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ABSTRACT

Aim of the study

Aim of the paper was to use the Rembrandt multi-criteria decision support method to select the best type of
fish pass for the analysed barrage, depending on the priorities adopted.

Material and methods

Hydraulic structures interrupt the continuity of morphological and biological watercourse, divide it into sec-
tions, which cannot be crossed by fish and other aquatic organisms. It is particularly disadvantageous, be-
cause motion up- and downstream is indispensable for them to live. For this reason fish passes are built on
barrages to facilitate their migration. The article presents hydraulic calculations run for three types of fish
passes. Also, a hierarchical tree was prepared in accordance with the Rembrandt method. This tree has been
applied three times: for the owner’s preferences, for aquatic organisms, and without imposing a second level
of calculation.

Results and conclusions
Results of calculations using Rembrandt’s multi-criteria decision support method indicated that according to
the investor’s priorities the best fish pass was slot pass, for aquatic organisms - bypass channel, and calcula-

tions which assumed equal values for second level factors also point to slot pass.

Keywords: fish pass, barrage, Rembrandt method

INTRODUCTION

The man utilizes rivers disturbing their natural pro-
cesses. This includes changing conditions of vegeta-
tion growth and aquatic organisms, as well as limiting
their movement. Interrupting rivers’ courses is one of
the biggest problems that restrict the number of mi-
gratory fish from the end of the 19th century. Passes
structures are difficult to cross obstacles on fish jour-
ney according to stream direction (Ligigza, 2017).
Whereas, for fish travelling upstream, hydrotechnical
constructions that pose challenges.

“e-mail: mhammer@up.poznan.pl

There are various types of fish passes, which differ
in their design, size, amount of water used, flow rates
and other hydrodynamic parameters. Generally, one
can distinguish technical, seminatural and non-stan-
dard fish passes.

Among the technical: chamber, slot, Denil and eel
passes can be distinguished. Chamber type fish ladders
are one of the oldest structures enabling fish to travel
up and down the stream. They are made of chambers,
divided with concrete and wooden walls, which have
windows cut out at the bottom and in the upper part
of a baffle. Riverbeds of chamber fish passes consist
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of concrete and rocks. Baffles can be either already
prefabricated or made out of wooden elements. Anoth-
er type of fish passes is slot pass, a modified version
of chamber pass. The element that allows aquatic or-
ganisms to pass between chambers has been changed.
Instead of pass windows, a vertical slot runs across the
entire height of a baffle (Jones and O’Connor, 2017).
It necessary, when designing this type of fish pass, to
have in mind that slots in a fish pass should not draw
a straight line, so that water current does not lose its
velocity. For this reason either alternate slot pattern is
applied or they are being equipped with a hook (see:
Fig. 1), which is supposed to reduce the velocity of
water current and directing it in a curve (Lubieniecki,
2002).

Fig. 1. Slot passes (Krajenka barrage on the Gtomia river)

Apart from single-pass fish passes, one can also
distinguish two-slotted constructions, which can be
used if larger volumes of water are to pass through
a fish passes. Another example of technical construc-
tion is the Denil fish pass, shaped like a gutter, which
comprises so-called ribs that reduce water flow ve-
locity. The advantage of Denil passes is that they can
have a large drop and thus occupy very little space. Eel
passes can be closed in a riverbed (filled with branch-
es) or opened from top to bottom. The second type ful-
fils its task better due to lower probability of silting a
fish pass (Lubieniecki, 2002).

The second of the basic fish passes types is semi-
natural, which includes: bypass channels (see: Fig. 2),
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Fig. 2. Seminatural fish pass (Skorka barrage on the Gtomia
river)

pool passes, ramps or ladders at a barrage, riffles and
abrupt overflows. Bypass channel takes shape of a nat-
ural watercourse, which with thresholds and stones
built in.

