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Abstract: Lipid-related thiamine (vitamin B1) deficiency of Baltic salmon (Salmo salar), the M74
syndrome, is generally caused by feeding on abundant young sprat (Sprattus sprattus) in the Baltic
Proper, the main foraging area of these salmon. In 2014, a strong year-class of sprat was hatched in
the Baltic Proper, and a strong herring (Clupea harengus) year-class was hatched in the Gulf of Bothnia,
where herring is the dominant salmon prey. The fatty acid (FA) signatures of prey fish in muscle or
eggs of second sea-year spawners suggested that 27% of wild River Simojoki and 68% of reared River
Dal salmon remained in the Gulf of Bothnia in 2014 instead of continuing to the Baltic Proper. In 2016,
23% of the M74 females of the River Simojoki and 58% of the River Dal originated from the Gulf of
Bothnia, and 13% and 16%, respectively, originated from the Baltic Proper. Some salmon from the
River Neris in the southern Baltic Proper had also been feeding in the Gulf of Bothnia. In general,
low free thiamine (THIAM) concentration in eggs was associated with high lipid content and high
docosahexaenoic acid (DHA, 22:6n−3) and n−3 polyunsaturated FA (n−3 PUFA) concentrations
in muscle but not in eggs. A higher THIAM concentration and lower proportions of DHA and
n−3 PUFAs in Arctic Ocean salmon eggs, despite higher egg lipid content, indicated that their diet
contained fewer fatty fish than the Baltic salmon diet. Hence, M74 originated by foraging heavily on
young fatty sprat in the Baltic Proper or herring in the Gulf of Bothnia.

Keywords: Atlantic salmon (Salmo salar); Baltic Sea; docosahexaenoic acid (DHA, 22:6n−3); free
thiamine in eggs; herring (Clupea harengus); M74 syndrome; polyunsaturated fatty acids (PUFAs);
sprat (Sprattus sprattus); thiamine deficiency; total lipids

Key Contribution: The fatty acid proportions of both muscle and eggs of spawning salmon can be
used to determine the feeding area of salmon in the sea. The distribution of small, fatty prey fish
affects the feeding migration of salmon and the development of thiamine deficiency.
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1. Introduction

Thiamine (vitamin B1) deficiency in fatty predatory fish results from an unbalanced
diet abundant in fatty marine prey fish and thereby an excessive dietary intake of n−3
polyunsaturated fatty acids (n−3 PUFAs) [1,2]. It has affected salmonine species and lam-
prey (Lampetra fluviatilis) [2–5] and is called the M74 syndrome in the Baltic region [1–3,6]
and Thiamine Deficiency Complex (TDC) in North America [7]. M74 has impaired the
reproduction of Atlantic salmon (Salmo salar) feeding in the Baltic Sea (hereafter Baltic
salmon or salmon), especially in the 1990s, but also after [8].

The main function of lipid accumulated in adipose tissue as triacylglycerol (TAG) is
to store energy, as the fatty acids (FAs) hydrolyzed from lipids are the primary source of
metabolic energy for growth, swimming, and reproduction, particularly in marine fish [9].
The thiamine pyrophosphate derivative (TPP) of thiamine acts as the coenzyme for all
the enzymatic reactions of oxidative metabolism that yield ATP [10,11]. Especially during
pre-spawning fasting, FAs are released from fish lipids and catabolized via β-oxidation,
providing energy in the form of ATP [9]. In addition, FAs, as well as thiamine and other
micro- and macronutrients, are transferred to the growing oocytes [12].

Fatty fish that feed on fatty marine prey fish are prone to suffer from thiamine defi-
ciency [1,13] because the requirement for thiamine increases with the increase in the diet’s
energy content [14] and because thiamine is depleted as a consequence of lipid peroxi-
dation [14–16]. n−3 PUFAs are abundant in marine fish lipids [9], and docosahexaenoic
acid (DHA, 22:6n−3) is the most common PUFA in Baltic clupeids and salmon [13,17].
All PUFAs are susceptible to peroxidation initiated by the free radicals normally gener-
ated in metabolism [18], but DHA is most susceptible due to its large number of double
bonds [19]. Peroxidation was manifested as an increase in the concentration of malon-
dialdehyde (MDA), the main peroxidation product of n−3 PUFAs, as the concentration
of DHA increased in the tissues of Baltic salmon [13,20]. The unphosphorylated form of
thiamine, i.e., free thiamine (THIAM), serves as an antioxidant for lipid peroxidation in
tissues and is destroyed in such reactions [10,16,21], as described in salmon by Keinänen
et al. [1,13] and Vuorinen et al. [8,22]. Therefore, the higher the amount of n−3 PUFAs,
especially DHA, accumulated and metabolized, the more thiamine is consumed [13,22].

In fish with a high tissue concentration of n−3 PUFAs, thiamine can be depleted during
the pre-spawning fast so that the eggs do not provide enough thiamine for the yolk-sac
fry (free embryos or eleutheroembryos [23]) to develop. Thiamine deficiency, therefore,
primarily affects yolk-sac fry [8,24,25], which must survive on yolk nutrients from hatching
to the alevin stage, i.e., the stage when the hatched fry start external feeding [23]. As THIAM
is a reserve form of thiamine, its concentration of the different thiamine components in
eggs varies most, depending on the female’s thiamine status [8]. The thiamine deficiency
of the offspring of fish can, therefore, be predicted from the THIAM concentration of the
eggs [8,26]. At worst, thiamine deficiency can be seen as weakness and loss of equilibrium
in brood fish before spawning, and they may die before spawning [8,27–29].

Most Baltic salmon come from the rivers of the northern Gulf of Bothnia, and the
majority of them and salmon from other Baltic Sea rivers feed in the southern Baltic Sea,
the Baltic Proper, which is by far the largest and deepest of the Baltic Sea basins [30–32].
However, according to mark–recapture studies, some salmon individuals from the rivers
of the Gulf of Bothnia do not migrate to the Baltic Proper but remain to feed in the Gulf
of Bothnia, where the main feeding area is the Bothnian Sea (Figure 1) [30,33–36]. Sprat
(Sprattus sprattus) is the principal prey fish of salmon in the Baltic Proper, whereas herring
(Clupea harengus) is the dominant prey fish in the Gulf of Bothnia [37,38].
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Figure 1. The Baltic Sea with subareas, the Baltic Proper, the Gulf of Bothnia, and the Gulf of Finland.
Rivers where salmon ascended and were sampled are indicated, including the R. Tenojoki flowing
into the Barents Sea in the Arctic Ocean. The International Council for the Exploration of the Sea
(ICES) is the origin of the map.

The M74 syndrome of salmon has principally resulted from foraging heavily on sprat,
especially on young sprat in the Baltic Proper [1,2,39]. The lipid content of sprat is almost
double the average of herring of a size appropriate as prey for salmon (length < 19 cm)
and is at its highest in the youngest sprat [1,13,17,39,40]. Therefore, the concentration of
n−3 PUFAs of sprat in the Baltic Proper is also higher than in herring, even though the
proportion of n−3 PUFAs in herring is somewhat higher than in sprat [13,17,41]. However,
the lipid and n−3 PUFA content of the prey fish have differed between Baltic Sea areas,
and, e.g., in 2003–2004, the prey was fattiest in the Gulf of Bothnia and leanest in the Gulf
of Finland [13,17].

In the fall of 2004, one of the thirty-two salmon females of the second sea-year included
in the Finnish M74 monitoring [8] proved to be an M74 female with 100% yolk-sac fry
mortality (YSFM), and this female had been feeding on herring in the Gulf of Bothnia [13,22].
In contrast, in the same year, none of the salmon that had mainly been feeding on sprat in the
Baltic Proper were regarded as M74 females. The 2002 year-class of Gulf of Bothnia herring
was the largest on record, and herring there were also fattier on average, with a higher n−3
PUFA concentration than Baltic Proper herring [13]. As in sprat, the concentration of n−3
PUFAs is also higher in younger than older herring [13,17]. The n−3 PUFA concentration in
Gulf of Bothnia salmon was, therefore, higher than in Baltic Proper salmon, which already
led to a higher degree of lipid peroxidation during the feeding migration at sea, indicated
by a high hepatic MDA concentration [13]. The thiamine status in Gulf of Bothnia salmon,
seen as a low hepatic total thiamine concentration, was, therefore, poorer than in Baltic
Proper salmon [13]. Hence, a strong year-class of herring in the Gulf of Bothnia, when the
herring were fatty there, could cause thiamine deficiency [13,22].
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In 2014, both the sprat year-class in the Baltic Proper and the herring year-class in the
Gulf of Bothnia were exceptionally large [42–44], and the Gulf of Bothnia herring were also
fatty [45]. Their CF was also higher in 2014 than in the preceding or next year, although
the herring were not lean in those years either [45]. The salmon M74 females of the falls
between 2015 and 2017 may, therefore, have eaten either sprat in the Baltic Proper or herring
in the Gulf of Bothnia. This was possible to determine with fatty acid signature analysis
(FASA), which is an established method used to study the feeding history of both predatory
and prey fish [7,46–49]. Despite small intraspecific differences between feeding areas and
seasons, the FA composition of the Baltic sprat and herring differed significantly [17]. The
FA patterns characteristic of sprat and herring were detected by FASA in the muscle of
salmon caught in different Baltic Sea areas, and the feeding area and dominant prey fish
species of salmon could be determined in the muscle of salmon even after several months
of pre-spawning fasting [2,13,22].

The eggs of Baltic salmon returning to spawn are routinely sampled for annual M74
monitoring, so we first investigated whether the feeding area of salmon can be estimated
by applying FASA on eggs, as well as on muscle in the non-M74 year, 2014 (hereafter also
non-M74 year), and in the severe M74 year, 2016 (hereafter also M74 year). Our second aim
was to compare how the FA composition of eggs differed between salmon that after feeding
in the Baltic Sea ascended different Baltic Sea rivers and the salmon that after feeding in the
Arctic Ocean ascended the River Tenojoki for spawning. Third, we investigated whether
the FASA of the eggs distinguished the feeding area of salmon from three rivers (Rivers
Simojoki, Dal, and Neris) flowing to different areas in the Baltic Sea. Knowing the feeding
area enabled the potential association between the strong 2014 year-classes of sprat in the
Baltic Proper and herring in the Gulf of Bothnia and the incidence of M74 in salmon to be
studied. Fourth, to study the association between the dietary FAs and M74 in spawning
salmon, we compared the egg THIAM concentration and FA composition in the muscle
and eggs of the River Simojoki salmon between 2014 and 2016, as well as between the
salmon that had mainly been feeding on sprat in the Baltic Proper or herring in the Gulf of
Bothnia. Fifth, we demonstrated how the different feeding areas of the salmon resulted in
differences in their size and lipid and n−3 PUFA content of muscle and eggs and affected
the concentrations of egg THIAM.

2. Materials and Methods
2.1. Salmon and Sample Preparation

Salmon (Salmo salar L.) females from the rivers of the Baltic Sea were collected from
June to July, when they ascended the spawning rivers, and were sampled during the
spawning season in September–October, when they were stripped of their eggs to produce
offspring for stockings and the annual M74 monitoring [8]. In addition, the Finnish M74
monitoring data of the Natural Resources Institute Finland (Luke) were available.

Salmon from the River Simojoki were sampled in 2014, 2016, and 2017. The River
Simojoki flows into the Bothnian Bay in the northeastern Gulf of Bothnia (Figure 1). The
River Simojoki salmon stock currently reproduces naturally. Salmon from the River Dal
were sampled in 2016 and 2017. The River Dal flows into the southwestern Bothnian
Sea of the Gulf of Bothnia and is dammed. Its salmon stock is maintained by hatchery
rearing and smolt releases. Salmon from the River Neris were sampled in 2017. The River
Neris is a tributary of the River Nemunas, which flows into the southeastern Baltic Proper.
In addition, salmon from the Arctic River Tenojoki (hereafter also Arctic Ocean salmon),
which flows into the Barents Sea in the Arctic Ocean (Figure 1), were sampled in 1997 for
comparison with Baltic salmon.

