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Abstract Over the past few decades, the number of
available spawning grounds for anadromous pikes,
Esox lucius, on the Baltic Sea coast has been sig-
nificantly reduced resulting in a drastic pike popula-
tion decline in those areas. It is therefore a question
if saline Baltic waters may support the spawning of
anadromous pike. In the present experimental study,
salinity had a harmful impact on the development
of eggs from pikes of freshwater origin. The hatch-
ing success rates were 0% at 7PSU and only 16.7%
at 4PSU, while hatching success at OPSU was 89.7%.
However, when the eggs were fertilized in fresh water
and transferred to the tested salinities after 1 h, salin-
ity had a positive effect on egg development and
hatching success (OPSU: 80%; 4PSU: 83.3%; and
7PSU: 93.7%). We concluded that the spawning of
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the freshwater pike population in the saline water of
the Baltic Sea is most likely not successful. Simulta-
neously, inflows of coastal marine waters into near-
shore spawning grounds do not have a harmful effect
on egg development if the eggs are already fertilized.
The main management measures that can be sug-
gested are to rebuild the anadromous population by
spawning ground reconstruction. Sea-spawning popu-
lation introduction can also be considered.

Keywords Egg incubation - Pike fry - Brackish
waters - Reproduction success - Fish restoration

Introduction

Pike (Esox lucius Linnaeus, 1758) is an economically
valuable species (Pierce et al., 1995), and as a top
predator, it also plays an important role in ecosystems
by regulating fish population abundance (Craig, 1996,
2008; Eriksson et al., 2011; Crane et al., 2015; Pers-
son et al., 2018). Pikes occur in both the fresh waters
of lakes and rivers and in the coastal zones of brack-
ish waters, for example, in the Baltic Sea (Ojaveer,
1981; Nilsson, 2006; Jacobsen et al., 2017; Moller
et al., 2020). The pike spawning period is from Feb-
ruary to May in waters with temperatures from 5 to
14°C (Raat, 1988; Horbowa & Fey, 2013). Anadro-
mous Baltic pike populations spawn in fresh waters
in seasonal wetlands (Miiller, 1986; Nilsson, 2006;
Engstedt et al., 2010; Nilsson et al., 2014), while
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resident brackish pike populations that do not require
fresh water for successful reproduction spawn directly
in shallow saline waters in coastal bays (Andersson
et al.,, 2000; Westin & Limburg, 2002; Lappalainen
et al., 2008; Lehtonen et al., 2009; Engstedt et al.,
2010; Jgrgensen et al., 2010; Rohtla et al., 2012;
Jacobsen et al., 2017; Moller et al., 2019, 2020). After
spawning, the two populations mix during the feed-
ing season in coastal waters (Engstedt et al., 2014).
Eggs are deposited on vegetation (Bry, 1996; Raat,
1988; Craig, 2008; Jacobsen & Engstrom—Ost, 2018)
and develop, depending on water temperature, within
eight to 21 days (Frost & Kipling, 1967; Jgrgensen
et al., 2010; Cooper, 2016; Fey et al., 2018, 2019).
Exogenous feeding starts a few days before yolk
absorption, for example, 9 days post-hatching at 12°C
(Pospisilova et al., 2019). Immediately after yolk-sac
absorption, which occurs at 12°C within 16-22 days
post-hatching (Pospisilova et al., 2019), cannibalis-
tic behavior starts (Greszkiewicz & Fey, 2020). The
growth of larvae and early juveniles during the first
weeks may be higher than 1 mm d~! if the tempera-
ture is above 20°C (Fey & Greszkiewicz, 2020). For a

comprehensive and recent review on pike biology and
ecology, see Skov & Nilsson (2018).

Resident brackish pike populations occur in the
coastal zones of Denmark (Jgrgensen et al., 2010;
Jacobsen et al., 2017), Finland (Lappalainen et al.,
2008; Lehtonen et al., 2009), Sweden (Andersson
et al., 2000; Nilsson, 2006; Engstedt et al., 2010),
Germany (Moller et al., 2019), and Estonia (Rohtla
et al., 2012). The proportion of brackish populations
in different areas varies; for example, it can be as high
as 94% in Rugen, Germany (Moller et al., 2019) and
56% on the southern Sweden coast (Engstedt et al.,
2010) or as low as 18% in Estonia (Rohtla et al.,
2012), while there is no information on the occur-
rence of resident brackish populations in the coastal
waters of Poland. Maps from the 1920s indicate that
there was a pike protection area in Puck Lagoon that
could be an indication of pike spawning in the bay
(Fig. 1). However, it could also be an anadromous
population under protection. Resident brackish pike
populations have no problems with access to spawn-
ing grounds located directly in bays, but other factors
could reduce spawning success, such as increased
eutrophication and turbidity (Sandstrom & Karas,

