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A review of the literature on acoustic herding and attraction offish

Summary

A literature study of fishing methods
using acoustic herding, passive acoustic
steering and acoustic attraction is pre-
sented. All three techniques are used
world-wide intraditional fishing, but their
applications to modern fisheries are very
few. Optimization in terms of selectivity
and increase in catches seems promising
for acoustic attraction, and many success-
ful trials have been carried out on vari-
ous fish species of different hearing abili-
ties. The results from acoustic herding
are more negative and a more thorough
knowledge of fish behaviour is needed
before such techniques can be improved.
When examining passive acoustic stee-
ring, little evidence has been found that
fish actually use acoustic cues to detect
fishing gear. Theoretical calculations
show that claims that fish can detect the

Aeolean tones generated by the water flo-
wing through the net can probably be
discounted, but measurements of the
acoustic field around the fishing gear have
to be made to finally confirm this. Howe-
ver, it has been shown that the fishing
gear leading structures currently used
are far from optimal. Studies of the sen-
sory basis of gear detection by fish are
needed to improve such structures. Psy-
choacoustic studies have shown that fish
are essentially sensitive to very low fre-
quency sounds. Therefore, improving
acoustic fishing techniques demands an
efficient, low-frequency sound source. It
is shown that the fishing boat itself can
be modified to become a relatively effi-
cient transducer at the desired frequen-
cies.
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Introduction

An important consideration for success-
ful fishing is knowledge ofhow fish behave
in relation to sensory inputs, such as che-
mical, visual and acoustic cues. Fishermen
have gathered a considerable amount of
experience in this field. Intensive scienti-
fic investigations have added to this
knowledge, so that today we have a good
understanding of fish sensory biology.

Fishermen all over the world use
their experience of fish behaviour in the
development ofnew fishing methods. Tra-
ditional fishing gear often shows signs of
such considerations in its construction.
Visual (e.g. colour of net) and chemical
(e.g. bait) cues are often the highest pri-
ority. Most fishermen are well aware of
the importance of acoustic and hydro-
mechanical cues, but the function ofthese
cues is less well-understood, and there-
fore they are seldom considered in fish-
ing gear design.

Scientifically, the function of fish
hearing has only come to be thoroughly
understood during the last decade, and
this new knowledge has not yet been im-
plemented in fishing. Some acoustic con-
siderations are nowadays made in pela-
gic trawling operations, although very few
coastal fishing techniques rely on acous-
tic cues.

The aim ofthis literature review has
been to gather together both the research
done on traditional fishing techniques
making use of acoustic cues and experi-
ments carried out on modern fishing gear
design to develop these techniques.

We begin by looking at the physiolo-
gical basis of fish hearing. Fish have two
organs used for detection of hydrodyna-
mic and acoustic fields: the inner ear and
the lateral line system. Both systems rely
on hair cells as the primary sensory unit.
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Hearing in fish

In the inner ear of teleost fish, the hair
cells are located on a sensory maculae
facing one ofthe three otholiths, calcare-
ous structures of much higher density
than the fish tissue. As the fish is rocked
by a passing sound wave, the otholiths
are rocked momentarily later and a shea-
ring force is detected by the hair cells
(Popper, 1983). This system detects sound
waves from below 0.1 Hz up to the reso-
nance frequency of the system, around
200 Hz (Enger et al., 1993). The system
works as an accelerometer at low frequen-
cies, a velocimeter at higher frequencies,
and a displacement detector at even hig-
her frequencies (Lewis, 1984). It is not
clear at what frequencies the accelero-
meter-velocimeter and the velocimeter-
displacement detector transitions occur,
but some studies hint at around 20 Hz
and 120 Hz, respectively (Kalmijn, 1988).
Thus, depending on the frequency in ques-
tion, different modes of the acoustic field
will cause a stimuli. At infrasound fre-
guencies (below 20 Hz) sensitivity is very
similar in all fish species measured so
far, about 10"4 m/s2 (Figure 1).

m/s2
0.01 -

0.001 -

0.0001 -.

0.00001 -

---------- Plaice
---------- Salmon

Figure 1. Acceleration audiograms for vari-
ous fish species. Compilation from Wester-
berg, 1993; including references to original
results).

The matter is further complicated
when we consider swimbladdered fish.
The varying pressure field of an acoustic
wave causes the swimbladder to oscillate.
The displacement field created by the
motion ofthe swimbladder wall is propa-
gated through the fish and is detected by
the otholith organ. At practical sound in-
tensities, frequencies well above 10 Hz
(probably around 50 Hz) are needed in
order to create swimbladder wall displa-
cements large enough to be detected by
the otolithic organ (Sand and Hawkins,
1973). Depending on how closely connec-
ted the swimbladder and the inner ear
are physically, the sensitivity and fre-
guency range for sound pressure detec-
tion varies between different classes of
fish (Sand and Enger, 1973a; Sand and
Enger, 1973b).

Some investigators have reported the
ability offish to detect intense ultrasound.
The mechanism behind such an ability
remains unclear (Astrup and Mphl, 1993;
Mann et al., 1997).

Elasmobranch fish (including rays
and sharks) show wide anatomical diffe-
rences in their inner ears. A single oto-
lith-hair cell system and a hair-cell cove-
red non-olithic channel serve as primary
receptors of acoustic stimuli (Corwin,
1989). Few audiograms ofsharks and rays
have been made, but the ones available
suggest a pattern similar to the one des-
cribed for teleost fish without swimblad-
ders (e.g. Corwin, 1981).

Based on this knowledge of acoustic
perception, fishes in this report have been
classified according to the following follo-
wing categories (Figure 2):

Non-specialists with no swimbladder.
Maximum sensitivity in terms of sound
pressure level (SPL) at around 100 Hz is
about 80-100 dB re 1 pPa. Above 100 Hz
sensitivity falls offvery rapidly, and non-
specialists are essentially deafabove 200
Hz. This group includes the order Pleuro-
nectiformes, and some families of Perci-
formes (such as Scombridae). In this study,
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Sound pressure, dB rel pPa

100

80

60

all fish of the class Chondrichtyes (inclu-
ding sharks and rays) are considered as
non-specialists. Crabs (Decapoda)and
squid (Mollusca) also fall into this group,
as the few studies performed on these
animals indicate their hearing ability
most resembles non-specialist fish (see
Offutt, 1970 for decapods and Packard et
al., 1990 for squid).

Generalists include fishes with swim-
bladders (but no special connection bet-
ween the swimbladder and the inner ear;
see the specialists category below). The
sensitivity is increased some 20 dB (down
to less than 80 dB re 1 pPa in cod), and
the maximum audible frequency to about
500 Hz. Depending on the amount of gas
contained in the swimbladder and the
distance between the swimbladder and

X 4
N\ JDab

Cac |C0d /

/|

\ \] /

Herring / |/

"v  Goldfish /
30 100 300 1000 3000

Frequency, Hz

Figure 2. Sowid pressure audiogram for va-
rious fish species: dab (non-specialist), cod
(generalist), herringandgoldfish (specialists).
Soundpressure scale modified to dB re 1 pPa.
Adapted from Sand and Enger, 1973b; inclu-
des references to original results, except the
freely sketched dab audiogram after Chap-
man and Sand, 1974).

inner ear, the sensitivity and maximum
audible frequency may vary considera-
bly. This group includes the vast major-
ity of teleost fishes, such as the orders
Anguilliformes, Salmoniformes, Gadifor-
mes, Scorpaeniformes, and most families
ofthe order Perciformes (excluding among
others the family Scombridae).

Specialists have special connections
between their swimbladder and the in-
ner ear, extending upper hearing limit by
several kilohertz. In some groups (all fish
ofthe series Otophysi) increased hearing
sensitivity is reached at a threshold be-
low 60 dB re 1 pPa, which is close to what
is considered to be the theoretical maxi-
mum sensitivity for any vertebrate acous-
tic detection system (Fay, 1992). This
acoustic intensity corresponds to about 0
dB re 20 |iPa in air, which is the hearing
threshold ofhumans at 1 kHz. The speci-
alists include the orders Clupeiformes,
Cypriniformes, and Siluriformes.

The directional hearing abilities of
fish have only been consistently studied
in a few species. Cod (Gadus morhua) are
able to distinguish the direction ofa sound
source accurately to within 20 degrees
both horizontally (Schuijf, 1975) and ver-
tically (Hawkins and Sand, 1977). Fish
can neither make use of phase cues (due
to the high sound velocity in water) nor
intensity difference cues (due to the lack
of shielding between the inner ears) to
discern the direction ofthe sound source,
as is common in land vertebrates. Ins-
tead, fish can use the inherent directio-
nality in the acoustic displacement field.
There is an intricate polarized pattern of
hair cells on the sensory maculae of the
fish ear which helps to give directionality
cues (Fay, 1981; Hawkins and Horner,
1981; Platt and Popper, 1981; Popper,
1983). However, there is still an unex-
plained 180 degree ambiguity. This am-
biguity may be resolved in swimbladde-
red fish by comparing the phase of the
displacement and presssure component
of the sound field (Figure 3; Schuijf,
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1981)). Such a mechanism would also ex-
plain the fact that cod are able to discern
the distance to a close sound source, wit-
hout making use ofintensity cues (Schuijf
and Hawkins, 1983). Inthis case, cod may
exploit the fact that the phase difference
between the pressure and displacement
field varies rapidly within the acoustic
near field. In this way, swimbladdered
fish may have complete three-dimensio-
nal sound localization in the area around
them. It should be remembered, howe-
ver, that experimental evidence for these
theories is small (however, see Popper et
al. (1973), and the presumed capacity of
non-swimbladdered fish for unambigu-
ous directional hearing remains to be ex-
plained.

Figure 3. Illustration ofthe proposed mecha-
nism for unambigious sound localization in
swimbladdered fish. Copy from Rogers and
Cox, 1988.

Other important aspects of fish hea-
ring, such as pitch and level discrimina-
tion, have only been studied in a few spe-
cies. It seems that the hearing genera-
lists and specialists perform as well as
land vertebrates, with a pitch discrimi-
nation of pure tones of about 3-5% and
sound level discrimination ofthe order of
1.5 dB (see review in Popper and Fay,
1993). There is evidence of some pitch
discrimination peripherally in the otolith
organ, as the otolith has been shown to
change its pattern ofvibration depending
on frequency (Sand and Michelsen, 1978).
This shows that the crude model of oto-
lithic function outlined above is probably
over-simplified, and more peripheral au-
ditory processing may be involved in fish
he%ring than has been previously assu-
med.

11
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The lateral line

The second sensory organ that fish pos-
sess to detect hydrodynamic fields is the
lateral line system ofwhich there is great
diversity ofform, ranging from free neuro-
masts on the body surface to canals with
neuromasts connecting to the body sur-
face through pores (Coombs et al., 1988).
The hair cells in the lateral line system
are covered with a cupula. The cupula
has almost the same density as the fish
tissue (which in turn is very close to the
density of water; Sand, 1984). When a
fish is rocked by an acoustic field, the
cupulamoves in phase with the fish body.
Therefore, no shear force is produced bet-
ween the cupula and the neuromast (the
exception being when within about one
fish length from the sound source; Denton
and Gray, 1982). However, the flow ofwater
around the body of the fish causes the
hair cells to be bent by the cupula. Thus,
the lateral line system is not principally
an acoustic detector, but a detector of
hydromechanical stimuli.

Hydromechanical events usually die
off very rapidly with the distance from
the source, and it is therefore believed
thatthe lateral line system only serves as
a detector within very close range of the
fish (in the order of tens of centimetres;
Sand, 1984).

The question ofthe adequate stimuli
is even more difficult to answer than in
the case of the inner ear organ. It seems
that the free neuromasts and the trunk
lateral line respond to various time deriva-
tives of the particle displacement in the
hydromechanical field (Denton and Gray,
1989; Kalmijn, 1988). Very little is known
about the variation in detection sensitiv-
ity of different species. The maximum
frequency for hydromechanical detection
seems to be about 150 Hz (Sand, 1984). It
is not clear what the minimum detecta-
ble frequency is (but certainly below 10
Hz; Kalmijn, 1989; Sand, 1981; Sand,
1984). The lowest threshold which has
been experimentally established is in the
order of 10'6 m/s (Sand, 1984).

Inthis study, little attention has been
paid to lateral line stimuli. It should be
remembered, however, that hydromecha-
nical stimuli play an important role in
fish perception at very close range, e.g.
during schooling or predation (Bleckmann
etal., 1991; Engere/ al., 1989; Montgomery,
1989; Partridge and Pitcher, 1980; Weiss-
ert and Campenhausen, 1981). Lateral
line stimuli may therefore be relevant in
the design of some types of fishing gear.
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Acoustics in fishing techniques

There are three basic methods for impro-
ving catches using sound to influence the
fish:

acoustic herding: fish are actively steered
(scared) away from a sound source
towards the fishing gear;

passive acoustic steering: fish are steered
towards the fishing gear with structures
detected by the acoustico-lateralis sys-
tem; and

acoustic attraction: fish are attracted
to the fishing gear by a sound source.

Study of the literature showed that
many attempts have been made to investi-
gate fish behaviour and catch efficiency
using these three techniques. Unfortuna-
tely, the authors usually concentrated on
fish behaviour and catches, and appa-
rently forgot to measure and/or report
important acoustic information. There-
fore, it has proved very difficult to syste-
mise the reported results. | have used the
following criteria and definitions in this
report:

Successful study: fish are reported to
react consistently to sound.

Trial: an independent investigation
ofone or more fish species belonging to a
certain hearing category. All fish investi-
gated in the same report belonging to
one hearing category have been grouped
together as if they had been one trial,
whereas species belonging to different
hearing categories but dealt with in the
same report have been treated as sepa-
rate trials.

Sound pressure level (SPL) at the
position ofthe fish: Very few studies re-
ported both the source level of stimuli
and range for fish reacting to sound. The-
refore, it was rarely possible to calculate
the sound pressure level (SPL) at the
position ofthe fish; in the SPL column of
the tables, such calculations have been
made in the few cases possible.

Frequency range: for unsuccessful
trials the varoius reported frequency
ranges ofsound stimuli have been added
together to cover the entire frequency
range investigated all-together. For suc-
cessful trials, the reported frequency
ranges have been subtracted one from
the other, in order to establish the rele-
vant stimuli that produced the success-
ful response.

13



Magnus Wahlberg

14

Acoustic herding (Appendix A)

A total of 60 attempts to steer fish away
from a sound source were reported in the
literature, of which 40 were successful
(Appendix A). Only 15 of these attempts
involved active acoustic steering of fish
into the fishing gear and none of these
investigations gave an satisfactory ass-
essment of any increased catches in the
fishery.

All successful stimulations involved
frequenciesbelow 100 Hz. Sound pressure
levels used in successful trials ranged
from 140 to 167 dB re 1 pPa. Few investi-
gators reported the sound pressure level
used, and there is no relationship bet-
ween source level and hearing ability
(Table 1).

Fish became habituated to the acous-
tic stimuli after some time in several of

the successful trials (Table 1). The degree
of habituation both depended on the fre-
quency content ofthe stimuli used (Knud-
senetal., 1992; Knudsene”al., 1994) and
on how often the fish were exposed to the
sound (Dunning et al., 1992).

Possibly, the avoidance reaction ob-
served inresponse to low frequency sound
serves an antipredatory function. A swim-
ming predator will generate low frequen-
cy sound that may be detectable by the
fish (Bleckmann et al., 1991; Kalmijn,
1988; Moulton, 1960). In a few cases, fish
have also been stressed by very intense
ultrasounds (Table 2), indicating that they
may detect écholocation signals from
dolphins (Astrup and Mphl, 1993; Nest-
leretal, 1992). Natural predatory sounds,
such as the sounds of dolphins, have also
been used successfully to drive fish into a
net (Hashimoto and Maniwa, 1971).

Table 1. Reported trials on scaring fish with sound. Values in parenthesis indicate
number of trials included in estimates. Explanation of frequency range: see text.
Responses to ultrasound are not included, but reported separately in Table 2.

Nr of trials Nr of trials with ~ SPL at fish
Hearing  Totalnr  with signs no signs (dB re 1 uPa) Frequency
Herding ability of trials of habituation of habituation mean +/- s.d. of dB) range
Failure non-specialist 1 0 0
geneFr)aIist 14 3 0 200+/-6 (2) 60Hz-70kHz(4)
specialist 3 1 0 ;15021(2:kH12(3)
unspecified 2 0 0 . -k.30(z)(H)1
Success non-specialist 4 0 0 142(1) peak: z(1)
generalist 10 2 2 167+/-0(2) 10-100 (5)
specialist 17 4 2 145+/-7 (2) 1-60 Hz (6)
9 0 0
Table 2. Reports on ultrasound detection by fish
Species Hearing ability SPL at fish Reference
fpedkHZz) (dB re 1gPa)
cod generalist 38 195 Astrup and Mehl, 1993
Gadus morhua
alewife specialist 110-125 163 Dunning et al., 1992
Alosa pseudoherengus
blueback herring specialist 110-140 150-160 Nestler etal., 1992
Alosa aestivalis
American shad specialist 35 140 Mann et al., 1997

Alosa sapidissima



A review ofthe literature on acoustic herding and attraction of fish

Table 3. Reports ofacoustic herding methods used in coastalfisheries in different parts

ofthe world.

Area Fishing technique

Baltic Sea trout and whitefish netting
Norvyay herring purse seining
Mediterranean raft and seine netting
Ma}lgiys!a purse seining

Philippines drive-in fishing

Russia drive-in fishing
Micronesia gill netting

The fact that acoustic herding has
been implemented independently in many
parts of the world (Table 3) might sug-
gest that such techniques can substanti-
ally increase catches. However, most of
the techniques are traditional, and very
little use of acoustic herding has been
made in modern fishing operations.

An interesting observation of unin-
tentional acoustic herding was made by
Engas et al., 1991. The movements of
acoustically tagged cod were observed as
a fishing vessel approached. Two of the
cod maintained an almost constant dis-
tance of 60-70 m directly ahead of the
approaching vessel. The fish zig-zagged
on their course in front ofthe vessel, tur-
ning suddenly at about 50 m to the side of

Stationary echo
sounder

Zone |

Reference

Nordqvist, 1922

F Ugarte (pers. comm.)

Sahrhage and Lundbeck, 1992; von Brandt 1964
Parry, 1954

von Brandt, 1964

von Brandt, 1964

Anonymous, 1948

the trackline. It seems that these fish
used their directional hearing capability
to sense the ‘wings’ of the typical butter-
fly pattern noise field around the vessel
(Figure 4).

Optimising acoustic herding would
require a directional sound source and a
predictable escape response in the target
species. We, therefore, face two major
problems: first, fish are usually scared by
low frequency sounds, it being difficult to
produce such sounds with high efficiency
and directionality. Secondly, it is diffi-
cult to direct the fish towards the fishing
gear. The most common avoidance reac-
tion is a change in swimming direction
away from the source and down to grea-
ter depths. Additionally, schooling fish

Otter boards

Zone 2 Zone 3| Zone 4]

Figure 4. The noise pattern generated by a typical fishing boat, measured in terms of
dB relative to the source level ofthe engine. From: Ona and Godd, 1990.

15
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usually disperse when scared by sound.
In coastal zones however geographical fea-
tures (bottom topography, inlets etc.) may
help to steer the fish in the desired direc-
tion to help solve this problem.

