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Abstract

A critical evaiuation is given of material and methods to be used
for the study of behavioral responses of fish towards poiiuted wa-
ter. Experiments with Fathead minnows in & steep gradient of
hypochlorite are described and discussed. Nethods lzading to-
wards standarization of [ish avoidance reactions are advocated.

Introduction

it is evident that a toxicant may stress fish populations in
ways other than acute mortality, but until recently this
concept has tot been extensively applied. Now substantial
attention is being given to sublethal effects which can
affect the fertility, growth. suscepiibility to disease or
predation of erganisms (Sprague, 1971). Field studies of
fish have shown that toxic solutions may render large
portions of an environment undesirable or uninhabitable
(Katz & Gaufin, 1952; Sprague ef al, 1065 Tsai, 168,
1970, Cherry 21 al., 1977a). The behavior of fish that enter
these areas is often modified, and any behavior patterns
which would allow fish 10 escape or avoid deleterious
conditions and move o more favorable locations within
the environment would contribute to their survival and
well being. To study such behavior patterns, investigators
have employed several laboratory techniques, each de-
signed for 2 specificapphication{Scherer, 1977). Presently,
prospective  investigators must sort through a large
amount of information before selecting the iechnigue
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maost appropriate for their research. To facilitate this
selection process, this paper will evaluate the merits and
shortcomings of behavioral studies and propose certain
methods with distinct advaniages, leading towards
standardization of fish avoidance studies.

Review of previous avoidance designs

The various experimenial troughs used in avoidance
studies may be divided into two categories -troughs in
which shallow gradients are produced and others with
steep gradients{Table 1), The original proponent of fish
behavicral studies as related 1o water guality {Shelford &
Allge, 19173) felt that it was impossible to study the reac-
tion of fishes to dissolved gases without the use of shaliow
concentration gradients. Thelr apparatus consisted of
two paraliel boxes, each 120 cm long, enclosed by curtaing
to minimize external disturbances. Untreated water
entered both ends of the reference box. In the experimen-
tal box, untreated and treated water entered at opposite
ends creating three relatively distinct regions: a region al
each end filled with the water introduced on that side, and
a central mixing zone. An experimental trial consisted of
placing one fish in each trough and recording the relative
position of the fish in the trough. Unequal residence ime
or number of entrances into the treated water indicated
avoidance of the toxicant. This ‘gradient method’ was
subsequently modified by Wells (1515}, Additional out-
lets at the center drain prevented the formation of vertical
gradients and a series of stop-cocks was placed along the
bottom of the trough to facilitate the removal of water

samples.
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TABLE 1 - Review of Lhe experimental designs of avoidance studies with various treatments and fish species.

Chemical

Species

Reference

£0z, Oz, Np, Acetic
aotd, HHy.

ggggps 5 Egrfgr51§g§§g

Shelford & Alise,
1913; 19314,

cyaneilus. Micronlerus
dolomisul. Bofropis atherinoides, M. cornutus. Upbrs Umi.

Hollg, HoS0g, MighH

N62C83
H, HpC03, Cutly, Acheilognaihus limbata.
NHaOH, O~ Gnathopogon gracill i
Sarcocheiligh
mm;m-
ACP, Chlordane, Lepomis cyangilus

1-d-Dichlorn-2-Nitrow
bapzene,

Isobornyl thiocyano-
auetate

Ameiyrys melss, Lepords pallidus. Pomexds annularis.

Wells, 1315

ius aurabus. Cvoripus cargin. Ishig, 1964,

farassius

Lebistes valiculalus, Lepomis macya-
MMWW Pimephales promelas. Punglungis
yariegatus. Iribelodon hakonensis.

Surmerfeit &
Lewis, 1967,

STEEP GRADIENTS

Alcohol, chioroform, Pyogsteys nunoifius
formalin, mercuric-

chicoride, copper-

suylphate, zinc-

sulohate.

Jones, 1847

ishio {1964} developed a method that sliminated verti-
cal gradients and gliowed more than ene fish to be tested
simultanecusly, The tank was divided into an upper and
lower path by a2 horizontal laver of sand. Tap walsr was
pumped into the lower path and toxicant was introduced
into the upper. Passage of the tap water upward through
the sand diluted the toxicant and created s shallow hori-
zontal gradient. Vertical gradienis were eliminated by
aerating the entire length of the trough with a perforated
tube buried in the sand. The movement of twelve fish was
monitored in the upper path to obtain a control, followed
by introduction of the toxicant. The average position of
the fish was plotied against the toxicant to deterinine the
exact concentration that caused an aveidance response.