Fig.1 Map of Puck
Lagoon and Puck Bay

with the Plutnica and Reda
Rivers marked, which no
longer provided appropriate
freshwater pike spawning
habitats because of the
drainage of surrounding
lands and the location of
hydrotechnical installations
(triangles) constructed in
the 1970s. The pike protec-
tion area designated in the
1920s was located in the
saline waters of the bay (
(marked with green translu- ‘i
cent area), which suggests
that presence of a resident
brackish pike population in
this geographical area could
not be excluded
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2002; Lehtonen et al., 2009; Olsson, 2019), changes
in communities of fish that prey on pike eggs, such
as stickleback (Nilsson, 2006; Donadi et al., 2020),
or inflows of saltwater through the Danish Straits that
can cause significant mortality in both early develop-
mental stages and adults (Dahl, 1961; Jacobsen et al.,
2007, 2008; Jgrgensen et al., 2010). In contrast, the
reproduction of anadromous pike populations inhab-
iting brackish waters is frequently limited as a result
of human activities, including the construction of
barriers that restrict access to the upper reaches of
rivers and the wetlands located there (Casselman &
Lewis, 1996), as well as river regulation and land
drainage that drastically decrease wetlands (Hoffman
et al., 2000). As a consequence of these factors that
affect both anadromous and resident brackish pike
populations, many Baltic Sea populations are close to
extinction, as indicated by pike catches of commer-
cial and recreational fisheries (Andersson et al., 2000;
Nilsson, 2006; Lehtonen et al., 2009; Nilsson et al.,
2014; Larsson et al., 2015; Olsson, 2019).

Puck Lagoon is one example of a brackish bay
with restricted access to freshwater spawning grounds
in the Baltic Sea. Data from fisheries catches indicate
that the pike population in this reservoir has declined
drastically over the past few decades. From the 1960s
to the mid-1970s, pike catches in Puck Lagoon and
Puck Bay were 40 to 50 tons annually (Jackowski,
2002). Since this period, catches have decreased
steadily, and since the 1990s, annual catches have
been in the range of 50-100 kg (Jackowski, 2002)
(Fig. 2). Catches from Puck Lagoon constitute
approximately 95% of the total catches presented.

As is the case in other Baltic regions, one possi-
ble explanation for the drop in pike abundance in
Puck Lagoon is the absence of appropriate spawning
habitats resulting from vanishing wetlands from river
regulation and hydrological constructions blocking
access to local rivers, which is a current problem (see
Fig. 1). Because of their considerably limited repro-
ductive success, the continued existence of pike pop-
ulations currently depends on stocking (data in this
study), which is conducted in Puck Lagoon with fry
obtained from freshwater spawners and is only per-
formed during research projects such as ZOSTERA
(2010-2013) and PIKE (2020-2023). Although the
Polish Angling Association regularly stocks small
feeding fry, this is only done in rivers that have very
restricted connections with Puck Lagoon waters.
Since freshwater fry are used for stocking, the pike
population in Puck Lagoon is not a typical self-
reproducing anadromous population but rather one of
freshwater specimens.

In spawning grounds with restricted access to
fresh water, the question arises of whether it is pos-
sible for freshwater populations to reproduce directly
in brackish bay waters. Is there a salinity level that
permits reproduction directly in bay waters at river
mouths where salinity is relatively low? There are
many reports of successful pike spawning in saline
waters, but these refer to resident brackish popula-
tions (Westin & Limburg, 2002; Lappalainen et al.,
2008; Lehtonen et al., 2009; Engstedt et al., 2010;
Jgrgensen et al., 2010; Jacobsen et al., 2017; Moller
et al., 2020), and there is no such population in Puck
Lagoon. Although information on the phenomenon of
freshwater populations adapting to saline conditions

Fig. 2 Pike catches in Puck 50 000
Lagoon and Puck Bay in
1964-2004 (Jackowski,
2002) and 20052019 (data 40000
from the Fisheries Moni-
toring Center in Gdynia, E) 30 000 A
Poland). The gray area indi- et
cates 2010-2013 when pike L
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is available (Sunde et al., 2018), no data of this kind
are available for Puck Lagoon. It is also worth con-
sidering how spawning efficiency is affected if eggs
deposited in freshwater wetlands located directly in
coastal zones are flooded with brackish saline waters;
however, no data of this kind are available.

The aim of this study was to determine under
experimental conditions the impact of water salin-
ity (0, 4, and 7 PSU) on the success of egg develop-
ment and larval hatching of pikes from a freshwater
population. The current Puck Lagoon freshwater pike
population originates from stocking with fishes from
a freshwater population, while the original brackish
population that undertook spawning migrations into
rivers no longer exists. The option of fertilizing eggs
in freshwater and transferring them to higher salini-
ties of 4 and 7 PSU was considered in light of possi-
ble flooding in spawning grounds located in wetlands
in coastal saline waters (natural or restored). The
water salinity range used in the experiments reflected
that of fresh water (control group), transitional waters
in the lower reaches of rivers flowing into the Baltic
Sea, and the waters of the coastal Puck Lagoon. This
work also describes the current state of the pike popu-
lation in Puck Lagoon, includes data on pike catches
from 1964 to 2019, and discusses possible manage-
ment strategies.

