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Introduction

Fish cannot speak although some fish some-
times produce sound. This is therefore a most
difficult task which can only be solved by
studying the so - called behavioural responses
of the fish. The observation of fish behaviour in
relation to trawls in dark night conditions,

probably below or near the brightness thresh-

old, showed fish to be struck by ground gear
(Glass and Wardle, 1989). However this type of
behaviour, which appears to indicate the lack of
water flow sensitivity by lateral line, some-
times happened during daytime observations
when fish were concentrated for some reason
such as feeding, or were out of visual focus
from the approaching ground gear, as observed
in the trawl (Kim, 1996). Therefore the lateral
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line sensitivity to water flow or sound pressure
may become a more effective factor when light
conditions are below the light threshold (Chap-
man, 1969).

The relative water flow in trawl gear was
measured in a water tank for a model net by
Ziembo (1974) and Imai (1974), in a lake with a
model trawl by Ferro (1988) and Ferro and
Leaver (1989) and in the sea using a full scale
pelagic trawl by Kroeger (1984). These mea-
surements were carried out at limited sampling
points and yielded quite a large variety of flow
speed results. Even in the empirical model of
Ziembo (1989) or the theoretical model of Higo
et al. (1974), water flow could be estimated in
the inside only along the centre line of the
trawl.

Fish are able to detect water motion as flow
displacement or sound pressure with both the
lateral line and the inner ear. The lateral line
has traditionally been considered the main
sense organ for detecting water disturbances of
low frequency. Water flow produced by animals
was investigated for plankton (Kirk, 1985) and
for fish (Dubois et al., 1974, Ahlborn et al.,
1991, Stamhuis and Videler, 1995). There are
also hydrodynamical analyses of water flow in
relation to excitation of the lateral line of fish
(Hassan, 1985, Rozsypal, 1985, Netten, 1991).
These studies on animals are considered to be
similar to the water flow of objects as knots or
meshes inside a towed net. The structure and
function of the lateral line organ of fish were
reviewed by Coombs et al. (1987) and the
behavioural response in relation to the sensi-
tivity of the lateral line was observed for blind
cave fish (Teyke, 1985, Hassan, 1986), for piper
fish (Saunders and Montgomery, 1985) and for
roach (Karlsen and Sand, 1987).

However, there has been no research to

define a threshold for relative water flow sensi-

tivity in the application of fish behaviour to
fishing gear. The purpose of this study is to
establish a simple term for the threshold of
flow sensitivity in relation to the lateral line of
fish and to develop a model of relative water
flow sensitivity considering the water flow pat-
tern in the trawl gear. This model of relative
water flow sensitivity of fish will be applied in
the grand model of fish behaviour as a manoeu-
vring factor for fish swimming near the gear

where much more turbulence may occur.
Methods and modelling

1. Relative water fiow in
a towed fishing gear

1) Assumptions

(D The relative water flow velocity in this
study is dealt with as parallel components of
the relative water flow to the towing direction
in relation to fixed points of the towed gear.

@ The relative water flow velocity ratio is
defined as the relative ratio of relative water
flow velocity to towing speed.

(® The water flow velocity ratio is symmetri-
cal on port and starboard sides of the gear.

(@ The water flow velocity ratio varies linear-
ly with factors such as net dimension and fish
position within the towed gear.

(® The relative water flow velocity in the
trawl is not influenced by the turbulence of the

otter board or any other natural current.

2) Modelling Relative water flow
There is a space where the relative water
flow velocity in reference to towing gear is
assumed to be the same as the towing speed of
the gear, between the wings near the mouth of
the gear. In a horizontal 2 - dimensional X -7
plane when Y is constant at half the net height,

the relative water flow velocity ratio varies
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from the wing end backwards, as shown in the

plan view of the gear (Fig. 1). Net drag is
increased with thicker twine,

wing tip

W
X fiow boundary

Starboard direction, X-axis

-
—

Towing ditection, Z-axis catch

Fig. 1. Schematic plan view of the starboard side
of a trawl with X-Z coordinates for repre-
senting relative water flow change.
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smaller mesh size, higher hanging ratio.
Accordingly, relative water flow velocity which
was measured inside the trawl by flowmeter
fixed to the trawl net increases from the wing
to the codend (Kroeger, 1984). Then the area
where flow velocity is different from towing
speed is represented as a longitudinal distance
range Bx in X - coordinate through Z - coordi-
nate. Then the distance range Bx (m) can be
varied with the difference of the Z — axis dis-
tance from the wing tip Z; (m), the diameter of
the twine D, (m), mesh bar length L (m),
hanging ratio of net H,, half of the wing spread
W, (m), net length T, (m) from wing tip to end
of extension and towing speed V, (m/sec) as fol-

lows :