The zecond major avoidancs method more sharply
separates water and toxic solutions, ‘?{zrnmg steep 1OXIC
gradients, and was first proposed by J. R.E. Jones {1947}
His apparatus consisied of a 58-cm plexiglass tube with
iniets at both ends and cutflow from central drains, Un-
treated water was initially released into the tube st botl
ends and exited through s central drain, A fish was iniro-
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duced at the open end of the apparaius. allowed 10-15 min
to adjust to the experimenial environment. and then
monitored in the trough every 30 sec for 10 min. Afterthe
control run was completed, a test solution was released
at one end of the trough and the movements of the fish
were recorded on graph paper for 7-120 min,

The above techmigue was simple, suitable for many
applications, and has been used by many researchers
{lones, 1948, 1951, 1952; Bishai, 106228, 1962b). Theappa-
ratus was further modified by Sprague { 1964) for studving
the effect of meials on salmon. The 1i4-cm plexiglass
1isbe was drained by four central hoses that improved the
separation of the two bodies of water, This basic design
was used with few modifications by Sprague e7 o/ {1965k
Sprague {1968), Hill (1968}, Sprague & Drury {1959} and
Rehwoldt & Bida {1970} Scherer & MNovak 11971} ad-
vanoced this design with an automated recorder.

Jones er gl {1058) investigated the response of salm-
onids o indusirial wastes with a rectangular woodsn
avoidance trough that was partitioned inte four parallel
channels at one end, Water entered each channel at the




TABLE 1 - cont.

Chemical Gpecies Reference
PooRADIENTS {cont,)

Calofum nitrate, Sodium- Gesterpsisus acuipatus, Ehoxdny phoxinus. dones, 1948,
suiohide, HF, Lead-
nitrate, Zing suiphats

Fhenol, Para-crescl, Phoxinus phosing Jones, 1351,
Orthe~-cresol.

05 Gasierpsteus aculeatus, Phoxinus phoxinus, 3aime. tyutia. Jones, 1952,

kisubeb, [, ishawylscha. 3almo gairdoeri. Jones et al., 1956.

Oneorhyvonhus

Suifaie waste,
Sutfite waste,

Oy, HT. Salmp salar. 5. Lruiifa.
Copper sulfate. Salme salar
Linz suifate,
Cu, In, Salmo salar
GZ Chologasier agessizd

ABS, BKME, Phenol, oo gairdnsri, S salar.

Chiovine.

007, Endrin, Durshan, Cyprin y yariegalus
Malathion, Sevin,

2d-p.

Bishat, 1962a,b.

Sprague, 1964.

N
Py

HilY, 1968,
Sprague & Drury,
1969,

Hansen. 1969,

closed end and exited (rom a drain at the lower, openend.
For zach trinl, two channels served as controly and the
others were treated with a toxic solution. Fish had the
option to pass from the lower hall of the trough into any
of the four upper channels, After exploratory behavior
commenced, the number of entries into sach channel was
recorded. Fewer entries info treated channels signified
toxicant avoidance. The apparatus of Bogardus {personal
commaunication, Wapora, Inc., Wash.. D USA} was

o
<8

similar except only two separate paraliel-flowing bodies
of water {one toxicant, ancther untreated) were produced.

Kleerskoper {1967) deseribed a tank with a vnidirec
tional flow of waterand a large { § X § X 0.5 m}. opon area
for monitoring the response of fish to toxic gradients.
Water entered through one entire wall, passed through
saifles which produced a laminar flow and created a
bie gradient in the open test area. When fish passed over
any of 1,536 photo-celis embedded in the Hoor light from
an interfaced collimeter was intercepted and the relative
position of the fish was recorded. Each experiment con-

sisted of three consecutive eight-hr recordings of the loco-

motion of » single fish with ‘clean” water initially in the
entire tank, with toxicant introduced into one haill and
then with toxicant introduced into the opposite half of
the tank. Therefore, the time accumulated in either area
of the tank, the average radius of each turn, and fish orien-
tation could be studied.

