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Combined effects of cadmium and salinity on
development and survival of herring eggs*
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KURZFASSUNG: Kombinierte Wirkungen von Cadmium und Salzgehalt auf Entwicklung
und Uberleben von Heringseiern. Eier des herbstlaichenden Ostseeherings (Clupea harengus
L.) wurden in natiirlichem und in Cadmium kontaminiertem Seewasser (Konzentrationen: 0,1;
0,55 1,0; 5,0 ppm Cd) bei verschiedenen Salzgehalten (5 %o, 16 %o, 25 %o, 32%o) erbriitet. Die
Toxizitdt von Cd wurde im Hinblick auf folgende Kriterien bewertet: Embryoaktivitit und
Uberlebensraten bis zum Schlupf, Verinderungen der Eimembran, Verschiebung des Schlupf-
zeitpunktes, Unterschiede in den Schlupfraten, Anteil der lebensfihigen Larven und deren mitt-
lere Totallinge sowie Durchmesser der Augen und Gehorkapseln frischgeschliipfier Larven.
Dariiber hinaus wurde die Aufnahme von Cd in Abhingigkeit von Konzentration und Salz-
gehalt im Verlauf der Embryonalentwicklung bestimmt. Die Beeintrichtigung der Herings-
embryonen durch Cd war in brackigem Wasser stirker als in unverdiinntem Meerwasser. Auch
die konzentrationsabhingige Aufnahme von Cd nahm mit sinkendem Salzgehalt des Erbrii-
tungsmediums zu.

INTRODUCTION

Cadmium, a biologically non-essential heavy metal, is normally found in minute
amounts in sea water (GOLDBERG 1965). In Atlantic offshore waters concentrations
are usually not higher than 0.4 ppb with a geometric mean at 0.04 ppb (PresTon
1973). CHESTER & STONER (1974) found even lower values ranging between 0.02 and
0.18 ppb. In United States continental shelf waters, concentrations range between
0.06 and 0.11 ppb (WimwpoMm & Smrra 1972). In North Sea waters, concentrations
of 0.01 to 0.62 ppb (PrestoN 1973) and 0.024 to 0.25 ppb (MurLLiN & Riey 1956)
are considered normal. In the Baltic Sea, equally low mean concentrations of 0.17 to
0.22 ppb have been recorded in open waters (KreEmLiNG 1973). Apart from geological
sources, additional cadmium enters coastal areas as a result of industrial activities
such as zinc refining and mining, cadmium plating and alloy manufacture, pesticides
and fertilizer sources (especially phosphate fertilizers) and paint and pigment manu-
facture. An increasing number of recent reports indicate that in river estuaries
(BurTERWORTH et al. 1972) and near shore waters of heavily industrialized areas
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(PresToN et al. 1972, Jongs et al. 1973), cadmium content of sea water has risen
appreciably (AspuLran et al. 1972). In the inner part of the Oslofjord, ANDERSEN
et al. (1973) found cadmium concentration to be between 0.67 and 0.92 ppb and
cadmium levels in decapitated and eviscerated herring and sprat to vary from 0.2 to
0.7 ppm (dry weight basis). The high cadmium levels in parts of the Severn estuary
are also reflected in high accumulation levels in Littorina (178 ppm) and Fucus
(53 ppm) (LEaTHERLAND & BurTON 1974).

Of many aquatic poikilothermic organisms, fishes appear to be most resistant to
the effects of heavy metals (Scuweicer 1957, EisLer 1971). Invertebrates such as
molluscs and crustaceans have been shown to be more sensitive to the toxic action of
these pollutants (Scuweicer 1957, BRownN & AmnsanuLLal 1971, EisLer 1971, Bie-
SINGER & CHRISTENSEN 1972, O’Hara 1973b, THURBERG et al. 1973).

