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Abstract: In 2023, exceptionally few salmon (Salmo salar) ascended from the Baltic Sea to
spawn in the Rivers Tornionjoki and Simojoki, regardless of the proper number of smolts
descending to the sea in preceding years. We investigated how the numbers of age-0
and young herring (Clupea harengus) and sprat (Sprattus sprattus), which are the principal
prey species of salmon in the Baltic Proper, the main feeding area of these salmon, as
well as the amount of lipid obtained from them and their protein-to-lipid ratio, correlated
with the number of returning salmon and the thiamine (vitamin B1) status of spawning
salmon. The fewer the 0-year-old herring were and the more abundant were the youngish
sprat in the Baltic Proper when the post-smolts arrived there, and the greater the lipid
content and lower the protein-to-lipid ratio of the prey fish, the fewer salmon returned to
the Rivers Tornionjoki and Simojoki to spawn two years later. The number of returning
salmon was lowest with a high ratio of youngish sprat, 1–3 years old, regarding the River
Tornionjoki and 1–2 years old regarding the River Simojoki post-smolts, to 0-year-old
herring, which were of a suitable size to be the prey for the post-smolts upon their arrival
in the Baltic Proper. In 2021, the ratios were lowest due to the record-low number of
0-year-old herring. The poor thiamine status of spawning salmon was also associated with
the high lipid content of available prey fish and with the abundance of youngish sprat,
which have twice the lipid content of age-0 herring. Our findings parallel the observations
in the early 1990s when post-smolt survival declined concurrently with the outbreak of
thiamine deficiency, M74. We conclude that consuming high-lipid marine fish reduces the
survival of post-smolts and, thus, the number of returning salmon, in addition to causing
thiamine deficiency.

Keywords: Atlantic salmon (Salmo salar); Baltic Sea; herring (Clupea harengus); lipid
content; M74 syndrome; post-smolt; protein-to-lipid ratio; sprat (Sprattus sprattus); thiamine
(vitamin B1); thiamine deficiency
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Key Contribution: Salmon, during their first feeding year, are sensitive to excessively
fatty marine prey fish with too much lipid relative to protein and, thus, too much energy
relative to thiamine. Such food reduces the survival of post-smolts during their first year of
foraging and, therefore, largely determines how many of these salmon return for spawning.

1. Introduction
The River Tornionjoki (hereafter Tornionjoki) has been the most important spawning

river of Atlantic salmon (Salmo salar) foraging in the Baltic Sea (hereafter Baltic salmon
or salmon) since the damming of the largest river of the northern Baltic Sea, the River
Kemijoki, in 1948 (Figure 1). In all, 80% of the salmon rivers of the Gulf of Bothnia have
been dammed or spoiled by other treatments so that they have lost their salmon stocks
like the River Kemijoki, or the stocks are maintained by producing offspring by hatchery
rearing and smolt releases. As the border river between Finland and Sweden, Tornionjoki
has remained undammed and produces the most wild salmon in the Baltic Sea. The River
Simojoki (hereafter Simojoki) is the other undammed river on the Finnish side of the
Bothnian Bay in the Gulf of Bothnia (Figure 1), in which salmon reproduce naturally. It is
considerably smaller than Tornionjoki, and its salmon production capacity is a fraction of
that of Tornionjoki [1].
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The major routes for the migration of the post-smolt from the Bothnian Bay rivers (red) to sea areas
and salmon ascending for spawning (blue) into rivers are also indicated. The subdivisions (SD) of the
International Council for the Exploration of the Sea (ICES, origin of the map, ICES Spatial Facility,
ICES, Copenhagen) are also presented. Post-smolts from the Bothnian Bay rivers [2], whether from
natural reproduction or from introductions, migrate towards the south largely along the east coast of
the Bothnian Bay. After reaching the Quark halfway into the bay, they mainly swim according to the
currents along the west coast of the Gulf of Bothnia to the Baltic Proper [3,4].

According to the hydroacoustic counting of Natural Resources Institute Finland (Luke),
salmon ascend Tornionjoki and Simojoki (Figure 1) mainly in June–July, and the timing
and progression of the run varies between years [5]. In 2023, a dramatically lower number
of salmon than on average in the previous five to ten years ascended both rivers for
spawning [5]. This was unexpected and remained unexplained, as no major changes were
observed in the numbers of salmon smolts these rivers produced in preceding years [1].
A decrease in the numbers of salmon returners was also detected in the Swedish rivers
Kalixälven and Råneälven in the Bothnian Bay [1]. However, the survival of salmon post-
smolts had begun to decline from the early 1990s, and the decline continued into the 2000s,
though it has stabilized since 2005 [1,6]. The decline in post-smolt survival appeared to
have begun concurrently with the violent outbreak of lipid-related thiamine (vitamin B1)
deficiency, called the M74 syndrome in the Baltic Sea region, at the turn of the 1980s and
1990s [7,8]. The question arose as to whether they could have a common cause.

The salmon stocks of Tornionjoki and Simojoki, like other salmon stocks in the Baltic
Sea, were on the verge of disappearing due to M74 in the 1990s. M74 has manifested as
the death of salmon offspring as yolk-sac fry [free embryo or eleutheroembryo [9], most
of which died in several years in the early and mid-1990s. Since then, the mortality rate
has varied from year to year [10,11]. Some or all of the yolk-sac fry of females with a free
thiamine (THIAM) concentration of <0.71 nmol g−1 in unfertilized eggs (M74 females)
die of M74 [8]. In the worst M74 years, some brood salmon have also died of M74 before
spawning after ascending the river [8]. However, the salmon’s thiamine status was already
weakened during the feeding migration in the sea area where prey fish were fattiest and
the juvenile salmon themselves were also fattiest [12].

Poor thiamine status or thiamine deficiency in fatty predatory fish results from an
unbalanced diet abundant in fatty marine prey fish, which are rich in peroxidation-prone
polyunsaturated fatty acids of the n–3 family (n–3 PUFAs) [12,13]. In the Baltic Sea region, thi-
amine deficiency has mainly affected salmon and to a lesser extent sea trout (S. trutta) [14,15],
and M74 has also recently been found to impair the reproduction of the lamprey (Lampetra flu-
viatilis) [16]. In North America, lipid-related thiamine deficiency is called Thiamine Deficiency
Complex (TDC), and there it has affected several salmonine species, especially the fattiest,
Chinook (Oncorhynchus tshawytscha), coho (O. kisutch), and Atlantic salmon and steelhead
trout (O. mykiss) in the Great Lakes [17,18], Atlantic salmon in the Finger Lakes [19], and
Chinook salmon off the central coast of California [20–22].

The requirement for thiamine increases as the energy content of the diet increases [13,23]
because thiamine is needed as a coenzyme in all enzymatic reactions that produce energy for
cells in the form of ATP (adenosine triphosphate) [24] and in fatty acid metabolism [25,26].
Both a lower-than-optimal thiamine-to-energy and protein-to-lipid ratio in the diet have
been reported to weaken the growth of fish [11,23,27,28]. In addition, marine fish lipids
are characterized by very long-chain n–3 PUFAs, docosahexaenoic acid (DHA, 22:6n–3),
eicosapentaenoic acid (EPA, 20:5n–3), and docosapentaenoic acid (DPA, 22:5n–3), which are
sensitive to peroxidation [29,30]. Acting as an antioxidant against the peroxidation of PUFAs,
thiamine is destroyed in these reactions [8,12,13,31–34].
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Most of the salmon feeding in the Baltic Sea return to their home rivers to spawn
after two years, but some do so after a few more years of feeding migration, and as an
iteroparous species, some individuals may spawn several times [35]. According to Pardo
et al. [36], the variation in the number of returners of the North Atlantic salmon populations
in eastern Canada was mostly explained by their survival during the first feeding year
in the sea. In the mark–recapture surveys of Bothnian Bay salmon stocks, the survival of
post-smolts of Simojoki salmon was found to increase in the Baltic Proper of the Baltic
Sea (Figure 1) in the years when a strong year-class of herring (Clupea harengus) hatched
there [37]. Thus far, no information is available about whether and how the survival of
salmon post-smolts is related to the number of sprat (Sprattus sprattus), nor about whether
the strong new year-class of herring affects the number of salmon returning to Tornionjoki
to spawn. It is also unknown why the abundance of age-0 herring increases survival, or
whether the outbreak of M74 in the early 1990s and the decline in post-smolt survival
shared a common factor.

Thiamine deficiency in salmon females feeding in the Baltic Proper and the resulting
M74 mortality in yolk-sac fry both in the 1990s and later were caused by the abundance
of young sprat in the diet [10,11,13,38]. The reason for the sudden multiplication of
the sprat stock at the turn of the 1980s and 1990s was mainly the collapse of the cod
(Gadus morhua) population due to overfishing, which enabled the sprat population to
increase quickly [38,39], because cod is the principal predator of sprat [40]. Cod stocks
have remained weak [41,42], and since the beginning of the 1990s, the spawning stock of
sprat has been stronger than before [41]. Herring is the other important prey species of
salmon in the Baltic Proper. However, the average lipid content of sprat is twice that of
small herring—that is, those that are of a suitable size as prey for salmon—in the same areas
of the Baltic Sea [12,13,43,44]. Youngish sprat in the fall are the fattiest prey fish, whereby
the supply of thiamine per energy unit is lower from them than from herring and lower
than from older sprat [13]. Lipid peroxidation already reduces the thiamine status of the
fattiest juvenile salmon during the feeding migration [12] because the fatty acids of lipids,
especially in marine fish, are the source of energy needed for swimming and metabolism,
for example [30]. Apparently for the same reason, while the youngest age groups of sprat
and herring contain more n–3 PUFAs than the older age groups, thiamine concentration
has also been lower in them than in older individuals [43,45].

