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Abstract

Fishways and other passage facilities frequently prevent or delay the passage of fishes,

highlighting the need for effectiveness monitoring. We reviewed the scientific

literature from 1960 to 2008 reporting on effectiveness monitoring of fish passage

facilities to assess what taxa and life-stages have been studied, the questions that are

asked during evaluation, and how these varied over time or by geographic region. We

identified 96 peer-reviewed articles of which 68% focused on passage by adult fishes.

Salmoniformes was the most studied order (58% of studies). The focus of fishway

evaluations did not change over the years, but varied significantly by geographic

region. Studies from the tropics had a broader taxonomic scope than studies from

temperate locations. Exogenous mechanisms of passage failure, such as environ-

mental, structural and behavioural factors, were studied in 90% of studies from North

America but only �50% of studies from Europe, South America and Australia.

Endogenous (i.e. physiological) mechanisms affecting passage success were not often

assessed anywhere, though they were a powerful means of evaluating mechanisms of

failure. Few studies monitored migration after fish had left a facility. To improve

effectiveness monitoring of passage facilities, we suggest that both endogenous and

exogenous mechanisms need to be studied in an integrated fashion to understand

passage failure and to inform design or operational changes that could improve

passage efficiency. In addition post-departure monitoring is required to more

completely assess the fitness consequences of passage.
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Introduction

Connectivity of watersheds is crucially important to

fishes and other aquatic organisms. Fragmentation

of aquatic habitat by anthropogenic barriers is

frequently associated with extirpation or extinction

of fish species (Nehlsen et al. 1991; Slaney et al.

1996; Sheer and Steel 2006) and with severe

negative consequences at the ecosystem level

(Fahrig 2003; Nilsson et al. 2005; Layman et al.

2007). To enable fish to pass some barriers, various

designs of fishways or fish ladders have been

developed – these are reviewed elsewhere (Clay

1995; Odeh 1999). Where fishways were not or

could not be built, fish may be carried over the

barrier by elevators (lifts) or locks (Travade and

Larinier 2002), or simply moved around a dam

by trap-and-truck operations (Muir et al. 2006).

Recently, the use of ‘nature-like’ fishways, which

mimic natural side channels, has become popular,

particularly in Europe (Parasiewicz et al. 1998).

Within the last 50 years fishways and other passage

operations, hereafter referred to collectively as fish

passage facilities, have become increasingly sophis-

ticated and efficient, their design a product of

collaboration between hydraulic engineers and

biologists (Odeh 1999; Castro-Santos et al. 2009).

However, despite advances in fish passage technol-

ogy, a large number of fishways still prevent or

delay passage of both target (Aarestrup et al. 2003;

Caudill et al. 2007; Naughton et al. 2005; Bunt

et al. 2000) and non-target species (Mallen-Cooper

and Brand 2007; Haro and Kynard 1997; Parsley

et al. 2007). Thus, the presence of a fishway alone

certainly does not guarantee that the fish are able to

surmount the barrier to their movement.

The fact that fishways often do not perform as

intended points to the need to monitor and evaluate

effectiveness after construction, and modify them as

needed. Indeed, others have highlighted the need for

evaluation of efficiency of fishways after installation

(Odeh 1999). But although there is an extensive

body of literature concerning passage at fishways,

the number of studies is vanishingly small when

compared to the thousands of fishways in existence

worldwide; the vast majority of fishways or methods

of fish transfer have never been evaluated. For

instance, a survey of non-federal hydroelectric

projects in the United States found that only 34 of

280 projects had measures in place to allow

upstream passage, and more than half of these

had not been evaluated (Cada 1998).

Among fishways that have been studied, the

approach and evaluation criteria vary widely, but

the type of evaluation should ultimately depend on

the goals and purpose of the facility. To effectively

evaluate fishway performance, studies should

directly address clearly defined passage objectives.

These vary among countries. The European Water

Directive Framework considers free passage and

undisturbed migration of fish as a key component to

restoring and managing watersheds (European

Commission 2000; Weyand et al. 2005). In the

United States, hydropower licensing requires that

fishways ensure safe and timely movement of fish

past hydropower projects (Odeh 1999). The ulti-

mate goal for habitat compensation programmes in

Canada has been termed No Net Loss (NNL), where

restoration efforts legally must result in no decrease

in fish producing capacity (Quigley and Harper

2006). In the case of fish passage at barriers, to

achieve NNL a fishway would need to not just allow

passage of target species, but allow unhindered

passage of all life-stages of all species without

subsequent effects on reproductive success. A

recently proposed concept for the objective of

passage facilities is the idea of ‘transparency’ of

the dammed reach to the movements of native

species (Castro-Santos et al. 2009). A ‘transparent’

fishway would allow entry and up- or down-stream

passage of the fish without delay, energetic costs,

stress, disease, injury or other fitness associated

costs. Thus, one concept in common between the

‘transparency’ principle and NNL criteria is that

passage occurs while minimizing fitness costs,

which is ultimately what is important to mitigate

the effects of barriers on fish populations.

Although transparency, or passage with zero

effects on reproductive success (i.e. fitness) are

useful conceptual objectives, these goals may not

always be achievable under economic and biological

constraints, and fitness is typically not easy to

quantify in field studies. Instead, monitoring and

evaluation of restoration efforts, often called effec-

tiveness monitoring, at fish passage facilities has

typically focused on simpler measures of perfor-

mance. The most basic studies simply observe which

species successfully use a fishway. Mark-and-recap-

ture or telemetry tools are often used to estimate

proportions of fish passing a facility (e.g. Bunt et al.

1999; Pompeu and Martinez 2007). Many studies

have attempted to characterize how environmental

factors affect fish passage. Given the diversity of

facility designs, evaluation criteria and site-specific
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issues, the results from many studies are difficult to

apply to other passage facilities. Furthermore, when

planning effectiveness monitoring it can be difficult

to identify relevant study questions and evaluation

criteria. Therefore, it would be useful to characterize

what types of effectiveness monitoring have been

carried out, what findings are applicable across

sites, and what knowledge gaps remain regarding

passage at fishways.

