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Usually, the initial response of an animal to an 
environmental perturbation is changing its behavior. With 
fish, this may hold an alteration in swimming ac%ivity or 
reactions like avoidance or attraction. The usefulness of 
fish behavior to detect the changes in chemical water quality 
was recognized mere than 70 years ago (Shelford and Allee 
1913). Since that time, many laboratory studies have been 
performed on the behavioral reactions of aquatic organisms to 
pollutants, including those resulting from pH changes (Wells 
1915; Jones 1948; Hogland 1961; Bishai 1962). 
However, still there is no conclusive evidence that fish 
behavior offers an adequate tool to detect chemical 
pollution. Ir 4 this study, the use of R-value for swimming 
activity and D~-value for avoidance behavior of fish as early 
warning methods to indicate the development of toxic 
condition is discussed based on experimental data on pH 
effects. 

MATERIALS AND METHODS 

As test fish, Japanese fat minnow (Phoxinus la~wski 
Dybowski) was used. The fish (5 to 7 cm in length, weighing 
1.2 to 2.8 g) were collected from a small river in Yamanashi 
prefecture and acclimated to the laboratory conditions for at 
least one month prior to testing. 
All experiments were carried out under conditions of natural 
phetoperiod in aerated dechlorinated tap water, (average 
water quality: alkalinity; 32 ppm as CaC0~, hardness; 38 ppm 
as CaC03, pH; 7.4, conductivity; 105 x 10 -~ mho/cm, 20+ I~ 
To avoid disturbances by the experimenter the test system was 
shielded by a curtain and boards during the test. The 
experimental system used is of the up-flow shallow gradient 
type as shown in Figure I. The system consists of a test 
chamber and 6 small cells that can receive different 
pollutant concentrations from a toxicant delivery system. 
From each cell, the water flows through a flow-controlling 
plate (1200 openings, ~ = 2.0 mm) into the test chamber and, 
subsequently, is discharged from 12 orifices at each side of 
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the chamber. The total flow rate was 6 L/min (I L/min/cell), 
resulting in an up-flow velocity ranging from 0.26 cm/s at 
the middle of test chamber to 0.66 cm/s directly above the 
flow controlling bottom plate. The system was operated by 
adding a test concentration via cell I, 50% of that 
concentration via cell 2, whereas the remaining 4 cells were 
supplied with tap water only. The pH changes were induced by 
the addition of H2SO 4 or NaOH, and pH was measured by glass- 
electrode methods. It was found that a stable concentration 
gradient was formed within 6 to 8 min after initiating the pH 
change and disappeared within almost the same period after 
stopping it. 

The activity of fish was determined as the number of light 
beam interruptions according to Cairns et al. (1970) and 
counted by a timer counter at 5- or 30-min intervals. Six 
pairs of photo-electric switches (0mron E3S-ID) were placed 
just beneath the orifices and the light beams were adjusted 
to 3.5 cm height from the flow controlling bottom plate. In 
the experiment, only fish were used showing an average 
activity of 100-300 counts/h during 3 days. After 
acclimatization to the tesC conditions for 3 days and 
recording the fish swimming activity for another 3 days to 
obtain the reference values, pH of the water was changed in 
the middle (1300 to 1400 h) of the next day. 
The activity of fish varies with time and shows a circadic 
rhythm. Furthermore, the activity is relatively high in the 
central part of the test chamber and low at both ends in the 
daytime, whereas during the night period the activity is 
decreased and equally distributed. Therefore, to detect the 
changes in overall swimming activity, Rk-Value was used which 
is the ratio of the average activity recorded in the 6 zones 
per time interval (k) during the control period to the total 
activity in corresponding time intervals during the test 
period. 

where 

Rk= 

6 
l Ni,n, k 

i=l 
6 n-i 
7. Z Ni,j ,k/n_ j 

i=l j 

N= number of counts 
i= number of cells 
j= the day on which counting started 
n= the day of pH change 
k= time interval 

For the detection of the distortion from the normal 
distribution pattern of fish, the magnitude of deviation 
(D2k-Value) in the activity rate of each zone per time 

interval (k) was calculated. 
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Ei,jA(n-l),k 

Ni'j 'k x i00 
where: Pi,j,k = 6 

E Ni,j, k 
i=l 

n-i 
Ei,jA(n-l),k = E Pi,j,k/n-j 

J 

As shown in equation, Pi,j,k is the ratio of the amount of 
activity in the de~ector of cell i to the total amount of 
activity in the test chamber per time interval k on the jth 
day. Ei,j^(n-1), k is the average activity rate in the cell 
i per time interval k in the control period ranging from the 
jth day to the (n-1)th day. D~k-Value corresponding time 
interval k was considered as a response to the changes in pH. 