After descending from the river to the sea and seawater adaptation in the spring,
salmon post-smolts from the Bothnian Bay rivers, whether from natural reproduction
or from introductions, migrate all the way to the southern Baltic Sea, the Baltic Proper
(Figure 1) [3,4]. Most leave the Gulf of Bothnia in August–September [46], but some remain
to feed there [11,35,37,46,47]. The proportion of salmon remaining there increases in years
when a strong new year-class of herring, the dominant prey species of salmon in the Gulf
of Bothnia, hatches there [11,37]. In the sea, salmon post-smolts at first eat invertebrates in
addition to small fish [48] and become solely piscivorous at a length of 24–32 cm [46,49].
At this size, most salmon post-smolts from the rivers of the Bothnian Bay move from the
Gulf of Bothnia to the Baltic Proper and feed in the sea for two years, attaining a total body
length of 73–76 cm and mass of 3–7 kg [35,50].

Based on stomach analyses and fatty acid signature analyses (FASA) of adult salmon,
sprat is known to have been quantitatively the most important prey for salmon in the
Baltic Proper in recent decades [10,11,43,51–53]. The proportions of sprat and herring
in the total prey biomass of all salmon in the Baltic Proper have varied on a large scale,
depending mainly on the abundance of sprat [38]. Especially in the southernmost Baltic
Proper, herring quickly grow larger than the size appropriate for salmon prey [38]. Only the
very youngest herring are therefore of a suitable size for salmon during their first growing
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year at sea—that is, during their post-smolt phase [2]. Instead, sprat is slow-growing and
does not usually grow longer than 15 cm, making sprat of all ages suitable prey for at least
most salmon [38,54].

The size of fish preyed by salmon depends on both the size of salmon and the avail-
ability of prey of a suitable size, (i.e., size-dependent prey availability [54]), and somewhat
differs, depending on the status of prey fish stocks and the feeding area in the Baltic
Proper [38,54]. The youngest salmon can only eat the smallest fish due to the salmon’s
relatively small mouth cap [55]. However, even large salmon mainly eat small prey fish
if abundant [52,54,55]. For example, salmon post-smolts of 45 cm in length eat prey fish
approximately 5–13 cm in length [54].

We hypothesized that the characteristics of available prey fish affected salmon post-
smolt survival and thus the number of salmon ascending for spawning. As the feeding
migration of most salmon takes two years, the effect of diet on the survival of post-smolts
is reflected in the number of salmon ascending their home rivers for spawning two years
later. Using the existing data, the aim was to evaluate whether and how the numbers of
herring and sprat that hatched annually in the Baltic Proper and were recruited there into
the salmon’s prey biomass have affected the survival of Tornionjoki and Simojoki salmon
post-smolts in recent years. Due to the simultaneous decline in ascending salmon and the
sudden increase in the M74 mortality of yolk-sac fry, the possible relationship of reduced
post-smolt survival with lipid-related thiamine deficiency was evaluated. To assess these,
we compared the numbers of 0-year-old and young herring and sprat in the feeding years
of salmon post-smolts with the numbers of salmon ascending these two rivers two years
later. We also compared the lipid content and protein-to-lipid ratio in herring and sprat
with the number of returners and with the THIAM concentration in the eggs of salmon
returning to these rivers for spawning.

2. Materials and Methods
2.1. Salmon Data

The numbers of salmon (Salmo salar) that had entered Tornionjoki and Simojoki for
spawning in 2012–2023 according to hydroacoustic counting were obtained from the data
of the International Council for the Exploration of the Sea (ICES) (cf. Table 3.1.1.2. in [1,56]).
The numbers include both females and males that had been on their feeding migration for
at least two years—that is, multi-sea-winter (MSW) salmon [2]. The hydroacoustic counting
point is located in Tornionjoki, approximately 100 km, and in Simojoki 5 km, from the river
mouth [5,57].

Of the thiamine components, the concentration of unphosphorylated, or free, thiamine
(THIAM) in both fish muscle and eggs decreases with thiamine deficiency [8,10,16] and
thus indicates thiamine status. The annual mean concentration of THIAM in the ovulated
unfertilized eggs of salmon females that returned for spawning to Simojoki and Tornionjoki
in the falls of 2012–2022 were obtained from Luke’s Finnish M74 monitoring data [8]. The
salmon sampled for the thiamine analyses were therefore from the same populations as
in the hydroacoustic counting. The THIAM concentration of the eggs had been analyzed
using the HPLC method with fluorescence detection [8]. The mean THIAM value for the
females of the fall of 2016 was excluded as an extreme outlier, because an exceptionally
large proportion of the 2016 salmon ascendants had been feeding in the Gulf of Bothnia
during 2014–2016 [11] after an exceptionally large new year-class of herring had hatched
there in 2014 [58,59]. However, 2016 was included in other calculations because we used
the prey fish data of only the Baltic Proper.

In the present study, the post-smolt phase of salmon is considered from entering the
sea in May until the end of April in the following year [2].
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2.2. Clupeid Data

The numbers of 0-year-old (young-of-the-year or age-0) herring (Clupea harengus)
hatched annually in the Baltic Proper in 2010–2021 were obtained from the data of the
ICES (cf. Table 4.2.11. in [41]). The numbers of 1–3-year-old herring and 1–8-year-old sprat
(Sprattus sprattus) were from the ICES reports in 2022 (cf. Table 4.2.14. in [60]) and 2024 (cf.
Table 7.18. in [41]). The numbers of 0-year-old sprat were calculated (log-transformed data)
from the numbers of 1–8-year-old sprat of each year-class.

The total body lipid and energy content and the total body thiamine concentration
of herring and sprat were obtained from Vuorinen et al. [45] and Keinänen et al. [13,43].
The total lipid content of herring and sprat samples had been determined by the Schmid–
Bondzynski–Ratzlaff method [61], and the energy content was calculated from the lipid
content as in Keinänen et al. [13]. From these data, only the values of 1-year-old herring and
1–3-year-old sprat were included in this study. The body mass and lipid data of 0-year-old
sprat and herring that were unavailable in the above data were obtained from Vuorinen
et al. [62].

2.3. Calculations and Statistics

The numbers of ascendant salmon from 2012 to 2023 were compared with the numbers
and quality of prey fish in the Baltic Proper two years earlier, 2010–2021, because most
salmon that returned to the rivers for spawning were second sea-year salmon [8] and
because the second sea-year salmon had started feeding as post-smolts in the sea two
years earlier. The relationship of the annual number of returning salmon to the number
of herring and sprat in combinations of different age groups two years earlier and to
their lipid content, and protein-to-lipid ratio, was examined using regression models of
log-transformed values. The regression model was also applied for the relationships of
the THIAM concentration in the eggs of the 2nd sea-year females included in the M74
monitoring to the number of ascending salmon of Tornionjoki and Simojoki, to the number
of herring and sprat, to the ratio of the numbers of sprat to herring, and to the lipid content
and protein-to-lipid ratio in available and suitable prey fish. For the protein-to-lipid ratio,
the protein content was calculated from the lipid content and dry mass of herring and
sprat [13,43]. Lipid available in prey fish during the 2nd feeding year of salmon that
returned for spawning in 2012–2022 was calculated from the numbers and mean mass in
the herring and sprat in the catches [41,60], as well as the estimated lipid content of herring
and sprat in 2011–2021.

The normal distribution of total body lipid content, the ratio of protein concentration
to the lipid content, and the ratio of total body thiamine concentration to energy density
of sprat and herring was tested by the Kolmogorov–Smirnov test. The significance of the
similarity of the parameter means was tested by the Wilcoxon test.

The statistical analyses were performed with Statistical Analysis System (SAS Studio,
Release: 3.81, 2024 SAS Institute Inc., Cary, NC, USA) software. The figures were drawn
with OriginPro 2023 (OriginLab Co., Northampton, MA, USA).

3. Results
3.1. The Number of Returning Salmon Depended Inversely on the Numbers of 0-Year-Old Herring
and Youngish Sprat

According to the regression analysis, the number of salmon that returned annually
from the feeding migration to spawn in Tornionjoki and Simojoki during 2012–2023 was
higher when more herring had hatched in the Baltic Proper two years earlier (Figure 2a,c
and Table S1). The number of salmon ascending Tornionjoki was positively and significantly
correlated with the number of 0-year-old herring, and the regression model explained 44.5%
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of the variation (Figure 2a and Table S1). Regarding Simojoki salmon ascendants, the nearly
significant relationship with the number of 0-year-old herring was also positive, and the
regression model explained 32.6% of the variation (Figure 2c and Table S1). If herring older
than 0 years were included in the calculations, the positive correlation of returners tended
only to be significant with 0 plus 1-year-old herring and only for Tornionjoki salmon, but
other age combinations of herring were not significantly correlated with the numbers of the
ascendants of either river, and the coefficients of determination were very low (Table S1).
Similarly, if 0-year-old sprat were included in the calculations, the relationships were
not significant.
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Figure 2. The number of multi-sea-winter (MSW) salmon (Salmo salar) ascending the River Tornionjoki
in 2012–2023 in relation to the number of (a) 0-year-old herring (Clupea harengus) and (b) 1–3-year-old
sprat (Sprattus sprattus) two years earlier (2010–2021) in the Baltic Proper, and the River Simojoki
in relation to the number of (c) 0-year-old herring and (d) 1–2-year-old sprat. The values for the
Pearson correlation coefficients and the coefficients of determination, p-values, and the number of
observations (N) for the regression models are shown. Data points for 2023 and the minimum and
maximum numbers of ascending salmon are indicated.

In contrast, the number of ascending salmon on both rivers was lower when more
youngish sprat were in the Baltic Proper two years earlier—that is, in the 2010–2021 feeding
years (Figure 2b,d and Table S1). The number of salmon ascending Tornionjoki or Simojoki
had a negative and significant relationship with the number of 1–2-, 1–3-, and 1–4-year-old
sprat. The total number of sprat minus the age-0 group was also negatively and significantly
correlated with the number of ascending salmon: r = 0.628, p = 0.029, and r = 0.688, p = 0.013
for Tornionjoki and Simojoki respectively (Table S1). The negative correlation of Tornionjoki
returners was strongest with 1–3-year-old sprat, where the regression model explained
43.4% of the variation, and the negative correlation of Simojoki returners was strongest
with 1–2-year-old sprat, with the regression model explaining 54.7% of the variation
(Figure 2b,d and Table S1). The regression model deteriorated when more older age groups
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were included. No correlation with the total number of sprat, including 0-year-olds, was
observed (Table S1).