Since expansion of hydroelectric power genera-

tion is likely to create even more barriers in

waterways in the near future (Demirbas 2007;

Yuksel 2007), there may be an even greater need to

provide safe, effective passage for fishes. Indeed,

with many freshwater and diadromous fish stocks in

peril, and large scale perturbations such as climate

change continuing to threaten fish populations

(Xenopoulos et al. 2005; Brander 2007), unhin-

dered fish passage at barriers may be crucially

important to the conservation of freshwater ecosys-

tems. It is, however, important to note that the

barrier effect is only one of many impacts of dams

on fishes. Dams can significantly alter up- and

down-stream habitats and so unhindered passage at

barriers does not ensure pre-barrier fish abundances

or biodiversity if surrounding habitats are no longer

suitable. Nonetheless, connectivity of river corridors

has been identified as a prerequisite to good

ecological condition in managed watersheds

(Weyand et al. 2005).

Although there have been previous summaries of

design and technical considerations for fishways

(Larinier 2002; Odeh 1999; Clay 1995), this is the

first review of how passage facilities have been

scientifically evaluated. First, we reviewed and

categorized literature concerning evaluation of fish

passage facilities to identify the major questions

addressed, and the taxa and life-stages studied.

Second, we analysed trends in fish passage publica-

tions to evaluate whether the number of studies

conducted and the focus of research changed over

time, or varied by geographic region. Lastly, knowl-

edge gaps in the evaluation of fish passage facilities

are discussed in terms of how they are limiting our

ability to adequately monitor and manage fish

resources and what future research steps may be

needed.

Methods

We conducted a literature search for peer-reviewed

journal articles pertaining directly to evaluations of

fish movements past dedicated fish passage facilities

(passage at culverts or natural obstructions are not

included). Review articles that included new fish-

way evaluation data and modelling or experimental

studies that specifically evaluated a real passage

facility were also included. Although many evalu-

ations of fish passage facilities are published only in

government or technical reports, our search was

limited to peer-review journals for two reasons.

First, studies published in scientific journals are

more likely to be broadly framed in terms of

biological responses, and are therefore more likely

to be applicable across sites. Second, these articles

represent the body of knowledge that is widely

available to researchers, whereas technical reports

may not be readily available to the public. The

literature search was conducted using two com-

mercial academic search engines, ISI Web of

Knowledge and Aquatic Sciences and Fisheries

Abstracts, and combinations of the search terms

‘fishway’, ‘fishpass’, ‘fish bypass’, ‘fish’, ‘dam’ and

‘passage’. These keywords were chosen to encom-

pass both up- and down-stream passage. The search

included articles as early as was covered by the

databases (from 1965 but with some earlier records)

up to June of 2008. All articles that met the criteria

were entered into a database, and categorized in

terms of fish taxa (order) and life-stage studied,

geographic location and general type of research

questions (Table 1). Initially, we evaluated three

types of research questions: (1) efficiency questions

quantified the proportion of individuals able to pass

a fishway, or qualitatively assessed which species in

a community were able to pass; (2) mechanism

questions examined factors that affected passage,

such as environmental variables, physical struc-

tures or behaviours expressed during passage; and

(3) consequences questions quantified post-passage

effects on individual fish. To analyse temporal and

regional trends in the way fishways are evaluated,

we used chi-square contingency analysis to com-

pare the frequency of research questions, life-stages,

and taxa studied among time periods and geo-

graphic locations. For comparisons in which

expected values of a category were less than

five, Fisher’s exact test was used instead of a chi-

square test. A significance level of 0.05 was used –

Bonferonni corrections were made when there were

multiple comparisons.

During the review process, we discovered a very

small but unique set of papers that examined

physiological aspects of passage which involved
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questions of efficiency, mechanism and conse-

quence. We thus created a fourth research question

category, physiology, to be used in our analyses

which involved questions of ‘endogenous’ issues

such as physiological stress, ionoregulation and

reproductive state. There was some inherent overlap

between physiology questions and both mechanism

and consequences questions but because there were

so few studies involved, we could not create

additional sub-categories for analyses. We discuss

how the inclusion of this new category may have

affected our broader analyses and interpretations.

Results

The literature search identified 96 articles reporting

on evaluations of fish passage facilities (Table 2).

Salmoniformes was the most studied order of fish.

Fifty-eight percent of studies included salmonids and

45% of studies concerned salmonids exclusively.

Non-salmonid orders were included in 55% of

studies, and 30% of studies concerned the entire

local fish community. In terms of life-stages studied,

68% of articles studied adults, 17% studied juveniles

and 16% studied more than one life-stage. Catego-

rization of articles in terms of research questions

revealed that 97% of articles studied efficiency, 72%

of articles studied a mechanism of passage or failure,

14% of articles studied consequences of passage and

7% of articles studied physiology.

The number of articles published on the evalua-

tion of fishways increased over time (Fig. 1).

Seventy-six percent of articles were published in

the last 10 years (1999–2008), and 20% of all

studies were in 2007 alone. To assess whether the

way fishways have been evaluated has changed

over time we used chi-square and Fisher’s exact

tests to compare the frequency that different taxa,

life-stages, and general research questions were

studied among the following six time periods: 1960–

1979, 1980–1989, 1990–1994, 1995–1999,

2000–2004 and 2005–2008. These time periods

did not differ significantly in the percentage of

studies that included salmonids, non-salmonids or

the entire local fish community (P = 0.59, P = 0.48

and P = 0.30 respectively). Life-stage studied,

which could be adults, juveniles or more than one

life-stage, did not differ significantly among time

Table 1 Terms describing general

research question types from sum-

mary of fish passage facility

evaluations.

Term Definition Examples of measures

Efficiency Examines overall passage

efficiency of individuals or

species at passage facility

Proportion of individuals

successfully

passing fishway

Number of species within

a community

observed passing fishway

Mechanism Relates specific exogenous

(environmental, structural

or behavioural)

factors to passage

success/failure

Discharge, temperature and

structures associated

with passage success/failure

Behaviours such as fallback,

entrance attraction and delay

Efficiency for components

of passage (guidance, attraction

and passage)

Consequences Quantifies individual level

consequences

of facility passage

(i.e. post-passage effects)

Delayed mortality

Injuries

Effects on reproductive success

Increased predation susceptibility

Physiology Considers effect of initial

physiology on

passage or physiological

consequences

of passage

Energetic costs

Metabolites, hormones and

enzymes

The categories were not mutually exclusive and there was overlap between the

‘physiology’ category and both ‘mechanism’ and ‘consequences’ categories. Thus, a

‘physiology’ question could also be either a ‘mechanism’ or a ‘consequences’ question.
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periods (P = 0.71). The frequency of mechanism,

consequences, and physiology questions was not

different among time periods (all P > 0.05; Fig. 2).

