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Abstract — Sulfate is found naturally in the aquatic environments, but due to various anthropogenic
activities the sulfate concentrations in surface waters have increased globally. High levels of sulfate can
cause adverse effects on aquatic organisms. In this study we explored the effects of sulfate on the
reproduction of two coregonine species, whitefish (Coregonus lavaretus (L.)) and vendace (Coregonus
albula (L.)), in Baltic Sea brackish water and soft boreal freshwater. The chronic toxicity tests lasted from
fertilization to hatching of the larvae, endpoints being embryonic and larval survival, and size of newly
hatched larvae. The chronic 196-214-day tests were conducted in different sodium sulfate (Na,SO,)
solutions at water temperatures simulating natural conditions during the egg incubation from autumn to
spring. The separate fertilization tests were carried out to measure fertilization success (%). The fertilization
and early embryonic phase were found to be the most sensitive periods for sulfate toxicity. The survival in
late embryonic phase, hatching and 5-day larval phase was high (>80%). In the acute fertilization tests with
brackish water populations, the LC50-values were between 2554 and 2575 mg/L and with freshwater
populations between 1107 and 1230 mg/L of sulfate. In the chronic experiments from fertilization to
hatching the LCI10-values for brackish water populations were between 1800 and 1820 mg/L and for
freshwater populations between 335 and 624 mg/L of sulfate. The tolerance for sulfate in freshwater
coregonines was significantly lower than brackish water coregonines, but it was in similar range as to what
has been observed in other freshwater species.

Keywords: Fish / embryo / fertilization / lethal concentration / salinization

1 Introduction Increased sulfate load into surface waters can lead to
salinization and stratification, modify the cycle of nutrients
and cause eutrophication and anoxic conditions in hypolimni-
on (Cafiedo-Argiielles et al., 2019; Wiltse et al., 2020; Kaushal
et al., 2021; Zak et al., 2021). In addition, sulfate affects
aquatic organisms by inducing osmotic stress which may lead

Sulfate (SO,”") is found naturally in aquatic environments.
Due to anthropogenic activities, concentration of sulfate in
waterways can increase to levels which can be harmful to
aquatic organisms. Point sources of sulfate are primarily ! - S5 W -
industrial processes that utilize sulfuric acid as part of their ~ tO increased consumption of energy to maintain homeostasis
production cycle, drainage from mining areas and municipal (Griffith, 2017; Cafiedo-Argiielles ef al., 2019) or by inducing
wastewaters (Elphick e al., 2011; Nordstrom et al., 2015;  Specific ion toxicity (Davies and Hall, 2007). The toxicity
Ekholm ef al., 2020). Major diffuse sources are run offs from mechanism of sglfate is also 11nk§d to water hardness, as low
forestry areas, fertilization runoffs and tilling of soil in water hardness increases Fhe toxic effects of sulfat@ (Soucek
agricultural areas, especially from fields located on acid sulfate and Kennedy, 2005; Davies and Hall, 2007; Elphick er al.,

soil (Elphick et al., 2011; Ekholm et al., 2020). 2011; Soucek et al., 2011). ,
In boreal freshwaters, background sulfate levels range In this study, we aim to further contribute to the knowledge

from 3 to 30mg/L, but in arcas heavily affected by of the effects of sulfate on aquatic organisms in soft boreal
anthropogenic activities sulfate levels can reach values as ~ Waters. We continued the work from our previous research
high as over 2000 mg/L (Ekholm et al., 2020). In the coastal (Karjalainen et al., 2021, 2023) by examining thq fertilization
regions of the northern Baltic Sea the sulfate levels range from  and carly development of two different coregonine (Corego-

100 to 500 mg/L (Lehtoranta et al., 2008; Zak et al., 2021). ~ hinae) species, whitefish (Coregonus lavaretus (L.)) and
vendace (Coregonus albula (L.)), from both brackish and

freshwater environments. In this study in addition to
*Corresponding author: mikko.v.j.makinen@jyu.fi anadromous whitefish which we have studied earlier
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Table 1. Sulfate toxicity tests carried out in soft waters (RW =River Kokeméenjoki water, LW = Lake Konnevesi water) and in brackish water
(BW =Kokkola brackish water). Chronic toxicity tests lasted from fertilization to the moment when the hatched larvae reached age of 5 days
except from fertilization of Salmo trutta from fertilization to estimated emergence moment (see Karjalainen et al., 2023). Results of five toxicity
tests were published first time in this study and rest of them were published previously in Karjalainen ez al. (2023).

