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ABSTRACT 

Laitinen, Markku 
Biomonitoring of the responses of fish to environmental stress 

Jyvaskyla: University ofJyvaskyla, 1995, 39 p. 
(Biological Research Reports from the University of Jyvaskyla, 
ISSN 0356-1062; 43) 
ISBN 951-34-0435-8 
Yhteenveto: Kalojen stressivasteiden biomonitorointi. 
Diss. 

Biomonitoring of stress responses in fish to water acidity was first conducted 
in relation to embryonic mortality and ion balance. In addition, fish behav
iour, cardiac and ventilation rates recorded with non-contact bioelectronic 
monitoring equipment were used to quantify the effects of acidity and alu
minium, handling stress and parasite infection. 

Embryonic mortality of perch, Perea jluviatilis inhabiting an acid lake 
was markedly higher than that of a neutral reference lake population. High 
mortality when reared in neutral water indicated a poorer quality of eggs 
produced by the acid lake perch. No changes were observed in milt quality. 

Elevation of water CaC1
2 

and MgC12 concentration in acid water 
decreased embryonic mortality in the rainbow trout, Oncorhynchus mykiss. 
After hatching, the most marked effects of acid stress were the inhibition of 
Ca-, and less strongly Cl-intake, and yolk utilization of the fry. 

Five minute handling stress resulted in a short period of increased 
activity and more prolonged elevation of heart and ventilation rates, 
especially in fed brown trout. In trout acclimated for 7d to aquaria, the 
responses following 5 minutes physical disturbance did not markedly differ 
from a short move between aquaria or a move to acid (pH 4.7) water. Trans
fer to acid water following 5 minutes disturbance prolonged the recovery of 
fish. 

Exposure for 7 days to pH 4.7 alone and with aluminium (280 and 
450 µg*J-1) increased heart and ventilation rates in brown trout, Salmo trutta.
Especially ventilation rate remained higher in combination with aluminium. 
Based on both the terminal haematological and on-line biomonitoring data, 
the fish were experiencing hyperglycaemia in combination with respiratory 
stress. 

Exposures to cercariae of the digenean parasite, Diplostomum 
pseudospathaceum caused a dose-dependent increase in total activity of roach, 
Rutilus rutilus and brown trout, and an increase in heart and ventilation rates 
in brown trout, followed by a host-specific recovery time in the activity of 
fish. 

Key words: Biomonitoring; acidity; aluminium; reproduction; handling stress; 
swimming activity; heart rate; ventilation rate. 

M. Laitinen, Department of Biological and Environmental Science, University of
Jyviiskylii, P.O. Box 35, FIN-4035t Jyviiskylii, Finland
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1 INTRODUCTION 

Biomonitoring means recording changes in organisms from the molecu
lar to the population level which are attributable to changes in various 
conditions, normally environmental ones. The parameters measured can 
vary greatly: the abundance or survival of organisms, or behaviour, 
physiology, morphology etc. A great deal of information has accumu
lated on how various substances affect fish, and criteria with respect to 
a number of toxic substances are available for a variety of species. The 
early life stages in the life of a fish are known to be the most sensitive 
to environmental changes, and changes in reproduction can be 
measured by the quantity of viable eggs or milt produced and the sur
vival of the progeny. With a large number of lakes in Finland moving 
towards more acidic conditions, it is essential to know the first symp
toms which might be related to the future reproductive success and 
survival of fish populations. In addition, Finnish lakes are ice-covered 
for about 6 months in winter, which may cause additive effects on acid 
stress by the low temperature (between O and 4°C) and increased risk 
for hypoxic conditions. The low Ca concentration in Finnish lake and 
river waters (a few milligrams per litre) can further modify the effects 
of acid stress. Accordingly, the present studies were mainly carried out 
at winter temperatures (below 4°C). 

Advances in computer technology and real time analysis have 
enabled the development of equipment which uses living organisms as 
sensors for monitoring environmental conditions. Systems using fish are 
based on a number of parameters: behaviour, i.e. preference or avoid
ance reactions (Cherry & Cairns 1982, Pedder & Maly 1986, 
Hadjinicolau & Spraggs 1988, Little et al. 1993) electricity production 
(Lewis et al. 1990, 1992, 1993, 1994) or ventilation or heart rate as an 
index of physiological status or toxicant effects (Priede 1983, van der 



10 

Schalie et al. 1988, Little & Finger 1990, Diamond et al. 1993, Poleo & 
Muniz 1933, Lucas 1994). Organisms other than fish may also be used, 
e.g. arthropods, bivalves and bacteria in a variety of devices commonly
referred to as 'Aquatic biological early warning systems' (for review,
see Kramer & Botterweg 1991).

Effects of acidity on both terrestrial and aquatic organisms are 
widely documented, and the present research is also largely focused on 
this ongoing environmental change. Experiments concerned with ion 
balance during vitellogenesis and with hatching success, including 
gamete quality, were carried out on the perch, (Perea fluviatilis L.), and 
mortality and ion balance during embryonic development and the yolk 
sac period was studied in the rainbow trout ( Oncorhynchus mykiss 
Wahlbaum). Finally the behavioral and physiological responses of the 
brown trout (Salmo trutta L.) to the combined effects of acid stress and 
aluminium were assessed using a non contact bioelectronic monitoring 
system. 