Table 1 shows the biological data of salmon collected from the different rivers of the
Baltic Sea and of the Arctic River Tenojoki, as well as the performed analyses. The eggs
were sampled by stripping ovulated eggs from fish on a sieve to filter off the ovarian
fluid, and ca. 1 dL of unfertilized eggs was sealed in a zip-lock polyethylene bag as a
single layer [8,50]. Approximately 200 g of white epaxial muscle from below the dorsal fin
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was taken from the fish that were killed after the stripping of eggs and put in a zip-lock
polyethylene bag [8,50]. After collection, the samples were immediately frozen at −20 ◦C
and sent in dry ice to the laboratory, where they were preserved in a freezer at −80 ◦C [8]
until being analyzed within 3–6 weeks. However, the eggs of the River Tenojoki salmon
were preserved in liquid nitrogen until they were analyzed in 2017.

Table 1. The year when the eggs of salmon females ascending the different Baltic rivers (Rivers
Simojoki, Dal, and Neris) were stripped for the M74 monitoring after feeding in the Baltic Sea and of
salmon ascending from the Barents Sea to the River Tenojoki after feeding in the Arctic Ocean, and
the mean (±SE) body mass, total length, Fulton’s condition factor (CF), and the sea-year age with the
number (N) of sampled salmon females. Analysis of total lipid, fatty acids (FAs), and thiamine (Th,
all females from M74 monitoring) in the 2nd sea-year salmon is indicated by “x”, and the number of
samples for each analysis is given. n.a. = not analyzed.

Year River Mass Length CF Sea Age N Samples for Analyses

Muscle Egg

Lipid FA N Th N Lipid FA N

2014 Simojoki 7.3 ± 0.5 91 ± 2 0.94 ± 0.02 n.a. (26) x x (16) x (26) x x (16)
2016 Simojoki 6.6 ± 0.3 88 ± 1 0.96 ± 0.01 2.1 ± 0.1 (38) x x (30) x (38) x x (30)
2016 Dal 6.2 ± 0.3 86 ± 1 0.91 ± 0.02 2.1 ± 0.0 (49) n.a. n.a. x (49) n.a. x (31)
2017 Simojoki 6.5 ± 3.4 86 ± 2 1.03 ± 0.07 2.2 ± 0.1 (38) n.a. n.a. x (38) n.a. x (20)
2017 Dal 6.3 ± 0.2 86 ± 1 0.96 ± 0.02 2.0 ± 0.0 (52) n.a. n.a. x (52) n.a. x (20)
2017 Neris 8.9 ± 0.5 98 ± 2 0.94 ± 0.02 2.1 ± 0.2 (16) n.a. n.a. x (16) n.a. x (12)
1997 Tenojoki 9.1 ± 1.1 98 ± 4 0.93 ± 0.03 n.a. (8) n.a. n.a. x (5) x x (8)

The age of the River Simo, Dal, and Neris salmon was determined from scales removed
from above the lateral line below the dorsal fin [51]. The salmon were selected randomly
for the study and were 2nd sea-year old, but the ages of the 2014 River Simojoki salmon
and River Tenojoki salmon were unavailable. However, approximately 75% of the Baltic
salmon included during 1985–2018 in the Finnish M74 monitoring were of 2nd sea-year
females [8]. The 2014 River Simojoki salmon were selected based on the length and mass
data of the Baltic salmon database [8]. The majority of the River Tenojoki salmon were 2nd
sea-year females because their body mass did not differ significantly from that of the Baltic
salmon of the same age in the non-M74 year 2014 (Table 1). Fulton’s CF was calculated as
CF = 100 × (total mass, g)/(total length, cm)3. The total mass of spawning salmon was
weighed before they were stripped of eggs.

2.2. Chemical Analyses

The concentration of THIAM was analyzed in all egg samples as described in Vuorinen
et al. [8]. The gravimetric analysis of lipids is described in Vuorinen et al. [8], and the gas
chromatographic analysis of FAs is described in Keinänen et al. [17]. The FAs were grouped
into their structural categories (FA classes): saturated FAs (SFAs), monounsaturated FAs
(MUFAs), and PUFAs, and the latter were further divided into n−3 PUFAs and n−6 PUFAs,
similarly to Keinänen et al. [2,17]. The FA results are presented both as proportions of total
FAs and as lipid-weighted proportions, which correspond to the concentrations (mg g−1).
The 16 FAs (Supplementary Table S1), for which the mean proportions were >0.4% (area%,
which is close to wt%), were included in the calculations.

2.3. Classification of Salmon into M74 and Non-M74 Females

Using historical data and the model developed by Vuorinen et al. [8], salmon were
classified as M74 female if the egg THIAM concentration was ≤0.71 nmol g−1 and non-M74
female if the egg THIAM concentration was >0.71 nmol g−1 [8].
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2.4. Classification of the Salmon in Two Feeding Groups

Previously reported fatty acid signatures allowed us to use FASA to classify salmon
as having been fed either on sprat in the Baltic Proper or herring in the Gulf of Bothnia.
According to Keinänen et al. [17], the major MUFA oleic acid (18:1n−9) and a minor MUFA,
heptadecenoic acid (17:1n−8), are characteristic of sprat, while a high proportion of myristic
acid (14:0), the proportion of which increases in fish from the northern to southern Baltic
Sea [52], indicates feeding in the southern Baltic Sea. Thus, higher proportions of these three
FAs indicate salmon feeding in the Baltic Proper. On the other hand, MUFAs palmitoleic
acid (16:1n−7) and vaccenic acid (18:1n−7), typically high in herring feeding on benthic
invertebrates [53], and n−6 PUFAs linoleic acid (18:2n−6) and eicosadienoic acid (20:2n−6)
of freshwater origin [46,52], indicate salmon feeding in the Gulf of Bothnia. The proportion
of arachidonic acid (ARA, 20:4n−6), which is the elongation and desaturation product of
18:2n−6, is also higher in herring and salmon from the Gulf of Bothnia than in the Baltic
Proper [13,52].

2.5. Statistical Analyses

Variables were tested for normality (Kolmogorov–Smirnov test), and Levene’s test
was used to test homogeneity among variances. Principal component analysis (PCA, [54])
was carried out for multivariate statistical comparisons of FA proportions to indicate
potential common FA patterns of the sprat of the Baltic Proper or herring of the Gulf of
Bothnia [17] with the FAs of salmon eggs and muscle grouped by salmon spawning year,
feeding area, and M74 status. As a result, biplot graphs with principal components PC1
and PC2 were created to demonstrate (dis)similarities among the salmon groups driven by
the FA variables. Soft independent modeling of class analogy (SIMCA, [55]) was used to
quantify the differences at the level of p < 0.05 or 0.01 between the pairs of salmon groups.
As PCA classified all salmon stocks into two groups, the following statistical analyses
were based on this separation. However, groups with N < 3 were not included in the
statistical comparisons.

A one-way ANOVA with a Student–Newman–Keuls (SNK) post hoc test was used to
reveal significant (p < 0.05) differences in the FA proportions and concentrations between
the eggs and muscle of salmon and between the sampling years. ANOVA was also applied
to test the differences in the annual mean values of salmon body mass, total length, CF,
and egg THIAM concentration between the groups of salmon representing the FASA-
determined feeding areas of the Baltic Sea, the Baltic Proper and the Gulf of Bothnia,
and the Arctic Ocean. A t-test was used for a comparison of the means of size indices,
lipid content, FA concentrations of muscle and eggs, and the mean concentration of egg
THIAM between the two feeding areas. A Pearson correlation was applied to analyze
the relationships between the muscle and egg lipid content and the concentration of egg
THIAM and mass and length of the River Simojoki salmon in 2014 and 2016 classified in the
Baltic Proper feeding group. Linear regressions were fitted for the relationships between
the egg lipid content and the mass and length of all the salmon.

The statistical analyses were performed with the Statistical Analysis System (ver. 9.4)
software, apart from PCA and SIMCA, which were carried out using Sirius software (ver.
8.5, Pattern Recognition Systems (PRS), Bergen, Norway). The figures were drawn with
OriginPro 2023 (OriginLab Co., Northampton, MA, USA).

3. Results
3.1. Variation in the Incidence of M74

Between 1994 and 2014, the median THIAM concentrations in the eggs of the female
salmon ascendants of the Gulf of Bothnia rivers (the Rivers Simojoki, Tornionjoki, and
Kemijoki; Figure 1) were highest in 2011–2014, according to Finnish M74 monitoring
(Figure 2). In these falls, there were no M74 females for the first time since the turn of the
1980s and 1990s. In the fall of 2015, the egg THIAM concentrations began to decrease again
and were lowest in 2016 (Figure 2). The median THIAM concentrations increased in 2017
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and further in 2018. The annual changes in the egg THIAM concentrations for the River Dal
salmon were similar to those of the River Simojoki salmon, but the THIAM concentrations
of the eggs of the River Dal salmon were lower in 2016 and 2017. The median THIAM
concentration in the eggs of the River Neris salmon was higher than in the River Simojoki
and Dal salmon in 2017 (Figure 2).
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Figure 2. Time trends of the median free thiamine (THIAM) concentration in unfertilized eggs and
the proportion of M74 females of salmon spawners from the Finnish rivers flowing into the Gulf
of Bothnia from the reproduction periods 1991/1992–2022/2023 according to M74 monitoring. The
number of salmon is given in parentheses below the x-axis. The median egg THIAM concentration
and the proportion of M74 females with the number of salmon (N) are also given for the River Dal
salmon in 2016 and 2017. The median THIAM concentration in the eggs of the River Neris salmon
(N = 16) monitored in 2017 was 4.84 nmol g−1 (not shown).

3.2. Feeding History Could Be Determined from the Fatty Acid Composition of Both Eggs
and Muscle

The River Simojoki salmon that returned to spawn in 2014 and 2016 were classified into
two feeding areas (the Baltic Proper or the Gulf of Bothnia) of the Baltic Sea by determining
their main prey fish (sprat or herring) by FASA using the FA proportions of muscle or eggs
(Figure 3). Principal components PC1 and PC2 explained 59.6% of the variation for muscle
and 59.9% of the variation for eggs, with PC1 depicting feeding spatial distribution and
PC2 depicting prey fish consumption. The FASA of both muscle and eggs classified the
same individuals into each sea area. In 2014, only two out of sixteen (13%) of the River
Simojoki salmon had been feeding in the Gulf of Bothnia, but in 2016, as many as eight
out of thirty (27%) had remained to feed there (Figures 3 and 4). Females that ascended
in 2014 had a high median THIAM concentration (5.29 nmol g−1, Figure 2) in the eggs
and no M74 females. The females in 2016 had a low egg median THIAM concentration
(0.96 nmol g−1, Figure 2), resulting in a high proportion of M74 females (35%, Figure 2).
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Figure 3. Biplot based on the PCA for the proportions of fatty acids (FAs) in (a) muscle and (b) un-
fertilized eggs of 2nd sea-year salmon females ascending the River Simojoki (Simo salmon) in the
non-M74 year 2014 and M74-year 2016 grouped (circled) according to the FA signatures to their
feeding areas with dominant prey species. The two feeding groups differed significantly (p < 0.01) in
the SIMCA test on the FA signatures both of muscle and eggs, which indicate feeding either on sprat
in the Baltic Proper or on herring in the Gulf of Bothnia. The number of observations was 46 in both.

When comparing the muscle FA proportions of the River Simojoki salmon of the M74
year 2016 between the feeding areas, both DHA and total n−3 PUFAs were found in higher
proportions in salmon from the Baltic Proper than in salmon from the Gulf of Bothnia.
This was the case even though docosapentaenoic acid (DPA, 22:5n−3) and alpha-linolenic
acid (18:3n−3) were present in higher proportions in salmon from the Gulf of Bothnia
(Supplementary Table S1). The proportions of sprat-specific FAs 18:1n−9 and 17:1n−8
were significantly higher in females from the Baltic Proper, whereas the proportions of
16:1n−7 and 18:1n−7, typical for herring, were higher in salmon from the Gulf of Bothnia.
All individual n−6 PUFAs and total n−6 PUFAs, characteristic of freshwater, were found
in higher proportions in the muscle of Gulf of Bothnia salmon than Baltic Proper salmon
(Supplementary Table S1).

