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Global trends

should be undertaken with both caution and appreciation of
diversity of movement patterns. For example, values of effi-
ciency for fish passes designed primarily for salmon are dif-
ficult to interpret when applied to white sturgeon (Acipenser
transmontanus) on the lower Columbia River. Relative to
the number of fish available in the estuary, the numbers
passing the most downstream dams annually are relatively
low (Parsley et al. 2007), although it remains unclear what
proportion of the population would be expected to ascend
the river in the absence of river engineering (Jager et al.
2016).
Even among the salmonids, there is considerable varia-

tion in migratory patterns, with some species (e.g. pink
salmon, Oncorhynchus gorbuscha) exhibiting relatively
fixed patterns of anadromy, whereas other demonstrate var-
iability in traits such as the timing of migration, age at mi-
gration or whether to migrate at all (Bond et al. 2015).
Within a species, variation in movement strategies among
populations and life-history stages are well documented, as
is the case within populations. For example, brown trout
(Salmo trutta) can exhibit continuous variation between
the extremes of freshwater residency and anadromy (e.g.
Etheridge et al. 2008), and for those that are not anadro-
mous, patterns of movement vary between components that
are described as stationary (high site fidelity) and mobile
(e.g. Bridcut and Giller 1993; Diana et al. 2004). Indeed, re-
cent research has described autumn and spring seaward mi-
gratory phenotypes among juveniles, with spring migrants
exhibiting higher motivation and faster rates of travel
(Winter et al. 2016). Furthermore, patterns of movement
within individuals can change over fine spatial and temporal
scales. A downstream migrating juvenile salmon (smolt)
passively transported with the current will display a highly
advective motion as the displacement increases linearly with
time. However, smolts frequently exhibit periods of activity
that limit displacement, which while not diffusive, reflect re-
duced advection. For example, seaward migrating coho
salmon (Oncorhynchus kisutch) smolts move in the direc-
tion of the current and hold for extended periods in areas
of low current velocity, a pattern described as saltatory
(Moser et al. 1991). When viewed at fine resolution scales,
downstream migrating juvenile salmonds are known to ac-
tively reject areas of abrupt velocity transition encountered
followed by repeated periodic approach and further rejection
(e.g. Kemp et al. 2005). Such intraspecific diversity in
movement also likely contributes to the variability in fish
passage performance metrics reported for different studies.
Previous fish passage focused meta-analyses have

neglected to investigate trends in pass performance over
the historic timescale of fishway developments. Differences
in opinion in the fish passage debate may to some extent, re-
flect variation in experience dictated by spatial and temporal
scales over which fishways have been developed, and target

species for which they have been designed. When focusing
on a limited number of species (such as the Pacific salmon,
Oncorhynchus spp., that exhibit clear directed and moti-
vated migrations) at the catchment scale, improvements in
fish passage efficiency may be observed over time if suffi-
cient resources are allocated to a process of incremental im-
provement through research and development driven by
well-established legislative obligation (e.g. the Columbia
River) (Figure F11—scenario A). Under an alternative sce-
nario, efficiency may remain unchanged over long periods
of time in regions where there is insufficient legislation or
lack of enforcement to ensure adequate resources are allo-
cated to robust monitoring of effectiveness and further re-
search and development to facilitate incremental
improvement (Figure 1—scenario B). Conversely, effective-
ness may decline overall when viewed from a global scale
perspective in which fish passage solutions are transferred
from regions where they were originally developed for a
limited number of species to different biogeographic areas
in an effort to cater for the needs of multiple
species/communities (Figure 1—scenario C). In such cases,
not only may overall efficiency decline, but there might also

Figure 1. Variation in fish passage efficiency over time for three al-
ternative hypothetical scenarios. Scenario A illustrates enhanced
passage efficiency for a single or a limited number of species at
the local scale (e.g. river catchment) as a result of monitoring and
incremental improvement, perhaps driven by the requirements of
legislation (solid line). In scenario B (dashed line), efficiency re-
mains unchanged, perhaps because of a lack of monitoring and im-
provement driven by a process of research and development. When
viewed from a global perspective, the efficiency of fish passes may
decline when transferred to regions and for species for which it was
not originally designed (scenario C, dotted line). Experience of
specific scenarios likely influence individual's perspective in rela-

tion to the fish passage debate

P. S. KEMP4

Copyright © 2016 John Wiley & Sons, Ltd. River Res. Applic. (2016)
DOI: 10.1002/rra

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59

60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118

Engage	with	research;
monitor	fish	passage

Lack	of	legislation;
little	monitoring

Use	designs	for	non-
native	species

Time

Fis
hw
ay
	ef
fec
tiv
en
es
s

From	Kemp	(2016)	River	Res.	Appl.