Test species and spawning habitat Test type and water Endpoint Source

Coregonus lavaretus, brackish water Acute, BW Fertilization rate This study

Coregonus albula, brackish water Acute, BW Fertilization rate This study

Coregonus lavaretus, anadromous Acute, RW Fertilization rate Karjalainen et al., 2023
Coregonus lavaretus, fresh water Acute, LW Fertilization rate Karjalainen et al., 2023
Coregonus albula, fresh water Acute, LW Fertilization rate Karjalainen et al., 2023
Salmo trutta, fresh water Acute, LW Fertilization rate Karjalainen et al., 2023
Rutilus rutilus, fresh water Acute, LW Fertilization rate Karjalainen et al., 2023
Coregonus lavaretus, brackish water Acute, BW Survival This study

Coregonus lavaretus, anadromous Acute, RW Survival Karjalainen et al., 2023
Coregonus lavaretus, freshwater Acute, LW Survival This study

Coregonus albula, freshwater Acute, LW Survival This study

Salmo trutta, freshwater Acute, LW Survival Karjalainen et al., 2023
Rutilus rutilus, freshwater Acute, LW Survival Karjalainen et al., 2023

(Karjalainen ef al., 2021), new toxicity tests of sea-spawning
whitefish and vendace in brackish water and lake-spawning
whitefish and vendace in freshwater were carried out. Vendace
is mainly an inland species, but it is found in Gulf of Bothnia
and Gulf of Finland regions of the Baltic Sea where it spawns
in rivers, estuaries or less saline coastal habitats (HELCOM,
2013; Lehtonen et al., 2023). In Baltic Sea the vendace is
commercially caught for its roe which is a commercially
important product (Lehtonen ez al., 2023). In Finland, vendace
generated the largest portion of the revenue for the commercial
inland fisheries and together with pikeperch (Sander lucio-
perca L.), it is one of the most important target species of
commercial fishers in recent years (Luke, 2023).

Whitefish populations are found from both inland lakes as
well as from the Baltic Sea. In the Finnish coastal regions two
ecotypes of whitefish are present, a river-spawning whitefish
and a sea-spawning whitefish (Lehtonen, 1981). The aim of
this study was to compare the new and previously published
sulfate toxicity test results of several whitefish and vendace
populations to examine the differences in sulfate sensitivity of
early development between brackish and freshwater corego-
nines. The endpoint variables in the toxicity tests in our study
were: 1) fertilization success, 2) survival in early embryonic
phase, 3) survival in late embryonic phase, 4) survival in
hatching and as yolk sac larvae and 5) the size of the hatched
larvae.

2 Materials and methods

2.1 Test species

The toxicity tests were carried out using whitefish and
vendace from both Baltic brackish water and inland freshwater
(Tab. 1). Vendace and whitefish both spawn in late autumn and
eggs incubate until spring. The incubation time can last up to 6
months. We followed the incubation period from fertilization
to hatching of brackish water whitefish for 196 days and
anadromous whitefish for 165 days and freshwater whitefish
and vendace for 214 days and 203 days, respectively. The