Likewise, in salmon eggs of the M74 year 2016, the proportions of DHA, 18:1n−9,
and 17:1n−8 were higher in females from the Baltic Proper than from the Gulf of Bothnia
(Supplementary Table S1). On the other hand, all individual n−6 PUFAs and total n−6
PUFAs, as well as 18:3n−3, 16:1n−7, and 18:1n−7, were present in significantly higher
proportions in the eggs of females from the Gulf of Bothnia. In addition, the proportions
of the major SFA palmitic acid (16:0) and total SFAs in eggs were significantly higher in
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salmon from the Baltic Proper, whereas the proportion of total PUFAs was significantly
higher in salmon from the Gulf of Bothnia (Supplementary Table S1).
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Figure 4. Proportions of salmon from the Rivers Simojoki, Dal, and Neris in 2014, 2016, and 2017 that,
based on the fatty acid signatures of eggs, (a) had been on their feeding migration in the Baltic Proper
or Gulf of Bothnia, and (b) the proportions of M74 females (egg THIAM ≤ 0.71 nmol g−1 [8]) from
the Baltic Proper and Gulf of Bothnia. The total numbers of salmon females for each river in each
year are given in parentheses.

3.3. Differences in Lipid Content and Fatty Acid Composition between Muscle and Eggs of the
River Simojoki Salmon

Lipid content was significantly higher in eggs than in muscle in 2014 and 2016 for
salmon females that had been feeding in the Baltic Proper (Figure 5). In 2014, the lipid
percentage of the eggs was 2.1 times that of muscle, whereas in 2016, the difference was
smaller (1.5 times). Similarly, for the 2016 salmon from the Gulf of Bothnia, the lipid
percentage was 1.5 times and significantly (p < 0.001) higher in eggs (8.2 ± 0.5%) than in
muscle (5.5 ± 0.4%) (Supplementary Table S1).

When the FA proportions and concentrations in the muscle and eggs of salmon that
had been feeding in the Baltic Proper were compared, PUFAs were the most common FA
class in 2014 and 2016 in both sample types (Figures 5 and S1). The second most common
was MUFAs, and the proportion and concentration of SFAs were much lower. Among the
individual FAs, DHA was the major FA in muscle in 2016, but the proportions of DHA and
18:1n−9 were similar in 2014. Unlike in muscle, the most common FA in eggs was 18:1n−9
and then DHA, and the third, as in muscle, was 16:0 in both years (Figures 5 and S1).

In 2016, the proportions of DHA, as well as n−3 PUFAs and total PUFAs, were
higher in muscle than in eggs for the salmon from the Baltic Proper, despite the fact that
the proportions of minor n−3 PUFAs eicosapentaenoic acid (EPA, 20:5n−3), DPA, and
18:3n−3, as well as the proportion of a n−6 PUFA ARA, were higher in eggs (Figure 5).
The proportions of 18:1n−9 and total MUFAs were higher in eggs than in muscle in 2016.
In 2014, the proportions of DHA and total n−3 PUFAs were also higher in muscle than
in eggs, and the proportions of EPA, 18:3n−3, and ARA were higher in eggs. There was
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no significant difference between eggs and muscle in the proportion of 16:0 or total SFAs
in either year in salmon from the Baltic Proper (Figure 5), but their concentrations were
significantly higher in eggs than in muscle (Supplementary Figure S1).
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Figure 5. Lipid content (per fresh mass of muscle or eggs) and fatty acid (FA) profiles (percentage per
total FAs) with sums of structural classes of FAs in muscle and unfertilized eggs of salmon ascending
the River Simojoki in the non-M74 year 2014 and in the M74 year 2016 that had been feeding in
the Baltic Proper. A different lower-case letter indicates a significant (p < 0.05) difference in the FA
proportion between muscle and eggs in either year (vertical comparison), and an upper-case letter
indicates a significant (p < 0.05) difference between 2014 and 2016 in either muscle or eggs (horizontal
comparison). The number of observations (N) is indicated.

Considering differences in the muscle of salmon from the Baltic Proper between the
years, the proportion and concentration of DHA were significantly higher in the M74 year
2016. In contrast, the proportion, but not concentration, of 18:1n−9 and total MUFAs
with some minor FAs, e.g., 18:3n−3, were higher in the non-M74 year 2014 than in 2016
(Figures 5 and S1).

Despite the fact that lipid content in the muscle of salmon from the Baltic Proper
tended to be higher in 2016 than in 2014 (Figure 5), the lipid content of the eggs was
significantly lower in 2016 than in 2014. The differences in the FA proportions between
2014 and 2016 were not as high in eggs as in muscle. However, the proportions of EPA and
DPA were higher in eggs in the M74 year 2016 than in 2014, and the proportion of 18:1n−9,
as in muscle, was higher in the non-M74 year than in 2016 (Figure 5).

3.4. The Proportion of PUFAs in Eggs Was Higher for Baltic Salmon Than for Arctic
Ocean Salmon

The River Tenojoki salmon that had been feeding in the Barents Sea in the Arctic
Ocean had a significantly (p < 0.01, PCA followed by SIMCA) different egg FA composition
than the River Simojoki salmon in 2014, 2016, and 2017 (Figure 6a). The River Simojoki
salmon were grouped as two feeding groups, and the Arctic Ocean salmon were in one
group. PC1 and PC2 explained 61.7% of the FA profile variation, of which PC1 depicted
spatial differences, while PC2 reflected the feeding habits. According to the PCA biplot,
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the proportions of gondoic acid (20:1n−9) and 14:0 were strongly and positively correlated
with each other and strongly associated with Arctic Ocean salmon (Figure 6a). In contrast,
18:3n−3, ARA, 18:2n−6, and 20:2n−6 were strongly and positively correlated with each
other in the PCA biplot and associated with the Gulf of Bothnia feeding group of the River
Simojoki salmon (Figure 6a). According to PCA, 18:1n−9 and DHA were enriched in the
Baltic Proper feeding group. Arctic Ocean salmon and the Gulf of Bothnia feeding group
were characterized by FAs 16:1n−7 and 18:1n−7 (Figure 6a), which were linked to Baltic
herring feeding on benthic invertebrates.
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Figure 6. Biplot based on PCA for the proportions of fatty acids (FAs) in unfertilized eggs of salmon
(a) ascending the River Simojoki (Simo salmon) of the Baltic Sea in 2014, 2016, and 2017 and the River
Tenojoki (flowing into the Barents Sea in the Arctic Ocean) in 1997 (Teno salmon) and (b) ascending
the River Simojoki, River Dal (Dal salmon), and River Neris (Neris salmon) of the Baltic Sea and the
River Tenojoki. Salmon were grouped (circled) according to the FA signatures to their feeding areas,
the Baltic Proper, the Gulf of Bothnia (or Baltic Sea), and the Arctic Ocean. The SIMCA test resulted
in a significant (p < 0.01) difference between all the pairs of the circled groups in (a) and in (b). The
total number of samples was 74 in (a) and 137 in (b).
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The proportions of DHA and total n−3 PUFAs were lower in the eggs of Arctic Ocean
salmon than in the eggs of the River Simojoki and River Dal salmon, as were n−6 PUFAs
and total PUFAs, with the exception of DPA, which had a higher proportion in Arctic
Ocean salmon (Supplementary Table S2). In contrast, the proportions of 14:0 and total SFAs,
and a minor MUFA 20:1n−9, were significantly higher in the eggs of Arctic Ocean salmon
(Supplementary Table S2).

Overall, Arctic Ocean salmon were separated (p < 0.01, SIMCA) from the Baltic salmon
ascending the Rivers Simojoki, Dal, and Neris based on the FA proportion of the eggs in the
PCA biplot (Figure 6b). PC1 and PC2 together explained 55.9% of the FA profile variation,
with PC1 depicting the feeding area and PC2 depicting prey species. Baltic salmon were
clustered around the origin so that the positive end of the cluster was positioned toward
the FAs indicating feeding in the Baltic Proper, and the negative end of the culster was
positioned toward the FAs indicating feeding in the Gulf of Bothnia (Figure 6b).

The FAs characteristic of Arctic Ocean salmon differed from the FA signatures of
all Baltic salmon (Figure 6b) in much the same way as from those of the River Simo-
joki salmon alone (Figure 6a). Arctic Ocean salmon contained only little n−6 PUFAs
and low proportions of n−3 PUFAs, DHA, and 18:3n−3 but were enriched with DPA
(Supplementary Table S2). The difference in the FA composition between Arctic Ocean
and Baltic salmon is also seen in the proportions of DHA and total n−3 PUFAs in the
eggs, which were significantly lower for Arctic Ocean salmon than for the River Simojoki
salmon (in 2014, 2016, and 2017) or the River Dal salmon (in 2016 and 2017) and the River
Neris salmon (in 2017) (Supplementary Table S2). The PCA biplot associated Arctic Ocean
salmon with a low proportion of the most common MUFA 18:1n−9, as expected based on
its lower proportion in the eggs of Arctic Ocean salmon than in the eggs of Baltic salmon
(Supplementary Table S2). Instead, Arctic Ocean salmon were rich in the major SFA 16:0,
which was also enriched in the Baltic salmon feeding in the Baltic Proper. The MUFAs
18:1n−7 and 16:1n−7 and DPA were typical of salmon feeding on herring in the Gulf of
Bothnia (Figure 6).

3.5. The River Dal Salmon Feed More in the Gulf of Bothnia Than the River Simojoki Salmon

Based on FASA of eggs, the percentage of the 2016 River Simojoki salmon that had
remained to feed in the Gulf of Bothnia instead of continuing to the Baltic Proper was
twice the percentage detected in 2014 and 2017 (Figure 4). While in 2014 and 2017, only
10 and 13% of the River Simojoki salmon, respectively, had been feeding in the Gulf of
Bothnia, in 2016, the percentage was 27%. However, for the River Dal salmon, as much
as 68% of the 2016 females and 35% of the 2017 females remained in the Gulf of Bothnia
without continuing their migration south (Figure 4). For the River Neris salmon, <10%
of 2017 females migrated from the southern Baltic Proper to the Gulf of Bothnia to feed
(Figure 4).

In the eggs of the 2016 salmon that had been feeding in the Baltic Proper, the pro-
portions of DHA, n−3 PUFAs, n−6 PUFAs, and total PUFAs were higher for the River
Dal salmon than for the River Simojoki salmon. In contrast, the eggs of the River Simo-
joki salmon contained 14:0 and 17:1n−8, indicators of feeding on sprat in the southern
Baltic Sea, in higher proportions, in addition to SFAs (Supplementary Table S2). In the
eggs of 2016 salmon that had been feeding in the Gulf of Bothnia, there were also some
significant differences between the reared River Dal salmon and the wild River Simojoki
salmon, e.g., n−3 PUFAs and total PUFAs were found in higher proportions in the River Dal
salmon eggs, and SFAs were found in higher proportions in the River Simojoki salmon eggs
(Supplementary Table S2). Despite some differences in egg FA composition, the females
of the Rivers Simojoki and Dal collected in 2016 did not differ significantly, depending on
feeding in the Baltic Proper or Gulf of Bothnia.

The FA compositions of M74 and non-M74 females among the River Simojoki or River Dal
salmon did not differ significantly within the feeding areas in 2016 (Supplementary Figure S2).
In contrast, the River Simojoki M74 females were significantly separated from the River Dal M74
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and non-M74 females within the Baltic Proper and Gulf of Bothnia (Supplementary Figure S2).
As the River Simojoki M74 females in the Baltic Proper were associated in the PCA biplot with
high 14:0 and 17:1n−8, they were indicated to have been feeding in the more southern parts of
the Baltic Proper than the River Dal M74 and non-M74 females, which, according to the biplot,
were associated with high DHA and ARA (Supplementary Figure S2). In the Gulf of Bothnia
feeding group, the River Simojoki M74 females were associated with 16:1n−7 and the saturated
FAs 16:0 and stearic acid (18:0). In contrast, the River Dal M74 and non-M74 females in the Gulf
of Bothnia group were strongly associated with ARA, DHA, EPA, and DPA.