However, the frequency of efficiency questions was

not equal among all six time periods (P = 0.0018).

All but one of the studies from the latest five time

periods included efficiency questions but 50% of the

four studies from the earliest time period (1960–

1979) did not (Fig. 2). Thus, in general, the way

that fishway evaluations were studied did not

change significantly over time.

To analyse regional trends in fishway evalua-

tions, the studies were divided into three groups

based on geographic location: North America,

Europe and Australia/South America. Although

there are fish passage facilities in other parts of

the world not represented by these three groups, our

search did not uncover peer-reviewed articles eval-

uating passage facilities in other locations. A

worldwide summary of fishways is given by Clay

(1995). Table 3 summarizes the classification of

passage facility evaluations by geographic location.

There were significant differences in fishway

evaluations among geographic locations. Of the

total number of studies, 52% were from North

America, 30% were from Europe and 18% were

from South America or Australia. Not surprisingly,

the taxa studied varied by geographic location. Of

the 50 articles from North America, 66% included

salmonids and 60% studied only salmonids.

A majority of the studies were from the North-

Western United States (n = 33), and of these 88%

concerned salmonids. Other taxa studied in the

Northwest included Petromyzontiformes (n = 3),

Clupeiformes (n = 2), Cypriniformes (n = 1) andT
a

b
le

2
C

o
n

ti
n

u
ed

.

R
e
fe

re
n
c
e

T
a
x
a

in
c
lu

d
e
d

L
if
e
-s

ta
g
e

s
tu

d
ie

d
R

e
s
e
a
rc

h
q
u
e
s
ti
o
n
s

s
tu

d
ie

d

S
a
lm

o
n
id

N
o
n
-s

a
lm

o
n
id

E
n
ti
re

c
o
m

m
u
n
it
y

A
d
u
lt

o
n
ly

J
u
v
e
n
ile

o
n
ly

>
1

S
ta

g
e

E
ffi

c
ie

n
c
y

M
e
c
h
a
n
is

m
C

o
n
s
e
q
u
e
n
c
e
s

P
h
y
s
io

lo
g
y

P
o
m

p
e
u

a
n
d

M
a
rt

in
e
z

(2
0
0
7
)

*
*

*

S
tu

a
rt

a
n
d

B
e
rg

h
u
is

(2
0
0
2
)

*
*

*
*

S
tu

a
rt

a
n
d

M
a
lle

n
-C

o
o
p
e
r

(1
9
9
9
)

*
*

*

S
tu

a
rt

e
t

a
l.

(2
0
0
7
)

*
*

*
*

S
tu

a
rt

e
t

a
l.

(2
0
0
8
)

*
*

*
*

T
h
e

fo
u
r

ty
p
e
s

o
f
re

s
e
a
rc

h
q
u
e
s
ti
o
n
s

w
e
re

a
s

fo
llo

w
s
:
(i
)

‘E
ffi

c
ie

n
c
y
’q

u
e
s
ti
o
n
s

q
u
a
n
ti
fi
e
d

th
e

p
ro

p
o
rt

io
n

o
f
in

d
iv

id
u
a
ls

a
b
le

to
p
a
s
s

a
fi
s
h
w

a
y
,
o
r

q
u
a
lit

a
ti
v
e
ly

a
s
s
e
s
s
e
d

w
h
ic

h
s
p
e
c
ie

s
in

a
c
o
m

m
u
n
it
y

w
e
re

a
b
le

to
p
a
s
s
;
(i
i)

‘m
e
c
h
a
n
is

m
’q

u
e
s
ti
o
n
s

e
x
a
m

in
e
d

e
n
v
ir
o
n
m

e
n
ta

l,
b
io

lo
g
ic

a
lo

r
s
tr

u
c
tu

ra
lf

a
c
to

rs
th

a
t
a
ff

e
c
te

d
p
a
s
s
a
g
e
;
(i
ii)

‘c
o
n
s
e
q
u
e
n
c
e
s
’q

u
e
s
ti
o
n
s

q
u
a
n
ti
fi
e
d

p
o
s
t-

p
a
s
s
a
g
e

e
ff

e
c
ts

o
n

in
d
iv

id
u
a
lfi

s
h
;
(i
v
)

‘p
h
y
s
io

lo
g
y
’
q
u
e
s
ti
o
n
s

e
x
a
m

in
e
d

th
e

re
la

ti
o
n
s
h
ip

b
e
tw

e
e
n

p
a
s
s
a
g
e

a
n
d

fi
s
h

p
h
y
s
io

lo
g
y
.

A
rt

ic
le

s
a
re

g
ro

u
p
e
d

b
y

g
e
o
g
ra

p
h
ic

lo
c
a
ti
o
n
.

Figure 1 Number of peer-reviewed journal articles con-

cerning fish passage facility evaluations by year. All studies

were conducted in one of three geographic areas shown.
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Scorpaeniformes (n = 1). Most of the non-salmonid

studies were from the East coast of the United States,

where Clupeiformes was the most studied order

(78% of nine studies). Salmoniformes was also the

focus of European fishway evaluations and was

included in 79% of studies, being the only taxa

studied in 45% of reports. The frequency of studies

including salmonids was not different between

North America and Europe (P = 0.30). However,

European articles studied the entire fish community

more often (39%) than did North American studies

(4%; P = 0.0002). The most commonly studied

non-salmonid orders in Europe were Cypriniformes

(n = 11) and Perciformes (n = 6). Studies from

South America and Australia studied the entire

community more often than did European studies

(P = 0.0002). In fact, all but one of the articles from

South America and Australia evaluated passage by

the entire fish community (Table 3). In South

America, articles focused mostly on migratory fishes

of the orders Siluriformes and Characiformes. Aus-

tralian studies covered diverse fish taxa including

Cypriniformes, Osmeriformes, Perciformes and

Clupeiformes, as well as some other aquatic organ-

isms such as crustaceans.