parental fish of whitefish and vendace were caught by
professional fishers on 26™ of October 2022 from Baltic Sea
in Larsmo archipelago (N63° 72' 54187, E22° 62' 8513”).
Eggs and sperm of whitefish were stripped in harbour and
stored in separate chilled containers. Eggs from vendace were
stripped in site, but males were transported in ice to the
university where the sperm was stripped. In the whitefish test,
we used gametes of 7 females and 7 males and in vendace
experiment, we used 6 females and 9 males (Supplementary
material Tab. 1). Anadromous sea-migratory whitefish
gametes from 5 females and 5 males were obtained from
River Kokeméenjoki (N61° 33' 83847, E22° 11' 7176”)
(Karjalainen et al., 2023) (Supplementary material Tab. 1).
Freshwater whitefish and vendace were obtained from Lake
Konnevesi (N62° 61' 75197, E26° 35' 1125”) on 2™ of
November 2022, whitefish by gill nets and vendace by seine
net. The fish were transported in chilled containers to the
university where the eggs and sperm were stripped. In
freshwater whitefish test, we used gametes from 3 females
and 6 males and in vendace test we used 9 females and 12
males (Supplementary material Tab. 1). Number of parental
fish varied due to the ripeness to spawn of the fish caught. The
toxicity test results of Karjalainen et al. (2023) of roach
(Rutilus rutilus L.) and brown trout (Salmo trutta L.) were
compared to whitefish and vendace toxicity test results.

2.2 Test setup and chemicals

Both the acute and chronic toxicity tests were carried out:
the acute short-term fertilization test and the chronic toxicity
test from fertilization to hatching including the short 5-day
incubation of hatched larvae. In the acute fertilization test,
50-100 eggs from each sulfate treatment were sampled to
determine fertilization success (%). In the chronic incubation
test each treatment had 36 eggs which were followed
throughout the early development. The tests were applied in
same manner for each test species and population and were
analysed separately.
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Table 2. The nominal and measured sulfate (mg/L SO,4) concentrations (mean + SD), amount of added Na,SO, into experimental treatments and
the pH (mean + SD) in brackish water control and experimental treatments (number of samples taken, »=>5), in Lake Konnevesi control and
experimental treatments (n=4) and in River Kokeméenjoki control and experimental treatments (n=5) (Karjalainen et al., 2023).

Added Na,SOy4 Nominal SO4 Measured SOy pH
Brackish water
Kokkola control 240.0+7.1 7.6+0.3
384 mg/L 500 mg/L 496.0+13.6 7.5+0.1
828 mg/L 800 mg/L 810.0+16.7 7.5+0.1
1567 mg/L 1300 mg/L 1280.0+40.0 7.5+0.1
2307 mg/L 1800 mg/L 1780.0+40.0 7.5+0.1
2898 mg/L 2200 mg/L 2180.0+40.0 7.4+0.0
3490 mg/L 2600 mg/L 2600.0+70.7 7.5+0.1
4081 mg/L 3000 mg/L 3050.0+50.0 7.4+0.0
4820 mg/L 3500 mg/L 3475.0+43.3 7.4+0.1
6299 mg/L 4500 mg/L 4500.0+0.0 7.4+0.0
Lake water
L. Konnevesi control 5.0+0.5 7.3+£0.2
436 mg/L 300 mg/L 307.5+8.3 7.1+0.1
880 mg/L 600 mg/L 615.0+£11.2 7.0+0.1
1323 mg/L 900 mg/L 920.0+18.7 7.0£0.0
1767 mg/L 1200 mg/L 1175.0+£43.3 7.0+0.0
2358 mg/L 1600 mg/L 1600.0+0.0 6.9+0.0
2654 mg/L 1800 mg/L 1800.0+0.0 6.9+£0.0
2950 mg/L 2000 mg/L 2000.0+0.0 6.9+0.0
3541 mg/L 2400 mg/L 2500.0+£0.0 6.7+0.0
4281 mg/L 2900 mg/L 2900.0+81.6 6.8+£0.0
5168 mg/L 3500 mg/L 3600.0£0.0 6.8+0.0
River water
R. Kokemienjoki control 12.2+£2.8 7.3+0.1
426 mg/L 300 mg/L 304.0+8.9 72+0.2
869 mg/L 600 mg/L 598.0+£22.8 7.1+£0.2
1313 mg/L 900 mg/L 892.0+29.5 7.2+0.2
1757 mg/L 1200 mg/L 1200.0+0.0 7.1+0.2
2200 mg/L 1500 mg/L 1500.0+0.0 7.1+0.1
2644 mg/L 1800 mg/L 1800.0+£0.0 7.1+£0.3
3531 mg/L 2400 mg/L 2380.0+44.7 7.1+0.2

