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Introduction

Most of the inland waters in Poland are strongly 
eutrophicated due to constant anthropopressure. The 
main reason is agricultural nutrients being washed 
off farmlands. The deterioration of water quality con-
cerns all water bodies, ranging from large oligotrophic 
lakes with freshwater whitefish (Coregoninae) to shal-
low highly trophic lakes. One of the results is oxygen 
deficiency leading to environmental damage, mostly 
seen in ichthyofauna. Eutrophication adds to the sub-
stantial damage of the recreational values of lakes. 
This problem is particularly noticeable around large 
cities, where a desire for active recreation by the water 
is one of the attractions of the holiday season.

In order to prevent these phenomena, various 
methods of lake reclamation are increasingly being 
used. They include biological treatment, or so-called 
bio-manipulation, that is controlling the growth of 
phytoplankton by providing optimal conditions for 
the development of selected zooplankton species 
(Cladocera), as well as stocking lakes with fry of preda-
tory species in order to eliminate small cyprinids that 
contribute to the process of water fertilisation. Oth-
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er reclamation methods include lake water aeration, 
which forces lake water masses to move resulting in 
oxygenation, as well as chemical treatment involving 
the use of coagulants binding phosphorus into inactive 
forms which fall to the bottom and do not take part 
in the biological cycle (Pizzaro et al. 1995; Straškraba 
and Tundisi 1999; Gawrońska et al. 2001; Lossow et 
al. 2001; Tandyrak et al. 2001; Tandyrak 2002; Brzo-
zowska and Gawrońska 2006). Lake reclamation with 
the use of aluminium and iron coagulants is practised 
in the US and many European countries (Straškraba 
and Tundisi 1999). 

 In 2001, for the first time on a technical scale, a 
new generation of the aluminium coagulant (PAX®18) 
was used to inactivate phosphorus on Lake Długie 
in Olsztyn. This method has been increasingly used 
in inland waters in Poland over the last decade, but 
due to its relatively high cost it is not in common use 
(Gawrońska et al. 2002; Tandyrak 2002; Gawrońska 
et al. 2005; Brzozowska and Gawrońska 2006). This 
method consists in calculating the optimum dosage 
of the coagulant for a water body and dispersing it 
on the water surface with sprinklers. Aluminium or 
iron hydroxide binds phosphates, as well as organic 
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compounds, into aggregates that grow and fall onto 
the bottom sediments. The bond is very stable (4-5 
years), as studies showed (Cooke et al. 1993). The ef-
fects of the application of coagulants are visible almost 
immediately, although the condition for a successful 
treatment is to cut off the sources of pollution flowing 
into the reservoir as well as lack of anoxic zones at the 
lake bottom, where the bound phosphorus forms are 
accumulated.

 As the research showed, up to double reduction 
of the total phosphorus in the lake water followed the 
use of coagulants, mainly the reduction of phosphates 
in the epi and metalimnion (Gawrońska et al. 2002). 
Apart from the favourable changes in the water quality, 
as it seems, these treatments may cause several changes 
in the structure of the benthic ichthyofauna in the lake, 
which have not been explored. It can be assumed that 
this lake reclamation method may affect ichthyofauna 
in those fishery lakes in which one of the dominant spe-
cies is zander (Sander lucioperca L.) living and breeding 
in muddy, non-transparent water. The increase in the 
water transparency following the coagulation process 
may negatively affect the development of that species 
and, consequently, lead to a decline in its population. In 
addition to these fundamental changes resulting from 
the changes in the water quality, one should also look 
at the influence of coagulants on the proper embryonic 
development of fish eggs. Fish roe (especially of the 
species which spawn in spring and summer) spawned 
on aquatic vegetation or objects on the bottom is ex-
posed to the impact of the accumulating aggregates 
which form as a result of the use of coagulants.

Pike (Esox lucius L.) is one of the many fish spe-
cies that proliferate in lake edges, spawning on under-
water vegetation, often close to the bottom. Therefore, 
it was considered necessary to verify whether the co-
agulants PIX®113 and PAX®18 used for lake water rec-
lamation during the roe incubation and larvae hatch-
ing of this species affect the quality of the roe and fry. 
The results will make it possible to determine clearly 
whether there is a relationship between the use of co-
agulants and the proper development of the roe, and, 
in the event that such a relationship exists, it will be 
possible to develop a scheme for safe use of coagulants 
so as not to limit natural fish reproduction.