The fact that high frequency sounds
may elicit avoidance responses in some
species of fish (Table 2) should not be
forgotten, as ultrasounds are much ea-
sier to generate in an efficient and direc-
tionally-controlled manner.

There have been very few systematic
investigations on acoustic herding and
further studies are needed to understand
its full potential. With a more thorough
knowledge offish behaviour in relationto
sound the catches of existing fisheries
using acoustic herding may be optimized
which might reduce some of the present
conflicts of interest that occur with, for
example, tourism. Today, high speed bo-
ats are often used as sound generators,
wasting energy at suboptimal high fre-
guencies and causing public irritation.
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Passive steering by acoustical cues
(Appendix B)

In the literature there are some sugges-
tions of fish being steered towards the
gear apparently by hydromechanical or
acoustical cues (Appendix B; Table 4).
Usually the researchers hypothesize that
fish may detect acoustic signals genera-
ted when water passes through the fish-
ing gear’s guiding structure (Figure 5),
but I know of no studies which have in-
vestigated these types of sounds.

The sensory basis of net leader de-
tection is not well-understood. Both visual
(LeggettandJones, 1971), tactile (Inoue and
Arimoto, 1988) and acoustic (Table 4) cues
have been suggested. Some leaders contain

Table 4. Reports ofguiding structures offishinggear where acoustical or hydromecha-

nical cues have been suggested.

Fishery Area species
trap net Baltic Sea salmon
(Salmonidae)
trap net Japan, Alaska, —
Mediterranean
drift gill net North America shad
(Clupeidae)

palisade trap  Singapore -

trap net Indonesia salmon

(Salmonidae)

gaps in their structures large enough for
fish to pass straight through (Bourdon,
1954; Inoue and Arimoto, 1988; Westen-
berg, 1953), and behavioural studies in-
dicate that the majority offish are guided
towards the trap instead of swimming
through the leader (Inoue and Arimoto,
1988), suggesting that cues other than
visual may be involved in guiding the
fish.

Additionally, Westerberg (1982a &
1992b) reported awareness reactions to
the leader amongst migrating salmons
and eels at a distance that was probably
outside visual range (Figure 6). The fish
never entered the trap, but rounded it
suggesting that the efficiency of such le-
ader designs may be far from optimal.

Structure Reference

leader net Westerberg, 1982b
leader net von Brandt, 1964

gill net Leggett and Jones, 1971
poles Bourdon, 1954

poles Westenberg, 1953

17
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Figure 5b.

/ anchor wires
scriap

ibu

Figure 5c.

Figure 5. Some examples ofguiding structures in different types offishing gear, a),
Leader netinfyke netfrom Russia (copyfrom Berka, 1990), and in b) Danish ‘bundgarn
(copy from Klust, 1959; in von Brandt, 1964); c) kelong from Malaysia with poled

leaders (copy from Parry, 1954).

18
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Count direction

100 m

Figure 6. Ultrasonic telemetry ofeel released
in the vicinity ofa fish trap. The study was
carried out in Lake Hjalmaren at night (visi-
bility only a few centimetres). The eel turned

Considerations on the generation of
Aeolian tones

If fish can react to fishing gear beyond
visual range (Figure 6), one wonders just
what cues might be involved? It has been
suggested that fish detect the Aeolian
tones generated from the water running
through the fishing gear (Westenberg,
1953).

Aeolian tone generation is predictable
both in its frequency content and intensity
and is dependent only on water velocity
and the diameter ofthe structure (Blevins,
1990). Ifwe consider anetthread diameter
ofD=1 mm and a water current of U=10
cm/s, we obtain a Reynolds number of
Re=UD/r\=83, where n\=1.2-10em2/s is
the kinematic viscosity of water. At such
a low Reynolds number, vortices are in-
duced in the wake ofthe thread (Figure 7).
The Strouhal number at Re=83 is S=0.2,
giving a vortex-inducing frequency of

away from the fishing gear at a distance of f=S U/D=20 Hz. The sound created by

about 5 metres. From: Westerberg, 1982a.

Re <5

5-15< Re <40

150< Re <300

40< Re <90 and
90<Re<150

the vortices will have a major energy con-
tent at this frequency (Blevins, 1990).

Regime of unseparated flow

A fixed pair of foppl vorticesin wake

Two regimes in
which vortex street
is laminar

Transition range to turbulence in vortex

300< Re =<3x105 Vortex street is fully turbulent

Figure 7. Vortex induction around a circular cylinder in a laminarflow. Explanations

in the text. From: Blevins, 1990).
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SPL, dBre ! pPa

acceleration, m/s2

Figure 8. Sound pressure level in the flow
direction from a cylinder in a laminar flow.
Calculated on Mathcad 4.0 with the help of
formulaes in Blevins (1990). The SPL curve
represents the pressure in the direction offlow
velocity, i.e. the maximum. Observe that the
range ofinterest is well within the near-field,
so that the deduced acceleration field is erro-
neously calculated from the acoustic free-field
impedance.

It has already been noted that fish
are very sensitive to sound at such low
frequencies (Figure 1). However, a calcu-
lation of the sound pressure levels gene-
rated from such vortices give intensities
well below the hearing threshold of fish
(Figure 8). In Figure 8, itis assumed that
the thread is 100 m long. The additional
effect of several threads (as in a fishing
net) will in the most constructive inter-
ference case add to the sound pressure
level as SPL(n)=SPL(I)+20 log n, where
n is the number of 100 m long threads
(deduced from (Blevins, 1990)). In a typi-
cal leader net with a mesh size of 10 cm,
there will be 100 horizontal threads ifthe
net is 10 meter deep. There will also be
1000 vertical threads of 10 meters length,
which in this case may be regarded as
100 threads of 100 meters. Altogether,
there are n=200 threads which in a situ-
ation of maximum interference will in-
crease the sound pressure level by 20 log
200 = 46 dB compared with the curve
given in Figure 8. The sound pressure
level at 5 meters distance would then in
the most extreme case be about 88 dB re
1 pPa, many orders of magnitude less
than the free-field pressure threshold le-
vel for fish at infrasonic frequencies.

Close to the surface, the floats will
pull the net up and down with the waves,
which may create a relative water flow
through the net considerably stronger
than the regular current. Assuming a
relative water velocity of 1 m/s, the sound
pressure level will increase by some 60
dB, and all ofa sudden we are well within
the hearing range of fish at a distance of
tens of meters; note that the relevant fre-
quency in this case would be 200 Hz.

It should be remembered that the
relevant stimuli for fish hearing at low
frequencies is acceleration (or possibly
velocity). The acoustic near-field around
the sound source may give a complicated
pattern in the acceleration field not pre-
dictable by the theory. Acceleration may
reach values several orders of magnitude
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higher than can be predicted from Figure
8. Measurements ofthe acceleration field
around the fishing gear in flowing water
are needed before the hypothesis of fish
detecting the gear with acoustic cues can
be fully evaluated.

Additionally, the net will work as a
turbulence grid in the water current, and
turbulence generation is associated with
sound production. At such low water velo-
cities as 0.1 m/s, it is regarded as impos-
sible for these sounds to be audible by
fish. Of course, the turbulence itself may
be detected at very short range by the
lateral line system, but this would not
explain the symmetry of reaction to the
fishing gear both upstream and down-
stream as shown in Figure 6.

Other sounds are created by floats
moving up and down in the waves. Air-
borne sounds from floats are very charac-
teristic in the vicinity offish traps, but to
my knowledge their intensity under water
has not yet been measured.

It is unclear what effect acoustics
may have on gear detection by fish. | have
not found any explicit test to confirm sug-
gestions made in the literature of fish
using acoustic cues, and observations as
presented in Figure 6 have yet to be ex-
plained.

Acoustic attraction (Appendix C)

A total of 41 trials for attracting fish by
sound were compiled (Appendix C; Table
5). Only 8 of these were unsuccessful.
(This high success rate is probably due to
a reluctance to publish those studies
which did not produce positive results.)
There is no correlation between the sound
intensities used and the hearing abilities
ofthe fish concerned in successful trials.
Several studies showed that sharks were
attracted by low frequency sounds, pre-
sumably due to the similarity of sounds
produced by struggling fish.

Table 5. Trials on acoustical attraction offish. Explanations to table: see Table 1.

Hearing No of reported
Attracting ability trials

Failure nonspecialist
generalist
specialialist
unspecified
nonspecialist
generalist
specialist
unspecified

Success

,_\
AR O I Wy

SPL at fish
(dB re 1 pPa
+/- s.d. of dB) Frequency range
50 Hz - 70 kHz (2)
25 Hz-200 Hz(1)
100 Hz-7 kHz (1)
120+1-3(3) <100 Hz(6);2 kHz(1)
124(1) <100 Hz(5);2-5 kHz(2)
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~ Bothhearing generalists and specia-  Taple 6. Areas where acoustical attraction is,
lists usually responded positively to fee-  and has been, used in fisheries.

ding sounds recorded from conspecifics
(Figure 9)_ Area Fishery Reference

Some old as well as present fisheries  Baltic Sea perch netting  Wolff, 1967
in different parts ofthe world have repor-  Indonesia herring netting Westenberg, 1953
ted increased catches through acoustical  Japan squid angling  Maniwa, 1976
attracting offish towards the fishing gear ~ West Africa  harpooning  Busnel, 1959

l()-:-:lz)lzif-)éalr‘fli?\zt g;g;;:ounds used resem- It is difficult to draw any consistent

conclusions from the available data on
acoustic attraction. It seems that several
attempts have been made to increase cat-

Amplitude, dB

Figure 9a.

Frequency, kHz

Figure 9b.

Figure 9. Attracting a school of mackerel using sound, a) Amplitude spectrum of

stimuli, b) Echogram showing a school ofmackerel (Scomberjaponicus) swimming up
from a depth ofabout 70 m to about 10 m or or even closer in response to sound. Copy

from Maniwa, 1976.
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ches through acoustic attraction. Many
attempts have been successful, but very
few modern fishing operations make use
of such results. It is unclear why this is
the case. It is possible that there have
been problems in implementing the re-
sults from successful experiments into
real fishing operations, but such expe-
riences are sadly not reported in the li-
terature.

General problems on acoustic herding

and attraction

Surprisingly few ofthe studies examined
in this report have dealt with the well-
known fact that fish can become habitua-
ted to sound stimuli. In addition, the re-
sponse ofthe fish to sound usually varies
greatly between different trials, which
may indicate differences in behaviour
due to the behavioural and physiological
state ofthe fish (e.g. Nelson and Johnson,
1976).

Many physiological techniques use
the readiness of fish to be acoustically
conditioned. This may create an oppor-
tunity as well as a problem in acoustic
fishing. Fish may be conditioned to as-
semble at a feeding station, where later
they are caught (Abbott, 1972; Olsen,
1976). On the other hand, fish which are
not successfully caught during acoustic
herding and attraction may become con-
ditioned against any future attempts to
catch them. It may be necessary to vary
the nature of the sounds used in these
techniques more than has been previous-
ly assumed.

Considerations on efficient sound
production

According to previous studies, fish may
be herded and attracted by sound. To in-
crease the effectiveness of present fish-
ing operations by using this information,
more behavioural data on fish reactions
to sound are needed. It is also important
to develop an efficient and practical sound
source for the frequencies and intensities
of interest. Most systematic studies have
used very expensive (though high quality)
transducers, but such equipment is
neither economic nor practical (due to its
size) for use in fishing operations.

Depending on the fishing method
used, we are lookingfor a sound transducer
with the characteristics listed in Table 7.

The problem of obtaining such trans-
ducers is not easily solved: we have to
face some physical constraints imposed
by sound production.

First, atwavelengths longer than the
dimensions of the transducer, the effi-
ciency of sound production is seriously
limited due to the changing acoustic im-
pedance in the near field region of the
source (Figure 10; Beranek, 1996). Most
sound producing mechanisms may be
modelled either as a monopole (such as a
pulsating sphere) or a dipole (e.g. an un-
baffled loudspeaker). Due to acoustic
short-circuiting between the high and low
pressure sides of a dipole, the radiated
sound intensities at low frequencies are
much less than for a monopole (Figure
10). According to Table 7, acoustic her-
ding would need transducers generating

Table 7. Desired physical characteristics ofacoustic transducers to be used in fishing

operations.

Technique Frequency (Hz) Sound level (dB re 1 uPa) Directionality
Herding <10 >160" ;
Attracting <100->1000 >120 ggﬁgﬁg:e
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Figure 10. Sound producing efficiency of a
monopole (disc with baffle) and a dipole (free
disc) as a function of emitted frequency.
W=emitted sound power, v=velocity of motion
ofdisc (rms), r=radius ofdisc, r=density ofthe
medium, c=sound velocity of the medium,
f-frequency. From: Michelsen, 1983.

wavelengths of hundreds of meters. To
be efficient, the transducer therefore has
to be as large as possible.

Second, as wavelengths increase bey-
ond transducer dimensions the directional
characteristics of the transducer become
poorer. Parametric techniques, making
use ofsecond-order effects in acoustic field
interference patterns, can overcome the-
se problems (Urick, 1967). Present para-
metric systems are designed for frequen-
ciesover 100 kHz, butitis not clear ifitis
feasible to construct systems for the long
wavelengths of interest to fisheries.

To sum up, we are looking as big a
transducer of as possible. For the fisher-
man, the largest object at hand is his
boat.

To see ifa fishing boat may be modi-
fied to generate high intensity infra-
sounds, | did some practical trials. A 3 hk
(approximately 2.1 kW) outboard engine
with no propeller was mounted on an 11
m long research vessel. Weights were at-
tached eccentrically onto the flyweel of
the engine to make it vibrate. The vibra-
tions were translated to the hull of the
boat, which secondarily could be expec-
ted to work as a dipole sound radiator.
Measurements were taken with different
eccentric weights and at various flywheel
revolution frequencies. The highest in-
tensities (more than 155 dB re 1 gPa@ 1
m) and lowest frequencies (20 Hz) were
found with alarge eccentric weight (about
150 g) and a low revolution frequency.
The highest sound pressure level obtai-
ned corresponds to a radiated acoustic
power of about 25 mW, several orders of
magnitude below the power obtained from
the engine. One may wonder where most
of the efficiency is lost. Calculating the
product on the x axis of Figure 10, we
obtainf-r-2p/c =20-11-2p /1500 = 0.9. At
this x value, then sound power emission
efficiency of a dipole is about 10 dB below
the theoretical maximum (Figure 10).
Thus, one order ofmagnitude ofintensity
is lost due to the low wavelength/boat
size ratio, whereas the rest s lost as heat
through the engine and the boat vibra-
tions. Modifying the engine to produce
vibrations more efficiently seems to be
promising for producing higher intensi-
ties and lower frequencies.

Acoustic attraction has a more mo-
dest demand of low frequencies and in-
tensities (Table 7). Thus, it should be pos-
sible to use smaller transducers. We have
tested several transducers:

1) A University Sound UW-30 un-
derwater loudspeaker has a frequency
response ranging from less than 100 Hz
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to above 10 kHz. Its efficiency varies bet-
ween 110 and 120 dBre 1 pPare 1V @1
m. Sound pressure levels up to 140 dB re
1 pPa @ 1 m can be generated. One pro-
blem with these loudspeakers is that they
do not work in water more than a few
metres deep.

A piezoelectric beeper (Elfa model
COS-20BL) contained in a plastic bottle
filled with oil can also generate intense
sounds. The frequency range, however, is
limited to the resonance frequencies of
the crystal, starting at 2.5 kHz. The effi-
ciency atthe resonance frequency is about
114 dBre 1l pPare 1 V@ 1 m. A larger
crystal would generate lower frequencies
of similar intensities and could be well-
suited to acoustical attraction experi-
ments. Also, a coil may be used to lower
and broaden the resonance peak of the
transducer since the transducer itself
essentially acts as a capacitance in the
electric curcuit.
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Appendix A. Active acoustic herding (and scaring) offish

Obs S/F Fish species
No *

1 f mackerel
(Scomber sp)

2 s mackerel

3 s yellowtail,

4 s

5 s flounder

6 S juvenile salmon
(Salmo sp)

7 f juvenile salmon

8 s salmon smolt
(Salmo sp)

9 f salmon smolt

10 f small salmon

1 f trout
(Salmo sp)

12 f king salmon
(Oncorhyncus sp)

13 s trout, whitefish

14 s trout,whitefish

15 S silverside

16 f killifish

17 S cod (Gadus sp),
capelin
(Mailotus sp) etc

18 s cod (Gadus sp),
saithe
(Pollachius sp), etc

19 f cod (Gadus sp)

20 f saithe

21 f scup
(Stenotomus sp)

22 f kingfish
(Menticirrhus sp)

23 f cunners
(Tautogolabrus sp)

24 f bar jack
(Caranxsp)

25 s grey mullet

26 s jewfish

27 f bluefish
(Pomatomous sp)

28 s delah
(Caesio ssp.)

29 f killifish
(Fundulus ssp) etc.

30 s herring
(Clupea sp)

= (s=successful, f= failure)
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Order

Perciformes

Perciformes

Perciformes

Perciformes

Pleuronecti-

formes

Salmoniformes

Salmoniformes

Salmoniformes

Salmoniformes

Salmoniformes

Salmoniformes

Salmoniformes

Salmoniformes
Salmoniformes
Atheriniformes
Cyprinodonti-

formes

Gadiformes

Gadiformes

Gadiformes

Gadiformes

Perciformes

Perciformes

Perciformes

Perciformes

Perciformes

Perciformes

Perciformes

Perciformes

Perciformes etc

Clupeiformes

Hearing
ability

nonsp

nonsp

nonsp

nonsp

nonsp

gen

gen

gen

gen

gen

gen

gen

gen

gen

gen

gen

gen

gen

spec

Type of gear

observing
behaviour

observing
behaviour

observing
behaviour

observing
behaviour

seine

observing
behaviour

observing
behaviour

observing
behaviour

observing
behaviour

irrigation
canal
hydropower
plant

steam plant

nets

observing
behaviour

observing
behaviour

observing
behaviour

observing
behaviour

observing
behaviour

observing
behaviour

observing
behaviour

observing
behaviour

observing
behaviour

baited lines

observing
behaviour

raft fishery

Purse seine?

observing
behaviour

Japanese
drive-in net

observing
behaviour

gill net

Sound-producing
mechanism

sounds of motor boat
vessel noise playback
vessel noise playback
playback of Risso’s dolphin
hitting the water

surface with a rod

acoustic tube and
loudspeaker

acoustic tube and
loudspeaker

acoustic tube and
loudspeaker

acoustic tube and
loudspeaker

noise-making device

hammer hitting metal

engine

playback, vibrating door
vessel noise playback
sounds of motor boat,

shotgun

boat

loudspeaker

“"playback of tones,
noises; vibrating trawl”

airgun

sounds of motor boat and gun
sounds of motor boat and gun
sounds of motor boat and gun

playback of feeding sounds
from C. latus

noise

striking pole with a ring
of shells and tin
sounds of motor boat

rattle of rings

iron ball striking end of tank

engine

Source Level
[dB re 1 pPa

Sound character

@ 1m]
"broad-banded; 126
peak at 300 Hz"
"broad-banded; 136
peak at 300 Hz"
tone, 10 Hz 170
tone, 150 Hz 204
tone, 10 Hz 177
tone, 150 Hz 176
60 Hz-70 kHz
5-500 Hz 128
broad-banded,
peak <100Hz
noise frequency 130
peak=10-380 Hz,
BW=10-300 Hz
"100 Hz-15 kHz;
1 Hz"
stridulatory

low

intensity

SPL at fish
[dB re 1 pPa]

142

167

204

167

196

110/Hz



Signs of
habituation?