Materials and methods
Study area

Although the present study is based on data
obtained under experimental conditions, the con-
cept of the experiment is strongly linked to the dras-
tic decline in the pike population in Puck Lagoon,
Baltic Sea (Fig. 1), which has been noted since the
1970s (Fig. 2). Even if these data are not catch per
unit effort (CPUE) data, they do indicate a decline.
According to the Polish Fisheries Monitoring Center,
which has collected electronic catch data since 2004,
pikes are caught with the use of fyke nets and gill nets
in Puck Lagoon. Because the same type of nets were
the main fishing tools in 60s—80s catches (National
Marine Fisheries Research Institute, unpublished
data), the catch data presented in Fig. 2 for different
years should be considered comparable. Figure 1 pre-
sents a map of the local Phlutnica and Reda Rivers that
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were regulated in the 1970s and are currently more
akin to channels with limited vegetation than to natu-
ral rivers. Pump stations in their lower segments con-
tributed to the disappearance of wetlands along these
rivers and restricted access to shallower streams that
branch off and flow away from the main river chan-
nels. The pike protection area designated in the 1920s
is also noted on the map (redrawn from historical map
from year 1920), which could suggest that a resident
brackish pike population lived in Puck Lagoon at this
time.

Experimental system set-up

The experimental system set-up comprised three
separate recirculating systems (Fig. 3). Each of them
included three experimental mini Weiss jars of 0.5 1
each connected to glass tanks that served as hatched
larva containers. Each system included a 70 1 PVC
filtration-sedimentation tank that was filled with 20
1 of biological media (Bioceramax Pro 600, 600 m?
17!, Aquael). A UV lamp was installed at the water
flow. Each recirculating system permitted conducting
the experiment at three different salinities (0, 4, and 7
PSU) and in three replicates for each salinity.

Experimental conditions

Two experiments were conducted to study the
effect of salinity on pike egg development. Eggs
for the studies were obtained from four females
(66-73 cm TL), and milt was obtained from two
males (52-59 cm TL) caught in mid-April with fyke
nets from freshwater populations in Ostrzyckie Lake
(geographical position: 54° 15" 13.1" N; 18° 06’ 15.8"
E). The pikes were stripped directly after they were
caught, and eggs were mixed with milt. Approxi-
mately 4.5 ml of milt was used. Fertilization (adding
water) was performed after the eggs were transported
to the laboratory. The transport took one hour. In the
laboratory, the eggs were divided into two groups.
In Experiment I, the eggs from one group were fer-
tilized in fresh water (nonchlorine tap water). After
one hour, the eggs were transferred to incubation jars
with different salinities (salinity during the incuba-
tion time, mean+SD): 0.18+0.04; 4.0+0.21; and
6.9+0.17 PSU (Fig. 3). In Experiment II, the eggs
from the other group were fertilized directly at dif-
ferent salinities and then transferred to incubation
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Fig. 3 Diagram of the
experimental setup: Experi-
ment [—eggs fertilized

in fresh water at 0 PSU

and transferred after 1 h

to salinities of 4 and 7
PSU; Experiment II—eggs
fertilized and incubated in
salinities of 0, 4, and 7 PSU

Fertilisation
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jars (salinity during the incubation time, mean =+ SD:
0.17+0.05; 4.1+0.26; and 7.0+0.15 PSU) (Fig. 3).
Water pumped from Puck Bay (7 PSU) was used to
obtain different salinities. The quantity of eggs placed
in each incubation jar was 200 ml in both experi-
ments, which corresponds, as estimated by volumet-
ric method, to ca. 10 000 eggs. Although some varia-
tion in the salinities in the three groups was noted, we
referred throughout the publication to salinity Groups
0, 4, and 7 PSU. The light regime for simulating nat-
ural conditions in spring was set to 12 h light/12 h
dark. The light period was from 08:00 to 20:00 and
was regulated automatically. The temperature was set
to 11+0.4°C (mean +SD) and measured twice daily
at the same time as salinity. This temperature was
within the optimum for pike reproduction (8-15°C,
Raat, 1988) that occurs during spawning periods in
shallow, sun-heated coastal waters (8.9-13.8°C, Nils-
son, 2006). During the period from fertilization to
larval hatching, egg samples (approximately 10 ml)
were collected from each incubation jar daily to
assess egg development.

This experimental set-up based on using pikes
from a freshwater environment was intentional since
pikes inhabiting Puck Lagoon originate from stock-
ing with freshwater fry, and self-reproducing ana-
dromous populations of a number of generations are
absent from this area even if it cannot be excluded
that occasionally some specimens come from natural
spawning.