Global trends in fishway effectiveness

SHORT COMMUNICATION

META-ANALYSES, METRICS AND MOTIVATION: MIXED MESSAGES IN THE FISH
PASSAGE DEBATE

Q1 P. S. KEMP*
International Centre for Ecohydraulics Research, Faculty of Engineering and the Environment, University of Southampton, Southampton, UK

ABSTRACT

Over recent years, there has been increasing challenge to the accepted wisdom that the environmental impacts of river engineering can be
adequately mitigated through the installation of infrastructure, such as fish passes. This has led to a debate on the value of fish passage with
some arguing that increased research and development will advance solutions for a variety of structures that are suitable for multiple species
and transferable to different regions. Others suggest that policies and management strategies should reflect the realization that current miti-
gation technology frequently fails and can itself have negative impacts. Meta-analyses of the results of studies on fish passage effectiveness
have led to the challenge of conventional views by highlighting lower than expected efficiencies, wide variation between and within fish pass
designs, and bias towards consideration of a limited number of commercially important species mainly from northern temperate regions. Re-
sults of meta-analyses can also be controversial, and difficulties can arise when nuances associated with individual studies are lost and when
metrics used are not standardized. Intrinsic variation in fish passage efficiency between and within species due to differences in patterns of
movement and motivation may not be considered, and in many situations, current metrics are not appropriate. Quantification of variation in
trends in fish passage efficiency over time and with spatial scale is lacking and should be the focus of future reviews. It is time to accept that
fish passage does not provide a universally effective mitigation solution, particularly when designs and strategies are transferred to other re-
gions and species for which they were not originally designed. Admitting to cases of failure is an essential first step to advancing water re-
sources planning and regulation based on well-informed decision-making processes. Copyright © 2016 John Wiley & Sons, Ltd.

key words: fish pass efficiency; fishway; attraction efficiency; diadromous; fish migration; dams
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INTRODUCTION

Volume 28 of River Research and Applications (2012) in-
cludes a special issue (4) entitled, ‘Fish Passage: An
Ecohydraulics Approach’. The publication represents the
culmination of several years of work by a team of re-
searchers brought together through a Leverhulme Trust
funded international network grant. The aim of the pro-
gramme was to bridge key gaps in the field of fish passage
research identified (Kemp 2012). These gaps were (1) be-
tween disciplines, including the behavioural ecology of fish,
fluid dynamics and engineering; (2) between approaches
and methodologies, for example, empirical experimental
and field-based research and modelling; (3) between theoret-
ical and applied science; (4) among regions, with partici-
pants representing North and South America, Europe and
Asia; and (5) among generations, with senior researchers
working closely with those in the early stages of their career.

A further outcome of the Leverhulme network programme
was the stimulation of debate in the sphere of fish passage
research and application.
In this issue, Williams and Katopodis provide a commen-

tary on the meta-analysis conducted by Bunt et al. (2012),
published in the special edition as part of the Leverhulme
network outputs. After careful and thorough scrutiny of
some of the original data presented, Williams and Katopodis
outline their concerns related to the incorrect assignment of
attraction and passage metrics to specific fishway types, and
the misinterpretation and/or incorrect application of most of
the data relating to two types of fishway, the ‘pool-and-weir’
and ‘vertical-slot’ designs. In response, Bunt et al. (this is-
sue) recognize and admit to errors in the information previ-
ously presented and provide a corrected version with
reanalysis of the data and new results. Bunt et al. emphasize
that, after this reanalysis, the primary conclusions of the
original paper remain unchanged. Rarely have data used in
analysis of fish passage effectiveness been as rigorously
and closely scrutinized as in the case described here, and
the debate generated should be of interest to the wider
community.