B,= 0 « el BDZaH, WAL, T2 IV, (1)

&

where o and f are coefficients. If Bx is equal
to half of the spread of the extension net, then
let B.=B, and Z,=Z,. That means there is no
water flow velocity higher than the towing
speed from the point Z, to the end of the
codend. So equation (1) is valid when Z,<Z,
and B, <B.. It is assumed that relative water
flow ratio is decreased from 1, the same as tow-
ing speed at the inner edge of B,, to V,, at the
net panel. If relative water flow velocity ratio
V. is the same function as B, with slope «,
from equation (1), as a constant, then as fol-

lows:
V,.=aBAW,V) (2)

Now a change in the relative water flow
velocity ratio with X - Y plane at a constant Zd
is dependent on the distance from the net panel
to a point (X,Y,Z) by Bx. Then the relative
water flow velocity ratio Vy(x,y) at a point
(X,Y,Z4) can be approximated with the nearest
distance D, (m) from net to a point (X,Y,Z,=

constant) and constant power f3, as follows:
Vulx,y)=1-V_+V_(D,/B ) (3)

and the above equation is valid when D, <Bx
and Z;<Z,. When Z;>7, there is a narrowing
channel formed by the extension and the
codend. The relative water flow velocity ratio in
the central line is decreased from a value of 1
where it is the same as towing speed, to V,, as
the relative flow ratio at the end of the codend.
If there are no fish caught in the codend, V, can

be expressed as follows :
V.=a;,DHBJAL ,WV)) (4)

where We is the half spread of the codend,
Vn is the towing speed and a is the constant
slope. If there are fish caught, with a codend
filled to a length Z,, the relative water flow
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ratio V, inside codend as follows:
V.=WZ,~7,-Z) B}, (5)

where Z, is distance from the point of B, to
end of codend in Z - axis, Z, is distance from
the point of Be in Z - axis and Z, is distance of
catch in Z - axis. Then, the change in relative
water flow velocity ratio in the central line of

the codend Vi(z) can be expressed as follows:
Vi(2)=V{1-V_+0.57V, costZAZ,-Z,))] (6)

The relative water flow velocity ratio V,
through the X -Z plane at constant Y near a
net panel when Z.>Z, can be represented with
V. and V_, which are decreased from V, at Z,, to
V., at the end of codend, as follows:

V=V +VINL, -7, (7

Then the variation of the relative water flow
velocity ratio Vy(x,y) at the X -Y plane with
constant Z, can be estimated as follows:

Ve(x,y)=Vy(2){1-V_+V (D/ByB,) (8)

where B, is the half of the codend spread.
The coefficient ¢, is the range of relative flow
change at the end of the trawl wing with con-
stant Z; and o varied by the dimension of the
codend. The values of B,, By and B, represent
the slopes of the change with the distance ratio
of D, to the reference distance such as B, or B,
inside the trawl.

2. Relative water flow
sensitivity of fish

1) Assumptions
(D The lateral line is the only sense organ to
detect non - uniform water flow or flow distur-
bance.
(@ The threshold or sensitivity of a fish to

relative water flow is represented as the rela-

tive water flow velocity which in turn is propor-
tional to a water pressure gradient.

(® The sensitivity of fish to relative water
flow depends on factors such as the density of
cupula and hair cells in the lateral line canal,
and is also proportional to body length.

(@ Maximum sensitivity to relative water
flow is represented as a water flow difference
between the snout tip and the start of the tail
peduncle.

2) Modelling sensitivity of fish to relative
water flow

A larger fish has a water flow sensitivity
advantage of roughly 4 times the body length
ratio when the lateral line sensor is distributed
proportional to the volume of the fish body and
has a longer detection distance from snout to
tail root (Denton and Gray, 1989). Therefore
sensitivity to relative water flow could be
defined as the minimum difference of relative
water flow velocity between snout and root of
tail. The threshold of relative water flow Ut
(m/sec) of fish can be a function of the body
length of the fish and the relative water flow
velocity near the fish body as well as the sensi-
tivity of the lateral line, and can be expressed
as the following equation:

U,=1fV,/B, (9)

where B (m) is total body length, V, (m/sec)
is mean relative water flow such as swimming
velocity proportional to water pressure, f is
coefficient and u is power. The coefficient f and
power u in equation (9) could vary with species,
or with other factors, and could to be approxi-
mated by basic experimental results on lateral
line of fish even thought there is no relevant
study to adapt above equation directly. The
experiments on water flow pressure discrimi-

nation by lateral line (Hassan, 1986) were car-
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ried out on blind cave fish (Anoptichthys jor-
dani) with body lengths of 5-7 em, using a 1
mm diameter twine array. The minimum differ-
ence of two intervals of twine array detected by
training fish was observed to be 1.5 mm with a
surface wave velocity 25 cm/sec, and with 70 %
certainty of discrimination. This result may
reflect a higher sensitivity of lateral line in
blind fish than in visual fishes.