Pool passes consist of meshes connected with
small channels with water flowing through them in
small overflows. Mesh arrangement depends on ter-
rain shape (Mokwa, 2007). Ramps or rampings at
a barrage are built into a clearance of barrage and can
be located in the axis or near the wall of an overflow
device (Mokwa, 2010). The slope of the bottom of
a ramp should be as smooth as possible and be made
of stones or stone thresholds that reduce water flow ve-
locity (WWE, 2016). Ramps and bottom ramps are de-
vices that allow aquatic organisms to pass through an
obstacle. Solving the problem of migration of aquatic
organisms in this way also enables replacing a mobile
weir. Examples of atypical fish passes are fish locks,
fish lifts and car transport. Possibilities of fish transport
using modular segments placed on cars are presented
by Chomek and Kasperowicz (2013). Fish locks work
similarly to locks dedicated to ships, i.e. they have
a large chamber with lower and upper regulation of
inflow and outflow (Hdmmerling and Franczak, 2012).
Fish lifts are used especially for dams with a high level
of damming, where a conventional fish passes would
occupy too much area.

In order to select an optimal type of fish pass, an
analysis of many ichtiological, technical and economic
factors is required. Support methods facilitate a deci-
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sion process. They provide an easy to understand and
flexible model for a wide range of problems, introduc-
ing also an assessment scale for non-measurable ele-
ments and a method for prioritizing. Therefore, in this
paper, the Rembrandt multi-criteria decision method
was used to assess the most favourable type of device
facilitating fish migration, which has not been widely
used in water engineering until now.

METHODOLOGY

Calculations were made according to the Rembrandt
method, which is basic for analytical hierarchy. This
method is a very useful tool for decision-making,
which has to take into account multiple factors and
parameters, such as e.g. costs of requirements related
to fish (biological parameters), hydraulic requirements,
investor requirements and construction possibilities.
Applying multi-criteria analysis provides the best solu-
tion based on the significance of individual priorities.

The Rembrandt method was created in response to
objections raised against a basic method of analytical
hierarchy, AHP, concerning: scale of assessments and
a method of obtaining synthetic evaluation of vari-
ants. In the discussed method, the Saat scale has been
replaced by a logarithmic scale, and its hierarchical
tree consists of three levels. The highest on the tree is
the objective, below are the factors (evaluation crite-
ria) and the lowest is the solution (Trzaskalik, 2014).
The least square logarithm method is used for deter-
mining scale vectors, and the variants are evaluated
by using a rule based on a geometric mean (Loots-
ma, 1992). This method either delivers a ranking of
objects (decision variants) or allows grouping classes
into so-called preference groups (Pospiech and Mas-
talerz-Kodzis, 2015).

The basic parameters necessary for designing pass-
es are biological and hydraulic.

Biological parameters are associated with fish mi-
gration, which is caused by various factors, primarily
achieving subsequent life stages, as well as beating
the water current. In the case of bi-environmental fish,
migration is the basis for preservation of a population.
The period of fish migration depends on biology and
life span of species, and seasonal changes. For this
reason, in the adopted scenarios it was assumed that
a fish pass is to operate all year round.
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When designing fish passes, it is necessary to meet
basic conditions. The principles of proper design of
fish passes suggest that a fish pass should be efficient
at all water levels enabling fish migration (Mokwa and
Tarnawski, 2008). Ensuring an adequate water veloc-
ity in the river near the water outlet from a fish pass
provides water current that entices fish. In addition,
such parameters of fish pass as width of the slots, di-
mensions of the chambers, which depend on the spe-
cies of fish migrating through a given river, should be
taken under consideration. Also, it is important to en-
sure that there is an adequate difference of water levels
between chambers.

A few scenarios for fish passes have been select-
ed. The first is a slot pass, the second — seminatural
pass, the third — fish ramp. The analysis was run for the
barrage located in Wielkopolska, consisting of power
plant, weir and fish pass. Penczak et al. (2008) found
that fish in the studied river are roach, perch and rhe-
ophylic fish such as, for example, gudgeon, grayling,
brown trout and others. The height of water damming
at the analysed barrage is £/, = 2.92 m.