In addition, the numbers of salmon ascendants of both Tornionjoki and Simojoki were
also positively and significantly correlated with the number of 0-year-old sprat and the
sum of the number of 0-year-old herring and 0-year-old sprat (Table S1).

The number of salmon ascendants had an even stronger and negative relationship
with the ratio of the numbers of youngish sprat (1–3-year-old sprat regarding Tornion-
joki returners and 1–2-year-old sprat regarding Simojoki returners) to 0-year-old herring
(Figure 3). The negative and significant relationship of the ascendants with the ratio of
the numbers of youngish sprat to 0-year-old herring was stronger for Tornionjoki salmon
than Simojoki salmon. For Tornionjoki salmon, the regression model of the ratio explained
66.7% of the variation, and the model for Simojoki salmon explained 51.9% of the variation
(Figure 3a,b).
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Figure 3. The number of MSW salmon (Salmo salar) in relation to the ratio of (a) the number of
1–3-year-old sprat (Sprattus sprattus) to 0-year-old herring (Clupea harengus) for the River Tornionjoki,
and (b) the number of 1–2-year-old sprat to 0-year-old herring for the River Simojoki. See Figure 2 for
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The regression models showed significantly that the higher the proportion of 0-year-
old herring and the lower the proportion of youngish sprat in the total number of these
prey fish in the Baltic Proper, the more salmon returned to spawn to each river, Tornionjoki
and Simojoki, two years later. However, the positive relationship between the numbers of
age-0 herring and salmon returning two years later was stronger for Tornionjoki than for
Simojoki salmon, whereas the negative relationship with the number of youngish sprat was
slightly stronger for Simojoki than for Tornionjoki salmon (Figures 2 and 3 and Table S1).
Because the number of salmon returning to Tornionjoki had the strongest relationship with
the number of 1–3-year-old sprat, and the number of Simojoki returners with the number of
1–2-year-old sprat (Table S1), these combinations of age groups were used in the statistical
analyses regarding the relationships of the number, lipid content, and protein-to-lipid ratio
of prey fish with the numbers of returning salmon and the concentration of THIAM in
salmon eggs. The number of 1–3-year-old sprat was 130–300 billion specimens annually in
2010–2021, which is an average of one-fourth larger than the number of 1–2-year-old sprat,
105–275 billion specimens, and an average of 15 times (2.6–32) larger than the number of
0-year-old herring, 6.4–51.9 billion specimens (Table S2).

The number of salmon returning to Tornionjoki in 2023 was clearly lower, 16,020 spec-
imens, than in other research years (Figure 2a,b and Table S2). This was two years after
the number of 0-year-old herring was at its lowest, 6.4 billion specimens, which was in
2021. However, the number of salmon returning to Simojoki was even somewhat lower
in 2017, 1642 specimens, than in 2023. This is two years after the number of 1–2-year-
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old and 1–3-year-old sprat were at their highest, 275 billion and 299 billion specimens,
respectively—that is, in 2015 (Table S2). The number of salmon returning to Tornionjoki
was the third lowest in 2017, following 2018 and 2023. The highest number of 0-year-
old herring in the Baltic Proper, 51.9 billion specimens, was in 2014, when the numbers
of 1–2-year-old and 1–3-year-old sprat were near their lowest numbers, 105 billion and
133 billion specimens, respectively (Figure 2 and Table S2). Two years after 2014, the
number of Simojoki returners was at its highest, 5125 specimens, but the number of
Tornionjoki returners was approximately similar in 2014 (92,167) to 2016, when there were
91,137 specimens (Table S2).

3.2. A High Lipid Content of Available Prey Fish Was Reflected as a Low Number of
Returning Salmon

The total body lipid content was significantly larger in sprat than in herring, regardless
of age (Figure S1a), despite the small number of observations. In contrast, the total body
thiamine concentration per energy density (Figure S1b) tended to be higher in herring than
in sprat. Similarly, the protein-to-lipid ratio was higher in herring than in sprat, and the
difference was statistically significant, even though the number of observations was small.
In sprat, the protein-to-lipid ratio was considerably smaller than the assumed optimal
value for the growth of salmon post-smolts, but the mean protein-to-lipid ratio in herring
was slightly higher than the optimum (Figure S1c).

The more youngish sprat there were in the Baltic Proper (Figure S2) and the higher
the number of youngish sprat in relation to the number of age-0 herring (Figure S3), the
larger the amount of available lipid in salmon prey fish. The number of salmon ascending
Tornionjoki and Simojoki appeared to be lower when the lipid content in prey fish was
higher (Figure S2). Indeed, the number of salmon ascending Tornionjoki had a negative
and significant relationship with the sum of the total lipid content in the clupeids of a
suitable size for salmon prey—that is, 0-year-old herring and 1–3-year-old sprat—available
in the Baltic Proper two years earlier (Figure 4a). The regression model explained 41.8% of
the variation. Regarding Simojoki salmon returners, the relationship with the lipid content
of proper prey fish, 0-year-old herring and 1–2-year-old sprat, was similarly negative and
nearly significant when the model explained 30.9% of the variation (Figure 4b).
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Figure 4. The number of multi-sea-winter (MSW) salmon (Salmo salar) returning to their home river in
2012–2023 in relation to the amount of lipid available for (a) River Tornionjoki salmon from 0-year-old
herring (Clupea harengus) plus 1–3-year-old sprat (Sprattus sprattus) and (b) River Simojoki salmon
from 0-year-old herring plus 1–2-year-old sprat in the Baltic Proper when post-smolts arrived there
two years earlier (2010–2021). See Figure 2 for other explanations.
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3.3. A High Lipid Content of Available Prey Fish Was Reflected as a Low THIAM Concentration in
the Eggs of Salmon

The number of salmon returning to either Tornionjoki or Simojoki to spawn in 2012–
2022 was positively and significantly correlated with the mean THIAM concentration in
the unfertilized eggs of the 2nd sea-year females included in the annual M74 monitoring in
the respective years (Figure 5). The coefficient of determination of the regression model
was 0.549 for Tornionjoki returners and 0.506 for Simojoki returners, respectively.
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Figure 5. The number of multi-sea-winter (MSW) salmon (Salmo salar) returning to their home river
in 2012–2022, excluding 2016, in relation to the concentration of mean free thiamine (THIAM) in
the eggs of 2nd sea-year salmon included annually in the Finnish M74 monitoring for (a) the River
Tornionjoki and (b) the River Simojoki. See Figure 2 for other explanations.

The mean THIAM concentration in the eggs of the 2nd sea-year salmon was positively,
though not significantly, correlated (r = 0.420, N = 10) with the number of 0-year-old
herring in the Baltic Proper two years earlier, in 2010–2020, and the regression model had
a coefficient of determination of 0.177 (Figure 6a). In contrast, the respective correlation
with the number of 1–3-year-old sprat was negative and significant (r = −0.762, N = 10),
with a coefficient of determination of 0.581 for the regression model (Figure 6b). As for
the number of sprat, the correlation between the THIAM concentration in the eggs of 2nd
sea-year salmon and the ratio of the numbers of 1–3-year-old sprat to 0-year-old herring
was negative and significant (r = −0.686, N = 10), with a coefficient of determination of 0.471
of the linear model (Figure 6c). The respective correlations of the THIAM concentration of
the eggs with the number of 1–2-year-old sprat and the ratio of the numbers of 1–2-year-old
sprat to 0-year-old herring were also negative and significant, r = −0.680, p = 0.030, and
r = −0.667, p = 0.035, respectively.

The THIAM concentration in the eggs of 2nd sea-year salmon spawners returning
to Tornionjoki and Simojoki in 2012–2022 was negatively related to the amount of lipid
available in 0-year-old herring plus 1–3-year-old sprat in 2010–2020, when salmon arrived
in the Baltic Proper as post-smolts (Figure 7a). The regression model explained 36.7% of the
variation, and it was nearly significant. The coefficient of determination of the respective
relationships with lipid available in 0-year-old herring plus 1–2-year-old sprat was 0.214,
and the Pearson correlation was r = −0.463, p = 0.178. After the post-smolt phase, during the
2nd feeding year of the salmon, in 2011–2021, the similar relationship was also negative and
nearly significant, and the regression model explained 36.1% of the variation (Figure 7b).
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Figure 6. The concentration of free thiamine (THIAM) in the eggs of 2nd sea-year salmon (Salmo salar)
included in the Finnish M74 monitoring in 2012–2022, excluding 2016, in relation to (a) the number
of 0-year-old herring (Clupea harengus), (b) the number of 1–3-year-old sprat (Sprattus sprattus),
and (c) the ratio of the numbers of these herring to sprat in the Baltic Proper. See Figure 2 for
other explanations.
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Figure 7. The concentration of free thiamine (THIAM) in the eggs of 2nd sea-year salmon (Salmo
salar) included in the Finnish M74 monitoring in 2012–2022, excluding 2016, (a) in relation to the
amount of lipid available in 0-year-old herring (Clupea harengus) plus 1–3-year-old sprat (Sprattus
sprattus) (Fat 1) in the Baltic Proper in the post-smolt arrival years (2010–2020), and (b) in relation to
the amount of lipid available in 0-year-old herring and 1–3-year-old sprat during the 1st feeding year
plus 0–1-year-old herring and 1–3-year-old sprat (Fat 2) in the second feeding year (2011–2021). See
Figure 2 for other explanations.