In the 2016 River Simojoki salmon from the Baltic Proper, the lipid content in the
muscle of M74 females from the Baltic Proper was 28% higher than in non-M74 females and
5% higher in the eggs. However, the number of M74 females was small, so the differences
with non-M74 females were not statistically significant (Table 2). Considering the muscle
FA concentrations, the largest differences in the FA classes were in PUFAs, of which the
concentrations of DHA and total n−3 PUFAs were 38% and 37% higher in M74 females
than in non-M74 females (Table 2). The concentrations of both 18:1n−9 and total MUFAs
were 27% higher in M74 females. Although the concentration of SFAs differed the least,
with both 16:0 and total SFA concentrations being only 12% higher in M74 than in non-M74
females, the concentration of 14:0 was up to 22% higher in M74 females (Table 2).

Table 2. Mean (±SE) body mass, length, condition factor (CF), free thiamine (THIAM) concentration
in eggs, muscle and egg lipid content, and the concentrations of fatty acids and their structural classes
in the muscle of the River Simojoki salmon ascendants from the Baltic Proper in 2016 divided, based on
the egg THIAM concentration, into non-M74 (>0.71 nmol g−1) and M74 females (≤0.71 nmol g−1) [8].
The difference (%) of the variables between M74 and non-M74 females is also given.

Non-M74 Females M74 Females Diff. %

Mass, kg 6.55 ± 0.30 (17) 6.18 ± 0.27 (4) −5.6
Length, cm 87.6 ± 1.2 (17) 87.5 ± 1.7 (4) −0.1

CF 0.96 ± 0.02 (17) 0.92 ± 0.04 (4) −4.2
THIAM, nmol g−1 1.98 ± 0.23 (17) 0.34 ± 0.06 (4) −82.7

Muscle lipid, % 5.47 ± 0.49 (18) 7.01 ± 1.31 (4) 28.2
Egg lipid, % 8.29 ± 0.27 (18) 8.71 ± 0.36 (4) 5.1
14:0, mg g−1 0.76 ± 0.11 (18) 0.93 ± 0.14 (4) 22.4
16:0, mg g−1 7.01 ± 0.66 (18) 7.82 ± 0.92 (4) 11.6
17:0, mg g−1 0.14 ± 0.01 (18) 0.17 ± 0.02 (4) 21.4
18:0, mg g−1 2.06 ± 0.18 (18) 2.39 ± 0.32 (4) 16.0

16:1n−7, mg g−1 1.48 ± 0.16 (18) 1.76 ± 0.27 (4) 18.9
17:1n−8, mg g−1 0.15 ± 0.02 (18) 0.18 ± 0.03 (4) 20.0
18:1n−7, mg g−1 1.73 ± 0.16 (18) 1.99 ± 0.26 (4) 15.0
18:1n−9, mg g−1 11.73 ± 1.13 (18) 14.94 ± 2.71 (4) 27.4
20:1n−9, mg g−1 0.81 ± 0.08 (18) 1.07 ± 0.23 (4) 32.1
18:2n−6, mg g−1 1.55 ± 0.15 (18) 1.87 ± 0.31 (4) 20.6
20:2n−6, mg g−1 0.34 ± 0.03 (18) 0.44 ± 0.09 (4) 29.4
18:3n−3, mg g−1 0.94 ± 0.09 (18) 1.17 ± 0.19 (4) 24.5

20:4n−6 (ARA), mg g−1 0.34 ± 0.02 (18) 0.43 ± 0.07 (4) 26.5
20:5n−3 (EPA), mg g−1 3.26 ± 0.28 (18) 4.27 ± 0.80 (4) 31.0
22:5n−3 (DPA), mg g−1 2.65 ± 0.30 (18) 3.72 ± 0.96 (4) 40.4
22:6n−3 (DHA), mg g−1 13.98 ± 1.15 (18) 19.32 ± 4.76 (4) 37.9

n−3 PUFA, mg g−1 21.32 ± 1.84 (18) 29.12 ± 6.77 (4) 36.6
n−6 PUFA, mg g−1 2.37 ± 0.21 (18) 2.92 ± 0.50 (4) 23.2

SFA, mg g−1 10.7 ± 1.0 (18) 12.0 ± 1.4 (4) 12.1
MUFA, mg g−1 17.47 ± 1.68 (18) 22.20 ± 4.00 (4) 26.9
PUFA, mg g−1 25.00 ± 2.13 (18) 33.72 ± 7.58 (4) 34.8
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3.6. More Salmon Fed in the Gulf of Bothnia when Young Herring Were Abundant

The classification of the 2017 Baltic salmon into two feeding groups, the Baltic Proper
and the Gulf of Bothnia, was clear and statistically significant (p < 0.01) in PCA-based
SIMCA for all three rivers (Rivers Simojoki, Dal, and Neris) (Figure 7). The River Simojoki
and River Dal salmon ascending in 2017 were grouped into two feeding groups, the Baltic
Proper and the Gulf of Bothnia (Supplementary Figure S3a,b), in the same way as the
2014 and 2016 River Simojoki salmon (Figure 3). The PCA biplot showed that the River
Neris salmon, except for one, had been feeding in the Baltic Proper (Figures 7 and S3c).
The females of the Rivers Simojoki, Dal, and Neris from the Baltic Proper did not differ
significantly in the fall of 2017 in FASA.
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Figure 7. Biplot based on PCA for the proportions of fatty acids (FAs) in unfertilized eggs of 2nd
sea-year salmon ascending the River Simojoki (Simo salmon), River Dal (Dal salmon), and River
Neris (Neris salmon) in 2017. Salmon were grouped (circled) according to the FA signatures of the
two feeding areas. The circled groups, indicating feeding in the Baltic Proper on sprat or in the Gulf
of Bothnia on herring, differed significantly (p < 0.01, SIMCA test). The total number of samples
was 52.

Of the 2017 salmon that had been feeding in the Baltic Proper, the eggs of the River
Dal salmon tended to contain higher proportions of 20:2n−6, ARA, and total n−6 PU-
FAs, typical of the Gulf of Bothnia diet, than the eggs of the River Simojoki salmon
(Supplementary Table S2). In contrast, the eggs of the 2017 River Simojoki salmon in
the Baltic Proper group tended to contain 16:0 and total SFAs in higher proportions.

In the eggs of the River Neris salmon in 2017, the proportions of DHA, EPA, n−3
PUFAs, and total PUFAs, as well as 18:3n−3, 18:1n−7, and ARA, were or tended to be
higher than in the River Simojoki salmon in 2017. In contrast, the proportions of 18:1n−9
and total MUFAs, as well as DPA, were higher in the eggs of the River Simojoki salmon
than in those of the River Neris salmon (Supplementary Table S2).

Considering the M74 and non-M74 females of the Rivers Simojoki and Dal from the
Baltic Proper in 2017, the River Dal M74 females were significantly (p < 0.05, SIMCA)
separated from the River Simojoki M74 and non-M74 females (Supplementary Figure S4).
Both of these River Simojoki salmon groups were associated with SFAs 16:0 and 18:0
and MUFAs, especially with 17:1n−8, indicating more sprat in the diet, and additionally,
the M74 females with high 14:0, indicating more southern feeding. Instead, the River Dal
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salmon were associated with ARA and EPA, and the River Dal M74 females were associated
with 18:3n−3, 18:2n−6, and 20:2n−6, indicating more feeding in the Gulf of Bothnia.

Running PCA with the egg FA proportions separately for each river and year, with
salmon grouped into M74 females and non-M74 females, also showed two feeding areas,
the Baltic Proper and the Gulf of Bothnia (Figure 8). PC1 reflected separation according to
feeding area, and PC2 reflected separation according to prey species. As a larger proportion
of the 2016 salmon had been feeding in the Gulf of Bothnia than of the 2017 salmon, the
proportion of M74 salmon that had been feeding there was also larger in 2016 (Figure 4).
Then, 23% of the River Simojoki M74 females, whereas in 2017, 10% had been feeding in
the Gulf of Bothnia. In 2016, of the River Dal M74 females, more than half, 58%, had been
feeding in the Gulf of Bothnia, while 30% of the 2017 M74 females had been feeding there.
The differences in the proportion of M74 cases derived from the Gulf of Bothnia between
the River Simojoki and River Dal females, therefore, depended on their feeding frequency
there. One of the 2016 River Dal M74 females in the Baltic Proper group differed from the
others by being associated with the FAs, ARA, 18:0, 20:1n−9, and heptadecanoic acid (17:0),
which suggests feeding in the Gulf of Finland (Figure 8).
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Figure 8. Biplots based on PCA on the proportions of fatty acids (FAs) in unfertilized eggs of 2nd
sea-year salmon ascending the River Simojoki (Simo salmon), River Dal (Dal salmon), and River Neris
(Neris salmon) of the Baltic Sea in the years 2014, 2016, and 2017. Salmon were grouped (circled)
according to the FA signatures of the two feeding areas. The circled groups indicating feeding in
the Baltic Proper on sprat or in the Gulf of Bothnia on herring within a river differ significantly
(p < 0.01, SIMCA).



Fishes 2024, 9, 58 16 of 35

3.7. Salmon Grew Faster in the Baltic Proper Than in the Gulf of Bothnia

The River Simojoki salmon that had been feeding in the Baltic Proper tended to be
longer and heavier in 2014 than in 2016 (Figure 9 and Supplementary Table S2). However,
the CF tended to be higher in 2016 than in 2014. The length, mass, and CF of the 2016 or
2017 River Simojoki and River Dal salmon from the Baltic Proper did not differ significantly,
although they tended to be higher for the River Dal salmon, with the exception of the CF of
the River Simojoki salmon in 2016 (Figure 9). The 2017 River Neris salmon that had been
feeding in the Baltic Proper were significantly longer and heavier than the 2016 and 2017
River Simojoki and Dal salmon (Figure 9 and Supplementary Table S2).

In general, in 2017, the salmon from the Rivers Simojoki, Dal, and Neris that had been
feeding in the Baltic Proper were or tended to be larger, and their CF also tended to be
higher than for salmon that had been feeding in the Gulf of Bothnia (Figure 9). Although
these differences were non-significant in most cases, the 2016 River Simojoki salmon that
had been feeding in the Baltic Proper were significantly (p < 0.01) heavier and longer than
the specimens from the Gulf of Bothnia.
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Figure 9. Mean (±SE) (a) total body length, (b) body mass, (c) condition factor (CF), and (d) egg lipid
content of female 2nd sea-year Baltic salmon ascending the Rivers Simojoki (Simo), Dal, and Neris in
2014–2017 that had been feeding either in the Baltic Proper or the Gulf of Bothnia based on the fatty
acid signatures in eggs, and as a comparison, those of the River Tenojoki females (Teno) ascended
from the Barents Sea of the Arctic Ocean. The number of samples (N) is indicated in parentheses. No
common letters on the top of the columns indicates a significant (p < 0.05, post hoc SNK test, N < 3 not
included in the test) difference between the means, and the stars indicate a significant (** = p < 0.01)
difference between the areas within the river and year.
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3.8. Relationships between Fish Size and Egg and Muscle Lipid and Egg THIAM

The lipid content of eggs was highest in Arctic Ocean salmon, where it was significantly
higher than in the Baltic salmon groups, except for the River Neris salmon (Figure 9). The
sea-years of Arctic Ocean salmon were unknown, but their length and mass did not differ
(p > 0.05) from the second sea-year River Neris salmon (Figure 9). Among the 2017 salmon
from the Baltic Proper, the mean lipid content of the eggs was significantly higher for the
River Neris salmon than for the River Simojoki salmon and tended to be higher than for
the River Dal salmon. The egg lipid content of the River Neris salmon in 2017 and the
River Simojoki salmon in 2014 did not differ significantly, but the egg lipid content was
significantly lower for the 2016 River Simojoki and River Dal salmon than for the 2017
River Neris salmon (Figure 9).