The frequency of studies dealing with different

life-stages was not equal among geographic loca-

tions (P = 0.0009; Table 3). In particular, life-

stages studied in North American articles were

significantly different from those from both Europe

(P = 0.03), and South America and Australia

(P = 0.0003). In North America, 66% of articles

studied adult passage, 28% studied juveniles and

6% studied both. Most articles in Europe evaluated

only adult passage (76%) and fewer papers consid-

ered more than one life stage (17%) or juvenile

passage alone (7%). In South America and Austra-

lia, adult life-stages were studied in 59% of articles,

41% studied more than one life-stage and no articles

studied juvenile life-stages exclusively.

Research questions addressed also differed by

geographic region. Nearly all studies included effi-

ciency questions (Table 3), and the frequency of

studies including this question did not differ by

region (P = 0.69). One of the main regional differ-

ences was that North American studies included

mechanism questions (90%) more often than stud-

ies from Europe (55%; P = 0.0004) or South

America and Australia (47%; P = 0.0006). In

North America, consequences questions were stud-

ied in 22% of studies whereas physiology was

studied in 12% of studies. In comparison, conse-

quences and physiology questions were each

included in 3% of studies from Europe with one

study including both questions. Six percent of

studies from South American and Australian studies

included a consequences question and no studies

examined physiology. Although the trend was that

there were more physiology and consequences

questions in North America compared to the other

two regions, the difference among regions was not

statistically significant for physiology (P = 0.24)

and marginally significant for consequences

(P = 0.048), perhaps because of small sample sizes

and the conservative nature of Fisher’s exact test.

Discussion

Our analysis indicates that the number of peer-

reviewed articles evaluating fishways and other

passage facilities has increased over time, but that

S
tu

di
es

 (
%

)

Figure 2 Percentage of fishway evaluation articles pub-

lished in different time periods that included four types of

research questions. ‘Efficiency’ questions quantified the

proportion of individuals able to pass a fishway, or

qualitatively assessed which species in a community were

able to pass. ‘Mechanism’ questions examined environ-

mental, biological or structural factors that affected

passage. ‘Consequences’ questions quantified post-passage

effects on individual fish. ‘Physiology’ questions examined

the relationship between passage and fish physiology.

Numerals above bars are the number of studies repre-

sented by percentages. The frequency of efficiency ques-

tions was significantly less in 1960–1979 than the other

time periods (P = 0.0018) but there were no differences

in the frequency of the other research questions among

time periods (all P > 0.05).
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articles have not changed significantly over the

last 50 years in terms of life-stage, taxa and

research questions studied. The evaluation of

passage facilities did vary significantly by geo-

graphic region. More than half (52%) of all articles

uncovered by our search were from North Amer-

ica, 30% of studies were from Europe and 18%

were from South America or Australia. However,

all but one of the studies from tropical areas were

published within the last 10 years. In South

America seven of nine were published in the last

2 years. This suggests the conclusion that the

study of fishway passage is a growing area of

research.

Salmonids were the most studied taxa in North

America and Europe, but in both regions, a large

number of articles examined non-salmonid orders

(40% and 55% of studies from North America and

Europe respectively) suggesting that the scope of

fishway passage evaluations in northern temperate

areas extends beyond salmonids to include a wide

range fish species. Several authors have pointed

out the importance of providing passage to a range

of species, including small fishes and those previ-

ously considered non-migratory (Eberstaller et al.

1998; Odeh 1999; Bunt et al. 2001; Stuart et al.

2008). One regional difference in terms of taxa

studied was that the entire local fish community

was studied rarely in North America (4%), more

often in Europe (38%) and in nearly all reported

studies (94%) from tropical locations. The broader

taxonomic scope of individual articles in Europe

compared to North America may have been

related to the goals of evaluations and the research

questions addressed. In North America, 90% of

articles studied mechanism questions whereas in

Europe only 55% studied this aspect. Mechanistic

understanding of passage failure requires informa-

tion about individual behaviours and responses to

environmental variables. It may be that it is not

logistically feasible to gather this type of informa-

tion for several different taxa within a study. Thus,

evaluations in Europe studied baseline efficiencies

for a larger range of fish taxa instead of more

detailed mechanisms of passage by a single species.

Indeed, a key objective of the European Water

Directive Framework (European Commission

2000) is to allow passage of all fish species and

other aquatic organisms (Weyand et al. 2005).

Similarly, studies from tropical areas rarely mon-

itored individual passage or mechanisms of failure

but nearly always included the entire community.T
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In South America the focus of passage facilities was

on large-bodied migratory species that support

valuable commercial and recreational fisheries

(Agostinho et al. 2002) although most evaluations

also considered a wide range of species including

small fishes. Passage projects in Australia, on the

other hand, had holistic objectives, and aimed to

optimize passage for all fish species (Barrett and

Mallen-Cooper 2006). It is worth noting that

biodiversity is much greater in tropical regions

compared to temperatures regions (Kendall and

Haedrich 2006; Behrens and Lafferty 2007), and

the broader taxonomic scope in the tropics may be

explained in part by the greater number of fish

species there. However, at all latitudes fishway

passage has been studied for only a small fraction of

fish species. Regardless of the number of species in a

particular location, articles from tropical areas more

often studied a greater number of species within a

single study, compared to research from North

America.

The popularity of nature-like fishways in Europe

may also reflect the broad ecosystem level goals of

passage facilities there. Nature-like fishways provide

a route around a barrier that attempts to mimic in

form and function a natural side-channel of the

river (Parasiewicz et al. 1998). In contrast to

traditional designs, nature-like fishways are made

of natural material, are usually longer with more

gradual slopes and provide habitat for small fish

species or juveniles (Parasiewicz et al. 1998;

Larinier 2002). Although many evaluations of

nature-like fishways have reported passage by both

salmonid and non-salmonid species, as well as

habitat usage for juveniles and overwintering,

many studies also report problems similar to those

common for traditional fishways, such as poor

attraction and inappropriate location of entrances

(Schmutz et al. 1998; Calles and Greenberg 2005).