Although it is known that larvae of oysters and crustaceans are up to a thousand
times more susceptible to heavy metals than adults of the same species (Connor 1972),
little work has been done on the influence of metals on the early stages of fishes.
PrckeriNGg & Gast (1972) found reduced survival in embryos of the fathead minnow
Pimephales promelas reared in water containing more than 57 yg Cd/l. RoseNTHAL
& SpERLING (1974) showed that herring eggs, incubated in sea water of about 16 #/¢0
salinity and a cadmium concentration of 1.0 ppm, vielded a very low percentage of
viable larvae (16.3 %/s) compared to 93 9/, in the controls. At 5.0 ppm no viable hatch
occurred.

The tolerance of aquatic organisms to cadmium varies considerably. In fresh
water, tolerance limits for cadmium are to a great extent dependent on the hardness
of the water (PickerinGg & HENDERSON 1966). In sea water, salinity seems to have
a comparable influence on the toxicity of this metal. Orson & HarreL (1973), using
the bivalve Rangia cuneata, proved that the toxic action of copper, mercury and
chromium was mitigated in water of high salinities.

The present study was established to examine the influence of cadmium on embry-
onic development of the herring Clupea barengus L. from the Baltic Sea under differ-
ent salinities. The cadmium concentrations employed in this series of experiments
were selected in order to obtain visible deviations from normal embryonic develop-
ment resulting from short time exposure.

MATERIAL AND METHODS

Eggs of Baltic autumn spawning herring were artificially fertilized in sea water
of 5, 16, 25, and 32 %00 S at a temperature of 10° C. Immediately after fertilization
the eggs were transferred into aerated 2 | incubation jars containing natural sea water
(controls) and test solutions of 0.1, 0.5, 1.0 and 5.0 ppm Cd**. The test media were
renewed every other day, while salinity and pH values (7.53-8.10) were determined
immediately before and after each renewal. The test solutions were prepared by adding
CdCly from a stock solution immediately before each renewal. Temperature readings
and water samples for cadmium determination were taken daily. Cadmium working
levels maintained in test solutions throughout the experiments were at about 80 %/
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of the initial concentration. Egg samples (5 each) were preserved at different onto-
genetic stages. Determination of cadmium uptake in herring embryos was accom-
plished by means of AAS (Perkin Elmer Type 300) as described by RosentHAL &
SpeRLING (1974).

In order to assess possible changes in the toxic effects of cadmium at different
salinities, the following criteria were used: rate of embryonic survival (daily counts);
embryonic activity (number of embryo movements per 3 min); effects on egg mem-
brane; incubation time (time from fertilization to 50 % hatching); hatching rates
(observed in 24 h intervals); percentage of viable hatch; mean total length and yolk
sac length of newly hatched larvae, diameter of eyes and otic capsules; cadmium
uptake of eggs during the course of embryonic development.

100 —
] revolutions ¢ 5%
i — — — trembling * 16 %o
] s 25 %

Embryo activity /min

ppm Cd** inwater

Fig. 1: Clupea barengus embryos incubated at different salinity-cadmium concentrations.
Mean number of activities per minute measured 24 h prior to hatching. Solid line = complete
revolution; broken line = slight movements and “trembling”. Incubation temperature 10° C
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RESULTS

Embryonicactivity

At a certain developmental stage herring embryos perform rotations within their
egg capsule (HorLipay et al. 1964, RosenTHAL 1966). This is presumed to circulate
the perivitelline fluid thus improving oxygen provision of the embryo. In herring
eggs incubated in cadmium contaminated water, changes in this behaviour became
apparent. Depending on cadmium concentration, embryos displayed “trembling”-
motions of the whole body and fewer rotations occurred. Embryonic activity in
contaminated water was also influenced by the salinity of the incubation medium.
Figure 1 shows embryonic activity 24 h before hatching. Effects of cadmium on
embryonic activity were most pronounced in highly diluted sea water of 5% S.
There was no trembling behaviour in the controls. A 3294 S no activity measure-
ments were conducted.