Westiake & Lubinski {1076} described a similar system
that was more compact and inexpensive. Water was in-
troduced and mixed in a deep end. allowed to flow
through a baffle that laminated the flow. and then entered
4 shallow area that housed the experimental fish, The
proximity of fish movemsat produced a drop in voliage
recorded by an overhead television camera which was
processed by a small computer that recorded fish loca-
tion. In this way sophisticated parameters of locomotion
could be analyred in addition to a simple avoidance re-
5pOnse,

Hoglund (1651} atiempied 10 integrats both the
shaliow and steep gradient metheds in a "Fluviarium’ that
was subdivided into an apportionment boX. & central sec-
tion of nine vertical glass plates creating ten longitudinal
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TABLE I - cont.

Chemical Spacies Refarence
STEEP GRADIENTS feont.)
CuCly Carpssius aura Teerskoper &% ail.,
1870,

BDT, Matathion.

EuC%z
Bg€}2

007, Toxaphene,
Endrin, Parathion.

Rocous Lineafus

Lepomis macrochirus, Microsterus ssimeides. Jncorhvnchus
&uﬁu&i@ L. ishawyischa.

- . Feini
Carassius guratus

g—&.ﬁ.&w‘ m

Gambusia affinis

Rehwoldt & Bida,
1974,

Whitmore et al.,
1874,

Hansen, 1872.

Kleerekoper ef al.,
1973,

Scharer & Howak,
1973,

Kynard, 1374.

Scherer, 1975,

Fenitrothion Carassius auratus
TRC, FRC, CRC. Bhinighthys atraltulus Fava & Tsal, 1976,
BIME Lagadon rhomboide undulus grandis Lewis & Livingston,
1977,
TABLE I - cont.
Chemical Species Reference
STEEP GRADIENTS {cont.)
CRE dotropis blennius, M. ypluceilus. Zimephalss vigiiax Bogardus et al.

TRC, CRC, FRC, HOCT.

TRC, CRC, FRE, HOCT.

ﬁg, Mickel nitrate,
Ferric nitrate.

2,4,6-Trinitrophennt

Sulphite Waste Liguor,
HET, O, HalH, Mall.

Ambloplites rupesiri
Notropis cornufys. M. rubellus,

Notemigonus cryspleucas

Micropterus dolomieyi. M. punctulatus.
Oncorhynchus kisutgh.

FLUVIARIUM METHODS

&

Leyciscus rutily

eucisous rutilus

Corsgonds sasus. £soy lucius. Rastevosisus acy us .
mwgmmwm
alpipus, 5. selar, 5. frutie, Salvelinus fontinalds.

Iince tinca.

{pers. comm. }

Cherry et al,1877a2.b
in press.

Larrick et al, in
press,

Hoglund, 1951,

Lindsh? & Marostroe,
1858,

Hoglund, 1981,
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T oxiosub-

sections, and a test chamber 10 house the
stances were released into the apportionment box which
created a reproducable series of concentrations. The towal
number of appearanves in each concentration was
presented in Bistograms o show which sectiony were least

frequented or avoided.

Wiaterisis and methods

Cherry e of, {1974} described an avoidance apparatus
patternad afier Meldrim & Gilt {1971) that incorporated
several desirable features and has been extensively applied
{Cherry ef af., 1975, 19774, b} The avoidance unit con-
sisted of two troughis, each 190 by 20 cin, which were
filied at opposite ends by two circulating baths. Adjust-
ment of medial drains maintained water one to three am
deep. depending upon {ish size. A ciosed cirenit television
monitor was used 1o observed fish movement in troughs
which wers isclated within a plywood enclosure.

Each trial consisted of a reference phase and 2 series of
experimental runs, Each water bath contained unmodi-
fied water pumped directly from the New River at Glen
Lyn, Virginia. The water was adjusted to the desired tem-
perature and then fed into both troughs. Fathead min-
nows { Pimephales promelas) were chiained from a com-
mercial warm-water hatchery and were acclimated and
tested at 15° O, One fish was placed in cach trough and
after normal exploratory movemenis were oblained, he
cumulative time spent on the pretreated side of the
medial drain was recorded for & 10-min period.