RESULT AND DISCUSSION 

The variation in the amount of activity takes place only 
immediately after the inflow of acidified water because fish 
avoid it and move to safer water zone. The influence of pH 
changes on the variation in overall swimming activity (R- 
value) is shown in Figure 2. After acidification of the 
water, the R-value generally increased within 30 min and 
returned to its initial value within about the same period 
after ceasing the introduction of acidified water. At pH I, 
R-value reduced to zero within 30 min because of the death of 
the fish, whereas no significant deviations in R-value were 
found at pH level 6 to 9. Decrease to pH 2 to 5 resulted in 
a fluctuation in R-value ranging from 0.5 to 2.0. It should 
be noted, however, that such a variation also may occur under 
non-stressed conditions (Nakamura, in press). Therefore, the 
R-value in this system cannot be considered as a reliable and 
sensitive index for detecting unfavorable conditions of 
water. Only in case all or most of the test animals in the 
aquarium are killed, R-value (R = O)may be used as an 
indication for toxic conditions of the water. 

Figure 3 shows the distribution pattern of the fish in the 
test chamber before, during, and after introducing water of 
pH 3 into cells I and 2. During the pre-exposure period, the 
highest activity was observed in the center of the test 
chamber. 
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Figure I. Test aquarium used in this study. Photoelectric 
switches were placed just beneath the orifices. 
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Figure 2. Variation in R-value at 30 min-intervals. Since 
points and lines become complicated, data other 
than pH changing period are plotted at 1-h 
intervals. 

Immediately after decreasing the pH level, the fish showed 
avoidance behavior and their swimming region shifted to the 
zone of pH 6 to 7. During the exposure period, the amount of 
activity clearly decreased. In the post-exposure, both the 
distribution pattern and the amount of activity returned to 
the original state within I to 2 hrs. 

Similar results were obtained when water with pH levels of I, 
2 or 4 was introduced. At pH 5, only a slight distortion in 
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Distortion in the distribution of swimming zone 
caused by the  i n f l o w  of  a c i d i f i e d  w a t e r  (pH 3). 

distribution was observed. No effects were found at pH 
levels 6 to 10. 
In Figure 4, the influence @f pH changed on the variw in 
the distribution pattern (D~-value) is presented. D~-values 
reflect well the distortion in distribution. Under normal 
conditions, the value D2<I00 was obtained. Acidification of 
the water resulted in an increase in D2-value, varying from 
200 to 1600 depending on the H + ion concentration. The 
extent and the rate of increase was in the order of pH 2, 3 > 
4 > 5. Also, in the recovery period, concentration-effect 
relationship was observed; the lower the pH level, the longer 
time was required for returning to the normal distribution. 
0~ly at pH 1, all test animal~ died resulting in Pi ~ k = O, 
D ~ = 100. No deviation in D~-value could be foun~t ~H 
levels 6 to 9. Therefore, detection limit by the use of D ~- 
value will be in the vicinity of pH 5. This detection limit 
corresponds to 72 to 96-h TLm value for Japanese fat minnow 
(Nakamura 1986). 
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Figure 4. The variation of D2-value at 30-min intervals. 

Johnson and others (1977) found that trouts avoid water zone 
having pH = 4 to 4.5. Laughlin and others (1978) found that 
crabs began to show avoidance behavior at pH = 4.6 or less. 
Ishio (1960) reported that the action of fish to avoid H + ion 
was in accordance with Weber-Fechener's law and 50% avoidance 

�9 + 
concentratlon of roaches was [H ] = 1.4 x 10 -5 mol/L. 
Accordingly, although the differences due to the kind of 
animals or type of experimental methods have to be taken into 
consideration, the H + ion avoidance concentrations of 
Japanese fat minnow detected by the variation of D2-value are 
in agreement with pH avoidance effect level mentioned in 
literature. 

From these results, it seems that D2-value will be a good 
index to detect the avoidance response as well as the 
preference response. 