I
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Analysis of egg development

The eggs collected daily from individual jars were
mixed among the three replicates from each of the
three salinities. Then, 50 eggs were chosen at ran-
dom daily from each of the three salinity variants.
The eggs were analyzed with an image analysis sys-
tem (NIS Elements, Nikon) coupled with a Nikon
SMZ-18 binocular microscope (Nikon Corp., Japan).
The analyses included (1) determining the develop-
mental stage of individual eggs according to the six-
stage scale in Fig. 4 (blastula formation, gastrulation,
embryo formation, embryos with optic cups, eyed
embryos, and hatched larvae), which was based on
descriptions of pike egg development by Raat (1988)
and Cooper (2016), and (2) determining the hatching
rate. The fertilization rate was not determined. Egg
swelling, which is an indicator of successful fertiliza-
tion, could not be detected retrospectively.

Data analysis

Hatching success (%) was estimated by counting
the unhatched eggs and subtracting them from the
number of fertilized eggs. Differences in hatching
success among salinities in the experiments were
evaluated with Kruskal-Wallis test for independent
samples and the post hoc Dunn’s test with Bonfer-
roni correction for multiple tests. The statistical sig-
nificance of the effect of salinity (0, 4, and 7 PSU)
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Fig. 4 Tllustration of subse-
quent developmental stages
of northern pike eggs: A
stage 1—Dblastula formation;
B stage 2—gastrulation; C
stage 3—embryo formation;
D stage 4—embryo with
optic cups; E stage 5—eyed
embryo; F stage 6—hatched
larva

on egg development was evaluated separately for the
two experiments with GLM repeated measure model
(from the mixed-effects models category) with egg
development stage as the categorical response vari-
able with 6 levels, salinity as the between-subject
variable (fixed effects factor), and degree-days as the
within-subject variable (a random effects factor) with
13 (experiment I) and 10 (Experiment II) levels. The
degree-days as a continuous variable has been added
to the model as a random slope. In addition to the
main effects, the interaction of between-subjects term
with within-subjects term is included in the model as
well. The assumption of the sphericity of the covari-
ance matrix was verified with Mauchly’s test. If this
assumption was violated, a Greenhouse—Geisser

@ Springer

correction adjustment to the degrees of freedom was
applied for the within-subject analysis. Model evalu-
ation showed that the model residuals were normally
distributed. Pairwise comparisons of salinity effects
were evaluated with the post hoc Tukey HSD test.
Pairwise comparisons among salinity groups within
degree-days were based on estimated marginal means
with a Bonferroni adjustment for repeated compari-
sons. Additionally, the rate of egg development was
evaluated among the salinities by comparing the
slopes of the line regressions fitted to the relation-
ships between egg development stage and degree-
days. The egg developmental stage is the same cate-
gorical response variable with 6 levels as in the GLM
repeated measure analysis. The pairwise differences
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between slopes for salinity groups were assessed
with Tukey’s HSD post hoc test. Statistica ver. 12.0
(TIBCO Software, Inc., Palo Alto, CA) and IBM
SPSS Statistics ver. 26 (IBM Corp.) were used for the
data analysis. Differences were considered statisti-
cally significant at P <0.05 (¢=0.05).

Results
Experiment I

During Experiment I (eggs fertilized in fresh water
and transferred after 1 h to incubate at O, 4, and 7
PSU), all the eggs in the subsamples analyzed from
the three salinities were fertilized. The effect of
the degree-day (DD, temperature x day) on the egg

developmental stage was statistically significant
(GLM repeated measure, P<0.01), but the effect of
salinity was not (GLM repeated measure, P=0.138)
(Table 1). However, the statistically significant inter-
action term between degree-days and salinity indi-
cated that the magnitude of the within-subject dif-
ferences was salinity dependent. Until 85 DD, egg
development in the three salinity variants was very
similar (Fig. 5 and S1), and no significant differences
were observed, except for 55 DD (GLM repeated
measure, salinity comparisons within DD based on
estimated marginal means) (Table 2). The accel-
eration of egg development at 7 PSU from 98 DD
resulted in significant differences at 115 DD when all
the larvae hatched at 7 PSU. At 0 and 4 PSU, most of
the eggs were still in the eyed embryo stage at 115
DD, and mass hatching occurred at 135 DD.