Following this reference phase, & 100 my/l ¢ lcium
hypochlorite stock solution was added 1o one water bath
to establish a sizep chlorine gradient in each trough. The
effect of TR {total residual chlorine} on fish behavior
was investigated by Sprague & Drury (1969} and Dandy
f1g72) but insuificient information was provided o
evaluate fish response to constituents of the FRC {free
residual chloring) - which include the hypochlorous acid
(HOCH and hypochlerite ion (0T fraciions -and the
combined residual chiorine {CRC) Fish in both troughs
were monitorsd simultaneously for another 10-min
pericd, and the time accumulated i the chioripate
water was recorded. Chiorine concenfrations were
b were tested in-

douhled afier each run 5o that sight
dividuaily at doubling exposures from 0.025. 5.030. ...
o800 mg/l TR

Water from the troughs was withdrawn through several

ns 21 the beginning anad termination of each

interal drais

run. Samples were analyzed for TRC and FRC with &
Wallaee and Tiernan amperometric ttrator. Hydrogen
lon concentrations were determined with a Corning

Model 610-A portable pH meter and hypochlorous acid
concentrations were calcalated (Cherry erall, 19778} The
Statistical Analyses System (SAR) by Barr o2 ol (1976
was utilized for all computations. The {irst TRC at which
the residence time differed significantly (p < .08} from
the reference phase (avoidance threshold) was determined
by the Wilcoxon Sign Rank Test (Wilcoxon & Wilcox.

1964}

Resulis and discussion

At 1879 C zcclimation temperature. the percent residence
time remained relatively consiant for the first three re-
cordings. then dropped sharply at 0,100 target TR and
remained low at the reamining congentrations. The TRC
concentration at the avoidance threshold was 0,115 mg/ 'l
which consisted of .079 mg/t CRC. 0.036 mgsi FRC
and c.oz2 meg/t HOCL

The execution of any avoidance response presupposes
the presence of a directive factor. Directive factors. as
defined by Fry (1947). include all cues that enable an or-
ganism to determine 15 own Jocation and the jocation of
other organisms in the environment. In addinion. avoid-
ance behavior depends upon the organism’s ability 10 dis-
criminaie between two bodies of water. for without this
perception, avojdance of jethal doses would not oceur.
Hasler & Wisbey {1949) showed that a fisk’s ability 2o dis-
criminate between different waters is very acute, but little
research has been carried out to determine the locus for
for toxicant reception. in spite of its great impertance 10
srientation and locomotion in fish. Although guantita-
sive data are scarce, Sprague & Drury (1969) and Dandy
{1972} have shown that most {ish pereeive chiorine at low
concentrations. The HOC! avoidance thresheld for fat-
head minnows (0.022 mg. 1) is similar to that reporied for
the common shiner f0.010-0.28 mg 1} (Cherry er &l in
press). This precision between fish species is significant
beczuse fathead minnows were exposed to & nearly
continuous range of values from o 10 0.168 mg/l HGO
and had ample opportunifies o select intermediate or
high concontralions.

{ince the toxicant has been peroebved. fish may respond
in several ways, The simplest response s a kinesis in which
the apimals body is not oriented with respect 1o the
source of stimulation, The stimulus may change the



swimming speed (orihokinesis) or the rate of turning
{klinokinesis) {Hinde, 1970) Faxes are morg advance

movements dirscting an animal toward {positive taxis)
or away [rom (nepative iaxis) a stimulan (Mair &
Maier, 1970%L A mevement that is directed by aliernate
comparisons (kRlnotaxis) is oflen found in animals that
have only one receptor or several receptors that are widely

dispersed. In order to elicit this behavior, the receplor wili
Hy toxic selution and fish will

be exposed w2 potent
cornpare these sensations with t
solutions. After 2 comparison is completed, the fish may

se received in aligrnate

orient itsell cither toward or away from gither stimulus.
These movements, which are successive in time and
spuce, were clearly demonstrated by Collins {1932} The
second taxis-ropoiaxis - s initiated by a simultansous
comparison of different solutions, usually involving sym-
metrical or bilpteral semse organs. These movements are
most successful in very steep gradienis and can be identi-
fied if one of a pair of receptors is destroyed (Bardach ef
al., 1967