Other experiments by Denton and Grey
(1989) showed that ruffle (Gymnocephalus cer-
nua) can detect a 1.5 mm diameter sphere with
a peak acceleration 8 mm/sec? at frequency of
13 Hz (estimated surface relative water flow
about 10 cm/sec). From the above results, by
adapting values for body length of 7 ¢cm and
U,=0.8 em/sec when V=10 cm/sec and U,=1.7
cm/sec at V=100 cm/sec, coefficients of the
equation (9) are approximated as f=0.00112
and power u=0.305. The coefficient f can rep-
resent an index of the threshold of relative
water flow and can be approximated by the
table of incidence of canals in lateral lines
within each family of fishes (Coombs et al.,
1987).

The intensity of water flow stimulus FI as
turbulence of the towed gear can be defined
with relative water flow relative ratio inside
the gear V(x,y) in equation (3) or Vi(x,y) in
equation (8) and the relative water flow thresh-
old of fish U, in equation (9) as follows:

F;=CV,(1 - Vg ax.y)WU, (10)

where C is coefficient and V is towing speed.
F, values will be used as input stimulus param-
eter for the behaviour model in relation to a

towed fishing gear.

Results

1. Relative water flow in a
towed fishing gear

The variation of the relative water flow
velocity ratio as an example was estimated for
the bottom trawl BT130C (Galbraith, 1983)
and its geometry from simulation results of
Netsim (Ferro, 1989) used in the North Sea.
The parameters for previous equations are
D/L,=0.05 in the main bag net as from wing
net to the end of extension net and D/L_ =0.1
in the codend from the design of the trawl
BT130C. Other coefficients are estimated fol-
lowing the measurement of the relative water
flow in trawl which means 10 % less than tow-
ing speed near the net in the bag net when Z, <
Z, and about 20 % of the towing speed at the
end of the codend (Kroeger, 1984, Ferro, 1988,
Ferro and Leaver, 1989). Those relevant coeffi-
cients are «,=0.023, 0,=0.692, a,=4.286, f,=
380, B,=B,=0.27, B;=0.5 and these coefficients
represented V,=0.1. The calculated results of
relative water flow velocity ratio with distance
ratio of D, to B, in the trawl BT130C when the
towing speed was 1.5 m/sec is shown in Fig. 2.
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Fig. 2. The calculated results of ratio of relative
water flow velocity with ratio of distance
Dn from the net to Bx, represented as the
towing direction from the wing tip to the
codend of the North Sea bottom trawl
BT130C when towed at 1.5 m/sec.
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2. Relative water flow sensitivity of fish

From the table of the lateral line of fishes by
Coombs et al.(1987), relative indices of coeffi-
cient f in equation (9) can be adapted for some
marine fishes using the previous assumptions
and an approximation of cupula and haircell
density in the lateral line canal. For example, a
haddock (Melanogrammus aeglefinus) is
assumed to detect relative water flow velocity
difference, as a water flow turbulence between
snout and tail, at a nominal water velocity of
1.5 m/sec, when taking f=0.003, which is 3
times higher than those of blind cave fishes.
The calculated result of flow sensitivity for five
body lengths of haddock with change of relative
water flow velocity is shown in Fig. 3.

In relation to the water flow model of a
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Fig. 3. An example of the calculated threshold of
relative water flow sensitivity for five body
lengths(B; ) of haddock with change of the
surrounding water flow velocity between 1
and 2 m/sec as towing speed.

trawl, a relative water flow sensitivity from
equation (9) for a difference of relative water
flow between 2 ends of the body length can be
detected by a fish depending on its assuming

the best orientation of its body, i.e when either

parallel or longitudinal to the towing direction.

Discussion

The prediction of relative water flow velocity
ratio inside the trawl in this study were carried
out in relation to the 3 - dimensional position
of the net opening, through the mouth, to the
codend. With the variation of towing speed and
fishing gear specification, the water flow veloci-
ty ratios of this model decreased linearly with
the distance from the wing tips while it was
decreased by the increasing projected net sur-
face area.