Table 1 Mean SD
developmental stage of pike

Egg developmental stage

eggs on given degree-days DD 0PSU 4 PSU 7 PSU Homogeneous * P value °
(DD) during incubation at groups
salinities of 0, 4, and 7 PSU Mean ~ SD ~ Mean SD  Mean  SD
Experiment I

10 1.00 0.00  1.00 0.00  1.00 000 0-7 NS

20 1.86 005  1.70 0.05 1.84 005  0-7 NS

29 1.88 004  1.90 0.04  1.88 0.04  0-7 NS

36 221 012 262 0.12 254 0.12  0-7 NS
Experiment I—egg 50 253 0.12 256 0.12 250 012 0-7 NS
fertilization in fresh water 55 247 013 354 013 364 013 0,47 P<0.05
and transfer after 1 h to
experimental salinities: 65 3.39 024  4.07 024 423 024  0-7 NS
Experiment II—egg 78 432 022  3.68 022  4.09 022  0-7 NS
fertilization directly at a 85 413 022 38 022 442 022 07 NS
given salinity. The stages 98 385 025 399 025 439 025 07 NS
were as follows: 1—blastula
formation, 2—gastrulation, 105 4.26 022  3.87 022  4.66 022  0-7 NS
3—embryo formation, 115 4.27 0.23 4.49 0.23 5.64 0.23 0-4;7 P<0.05
4—embryos with optic 135 4.82 028  5.05 028  5.64 028 07 NS
cups, 5—eyed embryos, and .
6—hatched larvae. General Experiment II
differences among salinities 17 0.89 0.05  0.62 0.05  0.10 000  0;4;7 P<0.001
and pairwise comparisons 24 2.00 0.05 1.81 0.05 0.10 0.00 0;4;7 P<0.001
between salinities on a 38 173 007 192 007 010 000 047 P<0.001
given DD were evaluated 47 169 010 179 010 010 000 0-4:7 P<0.001
with GLM repeated
measure model 54 2.98 0.18  2.18 0.18  0.10 0.00  0;4;7 P<0.001
“Bonferroni adjustment for 70 421 020 222 020 0.10 0.00  0;4;7 P<0.001
repeated comparisons was 77 441 0.19 1.89 0.19 0.10 0.00 0,4;7 P<0.001
included 85 3.43 028 191 028  0.10 000  0;4;7 P<0.001
"Comparisons within DD 93 4.39 0.35 1.72 0.31 0.10 0.00 0;4;7 P<0.001
based on estimated mar- 109 600 028 375 028 0.0 000 0,47 P <0.001

ginal means
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Fig. 5 Comparison of pike A 100
egg development in Experi-

ment [ (fertilization in fresh 80
water) on given sampling

days (DD) at salinities of 0 60
(A), 4 (B), and 7 (C). Fifty

eggs were analyzed from 40

each of 13 samplings

10 20 29 36 50 55 65 78 85 98 105 115 135

Frequency (%)
o o o

o

B 100
8
6
4
2

10 20 29 36 50 55 65 78 85 98 105 115 135

C 100
80
60
40
20

M hatched larvae

B embryo with eyes
embryo with optic cups

m formation of embryo
gastrulation
blastula formation

non-developing eggs

10 20 29 36 50 55 65 78 85 98 105 115 135

The overall rate of egg development (i.e., slopes
of linear regression lines fitted to the egg develop-
ment stage at 0 DD data; Fig. 6) was significantly
different among salinities (ANCOVA, P<0.001)
(Table 2); however, the differences were only signifi-
cant between 0 and 7 PSU and between 4 and 7 PSU
(post hoc Tukey HSD, P <0.001). There were no dif-
ferences between 0 and 4 PSU (post hoc Tukey HSD,
P=0.655). The differences in slopes indicated faster
egg development rates at 7 PSU than at 0 and 4 PSU.

Low egg mortality at all three salinities resulted
in high rates of hatching success (80.0%—salinity 0
PSU; 83.3%—salinity 4 PSU; and 93.7%—salinity
7 PSU) (Table 3). The differences were statistically
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Degree-days

significant overall (Kruskal-Wallis, P<0.05) and
between 0 and 7 PSU (post hoc Dunn-Bonferroni test,
P <0.05). The differences between 0 and 4 PSU and
between 4 and 7 PSU were not statistically signifi-
cant (post hoc Dunn-Bonferroni test, P=0.89 and
P=0.41).

Experiment IT

During Experiment II (eggs fertilized at O, 4, and 7
PSU), at the beginning of the experiment, there were
no signs of egg development in the eggs fertilized
at 7 PSU (Figs. 7 and S2), while at 4 PSU, 16.7% of
the eggs, and at 0 PSU, 5% of eggs, did not develop.
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Table 2 Results of GLM

Type LI SS df MS F P

repeated measure model
for the effect of salinity Experiment [
(between-subject variable) Between-subject differences
and degree-days (DD)
(within—subject variable) on Intercept 21,6259 1 21,625.3 1381.9 P<0.01
the pike egg developmental Salinity 62.9 2 31.5 2.0 P=0.138
stage (categorical response Error (Salinity) 2300.3 147 15.7
yarlablg) durmg the egg Repeated measures®
incubation period from
fertilization to larval Degree-days 2960.8 2.6 1126.5 370.7 P<0.001
hatching Degree-days x Salinity 119.1 53 22.7 7.5 P<0.001