it is difficult to separate the differont origniing compo-
nents in vertebrates, which has led to much debate re-
garding the mechanism that predominaies in an avoid-
gnce response. Proponenis supporiing kinetic move-
ments emphasize the erratc bul energetic movements
of {ish that move inio poorly oxygenated waler {jones,
1952}, However. this idea was refuted by Stoti and Cross
{1973} who conciuded that directed actions dominated the
response of toach ta low exygen conditions, They neted
that jow oxygen tensions incrensed fish’s sotivity, but dig
not signifwantly sler posilion in a shallow {gredusl)
gradiont, becsuse activity rematned high cven alter the
fish returned to the untreated water. inall hkelihood, cach
component is probably present and contributes 1o a
greater or lesser degree depending upon the fish species
and the nature of the toxicant {Hbglund, 1961},

Fathead minnows demonsiraied most of thess
behavior patlerss in our steep gradient. Upon entering
the chlorinated water, the fish freguently swam in wide
circles. Because of the limited space availeble. the fish
would soon re-enter untreated water, supgesting that
orthe- and klinokinetic behaviors were operative, During
Gring more

subsequent entries fish appearsd to detect chi
quickly. After swimming in decreasing cirgies at the toxi-
cant-water interface. most individuals chose to move into
the untreated waler. Because the fish generally moved its
entire body nto and cut of the toxicant, i appeared 1o be
making successive compansons {klinotasis) Thers was
fish

1155

no evidence for teiotaxic behavior, It lsnot knownifa
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has distinet toxicant receptors, but chlorine may simply
aCt as an irritant over large areas of the body surface (A,
(. Heath, Riology Dept.. VPI & SU. Blacksburg. Va..
A, personal communication). thereby providing the

stimulation for toxis behavior,

Prospective investigatory must consider the advantages
and disadvaniages of sach method. The most obvious
decision o be made is whether to employ an apparatus
that ¢reates a shallow or a stegp gradient. Bhallow gra-
dients have the distingt advantsge ol simulating the
majority of lotic environments. Turbulence normaliy
dilutes effluents downstream creating very gradual horl-
sontal gradients, As fsh swim toward the gradient from
downsiream locations, they must be subjected to ever in-
creasing toxic concentrations.

The use of shallow gradients also presents several prob-
lems: {1)they are difficult to reproduce with accuracy, {2}
the threshold avoildance concentration i difficult 1o as-
certain in a continuous gradient uniess it les directly ata
sampling point, {3} fish placed in a gradual concentration
gradient may select a favorable location as opposed 1o
aveiding 2 certain toxic concentration, and {4}, most im-
portantly. shallew gradients cannot provide distingd
directional cues for fish orientation. For these reasons.
we decided 1o emplov an apparatus which created a steep
toxric gradient.

A single 1oxic concentration, which is the greaiest
advantags of steep gradients, provides the best opportuni
ty for the sense orguans of {ish o discriminate between two
opposing bodies of water. These gradicnts provide the
necessary cues for spocessiul direcied movements such as
klinotaxes and tropoizxes. In addition. kineses are apl
10 be more successiully executed in very steep gradienis.
dug to ihe proxmity of favorable environmental condi-
tions. The chief objection io the use of these gradients
concerns their applicability to field situations. Steep gra-
dients are not particularly common i nature. but they
are present at the confluence of two bodies of wailer orin
the immediate vicinity of an industry's ouifall. The dis-
charge at APCOs Glen Lyn plant in Virginia fotms g very
steep gradient. Chiorinated discharges remain relatively
unmized with rapidly Dlowing river water for meters
helow the outfall area. perhaps because of the differing
water temperatures and densities.