D2>150 to 250 may be used as an indication of avoidance- 
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preference response though suitable value will depend upon 
the determination time interval. D 2 = 100 can be used to 

indicate the death of test animal. Although the degree of 
toxicity and the avoidance response level are not always 
correlated (Hara 1983), the avoidance preference test proved 
to be sensitive in detecting many substances such as 
agricultural chemicals (Wildish 1977; Hitaka 1984), heavy 
metals (Spr~gue 1964), residual chlorine (Cherry 1982). 
Therefore, D~-value may be used more effectively as an early 
warning index if it is used at the same time with other 
indices such as respiration activity, rheotaxis of fish and 
so on. 

In conclusion, R-value is considered as less effective in 
detecting the inflow of acidified water. However, R = 0 may 
be used as an index to suggest the inflow of extremely toxic 
water. D2-value is recommended to determine avoidance- 
preference behavior of fish as a result of unfavorable water 
conditions. D~>150 to 250 may be used ~s an indication of 
avoidance-preference response, whereas D ~ = 100 may be used 
to indicate the de~th of the test animal. 

Acknowledgments. I would like to thank Dr. W. Slooff and Drs. 
D. de Zwart, Rijksinstituut voor Volksgezondheid en 
Milieuhygiene, for valuable discussion and for critically 
reviewing the manuscript. I also wish to express my 
gratitude to Mr. T. Kitajima, S. Kawasaki, Y. Inokuchi and A. 
Kuroda for their assistance in this experiment. 

REFERENCES 

Bishai HM (1962a) The reactions of larval and young 
salmonids to water of low concentrations, J Cons Cons In 
the Explor Mer 27:167-180 

Bishai HM (1962b) Reactions of larval and young salmonids 
to different hydrogen ion concentrations. J Cons Cons In 
the Explor Mer 27:181-191 

Cairns JJr (1970) A preliminary report on rapid biological 
information for water pollution control. J Wat Pollut 
Control Fed 42:685-703 

Cherry DS (1982) Influence of temperature selection upon 
the chlorine avoidance of cold water and warm water fish. 
Can J Fish Aquat Sci 39:162-173 

Hara TJ, Brown SB, Evans, RE (1983) Pollutants and 
chemoreception in aquatic organisms. In: Nriagu JO (ed) 
Aquatic Toxicology, John Wiley & Sons, New York. 

Hitaka H (1984) Avoidance of pesticides with medaka (0ryzias 
latiped). Nippon Nogeikagaku Kaishi 58:145-151 

Hoglund LB (1961) The reaction of fishes in concentration 
gradients. Fish Board Swed, Inst Freshwater Res. 
Drottnignholm Rep. No. 43:1-147. 

Ishio S (1960) The reaction of fish to toxic substances. 
II, The reactions of fishes to acids. Bull Jap Soc Sci Fish 
26:894-899 

814 



Johnson DW, Webster DA (1977) Avoidance of low pH in 
selection of spawning sites by brook trout (Salvelinus 
fontinalis). J Fish Res Board Can 34:2215-2218 

Jones JRE (1948) A further study of the reactions of fish to 
toxic solutions. J Exp Biol 25:22-34 

Laughlin RA, Cripe C R , Livingston RJ (1978) Field and 
laboratory avoidance reactions by blue crabs (Callin~ctes 
sapidus) to storm water run off. Trans Am Fish Soc 107:78- 
86 

Nakamura F (1986) Fundamental studies on continuous water 
quality monitoring methods based on behavioral responses of 
fish (1) J. Jap War Work Assoc 54:17-26 

Sparague JB (1964) Avoidance of copper-zinc solution by 
young salmon in the laboratory. J. Wat Pollut Control Fed 
36:990-1004 

Shelford VE, Allee WC (1913) The reactions of fishes to 
gradients of dissolved atmospheric gases. J Exp Zool 
14:207-266 

Wells MM (1915) The reactions and resistance of fish in their 
natural environment to acidity, alkalinity and neutrality. 
Biol Bull 29:221-257 

Wildish DJ (1977) Avoidance by betting of dissolved 
components in pulp mill effluents. Bull Environ Contam 
Toxicol 18:521-525 

R e c e i v e d  November 5, 1985; a c c e p t e d  F e b r u a r y  11, 1986 

815 