Error (degree-days) 1173.4 386.4 3.0
Experiment I—eggs Experiment II
fertilized in fresh water Between-subject differences
and transferred after 1 h to Intercept 4614.1 4614.1 1081.0 P<0.001
incubate in salinities of 0, Salinity 2406.2 2 1203.2 2819  P<0.001
4, and 7 PSU; Experiment .
II—eggs fertilized in Error (Salinity) 627.4 98 6.4
salinities of 0, 4, and 7 Repeated measures®
AGreenhouse—Geisser Degree-days 753.3 2.07 364.5 83.1 P<0.001
correction adjustment Degree-days x Salinity 661.1 42 159.8 36.5 P<0.001
due to the violation of the Error (degree-days) 1332.6 303.9 44
sphericity assumption
The effects of both salinity and degree-days on the Pronounced statistically significant differences

differences in the egg developmental stage among
the salinity groups (0, 4, and 7 PSU) were statisti-
cally significant (GLM repeated measure, P<0.01)
(Table 1). Pairwise comparison showed significant
differences among all the salinity pairs (04, 0-7,
and 4-7 PSU) (post hoc Tukey HSD, all P<0.05).
The interaction term between the effect of degree-
days and salinity was also significant (GLM repeated
measure, P<0.01), which indicated that the mag-
nitude of within-subject differences was dependent
on salinity. At 0 PSU, egg development proceeded
normally, and after gastrulation, most of the eggs
reached stage 5 (embryos with optic cups) at 54 DD,
followed by the eyed embryo stage at 77 DD. At 4
PSU, egg development proceeded similarly to that at
0 PSU until 47 DD, but significant differences were
noted from 54 DD (GLM repeated measure, salinity
comparisons within DD based on estimated marginal
means) (Table 1), and the development of most eggs
at 4 PSU stopped at the gastrulation stage.

The effect of salinity on the rate of pike egg devel-
opment (i.e., slopes of linear regression lines fitted
to the egg development stage at 0 DD data) (Fig. 8)
was statistically significant (ANCOVA, P<0.001)
(Table 2). The differences in slopes reflect the faster
egg development rate at 0 PSU than at 4 PSU.

among the three salinities were observed in success-
ful hatches (89.7%—at 0 PSU; 19.7%—at 4 PSU; and
0.0%—at 7 PSU; Table 3) (Kruskal-Wallis, P <0.05).
The differences among salinity (Kruskal-Wallis,
P <0.05) and between 0 and 7 PSU (post hoc Dunn-
Bonferroni test, P<0.05) were statistically sig-
nificant. The differences between 0 and 4 PSU and
between 4 and 7 PSU were not statistically significant
(post hoc Dunn-Bonferroni test, P=0.54).

Discussion

Egg development: comparison to freshwater
population

The results of the present study on pikes from a fresh-
water population showed that egg development in
the saline waters of the coastal Baltic Sea (7 PSU)
would be unsuccessful. Although the salinity of 4
PSU, which might occur in river mouths, provided
some likelihood of pike egg survival, the number of
hatched larvae was low (20%). The number of publi-
cations providing results on egg development at dif-
ferent salinities for strictly freshwater populations,
not anadromous populations, is limited. Although a
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Fig. 6 Differences in the number of eggs at individual stages
of development (scale from 1 to 6, according to Fig. 1) on
given sampling days (DD) at salinities of 0 (A), 4 (B), and 7
(C) after fertilization in fresh water (Experiment I). The size
of the circles corresponds to the number of eggs (only live
eggs were analyzed). Linear regression functions were fitted to
describe egg development rates at given salinities

slight increase in water salinities of 1-2 PSU might
have positive effects on egg development and hatch-
ing success, further increases in salinity are disadvan-
tageous for pike eggs (Bonistawska, 2014; Kuznetsov
et al., 2016). In a synopsis on northern pike biological
data, Raat (1988) reported that freshwater pikes are
unable to produce offspring at salinities above 7 PSU.
Bonistawska (2014) presented results from an experi-
mental study on significantly increased freshwater

@ Springer

Table 3 Hatching success of pike larvae after egg incubation
in salinities of 0, 4, and 7 PSU (three replicates)

Experiment Hatching success (mean =+ SD, %)
Salinity 0 Salinity 4 Salinity 7 PSU
PSU PSU
Exp. I— 80.0+£2.0 83.3+2.5 93.7+2.5
fertilization in
fresh water
Exp. I— 89.7+3.1 19.7+1.8 0+0
fertilization
in a given
salinity

There were two variants of egg fertilization: in fresh water —
eggs transferred after 1 h to experimental salinities (Experi-
ment I), and directly in a given salinity (Experiment II)

pike embryo mortality and decreased hatching suc-
cess at salinities higher than 2 PSU (hatching success
at 3, 4, and 5 PSU was 29.2, 17.4, and 3.5%, respec-
tively). At the same time, the number of deformed
larvae at the hatching stage increased from 4.8% at 2
PSU to 24.6 at 3 PSU and 40% at 5 PSU. Thus, our
results confirm previously reported information on
significantly increased freshwater pike egg mortality
starting from salinities of approximately 3 PSU and
on the upper limit for their development at salinities
of approximately 5 PSU.