Materials and methods

The research material was the pike roe acquired 
from the spawners harvested in Lake Przybiernów 

(West-Pomeranian Voivodeship). The gametes (sperm 
and eggs) were collected from the sexually mature 
spawners. The sperm was transported in test tubes, and 
the eggs in thermoses of 0.5 dm3 capacity. The secured 
gametes were additionally placed in insulated contain-
ers with cooling cartridges that provided proper con-
stant temperature during the transportation.

Following the transfer of the material to the 
laboratory, the roe obtained from five females was fer-
tilised with the sperm derived from seven males. Lake 
Przybiernów water was used during fertilisation, as 
well as for further incubation.

After fertilisation, the roe was placed in five 
aquariums of 40 dm3 capacity each, on a plastic mesh 
substrate placed on the bottom of the aquarium. The 
water aeration system was based on the air-filled cube 
dispersing air and causing the gentle movement of the 
water in the aquarium. The water temperature dur-
ing the experiment was 10.0-11.0°C. The coagulants 
of two different concentrations were sprayed onto the 
water surface. In the PIX-a and PAX-a versions the 
concentration of coagulants in the tank was 6.25 mg 
dm–3, while in the PIX-b and PAX-b variants, 50.0 mg 
dm–3. The incubation was carried out in four experi-
mental tanks and on the control sample (K).

During the experiment, the water temperature 
in the aquariums was measured daily, and the eggs 
which turned white were carefully removed while 
leaving solely the properly developing ones.

Additionally, a few eggs from each sample were 
collected and observed under a microscope, allowing 
for documenting the egg development in the form of 
digital photography, using the NIS Elements Br soft-
ware. The percentage of fertilised eggs was determined 
at the blastopore closing stage in various samples (the 
analysis of 100 eggs).

The hatched pike larvae (20 specimens from 
each sample) were recorded and subjected to meas-
urements, again using the NIS Elements Br program. 
The duration of the embryogenesis was expressed in 
degree-days (D°), i.e. as the number of days of the em-
bryogenesis multiplied by the average daily tempera-
ture).

After the completion of the hatching process 
the embryos’ survival rate was determined. It was de-
termined as the percentage of the hatched larvae per 
a group of a hundred fertilised eggs. In addition, the 
percentage of malformed larvae was noted (the per-
centage of specimens in the group of all hatched lar-
vae in a given sample).
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The results were elaborated statistically using 
the Statistica® 9.0 PL software. The following statisti-
cal methods were used: (i) the single-factor analysis 
of variance (ANOVA) for the length of the pike lar-
vae freshly hatched from the eggs incubated under 
various water salinity conditions; (ii) the Duncan test 
(p <0.05) in order to compare the body length of the 
larvae from the eggs incubated in the control sample 
and those incubated in the water with the coagulants 
PIX®113 and PAX®18.

The physico-chemical studies of the water were 
carried out both for the water used in the experimen-
tal tests and for the water with the coagulants in vari-
ous options (the corresponding analyses of the sam-
ples were done 48 hours after the application of the 
coagulants). The hydrochemical tests were conducted 
according to the methodology recommended by the 
APHA (1995). The titrimetric methods were used to 
determine the overall alkalinity (hydrochloric acid to 
methyl orange), chloride ions (the Mohr method), the 
total hardness, as well as the calcium and magnesium 
ions (with the complexometric methods of disodium 
edetate to eriochrome black T and murexide). The 
particular forms of nitrogen, phosphorus, sulphates, 
general iron and chlorophyll a were determined with 
the colorimetric methods. The UV-VIS spectropho-
tometer Pharo 300 Spectroquant (by Merck) was used 
in the colorimetric methods, measuring the absorb-
ance at the recommended wavelengths (l). The nitrite 
nitrogen was determined with sulphanilamide (l = 
543 nm), the nitrate nitrogen was determined as ni-
trite nitrogen after the reduction on the Cu-Cd col-
umn; the ammonia nitrogen was determined by the 
indophenol blue (l = 630 nm). The inorganic nitro-
gen (IN) was calculated as the sum of nitrite nitrogen, 
nitrate nitrogen and ammonium nitrogen. The total 
nitrogen (TN) was determined as the nitrate nitrogen, 
after prior mineralisation with potassium persulphate 
in an alkaline environment. The organic nitrogen 
(TON) was calculated as the difference in the total 