When salmon from all rivers were considered together, the lipid content in the eggs
increased with the increase in the length and mass of females, although the coefficient
of determination was low due to large variability (Supplementary Figure S5). Similarly,
in 2016, the lipid content in the muscle of the River Simojoki salmon tended to increase
(p > 0.05) with the size of salmon females from the Baltic Proper (Table 3). In contrast, in
2014, the lipid content of the muscle decreased clearly and significantly with the mass,
length, and CF of the River Simojoki salmon from the Baltic Proper (Table 3).

In 2014, the concentration of egg THIAM of the River Simojoki salmon from the
Baltic Proper was correlated significantly and positively with length and mass and non-
significantly with CF, but in contrast, the negative correlations in 2016 in these were
non-significant (Table 3). In 2014, the egg THIAM concentration was lower the higher
the lipid content was in muscle and eggs, and the negative correlation was stronger with
muscle lipids (Table 3). In 2016, the negative correlation of the egg THIAM concentration
tended to be significant only with muscle lipid content. There was no clear correlation
between muscle and egg lipid content in either year.

Table 3. Pearson correlation coefficients with a significance (p-value) below for total length, body
mass, condition factor (CF), and muscle and egg lipid content against muscle and egg lipid content (%)
and free thiamine (THIAM) concentration in eggs (nmol g−1) of the River Simojoki salmon females
ascending for spawning in 2014 and 2016 after feeding in the Baltic Proper. Significant correlations
are given in bold. The number of observations is given in parentheses.

Length Mass CF Muscle Lipid Egg Lipid

2014 2016 2014 2016 2014 2016 2014 2016 2014 2016

Muscle lipid −0.610 0.317 −0.715 0.312 −0.572 0.181
0.027 0.161 0.006 0.168 0.041 0.432
(13) (21) (13) (21) (13) (21)

Egg lipid −0.376 0.063 −0.339 0.213 0.011 0.336 0.009 0.157
0.205 0.785 0.258 0.354 0.971 0.136 0.975 0.486
(13) (21) (13) (21) (13) (21) (14) (22)

Egg THIAM 0.555 −0.233 0.671 −0.123 0.460 0.157 −0.633 −0.393 −0.563 −0.124
0.049 0.323 0.012 0.605 0.114 0.508 0.015 0.078 0.036 0.592
(13) (20) (13) (20) (13) (20) (14) (21) (14) (21)

3.9. Low Egg THIAM Concentrations Were Associated with High Muscle n−3 PUFA Concentrations

A significantly lower mean THIAM concentration in eggs in 2016 than in 2014 indicated
severe M74 in 2016. The muscle lipid percentage and the CF of the River Simojoki females
that had been feeding in the Baltic Proper tended to be higher in the M74 year 2016 than
in the non-M74 year 2014 (Figure 10). The concentrations of DHA, total n−3 PUFAs, and
total PUFAs in muscle were significantly higher in 2016 than in 2014 in salmon from the
Baltic Proper. The difference was most significant with DHA, followed by total n−3 PUFAs
(Figure 10). There was no significant difference in the concentrations of SFAs, MUFAs, and
n−6 PUFAs in the muscle of these females between the two years (Figure 10).
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Figure 10. Comparisons for 2nd sea-year River Simojoki salmon from the Baltic Proper between 2014
(Simo2014) and 2016 (Simo2016) and between the River Simojoki salmon from the Baltic Proper and
the Gulf of Bothnia in 2016 for the egg THIAM concentration, muscle lipid content, condition factor
(CF), and concentrations of different structural classes of fatty acids and docosahexaenoic acid (DHA,
22:6n−3) in muscle. The lines above the figures indicate pairs to compare, and the significance of the
t-test is given. In the box plots, the whiskers depict the range (min–max), the upper and lower parts
of the boxes depict 25 and 75% of the observations, the horizontal lines depict the median value, and
the squares depict the mean concentration. The number of observations is given on the x-axis of the
lowest figures.

The concentrations of DHA, total n−3 PUFAs, and total PUFAs in muscle did not
differ between the 2016 River Simojoki salmon from the two areas, although the mean
THIAM concentration in the eggs was significantly lower for salmon from the Gulf of
Bothnia than for salmon from the Baltic Proper (Figure 10). However, there were more
than twice as many Baltic Proper salmon as there were Gulf of Bothnia salmon, and the
THIAM concentrations in their eggs varied much more than those of Gulf of Bothnia
salmon (Figure 10). There was no significant difference in the concentrations of SFAs or
MUFAs in the muscle of salmon between the two feeding areas in 2016, but as an indication
of the feeding area, the concentration of n−6 PUFAs was higher in Gulf of Bothnia salmon
(Figure 10).

When the salmon from all Baltic rivers by feeding areas (unless N < 3) and Arctic
Ocean salmon were compared, the mean egg THIAM concentration was the highest for
Arctic Ocean salmon, which did not differ significantly from that of the 2014 River Simojoki
and the 2017 River Neris salmon from the Baltic Proper (Figure 11). In the non-M74 year
2014, the eggs’ THIAM concentration was significantly higher for the River Simojoki salmon
from the Baltic Proper than for the 2016 and 2017 River Simojoki and River Dal salmon
from the Baltic Proper. The River Simojoki and River Dal salmon from the Baltic Proper did
not differ significantly, but the variation in the THIAM concentration was higher for the
River Simojoki salmon than for the River Dal salmon.
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Figure 11. THIAM concentration in unfertilized eggs of 2nd sea-year salmon ascending the Rivers
Simojoki (Simo), Dal, and Neris in 2014–2017 assigned by fatty acid signatures to the feeding areas
of the Baltic Proper or the Gulf of Bothnia and in the eggs of salmon ascending the River Tenojoki
(Teno) from the Barents Sea in the Arctic Ocean. Different letters indicate a significant (p < 0.05, post
hoc SNK test; N < 3 not included in the test) difference between the groups, and stars indicate a
significant (* = p < 0.05 and ** = p < 0.01, t-test) difference between the adjacent groups. The number
of samples (N) is given in parentheses. For further details, see the caption of Figure 10.

Of the 2016 River Simojoki salmon and the 2017 River Dal salmon, the mean egg
THIAM concentration was significantly lower (t-test) in salmon that had been feeding in
the Gulf of Bothnia than in those from the Baltic Proper (Figure 11). In one salmon specimen
of the 2017 River Neris salmon, the egg THIAM concentration (0.61 nmol g−1) was lower
than the threshold for possible YSFM. In the PCA biplots (Figures 6b and 7), this individual
was localized close to some River Dal specimens whose egg THIAM concentrations were
0.09–0.25 nmol g−1 (N = 6), and which, based on FASA, had been feeding in the Gulf
of Bothnia.

4. Discussion

The two feeding areas with their dominant prey species (sprat in the Baltic Proper or
herring in the Gulf of Bothnia) of Baltic salmon that ascended the River Simojoki could be
determined at spawning by FASA from eggs and muscle. After 2014, when strong year-
classes of sprat and herring hatched in the Baltic Proper and Gulf of Bothnia, respectively,
salmon thiamine deficiency developed in both areas due to the available diet because
the concentrations of DHA and total n−3 PUFAs are highest in the youngest sprat and
herring [17]. Thiamine deficiency was the most severe in second sea-year salmon females
after two years of feeding on these clupeids, i.e., females in 2016, and was milder in female
ascendants a year earlier (2015) and later (2017) [8]. A low THIAM concentration in eggs
was associated with the high concentrations of DHA and total n−3 PUFAs in muscle, and
the association was stronger with DHA. The concentrations of these FAs in the muscle were
higher in the M74 year than in the non-M74 year, and in the M74 year, they were higher in
M74 females than in non-M74 females. Although the relationship between THIAM and
n−3 PUFA concentrations did not apply to eggs, the proportions of DHA and n−3 PUFAs
in eggs were higher for Baltic salmon than for Arctic Ocean salmon ascending the River
Tenojoki, which indicates more abundant n−3 PUFAs in the diet of Baltic salmon, especially
in 2016. In contrast with muscle, lipid content in eggs was higher in females in the non-
M74 year than in the M74 year, and higher in Arctic Ocean salmon than in Baltic salmon.
Although the Baltic Proper is the main feeding area of most Baltic salmon, after the strong
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year-class of herring that hatched in the Gulf of Bothnia, a higher proportion of salmon had
been feeding there instead of the Baltic Proper than in other years. A higher proportion of
both the River Simojoki and River Dal M74 females in 2016 had, therefore, also been feeding
in the Gulf of Bothnia than in the Baltic Proper. However, the River Dal salmon of reared
origin had been feeding more in the Gulf of Bothnia than the wild River Simojoki salmon,
and a higher percentage of the River Dal M74 females, therefore, originated from the Gulf
of Bothnia. In the Baltic Proper, the River Dal salmon had apparently been feeding further
north on average than the River Simojoki salmon or had first been feeding in the Gulf of
Bothnia before arriving in the Baltic Proper. The FA composition of most of the River Neris
salmon suggested that they had probably been feeding in the northern Baltic Proper, but an
occasional individual had extended the feeding migration to the Gulf of Bothnia.

4.1. The Fatty Acid Proportions of Muscle and Eggs Similarly Revealed the Prey Species and
Feeding Area

The feeding area and the main prey fish of the salmon ascending the River Simojoki in
2014 and 2016 could be determined equally well by the FA proportions of either muscle or
eggs, despite some differences in their FA proportions. The characteristic FA patterns of
Baltic Proper sprat and Gulf of Bothnia herring [17] found in the muscle FAs of the River
Simojoki salmon females spawning in 2014–2017 were similar to those in spawning salmon
in 1998 and 2004, as well as in salmon caught during their feeding migration from both
areas in 2004 [2,13,22].

The main reason for the differences in the FA proportions between muscle and eggs
was that the different FAs of lipids stored during the feeding migration in muscle, in
addition to viscera [56–58], had been used at different extents and rates for metabolic
functions, general activities, and growing oocytes [2,9] during the pre-spawning fast. For
example, the body mass of the River Simojoki salmon decreased by 10% between entering
the river and spawning, i.e., from June to October [39], and muscle lipid content decreased
by 50% during the spawning migration from the southern Baltic Proper in May to the River
Simojoki and pre-spawning fasting until spawning in October [22]. Due to the selective
catabolism of FAs preferring storage lipids to structural lipids, MUFAs and especially SFAs
were consumed the most, and PUFAs were consumed least, in muscle during the spawning
migration and pre-spawning fasting of salmonines [2,22,59]. This was most clearly seen in
this study as a higher proportion of DHA and total n−3 PUFAs in muscle than in eggs.

When salmonines eat fatty fish, n−3 PUFAs and especially DHA accumulate in ex-
ceptionally high concentrations in the TAG fraction in muscle and visceral adipose tissues,
which contain the majority of storage lipids [56,60,61]. In muscle, the proportions of 16:0
and 18:1n−9 in the River Simojoki salmon that had been feeding in the Baltic Proper were
both in the non-M74 year 2014 and the M74 year 2016 approximately similar to those in the
salmon from the Baltic Proper spawning in 2004, when no M74 resulted from feeding in
the Baltic Proper [22]. Instead, the proportion of DHA in muscle in 2016 was 12% higher
than in 2014 and up to 22% higher than in the non-significant M74 year 2004 [8,22]. The
median THIAM concentration in eggs in 2016 was less than one-fifth of that in 2014 and
half of that in 2004.

Although the proportion of DHA increased in the muscle of the River Simojoki salmon
during the pre-spawning fast, its concentration decreased by 45%, and the concentrations
of EPA, DPA, and total PUFAs decreased by 50%, 25%, and 46%, respectively, due to the
decrease in lipid content [22]. However, the concentrations of SFAs in muscle decreased
much more, e.g., the concentration of 16:0 decreased by 62% [22]. In sprat and herring, an
increase in the proportion of DHA was also observed when they lost mass during the win-
ter [2], which was due to preserving DHA as an essential component of the phospholipids
of the cell membranes [62].