Daytime/
nigthime
fishing
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Geographical area

fish culturing net in Chiba,
Japan

fish culturing net in Chiba,
Japan

Netherlands

tank

tank

river

river

Mill Creek, Tahama

County, US

Columbia River,
Oregon, US

San Joaquin River,
California

Hoéga Kusten, Sweden

Chiba, Japan

cage

Norway

lake, Scotland

tank

Norway

net pen, Bermuda

Russia, Mediterranean,
Madagascar

Malaysia

Singapore

tank

Gothenburg archipielago,
Sweden

Source

Parker 1911
Maniwa 1971
Maniwa 1971
Hashimoto &
Maniwa 1966
Weijs 1993
Knudsen eta/.
Knudsen etal.
Knudsen etal.

Knudsen et al.

Radovich 1955

Burner & Moore 1953

Kerr 1953

H. Frimansson
(pers.comm.)

1992

1992

1994

1994

Vanderwalker 1966

Maniwa 1971

Parker 1911

Olsen etal. 1982

Chapman 1976

Chapman 1963

Olsen 1976

Parker 1911

Parker 1911

Parker 1911

Moulton 1960

v. Brandt 1964

Parry 1954

Parker 1911

Burdon 1954

Parker 1910

Anon. pers.
comm. 1995

Comments

Sounds failed to alter behaviour

Vessel noise created an obvious
fright reaction

Fish dispersed by
vessel noise

Fish driven into stationary net

Stated to herd flounder into the
center of the seine

"Fish reaction; wild fish dove, hatched
fish turned away from sound source”
No reaction

"Fish swam away from sound source;
no habituation observed”

No reaction observed

Fish disregarded sound device, both
alone and together with an electric screen

No indications of fish reacting to sound

No effective results

Disturbing for the general public.

Response only for frequencies

below 280 Hz

Fish descended when vessel noise
was applied

“"Boat noise failed to alter behaviour;
shotgun caused momentarily startle"
Fish dove and swam away dispersed in
response to passing boat

"Avoidance response; next year tests
showed an attraction at lower BWs! ”

"Occasionally turned away at the
onset of If sounds; tendency to avoid
vibrating structures"

Fish habituated almost immediately
Sounds failed to alter behaviour
Sounds failed to alter behaviour

Fish ceased feeding while running boat
stood six feet away

Initially movement away from sound
source, but failed to respond after
some minutes

Fish scared to jump into rafts

Fish is meant to be scared into
purse seine pocket

Fish ceased feeding on close
passage of the boat

Rings and white cloth carried by
divers herd fish into trap

Fish sank to bottom in random
distribution or swam away from source

Fisherman stated a significant
increase in catches
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Appendix A. Active acoustic herding (and scaring) offish (cont.)

Obs S/F

No * Fish species

31 s herring
{Clupea sp)

32 s herring
(Ciupea sp)

33 s herring
(Ciupea sp)

34 s herring
(Ciupea sp)

35 s herring
(Ciupea sp)

36 f herring
(Ciupea sp)

37 s herring
(Ciupea sp)

38 s herring
(Ciupea sp)

39 f herring
(Ciupea sp)

40 s herring
(Ciupea sp)

41 s herring
(Ciupea sp)

42 s herring
(Ciupea sp)

43 s herring
(Ciupea sp)

44 s hog-mouth fry
(Anchoviella sp)

45 s blueback herring
(Alosa sp)

46 f blueback herring
(Alosa sp)

47 S alewife,
(Alosa sp)

48 S alewife,
(Alosa sp)

49 s Spratelloides sp

50 s scabbardfish

51 f striped bass
(Roccus sp)

52 S

53 5

54 S

55 S

56 5

57 5

58 5

59 S

* (s=successful, f= failure)

Order

Clupeiformes

Clupeiformes

Clupeiformes

Clupeiformes

Clupeiformes

Clupeiformes
Clupeiformes

Clupeiformes

Clupeiformes

Clupeiformes

Clupeiformes

Clupeiformes

Clupeiformes

Clupeiformes

Clupeiformes
Clupeiformes
Clupeiformes
Clupeiformes

Clupeiformes

Hearing
ability

spec

spec

spec

spec

spec

spec
spec

spec

spec

spec

spec

spec

spec

spec

spec
spec
spec
spec

spec

Type of
gear

purse
seiner

observing
behaviour

observing
behaviour

observing
behaviour

observing
behaviour

observing
behaviour

observing
behaviour

observing
behaviour

observing
behaviour

observing
behaviour

trawling

observing
behaviour

observing
behaviour

observing
behaviour

observing
behaviour

observing
behaviour

power plant
power plant
observing
behaviour
purse seine
steam plant
drive-in
fishery
drive-in
fishery

raft fishery
seine

seine

nets

gill net

unknown

observina
behaviour

Sound-producing
mechanism

engine

playback

loudspeaker

airgun

vessel noise

playback of pure
tones, noises

vibrating trawl warp

playback of vessels
and synthesized
sounds

playback of natural
sounds

(eg killer whales)
vibrating obstacles

boat engine

train passing
bridge

boat

playback of
predatory feeding
sounds

playback
playback
playback
playback

vessel noise
playback

striking pole with
a ring with shells
and tin

steel barge with air
hammer

... frightening line....

noise, beating the
water

noise
splashing the water

noise, hitting the
water

noise
percussive devices
pounding on deck

and detonating
explosive

Sound character

various pure
tone and
noise signals

pure tones and
noise signals,
3-5000 Hz

100 Hz-15 kHz
1 Hz

0-3 kHz

<100 Hz-20000 kHz

5-15 Hz

peak at 64 Hz

stridulatory

110-140 kHz
0.1-1 kHz
pulse:

peak at 60 Hz
110-150 kHz

broad-banded,
peak clOOHz

500-3000 kHz

Source Level
[dB re 1 pPa
@ 1m]

25 dB ab
amb noise

112

180
175

180



SPL at fish
[dB re 1 pPa]

Signs of
habituation?

94/Hz y
y
y

140 n

150

151 n
y

163 y

110/Hz
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Daytime/

nigthime

fishing Geographical area
daytime Tysfjord, Norway

net-aquarium in
the sea

closed net

Atlantic

tank

tank

tanks, pens,
open water

pen

aquarium

Ofotfjord, Norway

Denmark

Norway

Bermuda

confined area and
open water

confined area and
open water

net, Lake Ontario
rock quarry, NY

Chiba, Japan

Malaysia

California

Phillipines

Russia

Lake of Constance,
African lakes

Mediterranean,
200 A.D

China

Ryukyu area,
Polynesia

reservoir,
Pennsylvania

Source

F. Ugarte

pers.comm.
Olsen 1971,
Hering 1968

Olsen 1976

Olsen 1976

Mohr 1971

Chapman 1963

Chapman 1963

Schwarz &
Greer 1984

Schwarz &
Greer 1984

Blaxter & Batty 1985

Ona & Toresen 1988

Westerberg 1996

Olsen etal. 1982

Moulton 1960

Nestler étal. 1992
Nestler etal. 1992
Haymes &

Patrick 1986
Dunning étal. 1992

Maniwa 1971

Parry 1954

Kerr 1953

v. Brandt 1964

v. Brandt 1964

v. Brandt 1964

Sahrhage &
Lundbeck1992

Sahrhage &
Lundbeck1992

Anonymous 1948

Radovich 1955

Smith &
Andersen 1984

Comments

Fisherman states a significant
increase in catches

”LF interrupted or pulsed signals
scaredmost efficiently; brake up
school, swim away from source”
”Distinct avoid resp; LF gave stronger
resp. rapid discont incr in stim level
incr reaction”

Increased swimming speed and
turn away from source

"Flighted and dove at a distance of
up to150 m from ship; in Skagerrak
flight upwards from trawl!”

No consistent reaction
Tendency to avoid vibrating structures

Avoidance response increased with
lower frequencies

No reaction

Strong avoidance

"Boat influenced movement; sugg. pair
trawling more efficient because of
herding effect”

Fish dove in response to passing train,
but continued on original course

Fish dove and swam away from vessel
and dispersed in response to

passing boat

School showed tendency to divide

and clear the area beneath the
transducer

School gathered and swam

away from sound source

Only short-term startle responses

Repelling fish

Broad-banded sounds repelled
more easily

Fish descended when vessel
noise was applied

Fish is meant to be scared into
purse seine pocket

No effective results obtained
Fish scared by (proposedly) the
sound from rattling line

Fish scared by sound

Fish scared to jump into rafts

Fish scared toward the bag

Fish scared towards gear

Fish scared towards gear

"Fish are efficiently scared out of

hiding places into net; visual and/or
acoustical cues”

Fish is proposed to ’light up'
the bioluminescence.

No reactions seen
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Appendix B. Passive steering offish hy (proposed) acoustical or hydromechanical cues

Proposed
Obs Hearing Type of soundproducing
No Fish specie Order ability gear mechanism
1 salmon Salmoniformes gen trap net poles driven
into mud
Salmo salar
2 Salmoniformes gen salmon leader
trap net
3 Anguiiiiformes gen eel trap net leader
4 American shad Clupeiformes spec drift gill net gill net
(Alosa sapidissima)
5 offshore poles in
palisade trap tidal stream
6 trap net poles or
fence
7 trap net leader

36



Daytime/night-
time fishing

best at
night-time
with no moon

Geographical
area

Sumatra,
Indonesia

Baltic Sea

Lake Hjalmaren,

Sweden

North America

Singapore

Indonesia

Japan, Alaska,
Baltic Sea,
Mediterranean

A review of the literature on acoustic herding and attraction of fish

Source

Westenberg 1953

Westerberg 1982b

Westerberg 1982a

Leggett &

Jones 1971

Burdon 1954

Westenberg 1953

v. Brandt 1964

Comments

Spaces between poles wide enough for fish to
pass if they wished;proposes Aeolian tones

Fish turns away from leader before being able to
visually observe it; proposes acoustical cues

Fish turns away from leader before being able to
visually observe it.

Avoide net during night; proposes
hydromechanical cues (during light visual cues)

Fish is turning away from pole barrier, even though
it is physically possible to go between poles

For daytime fishery, the water should not be
too clear. Proposes aeolian tones.

Leader increase catches significantly
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Appendix C. Acoustical attraction offish

Obs S/F

No * Fish species

1 s  sharks
(Carcharhinus ssp. ,
Triaenodon obesus)

2 f sharks

3 s  sharks

4 s  sharks

5 s sharpnose shark
(Rhizoprinodon sp)

6 s  sharks
(Carcharhinus ssp)

7 s lemon shark
(Negaprion
brevirostris)

8 s  sharks

9 s  sharks

10 f  flounders
(Platichtys sp etc.)

11 s yellowtails

12 f  yellowfin tuna

13 s yellowtail (Seriola sp)
mackerel
(Scomber sp. etc.)
14 s tuna
(Katsuwonus sp.,
Neothunnus sp.)
15 S tuna
(Euthynnus affinis C.,
Neothynnus rarus)
16 s Scomber
negiectus. S. kanagurta
17 s mackerel and
jack mackerel
18 s squid
(Todarodes pacificus)
19 s deep sea queen crab
(Chioneceles japonicus)
20 s Gadus sp.,
Pollachius spp)
21 s cod
(Gadus morhua)
22 s barracuda
(Sphyraena barracuda)
23 s carangids
(Decapterus spp),
Selar spp.
24 s labrids and
Piatypoeciius
25 s  predatory
reef fish

* s=succesful, f=failure (col. 1)
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Order
Class
Eiasmobranchiomorphi
Class
Eiasmobranchiomorphi

Class
Eiasmobranchiomorphi

Class
Eiasmobranchiomorphi

Class
Eiasmobranchiomorphi

Class
Eiasmobranchiomorphi

Class
Eiasmobranchiomorphi
Class
Eiasmobranchiomorphi

Class
Eiasmobranchiomorphi
Pleuronectiformes
Perciformes

Perciformes

Perciformes

Perciformes

Perciformes

Perciformes

Perciformes

Ph Mollusca

Ph Crustacea

Gadiformes

Gadiformes

Perciformes

Perciformes

Perciformes

Perciformes

Hearing
ability

nonsp

nonsp

nonsp

nonsp

nonsp

nonsp

nonsp

nonsp

nonsp

nonsp

nonsp

nonsp

nonsp

nonsp

nonsp

nonsp

nonsp

nonsp

nonsp

gen

gen

gen

gen

gen

gen

Type ofgear

observing
behaviour

observing
behaviour

observing
behaviour

observing
behaviour

observing
behaviour

observing
behaviour

observing
behaviour

observing
behaviour

local fishing

observing
behaviour

observing
behaviour

observing
behaviour

observing
behaviour
of conspecifics

hooked

hooked
by trolling

netting

observing
behaviour

angling
observing
behaviour

observing
behaviour

observing
behaviour
observing

behaviour

netting

harpooned

observing
behaviour

Sound-
producing

mechanism Sound character

playback "25-100 Hz filt. noise;
pulse rate 10 Hz"
playback 50 Hz sine and square

wave 10 Hz modulated

spearing fish sounds of struggling

speared fish

fish vocalization

playback irregularly pulsed 55 Hz
‘overdriven’ sine waves
playback 10-20, 20-40 and 40-80
Hz bands 0.3-3 pulses/s
playback sounds of struggling fish
etc., BW:20-640Hz
loudspeaker BW 25-50 Hz and 100-200

Hz noise 0.1-5 pulses/s

shark-attracting
rattle of coconut shells

electric bell, buzzer,
motor horn

feeding and
swimming sounds

playback 0.1-70 kHz

bait eating and <100 Hz-3 kHz

swimming sounds

"splashing water;
throw out fish as bait"

lure made of
feathers on line

rope with
coco-palm leaves

tonal sounds?

playback pure tone 600 Hz
and higher
playback of 2-5 kHz

bait-eating sounds

30-110 Hz tones,
continuous and pulsed

"loudspeaker;
diver's aqualungs’

trawling noise 0-250 Hz

playback of
feeding sounds of
Caranx latus

stridulatory

rope with attached
coco-palm leaves

nail moving over broad-banded 1-10 kHz

stem under water

loudspeaker BW 25-50 Hz and
100-200 Hz noise

0.1-5 pulses/s

Source Level
[dB re 1 pPa
@ 1m

156

156

135-155

80-105

120

>117

>120

160

>118

124 and
133

90/Hz

100

120



SPL at fish
[dB re 1 pPa]

>84

117,122

123

118

Signs of
habituation?
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Daytime/nigthime
fishing

nightime
with lamps

Geographical area

Polynesia

Polynesia

Polynesia

Polynesia

Bahamas

Florida

Florida

Bahamas
Indonesia
aquaria and pens
fishing grounds
and net, Japan

tank

fish culturing net
and fishing
grounds

Indonesia

Indonesia

Indonesia

fishing grounds

tank

Scotland

Canada

Bahamas

Indonesia

Senegal, Niger

Bahamas

Source

Nelson & Johnson 1976

Nelson & Johnson 1976

Nelson & Johnson 1976

Nelson & Johnson 1976

Myrberg etal. 1969

Myrberg et al 1976

Banner 1972

Richard 1968
Westenberg 1953
Moorhouse 1933
Hashimoto &

Maniwa 1966 & 1971

Miyake 1951
(imTester 1959)

Maniwa 1976

Westenberg 1953

Westenberg 1953

Westenberg 1953
Kleerekoper &
Chagnon1953
Maniwa 1976

Maniwa 1976

Chapman 1976

Buerkle 1974

Moulton 1960

Westenberg 1953

Busnel 1959

Richard 1968

Comments

Attracted to noise; species and area
differences in response due to unknown reason

No reaction

More intense attraction with larger fish
Sharks attracted by fish sound

Highly attracted

Low frequency sounds more attractive;
repetition rate had to be 3 Hz for attraction

Sharks attracted or startled,
detection distance about 1 m

Especially higher frequencies
attracted sharks

Successfully attracting sharks
No consistent reaction

Fish ascended towards sound projectorand
increased in speed, apparently searching for bait

Indications of attraction by complex sounds
of low frequency; inconclusive results

Fish swim up from the bottom towards
the projector near the surface; attempts to feed

Proposed to attract fish acoustically;
immediate detection of bait splash

Proposed to attract fish acoustically

Attracts fish before netting;
proposes Aeolian tones

Fish conditioned; moved toward
strongest sound source

600 Hz clearest response; squid swam
upward; more squid caught, also light attraction

Induced food-seeking behaviour;
tests with other species failed

Fish attracted by especially 40 Hz tone;
response increased if tone was pulsed;
fish attracted to divers

Increased catches of cod in presence of noise;
attraction or stimulated locomotor activity

Came abruptly to a spot about 8 feet from
transducer and lay quietly facing it
for about 3 minutes

Attracts fish before netting; proposes fish
attracted by produced Aeolian tones

Suggested acoustical attracting,
complemented by other stimuli

Different species attracted to
different sounds
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Appendix C. Acoustical attraction offish (cont.)

Obs S/F
*

No
26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

* s=succesful, f=failure (col. 1)

f

40

Fish species

herbivorous
reef fish

butterfish

Order

Perciformes

Perciformes

(Poronotus tricanthus)

young
Caranx sp

Perea sp

Perea sp,
Acerina spp,
Lucioperca sp

sea bream
(Pagrus sp)

black pomfret
(Stromateus sp)

Rock cod
(Sebastodes sp)

sea robin
(Printus spp)

surf perch
(Cymatogaster
aaaregatus)

Semotilus
airomaculatusa

Sculpins
(Oligocottus sp

and Leptocottus sp)

clupeid
(Brevoortia sp)

Clupea spp

Silurus glanis

carp

Perciformes

Perciformes

Perciformes

Perciformes

Perciformes

Perciformes

Perciformes?

Perciformes?

Perciformes?

Scorpaeniformes

Clupeidae

Clupeidae

Siluriformes

Cypriniformes

Hearing

ability

gen

gen

gen

gen

gen

gen

gen

gen

gen

spec

spec

spec

spec

Type of gear

observing
behaviour

observing

observing
behaviour

anectodal fish
behaviour

net,
‘Klapper-
fischerei’

angling

encircling
with net

observing
behaviour

observing
behaviour

observing
behaviour

observing
behaviour

observing
behaviour

observing
behaviour

netting

observing
behaviour

Sound-
producing
mechanism

loudspeaker

loudspeaker
behaviour

playback of
swimming sounds
and tooth rasps

various impulse
sounds with rods etc

throwing lead
weights into
the water

boys singing 'ooh’ with
bamboo stick in water

electric bell,
buzzer, motor horn

iron ball striking
end of tank

electric bell,
buzzer, motor horn

underwater
loud speaker

electric bell,
buzzer, motor horn

loudspeaker
and pure tones

rope with attached
coco-palm leaves

hitting surface
with stick

bait eating sounds

Sound character

BW 25-50 Hz and
100-200 Hz noise
0.1-5 pulses/s

2 kHz tone

40-250 Hz pulses

broad banded >124
with peak at 300 Hz

100 Hz-70 kHz
tonal?

1-20 kHz warble

Source Level
[dB re 1 pPa
@1m

120

124

155-187



SPL at fish
[dB re 1 pPa]

Signs of
habituation?