On the grounds of the assumptions presented above
hydraulic calculations of different ideas for fish pass-
es were made. The hydraulic parameters necessary to
determine when designing a fish pass include: max-
imum velocity, water flow rate, average differences
of water levels between baffles, dissipation of water
energy in a chamber. The results obtained with the ba-
sic formulas for hydraulic calculations of water flow
parameters were compared with the admissible val-
ues. According to Mokwa and Tarnawski (2008), the
maximum acceptable water velocity in a fish pass for
rheophilic fish is 1.5 m-s™!, and according to WWF
(2016) 2.0 m-s!. The dissipation of turbulence ener-
gy in a chamber should be smaller than 150 W-m™.
The following formulas are used to determine the ba-
sic hydrodynamic parameters in a slot pass.

Maximum water velocity in a slot (WWEF, 2016):

Vmaxz\/z'g'Ah (1)

v — maximum velocity, m-s™'
max . . .
g  — gravitational acceleration, m-s=.
Ah - difference in water levels between cham-
bers, m
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Water flow rate in a slot (WWF, 2016):

2 2
0=7 1, s 2 gk )

O —flow rate, m*-s!

u. — flow coefficient, -

s —slot width, m

g - gravitational acceleration, m s,

h, — water depth at the beginning of a chamber, m

Volumetric energy dissipation (WWF, 2016):

P 8 A0 3)
b-h,-(I-d)

E — volumetric energy dissipation, W-m™

p — water volume density, kg-m=, (1000 kg - m™)

Ah— difference in water levels between fish pass
chambers, m

b — chamber width, m

h_— average water depth in a chamber, m

[ — chamber length, m

d — baffle length, m

Calculations of hydraulic parameters of a fish ramp
and a bypass channel were made with the formulas 4 —
6 described in WWF (2016).

Determination of maximum drag coefficient (WWFEF,
2016):

;/( s_b( 0'(1_80)
B l-¢

v

A (4)

c

— total resistance coefficient,
— resistance coefficient resulting from the pre-
sence of stones and rocks in a riverbed,
A — resistance coefficient resulting from the ro-
ughness of river bed,
¢ — volumetric throttling coefficient,
¢ — surface throttling coefficient,
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Drag coefficients resulting from the presence of
stones and rocks in a riverbed and roughness of riv-
erbed were calculated with the formulas described in
WWF (2016), using parameters of stones and river-
beds. Volumetric throttling coefficient is a quotient
of volume of submerged stones to total volume of
stones, and surface throttling coefficient is the surface
of stones ratio to the total surface of stones (WWF,
2016).

Average velocity (WWE, 2016):

yo— (28R (5)
£ .

v, —average flow velocity, m-s!
g  — gravitational acceleration, m- s>
R, —hydraulic radius, m

i —hydraulic slope, -

4.  — total resistance coefficient,

Maximum velocity (WWF, 2016):

Viax = —
max AY (6)
1_7‘
A

V.. —maximum flow velocity, m-s!
v~ —average flow velocity, m-s™'
A, —wetarea of all rocks, m*

A - cross-section area, m?

ax

Fig. 3 presents the hierarchical tree used for select-
ing the best fish pass solution for the analysed barrage.

Values for individual factors were determined on
the basis of hydraulic calculations, expert knowl-
edge (the so-called expert method) and cost esti-
mates for particular types of fish passes. Costs were
estimated as average values per running metre of
a particular type of fish pass. The paper compares
pairs of factors on the backdrop of selecting the best
fish passes for the investor’s priorities and for aquat-
ic organisms.
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Choosing the optimal fish pass solution

) The Possibility The efficiency

Costs Tzfet?:e Water velo C'Ttl;\f:] fish localization to crgate of the fish pass
fish pass requirement pass of the enticing at different
P exit entry power water levels

Slot passes Bypass channel

Fish ramps

Fig. 3. The hierarchical tree for selection of fish pass according to the Rembrandt method

RESULT ANALYSIS

Parameters for each type of fish pass were calcu-
lated on the basis of the presented methodology. Fig.
4 shows a sketch of the barrage with an arrangement
of fish passes.

The chambers of the slot pass had the following
dimensions: chamber length 2.00 m, chamber width
1.30 m, slot width 0.18 m, hook size 0.16 m, num-
ber of chambers: 25. Hydraulic parameters were
also determined — respectively: water flow velocity
v, = 1.5 m-s", difference in water levels between
chambers Az = 0.11 m, flow rate, 0,16 m*-s!, ener-
gy dissipation 87 W-m=. The designed slot pass was
52.5 m long and its bed drop was 5.5%. According to
the design of slot pass, single large stones were in-
serted into the riverbed with loose stones placed ir-
regularly between them. This way a fish pass enables
migration of small fish species.