3.4. The Fatness of Prey Fish Was Associated with Both Low Numbers of Returning Salmon and
Thiamine Deficiency

The number of salmon returners in 2012–2022 was positively and significantly cor-
related with the protein-to-lipid ratio of suitable-sized and available prey fish present in
the Baltic Proper in the post-smolts’ first feeding year—that is, 0-year-old herring plus
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1–3-year-old sprat for Tornionjoki salmon and 0-year-old herring plus 1–2-year-old sprat
for Simojoki salmon. The correlation was stronger for Simojoki than for Tornionjoki salmon
(Figure 8a,b), with the regression models explaining 43.9% and 36.9% of the variation,
respectively. The THIAM concentration in the eggs of 2nd sea-year salmon spawners was
also positively and significantly correlated with the protein-to-lipid ratio in post-smolts’
prey fish—that is, in the 0-year-old herring plus 1–3-year-old sprat of the first feeding
year. The regression model explained 50.7% of this variation (Figure 8c). The THIAM
concentration of the eggs was also positively correlated with the protein-to-lipid ratio of the
prey fish combination, including the first (2010–2020) and second feeding year (2011–2021).
The correlation was strongest for the combination of 0-year-old herring plus 1–3-year-old
sprat during the first year and 0–1-year-old herring plus 0–4-year-old sprat during the
second feeding year, but the correlation was not statistically significant, and the regression
model explained 19.6% of the variation (Figure 8d).
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Figure 8. The number of salmon (Salmo salar) ascendants in relation to the protein-to-lipid ratio in
the combinations of 0-year-old herring (Clupea harengus) and (a) 1–3-year-old sprat (Sprattus sprattus)
for River Tornionjoki salmon, and (b) 1–2-year-old sprat for River Simojoki salmon, and the free
thiamine (THIAM) concentration in the eggs of 2nd sea-year salmon included in the Finnish M74
monitoring in 2012–2022, excluding 2016, in relation to the protein-to-lipid ratio of (c) 0-year-old
herring plus 1–3-year-old sprat of the first feeding year, and (d) 0-year-old herring plus 1–3-year-old
sprat of the 1st feeding year plus 0–1-year-old herring plus 0–4-year-old sprat of the 2nd feeding year.
See Figure 2 for other explanations.

3.5. A High Number of 0-Year-Old Herring and Sprat Coincided

During 2010–2021, the number of 0-year-old sprat varied from 96 billion to 539 billion
and was thus an average of 12.1 (range 8.6–20.1) times higher than the number of age-0
herring (Figure 9a). However, the numbers were significantly and positively correlated,
with the regression model explaining 73.4% of the variation (Figure 9b). If 2014, when
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an extremely strong year-classes of both herring and sprat hatched in the Baltic Proper,
was omitted, the correlation was still positive and statistically significant, and the model
explained 47.3% of the variation (Figure 9b inset).
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Figure 9. The (a) numbers of 0-year-old herring (Clupea harengus) and 0-year-old sprat (Sprattus
sprattus) in the Baltic Proper in 2010–2021 and (b) the relationship between them. The inset presents
the relationship without the very strong year-class 2014. See Figure 2 for other explanations.

In contrast, the numbers of 0-year-old herring and youngish sprat (1–3-year-olds
concerning Tornionjoki salmon and 1–2-year-olds concerning Simojoki salmon) appeared
to have negative relationships (Figure 2). The negative correlation of 0-year-old herring
with 1–2-year-old sprat was nearly significant, r = −0.521 (p = 0.082, N = 12), and stronger
than the negative correlation with 1–3-year-old sprat, r = −0.466 (p = 0.127, N = 12). If sprat
from the exceptionally strong year-class of 2014—that is, 1-year-olds—were excluded, the
negative correlations between 0-year-old herring and youngish sprat were stronger for
1–2-year-old sprat, r = −0.673, p = 0.023, and 1–3-year-old sprat, r = −0.584, p = 0.059.

4. Discussion
The general trend was that the fewer 0-year-old herring and the more youngish sprat

there were in the Baltic Proper when the post-smolts arrived at their feeding grounds, the
fewer salmon returned to Tornionjoki and Simojoki to spawn two years later (Figure 10).
The number of salmon returning to their home rivers had the strongest negative relationship
with the high ratio of the numbers of youngish sprat to 0-year-old herring at the arrival
of post-smolts in the Baltic Proper: Tornionjoki salmon returned least when the ratio of
the numbers of 1–3-year-old sprat to 0-year-old herring was highest, and Simojoki salmon
when the ratio of the numbers of 1–2-year-old sprat to 0-year-old herring was highest.
The low numbers of returning salmon in both rivers were associated with the high lipid
content and low protein-to-lipid ratio in the available prey fish, which indicates that the
high number of youngish sprat compared to the number of age-0 herring had provided
the post-smolts with fish too fatty for survival (Figure 10). The direct cause of the reduced
post-smolt survival is uncertain, although we think that thiamine deficiency is involved in
it. The poor thiamine status of the spawning salmon, seen as a low THIAM concentration
in the eggs, was also associated with the high lipid content of the available prey fish
(Figure 10); around the years when fewer salmon returned to spawn, the thiamine status of
the ascendants was also poorer.
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herring (Clupea harengus) and 1–3-year-old sprat (Sprattus sprattus), and (b) the River Simojoki had 
been 0-year-old herring and 1–2-year-old sprat, and THIAM concentration (excluding year 2016) in 
unfertilized eggs of 2nd sea-year ascendants. 
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of salmon in the Baltic Proper increased the survival of salmon post-smolts, thereby 
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the result obtained in the mark–recapture studies, which showed that between 1986 and 
2006, the survival of Simojoki post-smolts increased in years when larger numbers of 
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Figure 10. The number of prey fish and the amount of lipid in prey fish in the Baltic Proper in
2010–2021, and the number of multi-sea-winter (MSW) salmon (Salmo salar) ascending the rivers,
when prey fish two years earlier for the post-smolts of (a) the River Tornionjoki had been 0-year-old
herring (Clupea harengus) and 1–3-year-old sprat (Sprattus sprattus), and (b) the River Simojoki had
been 0-year-old herring and 1–2-year-old sprat, and THIAM concentration (excluding year 2016) in
unfertilized eggs of 2nd sea-year ascendants.

4.1. The Number of Salmon Returning to Spawn Depends on the Survival of Post-Smolts

The number of salmon returning to the rivers was explained by the survival of post-
smolts. In turn, this depended on the quality of available prey fish of a suitable length
at the time of the post-smolts’ arrival at the feeding grounds. Similarly, in the western
salmon populations of the North Atlantic, the variation in the number of returners was
mostly explained by survival during the first feeding year in the sea [36]. A strong new
year-class of herring—that is, the abundance of 0-year-olds—in the principal feeding area of
salmon in the Baltic Proper increased the survival of salmon post-smolts, thereby increasing
the number of ascending salmon two years later. This result is consistent with the result
obtained in the mark–recapture studies, which showed that between 1986 and 2006, the
survival of Simojoki post-smolts increased in years when larger numbers of herring had
hatched in the Baltic Proper [37]. In that study, the survival of Simojoki salmon was
determined based on the catches of salmon during their 2nd sea-year by professional
fishers in the Baltic Proper. In our study, the numbers of ascendants confirmed the same
positive effect of age-0 herring on the survival of not only Simojoki salmon post-smolts [37]
but also Tornionjoki salmon post-smolts.
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We also found that not only did the number of returners depend on the success of
recruitment of young-of-the-year herring as prey, but the abundance of youngish sprat
had the opposite effect on the survival of post-smolts, reducing the number of returners.
For Tornionjoki salmon, the negative effect of a low number of 0-year-old herring on the
number of ascending salmon appeared to be stronger than for Simojoki salmon. By contrast,
the abundance of youngish sprat seemed to have a stronger reducing effect on the number
of Simojoki ascendants. When the number of 0-year-old herring was at its lowest upon
the arrival of post-smolts to the Baltic Proper in 2021 [41], the fewest salmon ascended
Tornionjoki in 2023 [1]. Simojoki salmon returned in even smaller relative numbers in 2017,
which was two years after the highest number of youngish sprat in the Baltic Proper—that
is, in 2015. The large number of youngish sprat was mainly due to the very large 2014
year-class of sprat [41,63].

However, both the abundance of 0-year-old herring and the paucity of youngish
sprat had a favorable effect on the numbers of salmon returners of both rivers. The
highest number of salmon ascended Simojoki in 2016 [1], which was two years after an
exceptionally high number of herring was hatched in the Baltic Proper [41]. At the same
time, in the summer of 2014, there was the lowest number of youngish sprat, both 1–2- and
1–3-year-olds. A high number of salmon also returned to Tornionjoki in 2016, but there
were also high numbers of returners in 2014 and 2021 [1]. Two years before the spawning
year 2014, in the post-smolt year 2012, the number of 0-year-old herring was well above the
average, and the numbers of 1–2- and 1–3-year-old sprat were 12% and 20%, respectively,
below the average. Correspondingly, in 2019, two years before the spawning year 2021, the
number of youngish sprat was considerably low.

Overall, in the study period 2012–2023, the ratios of the numbers of 1–2 and 1–3-year-
old sprat to 0-year-old herring were the lowest, 2.0 and 2.6, respectively, in 2014. These
lowest ratios were manifested as the highest numbers of returners in 2016, especially for
Simojoki salmon. As in 2014, the very small ratios of the numbers of youngish sprat to
age-0 herring in 2012 and 2019 were reflected in the large numbers of salmon returning
to Tornionjoki to spawn two years later. In contrast, in 2021, when the number of age-0
herring was lowest in absolute terms and in relation to sprat, the ratio of the numbers
of 1–3-year-old sprat to 0-year-old herring was 32, while the average for the period was
15. Furthermore, the ratio of the numbers of 1–2-year-old sprat to 0-year-old herring was
28, and the average was 13. These record high sprat-to-herring ratios were reflected in
low numbers of ascending salmon in both rivers in 2023. Due to the record low number
of 0-year-old herring, the number of salmon ascending Tornionjoki decreased from the
average of the previous five years in the fall of 2023 more (71%) than the number of salmon
ascending Simojoki (41%) [1]. For both studied rivers, Tornionjoki and Simojoki, it was
true that the more youngish sprat there were in the Baltic Proper in relation to 0-year-old
herring, the fewer salmon returned to spawn. The ratio of the number of youngish sprat
to the number of age-0 herring thus best explained the number of salmon that returned
to spawn.