The stress by handling is nearly always present in experimental 
studies on fish, and a 'pre treatment recovery time' is usually quoted, 
ranging from none at all to several months. Actual recovery from 
handling stress may take from a few hours to a recommended three 
weeks depending on the parameter being measured (Pickering et al. 
1982, Waring et al. 1992). To see how pre-treatment conditions affect the 
recovery of heart and ventilation rates, the effects of severe handling 
stress were studied in both feeding and fasting brown trout and an 
experiment on the effects of moderate physical stress followed by acid 
exposure was carried out to see if synergistic effects exist between these 
sources of stress. 

Parasites may have marked pathological effects on host tissues 
(Williams & Jones 1994), but their possible synergistic effects are often 
forgotten or neglected in physiological studies. The responses to and 
recovery from exposure to cercariae of the infective digenean trematode 
Diplostomum pseudospathaceum and to the non-infective xiphidiocercariae 
of Plagiorchis elegans were monitored to determine whether fish respond 
to the presence of cercariae in the water column or to penetrating lar
vae. 



2 MATERIALS AND METHODS 

Excluding the monitoring system and the unpublished data, materials 
and methods are described in detail in the original papers I-VI. 

2.1 Bioelectronic monitoring equipment 

The equipment used in this study was developed from the system 
controlling raw water quality at Helsinki municipal water and sewage 
works (Smeds 1992). This new version enables simultaneous on-line 
measurement of four individual fish including behaviourial and physio
logical parameters with non-contact electrodes. 

Fish are kept individually in 174 1 or 53 1 aquaria. A symmetric 
pair of electrodes made of stainless steel are placed at the bottom and 
at the top of the aquaria and a reference electrode between them (for 
figure, see paper IV). The electromagnetic signals obtained from the fish 
musculature at a rate of 100 Hz are amplified and converted to digital 
mode. Ventilation, heart and coughing rates are separated from the raw 
signal using digital filters implemented on a signal processor. Lower 
and upper limits, as well as a time delay for heart and ventilation rates 
can be manually set to exclude false recordings from disturbances 
coming through the electric network. Limits for the raw signal can also 
be set - any samples exceeding these will be recorded in total activity 
data. As the sampling rate is 100 Hz, the value for the total activity 
may vary from 0 to 6000 during each minute. The obtained results are 
transferred to and displayed on an IBM PC compatible computer. The 
data are saved in a file on the hard disk of the PC each minute includ-
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ing total activity (counts per minute, CPM), heart and ventilation rates 
(beats per minute BPM, and CPM, respectively) and their mean minute 
amplitudes (m V), and coughing rate (CPM). For a more detailed 
description of the signal processing and filtering, see Ranta et al. (1991). 

The registration of ventilation rate was evaluated by comparing 
simultaneous visual observation of gill movements and the 
biomonitoring data and comparing the results with students t-test for 
dependent samples (Ho

=V�isual 
= VR monitor)- Observations on quiescent 

fish (n=15) gave averages of 53.27 ± 2.51 from the monitor data and 
53.53 ± 3.02 for visual observation. Values did not differ significantly 
(Student's t-test, T=-0.984, df=l4, p=0.342). 

Separation of heart rate from the raw signal was confirmed by 
taking signal samples of 6 seconds from a whole intact fish, and com
paring the signal with that produced by dissected heart placed in the 
monitoring aquaria (Fig 1). 

For reliable data on heart rate, the minimum size of fish is about 
100 g. The signals from the heart in smaller individuals are so weak 
relative to the raw signal strength, that disturbances coming through 
the electric network may be registered as heart beats: some of them are 
partly equal to the contraction of the ventricle in their frequency and 
amplitude. Of the several species tested in the system (perch, roach 
(Rutilus rutilus), pike (Esox Iucius), crucian carp (Carassius carassius), 
burbot (Lota Iota), rainbow trout and brown trout) trout have the 
strongest signal from their heart relative to body weight. Brown trout is 
more suitable because it usually lies immobile on the bottom of the 
aquaria, whereas rainbow trout swim much more actively, resulting in 
false or missing records in heart and ventilation rates due to the inter
ference of swimming musculature. 

Following transfer to the monitoring aquaria, heart and ventila
tion rates in brown trout stabilize within 3 to 7 days exhibiting a clear 
diurnal rhythm with minimum swimming activity during the dark 
hours of the day and higher during the light and twilight periods (Fig 
2). Accordingly, heart and ventilation rates recorded during the period 
of darkness (i.e. between midnight an 5.00) were used for statistical 
comparisons due to the minimum interference of musculature other 
than heart beats and opercular movements. 
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2.2 Effects of water temperature and oxygen concentration 
on heart and ventilation rates in brown trout 

Effects of water temperature on heart and ventilation rates were 
recorded between 1992 and 1994 in brown trout (weight 99 to 486 g, 
n=90) , allowed between 4 to 7 days recovery from the move to the 
monitoring aquaria. In linear regression between the mean heart and 
ventilation rates and temperature, fish size (g, wet weight) and water 
temperature were included in the model as independent variables, and 
mean heart and ventilation rates between midnight and 5.00 as depen
dent variables. 

Heart and ventilation rates of brown trout at different water 0
2

-

concentrations were studied in respirometers placed in the monitoring 
aquaria. The respirometers were made of round plastic tubing ( diam
eter 15 cm, length 40 cm, total volume 3.4 to 3.6 1), with electrodes 
made of stainless steel at the top and bottom. Trouts were placed in 
these 4 days prior to measurements and were allowed a flow-through 
water supply (0.6 to 1 1 * min-1). An oxygen electrode (Ysi model SOB,
probe 5739) was placed in the outflow tubing and the water supply was 
changed to closed circulation with an aquaria pump. The decrease in 
oxygen concentration was recorded each 10 to 15 minutes and 
compared with the corresponding biomonitoring data. A linear 
regression was calculated between oxygen concentration and heart and 
ventilation rates. The data presented is calculated from 4 repeated trials 
carried out with three brown trout weighing between 267 and 376 g at 
water temperatures between 3.4°C and 3.8°C. 