The bypass channel was designed as a trapezoidal
channel with a width of 2 m, a slope of 1:2 and a water
depth of 0.7 m. The channel with a drop of 2% was
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146 m long and was filled with rocks with a diameter
of 0.6 m and a gauge of 1.2 m. Hydraulic parameters
calculated with empirical formulas were as follows:
maximum velocity V= 0.88 m-s"', average veloc-
ity ¥ =0.73 m-s™, necessary amount of water at the
filling of 0.7 m was Q= 1.73 m*- s\,

The fish ramp was designed as an integrated part
of the weir and was characterized by the following
dimensions: width of the fish ramp was 2.45 m and
it was due to span width of the existing weir. Length
of the fish ramp was 78 m, bed drop — 0.05, diame-
ter of a single rock was 0.3 m, and their number in
a cross-section was 3. Hydraulic parameters were:
average velocity V= 1.46 m-s"', maximum velocity
Vo= 1.88m-s"', and amount of water needed for the
fish pass to operate 0 =1.79 m*- s,

Based on calculated parameters of assumed fish
pass types, an analysis was perforemd with the Rem-
brandt multi-criteria decision-making method. Fig. 5
shows values of solution vectors for individual factors
depending on the priorities of the owner or aquatic or-
ganisms.
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slot passes
fish ramps
bypass channel

Fig. 4. Sketch of the barrage with individual solutions of fish passes
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The values of the solution vector
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Fig. 5. The global vector values of individual factors depending on the priority,
A — costs, B — size of a fish pass, C — water requirement, D — flow velocity in a fish
pass, E — localisation of exit entry, F — possibility of generating enticing current,

G — efficiency of a fish pass at different water levels

For the owner’s priority, the largest value of the
solution vector was obtained by the construction
costs factor (0.33), then the water demand (0.29), the
lowest value of the vector came out for the possibili-
ty of generating enticing current (0.03). Whereas, for
the priority of aquatic organisms the most important
factors were water flow velocity in a fish pass (0.26)
and the possibility of decreasing enticing current
(0.26), and the least significant were size, construc-
tion costs and water demand. An analysis of results
displayed a division of significance of individual fac-
tors by priority.
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In further analysis, individual types of fish passes
were compared against complex factors. Seven matri-
ces have been solved twice. On their basis local vec-
tors were calculated, which then were converted into
global vectors using the values from second level ma-
trix. Fig. 6. presents results of calculations of global
vectors for the level associated with scenarios of solu-
tions to the assumed problem.

According to the owner’s priority, the most fa-
vourable solution (0.72) is to build a chamber pass,
second came a bypass channel (0.16). For the prior-
ity of aquatic organisms, the most favourable (0.42)
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[] slot passes
B bypass channel

B fish ramps

b)

[ slot passes
Il bypass channel

M fish ramps

Fig. 6. The results of calculations of global vectors for individual solutions depending on the assumed priorities. a) owner

b) water organisms

is bypass channel, followed by a slot pass (0.38). An
analysis of results indicates that for the tested barrage
according to the owner’s priority, it would be the best
to build a slot pass, whereas for aquatic organisms —
bypass channel.

DISCUSSION

For a slot pass, hydraulic parameters were compared
with admissible values. The difference in water levels
between chambers is 0.11 m. less than the limit value
of 0.15 m, the energy dissipation is 87 W-m™ and is
smaller than the limit value of 150 W - m™. An advan-
tage of slot pass is low sensitivity to changes in water
levels for its proper functioning (Larinier, 2002).