A review of the literature on acoustic herding and attraction of fish

Daytime/nigthime
fishing

before sunrise,
during summertime

Geographical area

Bahamas

tank

aquarium

Sweden

Germany

fish culturing net
and fishing grounds

Java

aquaria and pens

tank

aquaria and pens

concrete tank
and pool

aquaria and pens

tank

Indonesia

Serbia

pond, Japan

Source

Richard 1968

Moulton 1963

Moulton 1960

Jansson 1995

Wolff 1967,
Jansson 1995

Maniwa 1976

Westenberg 1953

Moorhouse 1933

Parker 1912

Moorhouse 1933

Miyake 1952

Moorhouse 1933

Moulton 1963

Westenberg 1953

Busnel 1959

Hashimoto &
Maniwa 1966

Comments

Herbivorous reef fishes not attracted
even though abundant

Fish moved into region of
highest intensity

Initiated feeding reaction;
subsided after several minutes

Fish proposed to be attracted to the sound
created when making a hole in the ice

Fish attracted and / or scared
by sound

Changed swimming direction and
approached sound projector

Fish flock around singer, and sometimes
even jump in his face of exitement

No consistent reaction

Fish concentrated at the end
toward the sound source

No consistent reaction

Some possibility of orientation toward
the sound of exhaust from a
motor boat and a 200 Hz signal.

No consistent reaction

Moved to area of highest intensity,
frenzied swimming; response
decreased above 15 kHz

Attracts fish before netting; proposes fish
attracted by produced Aeolianan tones

Sounds attract fish

Fish gathered around projector;
higher intensities frightened the fish
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Appendix D. Other interesting techniques /observations

Hearing Daytime/nightime
Species Order ability Type ofgear fishing?

i [ Anguilliformes none wind power plant nightime
eel (Anguilla anguilla) g te?emetry study
capelin (Malotus villosus) Salmoniformes gen purse seining
tuna (yellowfin and others) Salmoniformes gen observing

behaviour

Jewfish Perciformes gen

(Epinephelus itajara)
and Scabbardfish

fry Perciformes gen

Caranx latus, C. ruber

tuna Perciformes gen engine noise
fry Atheriniformes gen?

Atherina harringtonensis

silversides(atherinids) Atheriniformes gen?

herring Clupeiformes spec observing

(Clupea harengus) behaviour

hog-mouth fry Clupeiformes spec

(Anchoviella choerostoma)

fry Clupeiformes spec
Anchoviella choerostoma

Sardinella aurita, Clupeiformes? spec?
S. cameroonensis,

Ethmalosa dorsalis,

llisha melanota,

Cynoscion senegalla

hairtail trawler engine noise
listening
for fish
gill- and lift nets, mainly daytime
seines
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Geographical area

Handbbukten,
Sweden

North of Norway

Bermuda

Bermuda

aquarium

Bermuda

Labadi District,
Gold Coast

several
locations

Kelantan and
Tenganu, Malaysia

Kelantan and
Tenganu, Malaysia

A review of the literature on acoustic herding and attraction of fish

Comments

Eels tended to swim away from the
power plant when it was in function

Sensitive to visual and acoustic
stimulation during feeding periods,
but not during spawning season

Review of chemical, acoustical,
visual and electrical attraction

Evidence of fish orienting to

the echo of its own call
Description of swimming sounds
Catches less by steel vessels
than by wooden vessels
Description of swimming sounds
Underwater explosions possible
affects fish life

Herding fish with air-bubble curtains
Studies of blinded fish school
Description of swimming sounds

Finding fish through listening with paddle

Catches less by diesel engine trawler
than by steam engine

Classification of fishing gear

Discussing herding and attracting fish;
many unrealistic suggestions

suggests the use of sounds to steer fish

Passive listening for fish, with
blade or head dipped in water

Discussing herding in trawling

Review of acoustic attracting
and repulsing

Discussing difference in response to
infrasound between sharks and teleosts

Discussing effects on fish migration due
to infrasound generation in bridges

Fish attracted to shade under coconut fronds

Finding fish through listening for
‘croaks and chuckles'

Source

Westerberg 1994

Olsen 1971

Tester 1959

Griffin 1950

Moulton 1960
Maniwa 1971
Moulton 1960
Hubbs &
Rechnitzer 1952
Smith 1963
Moulton 1960

Moulton 1960

Moulton 1960

Maniwa 1971
Brandt 1971

Alverson &
Wilimovsky 1963

Maniwa 1971

Westenberg 1953

Chapman 1963

Blaxter 1988

Enger etal. 1993

Westerberg 1993

Parry 1954

Parry 1954
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Visual ecology of fish — a review with special reference to percids

Summary

The function and morphology of the fish
visual apparatus is in many respects
similar to terrestrial vertebrates. Light
passes through a cornea, is concentrated
by a lens and absorbed by photoreceptors
in the retina, which sends nervous signals
via the optical nerve to the brain for inter-
pretation. But there are also some impor-
tant dissimilarities. Instead of changing
the shape ofthe lens, fish accommodates
by moving its lens in relation to the
retina. Fish has no air—cornea interface,
which deprives it of nearly 80% of their
optical power compared to terrestrials.
Fish as a group has also a more diverse
set of visual pigments than terrestrial
vertebrates since they have adapted to a
large number of different light environ-
ments.

The light environment in water is
depending on both above surface, at sur-
face and below surface conditions. The
proportion of light transmitted through
the surface depends on the angle of the
incident light and whether the surface is
still or rough. The more dislocated the
angle is from the perpendicular the more
light is reflected. A rough surface reflects
more light than a still. Once light has
entered the water column it is absorbed
and scattered by the water itselfand dis-
solved and particulate substances. De-
pending on the composition of different
substances in the water, light ofdifferent
wavelengths is more or less diminuted.
There are four major agents absorbing
light in aquatic environments. 1) The
water itself, which absorbs most of the
light in the ultraviolet, green and red
parts of the spectrum 2) Dissolved orga-
nic substances (so called Gelbstoffe) ab-
sorbing maximally in the UV, violet, blue
and green part ofthe spectrum 3) Phyto-
plankton, which absorbs light depending
on pigment composition. Chlorophyll, the
dominating pigment group absorbs most
light in the blue and red part of the spec-
trum. 4) Particulate inorganic substances
absorbing light of different wavelengths

in a more even fashion. The absorbance
characteristics of these substances never-
theless may vary between different types.

Percids can be grouped into two major
classes by their visual adaptations for
foraging in different light environments.
Pikeperches (Stizostedion sp.) mainly and
ruffe (Gymnocephalus sp.) feed crepuscu-
larly or nocturnally, and are thus equip-
ped with a visual apparatus designed for
light sensitivity. These species has a so-
called tapetum lucidum, a reflective layer
ofthe retina consisting ofa substance cal-
led 7,8-dihydroxyanthopterin. The arr-
angement induces extra reflections of
light back and forth between the rods
with additional absorptions at each re-
flection. Perches (Perea spp.) are instead
diurnal feeders, foraging in bright light.
They lack a tapetum lucidum and have
instead a visual physiology enhancing
visual acuity in bright light.

Larval perch are equipped with UV-
sensitive cones. These are believed to be
supportive when they feed on zooplank-
ton in the pélagial. When the perch larvae
go through metamorphosis and switch
habitat, from the pélagial to the benthic
littoral, the UV-sensitive cones are reg-
ressed.

As with most other freshwater fishes,
the retina of percids absorbs maximally
in regions of the spectra slightly devia-
ting from the regions where water trans-
mits maximally. This is believed to be
advantageous when detecting objects
underwater. Since light reflecting off an
object usually contains larger portions of
light in regions spectrally deviating from
the background, which nearly eclipses the
regions where light transmission in the
particular water is maximum. Having a
retina that absorbs more light of such
wavelengths will increase the perceived
contrast between the object in particular
and the background. For deep-sea fishes
on the other hand there seems to be a
clear match between the spectral char-
acteristics of their visual pigments and
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the spectral region of maximum trans-
mission in water. This is probably due to
the fact that the only light that reaches
down to their ambient environment is in
the regions of the spectrum where light
transmission in seawater is maximal.

The importance of contrast for prey
recognition has been demonstrated for
many freshwater fishes. For percids it
has been studied at early developmental
stages. Both for perch (Perea fluviatilis)
and pikeperch (Stizostedion lucioperca)
larvae, contrast seems to be an essential
factor for prey recognition.

Oneimportantfactor affecting the light
environment in aquatic environment is
turbidity. Increasing turbidity decreases
the distance ofafish’s visual field, increases
luminosity, affects contrasts, defocuses
and depending ontype, selectively changes
the composition of wavelengths of light
transmitted through the water. All these
factors influence a fish’s foraging ability.
Not necessarily negative. By changing the
colour ofthe background light it may ac-
tually enhance the contrast ofcertain prey
items. It will also affect the light attenu-
ation with depth. High levels ofturbidity
will decrease the maximum distance of
light penetration thus imposing spatial
constraints on fish foraging.
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Introduction

The visual system of fishes is adapted to
their lifestyle and the constraints oftheir
ambient environment. Since fishes occur
in a very wide spectrum of light envi-
ronments the magnitude of diversity in
visual adaptations is of considerable
range. The diversity of visual pigments
for example, exceeds that of all other
vertebrates collectively (Nicol, 1989).

The deep-sea fishes are examples of
one extreme, adapted for vision in envi-
ronments with very low light intensity
and their visual apparatus is thus desig-
ned to meet the demands of these condi-
tions. Some species ofdeep-sea fishes even
generate light by themselves to visualise
their surroundings (Randall, 1993). The
surface living fishes at the other extreme
forage in bright light and have very high
visual acuity in the visible field, in some
species even combined with the ability to
visually detect the UV-portion ofthe light
spectra (Lythgoe, 1979).

The visual conditions can influence
both predator-prey interactions and be-
havioural patterns of fish (Hanson &
Walton, 1990; Gregory, 1990; Barrett et
al., 1993) thus having the potential to
significantly influence aquatic ecosystems.
When analysing these mechanisms it is
offundamental importance to understand
the general relationships between visual
conditions, the function of fish vision,
species adaptations, and fish behaviour.

Numerous anthropogenic activities
and associated environmental distur-
bances can affect the visual conditions of
aquatic habitats. Eutrophication often
results in increased turbidity caused by
algal blooms and suspensions ofsediment
particles. Dredging, boat-traffic and other
mechanical disturbances can cause strong
turbation of sediment particles also in-
creasing the turbidity in affected areas.
The impacts of altered turbidity on fish
depends largely on the visual adaptations
and life-strategy ofthe concerned species
influencing their capability ofperforming
in environmentsofvarying turbidity.

The objective ofthis literature review
is to portrait the current understandings
of the influence of visual conditions on
fish biology, with special reference to per-
cids. Main emphasis will be on describing
the physical mechanisms influencing
visual conditions in natural waters, the
function offish vision, visual adaptations
of different species of percids with com-
parisons to their lifestyle and behaviour
and conclusively the influence of visual
conditions on fish performance.
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From the sun to the fish cornea- visual conditions in

aquatic environments

Light impinging on earth originates from
the sun, either directly or indirectly when
it reflects on the moon, and the stars.
From a view of strict physical semantics
light is ”a part of the radiant energy of
the electromagnetic spectrum” (Wetzel,
1983). Thus being a type of energy, light
can be transformed to other energetic
forms, predominantly heat. The electro-
magnetic spectrum is expressed in fre-
quency (in Hz) and in wavelength (A),
usually in nanometer, nm.

The solar flux of energy ranges in
wavelength from 100 nm to 3 000 nm
(Fig. 1). The visible part of the spectrum
ranges from 400 nm to 760 nm (Ruttner,
1963). The maximum energy flux, both
extraterrestrially and at ground level lies
in the visible field ofthe spectrum or more
precisely in the green and blue portions,
at approximately 480 nm. Light is filte-
red by means of selective absorption by
various agents before entering the water
column. Shorter wavelengths, especially
the ultraviolet portion, is strongly absor-

o 20

VISIBLE
co 0

bed in the atmosphere by ozone and oxygen.
Longer wavelengths, especially the infra-
red section, are absorbed by water vapour,
ozone and carbon dioxide (Wetzel, 1983;
Lythgoe, 1979; Nicol, 1989).

The photons are reflected, refracted
and to some extent polarised at the water
surface. Thus, due to reflection, only some
portions of the photons penetrate the
surface and become available for animal
vision below. The portion of light entering
through the surface depends on if the
surface is still or rough (Fernald, 1993)
and with which angle the solar radiation
hits the water surface (Wetzel, 1983) (Fig.
2). Reflection increases with increasing
distance from the perpendicular. More
light penetrates a still surface. Hence,
the visual environment of aquatic habi-
tats is partially depending on surface con-
ditions.

Once light enters the water column it
is scattered, or redirected, due to reflec-
tion, refraction and diffraction (Valiela,
1995). This process can determine how

EXTRATERRESTRIAL SOLAR
RADIATION

DIRECT SOLAR RADIATION
AT GROUND LEVEL

INFRARED

WAVELENGTH (pm)

Figure 1. Spectral composition ofsolar radiation, extraterrestrially
and at ground level. Modified from Wetzel (1983).
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H 60’

SURFACE REFLECTION (%)

Figure 2. Surface reflection as apercentage of
total solar radiation at cloudless conditions
and at angles of incidence varying from the
horizontal. From Wetzel (1983).

light forms images on an animals retina.
The process of scattering decreases the
penetration oflight in water and diminis-
hes the directionality of light, hence eli-
minating directionality cues (Marcotte &
Browman, 1986). Light reflecting on an
image is, ofcourse, also scattered, reducing
the available information about the image.
Upwelling light, with other words light
scattered, comprises only 4 to 5% of the
downwelling (Lythgoe, 1984)

Light absorption in water

Light absorption is defined as the trans-
formation of light leading to diminution
increasing with depth. When light pene-
trates the water surface it is absorbed by
the water itselfand also by dissolved and
particulate substances. Different sub-
stances absorb different parts ofthe light
spectra. Distilled water absorbs much of
the light in the red and the infrared (>575
nm), violet and ultraviolet (UV) region
(<400 nm) ofthe spectra and very little in
the middle regions, especially in the blue
section (400-450 nm) (Fig. 3a) (Wetzel,
1983).

Wavelength (nm)

Wavelength (nm)

<3 03

Wavelength (nm
0.2 gth (nm)

0.1

Nogo =pog

400 500 600 700
Wavelength (nm)

Figure 3. The four major absorbing agents in
natural water: a) the water itself b) stable
products oforganic decay (Gelbstoffe) ¢) Phyto-
plankton, in this case the chlorofyll-dominated
attenuation spectrum ofa suspendedgreen algae
d) suspended matter, in the example a clay
solution. a)-c) from Lythgoe (1979) and d) from
Bristow et al. (1996).
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Downwelling irradiance (gW crrrz nnri,

Different particulate or dissolved sub-
stances have varying absorptive characte-
ristics. Dissolved organic material has its
absorbance maximum in the lower wave-
lengths, absorbing most ofthe UV, violet,
blue and green light (Fig. 3b) (Fernald,
1993). Especially humic particles greatly
increase the absorption of the blue and
green wavelengths (Wetzel, 1983). Parti-
culate suspensoids on the other hand do
not show the same selective absorption as
dissolved organic material (Wetzel, 1983).
Absorbance varies more between diffe-
rent substances, and they generally ab-
sorb different sections of wavelengths in
a more even fashion (Fig. 3c). The type
and amount of absorbing agents in water

Crater Lake 5 August 1966
Surface
50 m\25 m

300m

400 m
500 m

600 m

350 400 450 500 550 600 650 700 750

Wavelength (nm)

also influence its colour, or more precisely,
how a human observer perceives its colour,
Natural water has a colour that matches
the portion of the spectra that is maxi-
mally transmitted. Clear water therefore
has a blue appearance, and most fresh-
water lakes, where algae, particles and
dissolved substances dislocate the maxi-
mum transmission point upward in the
spectrum has a green outlook,

Light passingthrough awatercolumn
is thus progressively diminished. The
attenuation oflight can be approached in
many ways. One of the most straightfor-
ward is to describe light attenuation or in
this case light intensity at a given depth
/ as a function of surface intensity (10)

20 m

WAVELENGTH (nm)

Figure 4. a) Downwelling irradiance in the extremely pure water of Crater Lake.
(From Lythgoe, 1979) b) Comparison ofspectral distribution in Gull Lake, Michigan at 1
and 20 m depth. Note how the spectral composition at larger depths differs between
"pure” water and the water ofa mesotrophic lake (From Wetzel, 1983).
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and the logarithm ofthe negative extinc-
tion coefficient (k) times the depth in
meters (z) according to the formula (Nicol,
1989):

Iz=10ekz

The extinction coefficient (k) is affec-
ted by the magnitude and composition of
different dissolved or particulate sub-
stances in the water (Fig. 4a & b). Simply
expressed as the sum of the extinction
coefficient of the water itself (kj, of ab-
sorbing particles (k ) and of dissolved co-
loured compounds (k) (Wetzel, 1983):

k=k_ -i-k -tk
W p o c

Seasonal and diel patterns of the visual
conditions of aquatic environments.

The amount of solar radiation that is re-
ceived by the water surface is mainly a
function ofthe angular height of the sun
incident to the earth and is thus greatly
influenced by time of day, latitude and
season (Blaxter, 1975). In temperate and
arctic areas daylength changes consid-
erably with season (Gates, 1962) (Fig. 5).
During the winter season the bright part
of the day is short and the angle to the

sun during daytime is small. This relation-
ship does not only affect the climate in
temperate and arcticregions but also influ-
ences the light conditions in the waters.
The more the angle with which the sun
impinges on the water surface is disloca-
ted from the perpendicular the larger is
the part ofthe solar radiation reflected at
the surface (Lythgoe, 1975). Thus, visual
conditions in aquatic environments are
strongly influenced by winter conditions.
Visual conditions at dawn and dusk
are characterised by shorter wavelengths
(Fig. 6). The reason for this is that light
arrives to the surface at a lower angle
after a longer atmospheric path (Munz,
1971). When the spectral composition of
daylight changes duringthe day, from short
wavelengths atnoon to longer wavelengths
at dawn and dusk, naturally the down-
welling irradiance changes accordingly.

7 100

1000

T 800

o 400 Twilight

J FNMAMIIJASOND

Figure 5. Daily totals ofthe undepleted solar
radiation received on a horizontal surface
for differentgeographical latitudes as a func-
tion of the time ofyear (solar constant 1,94
cal cm2 minl. From Gates (1962).

Wavelenght (nm)

Figure 6. Spectral irradiance during mid-
day and twilight at the Einewetok Atoll. From
Lythgoe (1979).
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Another seasonally occurring feature
of temperate and arctic regions that has
impacts on the visual conditions of aquatic
organisms is the formation of ice. The
percentage oflight transmission through
clear colourless ice is not that different
from water. But if the ice is coloured or
cloudy, attenuation of light greatly in-
creases. With the addition of snow on the
ice surface light transmission is nearly
depleted. In conditions with both ice and
snow itis notunusual thatlightis entirely
attenuated already at one meters depth
(Wetzel, 1983).

Summary:
e the maximum energy flux of solar ra-

diation lies in the visible field ofthe spec-
trum, at approximately 480 nm.