Thus the detrimental effect of cadmium on the embryonic activity was most appar-
ent in diluted sea water. The action of the metal diminished as salinity of the incuba-
tion medium increased.

100 -
8{} ot
. B0+
S
(]
B
S 404
>
c .
w [ ]
Iy
20 ® 32 %o
01 T T }
oo 05 10 50

ppm Cd**in water

Fig. 2: Clupea harengus eggs incubated at different salinity-cadmium concentrations. Survival
rates until hatching in % of fertilized eggs. Incubation temperature 10° C



420 H. voN WESTERNHAGEN, H. RoseENTHAL & K.-R. SPERLING

Eggmembrane

During the course of development, the chorion of eggs incubated in highly con-
taminated water became dark and less transparent, suggesting that it was directly
affected by the cadmium. Also the softening of the chorion under cadmium influence,
described by RosenTHAL & SpERLING (1974), was observed in all salinities investi-
gated. Egg diameter was not altered by the Cd content of the incubating medium. As
development proceeded, eggs reared in cadmium contaminated water became less
tightly attached to the incubating panes and burst easily when removed.

Embryonicsurvival until hatching

Survival of fertilized eggs in cadmium solutions of up to 1.0 ppm was compa-
rable to that in the controls. Rates of survival decreased considerably in 5.0 ppm Cd,
being lowest at 5 and 16 %0 S (21.7 %/0 and 32.8 %/, respectively) and highest at 25
and 32 %00 S (54.9 %0 and 51.0 %y, respectively). In 5, 16, and 25 %/s0 S and in controls,
0.1, 0.5 and 1.0 ppm Cd hatching rates were high, ranging from 85 %o to 99 % of
fertilized eggs. Survival rates at 32 %0 S, being generally lower than in less saline
water and never exceeding 67 %/o, did not show as spectacular a drop for high cadmium
concentrations as found in other salinities (Fig. 2).

Incubation period

Figure 3 shows hatching distribution at 24 h intervals at different salinities and
cadmium concentrations. Cadmium concentrations higher than 0.1 ppm were generally
associated with earlier hatch. This was true for all salinities employed, except for the
59/00 S/5.0 ppm Cd trial, where 50 9/¢ hatching occurred much later than in the other
experiments. However, the hatching process in this trial was abnormal. The embryos,
having died prior to or immediately after hatching, were only liberated after the
membranes disintegrated due to continued action of released hatching enzymes.

Viable hatch

At 25990 and 3290 S, 94 %/ to 97.5 %0 of the total hatch appeared viable in
cadmium concentrations of up to 1.0 ppm (Fig. 4). At 16 %0 S and 1.0 ppm Cd, 61.5%,
of the hatched larvae were considered viable, while at 5% S hatch was already
below 9096 in 0.1 ppm Cd and near zero in 0.5 ppm Cd. No viable larvae were
obtained in 5.0 ppm Cd in any of the salinities tested. Subdividing the non-viable
larvae into bent, crippled and dead specimens (Fig. 5) allows further insight into the
effect of cadmium on the developing eggs of the herring. At 5 %00 S, larvae were most
severely damaged (70 %o dead at 5.0 ppm Cd, 100 %y crippled at 1.00 ppm Cd). At
16 %00 S and 0.5 ppm Cd, 2 % of the larvae were dead and 98 %/, were crippled; at
1.0 ppm Cd, 24.5 % were crippled and 14 9/, displayed a bent longitudinal body
axis.
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Fig. 3: Clupea harengus larvae incubated at different salinity-cadmium concentrations. Hat-
ching distribution (% day) and 50 %6 hatching time (dark bars). Incubation temperature 10° C

Mean total length of larvaeat hatching

Measurements of mean total length of larvae were only possible for straight
specimens. The available data show that in all tested salinities larval size decreased
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Fig. 4: Percentage viable hatch of herring larvae (Clupea barengus) incubated at different
salinity-cadmium concentrations at 10° C
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Fig. 5: Clupea harengus. Rates of malformation and lethal hatch (¢/0) of larvae incubated at
different salinity-cadmium concentrations at 10° C
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with increasing cadmium concentration. The relative decrease in mean total length
was least in 32 % S, showing only 0.24 mm difference between the controls and
5.0 ppm Cd, while at 16 %00 S and 25 %00 S the differences were 0.66 and 0.59 mm,
respectively (Table 1).