nitrogen and inorganic nitrogen. The total reactive 
phosphorus (TRP) was determined by the ammonium 
molybdate and ascorbic acid as a reducing agent (l = 
882 nm) method. The total phosphorus (TP) was de-
termined in the same way as reactive phosphorus after 
the prior mineralisation with potassium persulphate 
in an acidic environment. The total organic phospho-
rus (TOP) was calculated as a difference in the TP and 
TRP. Additionally, sulphates were determined with 
barium chloride (l = 420 nm). Total iron was deter-
mined with phenanthroline (l = 510 nm). Chlorophyll 
a was determined after the extraction with 90% ac-
etone. The total suspended solids parameter (TSS) was 
determined by weight, and the suspended sediment 
concentration (SSC), using the Imhoff funnel. The pH 
of the water was measured with the pH-meter CP-103 
(by Elmetron), while the conductance was measured 
with the conductivity meter CC-101 (by Elmetron).

The physico-chemical data of the coagulants 
used (according to the manufacturer’s specifications) 
are as follows: the PIX®113 is approximately 40-42% 
aqueous solution of the sulphate (IV), and iron (III), 
consisting of 11.8 ± 0.4% of the total iron and up to 
1% of free sulphuric acid (VI); the PAX®18 is an aque-
ous solution of polyaluminium chloride containing 
17.0 ± 0.6% Al2O3 and 20.0 ± 2.0% of chloride ions.

Results

The results of the hydro-chemical tests of the 
water used for the roe incubation are shown in Table 
1. The effect of adding the coagulants on the phos-
phorus and iron content is presented in Table 2. The 
reductions in the phosphorus and iron concentrations 
in all the experiment variants are clearly demonstrat-
ed. The highest reductions for the TRP and TP (50% 
and 70% respectively) were observed for both types of 
the tested coagulants applied at higher doses (PAX-b 
and PIX-b variants). The reductions in the iron con-
tent were higher in the case of the coagulant PAX®18 

Table 1. Physico-chemical properties of the water used in the experiments – control variant (K)

pH
Conductivity Total alcalinity Total hardness Cl– SO4

–2 Ca Mg TSS Chlorophyll

μS cm–1 mval dm–3 mg dm–3 mg m–3

8.26 559 2.8 4.75 80.23 101.84 144.3 27.34 10.0 29.9

NO2
– NO3

– NH4
+ IN ON TN TRP TOP TP Fe

mg N dm–3 mg P dm–3 mg dm–3

0.021 0.399 0.073 0.493 0.470 0.963 0.062 0.077 0.139 0.407
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(over 90% for both doses) and lower when using the 
coagulant PIX®113 (12% for the PIX-b and 48.9% for 
the PIX-a) (see Table 2). In parallel to the reduction 
of the phosphorus and iron content, an increase in 
the concentration of the total suspended solids was 
noted. Up to about a triple increase was observed for 
the higher doses for both coagulants used (Table 3). 
Additionally, in the case of these doses of the coagu-
lants, higher concentrations of the suspended solids 
were reported (8 cm3 for the PAX-b and 5 cm3 for the 
PIX-b) (Table 3).

The continuous monitoring of the pike embry-
onic development in the different variations showed 
no difference in the rate of the embryogenesis until 
the formation of the embryo body (Figs 1 and 2). 

Then the delays in the development stage were 
observed for the eggs incubated in the water with the 
coagulants (highest concentrations) (Fig. 3).

There was a visible inhibition in the embryonic 
development in the eggs from the PAX-b variant (Fig. 
3c). The embryos in the control variant and in the 
other variants (PIX-a, PIX-b, PAX-a) on the 77.0 D° 
had a clear pigment in the eyes and on the body, and 
they reached their heads with the ends of their tails. 
They already performed movements. However, in the 
variant PAX-b the embryos were at an earlier stage of 
embryogenesis: they had a subtle pigment in the eyes 
and on the body, and they were shorter (Fig. 3).