« light reflection on the water surface is
depending on with which angle the solar
radiation hits the surface and whether
the surface is still or rough.

« once light enter the watercolumn it is
scattered, refracted and absorbed by the
water itselfand by dissolved and particu-
late substances.

« different particulate and dissolved sub-
stances in the water absorbs different
parts of the light spectra and thus influ-
ences the attenuation of light of different
wavelengths.

» the intensity of solar radiation and the
spectral composition ofthe light imping-
ing on the water surface is greatly influ-
enced by time ofday, latitude and season.
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Vision in fishes

The visual system of fish is in many
respects designed in a fashion similar to
most terrestrial vertebrates. The eye col-
lects light that is concentrated by a lens
forming a focused image for analysis on
the retina. Besides these fundamental
similarities, fish as a group display a more
diverse set of visual adaptations compa-
red to terrestrial vertebrates. As a result
ofthe large number ofvarious dissimilar
habitat types that fish inhabit they have
developed a broad variety ofvisual adap-
tations. The set of visual pigments in
fishes is for example by far more diverse
and variable than in other groups of ver-
tebrates (Lythgoe, 1986). Munz (1971)
stresses that the evolution ofdiverse sets
ofpigments in fish is probably a necessity
in the selection for adaptive abilities in
aquatic environments.

Morphology and function of the fish eye

The fish eye grows throughout the entire
life. Therefore the morphologic adapta-
tions of its visual system must satisfy
both immediate and future needs ofvision
(Nicol, 1989; Loew & Wahl, 1991; Fer-
nald, 1993).

The fish eye is located in an orbital
cavity formed of connective tissue, carti-
lage and bone and is surrounded by a
thick fibrous coat, the sclera (Nicol, 1989)
(Fig. 7). Its transparent part at the front
of the eye is called cornea. Light passes
through the cornea and is refracted on
the lens and then concentrated to parts
of the innermost tunic of the eye cavity,
where photoreceptive cells form a light
sensitive layer, the so-called retina. The
lightis concentrated to a part ofthe retina,
the fovea, where the abundance of photo-
receptors is greatest resulting in a more
resolved image.

The optics of fish is different from
terrestrial animals in one fundamentally
important respect. There is no air-cornea
interface, a feature that provides signifi-
cant optical power to terrestrial verte-
brates. The refractive index ofthe cornea

Scleral
cartilage

Suspensory
ligament

Optical ) Lens
nerve Retina

Lens muscle
Short |
ciliary
nerve Lens muscle
nerve branch

Cornea

Pigmented

covering

Iris nerve branch

Figure 7. Vertical cross-section ofa fish eye.
From Nicol (1989).

of fish is similar to the surrounding
water, hence it is more difficult for them
to focus objects. This feature deprives fish
of nearly 80% oftheir optical power com-
pared to terrestrials making it more diffi-
cult for them to focus when the lens must
provide all the dioptric strength (Easter,
1975).

In order to attain their hydrodyna-
mical body form, fish must have a short
focal length of their lens. But the lens of
fish must, as discussed earlier, provide
all of the optical strength and therefore
fish face the trade-off between maximi-
sing the size oftheir lens and good swim-
ming capacity (Fernald, 1993). In order
to meet both these constraints a spheri-
cal lens with very high refractive power
has developed in fish (Fernald, 1993)
(Fig. 8).

55



Alfred Sandstrom

56

Figure 8. Fish lenses have evolved a very high resolving capacity. The figure shows the
difference between aglass sphere (top) and afish lens (bottom) ofequal size focusing four argon

laser beams (494 nm). From Fernald (1993).

Besides offering better possibilities
forvisual acuity large eyes also gather more
light. Deep-sea fishes have enlarged eyes
that enable them to detect light more
efficiently (Fig. 9). Fishes living close to
the surface on the other hand depend
more on the intensity ofilluminating light
fortheirretinal luminance and accordingly
the advantage oflarger eyes does not com-
pensate for lost swimming abilities (Fer-
nald, 1993).

Instead of changing the shape ofthe
lens as for example humans do, fish ac-
commodate by changing the distance from
the retinato the lens. All fish, with excep-
tion of lampreys, have this ability (Nicol,
1989).

Figure 9. The visual apparatus of deep-sea
fishes are adapted for enhancing light-sensi-
tivity. One feature common in deep-sea fishes
improving their light sensitivity, is large eyes.
The figure shows the large eye of the great
silver smelt (Argentina silus) living at depths
of 150 to 1000 m. From Muus & Dahlstrom
(1965).
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Some fish species have coloured cor-
neas. Cornea colorations can be useful
firstly to filter light that disturbs an image
and secondly to compensate for camou-
flage illumination of fishes swimming
above making them appear as shadows
against the light background (Lythgoe,
1979; Fernald, 1993). Especially surface-
living, diurnal fishes have this type of
configuration usually coloured yellow
(Nicol, 1989). Yellow coloured corneas
reduce short-wavelength light that is the
most scattered and hence can degrade an
image the most (Fig. 10). Some nocturnal
species even have corneal chromatopho-
res filtering light at day-time and beco-
ming virtually transparent at night (Fer-
nald, 1993).

The retina of fishes, a thin laminar
structure located at the back ofthe eye, is
constituted by seven major cell types:
photoreceptors, bipolar, horizontal, inter-
plexiform, amacrine, ganglion and Miller
cells. The fundamental parts of the fish
retina do not significantly differ from ter-

Wavelength (nm)

Figure 10. The spectral absorption curves of
the yellow cornea offour fish species, a) the
green wrasse (Labrus viridis), b) the rainbow
wrasse (Corisjulis), c) the perch (Pereafluvia-
tilis) and d) the peacock wrasse (Thalassoma
pavo). From Lythgoe, 1979.

restrial vertebrates but the structural
configuration of the retinal mosaic can
vary considerably.

Pigmented
epithelium

Bipolar
neurons

Muller

Ganglion
neurons

Optic

j- nerve
fibers
to brain

Light from lens

Figure 11. lllustration of a cross-section of
the human retina. Lightpasses through all of
the cell layers in the retina and is absorbed by
photoreceptor proteins in the rods and the
cones. The axons of the photoreceptor cells
synapse with the bipolar neurons. These in
turn synapse with the ganglion neurons whose
axons run through the optic nerve to the brain.
Mdller cells functions as supportive tissue and
constitutes much of the retinal space. From
Lodish et al., 1995.
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Photoreceptors situated on the reti-
nal surface absorb photons and transmit
the received energy to electrical signals
transported and interpreted by the ner-
vous system, which then is further trans-
ported to the brain via the optical nerve.
There are two types of photoreceptors,
the rods and the cones. The rods have
elongated cylindrical outer segments
while cones usually have short cone-like
outer segments (Fig. 11). Already in the
middle ofthe nineteenth century Miuller
observed and described the two types of
photoreceptors. Only a decade later
Schiltze discovered that the cones func-
tioned daytime in bright light and the
rods during the night in dim conditions
(Munz, 1971). Vision in bright light is
termed photopic and in dim light it is
called scotopic.

Dark-adapted

Low intensity
scotopic vision by rods

High sensitivity
More sensitive in the
as a colour)

No colour vision

Low acuity
(much summation)

Low frequency for
flicker-fusion

Cones are often arranged singly, in
pairs (double cones) or in small groups in
order to facilitate sharp high-resolution
vision in bright light (Nicol, 1989). The
cones tend for most ofthe chromatic vision
in contrast to rods, which usually only
provide low-resolution monochromatic
images. Cone length is associated to spec-
tral sensitivity. The shorter the cone the
shorter the absorbed wavelengths (Lyth-
goe, 1979). The rods function best in dim
light and are aggregated in larger groups
to accentuate light sensitivity.

As most other vertebrates fish have
the ability to adapt their retinal configu-
ration to the "current” light environment.
At daytime when light intensity is high
and the fish retina is set for photopic
vision the cones constitute most of the
visual power of the fish, but when light

& Light-adapted

High intensity
photopic vision by cones

Low sensitivity

M--memeeee- Purkinje ---------- » More sensitivity in
blue (though not seen shift

green-yellow

Colour vision

High acuity
(less summation)

High frequency for
flicker-fusion

Changes in many
behaviour patterns

Table 1. Physiological differences between the dark- and light-adapted eye. From

Blaxter (1975).
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intensities decrease the retinal mosaic
undergoes structural changes "switching”
to scotopicvision. The cones are drawn back,
and the rods are elongated and moved
forward. This mechanism is called retino-
motor response (Guma’a, 1982) (Tab. 1).

The retinal organisation may differ
greatly among different species of fish
depending on their habitat preference and
lifestyles. Fishes foraging nocturnally,
crepuscularly, at large depths or at high
turbidity have aretinal organisation that
emphasises light sensitivity (Munz, 1982).
Consequently the retina of diurnal sur-
face living fishes is organised in order to
emphasise visual acuity.

Do fish have the ability to distin-
guish different colours? In 1964 Marks
and McNichol, Jr. conducted spectrophoto-
metric measurements on single cones of
the goldfish (Carassius auratus) and con-
cluded, that it had three distinct types of
retinal cones with different absorptive
characteristics absorbing blue, green and
red respectively (Eckertetal, 1988). Follo-
wing behavioural experiments provided
more evidence. The goldfish seemed to
have the ability to distinguish between
green, blue and red objects supporting
the theory of trichromatic vision (Ingle,
1971). More recent research in this area
further implies, that fishes have the ability
to distinguish different colours or more
precisely perceive the difference between
two radiances by hue alone (Fernald,
1993). The photoreceptors only signal of
receiving a stimuli, their signal does not
contend any information of colour. The
interpretation of colours are made by the
brain co-ordinated with the retina com-
paring the outputs of photoreceptors with
their different spectral sensitivity (Lyth-
goe, 1986).

Visual localisation of objects in water

Visual detection ofunderwater objects by
fish is influenced by a number offactors all
associated to the unique features of the
visual environment in aquatic habitats.

The fish visual volume, i.e. the irregular
sphere in which the fish can see objects,
is one factor that obviously affects a fish’s
ability to visualise its surroundings (Fig.
12). The fish visual volume is expanded
upwards due to the fact that the intensity
of downwelling light is normally about
twenty times greater than the scattered
upwelling light. It is therefore often ad-
vantageous, to strike prey from beneath.
The visual volume increases with increa-
sing light intensity and decreases with
increasing turbidity.

The foraging pattern of particulate
feeding fish, like percid larvae for ex-
ample, are determined by prey visibility
and size, visual acuity and mouth struc-
ture. Hessen (1985) suggests that prey
selection of juvenile roach was mainly
determined by varying pigmentation of
the prey. In groups ofBosmina rongirost-
ris, the mean diameter of the pigmented
eye decreased significantly in groups
where high abundances ofroach was pre-
sent, suggesting that the fish selectively
eat individuals easier to detect.

Figure 12. Diagrammatic representation of
the visual field ofa fish seen from above with
its eyes unaccomodated. The triangular open
area in front of the fish lies beyond the "far
point”, for a resolved image ofan object closer
than thefarpoint, thefish need to accommodate
orelse it would be "near-sighted”. The circular
open areas on the sides are within the locus of
the "near point”, posteriorly disturbed by the
shadow ofthe fish's body. From Munz (1981).
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To maximise light uptake, the spec-
tral characteristics ofthe visual pigments
of fish should be in accordance with the
spectral composition of light in their en-
vironment. For deep-sea fishes there seems
to be a very clear match between these
two parameters, but in many surface-
living fishes this has proved not to be the
case. The absorbance properties of fresh
water and coastal fish visual pigments in-
stead has a peak a bit offset the spectral
peak ofthe ambient illumination (Fig. 13).
This puzzling relationship led Lythgoe
(1975) to emphasise the importance of
visual contrast as the main selective agent
for the evolution of different adaptations
of the visual system in fish with accor-
dance to their environment. His explana-
tion of why fresh water and coastal fish
would have a peak absorbance slightly
deviating from their aquatic environment

was that it accordingly would enhance
contrast detection of underwater objects.

When light is reflected by an object,
ittravels a shorter distance than the scat-
tered light behind it, before it reaches the
eye ofthe fish giving light from the object
a different chromatic composition than
the background (Munz, 1981) (Fig. 14).
The wavelength maximum of the light
reflected from the object is closer to the
spectral region dominating at the surface,
while the wavelength maximum of the
background is closer to the maximum
transmission point ofthe water (Lythgoe,
1986). Therefore the maximal absorption
of freshwater and coastal fish eyes is at a
wavelength somewhat removed from the
transmission maximum of the surroun-
ding water in order to enhance the visual
contrast between the object and the back-
ground (Lythgoe, 1986). Freshwater and

Figure 13. Histograms ofthe number offish species containing visual pigments with
a known absorption maximum. The horizontal bars above show the possible range of
spectral absorption maxima ofvisual pigment that would give optimal light sensitivity
in each type ofenvironment. The shaded areas show the most likely absorption maxima.
The open triangles represent the most extreme absorption maxima measured in fishes
inhabiting each water type. Note how coastal and freshwater species deviate from what
would be expected for optimal enhancement of light sensitivity. From Lythgoe (1979).
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coastal fish species forage at comparati-
vely lower depths than deep sea fishes.
Therefore the loss of light sensitivity by
not having maximal absorbance at the
least attenuated wavelengths is not as
costly. The distance between visual A
and the transmission A __ must be balan-
ced not to lose sufficient light sensitivity.
Collyer (1997) also recognises the
importance ofcontrasts in the localisation
of underwater objects. He demonstrates

how contrasts are "exaggerated” by the
visual system of fish and states that:
"Perception goes beyond simple co-
pying even in the way light is registered
by the eye itself. Fish vision concentrates
on the contrasts between object and back-
ground. Hence the most important part
of the pattern of an underwater scene
thatis portrayed by the retina is the edge
between the object and the background.”

Figure 14. The changes in spectral radiance ofa yellow and red object as they recede
horizontally from the beholders eye in blue (the GulfStream) andgreen water (a typical
freshwater). The distances are given in meters, a) A red object in blue water b) yellow
in blue water c) red in green water and d) yellow in green water. Note how the object
radiance and the spectral radiance remains distinctly different in b) and c) and thus
will appear different in hue at a much longer distance than in a) and d). This
phenomenon may be one reason for that fish signalling colours in freshwater usually
are red (e. g. the pelvic and anal fins ofthe perch [Perea fluviatilis]) and why similar
signalling sets are yellow in marine fish. From Lythgoe (1979).
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Predation of fish consists of a series
of discrete steps. The first step in the
predation sequence, reaction to prey is
largely limited by the reactive distance,
the maximum distance at which a fish
reacts to its prey (Link & Edsall, 1996).
Besides external conditions, light inten-
sity and level of turbidity, the reactive
distance is heavily affected by prey size
and visibility and the visual acuity ofthe
fish. The visual acuity of a fish is a func-
tion of lens diameter and the density of
retinal cones (Breck & Glitter, 1983). A
larger lens is accompanied by a larger
retina. As the fish grows the retina is
continously receding from the lens which
will increase the so called retinal magni-
fication factor. A given object at a given
distance will thus cast alarger image in a
larger eye thereby improving the visual

Daphnia Length (mm)
3.0

F 200

40 80 120 160
FISH STANDARD LENGTH (mm)

Figure 15. Predicted visual volume ofbluegill
(Lepomis macrochirus) versus standard length
for various sizes of Daphnia. From Breck &
Glitter (1983).

acuity of the object portrayed (Hairston
et al., 1982). Due to the fact that lens
diameter increases with fish size it is pro-
bable that, if retinal cone density does
not decrease with size, the visual acuity of
fish enhances with increasing fish size
(Fig. 15). This hypothesis was tested by
Breck & Glitter (1983) and Hairstonetal.
(1982) for bluegill sunfish (Lepomis macro-
chirus). Both groups found that visual
acuity indeed was improved with increa-
sing fish size. The largest size classes
though showed a slight decline in acuity.
This was suggested to be an indication ofa
slight descent in cone density with increa-
sing size (Fig. 16). Conclusively, larger fish
can perceive a larger volume of space,
which will allow them both to see more
prey than small fish but also to detect
predators earlier.

54

EXPECTED SLOPE
OF -1.0

IF CONE DENSITY

WERE CONSTANT

15 2 253 4 5 6 7
LENS DIAMETER (mm)

Figure 16. Transformed angle ofacuity (the
lower the value the higher the acuity) versus
logarithm of bluegill (Lepomis macrochirus)
lens diameter, calculated from the results ofa
foraging experiment with two types of prey,
Daphnia galeata (open circles) and Daphnia
magna (filled circles). Fish lengths (mm) are
shown in parentheses near each data point of
theirlensdiameter. FromBreck & Glitter (1983).
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Visually associated adaptations for aquatic
living

Besides adapting their visual system to
the aquatic light environment fish have
developed many morphological and be-
havioural adaptations. The coloration of
fishes is often perfectly designed for ca-
mouflage against predators or to avoid
prey detection. Examples of such colour
patterns occurring in most fishes are the
dark dorsal surface making the fish har-
der to detect from above against the dark
background beneath, and a light ventral
surface running into the light surface
background. Many fishes have also colo-
rations that give them camouflage in vege-
tation or on rocky spots. Some fish have
even developed ventral photophores that
generate light obscuring their silhouette
(Fernald, 1993). Coloration and colour
patterns also have an ethological signifi-
cance in the mutual recognition of con-
specifics. Mainly involved in signalling
aggression, attracting mates or commu-
nicating with their young (Fujii, 1993).
Fishes have the ability to rapidly change
their hue and colour by effectively con-
trolling their chromatophores, i. e. the
pigment cells in their skin (Fujii, 1993).

Summary:

» As a consequence ofthe large number
ofdissimilar light environments that fish
inhabit, they have evolved a diverse set
of visual adaptations.

» Fish have a spherical lens that pro-
vides all of the optic strength, and they
accommodate by changing the distance
between the lens and the retina.

» Many fishes have coloured corneas that
filter light that may disturb an image.

» The retina offish, similar to other ver-
tebrates, has two types of retinal photo-
receptors, the rods and the cones. The
cones function in bright light (photopic
vision) and the rods in dim light (scotopic
vision).

» Fish can adapttheir retinal configura-
tionto the current light environment, the
so-called retinomotoric response.

» The contrast between an object and the
background seems to be of great impor-
tance for the vision of coastal and fresh-
water fish species. The photoreceptors of
these species have an absorption peak in
a spectral region slightly deviating from
the region where most light is transmit-
ted. This is believed to be advantageous
when detecting an object. Mainly because
light reflected against an object has its
spectral maximum in other regions than
the background illumination which spec-
trally eclipses the regions where the am-
bient water transmit maximally.

e The reactive distance, i.e. the maxi-
mum distance at which a fish reacts to its
prey, is affected by light intensity, turbi-
dity, prey size and visibility as well as the
visual acuity of the fish.
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Characteristic features of vision in percids

DIURNAL NOCTURNAL CREPUSCULAR

perch flounder ruffe
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Figure 17. Diurnal (perch), nocturnal (floun-
der) and crepuscular (ruffe) patterns of loco-
motor activity. From Westin & Aneer (1987).
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The visual systems ofboth Perea spp. and
Stizostedion spp. are in the most respects
relatively well studied. Unfortunately
that is not the case with the Gymnocep-
halus spp. where many of the visually
related properties still remain unexplo-
red. Consequently, this description will
concentrate on the former.