Minimum ratio of relative water flow to tow-
ing speed at the end of the codend in a model
net were reported as about 0.5 without a catch
or with a more flexible net at the mouth, or
around 0.3 with some catch and a less flexible
net (Ziembo, 1974). Furthermore, higher rela-
tive water flows than towing speed were
observed near the extension when lower the
towing speed. These measured values of rela-
tive water flow inside gear were adapted to
evaluate the coefficients of the equations for
estimation of the water flow ratio and turbu-
lence.

On the basis of previous results, there are
analytical models, as functions of the flow sur-
face coefficient and the angle of attack of the
net panels (Ziembo, 1989) and hydrodynamic
models (Higo et al., 1974). However, these mod-
els are limited to applications with 3 dimen-
sional variations of water flow. Another study
showed water flow measurements for a full
scale pelagic trawl by Kroeger (1984) and it
showed nonlinear changes of water flow ratio
from the wing ends to the codend when mea-
suring from points 20 ¢m below the upper net
panel. It also showed that relative water flow
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near the ends of the extension was approxi-
mately the same as the towing speed, but at
the codend about 20 % of towing speed.

The relative water flow distribution of the
model trawl in a flume tank showed uneven
asymmetrical water flow (Imai, 1974). Howev-
er, the relative flow model in this study treated
as linear the change of water flow ratio with
the distance ratio of the trawl. geometry The
laminar character of the relative water flow
near the wing eventually lost its stability with
the change of relative water flow ratio and
appeared turbulent near the trawl net panel as
walls (Ziembo, 1993). Near the wall of the net,
outflows through meshes with large turbulence
may affect the opening of meshes and influence
the manoeuvring of fish swimming or escaping
from the net (Moderhak, 1993). Therefore, rela-
tive water flow velocity ratio in the present
model indicated not only relative water flow
parallel to the towing direction but also indi-
cated greater turbulence at lower water flow
velocity ratios. In addition, the predicted rela-
tive water flow could be a suitable flow stimu-
lus for the lateral line of fish.

There are no results of threshold of flow sen-
sitivity for commercial species in fisheries at
present. So, the threshold of relative water flow
Ut in equation (9) is regarded as a relative
value to compare the minimum sensitivity to
water flow turbulence among species consid-
ered in the relative water flow model of trawl

gear.

Conclusion

An analytical model for the 3 dimensional
relative water flow in the towed gear was for-
mulated in order to present an effective stimu-
lus for the lateral line sensitivity of fish, based

on the hydrodynamic characters of the fishing

G

net and the empirical flow data of the trawl.
The relative water flow inside the trawl gear
was estimated as a linear change of relative
water flow velocity ratio and depends on the
distance ratio from net panels as well as net
specification. This relative water flow ratio was
represented in equation (3) and (8) and was
regarded as an index of turbulent flow stimulus
that could be detected by the lateral line of a
fish.

The water flow sensitivity of fish was derived
in equation (9) using body length and relative
water flow velocity surrounding fish body. The
parameters of equation (9) for the water flow
sensitivity of fish could be deduced for some
commercially important fishes by comparing
the lateral line sensitivities between fish
species. The simulation results of this relative
water flow model showed a good approximation
to the measured range of relative water flow
and this will be applied in the fish behaviour

model as a flow stimulus.
Acknowledgements

I would like to thank the SOAEFD Marine
Laboratory, Aberdeen, Scotland for their sup-
port during research period and Dr C. S. War-
dle, Dr I. G. Priede and Dr G. P. Arnold for
their helpful advices.

References

Ahlborn, B., Harper, D.G., Blake, R.W., Ahlborn, D.
and Cam, M. (1991) : Fish without footprints. J.
theor. Biol. 148, 521 - 533.

Chapman, C.J. (1969) : Importance of mechanical
stimuli in fish behaviour especially to trawls.
FAO Fisheries Report 62(3), 537 — 540.

Coombs, S., Janssen, J. and Webb, J.C. (1987) :
Diversity of lateral line systems : Evolutionary

and functional considerations. In : J.F. Atema,

- 232~



Modelling Relative Water Flow and its Sensitivity of Fish in a Towed Fishing Gear

A.N. Propper, and W.N. Tavolga (Eds). Sensory
Biology of Aquatic Animals. Springer - Verlag.
pp 553 - 594,

Denton, E.J. and Gray, J.A.B. (1989) : some observa-
tions on the forces acting on neuromasts in fish
lateral line canals. In:S., Coombs, P., Corner and
H. Munz (Eds). The mechano sensory lateral
line. Springer -- Verlag. pp 229 - 246.