Although in 2014, in addition to herring, an exceptionally large number of sprat also
hatched in the Baltic Proper [41,63], these 0-year-old sprat did not reduce the number
of ascending salmon in 2016. However, the strong 2014 sprat year-class as youngish
sprat negatively affected the salmon over the following couple of years by reducing the
number of ascendants and already lowering the thiamine status of the 2015 ascendants.
The exceptionally large number of youngish sprat upon the arrival of the 2015 post-smolts
in the Baltic Proper was reflected in 2017 as the lowest number of Simojoki ascendants and
as the third-lowest number of Tornionjoki ascendants during the study period. The ratio of
the number of youngish sprat to the number of age-0 herring was second highest for both
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rivers in 2015. The ratios were even higher in the diet of the post-smolts of 2021, as a result
of which a record few salmon returned to Tornionjoki to spawn in 2023.

The large sprat year-class in 2014 weakened the thiamine status most in the 2016
salmon ascendants, but also did so in the 2017 ascendants [11], which, during their two-year
feeding migration, apparently ate abundant youngish sprat, including the 2014 year-class.
Based on FASA, 13% of the 2016 and 15% of the 2017 female returners of Simojoki that
had been feeding in the Baltic Proper were, therefore, M74 females [11]. The ascendants of
2015 had also apparently fed during their last feeding winter on the abundant sprat of the
2014 year-class because even big salmon eat such small fish [52], but the feeding area of
the females of that year was not studied using FASA [11]. Although thiamine deficiency
can impair salmon’s ability to ascend through the cascades [64], thiamine deficiency was
not as severe in the study years as in the early and mid-1990s [8,11]. Salmon for the M74
monitoring are caught from the sea near the river mouth in June. During the study period,
only one female in the M74 monitoring, in 2016, died of thiamine deficiency, but only close
to spawning, in October.

The effects of the abundance of herring and sprat on the numbers of salmon ascending
the rivers to spawn were clear, even though the number of ascendants was not set in
proportion to the estimated numbers of smolts descending to the sea from the rivers [1].
On average, 2.1 million (range 0.95–2.9 million) smolts entered the sea from Tornionjoki in
2014–2022. Regarding 2017, when the lowest number of smolts descended into the sea, the
number of ascending salmon two years later was only 4% less than the average number of
ascendants. Regarding 2021, the number of descending smolts was only 4.5% less than the
average, though the number of ascending salmon was the lowest on record in 2023. Thus,
the variation in the number of descending smolts does not seem to be a very important
factor affecting the number of returning salmon.

Furthermore, it is possible that the relationships between the numbers of salmon
ascendants and the numbers of available prey fish would have been even more pronounced
if only 2nd sea-year salmon had been included in the calculations instead of the available
MSW salmon. In the M74 monitoring data of Finland, most ascending salmon, approxi-
mately 78% of the females during 1994–2009, were 2nd sea-year salmon—that is, salmon
that had been on the feeding migration in the sea for two years [8]. However, in 2023,
salmon aged three sea-years or older accounted for 48% of the river fishery catch of Tornion-
joki, which was the highest number between 1974 and 2023 [1]. This was two years after
the ratio of the number of youngish sprat to the number of 0-year-old herring was highest,
which suggests that the high proportion of salmon older than the 2nd sea-year among the
ascending salmon was probably due to the poor survival of post-smolts upon their arrival
to the Baltic Proper in 2021. Salmon that had been at sea for three or more years appear to
have had better feeding conditions upon their arrival in their feeding grounds, and thus a
higher survival rate, than the 2021 post-smolts.

Fishing did not reduce the numbers of ascending salmon in 2023, as a commercial
salmon offshore mixed-stock fishery was closed in 2022; longline fishing was markedly
reduced in 2021, and driftnet fishing had already stopped in 2008 [1]. The predation
effect of the increase in the number of grey seals (Halichoerus grypus) in the Baltic Sea in
recent decades on salmon post-smolts has also increased, but this does not explain the
annual variation in post-smolt survival [65]. Bird predation, mainly by the great cormorant
(Phalarocorax carbo), may also target post-smolts to some extent [66]. This is unlikely to have
changed much during the study period, as cormorant populations have been relatively
constant since the mid-2010s [67].
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4.2. Prey Fish of Post-Smolts Should Be 0-Year-Old Herring Instead of Youngish Sprat in the
Baltic Proper

The salmon post-smolts from the Bothnian Bay rivers move from the Gulf of Bothnia
southward to the Baltic Proper in August–September [46,49]. Herring spawn in coastal
areas mainly in May–July, where the hatched herring first feed, but later in the summer,
they move to the open sea [68], where salmon prey. In the Gulf of Bothnia, in addition to
0-year-old herring, 1-year-old herring are suitably sized food for the largest salmon post-
smolts, but they are too large for small post-smolts [69]. In the present study, the number
of salmon returning to their home river was specifically related to the diet that prevailed in
the Baltic Proper upon the arrival of the post-smolts there. At that time, the abundance of
0-year-old herring had a significantly positive effect on the survival of post-smolts, but the
total number of 0-year-old plus 1-year-old herring had no significant relationship with the
number of salmon returning to Simojoki. Instead, the largest post-smolts of Tornionjoki
salmon were apparently able to eat some 1-year-old herring in addition to 0-year-old
herring when they arrived in the Baltic Proper, because their total number had an almost
significant positive relationship with the number of returners. However, Simojoki post-
smolts had not eaten 1-year-old herring, nor larger 0-year-old herring, based on the weaker
positive, almost significant, relationship with age-0 herring.

The differences between Tornionjoki and Simojoki salmon in the effect of the abun-
dance of prey fish species on the number of salmon returning to spawn were probably
mainly due to the different sizes of smolts between the rivers. When descending into the
sea in the Bothnian Bay, the wild smolts of Tornionjoki were larger (on average 15.5 cm
and 28.3 g) than those of Simojoki (14.5 cm and 21.7 g) [35]. The post-smolts from these
rivers had grown by their arrival in the Baltic Proper, but based on our results, Tornionjoki
salmon were still larger than Simojoki salmon after they reached the Baltic Proper. In the
southern Baltic Sea, herring grow so fast [38] that a herring older than age 0 seems, in most
cases, to be too big as prey for the post-smolts, and especially for Simojoki post-smolts.

Due to the later spawning and slower growth of sprat than herring [70,71], age-0
sprat do not seem to be large enough to be prey for post-smolts when they arrive in the
Baltic Proper. Sprat spawn there in the open sea in June–August [4], and age-0 sprat do
not reach the length of 7–8 cm until November in the Bornholm Basin [71]. This is the
mean length of the prey fish that post-smolts with a mean size of 45 cm prey upon [54].
Bayesian modeling found no relationship between the abundance of adult sprat and the
survival of post-smolts [65]. We found that the number of all sprat, excluding 0-year-olds,
was negatively and significantly correlated with the number of ascending salmon, but
when 0-year-old sprat were included, there was no correlation. Tornionjoki and Simojoki
post-smolts can probably prey on almost all age groups of sprat older than 0 years because
sprat do not usually exceed 15 cm in length [43,45], but Simojoki post-smolts especially
seem to prey mostly on young age groups.

On the arrival of the post-smolts to the Baltic Proper, the most suitably sized sprat
for Tornionjoki post-smolts seemed to be the 1–3-year-olds, and for Simojoki post-smolts,
the 1–2-year-olds, because these had the clearest negative effect on their survival. As
Tornionjoki post-smolts are larger [35] and possibly arrive in the Baltic Proper earlier than
post-smolts from other rivers [72], their most likely alternative prey fish to 0-year-old
herring is 1–3-year-old sprat. As the post-smolts of Simojoki are smaller than the post-
smolts of Tornionjoki and possibly arrive later in the Baltic Proper, they mainly prey on
1–2-year-old sprat, in addition to herring of approximately the same size—that is, smallish
0-year-olds. Probably because the post-smolts of Simojoki thus ate more youngish sprat
in relation to 0-year-old herring than the post-smolts of Tornionjoki, the negative effect
of sprat on the number of returning salmon was stronger for Simojoki than Tornionjoki
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salmon. The negative correlations between the numbers of sprat and ascendants weakened
when older age groups of sprat were added to the model. This may also be partly due to
the decrease in the number of sprat individuals of each year-class from year to year, making
younger individuals more likely prey.

In addition to the different sizes of Tornionjoki and Simojoki post-smolts [35], the
differences in the spawning time [4] and growth rate of herring and sprat [70,71] have
affected the survival of Tornionjoki and Simojoki post-smolts slightly differently. The
feeding migration routes and progression to the feeding areas of the Baltic Proper probably
also differ slightly, and Tornionjoki salmon apparently eat further south on average than
Simojoki salmon [11,72]. The scarcity of 0-year-old herring, specifically in the southernmost
Baltic Proper in 2021, for example [73], may therefore have had a stronger effect on the
survival of Tornionjoki than Simojoki post-smolts. Tornionjoki post-smolts also migrate
to a greater extent to the Baltic Proper than Simojoki salmon, even when an unusually
large year-class of herring hatches in the Gulf of Bothnia [35]. Apparently for these reasons,
M74 had already broken out strongly among Tornionjoki salmon in 1990, while M74 was
then mild among Simojoki salmon and strengthened in the following year [8]. At that
time, the sudden increase in the number of young sprat in the southernmost Baltic Proper
could therefore have affected Tornionjoki salmon faster. Around the same time, post-smolt
survival also began to decline [6,74,75], but unfortunately, the numbers of ascending salmon
were not yet counted at that time.