2.3 Methods of the original papers 

Effects of acid stress on the reproduction of perch were monitored by 
rearing experiments carried out in the field in an acid (pH 4.7-5.2) and 
a circumneutral (pH 6.6-6.9) lake (I, II), and in laboratory conditions by 
cross fertilization between the two populations (II). 

Blood Hct and plasma, ova, bone and dorsal white muscle Ca2+ 
and Mg2+ concentrations in perch were studied in the lakes during the 
reproductive cycle (I, II). 

Effects of elevated CaC12, NaCl and MgC12 concentrations in acid 
(pH 4.7) water on the Ca+2

, c1- and Mg+2 concentrations of eggs and 
yolk-sac fry and embryonic mortality of rainbow trout were studied in 
laboratory in a flow-through diluter system (III). 

Responses to, and recovery from handling stress in brown trout 
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were observed in activity and heart and ventilation rates following: 1; 
transfer from 4 square meter holding tanks (volume 2000 1) to monitor
ing aquaria (174 1) and, 2; forcing fasted and fed fish to struggle for 5 
minutes on a fishing hook and line (IV). 

The combined effects of acidity (pH 4.7) and aluminium (280 
and 450 µg Al*i-1) on brown trout were studied by monitoring the total
activity and heart and ventilation rates during a 7d exposure (V). Blood 
samples were taken at the end of the exposure to compare haematolog
ical stress indices with the biomonitoring data. 

Responses to parasite infection were monitored following infec
tion of roach and brown trout with cercariae of digenean trematodes 
released by snails (Lymnaea stagnalis) at concentrations between 0.9 and 
94.3 cercariae *l-1 (VI). 

2.4 Combined effects of acidity and handling stress 

Combined effects of acidity (pH 4.7, range 4.55-4.80) and mild to mod
erate handling stress on total activity and heart and ventilation rates in 
brown trout (weight 326 to 443 g) were studied at 1.5 to 2.8 °C at light 
rhythm following the natural rise and fall of sun. The pH was adjusted 
by adding HCl in the water of River Rutajoki (nominal pH 6.6 to 6.8) in 
a well aerated 2000 m3 tank and delivered to aquaria by means of a 
pump. Fish were allowed a 7 days acclimation period in the monitoring 
aquaria before exposure to following treatments: 
I transfer from 174 1 aquaria into a 53 1 one (pH 6.7). 
II similar transfer from pH 6.7 to pH 4.7 
III as in I, following 5 minutes disturbance of the fish with a pin in 

a 101 water container. 
IV transfer from pH 6.7 to pH 4.7 following 5 minutes disturbance 
This was repeated four times on one randomly selected fish per treat
ment in each replicate. 

2.5 Statistical tests 

Depending on the data distribution, the statistical significance of differ
ences between and within treatments were tested using either paramet
ric tests, ANOV A for repeated measurements, Student's t-test and linear 
regression, or nonparametric ones, Friedmans two-way analysis of vari
ance and Wilcoxons signed rank test. 



3 RESULTS 

3.1 Effects of water temperature and oxygen concentration 
on heart and ventilation rates in brown trout 

A significant positive correlation (p<0.001) exists between heart rate and 
water temperature (Fig 2A), and a negative one with fish size (p<0.001). 
Linear regression with heart rate as dependent variable and water tem
perature and fish size as independent variables is described by the 
equation: 

H
r 

= 12.84 + 1.67 * T - .015 * M (n=90, r2=0.834, p < 0.001 for both 
T and M) 

in which H
r 

= heart rate (beats per minute) 
T = water temperature (0C) 
M = fish wet mass (g) 

The corresponding model for ventilation included only water tempera
ture, as fish mass was not related to ventilation rate (p=0.992)(Fig 2B): 

V
r 

= 23.73 + 1.862 * T (n=88, r2=0.639 P<0.001) 

in which V
r 

= ventilation rate (counts per minute) 
T = water temperature (0C) 

Brown trout responded to decreasing oxygen concentration (from 14.1 
to 4.3 mg Oz*I-1) with a marked, linearly correlated increase in ventila
tion rate (n=102; r2=0.792; p<0.001) (Fig 3). Oxygen concentration had 
no effect on heart rate. 
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3.2 Responses to acid stress 

3.2.1 Embryonic development, egg quality and ion balance 

3.2.1.1 Perch 

In rearing experiments involving egg transfer between the acid and 
neutral lake, the embryonic mortality of perch from the acid lake was 
higher than that of the neutral lake population in both lakes (I, II). 
When eggs of the neutral lake population were allowed the swelling 
period in the native water, mortality decreased compared with eggs 
that had been transferred to acid water immediately after fertilization. 
In contrast, the mortality of acid lake embryos decreased when they 
were transferred to the neutral lake water immediately after fertiliza
tion, still remaining above 70 % (II) 

The onset of hatching of perch was delayed in the acid lake 
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irrespective of the origin of the eggs. 
Cross-fertilization between the lakes indicated that the origin 

of milt had no effects on embryonic mortality. 