Experimental treatment solutions were made by dissolv-

ing sodium sulfate (Na,SO4, Merck, purity > 99%) into
filtered natural water (Millipore Pellicon & Durapore GVPP,
0.22 nL). In brackish water (BW) experiments we used
natural water taken from the Baltic Sea coastal area in
Kokkola (N63°92' 53717, E23° 03' 8227, background sulfate
240 mg/L) (Tab. 2). For freshwater coregonine toxicity tests
natural water was taken from Lake Konnevesi (LW) (N62° 61'
75197, E26° 35' 1125”, background sulfate 5.0 mg/L) (Tab. 2)
and for anadromous whitefish test from River Kokeméenjoki
(RW) (N61° 33" 83847, E22° 11' 7176, background sulfate
12.2mg/L) (Tab. 2) (Karjalainen et al., 2023). The water used
as a base for treatment solutions for fertilization and
throughout the incubation was similar water from which
the parental fish originated from. These natural waters taken
from the different locations were also the control treatments
in the toxicity tests. Stock solutions were prepared from the
waters by dissolving the Na,SOy into filtered natural water to
achieve the highest concentration. Other treatment solutions
were prepared by diluting the stock solutions with natural
water to achieve the target concentrations in each experiment.

Number of treatments in BW experiment including control
were 10, in LW experiment 11 and in RW experiment 8
(Tab. 2). Water hardness for natural waters were calculated
from the measured Ca’"™ and Mg”" concentrations. The
hardness values for natural waters were 5.188 £0.147 mmol/L
(mean+SD) (518.8+14.7mg/lL. as CaCO3) in BW,
0.139+£0.004 mmol/L  (13.9+04mg/L) in LW and
0.284+£0.026 mmol/L (28.4+2.6mg/L) in RW. Thus, BW
water was hard (> 300 mg/L), while LW and RW waters were
soft (<30 mg/L).

Sulfate concentrations were monitored by taking samples
throughout the experiments (Tab. 2). The uncertainty of the
sulfate analysis was 10%. The analysis was provided by an
independent accredited laboratory and done according to
SFS-EN ISO 10304-1 (2009) standard. Water temperature
simulated the natural temperature rhythm and was monitored
throughout the experiments with automatic temperature
loggers. The pH (SevenEasy, Mettler-Toledo) (Table 2) and
oxygen (Microx 4 trace, PreSens Precision Sensing GmbH)
levels were monitored throughout the experiments. The mean
oxygen concentration was 11.5+0.1 mg/L (£SD, n=18).
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2.3 Fertilization

Approximately 100 eggs per each female were put in to a
500mL glass jar and 3-5 pL of sperm from each male was
distributed evenly among all eggs from the females. 25 mL of
water was added into the jar to activate the gametes. The jar
was gently stirred and left to sit for 40 seconds after which the
eggs were rinsed with fresh water to remove the excess sperm.
Once the water in the jar was clear it was filled up to 200 mL
and provided with aeriation. This was repeated for each
different treatment concentration (Tab. 2). The fertilization
success rate (%) was determined after 48-96 hours post
fertilization. Around 50 to 100 randomly selected eggs from
each treatment were observed under a microscope to see if the
cell divisions had started to develop. The fertilization
temperature was 5 °C for brackish water whitefish and vendace
and 6 °C for freshwater whitefish and vendace. The fertilization
and its success were regarded as an acute exposure experiment.

2.4 Embryonic period and hatching

After 24-h period eggs were moved to 6-well plates with
movable inserts (VWR 6-well plate type 734-2717 6) with cut
out Pasteur pipette. The wells were prefilled with 10 mL of
treatment solution corresponding with the jar from which the
eggs were moved. Randomly selected eggs were individually
placed into the inserts within the wells. The plates were
covered with lids to prevent evaporation during the experi-
ments. Each treatment (Tab. 2) had total of 36 eggs distributed
into 6 plates and divided on two separate aluminium trays.
Trays were placed on a shelf in the cold room. Placement of the
trays was randomized. Temperature of the cold room was
adjusted throughout the experiment to follow the simulated
natural temperature cycle. The temperature at the fertilization
was 5 °C for brackish water whitefish and vendace and 6 °C for
freshwater whitefish and vendace. The average temperature
during the incubation period was 2°C for brackish water
whitefish and for freshwater whitefish and vendace. The
average temperature during the hatching and larval period w
was 4 °C for brackish water whitefish and 5 °C for freshwater
whitefish and vendace. The temperature was monitored with
two separate temperature loggers placed in to 6-well plates
filled with tap water.