The hydraulic parameters calculated for a bypass
channel are highly favourable for fish due to low ve-
locity comparing to a slot pass, which is smaller than
0.7 m-s'and totals ¥/ =0.73 m-s'; and half as small
bed drop compared to a slop pass. Flow rate of a by-
pass channel has increased in comparison to a slop
pass from 0=0.16 m* s to Q=1.73 m*- s!, which is
unfavourable for a user due to water losses, especially
during low flows. According to WWF (2016) and Gus-
tafsson et al. (2013), rheophilic fish (living in waters
with strong currents) can also use bypass channels as
habitats. Construction of this type of fish pass is in-
dependent of a barrage, which is beneficial in case of
supplementing a barrage with a fish pass, but due to its
size it occupies a large area.

For a fish ramp, average velocities were similar
to those for a slot pass (about 1.46 m-s™), i.e. with-
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in acceptable rates. Flow rate was similar to that for
a bypass channel. The drop of a riverbed was larger
than in a bypass channel, which led to increased av-
erage velocity. The ramp was more than a half shorter
than the bypass channel for fish. Comparing basic pa-
rameters of fish ramp and other types of discussed fish
passes, it can be concluded that it is less beneficial for
both the owner and aquatic organisms. According to
Tyminski et al. (2016), construction of fish ramps is
a good solution in case of replacing fixed thresholds
and weirs and for species of fish with good swimming
abilities.

Williams et al. (2012) argue that hydraulic and
biological research requires large financial outlays,
especially when there is no information on behaviour
of individual fish species inhabiting a given river. In
addition, lack of sufficient hydraulic and biological
knowledge means that very often a lot of attempts
have to be made to develop a proper solution for mi-
gration of aquatic organisms. When choosing the best
type, a question always arises as to which parameters
of fish passes are the most important and which can be
omitted. It all depends on the needs of a given group.
It is difficult to select the best solution when having
several types of passes at choice and analysing mul-
tiple parameters. O’hanley and Tomberlin (2005) also
presented an innovative approach to decision making
in regard to reducing barriers to fish migration using
programming in the state of Washington.

A detailed analysis of 7 factors from second level for
comparing the assumed types of fish passes (level I1I)
were presented in Fig. 7.
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Fig. 7. The local vector values for third matrix level, A — costs, B — size of a fish pass,
C — water requirement, D — flow velocity in a fish pass, E — the localization of exit
entry, F — possibility to generating enticing current, G — the efficiency of a fish pass

at different water levels

Fig. 7 shows solutions of local vectors for individ-
ual third level matrices. On their basis the best solution
for individual factors can be indicated. Construction
costs were determined by costs of other fish passes
of this type. According to calculations, the cheapest
proved to be a slot pass. The size of a fish pass was
mainly understood as dimensions of a fish pass, which
is why the best solution was a slot pass and the worst
— a bypass channel. The values of factors related to
water demand and water flow velocities in a fish pass
were determined in hydraulic calculations. Flow rates
and velocities depend on water filling in a fish pass
(Pena et al., 2018).

According to Clay (2017), an entrance to a fish
pass may be its most important element. An entrance
to a fish pass can be in two ways in relation to the
course of a river: parallel or perpendicular. Adam and
Bosse (2014) and other researchers argue that more
beneficial is an entrance parallel to water current flow-
ing from a weir, while Dodd et al. (2014) reckon that
a perpendicular entrance guarantees very high effi-
ciency (86%). Bunt (2001) claims that fish pass en-
trance should be located as close as possible to a dam
or weir, but in such a way that an outflow from a pass-
es structure does not disturb functioning of a fish pass.

58

The possibility of generating an enticing current
does not only involve the volume of water flowing
through a given fish pass (Zgrabczynski, 2007). Often,
the strongest enticing current belongs to water flowing
out from power plant turbines. Therefore, it is recom-
mended to locate there an inlet to a fish pass, preferably
at the edges of turbulence field of an outflow (Mokwa
and Tarnawski, 2008). Haro et al. (2004) argue that
swimming abilities depend on species characteristics
of aquatic organisms. Therefore, it is also necessary
to take under consideration this aspect, when design-
ing a water outlet from a fish pass. With an assump-
tion of continuous operation of a hydroelectric power
plant, the most preferable solution proved to be a slot
pass. Bunt et al. (2012) conducted efficiency tests of
a seminatural and technical fish pass, and on this basis
they found that efficiency of seminatural fish passes
is lower.