*Correspondence to:Q2 P. S. Kemp, International Centre for Ecohydraulics
Research, Faculty of Engineering and the Environment, University of
Southampton, Southampton SO17 1BJ, UK.
E-mail: p.kemp@soton.ac.uk
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ASCENT OF NEOTROPICAL MIGRATORY FISH IN THE ITAIPU RESERVOIR FISH PASS
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ABSTRACT

The Piracema Canal is a complex 10-km fish pass system that climbs 120m to connect the Paraná River to the Itaipu Reservoir along
the Brazil–Paraguay border. The canal was constructed to allowmigratory fishes to reach suitable habitats for reproduction and feeding
in tributaries upstream from the reservoir. The Piracema Canal attracted 17 of the 19 long-distance migratory species that have been
recorded in the Paraná River Basin and Paraguay–Paraná Basin. However, the incidence of migratory fish decreased from downstream
to upstream, with the pattern of decrease depending on species. Overall, 0.5% of the migratory fish that entered the Piracema Canal and
segment 1, eventually were able to reach segment 5 and potentially Itaipu Reservoir. Ascension rate was examined relative to various
physical attributes of canal segments; maximum water velocity emerged as the most influential variable affecting fish passage. Water
velocity may be manipulated by controlling water discharge, and by re-engineering critical sections of the canal. Because the Itaipu
Reservoir flooded a set of falls that separated two distinct biogeographical regions, facilitating fish movements through the Piracema
Canal into the Itaipu Reservoir presents a management dilemma that requires deliberation in the context of the fish assemblages rather
than on selected migratory species. Copyright # 2010 John Wiley & Sons, Ltd.

key words: fish passage; upstream migration; water velocity; fish way; Paraná River; migratory species; swimming capacity
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INTRODUCTION

A large part of the decline in the abundance of migratory fish
species, and in some cases the disappearance of entire
stocks, has been attributed to the construction of dams that
preclude free longitudinal movement (Porcher and Travade,
2002). Dams affect potamodromous species by preventing
upstream and downstream passage during critical stages of
their life cycle including migrations for spawning and
feeding. For ascending fish, a dam can be an insurmountable
barrier unless passage is provided. Furthermore, descent is
hazardous because the fish can be entrapped by turbines
where they may suffer injury or death (Miranda, 2001).

The principle of a fish pass system is to attract migratory
fish to a specific point in the river below or above an
obstruction, and induce or even force fish to pass upstream or
downstream through the artificial pass. A fish pass system
often necessitates an array of ladders, locks, lifts and canals,
although it is also possible to capture the fish in a tank and
hoist them through the obstruction (e.g. a fish elevator or
carrying system such as a truck). Fish ladders and lifts have

been built in the Neotropical region to allow movements of
migratory fish. However, there still is intense debate on the
role played by these structures in the conservation of fish
populations (Agostinho et al., 2002; Lopes et al., 2007;
Oldani et al., 2007; Pelicice and Agostinho, 2008; Godinho
and Kynard, 2009). Efforts to better understand the
contribution of fish passes have focused on describing the
species found in fish passes (Pompeu and Martinez, 2006;
Makrakis et al., 2007a,b). More recently, there has been
increased emphasis on evaluating problems in design and
fish selectivity (Oldani et al., 2007; Agostinho et al., 2007a),
fish motivation to migrate upstream (Agostinho et al.,
2007b; Fernandez et al., 2007a,b), swimming capacity
(Santos et al., 2007; Santos et al., 2008), descending
movements (Agostinho et al., 2007c) and the use of
radiotelemetry to evaluate movement of fish within fish
passes (Hahn et al., 2007). Little emphasis has been given to
evaluating the efficiency of fish passes.

The efficiency of a fish pass system has been primarily a
qualitative concept, which involves verification of whether
the system is able to satisfactorily accommodate passage by
the target species, under the environmental conditions
existing during the migration period. Quantitative evalu-
ations of efficiency calculate the fraction of fish present on
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a  b  s  t  r  a  c  t