The water in the toxicity tests was changed weekly. Inserts
containing the eggs were gently moved from the old plates to
new ones which were prefilled with the corresponding sulfate
treatment. The trays housing the plates were also rotated
during each water change to even out the possible temperature
fluctuations in the room. The observation of embryonic period
was divided into early and late periods. Once the eggs reached
the eyed stage dead eggs were recorded and removed from the
setup, thus ending the early embryonic period. Late embryonic
period ended into hatching.

After the first hatching was observed plates were inspected
on daily basis for new hatchings. The date of each hatched
larvae was recorded, and larvae was followed for 5 days
counting the day of hatching as the first day. After the 5-day
period larvae were removed from the well and preserved in
95% ethanol for further analysis. The larvae were collected
into concentration specific tubes, respectively. The incubation

period from fertilization to hatching and to 5-day-old larvae
was regarded as chronic toxicity test.

2.5 Total length and mass measurements

Total length, fresh and dry mass, and dry matter (%, dry
mass divided by fresh mass) were measured from the preserved
larvae. Before measuring, larva was taken from ethanol and put
into a petri dish filled with water to soak for 15 min to restore
the size of tissues (Karjalainen, 1992). When taken out the
larva was wiped gently with a moist paper towel to get rid of
the excess moisture and length was measured immediately.
After length measurement, a larva was placed in a pre-weighed
aluminium cup and the fresh mass was weighted with a
microscale. The larvae were dried at 60 °C for 24 h after which
the cups were reweighed to determine the dry mass for the
calculation of dry matter.

2.6 Statistical analysis

The effects of sulfate on the fertilization rate (%) and the
embryonic survival were analysed by using Kruskall-Wallis A
test and pairwise comparisons by Bonferroni test between the
control and added sulfate treatments. The effects on the larval
length and fresh mass were analysed with one-way ANOVA
and the effects on dry matter ratio were analysed with
Kruskall-Wallis H test, pairwise comparisons were done for
both by Bonferroni test. These analyses were done in IBM
SPSS (v28.0.1.1) statistics software. The concentration-
response analysis was done by using ‘drc’ package (Ritz
et al.,2015) in R (R Core team, 2022) to analyse the toxicity
data. The lethal concentration LC10 (the concentration, which
was lethal to 10% of tested individuals) with the 95% confidence
intervals was calculated for chronic exposure (toxicity test
from fertilization to 5-day-old larvae) and the lethal concentra-
tion LC50 (the concentration, which was lethal to 50% of tested
individuals) with the 95% confidence intervals was estimated
for acute exposure (fertilization test) (Supplementary material
Tab. 3). The statistical analyses were made for each toxicity
test separately. The LC values of the separate toxicity tests
were compared to evaluate the differences in sulfate sensitivity
of different whitefish and vendace populations originated in
brackish and freshwater environments.