The smaller size of the larvae obtained from the 32 %5 S experiments can be
attributed to the fact that the eggs used in these trials were derived from a different
female than in experiments of all other salinities.
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Fig. 6: Clupea harengus. Mean eye diameter of newly hatched larvae incubated at different
salinity-cadmium concentrations at 10° C. Larvae derived from incubation trials in 32 %0 S
originated from a second female. Basic statistics are given in Table 1

Eye, oticcapsuleand yolk sac measurements

At all salinities eye diameter decreased with increasing cadmium concentration.
The most pronounced reductions in eye diameter were registered at 5900 S (Table 1,
Fig. 6). Otic capsule diameter of newly hatched larvae remained essentially the same
in 5 %00, 16 %/00, and 25 %90 S at cadmium levels of 0.1, 0.5 and 1.0 ppm and the
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controls. At 5.0 ppm Cd otic capsule diameter was considerably reduced (Fig. 7),
capsules being smaller at 5 /00 and 32 /00 S than at 16 %0 and 25 %0 S.

Yolk sac length and height of newly hatched larvae were measured. Owing to
the drop shape of the yolk sac under cadmium influence, the formula for a cone was
used to approximate yolk sac volume (V):

V == ar2-h

Yolk sac volumes increased with decreasing salinity (Fig. 8), as found by Rosen-
THAL & MaNN (1973). In addition, at all four salinities yolk sac volume increased at
higher cadmium concentrations. This was particularly evident in 5% S.
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Fig. 7: Clupea barengus. Mean diameter of the otic capsule of newly hatched larvae incubated

at different salinity-cadmium concentrations at 10° C. Larvae derived from incubation trials
in 32 %o S originated from a second female. Basic statistics are given in Table 1

Cadmiumuptake during embryonicdevelopment

Amount of cadmium accumulated by herring eggs under exposure to cadmium
ions is depicted in Figure 9. Initial cadmium uptake during the first hours after
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fertilization was fairly rapid at all salinities. Highest cadmium concentrations were
attained during this period. Further exposure to cadmium during development led
either to declining cadmium levels in the eggs, or to stability in cadmium values as
shown for 0.1 ppm (Fig. 9). Eggs incubated in 5 %0 S showed highest initial con-
tamination (Fig. 9a) when compared with the respective trials at 16 %00, 25 %/00 and
32 9/00 S. Maximum levels attained depended on the initial cadmium concentrations
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Fig. 8: Clupea harengus. Mean yolk sac volume of newly hatched larvae incubated at different
salinity-cadmium concentrations at 10° C. Larvae derived from incubation trials in 32 %0 S
originated from a second female

employed in the respective tests. At 16 %00 (Fig. 9b) cadmium concentrations in eggs,
in general, were lower than those found at 5 %, but considerably higher than those
determined for eggs incubated in 25 %0 or 32 %00 S (Fig. 9¢, d). Lowest contamination
values were recorded for eggs incubated at 32 % S.

Newly hatched larvae at all salinity-cadmium combinations contained only
minute amounts of the metal, suggesting that cadmium accumulated primarily in the
chorion.