Parallel to the considerable varia-
tion among the teleosts there is also some
variation among the family of Percidae in
adaptations for different visual condi-
tions. The differences among the Perci-
dae relate to the differences in behaviour
and lifestyle of the species in question.
There are two general directions ofvisual
adaptations among the adult Percidae
both clearly reflecting the lifestyle and
activity pattern of the species in ques-
tion:

(1.) Species equipped with a visual
apparatus adapted for feeding at low light
intensities in turbid environments or, in
more clear waters, nocturnally and cre-
pusculary (Fig. 17) (Collette et al., 1977).
Examples of species belonging to this
category are the members ofthe Stizoste-
dion genus, e. g. pikeperch (Stizostedion
lucioperca), walleye (Stizostedion vitreum)
and sauger (Stizostedion canadensis)
(Ahlbert, 1973; Westin & Aneer, 1987,
Ryder, 1977; Craig, 1987; Collette et al,
1977) and the members ofthe Gymnocep-
halus genus, e. g. ruffe, which also rely on
a highly developed lateral-line organ,
advantageous when feeding in environ-
ments with dim light and high turbidity
(Disler & Smirnov, 1977; Hay & Adams,
1997).

(2.) Diurnal, day-active species (Fig.
17) that depend largely on high visual
acuity at moderate or high light intensi-
ties and forage in the upper part of the
water column, e. g. perch (Pereafluviati-
lis) and yellow perch (Perea flavescens)
(Ahlbert, 1973; Collette, 1977; Huuskoet
al., 1997; Westin & Aneer, 1987; Craig,
1987 and Wahl et al., 1993).
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The percid retina:

There are only small differences in the
absorptive characteristics ofthe pigment
epithelium in percids (Fig. 18) (Alietal.,
1977). The differences in visual perfor-
mance instead originate mainly from the
differences in photoreceptor structure and
organisation.

The cones of Perea spp. are of mode-
rate size and oriented in a fashion that
enhances visual acuity with most of the
cones placed near the optic nerve. The
rods are relatively large and uniformly
distributed over the retina (Ali et al.,
1977). Sauger, walleye, pikeperch and
most other Stizostedion spp. species differ
from Perea spp. in this respect, having
voluminous cones, which are more evenly
dispersed over the retina and small rods
arranged in groups. This arrangement is
more adapted to light sensitivity than
visual acuity (Guma’a, 1982).

The cone mosaic arrangement of
adult Stizostedion spp. has two different
types ofcones, midwave with a maximum
sensitivity ofabout 530 nm and longwave
with a maximum sensitivity of 605 nm
(Ali & Anctil, 1977). Similarly both adult
Eurasian perch and yellow perch also
have two types of cones arranged singly
or in pairs (double) in a square retinal
cone mosaic. The double cones form the
corners ofa square surrounding a central
single cone. Double cones have a maxi-
mum sensitivity at 620-630 nm and the
single cones at 535 nm, in other words
nearly similar to the absorbance maxima
of Stizostedion spp (Fig. 18) (Loew and
Wahl, 1991).

Both the Stizostedion spp. and the
Gymnocephalus genus have a special
structure oftheir retina, the tapetum luci-
dum, a reflective layer situated in the
pigmented epithelium layer ofthe retina,
that enhances light sensitivity in dim con-
ditions. The tapetum lucidum optically
isolates groups of rods and consists of
a substance adding reflective capacity,
called 7,8-dihydroxyanthopterin (Sone-

sten, 1991). This arrangement induces
extra reflections of the light back and
forth between the rods with additional
absorption at each reflection. The arr-
angement and the distribution ofthe tape-
tum lucidum in percids differ somewhat
among species largely depending on their
lifestyle. Within the Stizostedion genus
the sauger (S. canadensis) is probably
the species with the most developed tape-
tum lucidum, uniformly distributed over
the entire retina (Ali & Anctil, 1977). Most

Figure 18. Optical density of retinal patches
atdifferent wavelengths in a) walleye, b) sauger
c) yellow perch. Note the similarities between
different species. From Ali et al., (1977).
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other species, like for example the pike-
perch and the ruffe, have only the tapetum
lucidum in the dorsal two thirds of the
retina. Ventrally, where most ofthe light
is concentrated, these species have ins-
tead a higher density ofsingle cones than
sauger assuring increased visual acuity
in the more light dominated part of the
retina.

Perhaps reflecting their day-active
life style, the members of the Perea spp.
have much larger concentration of the
pigment melanin than the Stizostedion
spp. Melanin, which absorbs maximally
at about 500 nm absorbs much of the
light that otherwise might traverse the
retina, thus hindering backscattering and
image deterioration (Nicol, 1989).

The visual system of fish has a cer-
tain plasticity in the retinal structure that
enables the fish to adapt to variations in
the light environment. This function is
termed retinomotor response. It can be
described as the concentration ofmasking
pigments in the retinal epithelial cells
and the expansion and contraction ofrods
and cones in response to changes in the
ambient light (Guma’a, 1981). In adult
Perea spp., both cones and rods are mobile

and function in the retinomotor response.
When adapting to darkness, perch cones
migrate from the light path, and the rods
elongate. In the opposite situation, the
cones migrate back to their original site,
and the rods are drawn back. In Stizoste-
dion spp., the cones are immobile and
very small and have no function during
the retinomotor response. Instead their
retinomotor response only consists ofthe
rods extending or being drawn back.

Changes of the visual system during the
larval and juvenile periods.

Perches {Perea spp.) undergo a fundamen-
tal ontogenetic change during their first
year of life. They change from a pélagial
lifestyle, foraging on planktonic organisms,
to a demersal, eating mainly macroeverte-
brates. Pikeperches {Stizostedion spp.),
onthe otherhand, remain pélagial through-
out their life. It is quite unclear whether
ruffe larvae are pélagial or demersal
during their early ontogeny. Rdsch et al.
(1996) declares that the larval distribu-
tion ofruffe is unknown, while Disler and
Smirnow (1977), without referring to any
specific data or investigation, suggests
the ruffe to be benthic as larvae.

Table. 2. Comparison ofthe visual characteristics ofdifferent percids.

activity pattern

Sauger Walleye Pikeperch
(Stizostedium

canadensis)

(Stizostedium
vitreum) lucioperca)

nocturnal nocturnal

in clear water

Tapeta
lucidum

single- double

cone ratio

retinomotor

response

retinal

organisation
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distributed over
entire retina
except area retinae

distributed over
entire retina

low

low

only rods involved,
cones immobile

only rods involved,
cones immobile

photoreceptors
aggregated in

photoreceptors
aggregated in
groups

groups groups

(Stizostedium

nocturnal/ crepuscular

distributed dorsally in
two thirds of retina.

moderately low

only rods involved,
cones immobile

photoreceptors
aggregated in

Ruffe Perch & Yellow perch
(Gymnocephalus (Perea fluviatilis &
cernua) P. flavescens)
nocturnal/ crepuscular  diurnal

distributed dorsally in lacking

two thirds of retina.

unknown medium

unknown including both

rods and cones

photoreceptors

unknown evenly dispersed
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Morphologically all percid larvae
gradually transform from a transparent
appearance to the adult coloration and
outlook. This transformation is termed
metamorphosis and naturally also invol-
ves changes in the visual apparatus.

Percid larvae showcase a positive
phototactic behaviour during the first
weeks after hatching. They gradually
become less phototactic. About the time of
metamorphosis the larvae of some species,
predominantly ofthe Stizostedion genus,
instead develop a negative phototactic
response (Craig, 1987).

Guma’a (1981) found that the larval
retina of perch only consisted of single
cones and that double cones and rods deve-
loped at the time ofmetamorphosis. Cont-
rary to those findings, Ahlbert (1973) has
reported the presence of rods already at
hatching. These discrepancies in results
have been explained by Wahl et al. (1993)
as a consequence of using slightly diffe-
renttechniques, thus supporting Ahlberts
findings of rods. Rods may develop very
early, butthey only occur in low densities in
perch larvae as opposed to single cones,
that are the dominating photoreceptors.

120-1
110-
100-

matched curve
I M L

Wavelength (nm

The retina of perch larvae contains
two types of single cones. There are single
cones ofthe same type as earlier described
for the adults, and there is a type of UV-
sensitive small cones not found in the
adults (Fig. 19 and Fig. 20) (Loew & Wahl,
1991). The UV-sensitive larval cone cells
are smaller and morphologically distinct
from other types of percid cones (Loew &
Wahl, 1991). Detection of short-wave-
length light can be advantageous at shal-
lower depths where the intensity ofshort-
wave light still is significant. These shorter
wavelengths are highly scattered, which,
if the retina is capable of detecting it,
may enhance the contrast between the
planktonic organisms and the background.
The result is then a more effective high-
resolution localisation of prey organisms.
Besides offering a tool for better contrast
in visual detection UV-sensitive mecha-
nisms also give the larval perch increased
opportunities of selecting prey (Loew &
Lythgoe, 1978). Observations ofplanktonic
prey in UV-light demonstrate an array of
characteristic patterns for most groups of
prey items, that could play a role in larval
prey selection.

jFigure 19. Absorbance spectra of a short-
wave sensitive single cone ofa 25 mmjuvenile
yellow perch. From Loew & Wahl (1991).
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Figure 20. Tangential section ofthe retina of
a 15 mm juvenile perch showing the cone
organisation. T: Twin cones (or double cones),
C: central single cones and A: Short UV-
sensitive corner cones. From Loew & Wahl
(1991).

The retina of perch is believed to
successively refine during development of
the fish eye becoming increasingly similar
to the adult (Wahl et al., 1993). The dens-
ity and size ofrods increase (Fig. 21b), and
at about 15 mm length another type of
cones, the twin oriented or double cones,
starts to appear. Double cones are belie-
ved to be more efficient in detection of
movements (Ahlbert, 1973). The cone
density as opposed to rods decreases with
increasing fish size (Fig. 21a). The cone
mosaic successively develops a more re-
gular pattern (Fig. 20), similar to the
adults, starting at the first appearance of
double cones. A regular cone mosaic pat-
tern normally enhances visual acuity at
the expense of light sensitivity (Ahlbert,
1973).
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Figure 21. a) Changes in the density ofcones
(both twin and single) in the retina ofperch
during development, b) Changes in the dens-
ity ofrods in the retina ofperch during deve-
lopment. The dotted line indicated with an M,
shows approximate time of metamorphosis.
From Guma'a (1981).

When the juvenile perch switches
habitat and starts demersal feeding, its
visual acuity, increasing successively
during the early ontogeny, nearly equals
that ofadults (Fig. 22)(WahlefaZ., 1993).
The increase of visual acuity is also
accompanied by adaptations for feeding
and living in more dim conditions. At or
slightly after the time of metamorphosis,
the first signs of a retinomotor response
commence, and the number and size of
rods are increased (Guma’a, 1982).
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Phase Phase

Standard length (mm)

Fig 22. a) Regression of the visual acuity
(MSA), the lower the value the-higher acuity,
and lens diameter against standard length of
young-of-the-year yellow perch (Perea fla-
vescens). Open circles indicate MSA (mini-
mum separable angle) in degrees and solid
circles indicate lens diameters. b)Visual range
versus standard length of young-of-the-year
yellow perch. Solid circles indicate values for
the average minimum sized prey eaten and
open circles maximum sized. The shaded are-
as indicate the range ofstandard lengths at
which yellow perch in Lake Oneida switched
from apelagic to demersal habitat. From Wahl
et al. (1993).

When feeding at larger depths, the
use of an UV-sensitive mechanism loses
its function. Subsequently the short-
wavelength sensitive cones are lost, when
the perchjuveniles convert from living in
the pélagial to the benthos. The ultravio-
let portion ofthe light spectrum is effecti-
vely reduced at depths exceeding one
meter (Williamson, 1997).

Additional sensory mechanisms of percids

Besides extracting visual signals fish
perceive their surroundings with the
mechanoreceptor organs ofthe lateral line
system, by hearing and by smelling. These
organs act as complements to vision when
a fish senses its surroundings and may
be of some importance in environments
where visual abilities are limited (Hara,
1971; Lowenstein, 1971; Tavolga, 1971).

The lateral line system, situated longi-
tudinally, on each side, is constituted by
cutaneous sensory cells, the mechano-
receptor organs, that register movement
and sound waves in water.

The Eurasian perch, yellow perch and
the members of the Stizostedion genus
depend mainly on vision when sensing
their environment. The lateral line-system
appears to be less insignificant. In con-
trast to Perea spp and Stizostedion spp.,
the Gymnocephalus genus has avery sen-
sitive lateral-line system combined with
highly developed sensory organs placed
on the external walls oftheir head canals
(Fig. 23) (Disler & Smirnov, 1977). The
advantage ofa developed lateral line organ
can be illustrated with an experiment by
Bergman (1988). She tested the foraging
ability ofruffe and perch at different light
intensities including very low light in-
tensities and darkness. In trials with low
light intensity and darkness ruffe fed
more efficient than perch probably be-
cause of the extra guidance that their
developed lateral line organ provided
them with.
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Summary:

e There are two general directions of
visual adaptations amongthe adultPercidae
both clearly reflecting the lifestyle and acti-
vity pattern of the species in question:

1) pikeperch, walleye, sauger and ruffe
are equipped with avisual apparatus adap-
ted for feeding at low light intensities in
turbid environments or in more clear
waters, nocturnally and crepusculary.

2) the diurnal, day-active perches
depending largely on high visual acuity
at moderate or high light intensities for-
aginginthe upper part ofthe water column.

e There are small differences in the ab-
sorptive characteristics of the retina of
percids. The differences in visual capacity
instead originate from the differences in
photoreceptor structure and organisation.

» Both the Stizostedion and the Gymno-
cephalus genus have a special structure
of their retina, the tapetum lucidum, a
reflective layer situated in the pigmen-
ted epithelium layer of the retina, that
enhances light sensitivity in dim condi-
tions.

e Only rods are involved in the retino-
motor response of pikeperches as opp-
osed to perch, where both rods and cones
are involved.

e Perchlarvae have small, single, short-
wave-sensitive cones. These cones, sensi-
tive to UV-light, disappear shortly after
metamorphosis. The UV-sensitive cones
are believed to be advantageous when
foraging close to the surface, where the
intensity of UV-light, still is relatively
high.

e The visual acuity ofyoung-of-the-year
percids is successively enhanced with in-
creasing size following the parallel in-
crease in lens diameter.

» Besides visual cues, the ruffe also rely
on a highly developed lateral line organ
when feeding in environments with dim
conditions.

Figure 23. The lateral line system in perch and ruffe fry. A) perch (20 mm) and

B) ruffe (22 mm).
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Impacts of visual conditions

Varying visual performance of fishes af-
fects the detection of prey, predators and
conspecifics. As described earlier, the visual
performance of fish is dependent on light
intensity, turbidity, visual adaptation of
the species in question, size and develop-
ment ofthe fish and the size and colour of
the prey items. Of the ambient factors
varying between different environments,
turbidity and latitude are the most rele-
vant to discuss in this context.

General patterns in the impacts of turbidity

Turbidity decreases the distance ofafish’s
visual field, increases luminosity, affects
contrasts, defocuses and, depending on
type, selectively changes the composition
ofwavelengths oflighttransmitted through
the water (Marcott, 1983). All these factors
influence the ability to see distant objects,
judge pursuit distances and behavioural
mechanisms of fish. Turbidity also deter-
mines a fish’s perception ofthe size, shape
and colour of prey items and potential
predators.

A spontaneous conclusion ofthe effect
of increasing turbidity is usually that it
always has negative impacts on a fish’s
ability to detect and acuitly portrait objects.
This is nevertheless a truth with conside-
rable modifications. As discussed earlier,
one important factor determining the
visual performance of fish is the contrast
between an object and the background.
Particulate and dissolved substances in
the water determine how the light spec-
trum of the background light is compo-
sed. Depending on the object and the type
of turbidity the visual contrast of an
object can actually be enhanced by in-
creasing turbidity (Lythgoe, 1979; Ryder,
1977). Also important to mention is that
different species of fish have different
adaptations to turbid environments. The
exact effects ofturbidity, are therefore both
dependent on the type ofturbidity, a fac-
tor with infinite variation, and species.

Increased turbidity of aquatic sys-
tems is often associated with eutrophica-

tion. The responses ofthe limnic fish com-
munity to eutrophication generally in-
volves an initial shift from a dominance
of coregonids to percids and with procee-
ding eutrophication yet a dominance shift
to cyprinids (Hartmann, 1977 and Leach
etal., 1977). An example ofhow different
percid fish respond to a shift in eutrophy
is the Lake VVolkerak-Zoom in the Nether-
lands. A rapid change to a more eutrophi-
cated state coincided with a marginal
decline ofthe perch population and a sig-
nificant increase of the ruffe and pike-
perch populations taking advantage ofthe
deteriorating visual conditions (Breukers
etal., 1997). Similar observations have been
made by Leach etal. (1977) also implying
that perch are less tolerant and ruffe and
pikeperch are more tolerant to eutrophi-
cation.

Eutrophication has, besides increa-
sing turbidity, a number of other large-
scale effects on aquatic communities. The
increased productivity of eutrophicated
systems may influence size-structured
dynamics (Persson, 1991), lead to changes
in pH and levels ofdissolved oxygen (Leach
etal., 1977). It may alter the composition
of both planktivore and benthivore prey
and lead to deteriorating structural com-
plexity, mainly due to reduced abundance
of submerged macrophytes (Persson,
1991; Leachetal., 1977). All these aspects
may have profound consequences on the
composition of the fish community and
may explain the dominance shifts.

The effects of turbidity in eutrophi-
cated systems may thus be hard to isolate
from other impacts of eutrophication.
Nevertheless, the eventual constraints of
turbidity on the visual capacity of diffe-
rent species of fish could provide comple-
mentary knowledge on the influence of
eutrophication on fish communities.

Dredging, boat-traffic and other
mechanical disturbances may cause tur-
bation of sediment particles also increa-
sing the turbidity in affected areas.
During the process ofdredging, when sedi-
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ment is removed from the bottom, there is
always some quantity of the sediment
lost to the watercolumn. The amount of
sediment suspended during a dredging
operation is mainly depending on the type
ofdredging effort (type oftechnology, ope-
rational control etc), the character ofthe
sediment and the morphometry of the
given site (La Salle,1990).

Besides increasing turbidity, and
hence changing the visual conditions,
dredging can also induce other chemical
and physical alterations of the aquatic
environment. Suspended sediments may
effect the levels of dissolved oxygen. Sus-
pended sediments have also, in some ex-
treme cases, had direct toxic effects on
fish in the vicinity of the dredging site.
The main cause is usually hypertrofi and
necrosis caused by particle aggregation
on the fish gills (Simenstad, 1990). Most
percids occur in waters with medium or
high turbidity, evidently competing well
inturbid environments. Both Stizostedion
spp. and Gymnocephalus spp. have visual
adaptations that help them overcome the
problems of seeing in turbid water. This
is, however, not the case with Perea spp.,
that are better suited for living in clear or
slightly turbid environments. Being one
ofthe most wide spread freshwater species
in the northern hemisphere, Perea do also
occur in turbid environments however.