The parameter chosen as an index of avoidance
behavior must be compaubie with the physiological and
behavioral response of each species to gach toxicant
Shelford & Alles f1914) regorded the number of enines
into the modified waier was a measure of avoidance




behavior, Whitmore ef @l {1470) placed muarkers al
varving distances within the experimental solution to
determine the depth of penetration for cach visil. In both
cases, i was assumned that higher concentrations of toxi-
cant would clicit a greater turning frequency and conse-
quently more shaliow visits into the treated water, These
entry indices account for klinokinetic movements which
result in more frequent turns in the treated water and for
klinotaxes in which the fish must repeatedly enter the
treated water to compare these sensations with those in
untreated water, Unfortunately, these methods do not
account for orthokinetic responses in which fish move
deeply into the toxicant but leave so guickly that less time
is actually spent on the modified side. This may account
for contradictory opinions in the reporting of cntry indices
as adequate (Kleerskoper er af, 1973} or inadequate (Fava
& Tsai, 1976} measures of avoidance behavior. Elapsed
time may be the most accurate measure of both kinetic
and taxic behaviors and has been shown to be a sensitive
index of avoidnace behavior {Fave & Tsal, 1478 Larrnck
#t al, in press). Time indices account for increases in
swimming speed as fish move rapidly through a toxicant
and for increased turnings as fish avoid unfavorable con-
ditions. Data from our study show that this parameter is
very sensitive to fish movement. The avoidance threshold
for fathead minnows dropped sharply frem 47 to 20
perceni residence time. The measurement of other para-
meters does not provide such compiete information,

The cheice of test organisms should alko be carclully
considered. Perhaps the most widespread solution is o
utilize the most important fish in the region being studied.
Using this guide the response of fish that are considered
yaluable’, either economically or recreationaliy. are used
for regulations concerning the remainder of the popula-
tion. Unfortunately, fish of uniform age and size are not
always available. A second premise is to experiment with
as many different species as possible. Thischoice has been
important in creating guidelines for specific discharges,
but the results from different studies cannot be ade-
guately compared. Much interest has recently been given
to the idea of establishing a standard {ish {or bioassays
similar t0 the white rat in medicing {Sprague, 19703 H
such an organism s tested singly or in conjunction with
other species, the ability to either reproduce or compare
results among lahoratories would be greatly improved
{Lennon, 19671, The selection of & specific fish depends
upon certain criteria: 1) a uniform response to most toxd-
cants; 23 adeguate availability of a cerisin sive, age and
condition: 1) ease in handling and transporting: and. 4

prefurably one that can suceessfully complete a hife cycle
in one vear or less (Adelman & Smith, 1976). Suggested
species have included the fathead minnow and goldiish
(Cargssing euratus) (Adelman & Smith, 1976) and the
bluegill sunfish {Lepomis macrochirus ) {Cairns, 1969). Of
these species, the fathead minnow s readily available,
casily manipulated and bred, and most suitable for
gencral bioassay work. The data show that this species
responds guite precisely In our avoidance apparatus,
Bluegill and goldfish are often oo Jarge to be utilized
many apparatuses and are difficult 1o rear over several
generations in small laboratories.

Setection of a specific standard binassay fish is based
upen the unlikely prospect that the species accurately re-
presents the response of svery other species. For thig
reason, a single choice should be broadened to accom-
odate variations in water quality which often result in
different lish species. Because of 1is widespread distribu-
tion, the wealth of supplementary dat in the literature.
and the refined culturing techmigues. rainbow trout
{Salvio gairdneri) mayv be substituted as a cold water test
organism. In this way, the accumulating data wiil not be
unnecessariiy hiased by the smaller. warm water fathead
MINHoWw,

From the preceding discussion it is evident that few
present o past methodologies incorporate every desirable
feature. The apparatus deseribed heroin contains many
usei] modifications. Premixing experimental solutions
in the treated water hath reservoir enables an investigator
1o 1est a wide vanety of toxicants under constant tempe-
rature conditions. Steep toxic gradients are produced in
avoidance troughs which provide the necessary sensory
cues for fish to make a quick. sharp decision concerning
its desirability, The lateral drains allow for regulation of
water depth so that different age classes and specics may
be accomaodated.

important decisions must soon be made to limit the
further degradation of ail water resources. Unfortunately,
zevo discharge is an unrealistic goal (Cairns. 1977). Crite-
riz must be formulated to help establish standards that
can adeguaiely protect our water resources. Avoidance
thresholds provide valuable Insight regarding the survival
of fish in toxic solutions that cannot be obtained from
static or chronic bioassayvs. Fish may successfully survihve
brief exposures to toxic concentrations greater than their
gb-hour lethal concentrations by avoidance behavior and
retrest 1o more favorable focations in their environment.
Therefore these studied can provide extremely useful in-

{formation {rom which such criteria can be established.
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