3.2.2.2 Rainbow trout 

Acid stress (pH 4.7-4.8) during the embryonic development of rainbow 
trout increased the mortality to between 60 and 90 % except when both 
CaC1

2 
and MgC1

2 concentrations were elevated in the rearing water 
(from 3.0-3.5 mg Ca*l"1 and 1.5-2.0 mg Mg*l·1 to 20-25 mg Ca*l"1 and 10-
15 mg Mg*1"1) (III). The mortality occurred fastest in the presence of
pure acid stress and was delayed until the eyed stage when there was 
an elevated Ca concentration. 

Elevated CaC12, NaCl or MgC12 concentrations in the rearing 
water did not affect Ca, Cl or Mg concentrations in eggs or newly 
hatched larvae. 

When exposed to acid stress at the eyed-stage, the uptake of 
Ca and Cl was inhibited. Acid stress had no effects on Mg concentra
tion of eggs. 

When exposed as newly hatched yolk-sac fry, the inhibition of 
Ca accumulation was the most marked effect of acidity. The only effect 
of salt additions was the increased Cl accumulation when NaCl was 
added to the water. 

Acid stress did not affect the onset of hatching, but it 
decreased the rate of utilization of the yolk material. 

3.2.2 Adult fish responses to acid and acid+ aluminium stress 

3.2.2.1 Perch 

Blood haematocrit of both male and female perch and plasma Ca and 
Mg concentrations of female perch were lower in the acid lake than in 
the neutral one during the winter, but by the spawning time, the differ
ences disappeared. The maximum levels of plasma Ca and Mg concen
trations during vitellogenesis occurred later in the acid lake population 
(I). 

The Ca concentration in the ova of perch in the acid lake 
population was higher relative to the neutral lake throughout the win
ter time. Ova Mg concentration differed between the lakes only in Feb
ruary being higher in the neutral lake (II). 

Muscle Ca and Mg concentrations and bone Mg concentra
tions in the acid lake perch were equal or slightly higher compared 



20 

with the neutral lake population (II), but the differences disappeared by 
the spawning period - as was the case with the haematological parame
ters (I). Neither did the gonadosomatic index, or the size of mature 
oocytes differ between the lakes at the spawning time. The increase in 
GSI was somewhat delayed in the acid lake, but the size of oocytes was 
the same in perch of the same size (age 3 to 5 years)(I). 

3.2.2.2 Brown trout 

The nominal aluminium concentrations added to the test water (300 
and 600 µg total Al * 1-1) markedly decreased during the exposure (to
280 and 450 µg Al * 1-1 respectively), of which the amount of labile Al
was about 30 % (V). 

Exposure to acidity alone (7d, pH 4.7) or with aluminium in 
the humic water of River Rutajoki resulted in no or minor changes in 
blood Hct, Hb and plasma Ca, Cl and Mg concentrations. However, the 
fish experienced a marked hyperglycaemia at the end of the exposure. 
On-line biomonitoring data revealed some kind of acclimation following 
a marked increase in both heart and ventilation rates. Acid stress alone 
had the most marked effect on heart rate, while ventilation increased 
most markedly in the higher Al concentration. 

3.3 Responses of brown trout to handling stress 

Transfer of brown trout from the rearing tank to the monitoring aquaria 
resulted in an elevation in heart rate (30-35 BPM), which declined to a 
steady level within 3 to 4 days resulting in a daily rhythm including 
lowest rates (7 to 13 bpm) during the night and the highest rates (20 to 
22 bpm) by midday (IV). Also ventilation rate stabilized within 3 to 4 
days, while total activity peaked only during the first hours reaching a 
steady state within 24 to 48 hours. 

The initial heart rate following 5 min restraint stress was 
higher in trout which had fasted and acclimated to aquaria conditions 
for 3 weeks than in fed, non-acclimated fish. The situation was opposite 
in ventilation rate, but both heart and ventilation rates remained higher 
in the fed, non-acclimated fish during a 7d recovery period. Total activ
ity increased immediately in fasted fish and 9 hours after stress in fed, 
recovering to a constant level within a similar period of time in both 
groups. 
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3.4 Combined effects of handling stress and low pH on 
brown trout 

Following mild to moderate stress, the total activity of brown trout 
decreased within two days to a constant level in all treatments (Fig 4A). 

Heart rate nearly doubled in all treatments (Fig 4B). When 
acid exposure was combined with the move, or handling stress and 
move, heart rates declined to levels not differing from the pre-stress 
values after four days (p>0.05, t-test for dependent samples). Without 
acid stress, the recovery occurred within 2 days. 

The increase in ventilation rate was smallest in trout that were 
moved between aquaria without additional stress or changes in water 
pH, but the increases were not statistically significant (Friedman's two
way analysis of variance, p>0.10) (Fig 4C). 

3.5 Responses of roach and brown trout to parasite 
infection 

Swimming activity significantly increased in roach exposed to 
Diplostomum pseudospathaceum cercariae at densities as low as 3.8 per 
litre and remained elevated for 24-36 hrs post exposure. Few D. 
pseudospathaceum metacercariae established in the lenses of exposed 
roaches (maximum 4) but natural infections of (up to 70 diplostomids) 
were present in all fish. 

Brown trout showed no response when exposed to low den
sities of Diplostomum (2.9 and 5.7 cercariae per litre) but there was a 
significant response at higher cercarial exposure densities (>50 per 
litre). Total activity immediately increased, peaking at 2 hours post 
exposure returning to pre-exposure levels within 5-6 hours. There was a 
simultaneous increase in heart and ventilation rates (between 13-48% 
and 6-24%, respectively) which both declined following the reduction in 
activity of the fish. Heart rate then increased for a second time to a 
maximum level 14-16 hrs post exposure and thereafter declined to reach 
a steady state at 3 days post exposure. The number of metacercariae 
establishing in the eyes of infected brown trout was very low (maxi
mum 7 metacercariae), most exposed fish having none (Table 1). There 
was no evidence of pre-existing eyefluke infections. 