In contrast, Aarestrup et al. (2003) found that

attraction efficiency was high but passage efficiency

was low for sea trout (Salmo trutta, Salmonidae) in a

nature-like fishway, a finding attributed to the

length and low discharge of the channel. Although

nature-like fishways have great potential for passing

a broad range of fish species and providing habitat

for small fishes and other aquatic organisms, it

seems that rigorous site-specific evaluations will be

required, as is the case for traditional fishway

designs (Calles and Greenberg 2007).

Adults were the most commonly studied life-stage

in all three geographic regions. This could be related

to the fact that most passage facilities, including

fishways, lifts and locks, are generally designed to

accommodate only upstream passage (Odeh 1999;

Schilt 2007), and are mostly aimed at salmonids.

Adult passage bias in passage facilities may have

emerged because it was believed that downstream

migrating juvenile salmonids can pass through

turbines, although with some level of mortality

depending on facility-specific design and operation,

whereas adults cannot pass upstream through

them. However, in North America, especially in

the Columbia and Snake rivers, there has been a

great deal of research concerning downstream

passage of juvenile Pacific salmon (Oncorhynchus

spp., Salmonidae) and hydro-system-related juvenile

mortality is an important management issue (Schilt

2007). Despite this fact, adults were the focus of

more than twice as many articles as juveniles in

North America (66% vs. 28%). It may be that

juveniles are actually much less often studied than

adults in North America but another possibility is

that evaluations of juvenile passage are less likely to

be published in peer-reviewed journals and are

therefore under-represented in this review. For

example, in a recent review of surface flow outlets

designed for safe downstream passage of fish, only

six of the 69 facilities reviewed were from peer-

reviewed articles whereas data from the remaining

facilities was obtained from reports, book chapters

or personal communications (Johnson and Dauble

2006). This illustrates how juvenile passage evalu-

ations are often not published in widely available

sources although we cannot comment on whether

the proportion of studies that are published in peer-

reviewed journals differs between adult and juvenile

studies in North America.

Only two articles (7%) focused exclusively on

juvenile passage in Europe. Despite the large interest

in anadromous salmonids, few articles examined

downstream migration to sea by juveniles, espe-

cially compared to the large body of literature on the

subject in North America. Surface bypass structures

used in combination with sensory stimuli have been

evaluated for passage of salmon juveniles in France

(Larinier and Boyer-Bernard 1991a,b). Arnekleiv

et al. (2007) found that brown trout (Salmo trutta,

Salmonidae) smolts mostly passed through surface

spillways at a Norwegian hydroelectric dam. No

other articles regarding juvenile fish studied actual

efficiency or behaviour and instead only docu-

mented usage of fishway by juveniles in addition

to other life stages.
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In South America many fishes have a complex life

history that is uncommon elsewhere in the world,

and makes them particularly vulnerable to dams

and large impoundments. Many species of pota-

modromous fishes make long-distance upstream

migrations to habitats suitable for reproduction

and the development of young. After spawning,

adults return downstream and eggs develop into

larvae as river currents carry them downstream.

Larvae drift into marginal lagoons and backwaters,

and juveniles remain in these habitats for 1–2 years

before recruiting to the adult population. Dams and

reservoirs can affect these migratory fishes by

blocking upstream reproductive migrations of

adults, preventing the downstream migration of

spent adults and by preventing larvae from reaching

suitable nursery habitat.

Although 41% of papers from South America and

Australia included more than one life stage, evalu-

ations simply documented passage by different size

classes and life-stages. No studies quantified passage

efficiency for juveniles or other immature life-stages.

In South America, passage of planktonic eggs and

larvae through reservoirs and dams poses a unique

challenge that is not taken into account by current

designs of fish passage facilities (Agostinho et al.

2002). Agostinho et al. (2007a) found that eggs

and larvae from migratory fish spawning in upper-

basins did not reach lower ends of the reservoir or

the fish ladder, probably because they settle out or

are intensely predated upon in the reservoir.

Because larvae of upper-basin spawners do not

contribute to downstream adult recruitment, and

spent adults do not readily return downstream after

spawning, some passage facilities in Brazil function

as primarily one-way routes (Agostinho et al.

2007a). In some watersheds adults readily pass

upstream of fishways, upstream larvae do not

contribute to downstream recruitment, and suitable

nursery habitats exist downstream of a dam but not

upstream. In these cases, passage facilities may act

as ecological traps that do more harm to fish

populations than good (Pelicice and Agostinho

2008). The potential for unforeseen consequences

of fish passage is relevant and should be considered

in other parts of the world. More studies concerning

downstream passage of planktonic and juvenile

stages are needed to determine how fishways may

prevent recruitment into downstream adult popu-

lations (Agostinho et al. 2007a). However, it is

important to note that the construction of large

dams and impoundments, particularly in vulnerable

areas such as floodplains, may create intractable

problems that fish passage structures and other

watershed management solutions cannot solve.

When assessing the types of questions that

fishway research addressed we found that nearly

all studies included efficiency questions. In the

present review, efficiency questions included quan-

tifications of passage efficiency, defined as the

species-specific percentage of fish that are able to

pass fishway, and observations of the abundance or

species composition of fish that passed a facility. The

qualitative assessment of the ability of a fishway to

pass target species has been called ‘effectiveness’, in

contrast to ‘efficiency’ (Larinier 2001). Many stud-

ies from Europe consisted of observations of abun-

dance and species composition of fish utilizing a

fishway (Laine et al. 1998; Santos et al. 2002,

2005; Epler et al. 2004; Kotusz et al. 2006;

Prchalova et al. 2006) and few studies quantified

passage efficiency (but see Aarestrup et al. 2003;

Gowans et al. 1999). None of the studies from South

America or Australia quantified passage efficiencies

and most evaluations simply documented fishway

usage by different species and size classes by

trapping fish within the fishway. Although docu-

menting effectiveness for various species is an

important part of fishway evaluations, quantifica-

tion of passage efficiency is necessary to evaluate

whether fishways have deleterious effects on fish

populations, and efficiency alone does not take into

account length of delays or fitness costs. Studies

framed in terms of ‘transparency’ of a fishway can

link together effectiveness and efficiency along with

measures such as delay and passage rates to broadly

assess passage through a facility (Castro-Santos

et al. 2009) although this recent framework has not

yet been widely used in evaluations.