Despite these differences, the beginning of the 
pike larvae hatching in all the variants started at the 
same time, i.e. on the 110.0 D°. However, the individu-
als hatched from the eggs from the various samples 
differed in the length of the body (Fig. 4).

No statistically significant differences in the 
length of the body were observed in the case of the 
pike larvae originating from the eggs incubated in the 
water without the coagulant (the control K-variant) as 
well as in the PIX-a, PIX-b and PAX-a variants (Fig. 
4). However, the pike larvae hatched from the eggs in-
cubated in the water containing the highest concen-
tration of the coagulant (PAX-b) were more than 0.5 
mm shorter than the larvae of the other variants (the 
average body length of 9.41 mm) and in this case, the 
differences were statistically significant (Fig. 4).

Malformed specimens were reported for the lar-
vae from the eggs from all the analysed variants (Table 
4). They came in highest numbers in the case of the 
larvae from the eggs whose embryonic development 
proceeded in the water with the coagulant PAX®18 ap-
plied in the higher concentration (Table 4, Fig. 5).

Table 2. Concentrations of the denoted forms of phosphorus and 
iron and their reduction (%) in relation to the control sample after 
48 hours from each coagulant dose application

TRP TP Fe TRP TP Fe

mg P dm–3 mg dm–3 %

PIX-a 0.047 0.059 0.208 24.2 57.6 48.9

PIX-b 0.027 0.037 0.358 56.5 73.4 12.0

PAX-a 0.054 0.062 0.031 12.9 44.5 92.4

PAX-b 0.028 0.031 0.015 54.8 77.7 96.3

Table 3. Total suspension and suspended solids after 48 hours from 
each coagulant dose application

Indicator PIX-a PIX-b PAX-a PAX-b

SSC cm3 1.6 5 2.8 8 

TSS mg dm–3 13 29 16 32

Table 4. Percentage of fertilised eggs, embryos’ survival rate, and malformed larvae in the studied experiment variants

Percentage (%) K
PIX®113 PAX®18

PIX-a PIX-b PAX-a PAX-b

Fertilisation 92.0 91.0 92.0 90.0 89.0

Survival 71.0 55.0 52.0 59.0 50.0

Malformed larvae 2.1 1.4 2.9 4.0 10.4

As the study on the pike embryonic develop-
ment in the water with the coagulants shows, the per-
centage of the fertilised eggs was very high in both the 
control variant and the variants with the coagulants 
PIX®113 and PAX®18 applied (Table 4).

On the other hand, the percentages of live in-
dividuals hatched from the eggs incubated in the wa-
ter with the different coagulant concentrations and 
the water without the coagulants were significantly 
decreasing with the growing concentration of the co-
agulants in the water (Table 4).
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Fig. 1. Morula small-molecule stage (20.0 D°) in the pike eggs in variants: A – control sample, B – PIX-b, C – PAX-b

Fig. 2. Full embryo stage (45.0 D°) in variants A – control sample, B – PIX-b, C – PAX-b

Fig. 3. Embryo stage – pigment present in the eyes and on the body (77.0 D°) in variants A – control sample, B – PIX-b, C – PAX-b

 Discussion

The study of the hydrochemical indicators of 
the water used for the experimental tests allows it to 
be classified as safe for its ichthyofauna. Due to the 
increased reaction of the water, reported together with 
the high content of the main ions and the total alka-
linity greater than 2.8 mval dm–3, it can be considered 
resistant to acidification, similarly to the other selected 
lakes in Western Pomerania (including Lake Przybi-
ernowskie), as shown by Tórz et al. (2003), Tórz and 
Kubiak (2003), Nędzarek et al. (2011). The reported 
concentrations of nitrogen and phosphorus indicate 
its high fertility. According to Meybeck (1982), the IN 

concentrations in the waters not subjected to anthro-
popressure is low and amounts to 0.120 mg N dm–3. 
This study reports four times higher concentrations 
of IN (Table 1). The concentrations of the TRP and 
chlorophyll a were also typical for the water bodies 
at the borderline between eutrophy and hypertrophy 
(Zdanowski 1982).