Exposure to cercariae of P. elegans, which does not penetrate 
and establish in fish, elicited no response in either fish species. 
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4 DISCUSSION 

4.1 Reproductive success of perch in acid water 

Reproductive success of fishes in acid waters may be affected at several 
stages from the early development of oocytes up to hatching and the 
yolk-sac period. Both relative and absolute fecundity of perch was 
lower in the acid lake which is in line with the results observed in 
brook trout Salvelinus fontinalis (Menendez 1976), desert pupfish (Lee & 
Gerking 1980, Gerking & Lee 1982) and flagfish (Ruby et al. 1977). 

The poorer quality of eggs produced by perch living in an 
acid lake agrees with the experimental results of Weiner et al. (1986), 
who observed that when rainbow trout were exposed to acid stress 
during the final 6 weeks of reproductive maturation, the survival of 
progeny was decreased. Poorer egg quality due to acid stress has been 
observed in flagfish Jordanella floridae (Craig & Baksi, 1977) and desert 
pupfish Cyprinodon nevadensis (Lee & Gerking 1980). Weiner et al.(1986) 
observed that the quality of milt was also decreased in acid exposed 
rainbow trout males, which contrasts with the results in the present 
study. The quality of sperm is related to it's mobility, which decreases 
in acid stress (Duplinsky 1982). 

Depending on the species, the duration of embryonic develop
ment in acid water can either increase (Swartz et al.1978, Peterson et al. 
1980, Dave 1985, Oyen et al. 1991), decrease (Trojnar 1977) or be inde
pendent of water pH (Menendez 1976, Carrick 1979). The delay in 
hatching has earlier been reported for perch by Rask (1983). In the pres
ent study (I, II), the delay of hatching in the acid lake may have 
resulted either from inhibition of chorionase activity or reduced mobil-
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ity of the embryos prior to hatching, or both. The same size of newly 
hatched fry in the acid and the neutral lake confirms, that the stage of 
embryonic development at hatching was not changed. 

4.2 Haematology and tissue Ca and Mg concentrations 
in acid lake perch 

Lower haematocrit values in the acid lake perch population are in con
trast to some other studies, where Hct in perch blood increased during 
acid stress (Rask & Virtanen 1986, Nelson et al. 1988). The present study 
was carried out during the winter when lakes in Finland are ice
covered (water temperature between O and 4°C), and the adrenergic 
swelling may have been absent due to the seasonal (temperature) 
effects as observed in rainbow trout by Nikinmaa & Jensen (1986). 

The lower plasma Ca of female fish in acid water is in line 
with other studies (Beamish 1976, Lockhart & Luzt 1977) but the 
decrease in plasma Mg has not been recorded until near lethal pH (4.6-
4.7) for Atlantic salmon (Lacroix & Townsend 1987). Acidity can 
markedly disturb the ionic composition of tissues and whole body of 
the fish (Frazer & Harvey 1983, Rodgers 1984, Bendell-Young & Harvey 
1986). In this study, no bone demineralization was observed in the acid 
lake population: Ca and Mg concentrations were equal to or higher 
compared with the neutral lake population. Equal muscle water content 
is indicative of no marked loss of Na and Cl. Ca content in ova of the 
acid lake perch was higher throughout the winter, but the difference -
as well as in the other parameters - was compensated for by the time of 
spawning. Although the blood sampling procedure included severe 
handling stress which must have altered the plasma ion balance, true 
Mg deficiency in plasma is supported by the high Ca in ova. Van der 
Velden (1991) observed increased Ca uptake in developing carp eggs 
when the amount of Mg in rearing water was limited. The higher 
muscle Ca at the time of greatest difference in plasma Mg in the acid 
lake perch might also be indicative of Mg deficiency. Hypercalcaemia as 
an index of Mg deficiency has been observed in the kidney and muscle 
of rainbow trout (Cowey et al. 1977, Knox et al. 1981). 

Apart from the ova Ca concentration, the Ca and Mg concen
trations in muscle and bone showed no clear trend. The difference in 
timing of the plasma Ca and Mg concentrations (I) may have been 
present also in other tissues but, to be documented, might have needed 
samples taken at shorter time intervals. 
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Elevation of CaC12, MgC12 or NaCl concentrations alone in acid water 
did not decrease the embryonic mortality in rainbow trout, but when 
both CaC12 and MgC12 concentrations were elevated, mortality 
decreased. This could not be explained by egg Ca, Cl or Mg contents 
during embryonic development. 

The most marked change in ionic contents after hatching was 
the increase of Ca in the control group, which was inhibited in all acid 
treatments. The inhibition of Ca uptake due to water acidity has been 
documented also in Atlantic salmon (Peterson & Martin-Robichaud 
1986), lake trout, Salvelinus namaycush (Gunn & Noakes (1987) and med
aka, Ozyria latipez (Chulakasem et al. 1988). The relatively constant Ca 
concentration during embryonic development followed by a sharp 
increase after hatching in Ca concentration is in line with the results of 
Shearer et al. (1994). They observed a relatively constant egg Ca during 
incubation but a fourfold increase between hatching and first feeding in 
Atlantic salmon (Salmo salar). Woodward et al. (1991) observed no loss 
of Ca in cutthroat trout (Oncorhynchus clarki) embryos or alevins 
exposed to acid stress, but at swim up stage larvae lost Ca and Na. 