DISCUSSION

The experiments indicate that toxic effects of cadmium on developing herring
eggs vary considerably with the salinity of the incubating medium. In diluted sea
water deleterious effects of cadmium-contaminated water on herring embryos were
more pronounced than in slightly brackish or natural sea water. Prehatching mortality
(Fig. 2) and malformation rates (Fig. 5) were highest in the 5 %00 S trials. The strong
detrimental effects of cadmium on herring eggs incubated in highly diluted sea water
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Fig. 9: a, b Clupea harengus. Mean cadmium content of eggs (ug/individual) during incubation
in different salinity-cadmium concentrations. Each value is based upon 3 to 8 determinations
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are supported by the results of the activity measurements; the least active embryos
occurred at 5 %00 S and 1.0 and 5.0 ppm Cd.

The occasional high rate of survival of eggs in the incubating trial with low
cadmium concentrations cannot be satisfactorily explained. EaTon (1973) reported
similar findings with eggs of the fathead minnow (Pimephales promelas). It might be
suggested that low cadmium levels slightly inhibit the growth of bacteria, which impede
gaseous exchange at the egg membrane.

The softening of the egg membrane under the influence of cadmium indicates
changes in the properties of the chorion. EatroN (1973) observed that spawned eggs
from parental fish of the fathead minnow which had been chronically exposed to
cadmium were more loosely attached to the substrate than those from control fish.
Changes in the physico-chemical properties of the chorion may have detrimental
secondary effects. Further investigations are planned in order to evaluate the phy-
siological and ecological importance of these effects.

From Figure 8 it becomes apparent that yolk sacs of newly hatched larvae were
generally larger in high cadmium concentrations than those of larvae incubated in
less contaminated water. Whether this effect was caused by the shortened incubation
period, as reported by RosenTHAL & MANN (1973), or was due to the repressed activity
of cadmium exposed embryos (Fig. 1) and resulting lower energy requirements cannot
as yet be determined. In order to properly evaluate activities of embryos it is necessary
to obtain data not only on the frequency but also on the duration of active phases.
However, activity measurements seem to be useful to detect sublethal effects of
pollutants. In relatively low cadmium concentrations the effects of the metal could be
observed even when no morphological malformations occurred.

Not only was the deleterious effect of cadmium on herring eggs mitigated in water
of higher salinities, but also the actual cadmium content of analyzed eggs dropped
considerably with increasing salinity (Fig. 9). Similar findings were reported by
O’Hara (1973 a). Working with the fiddler crab Uca paugilator, he found that in-
dividuals exposed to cadmiuvm would accumulate more of the metal in low (10 %00 S)
than in high (30 %0 S) salinities. The author attributed this phenomenon to active
uptake of salts by crabs kept in brackish water. However, as reported by VERNBERG &
O’Hara (1972) for the same species, a similar pattern for uptake of mercury ap-
parently does not exist.

We can assume that in unpolluted water most of the cadmium added to the test
solution as CdClp was available as uncomplexed Cd++ in the water (Zirino & Yama-
MOTO 1972, GarRDINER 1974). Thus the fact that Cd content of herring eggs exposed
to identical contamination levels decreased with increasing salinity might suggest a
mechanism of interaction between available metal ions. As reported by RosEnTHAL &
SpERLING (1974), the simultaneous presence of Zn and Cd (Zn being less toxic than Cd,
Danterrr & Davies 1951) increased the viable hatch of herring eggs from zero (Cd++-
contaminated sea water without addition of Zn) to 11.4 %/ (Cd-Zn solution, Cd con-
centration: 5.0 ppm).

According to their theory and as suggested by DanieLL1 (1944) accumulation of
metal takes place only on the surface where cadmium is fixed by formation of chemical
compounds with mucopolysaccharides of the chorion which acts as an unspecific ion-
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exchange medium. Thus the presence of another bivalent ion seems to trigger com-
petition between the two lowering the amount of either fixed to or introduced into the
egg. Therefore the availability of more Ca*+ or other metal ions in higher salinities
might be responsible for lower Cd content of the eggs, mitigating toxic effects of
cadmium. The apparent interaction between Cat+ and Cd*+ ions has been pointed
out by Kosavasur (1971). The extremely high cadmium susceptibility of freshwater
teleosts such as Lepomis macrochirus and Micropterus salmoides (CEARLEY & COLEMAN
1974), Pimephalus promelas and Lepomis macrochirus (PickeriNg & HENDERSON
1966), and Salmo gairdnerii (BALL 1967) compared to that of saltwater fishes such as
Fundulus beteroclitus (E1sLer 1971) also suggests competitive interaction between
calcium and cadmium.