Investigations on effects of turbidity
on percid fish are relatively few and
mainly focused on the early developmen-
tal stages. Turbidity related studies on
other species offish can, at least superfici-
ally, appear quite contradictory. Some
studies show that turbidity reduces fee-
ding rates and growth (Barrettetal., 1993;
Hanson & Walton, 1990;Emmette£ at., 1990;
Nakamura & Matsuike, 1988 & Sigler et
al., 1984) while others show no effect at all
(Breitburg, 1988, Hayes et al., 1992), and
some even show positive effects (Boehlert
& Morgan, 1985). Other related studies
on the effects of turbidity on fish report
increased emigration rates (Sigler et al.,

1984; Westerberg, 1996), increased loco-
motory activity (Barrettet al., 1993), and
changes in behaviour (Berg & Northcote,
1985) and in coloration (Seehausen et al.,
1997).

The diversity of fish responses to
turbidity naturally depends on the simple
fact that different species offish are diffe-
rently equipped to cope with poor visual
conditions. But the levels ofturbidity may
also differ greatly among different stu-
dies and different developmental stages
may respond differently. Generally the
most negative impacts are reported when
predators relying on high visual acuity
are exposed to extreme levels ofturbidity.

McMahon & Holanov (1995) demon-
strated how turbidity combined with va-
rying light intensity may put both tempo-
ral and spatial constraints on the fora-
ging of fish. They conducted laboratory
feeding trials to determine how light in-
tensity affected foraging success by avisu-
al piscivore, the largemouth bass (Micro-
pterus salmoides). The results illustrate
how differences in the light environment
can have influence on fish foraging. In
different water clarities (0.5, 2.0, and 4.0
m Secchi depth), estimated depth limits
for feeding during the day ranged bet-
ween 5.5 and 44 m and from 1.6 to 13 m at
night during full moon. At starlight, light
intensity rapidly attenuated to a level
below the feeding threshold within 0.5 m
of the surface at all water clarities. The
depth of the water column available for
feeding in low clarity water (0.5 m secci
depth) was 67 and 75% less than at mode-
rate and high water clarities.

Influence of daylength

Depending on the type of diel locomotor
activity pattern and thus also foraging
strategy, the variations in daylength will
influence the time per day when light is
sufficient for consumption. Daylength
varies with date and latitude. Especially
for diurnal species, like perch, the day-
length restricts the time per day for effi-
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cient consumption (Kards & Thoresson,
1992). Nocturnal and crepuscular species,
like ruffe and pikeperch, avoid intensive
light during the day by migrating to dee-
per areas (Ryder, 1977). Another seaso-
nally related phenomenon in temperate
areas is the occurrence of ice, which de-
creases light intensity, hence substanti-
ally reducing the feeding capacity ofdiur-
nal fishes.

Impacts of visual conditions on early
developmental stages of percids.

Since the visual acuity of fish generally
increases with size, young fish can be
more sensitive to poor visual conditions
(Ah, 1975; Wahl et al., 1993). Investiga-
tions on larval bluegills have showed, that
both very intense and very low light in-
tensity can decrease larval growth and
survival.

Does this also include larval percids?
Hinshaw (1985) tested the influence ofprey
contrast on survival, growth and feeding
of larval yellow perch in different light
intensities. Highest survival and growth
were derived in treatments that combi-
ned high light intensity and high prey
contrast. In treatments with high prey
contrast and low light intensity, larval
survival was significantly higher than in
treatments with high light and low con-
trast. Lowest growth, survival and con-
sumption were recorded from trials with
both low light intensity and low contrast.
The experiment shows that both light and
contrast are important for larval foraging,
but that prey contrast is more important
for survival and growth of yellow perch
larvae than absolute light levels (Fig. 24).

The importance of contrast for fee-
ding ofperch larvae was further explored
by Loew & Mills (1997) who tested the
preference of larval yellow perch for two
copepod species with varying coloration
lit with different colours. The fish prefe-
rence for the two prey species was, when
tested individually, influenced by the
colour of the light, selecting the species

A
LIGHT CONTRAST 44.29%
HIGH HIGH
HIGH Low
Low HIGH
Low Low 4.6%

CONTROL

37.2%

1.2%

Figure 24. a) Mean wet weights (mg) oflarval
yellow perch from hatching to 14 days later.
Each sample represents a total of40 fish from
two samples of 20 each. Percent survival is
listed at day 14. Note that fish in trials with
high contrast had a much higher survival
than in trials with no contrast, b) Occurrence
frequency offood items in the guts of larval
yellow perch from the same experiment as in
a). The white area representsfish that only ate
brine shrimp cysts. The solid area represents
fish that ate both cysts and nauplii. From
Hinshaw (1985).
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with the greatest contrast. However this
pattern was not as clear when tested in
larger groups. Young yellow perch have
also been shown to feed selectively on
ephippial, egg bearing, Daphnia due to
their greater visibility compared to indi-
viduals not bearing eggs (Mellors, 1975).
Also walleye fingerlings' and larval blue-
gills' ability to detect prey objects seems
to increase when the preys contrast against
the background increases (Masterson &
Garling, 1986; Miner & Stein, 1993)
Contrary to the findings on perch
larvae, experiences from culturing show
that pikeperches do not eat at high light
intensity and that high mortality will occur
under such conditions (Hilge & Steffens,
1996). This s further supported by Bristow
etal. (1996) who studied the performance
of larval walleye (Stizostedion vitreum)
in clear, coloured and turbid water in

® 15i
10( 2 ppm AS
(g()I 5-;
Oi
20n
15t
10- 20 ppm AS
5
0 iF 19 20721 *22 '23 -24'25

Length (mm)

Figure 25. Length frequency distributions of
21-day old walleyes (Stizostedion vitreum)
in clear water, turbid water and water con-
taining two concentrations of the colouring
agent Aquashade (AS). From Bristow et al.
(1996).

order to investigate the eventual advan-
tages ofturbidity (Fig. 25). Increased tur-
bidity had positive effects on the survival
of the larvae due to minimised aggrega-
tion of larvae along the light reflecting
tank walls during the phototactic stage.
This was thought to lead to minimised
cannibalism, higher consumption and less
competition. There is also a possibility
that the contrast may have increased in
the turbid waters, facilitating prey locali-
sation.

Because of their pélagial lifestyle
percid larvae should have some oppor-
tunity to distribute themselves vertically
in order to compensate for some of the
eventual visual limitations caused by ex-
treme turbidity or varying light intensi-
ty. Wang (1994) found that perch larvae,
with amean total length 0of24.4 mm (£3.5
mm), when exposed to vertical tempera-
ture gradients, selected the specific depths
where the temperature requirements for
growth were optimal. The larvae always
choose the uppermost layer with the pre-
ferred temperature. In trials with no ver-
tical temperature gradient, most larvae
stayed inthe uppermost layer ofthe aqu-
aria. Presumably, larvae will aggregate
close to the surface during the first weeks
after hatching, when there is a stage of
positive phototropism (Urho, 1995). After
the short stage of positive phototaxis, the
pikeperch larvae successively develop a
negative phototactic behaviour and will
probably reside in deeper waters (Ryder,
1977).

Even if the larvae can find depths
where the light intensity is sufficient for
their foraging, extreme turbidity can still
have an impact on their performance.
High turbidity can minimise the visual
volume of the larvae and affect the con-
trast between the prey and the back-
ground. In the worst case the edges bet-
ween the prey item and the background
will be erased making it harder for the
fish to detect the prey.

Perch larvae selectively feed on prey
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of considerably smaller size than what
they are capable of (Fig. 26). This behavi-
our is in opposition to both mechanistic
and optimal foraging models. Both models
predict that the largest prey a fish can
rapidly handle and digest would be the
most preferable. These models have pre-
dicted the foraging modes of adult fish
quite accurately. Why do young plankti-
vorous fish not select prey in accordance
with these models? Millsetal. (1984) sug-
gest that the return per handling time
might be higher for smaller prey. Young
fish pass prey through their digestive tract
intact. Small prey can pass faster through
the digestive system and their surface to
volume ratio is higher than that for lar-
ger prey. Consumption of small prey may
thus maximise the assimilable energy for
growth. Smaller prey items are harder to
detect than larger ones (Breck & Gitter,
1983). When visual conditions are poor it
will be even harder to detect small prey

20 30 40
Standard length (mm)

Figure 26. Perch larvae feed on substantially
smaller prey than they are capable of. The
figure shows the interrelationships between
mouth size and the maximum and minimum
prey size consumed by different sizes ofyoung-
of-the-year yellow perch. From Wabhl et al.,
(1993)

items. Hence it is plausible that the nega-
tive correlation between size and and prey
selection may be reduced when visual
conditions are poor (Mills et al., 1986). It
may thus be harder for the larvae to forage
entirely ontheir most favorable prey items.

The minimum consumption rate ne-
cessary for maintaining standard meta-
bolism increases with temperature (Post,
1990). If poor visual conditions limit the
consumption rate ofthe larvae, increasing
temperature will at some point become
high enough to increase mortality due to
starvation and also increase vulnerability
to predators due to poor condition of the
larvae.

Extreme turbidity will obviously make
it difficult for fish to detect predators but
it will also make it harder for them to
detect their prey. The situation could be
described as a matter of"blinded hiding”,
Naturally, species adapted to turbid en-
vironments, like the ruffe and the pike-
perch, will have an advantage both when
foraging and avoiding predators.

Summary

» Effects ofturbidity on fish performance
differs among species and with the level
and type of turbidity.

» Eutrophication and draining are two
examples of anthropogenically derived
disturbances that alter the turbidity of
aquatic environments.

e Turbidity, combined with light climate
can put both temporal and spatial cons-
traints on fish foraging efficiency.

» Contrast is the single most important
factor for visual prey detection of young-
of-the-year percids.

» Perch forage more efficiently in high
light intensities and less efficiently in low
lightintensities while pikeperch foraging
may be inhibited by intense light.
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Reproduction biology of the viviparous blenny (Zoarces viviparus L.)

Abstract

Reproduction biology was studied in a
Kattegat population of the viviparous
blenny (Zoarces viviparus L.). The fema-
les attained maturity at the age of 1+ or
2+ and the males at the age of 1+. Ferti-
lisation of the females took place within
2-3 days. At spawning time the feeding
activity of females decreased or stopped
until the second half of October when it
was resumed and increased up to mid-
January when the study was finished.
The condition factor was lowest in De-
cember.

Size and age of the females did not
influence egg size or the duration of the
development of eggs and larvae. Length
and weight growth rate of larvae was
synchronous within and between broods.
The mortality of larvae during intra-ova-
rian development varied between fema-
les, and reproduction success was slight-
ly lower in the younger females. High
mortality in some broods led to increased

growth rate ofsurviving larvae. This sug-
gests that relative fecundity may influ-
ence larval growth and that growth rate
is limited by the maternal supply of en-
ergy.

Theoretically, viviparous blenny may
maximise reproduction by producing a
high number ofprotoplasmic oocytes, and
during later gametogenesis and intra-
ovarian offspring development reduce
functional fecundity by stepwise mortal-
ity. Such a reproductive strategy would
ensure a sufficient growth rate of survi-
ving larvae, a maximal number of larvae
fully developed to leave ovary, and an
optimal parturition time. This hypothesis
was verified by observations suggesting
that compared to other species of fish the
viviparous blenny produces high num-
bers ofabnormal oocytes and larvae with
serious malformations, which are dying
during pregnancy.
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Introduction

The viviparous blenny or eelpout (Zoarces
viviparus L.) occurs in coastal areas of
the North Atlantic Ocean up to the White
Sea and in the brackish waters of the
Baltic. The species is generally found in
littoral areas, where the benthic vegeta-
tion provides shelter and feeding habi-
tats. In the Baltic, however, the viviparous
blenny also occurs in deeper waters, e.g.
in the Gulf of Riga where it is fished
commercially by bottom trawls.

During the past decade many data
which relate to the biology ofthis species
have been obtained, partly in connection
with its use as an indicator of effects of
toxic substances (Jacobsson, et al., 1986;
Jacobsson & Neuman, 1991; Jacobsson et
al., 1993). The female viviparous blenny
has one single ovary in which the oocytes
are fertilised immediately after ovulation.
The embryological development is 2-3
weeks long, and the larvae stay in the
ovary after hatching for a period of about
3-4 months before parturition. Although
the eggs are comparatively large and yolk
is available for the first larval development,
the larvae are dependent on a transfer of
maternal nutrients for their growth. Some
aspects of maternal-embryonic relation-
ships have been studied: the nutritive
role ofthe embryotrophe (Kristofferson et
al.,1973; Korsgaard, 1986), vitellogenin,
lipid and carbohydrate metabolism during
vitellogenesis and pregnancy (Korsgaard
& Petersen, 1979; Kristofferson et al.,
1974) calcium metabolism in relation to
ovarian functions during pregnancy (Kors-
gaard, 1994) and uptake time - course
distribution and elimination oftoxic com-

pounds in embryos and ovarian tissues
(Joensen & Korsgaard, 1986). There is,
however, still little known about many
aspects of the reproduction biology, par-
ticularly early development and larval
growth patterns, malformation frequen-
cies and survival rates of larvae before
parturition under natural conditions.
Variations in annual recruitment are as
well poorly known in this species.

The viviparous blenny occurs as nu-
merous local stocks and races (Schmidt,
1920) with probably different life characte-
ristics, but the reproduction biology of
the species is up to now studied only in a
few areas in Sweden, Finland, Denmark,
Germany and NW Russia (Soin, 1968;
Kristofferson & Oikari, 1975; Korsgaard,
1986; Jacobsson et al., 1993, Gotting
1976).

As the viviparous blenny is easy to
catch, abundant within a large area of
distribution, and has a stationary beha-
viour throughout its entire life cycle, it
has been proposed by HELCOM as well
as OSPARCOM for monitoring of conta-
minants and their biological effects. Ho-
wever, the quality assurance process
needed before introducing the viviparous
blenny in standardised programmes, in-
cluding a continued research on repro-
duction biology, is not yet completed. The
aim of the present work is to widen the
knowledge of its reproduction by analy-
sing maturation, spawning, fecundity,
juvenile growth and within-brood compe-
tition in a Kattegat population, as well as
to document normal mortality patterns
before parturition.
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Material and methods

All fish were sampled in the Swedish coas-
tal waters of Kattegat (Batfjorden Bay;
salinity 18-22 ppm; Figure 1), between
July 8, 1994 and September 11, 1995,
using small fyke nets with mesh size 10
mm (Thoresson, 1996). The total number
of fish sampled and the different analy-
ses are presented in Table 1.

Length (total length, TI, mm) and
weight (total, Tw, and somatic weight, Sw,
0.1 g) was measured. Otholits were col-
lected for age determinations. The fema-
les were quickly decapitated and the eggs/
larvae were immediately dissected out of
the ovary, enabling the rate ofliving/dead
juveniles to be estimated. Gonads (total
and empty weight in the case of pregnant

Kattegat

iGoteborg

Figure 1 The investigation area.

females), liver and digestive tract were
weighed (0.01 g). Relative gonad size was
estimated as the gonadosomatic index,
GSI, calculated as gonad weight in per-
cent of somatic body weight. All ovaries
from pregnant females were examined
using binocular microscope. The eggs/
embryos or larvae (after determining if
they had died during pregnancy) were
counted and random samples of 10-25
were taken for estimating mean lengths
and weights. Larvae were blotted on ab-
sorbent tissue paper before weighting.
Dry weights were measured after freeze-
drying during 48 h. Samples of eggs and
larvae were fixed in Bouin’s solution
throughout the period of development.

Batfjorden Bay
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Table 1 . Catch data.

Females Males Juveniles*
Basic Histological Egg/larvae

analysis study dry weight
1994
July 17 6
August 23 11 50
September 42 21 3 22
October 63 9 29
November 19 4 2
December 34 6 16
1995
January 44 2 18
February 4 3 2
March 10
April 28 11
August 1 6
September 36 17 86

* free-swimming juveniles

After embedding in paraffin wax 8 jim
thick sections were produced and stained
according to standard histological tech-
niques. Nonfertilized or dead eggs were
identified by microscopic analysis. Spaw-
ning time was determined by internal
examinations offemale gonads. Maturity
of males was estimated by visual exami-
nation and GSI. The limit of maturation
was set at GSI=1.

Estimations of mortality were made
during all developmental stages. Total
mortality (Tm) was defined as:

Tm = 100-(a/b) + 100 ;

(a=number of larvae ready to leave ovary;
b= number of ovulated oocytes) and was
calculated by pooling mortalities during
three different periods. Estimations of
early egg mortality (embryos dead before
epiboly plus ovulated, but not fertilised,
eggs) were made during pre-hatching
development, because dead eggs vanish
soon after the hatching of normal eggs.
Estimations of mortality during early
post-hatch development were carried out
during 2-3 weeks after hatching, as nor-
mally developed larvae start to eat dead
or retarded larvae during the second half
ofpregnancy. Accurate estimations ofthis

mortality component are, however, seldom
possible as embryos dying during early
development may be disintegrated in the
ovarian fluid. However, abnormal embryos
(even very extreme ones without head)
can stay alive up to parturition and the
most likely cause of their disappearance
from the ovary is that they are eaten by
bigger larvae. Mortality during the se-
cond half of gestation was estimated in
November-December by counting late-
dead larvae.

The growth of larvae was estimated
individually from length and weight data.
The weight increase of total broods was
described by the use of GSI and an em-
bryosomatic index (ESI), i.e. the relation-
ship between the total weight ofall young
(except ovarian tissue and fluid) and the
somatic weight of the female.

The contents ofthe digestive tract of
the analysed females were investigated.
Occurrence of food was estimated accor-
ding to the following classification: 0 -
empty; 1 -food fills less than 10% of the
digestive tract; 2 -food fills 10-50% ofthe
digestive tract; 3 -food fills more than
half of the digestive tract.
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Results

Maturation

Most females attained sexual maturity at
the age of 1+, during their second summer.
Only 30% of analysed 1+ females (n=51)
were immature, and all 2+ females (n=31)
were mature. The total length of the 1+
females varied between 185 and 250 mm
at first fertilisation, with an average of
about 220 mm. The smallest mature
female was 185 mm long and weighed
27.4 g (Sw 22.9 g). She was caught on
October 24 and her ovary contained 16
normally developed larvae. The biggest
juvenile female was also caught on Octo-
ber 24 (T1 222 mm, Tw 37.0 g, Sw 33.9 g,
age 1+). Males attained sexual maturity
at the age of 1+ and had at their first
spawning total lengths between 149 mm
(Tw 13.7 g) and 231 mm (Tw 39.1 g) with
the average of 205 mm.

Spawning

In 1994, 11 mature females were analy-
sed on August 31. According to histologi-
cal examinations only one of those had
ovulated eggs in the ovary. Two to three
females were analysed daily from Sep-
tember 9 up to the end of October. The
embryological development among females
was found to be synchronous (+one day).
Estimated from embryological stages and
the speed of embryo development, the
fertilisation of all analysed females took
place between September 3 and 6.

In 1995, daily samplings on the same
spawning ground were made from August
26 until September 10 at water depths
between 0.5 and 2.0 m. Catch data are
presented in Table | and Fig 2. According
to the histological study, all females with
ovulated oocytes were also fertilised (with
the exception of one fish which had dead
oocytes inthe ovary). Samplings were also
made near the opening of the bay at
depths of 4-6 m (500 m from the spaw-
ning ground) during the same days. Fish
were more abundant than on the spaw-
ning grounds until September 5, and the
shares of females and males were almost

equal in the catches. All females had
unovulated oocytes in their gonads. After
September 6 no females were found in
this deeper place and the number of
males decreased rapidly. The observation
indicated that spawning ofthe viviparous
blenny in Batljorden Bay in 1995 took
place at or close to September 5-6, i.e.
nearly at the same time as the previous
year. Water temperature at spawning
was about 18°C in 1994 and about 16°C
in 1995.