Dubois, A.B., Cavagna, G.A. and Fox, R.S. (1974) :
Pressure distribution on the body surface of
swimming fish. J. exp. Biol. 60, 581 - 591.

Ferro, R.S.T. (1988) : Some measurements of flow
inside codends and a pelagic net. D.AF.S. Marin
e Lab.(UK)Working paper No. 10/88, 1 - 5.

Ferro, R.S.T. (1989) : Computer simulation of trawl
gear shape and loading. In : S.G. Fox and J.
Humtington (Eds). Proceedings, World Sympo-
sium on Fishing Gear and Fishing Vessel
Design. Marine Institute, Canada. pp. 259 -- 262.

Ferro, R.S.T. and Leaver, I. D. (1989) : Further data
on flow in trawls and codends. D.A.F.S. Marine
Lab.(UK)Working Paper No. 6/89, 1 - 5.

Galbraith, R.D. (1983) : The Marine Laboratory
four - panel trawl. Scottish Fisheries Informa-
tion Pamphlet, 1- 8.

Glass, C.W. and Wardle, C.S. (1989) : Comparison of
the reactions of fish to a trawl gear, at high and
low light intensities. Fish. Res. 7, 249 - 266.

Hassan, El - S. (1985) : Mathematical analysis of the
stimulus for the lateral line organ. Biol. Cybern.
52, 23 - 36.

Hassan, E1 - S. (1986) : On the discrimination of spa-
tial intervals by the blind cave fish (Anop-
tichthys jordani). J. Comp. Physiol A. 159, 701 -
710.

Higo, N., Tokunaga, Y. and Fuwa, S. (1974) : Studies
on the drag net III. Current velocity reduction at
the inside of the net. Mem. Fac. Fish. Kagoshi-
ma Univ. 23, 29 - 34. (In Japanese)

Imai, T. (1974) : Studies on the Mid Water Trawl - 1.
Distribution of flow speed inside the net and per-
formance of the net — shape. Mem. Fac. Fish.
Kagoshima Univ. 23, 45 - 55. (In Japanese)

Karlsen, H.E. and Sand, O. (1987) : Selective and
reversible blocking of the lateral line in freshwa-
ter fish. J. exp. Biol. 133, 249 - 262.

Kim, Y - H. (1996) : Developing a model of fish
behaviour to towed fishing gear. PhD Thesis of
the University of Aberdeen. pp. 93 - 158.

Kirk, K.L. (1985) : Water flows produced by Daphnia
and Diaptomus : implications for preselection by
mechanosensory predators. Limnol. Oceanogr.
30(3), 679 - 686.

Kroeger, M. (1984) : Some results of flow measure-
ments on a full scale pelagic trawl. I.C.E.S.
CM.,, B/27,1-11.

Moderhak, W. (1993) : Indices of evaluation of trawl
codends construction following from the law of
flow continuity. Bull. Sea Fish. Inst. (Poland)
130¢3), 37 - 42.

Netten, S.M. (1991) : Hydrodynamics of the excita-
tion of the cupula in the fish canal lateral line. J.
Acoust. Soc. Am. 89(1), 310 - 319.

Rozsypal, A.J. (1985) : Computer simulation of an
ideal lateral inhibition function. Biol. Cybern.
52, 15 - 22.

Saunders, A.J. and Montgomery, J.C. (1985) : Field
and laboratory studies of the feeding behaviour
of the piper ‘Hyporhamphus ihi’ , with reference
to the role of the lateral line in feeding. Proc. R.
Soc. Lond. B 224, 209 - 221.

Stamhuis, E. and Videler, J.J. (1995) : Quantitative
flow analysis around aquatic animals using laser
sheet particle image velocimetry. J. exp. Biol.
198, 283 - 294,

Teyke, T. {1985) : Collision with and avoidance of
obstacles by blind cave fish Anoptichthys jordani
(Characidae). J. Comp. Physiol. A. 157, 837 -
843.

Ziembo, Z., (1974) : Distribution of speed of water
flowing through a trawl. Morsk. Inst. Ryback,
Tom 17 Serta B, 7 - 17. (In Polish with English
abstracts)

Ziembo, Z. (1989) : Factors affecting longitudinal
velocity of water flow inside the trawl. Bull. Sea
Fish. Inst. (Poland) 20(3 - 4), 55 ~ 59.

Ziembo, Z. (1993) : Turbulent mixing of water flow
within trawl walls and method of calculating
component force of reaction, parallel to direction
of motion. Bull. Sea Fish. Inst. (Poland) 130(3),
61 -73

~-233-