The question arises as to why cadmium was not accumulated in measurable amounts
inside the eggs during the incubation period. Cadmium content of the eggs during
embryogenesis declined slightly under most salinity regimes (Fig. 9). The same findings
have been reported by RosenNtTHAL & SperLING (1974) incubating eggs of Baltic
herring. In contrast to this, marine fish larvae do accumulate cadmium (von WESTERN-
HAGEN, DETHLEFSEN & RosenTHAL unpublished) from the surrounding water, as do
crustaceans (O’Hara 1973a), molluscs (YAGER & Harry 1966, NicKLEss et al. 1972,
PEDEN et al. 1973), and teleosts (EIsLER et al. 1972, Ceariry & CorEMaN 1974). A
possible explanation lies in the assumption that the chorion, which obviously accu-
mulates most of the cadmium in herring eggs (RoOsENTHAL & SPERLING 1974), acts as
an ion-exchange medium having the capacity of complexing or binding only a certain
amount of bivalent metal ions until saturation, which could occur shortly after
exposure. Thus high salinities with more competitive ions would cause lower cadmiom
levels in the egg membrane due to high concentrations of bivalent metals in the test
medium.

Higher cadmium concentrations in the chorion would increase the chance of metal
eventually seeping through the membrane into the egg as suggested by Danrsiir &
Davies (1951) for the reaction of heavy metals on cell surfaces. This would directly
affect the embryo.

SUMMARY

1. Eggs of autumn spawning Baltic herring (Clupea harengus L.) were incubated in
cadmium-contaminated water (0, 0.1, 0.5, 1.0, 5.0 ppm) at four salinities (5 °/o0,
16 /00, 25 /g0, 32 %/00) in order to evaluate possible changes in toxicity of Cd.

2. Effects of Cd on embryonic survival were found to be dependent on salinity of
the incubating water. Deleterious effects of Cd on developing herring embryos
were more pronounced in brackish water than in sea water.

3. Embryonic activity, as a measure of viability of developing embryos, decreased
in Cd concentrations with decreasing salinity.

4. In none of the trials was egg diameter altered by the Cd content of the incubation
water.
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5. In all salinities, incubation time appeared to be shortened with increasing Cd
content of the test medium.

6. At 5900, 16 %/00, 25 %/0¢ and O, 0.1, 0.5 and 1.0 ppm, hatching rate was not sig-
nificantly altered by Cd. High hatching rates between 85 to 99 %/o occurred in all
salinity-Cd combinations. At high Cd levels (5.0 ppm), there was greater survival
of embryos at high salinities (32900 and 25 %/4s) than at low salinities (16 %00
and 5 %),

7. Percentage viable hatch was unaffected at 32 %00, 25 %06 and 16 % S and 0, 0.1
and 0.5 ppm Cd. In low salinities (5 %00}, only 1% viable hatch occurred at
0.5 ppm; in 16 %00, 61.5%/s viable hatch occurred at 1.0 ppm Cd. No viable
larvae were obtained in any tests at 5.0 ppm Cd.

8. In all salinities examined, mean total length of newly hatched larvae decreased
with increasing Cd concentration of the rearing medium. Relative decrease in
mean total length was minimum at 32 %09 S.

9. In all four test concentrations yolk sac volumes of newly hatched larvae increased
with rising Cd concentrations, probably associated with declining embryo activity.

10. The Cd content of eggs was found to be generally higher in lower salinities than
in more saline water at comparable Cd concentrations.
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