Shearer et al. (1994) measured a relatively constant Mg con
centration in the developing eggs of Atlantic salmon, a decrease (from 
600 ppm to 250 ppm) prior to hatching, and an increase with the 
commencement of feeding. According to Zeitoun et al. (1976), Peterson 
& Martin-Robichaud (1986), Wood et al. (1990) and Cleveland et al. 
(1991), Mg concentration decreases during embryonic development, 
indicating excess Mg for embryonic development in the yolk material 
and perivitelline fluid. These are in contrast to results of van der 
Velden (1991), who observed that in carp eggs the Mg present in yolk 
and perivitelline fluid does not suffice for successful development of 
the egg, and an increase in egg Mg by passive uptake was observed 
during embryonic development. The results of the present work are in 
line with those of van der Velden (1991): net uptake of Mg occurred 
immediately after water hardening and during the eyed stage. 

The increase in Mg concentration during the yolk-sac period 
may be due to transfer of Mg from the yolk material into the body with 
a simultaneous decrease in total weight, or by uptake from the environ
ment (water or food), or both. 
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4.4 Behavioral, cardiovascular and ventilatory responses 
to stress 

As shown in the results, water temperature affects both heart and venti
lation rates, while water oxygen concentration affects ventilation, but 
not heart rate. Apart from metabolic adjustments, temperature acts 
directly on the pacemaker fibres in heart (Randall 1970). Also the swim
ming activity and feeding status must be taken into account when 
using heart and ventilation rates as stress indices, because both food 
processing and muscular activity increase the oxygen consumption and 
may be reflected in cardiac and ventilatory parameters, both in their 
rate and amplitude (Jones & Randall 1987, Armstrong 1986, Lucas et al.

1991, Sureau & Lagardere 1991). Also, the daily rhythm in heart and 
ventilation rates (IV) must be taken into account, if the sampling occurs 
during a restricted period of time. 

4.4.1 Handling stress alone, and with acid stress 

When exposed to strenuous activity, fish respond by an immediate 
release of corticosteroids and catecholamines, followed by increase in 
blood lactate due to anaerobic metabolism in the muscles and changes 
in blood respiratory properties, acid-base status, and ion concentration. 
The first behavioral response of fish to the increased oxygen demand is 
the increase of ventilation frequency and amplitude. Catecholamines 
released by chromaffin cells and the sympathetic nerves affect the heart 
rate and amplitude, which both can be elevated to ensure sufficient 
blood flow for delivering 0

2 
to tissues. The increases in ventilation and 

heart rates were very pronounced in brown trout after 5 minutes forced 
struggling but a marked difference was observed between fasted and 
fed trouts during the recovery period. The time course of stabilization 
of heart and ventilation rates did not markedly differ, but they 
remained higher in fed fish. Heart rate has been found to be a good 
indicator of metabolic rate in pike (Armstrong 1986) and Atlantic 
salmon (Lucas 1994), but less reliable in brown trout (Friede & Tytler 
1975). 

The difference between the two groups is probably not caused 
solely by a higher metabolic rate due to food processing, as the food 
consumption of brown trout during the winter was very low, and no 
further decrease in heart and ventilation rates following the sharp post
stress decline was observed. Lower rates in acclimated trouts are more 
likely to be a combination of the 3 weeks fasting and release to the 
same aquaria after the physical stress. The importance of "visual" envi
ronment on the magnitude and recovery time of cardiac and ventilatory 
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responses is supported by the fast recovery of brown trout after han
dling and transfer to acid water. The prolonged recovery time in heart 
rate in trout exposed to acid water after handling is in line with the 
results of van Dijk et al. (1993), who observed that neither a gradual 
decrease in pH (0.9 units*h-1) nor moderate steady state exercise (swim
ming 2 body lengths * s·1) alone in the carp (Cyprinus carpio) cause any
marked changes in plasma glucose or plasma ions, but when combined 
they do cause ionoregulatory failure and hyperglycaemia. 

4.4.2 Acidity and aluminium 

The marked influence of aluminium, especially the labile fraction, on 
the effects of acid stress has been documented for several freshwater 
fish species (review of Howells et al. 1990). Depending on water pH, the 
additional effects can be either ameliorating or additive, respiratory or 
ionoregulatory, due to changes in the proportions of different Al spe
cies. The effects can markedly differ with respect to pH, Al and Ca 
concentrations and their combinations (McDonald et al. 1980, Playle et 
al. 1988). The responses of brown trout to the combined effects of Al 
and acid stress indicated mainly respiratory effects in humic water at 
winter temperatures (below 4°C). Following a short peak in total activ
ity and an increase in heart and ventilation rates, the fish seemed to be 
able to recover. The most marked effect was a greater initial increase 
and an incomplete recovery of ventilation rate in a high Al concentra
tion. This is in accordance with the results of Malte (1986), who 
observed an increased oxygen uptake in rainbow trout exposed to acid 
water and aluminium. 