Because of the selective use of FAs of muscle lipids for metabolism and the transfer
to oocytes [9], the lipid content of the River Simojoki salmon eggs during spawning was
higher than in muscle. The same was true for Baltic sea trout (Salmo trutta) [63] and several
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salmonine species from Lake Ontario in North America [7]. Due to the higher lipid content
of eggs in 2014 than in 2016, the differences in the proportions of DHA and total n−3
PUFAs between years were less significant in eggs than in muscle. However, the proportion
of n−3 PUFAs was also higher in eggs in the M74 year than in the non-M74 year. The
diet is, therefore, not only reflected in the composition of the FAs accumulating in fish
tissues [57,64] but also in the FA composition of eggs because the body’s lipid reserves are
used to grow oocytes.

4.2. Fatty Acid Composition of Baltic Salmon Differs from That of Arctic Ocean Salmon

The FASA of the proportions of FAs in eggs indicated that the diet of Arctic Ocean
salmon ascending the River Tenojoki had differed greatly from the diet of Baltic salmon.
The association of Arctic Ocean salmon in the PCA biplot with high 16:0 and low DHA
suggests that their diet contained more crustaceans and/or leaner prey fish than the diet
of Baltic salmon, as the high lipid content of marine prey fish results in high body DHA
proportions and concentrations [13,60,61]. However, DHA was the most common n−3
PUFA, 16:0 was the dominant SFA, and 18:1n−9 was the dominant MUFA in the eggs of
Arctic Ocean salmon, like in Baltic salmon.

Unlike Baltic salmon [37,38], Atlantic Ocean salmon eat a lot of crustaceans [65], which
contain fewer lipids, especially DHA and total n−3 PUFAs, than sprat and herring [66].
According to Jacobsen and Hansen [65], the stomach content (by mass) of Atlantic Ocean
salmon in 1992–1995 consisted of 32% of invertebrates, whereas invertebrates have been
2% of the stomach content of Baltic Proper and Gulf of Bothnia salmon in the 1950s and
1960s [67] and <1% in the 1990s [37,38]. In Atlantic shrimp (Pandalus sp.), for example,
the concentration of DHA was only one-tenth of that in Baltic sprat and one-sixth in her-
ring [17,66]. In the northern Atlantic Ocean krill species, which comprised approximately
4% of the mass of stomach content in Atlantic salmon [65], the total lipid content of fresh
krill ranged between 0.5 and 4.5% [68,69]. According to several years of data, the total lipid
content of Baltic sprat in the fall was on average 11%, and in herring, of a size appropriate
as prey for salmon (<19 cm), it was 7% [1,17], and the values were similar in samples
collected in the fall of 2017 [70].

In the diet of Atlantic Ocean salmon, fatty fish, e.g., Atlantic herring accounted for
approximately 8%, mackerel (Scomber scombrus) accounted for 2%, and capelin (Mallo-
tus villosis) accounted for 2% on a mass basis [65]. In the diet of Baltic Proper salmon of
>60 cm in length, the proportion of fish other than sprat and herring has been approxi-
mately 5% [37,38]. In the Gulf of Bothnia, the diet of salmon has principally consisted of
herring [37,38], but one-sea-winter salmon also consumed invertebrates, although they
were only about 2–3% of their diet [71]. Salmon smolts released in the northern part of the
Gulf of Bothnia in May–June passed through the Gulf during August–September when
they reached a length of 24–32 cm and their diet changed solely to fish [33,71]. The feeding
history of smolt-phase or one-sea-winter salmon is probably not reflected in the FASA of
second sea-year salmon at the time of spawning because the FA composition of juvenile
salmon became similar to their current diet after approximately five months of feeding [72].
However, in salmonines, body lipid content, i.e., FA concentration and amount, usually
increases with age [56,73].

The lipid percentage of the eggs did not reflect the amount of lipids accumulated in
the muscle from the diet because it was not correlated with the lipid content of the muscle.
Therefore, the amounts of FAs in the diet could not be estimated from the concentrations of
FAs in the eggs. Instead, the FA composition of the eggs reflected the dietary differences
between the salmon groups. The proportion of DHA in eggs was significantly lower in
Arctic Ocean salmon than in Baltic salmon that had been feeding in the Baltic Proper but
did not differ significantly from Baltic salmon that had been feeding in the Gulf of Bothnia.
The proportion of n−3 PUFAs also include DPA and EPA, which were, in most cases, more
common in Arctic Ocean salmon than in Baltic salmon, especially in those that had been
feeding in the Baltic Proper [2]. However, the proportion of n−3 PUFAs in eggs was also
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significantly lower for Arctic Ocean salmon than for Baltic salmon from the Gulf of Bothnia.
Moreover, in the eggs of Atlantic salmon ascending a river on the western coast of Sweden,
the proportion of DHA in both the phospholipid and TAG fractions was lower than in
the eggs of Baltic salmon [74]. In the TAG fraction, the proportion of n−3 PUFAs was
also lower in the Atlantic salmon from this river than in the Baltic salmon but not in the
phospholipid fraction [74], whose proportion as a whole is much lower than the proportion
of the TAG fraction [75]. As with the eggs of Arctic Ocean salmon compared to the Baltic
salmon of this study, the proportion of n−6 PUFAs was also considerably lower in the eggs
of this Atlantic river salmon than in the eggs of Baltic salmon [74].

4.3. Salmon Remain to Feed on Young Herring in the Gulf of Bothnia if Abundant

The percentages of the River Simojoki salmon that had remained to feed in the Gulf
of Bothnia in 2012 (13%) and 2015 (10%) as smolts, and after feeding there for two years,
ascended for spawning in 2014 and 2017, were close to the percentages obtained from the
long-term mark–recapture studies. The average annual proportion of the tagged wild River
Simojoki salmon recaptured from the Gulf of Bothnia was 14% during 1986–2007 [36]. In
contrast, more than one in four (27%) of the River Simojoki salmon females that returned to
spawn in 2016 had, according to FASA, remained as smolts in the Gulf of Bothnia in 2014
to feed on abundant young herring [42]. Consistently, according to mark–recapture studies,
the proportion of salmon smolts that had halted their feeding migration in the Gulf of
Bothnia was higher in the years when herring recruitment was successful there [32,33,76].
In addition to the size of the new year-class of Gulf of Bothnia herring, the production
of salmon smolts can affect the number of salmon that stop at the Gulf of Bothnia [76].
The annual total numbers of salmon smolts from stockings and natural reproduction that
started their feeding migration in the sea did not differ between 2012 and 2015 [77]. The
number of migrating smolts has, therefore, not affected how many of them remained in
the Gulf of Bothnia in these years, and the reason was probably the strength of the herring
2014 year-class.

The estimated percentages of salmon that remained in the Gulf of Bothnia obtained
from mark–recapture studies have differed between the Rivers Simojoki and Tornionjoki
and between wild and reared smolts. For example, while the data from 1986 to 2007 show
that an annual average of 14% of the wild River Simojoki salmon smolts compared to 24%
of reared ones remained to feed in the Gulf of Bothnia [36], the data from 1999 to 2008
show that 6% of the wild and 15% of the reared River Simojoki salmon smolts remained
in the Gulf of Bothnia [35]. For salmon from the River Tornionjoki, the percentages of
salmon remaining in the Gulf of Bothnia were somewhat lower: 4% of the wild and 11%
of the reared smolts [35]. It, therefore, seems the Tornionjoki salmon probably migrate to
the southernmost Baltic Sea fastest among the salmon stocks in the Gulf of Bothnia [78].
Extensive supplementary stockings in these rivers started in the 1990s to revive the two
original naturally reproducing salmon stocks, the River Tornionjoki and River Simojoki
stocks, as they were on the verge of extinction due to heavy sea fishing in the 1980s and
very high M74 mortality in the early and mid-1990s [8,79]. Supplementary stockings were
stopped in the early 2000s after the stocks had recovered. All the River Simojoki salmon in
the present study were, therefore, wild. In contrast, all the River Dal salmon were reared.
Because reared salmon end up feeding in the Gulf of Bothnia more often than wild-born
salmon [34], this is a likely explanation for the higher proportion of them feeding in the
Gulf of Bothnia than the River Simojoki salmon. Another explanation is that the River Dal
salmon probably first migrated northward in the Gulf of Bothnia before heading to the
Baltic Proper [78].

The River Dal salmon had also remained to feed on the strong herring 2014 year-class
to a larger extent because three out of five of the 2016 River Dal ascendants remained
in the Gulf of Bothnia, and about one-third remained in 2017. Furthermore, a higher
proportion of M74 females in the River Dal population than M74 females in the River
Simojoki population had been feeding in the Gulf of Bothnia in 2016. In 2017, when the
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incidence of M74 had already decreased, a higher proportion of the River Dal M74 females
than the River Simojoki M74 females were still those that had been feeding in the Gulf
of Bothnia.

Tag–recapture studies covering years and even decades have provided valuable infor-
mation about Baltic salmon migrations, although salmon handling, the tag itself, and the
physiological stress caused by transportation can affect the survival and migration behavior
of smolts [34–36,80]. Estimates of salmon distribution based on the mark–recapture method
depend on the fishing activity at the time of capture [34]. These method challenges do
not apply to the FASA method, which, unlike the mark–recapture method, allows the
determination of the feeding area of salmon after their return to the spawning river and
seems to be a reliable method for this.

4.4. Different Salmon Stocks Have Different Feeding Patterns

The differences in the FA signatures between salmon from the two feeding groups were
also statistically significant for the River Dal and River Neris salmon. Small differences in
the FA signatures between these and the River Simojoki salmon indicated some differences
in their feeding patterns.

The hatchery-reared River Dal salmon, like the hatchery-reared smolts from the differ-
ent salmon stocks of the rivers of the northern Gulf of Bothnia, e.g., the Rivers Simojoki,
Tornionjoki, and Kemijoki, had remained to feed in the Gulf of Bothnia more often than
wild smolts instead of migrating to the Baltic Proper [34–36]. In 2016 and 2017, the annual
proportions of the River Dal salmon that had been feeding in the Gulf of Bothnia were two
to three times higher than the proportions of the River Simojoki salmon feeding in the area.
In 2014, when a record herring year-class hatched in the Gulf of Bothnia [42,44], less than
one-third (32%) of the River Dal salmon had migrated to the Baltic Proper, whereas almost
three out of four River Simojoki salmon (73%) had migrated there.

Although a lower proportion of the River Dal M74 females in 2016 were from the Baltic
Proper (16%) than from the Gulf of Bothnia, their proportion was still higher than those of
the River Simojoki M74 females from the Baltic Proper (13%). In 2016, the FA signatures
of Dal M74 and non-M74 females differed significantly from those of the River Simojoki
M74 females from the Baltic Proper and Gulf of Bothnia. A year later, when the abundance
of young herring in the prey biomass of the Gulf of Bothnia had already decreased [44],
the feeding migration behavior of the River Simojoki 2017 ascendants had returned to the
long-term average [36]. Nevertheless, 35% of the River Dal salmon were from the Gulf of
Bothnia, and a higher proportion of M74 females of the River Dal salmon originated there
(30%) than of the River Simojoki M74 females (10%). A higher proportion of M74 females
(20%) of the River Dal salmon than of the River Simojoki salmon (15%) also originated from
the Baltic Proper in 2017.