The analysis of the experiment showed that the 
use of the coagulants PIX®113 and PAX®18, commonly 
used for the reclamation of lakes, both in lower and 
higher concentrations, influenced the course of pike 
embryonic development.

The impact of the coagulants used is not vis-
ible in the early stages of the embryogenesis, result-
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ing in a large percentage of the fertilised eggs in both 
the control variant and the other variants with both 
coagulants. At the later stages of the embryonic de-
velopment, however, the inhibition of the embryo de-
velopment in the eggs derived from the sample with 
the higher concentration of the coagulant PAX®18 was 
observed. This phenomenon is related to the fact that 
while the coagulant was being dosed the aggregates 

Fig. 4. Body length of the pike larvae as a function of the incubation water (with or without the coagulant) (ANOVA, p=0.000)

were forming and falling to the bottom, which, in the 
case of this research, was the substratum on which the 
pike eggs were placed. The natural level of the sus-
pended solids in the water used for testing (the control 
variant) was 10 mg dm–3, while in the variant with the 
PAX-b coagulant it was more than three times higher, 
and amounted to 32.0 mg dm–3 (Tables 1 and 3).

Fig. 5. Malformed pike larvae – PAX-b variant
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According to the earlier studies, the increased 
amount of the suspended solids is dangerous not only 
for adult fish but also for the development of the fish 
roe. Schubel et al. (1974) found a negative effect of the 
increased quantities of the natural suspended solids 
on the development and hatching of yellow perch 
(Perca flavescens L.) and striped bass (Morone saxati-
lis, Walbaum 1792). Also Opuszyński (1983) reported 
that, as a result of violent storms in Lake Balaton, an 
increased amount of total suspended solids raised the 
mortality rate of spawning walleye (Sander lucioperca 
L). Bonisławska et al. (2011) reported that the con-
centration of the total suspended solids exceeding 20 
mg dm–3 affects the course of pike embryogenesis. It 
causes a drop in the fertilisation percentage and the 
survival rate of the embryos in the eggs. It also reduces 
the duration of embryonic development, resulting in a 
smaller length of the body of the hatched individuals, 
a larger yolk sac and larger frequency of malformed 
specimens (Bonislawska et al. 2011). The final impact 
of the increased levels of the total suspended solids 
is the reduced number of the hatched larvae, ear-
lier proven by the research on whitefish (Kempińska 
1969), trout (Newcombe and Jensen 1996) and pike 
(Bonisławska et al. 2011).

Similarly, in the conducted studies the aggre-
gates resulting from the use of the coagulants PIX®113 
and PAX®18 falling on the roe, as well as the increased 
amounts of the total suspended solids, caused the im-
pairment of the oxygen conditions inside the eggs. 
Therefore, in the variants where the coagulants were 
used a decreased survival rate of the embryos as well 
as an increased number of the malformed specimens 
was observed (Table 4).

In the case of most water bodies the spawning 
of the lithophilous fish, which include pike, is locat-
ed in the lake edges and other shallow, well-lit places 
where favourable conditions for the lush growth of 
submerged vegetation exist. The use of the coagulants 
in these zones may be dangerous for pike roe develop-
ment, especially when the doses become increased as 
a result of the accumulation due to the wind direc-
tion and the resulting movement of the water with the 
waves.

Taking the above results into account, it can be 
assumed that the effect of the coagulants on the devel-
oping fish roe will be similar in the case of the other 
members of the lithophilous fish, and the temperature 
rise due to the later spawning period (as compared to 

pike), due to the faster metabolism, may cause higher 
losses. Therefore, smaller doses of the PIX®113 and 
PAX®18 are recommended, if possible, as well as split-
ting them into several portions to be applied at 7-14 
days’ intervals, away from the locations of submerged 
plants. Such procedures are expected to allow the un-
interrupted development of the already spawned eggs. 
In addition, the use of the coagulants in question is 
not recommended in the springtime, when the vast 
majority of fish in the Polish climate start to breed.
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