Egg development: comparison to anadromous
population

Our results can also be compared to other stud-
ies on the freshwater spawning of anadromous
pike populations in the Baltic Sea. For pikes col-
lected in freshwater streams and coastal waters of
Kalmar Sound and Gotland Island, Westin & Lim-
burg (2002) reported that a salinity of 6 PSU was
the barrier for anadromous populations but that egg
development was successful at 5 PSU. Although
these authors did not provide detailed information
on the proportion of hatching eggs, their results
were generally consistent with ours. A significant
difference in the number of developing eggs in the
anadromous pike population from Kalmar Sound
was noted between salinities of 0 and 3 PSU, while
differences were higher between salinities of 0 and
5, 7, and 9 PSU (Sunde et al., 2018). Interestingly,
an approximately 6% hatching success was observed
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Fig. 7 Comparison of pike A
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even at 7 and 9 PSU. As mentioned previously, our
results showed no egg development at a salinity of
7 PSU. In comparison with the present study, the
higher resistance of pike eggs to increased salinity
that Sunde et al. (2018) reported could have resulted
from different adaptations between anadromous and
freshwater specimens. In particular, they reported
that the subpopulation they studied was exposed in
its natural spawning habitat to occasional brackish
water inflows. Moreover, the subpopulation occa-
sionally exposed to increased salinities exhibited a
significantly greater tolerance to high salinity with
hatching success at 7-9 PSU of approximately 35%

54 70 77 8 93 109

54 70 77 8 93 109

M hatched larvae

B embryo with eyes
embryo with optic cups
formation of embryo
gastrulation
blastula formation

non-developing eggs

54 70 77 8 93 109

Degree-days

than did the subpopulation that spawned naturally
in a stable, freshwater habitat. Sunde et al. (2018)
indicated that some differences in egg development
success in saline water could exist among anadro-
mous populations in different areas of the Baltic
Sea. Analogically, differences between anadromous
and strictly freshwater populations, such as the one
studied in this work, can also be expected. Vetemaa
& Saat (1996) provided support for this theory in
their study, which indicated that the eggs of ruffe,
Gymnocephalus cernuus (Linnaeus, 1758), which
is primarily a freshwater species, from a brackish
population hatched at higher salinities (10 PSU)
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Fig. 8 Difference in the number of eggs at individual stages of
development (scale from 1 to 6, according to Fig. 1) on given
sampling days (DD) at salinities of 0 (A) and 4 (B) after fertili-
zation in saline water (Experiment II). Circle size corresponds
to the number of eggs (only live eggs were analyzed)

than did eggs from a freshwater population (below
8 PSU).

The mechanisms of the negative impact of salin-
ity on embryonic development vary depending on fish
species and salinity levels, and they can impact differ-
ent periods of embryogenesis. For example, increased
salinity can affect sperm mobility, eggshell perme-
ability, or the development of the perivitelline space
(Bonistawska, 2014). In the present experiment, nor-
mal egg development at 4 PSU was observed for up to
54 DD, after which most eggs ceased development at
the gastrulation stage. Similar salinity results affect-
ing egg development before the embryonic phase
were presented by Jgrgensen et al. (2010) for pike
and by Vetemaa & Saat (1996) for ruffe. The most
likely explanation in the case of pikes seems to be the
potential effect of saline water on eggshell permeabil-
ity resulting in disturbed ion transfer inside the eggs
(Bonistawska, 2014).
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Egg development: comparison to resident brackish
population

Although salinity above approximately 2-3 PSU
significantly affects egg development and the hatch-
ing success of both anadromous and freshwater pike
populations, this is not the case for resident brack-
ish populations that successfully reproduce in waters
with salinities above 6 PSU. Jgrgensen et al. (2010)
reported on a resident brackish pike population from
Stege Nor (Denmark), and their eggs developed nor-
mally at salinities of 6 and 8.5 PSU, while at the lower
salinities of 0 and 3, PSU development was abnormal
and led to zero hatching success. Similar results for
resident brackish populations were reported by Wes-
tin & Limburg (2002), who observed normal embry-
onic development at 6.6 and 6.9 PSU. Although the
occurrence of resident pike populations has been
described in numerous Baltic coastal areas, there is
no sign of them in Polish coastal waters, including
Puck Lagoon. However, historical information about
the location of a pike protection area in Puck Lagoon
(redrawn from historical map from year 1920) (see
Fig. 1) suggests that a sea-spawning population might
have inhabited this location in the past. Unfortunately,
it is impossible to verify this theory.