Salmon do not appear to be selective in terms of prey species; they prey on fish of
a suitable size that are available in the open sea. Only a small number of three-spined
stickleback (Gasterosteus aculeatus) or other pelagic fish like sand eels (Ammodytes sp.) are
occasionally eaten by salmon in the southern Baltic Sea [51,52]. The number of three-
spined stickleback has increased during the 2000s, but this has occurred especially in the
Gulf of Bothnia and the northwestern Baltic Proper [76]. Post-smolts from the Bothnian
Bay rivers, after descending to the Gulf of Bothnia, initially eat a variety of aerial insects,
gammarids, and a few small fish [48] such as vendace (Coregonus albula) [68], which are all
leaner species than herring [77]. Upon arrival in the Baltic Proper, they become exclusively
piscivores [49]. The only significant pelagic species in the Baltic Proper serving as prey for
salmon post-smolts are, therefore, suitably sized herring and sprat [52,53], whose relative
abundance determines the diet of post-smolts. The relative number of youngish sprat and
0-year-old herring upon the arrival of post-smolts therefore appears to affect how many
salmon feeding in the Baltic Proper survive until the 2nd feeding year and, further on,
make it to the spawning migration and ascend the Bothnian Bay rivers to spawn.

4.3. Sprat Benefits from the Warming of the Environment and the Reduction in Cod

The Baltic Sea is the coldest region where sprat live [78], and 0-year-old sprat benefit
from warmer waters in the archipelago, for example. The optimal water temperatures
for growth from the larval to juvenile phases of sprat are 15–22 ◦C [71], whereas the
optimal temperature for herring growth is around 16 ◦C [79]. High temperatures seemed
to contribute to the good reproductive success of both species. The highest number of both
species hatched in 2014, which was the second warmest year in the history of temperature
measurements, and the summer of 2021 was also exceptionally warm (statistics of the
Finnish Meteorological Institute, FMI, accessed 15 June 2024). During these years, a very
strong year-class of herring also hatched in the Gulf of Bothnia [41,80]. However, the
strength of a year-class does not only depend on the water temperature; many other abiotic
and biotic factors are involved [79,81]. The favorable effect of the strong herring year-class
of 2014 was reflected in the large number of ascending salmon in 2016, while the negative
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effect of the abundance of youngish sprat on the number of returners in the next couple of
years was apparent.

Salmon also eat in the winter, especially in warm winters, and then they eat sprat in
particular [53]. By the winter, at least in the southernmost Baltic Sea, herring probably start
to be too large as prey for smaller salmon post-smolts of the same year [38]. Instead, the
large sprat year-class of 2014 already offered prey more abundantly than average for salmon
post-smolts at the turn of 2014 to 2015 and throughout 2015. This was already seen in the
poorer thiamine status of the salmon that had been feeding on abundant sprat during their
second feeding year and ascended in 2015 for spawning than in the previous four years,
2011–2014. In these years, the THIAM concentrations in salmon eggs had been the highest
since the start of thiamine measurement history in 1994, and no M74 mortalities occurred in
yolk-sac fry [8,11]. In these years, the mean THIAM concentration of Simojoki salmon eggs
was at a record high, up to 5.85 nmol g−1 in 2014 (range 1.52–12.45 nmol g−1) [8]. Even
more clearly than in the 2015 ascendants, the abundance of youngish sprat was reflected in
the poor thiamine status of the salmon that had been feeding in the Baltic Proper from 2014
to 2016 and returned to the river to spawn in 2016, with a mean THIAM concentration of
1.67 nmol g−1 (range 0.19–4.02 nmol g−1) in their eggs [11]. This result is consistent with
the M74 research results regarding the 1990s and 2000s, which showed that the THIAM
concentration in salmon eggs is at its lowest two years after a large year-class of sprat
hatches in the Baltic Proper, and the M74 mortality of their offspring at the yolk-sac phase
is, therefore, at its highest in the subsequent spring [13,38].

Regarding the two-year feeding migration of the salmon that returned to the river
to spawn in 2023, the last months of 2021, and the year 2022, were warmer than usual
(statistics of FMI). Although the number of sprat hatched in 2021 was the lowest during
the research period, the number of 0-year-old sprat was 14 times larger than the number
of 0-year-old herring, and the total number of 0–3-year-old sprat was then even 45 times
larger. With a very high probability since late 2021 and in 2022, which was the 2nd feeding
year for the salmon that started their marine feeding as post-smolts in 2021, their prey fish
was many times more often a sprat than a herring. This caused the thiamine status of the
salmon to decline, and some M74 mortality was observed in Tornionjoki salmon [1], which
were included in the M74 monitoring. The M74 situation was apparently not very bad, as
there were also plenty of older and leaner sprat in the sea because a relatively large sprat
year-class had also hatched in 2020.

A high annual variation in the numbers of young-of-the-year is typical of pelagic
clupeids [79]. Between 2010 and 2021, the number of age-0 sprat in the Baltic Proper varied
5.6-fold, from 95.6 billion to 539 billion, but the number of age-0 herring varied even more,
8.3-fold, from 6.4 billion to 51.9 billion specimens. There may be some uncertainty in the
estimates of the numbers of 0- and 1-year-olds in particular, possibly because small herring
in shallow areas may be unreachable by research vessels or in surface water, where they
cannot be detected by sonar, nor can an exact amount corresponding to their abundance
be obtained with test trawls. Regarding the youngish sprat, the number of 1–3-year-old
sprat varied 2.4-fold, and that of 1–2-year-olds 2.6-fold. However, the proportion of sprat
in the sum of 0-year-old herring plus youngish sprat was much higher than the proportion
of herring; considering 1–3-year-old sprat in 2010–2021, it was 72–97%, while that of age-0
herring was 3–28%. Because the herring biomass as prey was much lower than the sprat
biomass, changes in the relative proportions of sprat and herring in the prey fish biomass
of salmon were mainly caused by fluctuations in the abundance of sprat. The abundance
of herring and sprat as prey also differs to some extent between different regions of the
Baltic Proper [13,54]. When there are plenty of youngish sprat, they seem to spread to
all parts of the Baltic Proper and to the Gulf of Finland, but only to some degree to the
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southern part of the Gulf of Bothnia. At the times of several recent fall research surveys,
the highest densities of sprat have been in the northern part of the Baltic Proper, in the Gulf
of Finland and in the eastern half of the Baltic Proper, relatively close to the coasts of the
Baltic countries [59,80,82].

In the 1980s, when M74 was non-existent, or its incidence was very low [83], herring
accounted for a larger proportion of the total prey biomass of salmon in the Baltic Proper
than sprat [38]. In contrast, in the 1990s and 2000s [38] and since [41], the proportion of
sprat has been larger than the proportion of herring. FASA of the muscle of salmon in
their second feeding year and during spawning migration in 2004, and of the muscle and
eggs of spawning salmon in 1998, 2014, 2016, and 2017, have also shown that the sprat
was the main prey fish of salmon in the Baltic Proper [10–12]. The change in the salmon’s
diet to one dominated by sprat can be due to overfishing of cod and herring, as well as
the effects of eutrophication and anoxic bottoms on fish stocks, but also due to the rise
in temperature. The whole Baltic Sea has warmed—the surface water temperature by
0.3–0.4 ◦C per decade—during the 1950–2020 period [84].

Young herring in the Baltic Proper mainly eat the same zooplankton species as sprat,
so they must compete for food with sprat that are solely zooplanktivorous [85,86]. Herring
are probably less successful in the competition for food with sprat because sprat are
more numerous than young herring. In the Gulf of Bothnia, herring do not need to
compete for food with the small numbers of sprat. Apparently, therefore, herring—and
the small numbers of sprat—have been fattier in the Gulf of Bothnia than in the Baltic
Proper [12,43,87]. The salmon stocks benefit from eating young herring instead of sprat,
as in the Baltic Proper, they provide salmon posts-smolts with a leaner diet than sprat. In
the Arctic Ocean, the diet of even adult Atlantic salmon has included 30% crustaceans [88],
which are considerably leaner than sprat and herring [89]. In the Baltic Sea, crustaceans
such as Monoporeia affinis are too small to be prey for salmon post-smolts.

Global warming increases eutrophication, because increasing precipitation and snow-
less winters increase the sea’s nutrient load. The eutrophication of the Baltic Sea is particu-
larly harmful to herring, not only in terms of food intake but also because herring spawn in
the shallows, where the eggs must stick to their substrate. This can be prevented by the
periphyton covering the spawning areas. The bottom areas of the Baltic Proper are largely
and increasingly anoxic [90], which further complicates the life of organisms dependent on
the benthic communities of the Baltic Sea, such as herring. Herring increasingly feed on
benthic invertebrates as they grow, but smaller herring also eat them in the winter [85,86,91].
Eutrophication and the expansion of anoxic areas therefore adversely affect the success of
herring populations.

When cod stocks have been strong, cod have effectively thinned out the sprat stock, as
was seen in the 1980s [38,40]. The cod stocks, which collapsed due to fishing that was too
intensive in previous decades [38,92], have remained low, and cod have suffered from food
shortages and liver parasites [93,94]. The anoxic bottom areas of the southern Baltic Sea
weaken the life chances of cod because a crustacean Saduria entomon, an important food
animal for cod juveniles and adults [40], has nearly disappeared from the cod diet since the
1990s in the Baltic Proper [95]. In addition, as sprat and cod spawn in the same open sea
areas [4], the strong sprat stock may weaken the recovery of cod stocks because sprat eat
cod eggs and young-of-the-year cod compete for food with sprat [39,96].