Eggsize and hatching

The oocyte diameters some days before
ovulation varied between 2.2 and 3.5 mm
with an average 0f2.9 mm and an average
wet weight of about 15 mg. The average
diameter of the eggs after ovulation and
fertilisation (cleavage stage according to
histological examination) was 3.1 mm and
the average wet weight 21.3 mg.

CPUE

26 28 30
August September

H Females with unovulated oocytes
[] Females with ovulated oocytes

/V Males

Figure 2. Catch per unit ofeffort (CPUE) of
viviparous hlenny during the 1995 spawning
season (on spawning grounds).
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At the time of fertilisation the go-
nads in most cases contained a group of
smaller but still clearly trophoplasmic
oocytes (diameter circa 25% lower than
normal) besides the normally developed
oocytes. The share ofsmall oocytes varied,
but in some cases it reached up to 25% of
the total number of eggs. Some of these
eggs seemed to develop and hatch.

Egg size ofthe viviparous blenny was
not significantly correlated to female size.
However, the smallest oocytes were pro-
duced by small females at their first spaw-
ning and the youngest females also had
the highest shares of abnormally small
oocytes. Most of those were atrethic at
the time of ovulation, but some were fer-
tilised, however usually containing ab-
normal embryos.

Immediately before hatching the
average egg diameter had increased up
to 4.8 mm. On three occasions, Septem-
ber 18, 22 and 24, females were analysed
on the same day as the hatching oflarvae
took place (ovary contained both hatched
and non-hatched larvae). No hatched
larvae were found before September 18
(17 females analysed September 9-17)
and no non-hatched larvae after Septem-
ber 24 (23 females analysed during the
next 7 days and totally 36 during 14 days,
up to October 8). Hatching thus took place
during a period of about one week, and
hatching synchronicity within the popu-
lation and within single broods was high.
Mean weight of the larvae on the day of
hatching was between 30.9 mg (T1 14.7
mm) and 38.3 mg (T1 17.2 mm). Varia-
tions between larvae within broods were
small, generally +1 mg in weight and
+0.5 mm in length.

Fecundity

Total fecundity was studied during Au-
gust-September 1995 and on a smaller
material collected in 1994 (Fig. 3). Diffe-
rences between years were rather small.
The total number of larvae hatched (ab-
normal young included; Fig. 4, 5) varied

Total fecundity

100 - 1995

20 40 60 80 100 120 140
Somatic weigth of female, ¢

Figure 3. Total fecundity in relation to
the somatic weight of viviparous blenny
during the 1994 and 1995 spawning
seasons.

No. of fry

120 -

80 -

S N S W

0 40 80 120 160 200
Somatic weigth of female, g

Figure 4. Number oflarvae in relation to
the somatic weight offemales.

No. of fry

160 -

120-

250 300 350
Total length of female, mm

Figure5. Number oflarvae in relation to
the total length offemales.
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from 6 (T1 203 mm, Sw 28.3 g, age 1+) to
161 (T1330 mm, Sw 153.0 g, age 5+). The
somatic weight of the females explained
63% and 80%, respectively, of the total
fecundity and the number ofpost-hatching
larvae. The correlation between numbers
of larvae hatched and female weight and
length was also strong (r=0.89 and r=0.88,
respectively).

Gonadosomatic and embryosomatic indici

The development of male gonads was
described by changes in GSI from July
1994 to April 1995 (Fig. 6). In the begin-
ning of July male GSI varied between
1.0-3.5. During July and August GSI
values grew slowly, reaching a peak (1.5-
3.6) at the end of August, when spawning
took place. At the end of September male
GSI values dropped to 0.2-0.4. Two males
captured in December and one in January
were found to have abnormally big testes,
GSI 2.5, 4.5 and 3.0, respectively, which
represent pre-spawning values.

The GSI of adult females increased
from September throughout the period of
pregnancy and fell down to initial July
values in December-January (Fig. 7). The
embryosomatic index (ESI) followed a
similar pattern.

Growth of larvae and parturition

The length growth of larvae (Fig. 8) was
documented from the second week of preg-
nancy (pre-hatching larvae) up to partu-
rition. Parturition began in December and
continued to the end of the sampling
period, i.e. end ofJanuary (Fig. 9). Varia-
tions between normally developing larvae
appeared to be quite small. A few abnor-
mal and much smaller larvae were seen
in almost all broods, in most cases not
more than 1-5% of the total number of
larvae.

A power function (y=1.8-x°46) provided
the best fit to the length increase curve.
During the second half of pregnancy,
growth rate decreased and variations in
mean lengths between broods increased.

....... L Y N,

Figure 6. Gonadosomatic index (GSI) of
males.

GSI

50 «
40-
30-

20-

10-

IJFMAMII ASOND

Figure 7. Gonadosomatic index (GSI)
offemales.

Length of fry, mm

Figure 8. Length growth oflarvae.
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No. of females

No. of females
[ Females with broods

m Females after parturition

Figure 9. Parturition time indicated by
the number of females with or without
broods at samplings in Oct-Jan 1994—
1995.

Time explained 93% ofthe variations bet-
ween broods in average larval length (lin-
ear equation) during the first 50 days.
During the next (last) 80 days this value
was only 44%. For the whole pregnancy
period time explained ca 85% ofthe vari-
ations. The average length growth per
day was 0.66 mm during the first three
months of pregnancy, September-Novem-
ber, when length growth was nearly lin-
ear.

In some cases when many ofthe lar-
vae within broods had died, the growth of
the surviving offspringwas increased. For
example, a 265 mm long female (sampled
on October 29), with only 11 young in the
ovary (the normal number for such afemale
is about 50) had unusually big larvae.
Normal larvae in the sample had a total
length 0f34-45 mm (Tw 0.11-0.31 g), but
the larvae of this specimen had already
attained a length of51-54 mm (Tw 0.46-
0.54 g), which corresponds to normal
values at parturition. To estimate the
effect of relative fecundity on length
growth of larvae, periods during preg-
nancy were selected when a comparati-
vely high number ofsamplings were made

during ashorttime interval. The average
length of the larvae (length corrections
assuming a daily growth 0f0.66 mm were
made to minimise the effect ofdifferences
in sampling time) was plotted against
the number of larvae per unit female so-
matic weight (i.e. relative fecundity). On
one occasion (December 9-11,29 females)
this variable explained only 8% of the
differences between larvae. On another
occasion (28-30 December, 18 females) the
degree of explanation was 53%.

Weight growth ofthe larvae followed
the same pattern as length growth. During
the first part of pregnancy differences
between broods were small, but close to
the end of the pregnancy period growth
rate decreased and variations between
broods grew. However, differences bet-
ween individual normal juveniles inside
broods were quite small up to parturi-
tion.

The weight/length relationship, i.e.
the condition factor (Cf), showed some
differences between broods (but not inside
broods) up to the end of pregnancy. In
spite of those small variations in Cf, the
average length of larvae explained 98%
of the weight differences between broods
during the whole post-hatch period.

Based on a study of 24 females the
average dry weights of the young (n=10
per female) and the share of dry weight
was calculated. Percentage of dry matter
increased from hatching (approximately
13%) up to the parturition stage (approx-
imately 19%). In some cases variations in
percentage of dry matter between larvae
with equal wet weights were quite big
and therefore wet weight explained only
67% of the variations in water content.

Mortality before parturition

Egg mortality in 1994 (embryos dead
before epiboly plus ovulated, but not
fertilised eggs) varied between 0 and 65%.
The average value was 14% (14 females
analysed). Smaller (younger) females sho-
wed a somewhat higher egg mortality
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rate, but variations in length explained
only 30-36% of the variations in mortal-
ity.

Estimations of mortality during ear-
ly post-hatch development showed that
the percentage of surviving larvae varied
from 81 to 100, 95% as an average (35
females sampled). Survival rate was hig-
her in the larger broods. Nevertheless,
variations in total number of larvae ex-
plained only about 30% of the variations
in larval mortality during this period and
variations in somatic weight of female
explained even less. Mortality during the
second half of pregnancy was very low,
0-19%.

Total juvenile mortality before par-
turition varied between 0% and 72%
during the 1994-1995 pregnancy period,
with an average value of 22%. On some
occasions (3 out of 242 females analysed
in 1994) reproduction totally failed by
some unknown reason. Those three fema-
les had developed gonads but no larvae or
eggs and they were excluded from the
calculations of mortality.

In autumn 1995, the reproduction of
the viviparous blenny in Batfjorden Bay
was seriously disturbed. Spawning took
place, but in most females studied (15
from 19 sampled fish after September 7)
all eggs had died after cleavage. One fem-
ale carried eggs which had died after epi-
boly and only three had normally develo-
ping embryos (histological study).

Female feeding and condition factor of adults

During July-August most females con-
tained some food in the digestive tract. At
spawning time the feeding activity ofthe
females decreased and during an approx-
imately one month long period from mid-
September to mid-October almost all
females had empty digestive tracts. From
the second half of October feeding activi-
ty was resumed and remained increasing
up to mid-January (Fig. 10).
Cfoffemales (Fig. 11) and males sho-
wed different seasonal patterns. Males

had lowest Cfvalues in October, approx-
imately one month after spawning, after
which Cf started to increase again. Cf of
females was highest before fertilisation
and decreased up to mid-December.

Feeding index

Figure 10. Feeding pattern in females.

Cf

Figureil. Conditionfactor (Cf) inferna-
les.
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Discussion

According to Rass (1949) the viviparous
blenny reaches sexual maturity in the
second year of life, at a length of 16-17
cm (locality unknown). These data seem
to be the only source in literature up to
now. Most ofthe females analysed in the
present study were also mature in the
second year of life, but they achieved
maturity at a bigger size. All 16-17 cm
long females sampled were still juveni-
les. Males, however, matured at a size
smaller than 16 cm and an only 15.7 cm
long male had the highest GSI value
documented during the study.

Spawning in Batfjorden Bay took
place in the beginning of September. A
few females were probably fertilised al-
ready during the last days of August.
Males reached the spawning grounds
some days before the females. Synchron-
icity of spawning in the population was
high and the fertilisation took place within
2-3 days. Earlier studies from the Baltic
and the North Sea report almost the same
spawning time as described in this study.
Kristofferson et al. (1973) observed, that
spawning of the viviparous blenny at
Tvarminne, GulfofFinland, took place in
August and September. However, later
data from the same area (Kristofferson &
Pekkarinen, 1975) suggest (according to
internal examination of male gonads)
spawning time to be in July-August. Got-
ting (1976) reports that in Helgoland
(North Sea) oocytes were ready for fertili-
sation in July-August, but embryos did
not appear in the ovaries of pregnant
females until September. In Little Belt,
Denmark, spawning takes place in the
first decade of September (Korsgaard &
Petersen, 1979; Korsgaard, 1986). Accor-
ding to Soin (1968), White Sea blennies
mate much earlier, during spring and
summer (first parturition already in July-
August).

Bretschneider and de Wit (1947), who
studied a blenny population in the North
Sea near Den Helder, North Holland,
found pregnant females at two seasons -

the highest frequency of pregnancy oc-
curred during autumn, but some females
carried young from April to July. Later
studies from the Baltic Sea (Kristoffer-
son & Pekkarinen, 1975) documented only
autumn pregnancies. Neither Korsgaard
(1986), who collected females from Little
Belt, Danmark, norJacobssonetal. (1993)
sampling viviparous blennies from Ska-
gerrak and the Baltic, found any eviden-
ce for two spawnings. Schmidt's report
(1920) concerning population genetics in
southwestern Kattegat contains a state-
ment that in June gametes are not yet
ripe, which indicates that only autumn
pregnancy took place. During the pre-
sent study only 4 specimens showed signs
supporting the possibility that also some
females in Kattegat can carry young
during the spring-summer season. Two
males caught in December and one in
January were found to have strikingly
high GSI values, corresponding to nor-
mal pre-spawning values. One female
caught in mid-September had an empty
gonad filled with remnants from follicu-
lar sacks, which is characteristic of the
post-parturition period (normally Decem-
ber-February). In spite ofthose observa-
tions two separate pregnancy seasons
does not likely occur in the Kattegat.
Hatching of the eggs inside a brood
took place almost synchronously, which
can be explained by the “chain-reaction”
hypothesis. The hatching enzymes rele-
ased by the first hatched larvae accelera-
te or even stimulate hatching of others.
The idea that hatching enzymes released
by one larva may stimulate hatching of
others was presented already by Moriwaki
(1910) and later confirmed by many aut-
hors (Yamagami, 1988; etc). In the vivi-
parous blenny this hypothesis was sup-
ported by two observations. Firstly, the
hatching of abnormal larvae took place
during the same, quite short period of
total hatching and even the dead embry-
os and unfertilised eggs "hatched” or
"vanished” from the ovary at the same
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time. Secondly, on some extreme occasi-
ons when most of the eggs were malfor-
med and only few normal young hatched
(this indicates that the concentration of
hatching enzymes was too low in the ovary),
the rest of the eggs had stayed intact
during all the pregnancy period.

The increased percentage ofdry mat-
ter in growing larvae, recorded during
the present study, agrees with data re-
ported by Korsgaard (1986). However, in
this area (Little Belt, Denmark), eggs
during the cleavage stage were heavier
than in Batfjorden Bay, 27 mg as an aver-
age, and the mean weight of newly hat-
ched larvae (45 mg) was also remarkably
(circa 10 mg) higher.

Korsgaard and Andersen (1985) des-
cribed larval weight growth from Novem-
ber to January as nearly linear. Accor-
ding to the present study a power func-
tion provided the best fit to both weight
and length growth of larvae. In Decem-
ber-January growth seemed to decrease
or even stop and variations between
broods increased. It is not clear, whether
the juveniles had achieved optimal par-
turition size already some weeks before
the real parturition took place or that
their growth had decreased in certain
broods by lack offood. Neither could it be
excluded that after parturition started
only those juveniles could be sampled,
which belonged to comparatively slow-
growing broods.

Fecundity of the viviparous blenny
is, as arule, well correlated with the body
size of females (Goétting, 1976; Jacobsson
et al., 1993). However, fecundity is gene-
rally measured during the post-hatching
development, when it is too late to detect
unfertilised oocytes and eggs dying before
the stage ofepiboly. Maximum number of
larvae in broods documented during the
present study appeared to be remarkably
smaller than the number reported by
Kristofferson et al. (1973), who mentio-
ned that in females from the Gulf of Fin-
land the number of larvae was up to 296.

However, those females were very large,
maximum T1 was 420 mm, and the relati-
ve fecundities were not reported.

Differences in ESI values between
age groups of females varied more than
the differences in average larval length,
which were not correlated to size or age of
female. Attempts to describe the growth/
time relationship of young by the use of
larval length and weight is not always
satisfying, because growth of the indivi-
dual larvais closely related to the maternal
supply of food (Korsgaard & Petersen,
1979; Korsgaard & Ostergaard-Andersen,
1985; Korsgaard, 1986). Some estimates
made during this study showed that the
number of larvae per unit of female so-
matic weight during one series of analy-
ses explained more than 50% ofthe vari-
ations between average lengths ofbroods.
In some extreme cases, with only few sur-
viving larvae, the larval growth was ex-
traordinarily rapid. However, ESI values
(and also GSI) of such specimens were
more close to average.

The normal survival of embryos and
larvae between fertilisation and parturi-
tion as well as the fertilisation success of
the viviparous blenny is not well known.
It is generally considered that in most
teleost species the mortality is highest
during so-called critical periods of early
embryological development, and that the
fishes are very sensitive to exposures to
xenobiotics during these early stages
before organogenesis (Wilson, 1973). In
viviparous species, however, there is a
considerable risk of mortality due to fem-
ale insufficiencies also during later parts
ofthe pregnancy. In normal environmen-
tal conditions, very low mortality of the
larvae during late pregnancy has been
recorded by Jacobsson et al. (1986,1993),
observations supported by the present
study. However, when pregnant females
were exposed in the laboratory or in the
field to effluents from bleached pulp mills
as well as chemical industries (Jacobsson
et al., 1986; Jacobsson & Neuman 1991;
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Vetemaaetal., 1997), increased mortality
of larvae in late stages of development
were observed as well as reduced larval
growth rates.

Why reproduction success of vivipa-
rous blenny in Batfjorden Bay during the
autumn 1995 was very low is not clear.
However, strong easterly winds caused a
temperature decrease from 16.5 °C, which
is normal for the season, to 11.5 °C 3-4
days before ovulation. The fact that some
females caughtin a small archipelago 8 km
from the Béatfjorden Bay (Vetemaa, un-
published), where temperature had been
more stable, showed better reproduction
success (5 of 6 sampled females had nor-
mally developing eggs), seems to support
the hypothesis that reproduction was dis-
turbed by unfavourable temperature con-
ditions. The temperature in the bay was
much more stable in 1994.

There are two observations sugges-
ting the possibility that females have sys-
tems to regulate fecundity, i.e. signifi-
cantly reduce the number oflarvae ready
to leave the ovary in relation to the number
of oocytes which started to grow. Firstly,
female viviparous blennies have remarka-
bly higher shares of abnormal oocytes
than most other teleost species. This is
probably also true when comparing the
shares of larvae with serious malforma-
tions. Itis, however, difficult to estimate
malformation rates in non-viviparous
species, as the mortality of malformed
larvae probably is very high. Secondly,
the size of the female was better correla-
ted with the number of post-hatching lar-
vae in the ovary than with the total fe-
cundity. According to the present study
the degree ofexplanation was 80 and 63%,
respectively. Earlier estimations (Jacobs-
son et al., 1993), showed that the somatic
weight of females explained 50-75% of
the variation in the number of larvae.

Although there are some studies
reported onthe feeding ofviviparous blenny
(Larsen, 1936; Aneer, 1975;Urtans, 1992),
the annual feeding rhythm of females,

especially during the pregnancy, when
the energetic demands are high, is still
almost totally unknown. The present
study showed that during September-
December Cf of females had a tendency
to decrease, which indicates that during
this period energy input through feeding
did not cover the expenditures for larval
growth, which may be a cause for compe-
tition between larvae. Cf-values in Janu-
ary were higher again, which may be an
effect of higher feeding activity and/or
decreased juvenile growth. The former
hypothesis was supported by the digestive
tract analyses.

During the past two decades some
data about maternal-juvenile relation-
ships have been published (Kristofferson
etal., 1973; Korsgaard & Petersen, 1979;
Korsgaard, 1986). However, these aut-
hors did not discuss the possibility offood
competition between larvae. Accordingto
the present study, competition inside
broods may have significant effects during
October-November, when the growth rate
ofthe larvae is maximal and the females
probably suffer from malnutrition. Fem-
ale muscle fat concentrations are also
lowest in October-November (Jacobsson
etal., 1993). During this period the num-
ber ofyoung per unit of somatic weight of
female thus may influence the growth
rate of offspring. At the same time the
observation that growth rates of all lar-
vae in single broods were almost equal
suggests that female feeding and mal-
nutrition does not lead to differences bet-
ween individual offspring but to limita-
tion of growth of the whole brood.
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