When calculating passage efficiencies, one impor-

tant consideration suggested by several articles was

the interaction between life history, migration

motivation and passage. For semelparous anadro-

mous fishes homing to spawning sites upstream of a

dam, calculating passage efficiency is straightfor-

ward. Fish are highly motivated to pass through a

fishway and those that do not pass die before

reproducing. However, for other life histories the

situation is less clear. Fishway use varies greatly for

potamodromous fishes between seasonal spawning

migrations and other times of the year (e.g. Bunt

et al. 1999). Migration cues and optimal passage

conditions may vary depending on life-stage or

season (Baras et al. 1994). But clearly ‘motivation’

Effectiveness of fish passage facilities D W Roscoe and S G Hinch

12 � 2009 Blackwell Publishing Ltd, F I S H and F I S H E R I E S



cannot be directly measured and it is generally not

known how it might affect passage efficiency. In

some cases suitable spawning or other habitat is

available both up- and down-stream of a barrier

which can make it difficult to determine if fishes

attempted but failed to pass the fishway or found

suitable habitat downstream (Calles and Greenberg

2005, 2007; Schmutz et al. 1998; Baras et al.

1994; Linlokken 1993). Quantifying the number

and rate of approaches towards the fishway

entrance can help discern motivation to move

upstream past a barrier (e.g. Schmutz et al. 1998)

and biotelemetry can be a useful tool to monitor

approaches, passage attempts or other fine-scale

behaviour (Cooke et al. 2004a). When interpreted

in the context of a life history these data help

to understand the effect of fishways on fish

movements.

Studies from North America included mechanism

questions more often (90%) than those from Europe

(55%) or South America and Australia (47%). In

our analysis, mechanism questions referred to

examinations of how exogenous, non-physiological

factors affected fish passage. Exogenous factors

included environmental variables, man-made struc-

tures in and around the passage facility and

behaviours expressed in response to these variables.

A number of articles reviewed here were categorized

as including a mechanism question because they

quantified different components of fishway passage,

in addition to the proportion of fish that are able to

move through an entire passage facility (i.e. total

passage efficiency). Odeh (1999) proposed three

sequential components of fishway passage relevant

to both up- and down-stream migrations: attrac-

tion, passage itself and post-passage effects. Castro-

Santos et al. (2009) suggest that fishway entrance

(i.e. attraction) is a two-step process, consisting of

guidance to the fishway entrance and actual entry

into the fishway. Indeed, this distinction may be

important, as some studies have reported fish

approaching the entrance but failing to actually

enter (Moser et al. 2002a; Naughton et al. 2007).

Since guidance, attraction, or passage can indepen-

dently limit fishway efficiency, evaluating these

different components of passage is necessary to

understand mechanisms of passage failure, and

identify potential mitigation measures.

Although studies from South America and

Australia did not calculate species-specific guidance,

attraction and passage efficiencies, some studies did

assess effectiveness of different components of pas-

sage by trapping fish in different areas around the

fishway (e.g. downstream of dam, fishway entrance,

fishway exit and upstream of dam) and comparing

species composition and abundances (Stuart and

Mallen-Cooper 1999; Agostinho et al. 2007b;

Baumgartner and Harris 2007; Mallen-Cooper and

Brand 2007; Oldani et al. 2007; Stuart et al. 2007,

2008). In this way, studies attempt to discern which

species can locate the entrance, and those that are

able to ascend the fishway itself, without monitoring

individual behaviour and passage success. However,

interpreting results from fish that were not individ-

ually marked and are of unknown origin has the

potential to be misleading, and could lead to

inappropriate management practices. For example,

fish caught in a trap in or near a fishway may have

arrived from an upstream location. High densities of

fish caught at one location may be used to identify a

problematic locale but actually represent a refuge.

Therefore, caution should be used when interpret-

ing evaluations based on trapping alone, and more

precise methods should be used whenever possible.

Studies that included mechanism questions fre-

quently examined associations between passage and

environmental variables such as temperature, dis-

charge, or water velocities. Although these types of

observations can be useful to identify conditions

conducive to passage at a particular site, they do not

imply cause and effect and are not necessarily

applicable across facilities. Furthermore, many

studies report mean values or ranges of conditions

rather than including environmental factors as

time-dependent co-variates. When dam infrastruc-

ture and operations permit, adaptive management

experiments involving the manipulation of hydrau-

lic parameters, such as velocities, discharge and

attraction flow, may be particularly useful to

identify efficient passage conditions. If behavioural

responses to hydraulic conditions are monitored

with technologies such as telemetry or videography,

then results may also provide general insights into

how fishes respond to different flow characteristics.

This approach has been used on the Columbia River

in the North-Western United States (Moser et al.

2002a; Reischel and Bjornn 2003; Naughton et al.

2007), as well as in Eastern North America (Haro

and Kynard 1997) where fish passage has been

compared across different water discharges, veloc-

ities, entrance modifications or bypass structures.

Survival analysis methods are well suited to fish

passage studies and should be used when possible

since they explicitly consider the effects of environ-
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mental co-variates that change over time (Castro-

Santos and Haro 2003; Caudill et al. 2007).

Although each passage facility is unique, all fish-

ways must dissipate energy of the water (Clay

1995) and detailed reporting of hydraulic and

structural parameters will help make studies more

comparable across sites.

Articles from South America and Australia were

pooled in this analysis because they were similar in

many respects concerning fishway passage. How-

ever, one aspect that differed between studies from

these regions was the frequency of mechanism

questions. Although 47% of tropical studies

included a mechanism question, six of these were

from Australia, whereas only two were from South

America. Most of these studies related the abun-

dance and species composition of fish in the fishway

to environmental variables, such as discharge,

dissolved oxygen or water temperature (Morgan

and Beatty 2006; Stuart et al. 2007, 2008), or

structural variables, such as fishway slope (Mallen-

Cooper and Stuart 2007) or width of vertical slots

(Stuart and Mallen-Cooper 1999). None of the

studies monitored individual behaviours under dif-

ferent conditions. Therefore, in South America,

there appears to be a need to incorporate a more

mechanistic understanding of passage failure,

whereas in Australia several studies have examined

environmental and structural variables but studies

of biological responses are lacking. Although basic

studies of swimming abilities and hydrodynamic

cues used by tropical fish are needed for the

conservation of South American fishes, Oldani et al.