For  centuries,  humankind  has  constructed  dams  on  rivers  to  control  flooding,  provide  for irrigation  and
utilize potential  energy  for  power,  but  generally  dams  had  no  or little  provision  for  fish  passage.  Thus,  they
often  blocked  or impeded  fish  migrations.  Empirical  observations  and  “trial  and error”  approaches  that
characterized  historical  efforts  to  develop  passage  systems  for upstream  migrating  fish  often  did  not  work.
The first  concerted  efforts  to develop  scientifically  based  fishways  for  upstream  migrant  fish  began  in  the
early 1900s  in  Europe  with  field  and  laboratory  testing  of different  fishway  designs.  These  were  followed
by extensive  efforts  beginning  in  the  1940s  in  North  America.  Scientifically  based  testing  of configurations
for  fishways  for downstream  migrant  fish  began  in  the 1950s.  Nearly  all early  efforts  were  directed  at
salmonid  species,  with  smaller  efforts  on  shad.  Recent  species  at risk legislation  in  the  U.S.A.,  Canada,  and
Europe  places  renewed  emphasis  on fish  passage  for  all  migratory  species,  and  efforts  have  also  begun  to
develop  successful  passage  strategies  for migratory  species  in  other  countries  worldwide.  This  has  led  to
renewed  efforts  to  develop  effective  passage  systems  and  to try  creative  solutions  using natural  materials
in addition  to  concrete  or metal  used  in  standard  technical  fishways.  Regardless  of  the  type of  structures
built,  history  has  shown  that  the  most  effective  means  to  develop  successful  installations  has  occurred
when  engineers  and  biologists  worked  together  systematically  to  design  passage  structures  based  on the
ability and  willingness  of fish  to  seek  and  accept  the  hydraulic  conditions  presented  to  them.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Knowledge and concern about weirs and dams on rivers affect-
ing free movement of migrating fish to spawning grounds has
existed for centuries. For example, in the Plymouth Colony, later
to become the State of Massachusetts in the United States, a law
was passed in 1709 that forbade construction of weirs that would
limit fish passing during the spring (Massachusett governmental
laws, 1887). In all likelihood, citizens residing along rivers in many
areas worldwide, where weirs or dams existed, had concerns about
a wide array of species. In Massachusetts the fish were alewives
(Alosa spp). But in reality, except during the last several decades,
major governmental bodies that did pass laws requiring fish passes
at weirs or dams directed the laws mostly at salmon. Nonethe-
less, even without laws or regulations fishways were sometimes
installed at otherwise impassable barriers. Clay (1995) indicated

∗ Corresponding author. Present address: Katopodis Ecohydraulics Ltd., 122
Valence Avenue, Winnipeg, MB,  Canada, R3T 3W7. Tel.: +1 204 261 1482.

E-mail addresses: KatopodisEcohydraulics@shaw.ca (C. Katopodis),
jgw3@u.washington.edu (J.G. Williams).

1 Present address: University of Washington, School of Aquatic and Fishery Sci-
ences, Seattle, WA 98195, USA.

that fishways were constructed in Europe as early as the mid-18th
century. At the turn of the 19th century, pool type salmon fishways
or ladders were built in Norway by Landmark. These were intended
to allow fish passage over natural falls (Berg, 1973). In Ireland,
the Fisheries Act of 1842 required weirs to have fishways that
effectively passed salmon, although no specifications for fishways
were provided. The Government of Canada fulfils its constitutional
responsibilities for coastline and inland fisheries through the Fish-
eries Act,  which was first enacted in 1868, 1 year after Canadian
Confederation in 1867. In the United States, the Federal Power
Act (1920), as amended in 1935 prescribed fishways as needed
at all hydropower plants. Additional laws enacted in later years
– the Anadromous Fish Conservation Act (1965), which focused on
the fish on the east coast of the U.S., and the Northwest Electric
Power and Planning Act (1981) which focused on Columbia River
fish stocks – along with the U.S. Endangered Species Act (1973) led
to additional efforts to provide effective fish passage structures at
dams. In the early 2000s, the EU Water Framework Directive (2000)
and the Canadian Species at Risk Act (2002) added legal strength
for requiring efforts to improve fish passage at dams and diversions
in Canada and the European continent.

In the UK, pool and weir fish passes were in place by the early
19th century. Yet, when Francis (1870) in the 1860s visited sites
throughout the UK, he found most salmon passes did not work well.

0925-8574/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.ecoleng.2011.07.004



The temperate Southern Hemisphere



Fish fauna Geotria australis

Galaxias	maculatus

“Non-sport”	fish	<150	mm
(Link	&	Habit,	2015)



Chilean freshwater species

Adapted	from	Link	&	Habit	(2015)	Rev.	Environ.	Sci.	Biotechnol.	14	(1)	9-21.

Wilkes	et	al.	(in	prep.)	



Hydropower pressure
Zarfl et	al.	(2015)	Aquat.	Sci.	77	(1)	161-170.

Weirs	and	culverts



Rapid hydropower development in Chile

Source:	Prof. O	Link,	U.	Concepción
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A new approach to fishway design criteria



Design criteria

• Approach:
• Systematic	evidence	review	(Eco	Evidence)
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• Approach:
• Systematic	evidence	review	(Eco	Evidence)
• Expert	elicitation	workshops
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Design criteria

• Approach:
• Systematic	evidence	review	(Eco	Evidence)
• Expert	elicitation	workshops
• Bayesian	Networks
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