The nominal Al concentrations decreased markedly during the 
exposures (Table 1, (III). The proportion of labile Al was only about 30 
% of the total Al, less than the theoretical solubility at pH 4.7. This is 
probably due to complexation with the organic matter present in the 
humic River Rutajoki. In addition, the humic compounds in the test 
water may have further ameliorated the effects of acid and aluminium 
stress, as the concentrations of labile Al presented in this work were at 
a level found to be very toxic to fish in non-humic waters (Mount et al. 
1988, Playle et al.1988). Low temperatures may also shift the proportion 
of the toxic compounds of aluminium (Al(OH)2+ and (Al(OH)z +) 
towards a higher pH thus reducing the toxicity below pH 5 (Howells et 
al. 1990). 
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4.4.3 Parasite infection 

There was no response to xiphidiocercariae of Plagiorchis elegans at any 
densities in brown trout or roach, so the pure presence of this parasite 
without physical irritation or penetration does not affect fish behaviour. 

The immediate and rather short response in swimming activ
ity of both fish species to Diplostomum pseudospathaceum can be seen as 
an avoidance reaction during and after cercarial penetration. The 
threshold exposure density of D. pseudospathaceum cercariae eliciting a 
response was markedly lower for roach than brown trout. The greater 
sensitivity of roach may reflect a greater evolutionary ability to detect 
and avoid D. pseudospathaceum due to their common natural environ
ment in shallow water within vegetation. 

In brown trout Diplostomum cercariae reach the head but are 
not strongly stimulated to leave circulatory system and remain there 
causing further damage (Betterton, 1974). In the present study, the first 
peak in the heart rate of brown trout 1-3h after the exposure could be 
due to the penetration through the skin and gills and the second 
increase due to tissue damage in the circulatory system. 

The fast recovery in ventilation frequency might partly be due 
to interaction of ventilation frequency and amplitude (Heath 1973, 
Sellers et al. 1975). It might also be connected with a reduced oxygen 
demand following the decrease in swimming activity. 

Results of this study suggest that recovery of brown trout 
from a single exposure to D. pseudospathaceum cercariae takes 3 days as 
measured by their heart rate. The accumulation of cercariae in the 
lenses was very low, indicating damage in other tissues than their main 
target, the lens. Similarly, natural infection of brown trout by 
Myxobacteria elevates heart rate before any visual symptoms occur 
(Laitinen, unpublished data). 



5 CONCLUSIONS 

The responses of perch to acid stress during the winter included clear 
evidence of harmful effects, but the differences were compensated for 
by the time of spawning. The resulting reproductive success was how
ever poor, mainly caused by the poorer quality of the ova. One might 
say, that, when preparing to spawn, perch compensate for the effects of 
acid stress at the expense of the ova quality. Is there any sense in think
ing this way ? As is well known, young life stages are most sensitive to 
acid stress, so in unfavourable conditions with a risk of death, the sur
vival of adults to next spawning season - and perhaps better conditions 
- is more reasonable than maximizing the ova quality. If the death of
adults would occur, the progeny would also be lost in species with
rather short embryonic development (about 15 days). Adaptation to
acid water has been observed in perch (Rask & Virtanen 1986), but in
the view of ova quality, this was not the case in the acid lake in this
study.

Water temperature in acid and aluminium and handling stress 
experiments was always below 4°C, which may markedly alter the 
control mechanism of heart rate compared with higher temperatures. 
Temperature directly affects the membrane permeability of pacemaker 
fibres altering the self excitation rate (Randall 1970). The nervous con
trol of the heart consists of excitatory adrenergic innervation and inhibi
tory vagal tonus (Laurent et al. 1983). Blood borne catecholamines also 
stimulate cardiac performance (Farrell 1983). At low temperatures (6°C 
or less), the reduction of vagal tone inhibition may play a greater role 
than the adrenergic response which in cold water can further change 
from beta-adrenergic to alpha adrenergic (Jones & Randall 1978, Farrell 
1983). 

The hypoxic reflex bradycardia, which has been extensively 
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studied (see the review of Laurent et al. 1983) was not present in brown 
trout at temperatures below 4°C, indicating a possible alteration in the 
control of heart rate due to the low temperature. The responses in heart 
and ventilation rates to handling and acid stress at low temperatures 
were very pronounced and should be further studied: our lakes are ice
covered for nearly 6 months in winter, a time period with increased 
risk for hypoxic conditions and water acidity. 

The penetration of D. pseudospathaceum caused severe stress to 
roach and brown trout, elevating the heart rate in brown trout up to 3 
days. The actual mechanisms inducing the responses need further 
studies, but the present results clearly demonstrate the magnitude of 
the additional effects that parasites may have on fish stress responses, 
and the importance of taking these into account, especially in field 
caging experiments. 

Behavioral studies can be of indicative value in toxicity tests 
at concentrations as low as 0.7 to 5.0 % of the LC50 values (Little & 
Finger 1990), and when studying synergistic effects of toxicants (Lewis 
et al. 1993). In brown trout, the behavioral change (increase in total 
activity as an avoidance reaction) was a short-term response in all 
experiments allowing precise on-line measurements of heart and venti
lation rates. These proved to be delicate indices of a response to stress, 
its magnitude and the time course of recovery. The on-line measure
ment would be a powerful tool in combination with other physiological 
and biochemical analyses allowing the determination of the exact time 
of maximum stress responses and the rate of possible recovery. The 
marked correlation between resting fish heart and ventilation rates and 
water temperature in normoxic conditions also enables the determina
tion of safe pre-treatment recovery times, which is of great value in all 
experimental studies concerning fish behaviour and physiology. 
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YHTEENVETO 

Kalojen stressivasteiden biomonitorointi 

Väitöskirjassani tutkin kalojen vasteita stressiin, joka aiheutuu 
ympäristömuutoksista ja kokeelliseen tutkimukseen liittyvästä kalojen 
käsittelystä. Kalojen vasteita veden happamuudelle selvitettiin ahvenen 
ja kirjolohen mädin haudontakokeilla aikuisten ahventen hematologian, 
sekä mädin, lihaksen ja luun kalsium- ja magnesiumpitoisuuksien 
perusteella lisääntymissyklin eri vaiheissa. Kirjolohella h1tkittiin lisäksi 
veden Ca- ja Mg-pitoisuuksien kohottamisen vaikutusta alkionkehityk
sen aikaiseen kuolevuuteen ja mädin sekä ruskuaispussivaiheen poikas
ten Ca-, Cl- ja Mg pitoisuuksiin. 