Applying the solutions of the 7 matrices presented
above, the results were converted into global vectors
and solutions for the preferences of the owner and
aquatic organisms were obtained. Due to the fact that
it was not possible to choose one type of fish pass,
which would fit simultaneously for both preferenc-
es of the owner and aquatic organisms, calculations
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were prepared in which preferences of all factors
from the second level of hierarchical tree were equal
(see: Fig. 8), which allowed selecting the best type of
fish passes.

[ slot passes
M bypass channel

M fish ramps

Fig. 8. Results of global vector calculations for individual
solutions with equal distribution of priorities for the second
level of hierarchical tree

An analysis of solution matrices of dependencies
between particular types of fish passes has proven that
the best one is a slot pass. Several factors affected this
choice. This type of fish pass consumes much less wa-
ter than seminatural pass. It also requires little space,
usually has a compact design and works better at dif-
ferent water levels.

SUMMARY

The paper presents a study on selection of the opti-
mal type of fish passes using the Rembrandt deci-
sion-making method on an example of a barrage in
Wielkopolska. Hydraulic calculations were run for
three assumed types of fish passes: slot pass, bypass
channel and fish ramp. The results together with oth-
er data describing the designed fish passes were used
for calculations by the multi-criteria decision-mak-
ing method.

Based on the analyses, it can be concluded that
choosing the right type of fish pass involves search-
ing for optimal compromise between different needs.
For the owner of the barrage, a fish pass is another
component in the cost estimate for construction of the
barrage, and an element that causes water outflow to
a lower station — water that could be used for other
purposes, e.g. for production of electricity. Taking into
account the needs of aquatic organisms, it is important
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to remember that maximum water velocities flowing
in a fish pass cannot be exceeded.

The paper includes calculations with the Rem-
brandt method using various preferences. According
to the owner’s priorities, the best is a slot pass and ac-
cording to the priorities of aquatic organisms — bypass
channel. Equalizing the significance of factors for the
second level of hierarchical tree allowed finding the
best type of fish pass, i.e. slot pass.

Calculations using the multi-criteria decision-mak-
ing method allow determining the most favourable
type of object for a given barrage, depending on ad-
opted priorities. This method can be used as an aid in
designing various types of hydrotechnical objects.
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WYBOR OPTYMALNEGO TYPU PRZEPLAWKI DLA RYB Z WYKORZYSTANIEM METODY

REMBRANDT

ABSTRAKT

Cel pracy

Celem pracy byta proba wykorzystania metody wielokryterialnego wspomagania decyzji Rembrandt do wy-
boru najlepszego typu przeptawki dla analizowanego stopnia wodnego w zaleznosci od wykorzystanych

priorytetow.

Materiat i metody

Budowle hydrotechniczne powoduja przerwanie ciagtosci morfologicznej i biologicznej cieku, dziela
go na odcinki, ktorych granic ryby i inne organizmy wodne nie moga przekraczaé co jest szczegdlnie
niekorzystne poniewaz przemieszczajaca si¢ one wyniku réznych potrzeb zyciowych. Dlatego na stop-
niach wodnych buduje si¢ przeptawki dla ryb, ktére utatwiaja ich migracjg. W pracy przeprowadzo-
no obliczenia hydrauliczne dla trzech zatozonych typow przeptawek dla ryb. Nastgpnie przygotowano
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drzewo hierarchiczne zgodne z metoda Rembrandt. Drzewo to zostato rozwiazane trzykrotnie zgodnie
z preferencjami inwestora, organizmow ktore z niego korzystaja, a takze bez narzucania wag drugiemu
poziomowi obliczen.

WYNIKI I WNIOSKI
Wyniki obliczen metoda wielokryterialnego wspomagania decyzji Rembrandt wskazaty ze wedtug prioryte-
tow inwestora najlepsza przeptawka byta konstrukcja szczelinowa, dla organizméw wodnych kanat obiego-

wy, a dla obliczen w ktérych wagi przyjmowaty rowne wartosci dla poszczegolnych czynnikow poziomu I1
réwniez przeptawka szczelinowa.

Stowa kluczowe: przeptawki dla ryb, stopien wodny, metoda Rembrandt
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