10 2010-2019
ER2  Eresma  SNO 00 |58 10 34|88 50 10 10 10 10 70|00 80 00 10 98 78 80|86 67 10 10 59 10 10 2010-2019
ES1  Esla  SNO 00 |65 10 42|85 50 10 10 75 10 10 |00 00 00 10 10 99 98|79 50 10 10 10 10 50 1990-2009
ES2  Esla SN 00 |50 10 25|85 73 73 10 10 10 70|00 62 00 10 75 10 70|73 83 50 10 75 10 50 1990-2009
PIL  Pisuerga NSN 00 |65 10 42|00 00 95 10 50 10 50|00 00 00 79 10 10 50|56 10 20 10 10 10 50 1990-2009
PI2  Pisuerga  NSN 00 |41 10 17|00 50 00 10 00 50 70|00 00 00 81 10 10 50|77 83 50 10 10 10 50 1990-2009
PI3  Pisuerga  SNO 76 |76 10 59|97 10 10 83 10 10 10|10 10 99 10 10 10 10 |89 83 60 88 10 10 10 2010-2019
Pl4  Pisuerga  SNO 00 |41 10 17|00 00 10 75 00 10 50|00 63 00 10 10 10 10|10 10 10 10 10 10 10 1990-2009
PI5  Pisuerga  SNO 62 |62 93 42|92 82 10 10 75 10 10 |91 84 77 10 95 96 94|89 51 10 10 10 10 10 1990-2009
PlI6  Pisuerga  SNO 60 |60 10 75|84 50 10 10 10 10 70|95 10 96 10 10 77 98|89 10 10 10 10 10 50 2010-2019
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ATTRACTION ENTRY PASSAGE EXIT
P RVER TYPE OVERALL L - N N " DATE OF

CODE O § |29 £ s & % og |2 £ - F g & £|Q £ o o % £ | CONSTRUCTION

e S b < fa) o b 3 fa) o a = b g 3 o

PI7  Pisuerga SN 16 |46 50 42|84 50 10 10 10 10 70|81 10 67 10 60 10 70|85 10 75 10 10 10 50 1990-2009
PI8  Pisuerga  SNO 51 |51 50 50|95 73 10 10 10 10 10 |99 97 96 10 10 10 10 |89 10 10 10 10 10 50 1990-2009
Pl  Pisuerga NSNO 00 |77 10 59|87 63 10 10 10 10 70|00 00 79 10 92 84 69|00 00 10 10 10 10 10 1990-2009
PILO  Pisuerga  SNO 72 |87 10 75|99 97 10 10 10 10 10 |80 65 73 10 61 94 93|72 30 10 10 10 10 50 2010-2019
PIL1  Pisuerga  NSN 00 |55 51 59|00 00 10 10 10 10 70|00 62 00 92 10 62 53|89 10 10 10 10 10 50 1990-2009
T Toro  SNO 71 |71 10 50|91 80 10 10 10 10 70|94 92 78 10 10 10 94|76 50 10 10 10 40 10 1990-2009
TOL  Tormes  SNO 84 |10 10 10 |99 10 10 10 10 10 10 |95 92 10 10 85 84 10 |84 70 10 10 10 10 50 2010-2019
TO2 Tormes NSNO 84 |10 10 10 [99 10 10 10 10 10 10 |89 10 86 10 10 92 80|84 70 10 10 10 10 50 1990-2009
TO3  Tormes  SNO 43 |43 56 34|93 63 10 10 10 10 10 |96 10 79 10 10 10 10 |94 71 10 10 10 10 10 2010-2019
TO4  Tormes  SNO 72 |72 62 84|94 10 10 10 10 10 70|10 10 10 10 10 10 10 |97 83 10 10 10 10 10 2010-2019
TO5  Tormes  NSN 00 |41 10 17|83 72 87 10 75 10 70|00 71 00 98 10 40 80|90 52 10 10 10 10 10 1990-2009
TO6  Tormes VS 87 |87 10 75|96 77 10 10 10 10 10|10 10 10 10 10 10 10 |89 50 10 10 10 10 10 2010-2019
TO7  Tormes SN 00 |00 00 50|92 88 10 10 10 10 70|00 97 00 10 10 10 70|78 23 10 10 10 10 10 1990-2009
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