The higher proportion of M74 females among the River Dal salmon than among the
River Simojoki salmon is possibly due to their larger size as smolts, as indicated by their
larger size at the age of the second sea-year at spawning time. Especially in 2017, the River
Dal salmon were larger than the River Simojoki salmon in the Baltic Proper and Gulf of
Bothnia feeding groups. Reared salmon smolts are usually larger than wild smolts [35] and
are, therefore, readier to prey on fish for food than smaller smolts instead of first eating a
mixed diet. Typically, reared smolts also have a higher lipid content than wild smolts, which
has been linked to their higher marine mortality [81]. However, the feeding migration
routes of the River Dal salmon also differ from the migration routes of the salmon from
the northern Gulf of Bothnia rivers [78]. Due to the more southern location of the River
Dal in the Gulf of Bothnia, the River Dal salmon smolts directly enter the Bothnian Sea,
which is the main spawning and feeding ground for Gulf of Bothnia herring [30]. Instead,
the River Simojoki salmon smolts have first come to the Bothnian Bay, where herring are
less common than in the Bothnian Sea [82]. Apparently, the larger River Dal salmon had
been feeding more and for a longer period than the River Simojoki salmon on abundant
young herring, which the salmon’s prey biomass in the Gulf of Bothnia mainly consisted
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of in 2014 and subsequent years [82]. After accumulating more n−3 PUFAs, the River Dal
salmon, therefore, became thiamine deficient more easily than the River Simojoki salmon.

Considering the salmon from the Baltic Proper, in the PCA biplot, the River Simojoki
salmon were more clearly associated with 14:0 and 17:1n−8 than the River Dal salmon,
indicating their feeding in the more southerly Baltic Proper and more on sprat [2,13]. In
contrast, in 2016, most of the River Dal salmon, and in 2017, some of them, were more
clearly associated with ARA, other n−6 FAs, and 18:1n−7 than the River Simojoki salmon,
suggesting that they had probably been feeding more in the Gulf of Bothnia and more on
herring [2,13]. This result is consistent with that of Jacobson et al. [78], according to which
the salmon smolts of the River Dal first migrate to the north of the Gulf of Bothnia before
heading to the southern Baltic Sea. They could, therefore, have been feeding in the Gulf
of Bothnia for a longer period than the River Simojoki salmon. Another and very likely
possibility is that the same River Dal salmon had continued to feed in the northern Baltic
Proper, i.e., further north on average than the River Simojoki salmon and the salmon from
the other Bothnian Bay rivers [78], as mark–recapture studies have previously shown for
reared smolts [34]. According to the 2016 catch statistics [82,83], 0–2-year-old herring were
more abundant in the northern than in the southern Baltic Proper. However, due to its
very strong year-class, sprat have been abundant in the entire Baltic Proper, as well as in
the western and central parts of the Gulf of Finland in 2014–2015 [84,85]. Indeed, one 2016
River Dal salmon in the Baltic Proper group was associated in the PCA biplot with the FAs,
which suggested feeding in the Gulf of Finland (see [13]). However, like the River Simojoki
salmon, the River Dal salmon from the Baltic Proper were associated with 18:1n−9, which
is more common in sprat than in herring, and dietary sprat are linked to the development
of M74 in the River Dal salmon in the Baltic Proper.

The differences in the FA signatures were more pronounced between M74 than non-
M74 females, apparently because the diet of M74 females contained larger amounts of
young clupeids than the diet of non-M74 females. This was reflected in higher lipid content
and DHA and total n−3 PUFA concentrations in the muscle of the River Simojoki M74
females than in non-M74 females from the Baltic Proper in 2016. The accumulation of
marine lipids containing high concentrations of n−3 PUFAs, especially DHA, resulted in
thiamine deficiency, as has already been confirmed [7,13,22].

The FA patterns in the eggs of many River Neris salmon suggest that they had headed
north and been feeding more on herring and in more northerly Baltic Proper areas on
average than the River Simojoki salmon. Two River Neris salmon in the Baltic Proper
feeding group were located in the PCA biplot near some River Dal salmon, suggesting a
similar diet. Mark–recapture studies have already shown that salmon from rivers in the
southern part of the Baltic Sea can migrate toward the northern Baltic Proper and the Gulf
of Finland and even to the Gulf of Bothnia [31,32]. The FA composition of one River Neris
salmon with the lowest egg THIAM concentration suggests it had been feeding mainly on
herring as far as the Gulf of Bothnia. The Gulf of Bothnia feeding groups of the River Dal
and River Simojoki salmon in the fall of 2017 with a low THIAM concentration in eggs in
the PCA biplot were associated with the same FAs as this individual River Neris salmon.
Therefore, due to the very abundant herring 2014 year-class in the Gulf of Bothnia [42,86],
salmon from different rivers had been feeding there.

4.5. Abundance of Young Clupeids Increased n−3 PUFA Content and Thiamine Deficiency
in Salmon

In the early 2000s, the size of the sprat stock decreased to its smallest since the early
1990s [39]. This resulted in the highest THIAM concentrations in the eggs of salmon in
the falls of 2002–2004 since the start of the analyses in 1994 [8,79]. However, THIAM
concentrations in salmon eggs were even higher in 2011–2014, reaching a record high in
2014. The stock of cod (Gadus morhua) consuming sprat had recovered to some extent
toward the 2010s [42], so the sprat apparently did not dominate the herring—at least not
significantly—in the prey biomass of salmon in the Baltic Proper, which was the case in the
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1980s [39]. In addition, the small herring suitable for salmon as prey were probably leaner
than in the Gulf of Bothnia, as was the case in the early 2000s [13,79].

In the fall of 2015, the THIAM concentrations in salmon eggs were lower than in the
previous year, and in the fall of 2016, they were so low that some parent females died of
thiamine deficiency before spawning, and all or a proportion of the offspring of 35% of
salmon females included in the Finnish M74 monitoring died of M74 [8]. In 2017, when
the strong year-classes of prey fish had leveled off [42], the THIAM concentration of the
eggs increased, and the proportion of M74 females decreased to 16%. As a result, salmon
YSFM decreased to 14% in the spring of 2018. In the fall of 2018, the proportion of M74
females among the salmon of the Rivers Tornionjoki and Kemijoki included in the Finnish
M74 monitoring were 1% and 8%, resulting in YSFM of 5% and 8% in the spring of 2019 [8].

In general, strong new year-classes of sprat in the Baltic Proper cause the majority of
M74 mortalities, especially when the stocks of cod, which is the main predator of sprat,
are weak [39,87,88]. Between 1985 and 2006, YSFM was positively correlated with the total
prey biomass of salmon and the sprat biomass in the Baltic Proper and was not correlated
with the salmon prey biomass of Baltic Proper herring [39]. Sprat, therefore, dominated
herring in the diet of salmon in the Baltic Proper throughout the 1990s and 2000s until
the 2010s [1,13,17,37,38] and apparently after this, at least during periods when the new
year-classes of sprat have been large.

The 2014 sprat year-class was the third largest in the 1974–2021 survey period [42,43].
In the southern Baltic Sea, herring quickly grow larger than the size that salmon prefer
as prey [39], and in this area, only the youngest herring are, therefore, suitable prey for
salmon [38,89]. In contrast with herring, sprat grow little after reaching an approximate
length of 15 cm [1,17,40], and all sprat are, therefore, of a suitable size for salmon prey [38].

FASA clearly revealed that the dominant prey fish of salmon in the Gulf of Bothnia
was herring, as reported earlier [38,39,71]. A small number of sprat migrate from the Baltic
Proper to the southern parts of the Gulf of Bothnia, especially when sprat are abundant [30].
Despite this, the amount of sprat in the prey fish biomass of Gulf of Bothnia salmon has
remained below 5% [38,39], and sprat are mainly present during the cold-water period, as
they return to the Baltic Proper for the summer to spawn [30]. The size of the new herring
year-class in the Gulf of Bothnia has varied. Between 1962 and 2021, it first peaked in 2002
and again in 2014 [82,90]. After both these years, the salmon that had been feeding in the
Gulf of Bothnia suffered from M74.

As the lipid content is higher in sprat than in herring [13,17,41] and the highest in
the youngest sprat [1], by eating young sprat, salmon accumulate lipids and DHA more
readily during their feeding migration in the Baltic Proper than by eating herring. Herring
in the Baltic Proper and Gulf of Finland tend to be lean in strong sprat stock years because
young herring have to compete with sprat for the same food resources [91,92]. Abundant
young sprat from the strong 2014 year-class in the Baltic Proper [42,43] resulted in a higher
concentration of muscle DHA in second sea-year salmon ascending in 2016 than in salmon
ascending in 2014. However, small herring have at least occasionally (e.g., in the early
2000s) been fattier in the Gulf of Bothnia than in the Baltic Proper [13]. In addition, the
proportion of n−3 PUFAs has been higher in herring than in sprat [17,41], but in both
species, the concentrations of DHA and total n−3 PUFAs have been highest in the youngest
age groups [17]. Therefore, when young herring are abundant and fatty in the Gulf of
Bothnia, the intake of DHA and total n−3 PUFAs from them is so high that it can cause
thiamine deficiency in salmon [13].

When a strong year-class of herring was hatched in the Gulf of Bothnia in 2014 [93], the
diet in both the Baltic Proper and the Gulf of Bothnia caused thiamine deficiency in salmon
females in 2015–2017 and as a result, M74 mortality among the offspring [8]. Likewise,
the largest of the lampreys, mostly females, which ascended the River Perhonjoki on the
southeastern Bothnian Bay for spawning in the fall of 2014, died of thiamine deficiency
before spawning in the spring of 2015 after suffering from M74 symptoms during the
pre-spawning mid-winter fast [4]. The lampreys had apparently also fed on abundant
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young herring in the Gulf of Bothnia during the summer of 2014, as well as on salmon [94]
that remained in the Gulf of Bothnia or those that migrated for spawning to the Gulf of
Bothnia rivers in record numbers in 2014 [93].

4.6. Low Egg THIAM Concentration Was Associated with High Muscle, Not Egg, Lipid Content

The concentrations of THIAM in eggs already decreased in salmon that ascended
the rivers in the summer of 2015 and spawned in the fall, having been feeding for a
year on abundant young sprat in the Baltic Proper or on herring in the Gulf of Bothnia.
Only one growing season was, therefore, required for the development of poor thiamine
status, because the 0-year-old sprat during the last months of the year and herring during
the late summer already reach lengths (circa 50 mm) that make them suitable prey for
salmon [38,39,95]. In addition, salmon also feed to a considerable degree in the winter on
these youngest prey fish, especially in mild winters [37]. However, thiamine deficiency in
the studied salmon, as well as in salmon from the Gulf of Bothnia rivers, for which M74
has been annually monitored, was the worst after two feeding years, i.e., in the salmon
that migrated to the sea as smolts in the spring of 2014 and ascended for spawning in the
fall of 2016 [8]. As lipids accumulate in salmonines along with growth and age [56,73], the
accumulated n−3 PUFAs have already consumed thiamine in energy metabolism and lipid
peroxidation during the feeding migration, as seen in a higher hepatic MDA and lower
total thiamine concentration in the fattiest salmon in the sea [13].

In addition to providing a large amount of n−3 PUFAs [17,41,52], the youngest sprat
and herring probably also provided the least thiamine, especially in relation to the thi-
amine requirement of salmon [1,17]. Among the age groups, the youngest have the lowest
thiamine concentrations, apparently because thiamine is also consumed in their energy
metabolism due to their high lipid and DHA content and the peroxidation of n−3 PU-
FAs [1,17]. Thiamine concentrations were at their maximum in herring in the 3–7 age
groups, but only in 6–10-year-old sprat [1]. However, the thiamine concentration in the
prey biomass, which consists of several age groups, has generally exceeded the dietary
requirements for salmon [1,17], although the requirement increases with the increase in the
diet’s energy content [14].

The larger amounts of n−3 PUFAs and especially DHA in the diet of salmon were
reflected in their significantly higher concentrations in the muscle of the second sea-year
River Simojoki salmon females from the Baltic Proper in the M74 year 2016 than in the
non-M74 year 2014. Although the concentration of DHA in muscle tended to be lower
in females that had been feeding in the Gulf of Bothnia, the concentration of n−3 PUFAs
did not differ between salmon from the two areas, apparently because DPA, EPA, and
18:3n−3 were more common in salmon from the Gulf of Bothnia than in females from the
Baltic Proper, as in 2004 [2]. These n−3 PUFAs, although less than DHA, are also prone
to lipid peroxidation [19,96], which consumes thiamine. As thiamine depletion increases
due to the peroxidation of n−3 PUFAs, with thiamine acting as a site-specific antioxidant
against lipid peroxidation [10], salmon on a diet consisting of the youngest, fattiest clupeids
have the highest thiamine requirement (see [1]). Hence, not only the exceptionally strong
year-class of sprat in the Baltic Proper but also of herring in the Gulf of Bothnia in 2014 and
the subsequent high dietary n−3 PUFA content, as in 2002 [13], resulted in a low THIAM
concentration in eggs and high YSFM in salmon.