Although salmon post-smolts specifically need 0-year-old herring instead of youngish
sprat, older salmon also need sprat, especially in the southernmost Baltic Sea, where herring
quickly grow too large for them [38]. As salmon grow, the average size of their potential
prey also increases [54], and older, slightly larger sprat provide them with somewhat leaner
food than youngish sprat [13,45]. In particular, a good reproductive success of the herring
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populations in the southernmost Baltic Proper would be important, so that the number of
0-year-old herring in relation to youngish sprat would be as large as possible in the diet of
salmon post-smolts.

4.4. Poor Survival of Post-Smolts and Reduced Growth Are Related to an Excessively Fatty
Fish Diet

The high number of 0-year-old herring appeared to have a protective effect on the
survival of post-smolts against youngish sprat, which were many times more numerous
than age-0 herring. Because sprat are much fattier than herring, and especially young age
groups of sprat are fattiest [13,43,45,87], they were too fatty as food for the post-smolts.

An optimal protein-to-lipid ratio is necessary to enhance protein utilization and lipid
retention, so that the growth rate can improve [28,97,98]. Overall, the protein-to-lipid ratio
is lower in sprat than in herring in the Baltic Proper [11]. In youngish sprat, the protein
content in relation to the lipid content is still lower. For 1–3-year-old sprat with a 14.4%
lipid content (wet mass), it was 1.02, which is much lower than the suggested optimal
value of 1.88 for the growth of salmon post-smolts [28]. Apparently, due to the increased
mortality of post-smolts overfed on fatty prey fish, the number of salmon that survived
until the spawning migration and returned to the spawning rivers was on average lower in
both rivers when more lipids were available from suitable-sized prey fish.

In a feeding experiment [99], in which salmon post-smolts were fed with feeds pre-
pared of sprat or herring, the post-smolts grew faster with herring feed than with sprat
feed during the post-smolt phase from May to December. The herring feed contained
21% lipid in dry mass, and the sprat feed 31%, which corresponds to the lipid content
of young sprat and herring in this study. According to a mark–recapture study, a high
survival rate of post-smolts was associated with the high body mass of recaptured juvenile
salmon (Carlin-tagged as smolts) and high recruitment of herring, but when both of these
were low, survival collapsed [37]. In the experiment by Salminen [99], the difference in the
growth rate increased during the two consecutive years. Similarly, the favorable growing
conditions and fast growth rate of Atlantic salmon during the first marine feeding year
were reflected in a faster growth rate during the second feeding year [100]. According to
Thurow [48], the growth of adult salmon is determined by the food available, even during
the first months after post-smolts have entered the sea.

The growth-promoting effect of a leaner fish diet was also observed at the time of
spawning, when salmon that had eaten leaner prey fish in the Baltic Proper in 2012–2014
were compared with salmon that had eaten fattier prey fish there in 2014–2016 and 2015–
2017 [11]. In 2012–2014, the salmon grew faster with the leaner, more herring-rich, diet
than the salmon that were on the feeding migration later, when youngish sprat were
abundant [11]. When Simojoki post-smolts arrived in their feeding area in the Baltic Proper
in 2012, the number of 0-year-old herring was higher than average, and the number of
1–2-year-old sprat was lower than average. The ratio of the number of young sprat to the
number of age-0 herring was 6.3, which is one of the lowest values in the research period.
Not only that, the THIAM concentration in the eggs of the salmon that returned to Simojoki
to spawn in 2014 was higher, and those salmon were longer and heavier than the salmon
that returned in 2016 or 2017 [11].

In addition, the smaller of the 2014 ascending salmon, with higher muscle lipid content
and lower, though adequate, egg THIAM concentration than the larger ascendants, had
been feeding more on sprat and specifically more on younger sprat due to size-dependent
prey availability [54]. The lower muscle lipid content and higher THIAM concentration in
the eggs of the larger ascendants of 2014 indicated feeding on average leaner fish—that is,
more on herring and older sprat than the smaller salmon. Indeed, the fatty acid composition
of the muscle and eggs of these salmon confirmed that the smaller ones had eaten more
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sprat and less herring than the larger ones [11]. Consistently, in the years of low M74
incidence (e.g., in 1997/1998 and 2004/2005), smaller salmon had a lower average egg
THIAM concentration because they had apparently relied more on small sprat in their diet
than larger salmon [8,38,101]. In the feeding experiment by Salminen [99], the thiamine
status of salmon post-smolts fed with herring feed, expressed as hepatic total thiamine
concentration, was somewhat better than those fed with sprat feed and that grew more
slowly (unpubl. data). The probable reason for the slower growth rate and poorer thiamine
status of post-smolts fed sprat feed was that the protein-to-lipid ratio of the diet was too
low [28] and, thus, the lipid content was too high. The different lipid contents of prey
fish of different-sized salmon females also explains the observation of Backman [102] that,
among wild salmon that ascended Simojoki between 1994 and 2001, there were fewer M74
females among the individuals that were larger, and that ascended first, than among those
that ascended later and were smaller.

Poor thiamine status negatively affects growth and physiological conditions because
along with magnesium [24,103], thiamine is the most critical cofactor in energy metabolism
reactions, and the availability of thiamine determines whether and how much ATP is
produced [24,32]. If insufficient ATP is formed, the salmon’s physiological functions and
swimming ability deteriorate, and thiamine deficiency also negatively affects the func-
tioning of the nervous system [34]. In yolk-sac fry and adult salmon, thiamine deficiency
therefore caused swimming disorders and passivity and, eventually, death [8,19,104,105].
Passive swimming-impaired post-smolts easily become prey, fail to catch prey, and may
simply die of weakness.

Due to their higher adiposity, M74 females tend to have a higher condition factor
than non-M74 females [8]. However, larger but leaner ascendants of 2014 had a higher
condition factor due to the faster growth rate [11]. Similarly, when the protein-to-lipid
ratio of the diet of Atlantic salmon post-smolts in the experiment by Dessen et al. [97] was
higher—that is, more affordable—more muscle mass was formed. As high dietary lipid
content slows down growth but increases body lipid, which has been observed in farmed
and wild salmon [8,11,38,98,106], it weakens the salmon’s energy metabolism and vitality.

Lipid accumulation and thiamine requirement are interconnected, meaning specifically
that fatty fish species suffer from thiamine deficiency. Because the requirement for thiamine
increases as the energy content of the diet increases [23], and the net energy value of lipid
is more than twice that of protein [107], the increase in the lipid content of the diet and,
therefore, the fish’s own fattiness, largely determines the requirement for thiamine. It
has been suggested that the minimum requirement for thiamine in the diet for juvenile
salmon’s growth is 0.36 nmol kJ−1 [23], which was exceeded in both 1–3-year-old sprat
and 1-year-old herring but was slightly lower in 0-year-olds. In any case, the mean total
thiamine per energy value was 28% less in those sprat than in herring. The intake of
thiamine in relation to the energy obtained is, therefore, much lower from youngish sprat
than from 0-year-old herring [13]. Apparently, Woodward’s [23] recommendation did not
take into account the n–3 PUFA content of the food and the salmon’s own lipid and n–3
PUFA content, which affect the reduction rate of thiamine from the tissues of salmon.

With an abundant fatty-fish-based marine diet rich in n–3 PUFAs, salmon inevitably
accumulate lipid and n–3 PUFAs in their viscera and muscle tissue and become fattier than
on a leaner diet [11,12,38,98,106]. The slowest growth of salmon in the sea was not only
associated with the high lipid content of prey fish but also with their high n–3 PUFA and
DHA content [11]. The protein-to-lipid and thiamine-to-energy ratios of the diet and their
effects are therefore interconnected, but the quality of the lipids is also important in terms
of proper growth and general vitality, as well as the development of thiamine deficiency.
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4.5. Fatty Prey Fish Predispose Salmon to Thiamine Deficiency

Consistent with the results of an earlier study [13], the concentration of THIAM in the
eggs of the salmon included in this study in 2012–2022 was lower when the amount of lipid
available from the prey fish was larger. When a large year-class of sprat hatched in the Baltic
Proper in 2014 and plenty of youngish sprat were available as food for the post-smolts of
2014 during their subsequent feeding year, as well as for the post-smolts of the next couple
of years, the thiamine status of the salmon that returned to the rivers to spawn in 2016 and
2017 deteriorated [11]. As has been established in previous studies [11,13,38], this study
also confirmed that after the hatching of a strong sprat year-class, thiamine deficiency was
at its worst in salmon that spawned two years later.

Although the decrease in the number of salmon returning to spawn, apparently due to
the death of post-smolts, and the deficiency of thiamine in spawning salmon were related to
the same abundant year-class of sprat, they were timed for different years. The decrease in
the number of ascending salmon was specifically associated with the ratio of the numbers
of youngish sprat to 0-year-old herring on the arrival of post-smolts to their feeding area,
but thiamine deficiency in the 2nd sea-year salmon resulted mainly from the abundance of
sprat during the two subsequent feeding years of post-smolts. Although the 2014 year-class
of sprat was very strong, a record-high number of salmon returned to Simojoki—and the
second-highest number to Tornionjoki—in 2016 [1]. The THIAM concentration in the eggs
was then low due to the poor thiamine status of these salmon females [8,11]. The abundance
of age-0 herring had a greater positive effect on the viability of post-smolts than on the
thiamine status of returning salmon, apparently because their number was much lower
than that of youngish sprat. However, in the second marine feeding year, the abundance of
0-year-old herring of that year would also help improve the protein-to-lipid ratio of the
salmons’ diet and improve the thiamine status of the salmon by reducing their requirement
for thiamine and lipid peroxidation-related thiamine consumption.

This study showed that the fattiest prey fish, which are youngish 1–3-year-old sprat
rich in n–3 PUFAs [43], were not the optimal food for post-smolts. In general, a high
amount of fish-based lipid in the diet of salmonines leads to the accumulation of lipid
and n–3 PUFAs in their viscera and muscle tissue [12,17,98]. Although the proportion of
n–3 PUFAs is even higher in herring than in sprat [43,44], due to the higher lipid content
of sprat, the concentration and amount of n–3 PUFAs are higher in sprat in the same sea
area [43]. For the same reason, the supply of thiamine in relation to its requirement is lower
from youngish sprat than from young herring [13]. The high proportion and concentration
of PUFAs make the tissues susceptible to peroxidation [98,108,109], in which case more
thiamine is consumed, the thiamine status deteriorates [26,32], and the fish may not survive.
As marine fish in particular use lipids as an energy source for swimming and metabolism
and so on [30], more thiamine is consumed in the metabolism of juvenile salmon during
feeding migration [12] when they eat fattier youngish sprat instead of leaner herring in the
Baltic Proper.