3 Results

3.1 Sulfate concentration affects fertilization and
early embryo development

Sulfate concentration significantly affected fertilization
rate of whitefish and vendace in all brackish and freshwater
experiments (Fig. 1, Supplementary material Tab. 2). Sulfate
disturbed early cell division and embryo development, and
majority of the mortality in all experiments occurred in the
early embryonic phase from fertilization to the eyed stage
(Fig. 2, Supplementary material Tab. 2). In the late embryonic
phase from the eyed stage to 5-day-old newly hatched larvae,
sulfate did not significantly affect the survival of the
developing embryos or living hatched larvae (Fig. 3,
Supplementary material Tab. 2). The survival of vendace in
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Fig. 1. Proportion of successfully fertilized eggs in brackish water vendace (A) (%, n=51-104 eggs per treatment), brackish water whitefish (B)
(%, n=51-104 eggs per treatment), anadromous sea-migratory whitefish (C) (%, n=50-51 eggs per treatment), freshwater vendace (D) (%,
n=>55-80 eggs) and freshwater whitefish (E) (%, n=55-80 eggs). Experiments done in different sulfate (SO,>") treatments and in control
treatments (BW =brackish water, RW =R. Kokemé&enjoki water, LW =L. Konnevesi water) with background sulfate concentrations. The
significance levels are above the bars (Kruskall-Wallis): —=P > 0.05, *=P < 0.05, **=P < 0.01. Vertical lines on bars represent the 95%
confidence limits.
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Fig. 2. Survival (%) of brackish water whitefish (A) (34 days from the fertilization, n=36), anadromous sea-migratory whitefish (B) (25 days
from the fertilization, n=36), freshwater vendace (C) (34 days from the fertilization, n=36) and freshwater whitefish (D) (34 days from the
fertilization, n=36) in the early embryonic phase from fertilization to eyed stage in different sulfate (SO4>") concentrations with control
treatments (BW = brackish water, RW =R. Kokemienjoki water, LW =L. Konnevesi water) and their background SO,* concentrations. The
significance levels are above the bars (Kruskall-Wallis): —=P > 0.05, *=P < 0.05, **=P < 0.01. Vertical lines on bars represent the 95%

confidence limits.

the LW experiment at sulfate concentration of 920 mg/L was
low (0%, Fig. 3C) but also the individuals after the sulfate
exposure by the eyed stage was low, with only one alive
embryo.

For the entire duration of the experiment from the
fertilization to the end of larval period, a statistically significant
difference in survival was found between treatments in BW
(H=108.35, DF=9, P < 0.001), RW (H=50.11, DF=7, P <
0.001) and LW whitefish (H= 255.94, DF =10, P < 0.001) and
LW vendace (H= 146.86, DF=10, P < 0.001) (Supplementary
material Tab. 2, Supplementary material Fig. 1).

3.2 Sensitivity of freshwater fish and brackish water
fish

The sulfate affected the fertilization of freshwater whitefish
and vendace in lower concentrations than the fertilization of
anadromous whitefish or brackish water whitefish and vendace

(Fig. 1, Supplementary material Tab. 3). The acute LC50
(fertilization rate) of freshwater fishes varied from 1107 to
1353 mg/L while the LC50 of anadromous whitefish and sea-
spawning whitefish and vendace were over 2500 mg/L.
Similarly, the chronic LC10 of freshwater fishes for the entire
incubation experiment (from fertilization to 5-day-old larvae)
was clearly lower (335-1139 mg/L) than the LC10 of Baltic
Sea whitefish and vendace (Fig. 4, Supplementary material
Tab. 3).

3.3 Size of newly hatched larvae

Sulfate significantly affected length and fresh mass of the
5-day-old larvae in anadromous whitefish and freshwater
vendace and whitefish (Fig. 5, Supplementary material Tab. 4).
Length of the larvae in the concentration of 1175 mg/L differed
statistically from the control treatment in both freshwater
species, but in terms of fresh mass none of the sulfate
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Fig. 3. Survival (%) of brackish water whitefish (A) (169 days from the end of early embryonic period, n=36), anadromous sea-migratory
whitefish (B) (140 days from the end of early embryonic period, n=36), freshwater vendace (C) (175 days from the end of early embryonic
period, n=36) and freshwater whitefish (D) (186 days from the end of early embryonic period, n=36) during the late embryonic phase, hatching
and larval period in different sulfate (SO4>") concentrations with control treatments (BW =brackish water, RW =R. Kokemienjoki water,
LW =L. Konnevesi water) and their background SO,* concentrations. The significance levels are above the bars (Kruskall-Wallis): —=P >
0.05, *=P < 0.05, **=P < 0.01. Vertical lines on bars represent the 95% confidence limits.

concentrations differed statistically from control treatment
(Fig. 5). In anadromous whitefish experiment a significant
difference was found in length and fresh mass measurements
of the 5-day-old larvae, but not in dry matter (Fig. 5,
Supplementary material Tab. 4).