(2007) suggested that few studies have been carried

out (but see Santos et al. 2007).

The fact that only 14% of all studies included

consequences questions suggests that post-passage

effects are still not often evaluated in fishway

studies. Furthermore, a large percentage of studies

examining consequences of passage were from

North America (85%) and concerned salmonid

fishes (77%). If the ideal objective of passage

facilities is to make them transparent to fish

movements and have zero fitness effects, then

post-passage consequences that are most of concern

are those that may affect survival or reproduction.

Clearly, an important requirement for fishways is

that passage does not affect the ability to reach

spawning grounds. This is particularly important

for semelparous anadromous salmon since failure to

complete spawning migrations results in zero life-

time reproductive success. Studies from the

Columbia River system in the United States have

monitored migration of Pacific salmon following

passage through fishways and suggest that slow

passage times (Naughton et al. 2005; Caudill et al.

2007) or falling back downstream of a dam after

initial passage (Boggs et al. 2004) may be associated

with greater mortality en-route to natal spawning

tributaries. Effects of delay or slow passage time on

subsequent survival may only be detectable over

several dams (Naughton et al. 2005) suggesting a

need to study cumulative effects of passage in

watersheds with more than one facility. Although

post-passage monitoring is necessary to meet pas-

sage objectives and mitigate the effects of dams and

fishways, some energetic costs and delays may be

acceptable and natural in some situations, such as

fishways constructed in areas naturally associated

with difficult passage.

Post-hydro-system passage effects have also been

shown for downstream migrating juvenile Pacific

salmon. Passage through turbines (Ferguson et al.

2006) or transportation around dams by barge

(Muir et al. 2006; Schreck et al. 2006) both resulted

in delayed mortality for some fish that survived

initial passage. Hydro-system passage can cause

physiological stress in juveniles and mortality may

result from increased vulnerability to predation and

reduced disease resistance (Budy et al. 2002). For

juveniles that are transported around dams by truck

or barge, premature estuary arrival may also

contribute to high mortality because of reduced

growth opportunity and size-selective predation

(Muir et al. 2006). Studies of post-passage mortality

for both juvenile and adult salmon in the Columbia

River basin indicate that even though salmon pass

fishways in large numbers, passage can have

negative effects on fish long after they leave the

dam area, stressing the importance of monitoring

post-passage consequences. A number of studies

assessed delayed mortality and survival to spawning

grounds but our literature search yielded no articles

that directly measured reproductive consequences of

a fishway or other passage facility. Even for rela-

tively well-studied salmon smolts in North America,

important information gaps exist. For example, even

though smolts may survive downstream passage to

the ocean, it is imperative to examine whether there

are consequences of passage facilities in the river on

subsequent ocean behaviour and survival. Such

studies may now be possible using a large-scale

acoustic telemetry system, such as the Pacific Ocean

Shelf Tracking array (Welch et al. 2008).
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Studies of post-passage consequences were rare in

all parts of the world but especially in Europe, South

America and Australia. Our search found only one

article examining post-passage effects in a non-

salmonid fish. A number of factors may contribute

to this research gap. First, many evaluations are

funded and carried out by operators who are mostly

interested in acute local effects and have no

incentive to document post-passage effects. Another

factor could be that fishways in some areas,

particularly in the tropics, are relatively recent

and research is still in its early stages. When

evaluating passage facilities, documenting passage

and quantifying efficiencies are certainly crucial first

stages, whereas post-passage effects are typically

only of interest once investigators know that large

numbers of fish can pass the fishway. A third

contributor to this knowledge gap could be that

much less is known about the basic biology of

tropical and sub-tropical fishes compared to salmo-

nid species from temperate regions (Oldani et al.

2007). For under-studied fishes it is much more

difficult to identify atypical behaviours, compare

results to physiological baselines or determine the

effects a fishway has on migration. In addition,

methodologies, such as tagging and telemetry, and

their effects on survival and behaviour are not well

established for many tropical and other non-salmo-

nid species, making studies of post-passage effects

more difficult.

Only seven studies (7% of total) examined the

relationships between physiology and passage.

Young et al. (2006) argued that the interface

between physiology and life history is an important

but understudied research area for fisheries man-

agement and conservation. This may be particularly

so for the study of fish passage facilities since life

history, migrations and physiology are closely

linked in many fishes. However, based on the

present analysis these topics have rarely been

integrated in the context of barriers and fish passage

facilities. One study �25 years ago measured stress

levels and reproductive maturity of Northern pike

(Esox lucius, Esocidae) to link physiology, reproduc-

tion and migrations to upstream passage through a

fishway. The authors concluded that fishways were

necessary for reproductive migrations and that

passage resulted in a moderate stress response

(Schwalme et al. 1985). Two other studies exam-

ined how blood metabolites change in response to

passage through a fishway (Connor et al. 1964;

Dominy 1971).

Physiological techniques have also been used to

examine consequences of passage for downstream

migrating juvenile salmon. Ferguson et al. (2007)

measured blood cortisol and lactate in salmon

juveniles before and after dam passage, identifying

physiological responses to passage via different

bypass routes. Schreck et al. (2006) suggested that

levels of osmotic preparedness for saltwater entry

and parasitic infection influence juvenile suscepti-

bility to predation after dam passage. These studies

highlight the importance of assessing physiological

consequences of passage that may affect survival or

reproduction and not just efficiency at the barrier.

However, the vast majority of evaluations do not

consider physiological effects of passage and there-

fore are not sufficient to assess whether passage has

negative effects on fitness. Furthermore, physiolog-

ical and behavioural responses to well-defined flow

characteristics or structures may be applicable to

other facilities and contribute to our fundamental

understanding of fish responses to complex flows.

Lastly, studies of physiology may also be important

to determine how passage by fish in poor condition,

when they have low energy reserves or high stress

levels, may differ from passage by healthy fish.

This quantitative review includes only peer-

reviewed articles. During our literature search, we

initially considered including graduate theses and

dissertations and searched three databases contain-

ing these documents using the same keywords used

for journal articles. In total this search yielded seven

unique articles that met our criteria, were available

online, and were not also published as journal

articles that were already included in our review.

All of these articles were from North America.

Although including theses and dissertations in the

review would add seven additional articles, it would

not broaden the scope or change our conclusions.