Thiamine deficiency in predatory fish develops from the use of abundant body lipids,
containing a high amount of n–3 PUFAs, as an energy source [13]. The fish species that
accumulate most lipids during their feeding period in the Baltic Sea and fast before spawn-
ing, salmon and lamprey, are, therefore, the most prone to thiamine deficiency [11,16].
Sea trout, which eat a more varied diet and are leaner than them, with an approximate
muscle lipid content of 11.3% before [110] and 1.6–5.5% at spawning time [111], are less
prone to thiamine deficiency [14,15]. Juvenile salmon caught during their 2nd feeding year
from the Baltic Proper contained 13.4–20.6% lipid in the whole body [12], and mature 2nd
sea-year females contained 2.3–10.4% in muscle during the spawning time [11]. The lipid
content of lampreys before the pre-spawning fast was of the same order of magnitude and
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ranged from 12 to 21% [68,77,112,113]. In North America, the fattiest salmonines, such
as Chinook salmon, with a whole-body lipid content of up to 18.2% [114,115], have been
most susceptible to thiamine deficiency [13,17,21,22,116]. The high total body lipid content
of reared salmon smolts, 8–9%, was also found to be the reason for their lower survival
rate after release [117]. The lipid content was three times higher than the recommended
minimum lipid content and up to four times higher than that of wild smolts [117]. In the
sea, they probably had to initially use their body lipids while getting accustomed to natural
feeding and searching for food, which consumed their thiamine stores.

The lipid content and composition of fatty predatory fish are naturally determined by
the composition of their diet [12,98,109,118]. In the Baltic Proper, the lipid content of 1–3-
year-old sprat, ranging between 14.4 and 15.9% (in fresh mass) in the fall, was twice as high
as that of the same-aged herring, 6.7–7.1% [12]. As the lipid content of young herring has
been higher in the Gulf of Bothnia (7.7–8.8%) than in the Baltic Proper, and the proportion
of n–3 PUFAs in herring is somewhat higher than in sprat [43,44], the average supply of
n–3 PUFAs for salmon in the Gulf of Bothnia has been approximately equal to that obtained
from sprat and herring in the Baltic Proper [12]. In any case, the concentration of DHA
and n–3 PUFAs is highest in the youngest individuals and decreases with age in both sprat
and herring of a size suitable for salmon as prey [43]. After years such as 2002, 2014, and
possibly 2022, when a very large year-class of herring hatched in the Gulf of Bothnia [41,59],
salmon, as well as lampreys, when they had been feeding on 0-year-old herring, became
thiamine-deficient, so that even all the yolk-sac fry of individual salmon died, and the
largest and fattiest female lampreys died during the pre-spawning fast [8,11,16].

Off the coast of California, extensive feeding of Chinook salmon on northern anchovy
(Engraulis mordax) with an average lipid content of 7.2% and range between 1.7 and 17.6%
(in wet mass) in May–June and a high proportion of n–3 PUFAs also led to thiamine
deficiency and impaired reproduction [21,22]. As in anchovy, the lipid content in sprat,
1.2–17.3% [43], and alewife (Alosa pseudoharengus) in the Great Lakes, 2–19% [119], has
varied widely according to age, season, and feeding area. The dominance of alewife as the
diet of Atlantic salmon in the Finger Lakes, and Chinook and coho salmon in the Great
Lakes, has been associated with the incidence of TDC [17,18,120,121]. In the second-most-
common prey item in these lakes, the rainbow smelt (Osmerus mordax) [122,123], which has
not been associated with TDC, the lipid content, at 1–6%, has been lower than in Baltic
Proper herring [17,119,124].

The quality of the diet of the post-smolts contributes to the fattiness of the salmon
returning to spawn and, thus, also to their thiamine status, which was seen in this study.
Based on the data from the 1990s and 2000s, the higher the supply of thiamine and lipids
in the Baltic Proper, the lower the thiamine status of salmon two years later at the time of
spawning [13]. The problem regarding the thiamine deficiency in fatty fish is, therefore, not
a result of a low intake of thiamine but its high consumption in predatory fish due to a high-
energy fish-based diet and lipid peroxidation. Although the body’s thiamine stores are most
used during pre-spawning fasting, when replacement thiamine is unavailable [31,116,125],
thiamine also decreases due to lipid peroxidation during the feeding phase [12], when the
body’s n–3 PUFAs along with other FAs are used for energy. Already during the feeding
migration, the thiamine status was the poorest in the fattiest juvenile salmon [12]. The
lipids of these salmon contained the largest amounts of n–3 PUFAs and DHA, which is the
most common PUFA in Baltic salmon, as well as in Baltic sprat and herring [10–12,31,43,44].

The predominant source of metabolic energy for salmon during the growth and
especially during the pre-spawning fast and formation of eggs is palmitic acid (16:0),
which is the most common saturated fatty acid in salmon and its prey fish [10,11,30,31,126].
Monounsaturated fatty acids, the most common of which is oleic acid (18:1n–9), are the
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next most catabolized fatty acid group for energy, and among n–3 PUFAs, EPA is prior
to DHA [10,11,30]. The proportion of oleic acid in fatty acids is higher in sprat than in
herring [43,44], which is manifested in its higher proportion in salmon that have been
feeding more on sprat than in salmon that have been feeding mainly on herring [10–12].

As Keinänen et al. [13] describe, the pyrophosphate derivative of thiamine (TPP) acts
as an essential coenzyme in all reactions of oxidative metabolism to produce energy in the
form of ATP [24]. Thiamine also acts as a site-specific antioxidant against lipid peroxidation
and the oxidation of oleic acid [26,33,34]. In these various radical and oxidation reactions,
thiamine is inactivated, which depletes the thiamine stores [26,34]. The fattiest salmonines,
considering both species and individuals such as Chinook salmon [115] and the fattiest
Baltic salmon [12], that have fed on abundant marine fatty prey fish, contain the most
n–3 PUFAs [12,17]. When they use the body’s lipids for energy, as shown in studies by
Honeyfield et al. [116] and Vuorinen et al. [31], thiamine is depleted in a downward spiral
due to autocatalytic radical chain reactions of PUFAs and the oxidative stress caused
by thiamine deficiency [8,29,34]. If thiamine deficiency in brood salmon is severe, like
lampreys, they may die even before spawning [8,14,127,128]. However, salmon yolk-sac
fry and post-smolts appear to be more prone to dying due to the high-lipid marine prey
fish of salmon: yolk-sac fry mainly die due to low THIAM concentrations in the eggs of
thiamine-deficient females, and post-smolts apparently because fish food that is too fatty
impairs their growth, vitality, and viability.

The THIAM concentration in the eggs depends on the thiamine status of the salmon,
an indicator of which, already before spawning time, is the liver’s total thiamine concentra-
tion [12,31,129]. This study’s results, consistent with the results of previous studies [11–13],
showed that an excessively fatty fish diet weakens the thiamine status of salmon [12] and
predisposes spawning salmon to thiamine deficiency and yolk-sac fry to M74 mortality.
Furthermore, many post-smolts feeding on abundant fatty prey fish have apparently died
and have never returned to their home river to spawn.

5. Conclusions
This study shows that post-smolts are sensitive to excessively fatty marine prey fish

with too much lipid relative to protein and, thus, much energy relative to thiamine during
their first growing season in the sea. This food is associated with the reduced survival
of salmon post-smolts. Reduced survival is reflected in fewer salmon returning to their
home river to spawn and in their smaller size. The availability of food of suitable quality
for post-smolts when they arrive at their feeding grounds, therefore, largely determines
how many of these salmon return. In the Baltic Sea, the Baltic Proper is the most important
feeding area for salmon from the rivers of the northern part of the Gulf of Bothnia, from
which most Baltic salmon originate. Invertebrates in the Baltic Proper, which are leaner
than prey fish, are too small prey for post-smolts when they arrive there from Tornionjoki,
Simojoki, or the other rivers of the Bothnian Bay. Thus, post-smolts only eat small fish.
Age-0 herring and youngish sprat are of a suitable size to be prey for salmon post-smolts,
but age-0 sprat are too small. If the number of 0-year-old herring relative to youngish
sprat is low when post-smolts arrive to feed there, the food of post-smolts is too fatty.
The higher the ratio of smallish sprat to age-0 herring, the worse the viability of salmon
post-smolts and, as a result, the fewer salmon return to spawn two years later, as the
feeding migration of most returners lasts for two years. Since the proportion of sprat in
the number of post-smolts’ prey fish is considerably larger than the proportion of herring,
it is important that there are enough 0-year-old herring in relation to youngish sprat for
the post-smolts to survive. Because younger sprat are fattier than herring and older sprat,
and because the number of fish per year-class decreases exponentially year by year, an
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abundance of youngish sprat is most likely to predispose post-smolts to poor survival and
returning salmon to thiamine deficiency. Cod, in addition to the prey fish of salmon, have
an indirect impact on salmon stocks. When regulating fish stocks in the Baltic Sea and
setting fishing quotas, their impact on the survival of salmon must be taken into account.
The salmon stocks may decline due to the smallness of the herring spawning stocks in
the Baltic Proper and the low numbers of the new year-classes of herring. However, the
abundance of sprat and its large new year-classes, especially when cod stocks are weak,
may weaken salmon stocks, first by reducing the survival of post-smolts and, thus, the
number of ascending salmon, and second by deteriorating the thiamine status of spawning
salmon and thus causing M74 mortality.
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