4 Discussion

In this study the fertilization and the early embryonic phase
of coregonines were the most sensitive periods to sulfate
exposure in the terms of survival. In previous studies
Karjalainen et al. (2021) reported that the fertilization and
the early period of embryonic development of a migratory
anadromous whitefish were found to be sensitive to the sulfate
exposure. Meays and Nordin (2013) noted in their study that
the sensitive phase for sulfate in development of rainbow trout
(Oncorhynchus mykiss (Walbaum)) embryo was from eyed

stage to alevin, but they also mentioned that pre-eyed stage
could be even more sensitive endpoint. Our results showed that
the pre-eyed stage and fertilization were indeed the most
sensitive periods in early development of fish. The mechanism
of sulfate toxicity is either through osmotic stress or specific
ion toxicity (Davies and Hall, 2007; Griffith, 2017; Cafiedo-
Argiielles et al., 2019). Sulfate can disturb the osmotic
homeostasis of the cell and create imbalance in water
regulation within, thus causing toxic effects to the organism
(Davies and Hall, 2007). Compared with organisms developed
in saline environments, organisms developed in hypo-osmotic
conditions of freshwater environments are more threatened by
increases of salinity and are more susceptible to the adverse
effects of osmotic stress and specific ion toxicity (Cafiedo-
Argiielles et al., 2019). The osmoregulatory adaptation to
saline environments (Hart ef al., 1991; Koel and Peterka, 1995;
Fyhn et al., 1999) can explain the difference found in our study
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between the brackish water and freshwater forms. The
anadromous sea-migratory whitefish and both brackish water
vendace and whitefish exhibited high tolerance (i.e., having high
LC values) against sulfate exposure in the acute fertilization tests
as well as in the chronic incubation experiments. The tolerance of
the freshwater forms was lower, and the LCs were at the level of
common roach and brown trout reported in Karjalainen et al.
(2023) (Supplementary material Tab. 3).

High sulfate concentrations affected the hatching length of
freshwater vendace and whitefish. The length of 5-day old
larvae was shorter in high sulfate concentrations. The decrease
in size and mass in relation to the increase of sulfate
concentration might be the result of increased osmotic stress
which may hinder growth and development (Cafiedo-
Argtielles et al., 2019). On the other hand, the length of the
5-day-old larvae increased in high sulfate concentrations in the
anadromous whitefish experiment, reflecting again higher
sulfate tolerance of sea-migratory whitefish. In all, the
differences in hatching size of larvae between the sulfate
concentrations were small, which indicated that the embryonic
growth of vendace and whitefish after eyed stage was not very
sensitive to sulfate. Karjalainen ez al. (2021) reported that size
differences in larvae hatched from a 31-day egg incubation
sulfate-exposed experiment eventually evened out during the
following sulfate-free depuration process. Further research is
required to find out how extended sulfate exposure affects the
growth of whitefish larvae.

The fertilization success and survival in embryonic
development in our control groups of natural freshwater or
brackish water were at the same level as reported in earlier
studies (Karjalainen et al., 2015; Karjalainen et al., 2021,
Stewart et al., 2021). In present study, whitefish had >94%
fertilization success, and 53-92% survival during the
embryonic and larval period. For comparison, in Karjalainen
et al. (2015) whitefish had >85% embryonic survival in