While we acknowledge that theses and dissertations

are generally available online, databases containing

theses and dissertations are rarely used by research-

ers and managers and these documents are there-

fore not widely read. Thus, we contend that while

theses and dissertations may contain valuable

results concerning fishway evaluations, they are

not studies that are widely read by researchers, and

therefore do not meet our criteria and should not be

included in our literature search.

A comprehensive search of fish passage facility

evaluations in the grey literature, such as govern-

ment or technical reports, was not possible. How-

ever, our assumption that the papers we reviewed
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from peer-reviewed publications are representative of

the ‘monitoring’ type studies often reported in the

grey literature is likely sound, as we would expect

that routine monitoring studies would follow the

approaches laid out by the more exploratory scien-

tific studies being conducted in the same region or on

a particular species. One potential bias in our

methods was that research from different regions

that studied the same questions might not all have

been published in peer-review journals. For instance,

similar studies concerning fishway passage may

have been conducted in different regions, but after

one study was published in a peer-reviewed journal,

investigators may have been less inclined to attempt

to publish subsequent work feeling the questions are

‘already answered’. We are aware of several such

‘non-peer-reviewed’ passage studies in Canada.

Although we cannot assess how such a bias might

affect the interpretation of our results, we would urge

investigators to publish in peer-reviewed journals

because of the unique nature of most fish passage

facilities. Each fishway provides an ‘experiment’ and

evaluations should consistently report standard

measures of fishway performance (Castro-Santos

et al. 2009) and be made available to the scientific

community. Consistency of reporting would greatly

facilitate future meta-analyses that would guide

design or construction of new fishways, or help

understand how management controls over flow or

temperature downstream of a dam facility will likely

influence a species or community of concern.

Another potential bias is that only papers pub-

lished in English, or those published in other

languages but summarized and abstracted in

English by the databases used, are included in this

review. The English language bias in literature

reviews and meta-analyses has been discussed in

other fields of research, especially the medical

sciences (Gregoire et al. 1995; Moher et al. 1996).

In the present review, it is possible that this bias

partly explains why there were fewer papers from

South America and Europe than North America,

and none from Asia or Africa. However, we have no

reason to believe that fishway evaluations published

in languages other than English are conceptually

different, so this bias probably did not affect the

conclusions drawn here.

Conclusions

Fish passage facilities are inherently unique and

each pose a different set of challenges and site-

specific issues. This review highlights the diversity of

approaches used in evaluating these facilities. One

of the main differences among regions was that

mechanistic questions were studied much more

often in North America than in Europe, South

America or Australia. Mechanistic studies evaluat-

ing specific structures, hydraulic parameters or

behaviours that affect passage are necessary to

understand why fish may fail to pass. This type of

information is necessary to modify facilities and

improve fish passage. In addition, studies that focus

on biological aspects of passage, such as fish

behaviours in different hydraulic environments,

are applicable to other passage facilities and expand

the knowledge base of fishway science. Castro-

Santos et al. (2009) recently suggested a framework

for evaluating fishways in this manner, highlighting

a suite of biologically relevant performance param-

eters and hydraulic covariates. More studies includ-

ing mechanistic questions are necessary to improve

passage facilities in Europe, South America and

Australia.

Insufficient monitoring and evaluation of passage

facilities may partly explain why many fishways

have failed to mitigate the effects of barriers on

fishes and why population declines have continued

in many places (Williams 1998; Pelicice and

Agostinho 2008). In this analysis, consequences of

passage were evaluated in only 22% of studies in

North America, and rarely in other parts of the

world. Of the studies that did assess consequences of

passage, many point to serious negative impacts on

fishes, including delayed mortality or failure to

reach spawning sites. Facilities that cause long

delays may exacerbate problems of energy deple-

tion, disease and predation when fish accumulate in

high densities above, below, or within fishways

(Schreck et al. 2006; Agostinho et al. 2007b). To

mitigate fitness effects of fishway passage, evalua-

tions of passage facilities should examine sub-lethal

consequences, delayed mortality and fish physiol-

ogy, in addition to traditional measures of efficiency

and passage rates.

Despite the large body of literature concerning

passage at fishways and other facilities, several

important information gaps exist, such as mecha-

nisms of passage failure and post-passage conse-

quences. Fortunately, several recent technological

advances show great promise for studying these

issues (Katopodis 2005). Recent acoustic telemetry

technology and analysis techniques allow tracking

of fish in three dimensions at passage facilities (Steig
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and Timko 2005). Electromyogram telemetry can

provide detailed information regarding swimming

behaviour and energetics of fish (Cooke et al.

2004b) and has been applied successfully to fishway

studies (Gowans et al. 2003; Brown et al. 2006; Pon

et al. 2006). Other types of physiological telemetry

and archival loggers that measure opercular rate,

heart rate or tail-beat frequency are also available

(Lucas et al. 1993; Cooke et al. 2004b) and have the

potential to document physiological costs of fishway

passage. Although three-dimensional and physio-

logical telemetry have great potential for improving

fishway science, issues such as high cost, invasive

surgery and insufficient analytical methods cur-

rently limit the widespread use of these technologies

in fishway evaluations.

To understand the mechanisms of migrations and

mitigate human impacts on fishes, interdisciplinary

studies combining telemetry with disciplines like

behaviour, physiology, functional genomics and

experimental biology are needed (Cooke et al.

2008). An interdisciplinary approach would allow

fish passage scientists to address new questions

regarding the consequences and mechanisms of

passage as well as better resolve old issues, such as

attraction to fishway entrances. Indeed, a recent

study found that attraction efficiency by sockeye

salmon (Oncorhynchus nerka, Salmonidae) at a

British Columbia fishway was not related to phys-

iological condition but was related to water dis-

charge levels yet passage efficiency was correlated

with an index of physiological stress (Pon et al.

2006). Plasma ion concentrations (in particular

Na+) differed in sockeye which entered but failed to

pass the fishway indicating the importance of

understanding how downstream environments

may affect the physiological state of migrants.

Lastly, basic research concerning migration cues,

fish behaviour and swimming mechanics in com-

plex flows (e.g. Liao 2007) will greatly benefit

fishway science. Studies of fundamental biology are

particularly needed for fish in the tropics, where

little is known regarding migration cues and swim-

ming abilities.
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