Happamuuden ja alumiinin yhteisvaikutusta, käsittelystressiä, 
happamuuden ja käsittelystressin yhteisvaikutusta sekä vasteita lois
infektioon tutkittiin uudella kontaktittomalla bioelektronisella moni
torointilaitteistolla, jolla mitataan kalojen uintiaktiivisuutta, pulssia ja 
hengi tysfrekvenssiä. 

Happamassa järvessä naarasahventen veren hematokriitti ja 
plasman Mg-pitoisuus olivat talvella merkitsevästi alempia kuin 
neutraalissa järvessä, mädin Ca pitoisuus puolestaan korkeampi. Muissa 
kudoksissa ei ollut merkitseviä eroja. Happaman järven ahventen 
fekunditetti oli alempi ja gonadosomaaattisen indeksin kohoaminen 
hitaampaa, mutta erot tasoittuivat kutuaikaan mennessä. Mädin 
siirtokeissa järvien välillä todettiin happaman järven ahvenen mädin 
laadun heikentyneen. Veden alhainen pH hedelmöityksen jälkeisen 
turpoamisvaiheen aikana lisäsi merkitsevästi alkioiden myöhempää 
kuolevuutta. Happamuus lisäksi viivästytti alkioiden kuoriutumista. 
Ahvenen sopeutumista happamuuteen ei näiden tutkimusten 
perusteella voitu havaita. Maidin alkuperällä ei ollut vaikutusta 
haudonnan aikaiseen kuolevuuteen. 

Kirjolohen mädin kuolevuutta happamassa vedessä veden Ca
ja Mg-pitoisuuden nosto vähensi vain kun kummankin ionin pitoisuutta 
oli kohotettu. Haudonnan aikainen ionipitoisuuksien kohottaminen 
happamassa vedessä ei vaikuttanut mädin tai vastakuoriutuneiden 
poikasten Ca- Cl- tai Mg-pitoisuuksiin. Vastakuoriutuneilla poikasilla 
happamuus esti kalsiumin ottoa ja hidasti ruskuaisen käyttöä -
myöskään tähän ei veden Ca- ja Mg-pitoisuuden kohottaminen 
vaikuttanut. 

Happamuuden ja alumiinin yhteisvaikutus (pH 4.7 kokonais
Al 70-470 µgAl*I-1) ei ilmennyt järvitaimenen plasman Ca- Cl- tai Mg
pitoisuuksissa. Sensijaan alumiinilla oli selvä vaikutus akuuttiin pulssin 
ja hengityksen kiihtymiseen ja toimintojen palautuminen hidastui 
alumiinin läsnäollessa. Labiilin alumiinin osuus (n. 30 % kokonais-



33 

alumiinista) oli laskennallista liukoisuutta alempi, todennäköisesti 
orgaaniseen ainekseen sitoutumisen vuoksi. Järvitaimenen stressivasteet 
happamuudelle ja alumiinille olivat pienemmät useisiin vähähumuk
sisissa vesissä tehtyihin tutkimuksiin verrattuina. 

Jo pelkkä siirto altaasta toiseen kohotti merkitsevästi 
järvitaimenen pulssia ja hengitystä, joiden tasaantuminen ja selvän 
vuorokausirytmin muodostuminen elintoimintoihin kesti 3-4 
vuorokautta. Voimakasta rasitusta edeltävä ruokailu ja aktiivinen uinti 
hidastavat palautumista. Paasto ja rasituksen jälkeisen ympäristön 
pysyminen muuttumattomana nopeuttaa palautumista, myös silloin 
kun käsittelystressiin liitetään altistus veden alhaiselle pH:lle. 

Altistus kalan linssissä eläville imumadon kerkaria-toukille 
aiheutti särjelle ja järvitaimenelle pakoreaktion, joka loisen luontaisella 
isännällä, särjellä kesti pitempään. Loisten tunkeutumisvaiheen aikana 
sekä hengitys että pulssi kohosivat. Pulssin hidastuminen 
normaalitasolle kesti noin kolme vuorokautta. Loisten tunkeutumista 
kalojen silmän linssiin ei havaittu kummallakaan lajilla. 

Kalojen käyttäytymisvasteet ilmenevät huomattavasti 
laimeammissa toksisten aineiden pitoisuuksissa kuin mitä 
toksisuustesteissä normaalisti käytetään. Järvitaimenen uintiaktiivisu
uden, pulssin ja hengitysfrekvenssin avulla voidaan on-line menetel
mällä tutkia kalojen stressivasteita; niiden voimakkuutta ja toipumiseen 
tarvittavaa aikaa. Menetelmää voidaan lisäksi hyödyntää muiden fysio
logisten parametrien mittauksessa: kalojen toipuminen kokeita edeltä
västä käsittelystä voidaan määrittää tarkasti, samoin kuin vasteiden 
maksirniajankohdat näytteidenottoa varten. 
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