Egg development: inflow of saline waters into
freshwater wetlands

In the present study, embryonic development was also
observed when eggs were fertilized in fresh water and
transferred to saltwater after 1 h. The eggs developed
normally not only in a salinity of 0 but also in salini-
ties of 4 and 7 PSU. In fact, hatching success was
the highest at a salinity of 7 PSU and was higher at
4 PSU than at O PSU. Thus, it can be concluded that
as soon as fertilization is successful and embryonic
development is initiated, higher salinities are not only
not harmful but might even have a positive effect on
freshwater pike egg development and hatching suc-
cess. This situation could occur under natural condi-
tions, for example, when freshwater marshes (both
natural and restored) are flooded during wind-driven
backflows of brackish water into the mouths of riv-
ers or streams. This conclusion is, of course, limited
to geographical areas in which the salinity of coastal
waters is not higher than 7 PSU. In the western Baltic,
for example, on the Danish coast, inflows of highly
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saline water of 10 PSU and greater are natural phe-
nomena (Jgrgensen et al., 2010). No other data on egg
development in such an ecological scenario are avail-
able for comparison.

Using freshwater population in the current study
referring to coastal waters

To some readers, it may be confusing that the current
study of the environmental impact of Puck Lagoon
(i.e., Baltic Sea coastal waters) on pike spawning was
conducted using spawners from freshwater popula-
tions. The reason for this was the lack of any estab-
lished anadromous populations in this geographical
area. Natural reproduction has been limited since the
1970s because of restricted access to suitable fresh-
water spawning habitats. River regulation elimi-
nated wetlands, and hydrological constructions such
as pumping stations blocked access to shallow parts
of two local rivers (see map in Fig. 1). Even if some
individuals occasionally find their way to the main
corridors of local rivers, these no longer provide
appropriate habitats for pike spawning since they lack
shallow, sheltered areas with slow currents and veg-
etation suitable for egg deposition. The magnitude
of such natural spawning is extremely limited, which
is evidenced by the pike catch data presented in this
study. The existence of the Puck Lagoon pike popu-
lation is possible mostly due to occasional stocking
performed with fry obtained from freshwater popula-
tions. This is why the question of whether pike repro-
duction is successful in the saltwater environment of
Puck Lagoon must be answered with experiments on
eggs obtained from freshwater spawners.

Conclusion and suggested management strategies

The extremely low pike population level in Puck
Lagoon raises questions about which management
strategies should be undertaken. As the results of our
study revealed, the ability of the local population,
which is more freshwater in nature than anadromous,
to spawn in the saline waters of the bay is negligi-
ble. At the same time, natural pike spawning in fresh
water is currently almost impossible because of the
lack of suitable spawning grounds. Stocking might be
a way to improve the situation, but only in the short-
term (see Fig. 2) unless a long-term stocking program
is developed. However, a long-term stocking program

conducted in Danish waters was unsuccessful, prob-
ably because of the low survival of the freshwater
fry that were released (Larsen et al., 2005; Jacob-
sen et al., 2008) into waters that had a much higher
salinity (approximately 8—10 PSU) than that in Puck
Lagoon (approximately 67 PSU). Thus, presumably
a long-term stocking program in Puck Lagoon could
be successful. However, with the Danish experience
in mind, acclimatizing fry to saline waters during
rearing before their release as stocking material must
also be considered.

The most promising solution, however, seems to
be restoring spawning grounds by introducing so-
called pike factories, as has been done in Sweden and
Denmark (Nilsson et al., 2014; Engstedt et al., 2017).
Engstedt et al. (2017) provided an extended review
of pike spawning habitat restoration. In general, pike
factories are a more natural way of restoring spawn-
ing grounds compared to the popular North American
rearing marshes into which adult pikes are stocked to
spawn (Fago, 1977). The present study revealed that
the survival of eggs was good in saline waters if they
were fertilized and embryonic development began in
fresh water; thus, introducing pike factories could be
a successful solution. The results of the current study
indicate that it would be possible even to locate pike
factories in areas directly adjacent to lagoons and
bays despite the risk of flooding with saline waters.
In fact, an increased salinity of up to 7 PSU just one
hour after fertilization was beneficial for hatching
success.

One more management possibility would be to
introduce a resident brackish pike population by
releasing this type of fry stocking material into Puck
Lagoon and other similar habitats in Baltic Sea
coastal areas. There are indications that such a popu-
lation inhabited Puck Lagoon in the past. This strat-
egy of introducing a resident brackish pike popula-
tion to restore pikes to Baltic Sea habitats has already
been suggested by Lappalainen et al. (2008) as a par-
allel solution to the creation of pike factories.
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