freshwater experiment and in Stewart et al. (2021) the survival
was 51%. In our previous study (Karjalainen et al., 2021), the
fertilization rate for whitefish was >88% and the embryonic
survival 58-85%. In the present sulfate experiments, vendace
fertilization success was >69% in control treatments and
survival in embryonic period was 53%. In Karjalainen et al.
(2015) the embryonic survival of vendace was much lower
(35-50%) while in Stewart et al. (2021) the embryonic
survival of whitefish in Konnevesi control water was >80%.
Altogether, the fertilization success and the survival of
embryonic development in coregonines have been very
variable in the different experimental studies and it is well-
known that the reproduction success of whitefish can be
affected by male-female pairings and their genetic compati-
bility (Wedekind et al., 2001, 2008; Wedekind and Miiller,
2004). Thus, random selection of females and males in
crossing may lead to variable fertilization success and
embryonic survival, even in the cases where the eggs and
milt of several individuals have been mixed. According to
Wedekind et al. (2001), mate selection and pair spawning
behaviours of whitefish play an important role in selecting
compatible genes for future offspring. Furthermore, male-
female interactions influence early embryonic survival
(Wedekind and Miiller, 2004; Wedekind et al., 2008) but in
the late embryonic stage, survival seemed to be affected by male
traits such as size of the breeding tubercles which correlated with
the survival (Wedekind ez al., 2008). The reproductive behaviour
of vendace has been studied much less. Vendace has
pair spawning but no breeding tubercles (Karjalainen and
Marjoméki, 2017). It is possible that they have also mate
selection, though mechanisms and selection cues are unknown.

Our experiments with brackish and freshwater coregonines
from Kokkola region, Lake Konnevesi and River Kokeméen-
joki, lasting from fertilization to hatching and larval stage,
showed that the success of fertilization and the survival during
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Fig. 5. Total length (mm), fresh mass (mg) and dry matter ratio (%)
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of the 5-day old anadromous sea-migratory whitefish (A), freshwater

whitefish (B) and freshwater vendace (C) larvae in different sulfate (SO4>") concentrations and in control treatments (RW = R. Kokeméenjoki
water, LW = L. Konnevesi water) with background SO,* concentration. The significance levels are above the bars (one-way Anova for length
and mass, Kruskall-Wallis for dry matter): —=P > 0.05, *=P < 0.05, **=P < 0.01. Vertical lines on bars represent standard error.

the early embryonic phase were the most sensitive periods to
sulfate toxicity. The observation that freshwater coregonines in
the toxicity tests started to exhibit negative effects in relatively
low concentrations of sulfate warrants further research to
assess toxicity effects of sulfate on other freshwater species
from lakes and rivers. The mortality rate was low during late
embryonic and larval period of the experiments, which suggests
the utility of shortening the length of chronic experiments for
coregonines. Since both diffuse and point loads of sulfate are
expected to increase in the future, toxicological testing of fish
provides important knowledge when developing water quality
guidelines in the boreal regions.
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test period for species in this study (Supplementary material Fig. 1).

Supplementary material Fig. 1: Survival (%) of brackish water
whitefish (A) (203 days from the fertilization, n = 36), anadromous sea-
migratory whitefish (B) (165 days from the fertilization, n = 36) and
freshwater vendace (C) (209 days from the fertilization, n = 36) and
whitefish (D) (220 days from the fertilization, n = 36) during the
experiment from fertilization to 5-day larvae in different sulfate (SO427)
concentrations with control treatments (BW = brackish water, RW =R.
Kokeméenjoki water, LW = L. Konnevesi water) and their background
sulfate concentrations. The significance levels are above the bars: — =P
> 0.05, *=P < 0.05, **=P < 0.01. Vertical lines on bars represent the
95% confidence limits.

Supplementary material Table 1: The wet mass (g, mean + SD),
total length (cm, mean + SD) and number of parental fish used in
fertilization and incubation tests.

Supplementary material Table 2: Summary of statistical test
results for fertilization and incubation periods. Tests were made with
Kruskall-Wallis H test (K-W).

Supplementary material Table 3: Summary of the sulfate tests
carried out in soft waters (RW = River Kokeméenjoki water, LW =
Lake Konnevesi water) and in brackish water (BW: Kokkola brackish
water). LC10 and LC50 values for sulfate concentrations (mg/L
S04%*7) (95% confidences limits in parentheses) (* = published
previously in Karjalainen et al. 2023).

Supplementary material Table 4: Summary of statistical test
results for larval measurements between the treatments. Tests were
made with one-way Anova (Anova) and Kruskall-Wallis H tests (K-W).

The Supplementary Material is available at https://www.limnology-
journal.org/10.1051/1imn/2024023/olm.
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