In the muscle of the River Simojoki M74 females in the Baltic Proper group in 2016,
the concentrations of DHA, n−3 PUFAs, and total PUFAs were higher than in non-M74
females and resulted in a lower egg THIAM concentration. The association of high YSFM
with a higher proportion of DHA and total n−3 PUFAs, and thus with lipid peroxidation,
was already suggested by Pickova et al. [74] because of the high proportions of these FAs
in eggs. Czesny et al. [97] also suspected that the high proportion of DHA in eggs was
connected with TDC in lake trout (Salvelinus namaycush). However, the concentrations
of egg n−3 PUFAs and DHA were unrelated to the egg THIAM concentration, so they
were not significantly associated with M74 mortality. This was confirmed by the lower
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THIAM concentrations in salmon eggs in the M74 year 2016 than in the non-M74 year
2014 and in the eggs of Arctic Ocean salmon, in which, due to the high lipid content of
eggs, the concentrations of DHA and total n−3 PUFAs were the highest, although their
proportions were the lowest. Specifically, the n−3 PUFAs of the body’s lipid stores and
their peroxidation after release from TAG cause thiamine deficiency, especially during
the spawning migration and fasting but also during the feeding migration [13,22]. This
was seen in the strong association of body DHA and total PUFAs with the peroxidation
product MDA and poor thiamine status of salmon, while body SFAs were not correlated
with these [13,22].

Although n−6 PUFAs were also more common in Baltic than in Arctic Ocean salmon
(<7% vs. 2% of all egg FAs), as also found by Pickova et al. [74] between the eggs of Baltic
and Atlantic Ocean salmon, they comprised only approximately 11% of egg PUFAs in Baltic
Proper salmon, 14% in Gulf of Bothnia salmon, and 5% in the eggs of Arctic Ocean salmon.
In addition, the peroxidation of n−6 PUFAs produces little MDA, while their principal
peroxidation product is 4-hydroxy-2-nonenal [20,98].

As such, long-chain PUFAs such as DHA, EPA, and ARA are essential for the health
and various physiological functions of adult fish, as well as during early development [9,99].
For example, DHA is important for cell membrane fluidity in cold-water fish and for the
optimal development and function of the nervous system [100]. In addition, EPA and ARA
are precursors of bioactive molecules that have many roles in mediating and controlling
various cellular processes [99,101]. The intake of these PUFAs from the diet is important,
although salmon can, to some extent, synthesize them [102,103]. As the lipid content of the
eggs in Arctic Ocean salmon and in salmon in the non-M74 year was higher than in the
M74 year, the concentrations of these so-called physiologically essential fatty acids [9] were
even higher in their eggs.

4.7. Variation in the Growth, Lipid, and Egg THIAM Concentration

In the non-M74 year 2014, the lower THIAM concentration in the eggs of the smaller
River Simojoki salmon from the Baltic Proper than in larger individuals was associated
with their higher muscle lipid content. This could be a consequence of size-dependent prey
availability [104] during their principal growing seasons, i.e., in the summers of 2012 and
2013, when only a moderate number of sprat had hatched [42,105]. Thus, the small River
Simojoki salmon individuals have mainly eaten sprat and for the most part, the smallest
and, therefore, the youngest sprat in the Baltic Proper due to the fast growth rate of herring
in the southern Baltic Proper [39], while large salmon individuals have also been able to eat
older sprat and herring <19 cm in length [38,89]. Because the youngest sprat are the fattiest
prey, the lipid content in the muscle of the 2014 River Simojoki salmon was significantly
higher in smaller than larger individuals. Although the THIAM concentration of the eggs
in all individuals was higher than the threshold for M74-related YSFM [8] in 2014, THIAM
concentrations were lower in smaller than in larger salmon individuals.

The negative correlation of the CF with muscle lipids in the 2014 River Simojoki salmon
from the Baltic Proper also showed that even though the largest salmon had a higher CF,
their lipid content was lower than that of smaller salmon. In 2014, the protein-to-lipid ratio
in the diet of larger salmon appears to have been more optimal for growth, i.e., greater
than the ratio in the diet of smaller salmon, as an optimal ratio promotes protein utilization
and lipid retention, resulting in an improved growth rate and an increase in CF [106,107].
Analyzed from the data of 2003–2004 [1,40], the protein-to-lipid ratio in Baltic Proper sprat
in the fall was only 36% of the optimal ratio that would have provided the best growth
rate for juvenile salmon [106]. In Baltic Proper herring of a suitable length for salmon prey,
the protein-to-lipid ratio of the fall was considerably higher, i.e., 71% of the optimal value.
Interestingly, the survival of salmon smolts that migrated to the Baltic Proper has been
higher in years when a strong herring year-class has hatched there [36]. The protein-to-lipid
ratios for both sprat and herring increase somewhat with age and toward the spring when
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both species become leaner during the winter. However, in both sprat and herring, the
ratios were mostly below the optimum [1,17].

Arctic Ocean salmon, whose diet probably consisted of a high proportion of crus-
taceans, like the diet of Atlantic Ocean salmon [65], were longer and weighed more than
the River Simojoki and River Dal salmon, but their CF did not differ from the CF of these
salmon. For example, a certain share of crustaceans in the diet may stimulate salmon
appetite, increase growth rate, and lead to lower CF, as was observed in a feeding trial
in which small amounts of krill (Euphausia superba) were added to the diets with close
to an optimal protein-to-lipid ratio [108]. Although the mean CF of Baltic salmon M74
females has been higher than that of non-M74 females in the Finnish M74 monitoring in
most years [8], the CF of the 2014 salmon from the Baltic Proper shows that an increase in
the CF of salmon does not always indicate an increase in their lipid content, and can also
mean an increase in muscle mass.

In the M74 year 2016, in contrast with 2014, the lipid content of the muscle of the
River Simojoki salmon from the Baltic Proper tended to increase with mass and length, and
a similar trend was found in the egg lipid data of all studied salmon. Due to the strong
2014 sprat year-class, larger salmon, whose energy requirement is higher than for smaller
salmon, have also had abundant fatty young sprat to consume in the Baltic Proper from the
summer of 2014 to the spring of 2016, when they started the spawning migration. Salmon in
the Baltic Proper also eat considerable amounts of clupeids in the early winter, when their
diet consists largely of young sprat, which hatch later than herring [37]. In salmon with a
higher muscle lipid content, the concentration of total n−3 PUFAs, especially DHA, in the
muscle was also higher. The higher muscle lipid content and n−3 PUFA concentration of
larger salmon in 2016 was reflected in their lower egg THIAM concentration than in smaller
females. In general, therefore, the THIAM concentration of eggs was lower the higher the
muscle lipid content. Although the lipid content of muscle and eggs was not correlated
with each other in either 2014 or 2016, the tendency of the relationship between egg lipid
content and THIAM concentration was intra-annually the same as in muscle. River Dal
M74 females, which were larger than the River Simojoki M74 females in 2016 and had a
higher DHA and total n−3 PUFA proportions in their eggs, also had lower egg THIAM
concentrations than the River Simojoki M74 females. Findings from 2016 compared to 2014
suggest some vitellogenesis disorders, resulting in a decreased transfer of FAs and thiamine
to oocytes in salmon with a poorer thiamine status.

As the lipid content of the salmon’s diet increases, its protein-to-lipid ratio decreases,
and the energy density increases, which inevitably increases the salmon’s need for thiamine.
These nutritional factors are interdependent, so it is difficult to infer the cause-and-effect
relationship of different factors and their effects on growth. In any case, the lipid content
and the concentration of THIAM of the eggs were highest in the largest salmon, i.e., Arctic
Ocean salmon, second highest in the River Neris salmon, and third highest in the 2014
River Simojoki salmon in the Baltic Proper feeding group, whose salmon tended to be
larger than those in 2016. The mean THIAM concentration in the eggs of Arctic Ocean
salmon was an average of ten (3–23) times higher than for the River Simojoki and River
Dal salmon in the Baltic Proper and Gulf of Bothnia feeding groups of 2016 and 2017.
Furthermore, the lipid content and the THIAM concentration of the eggs were lower in
salmon that had been feeding in the Gulf of Bothnia than in salmon from the respective
river that had been feeding in the Baltic Proper. In general, the salmon from the Gulf of
Bothnia had the lowest body mass, as well as the lowest egg lipid content and the lowest
egg THIAM concentration.

The smaller size of the salmon from the Gulf of Bothnia indicates that their growth
rate had been slower there than in the Baltic Proper, as has previously been observed [1,33].
The CF of salmon from the Gulf of Bothnia was also lower than in the salmon from the
Baltic Proper of the same year, as also found earlier [1]. In 1997, as in 2004, M74 females
were smaller on average than non-M74 females [8,39], and even smaller than the River
Simojoki salmon from the Gulf of Bothnia in this study. In those years, the incidence of
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M74 was moderate and low, respectively. Without FASA, it is impossible to know whether
the 1997 M74 females, like the 2004 M74 females, had been feeding on herring in the Gulf
of Bothnia or small sprat in the Baltic Proper. However, these may be the reasons why,
in some years, M74 females among the River Dal salmon had a lower mass and CF than
non-M74 females [93].

In 2016, the THIAM concentration in the eggs of the River Simojoki salmon varied as
much as 42-fold after two years of feeding in the Baltic Proper, and an 8-fold variation was
recorded in the non-M74 year 2014. The THIAM concentrations in the eggs of all the River
Simojoki salmon, irrespective of the feeding area, included in the Finnish M74 monitoring
varied even more widely. In 2016, the median THIAM concentration in the eggs of all
salmon females of the Bothnian Bay rivers (N = 55) was 0.96 nmol g−1 with a 133-fold
variation, and in 2017, it was 1.97 nmol g−1 (N = 125) with a 64-fold variation, while in
the non-M74 year 2014 (N = 25) with no M74 females, the THIAM concentration was an
average of 5.29 nmol g−1 with only an 8-fold variation [8]. The overall variation has been
large in years of moderate M74 and less in years with very severe M74 or no M74 [8].

The small variation in THIAM concentration in the years with no M74 indicates that
no strong year-classes of sprat have hatched, or if they have, the cod stock has been strong.
As a result, the different age groups of the sprat are evenly distributed. In the Baltic
Proper, cod can apparently efficiently thin out young sprat, which can be seen when the
incidence of M74 is compared with the Baltic fishery statistics [42]. The larger intra-annual
variation in the egg THIAM concentration among salmon females in a specific river in
years with moderate M74 compared to the years with very severe M74 or in non-M74 years
indicates that the abundance of young fatty sprat in the Baltic Proper has varied between
the subareas [8]. Furthermore, in years when M74 incidence only depends on feeding in
the Gulf of Bothnia, the egg THIAM concentration is low only in these Gulf of Bothnia
salmon, such as in 2004 [2,22]. Judging from the stomach content, individual differences in
feeding preferences may also explain some of the intra-annual variation in the incidence
of M74 [109]. The retention of lipids can probably also differ between salmon individuals,
even if they consume the same prey [110]. However, with a diet rich in marine lipids,
both the lipid content and the concentrations of DHA and total n−3 PUFAs in salmonines
generally increase with size [13,58,60]. Large differences in thiamine status can easily arise
between individuals when lipid peroxidation intensifies during fasting, consuming not
only thiamine but other antioxidants that protect against general oxidative stress [111,112].
As thiamine deficiency also increases oxidative stress [10], thiamine may decrease with the
peroxidation of n−3 PUFAs in a vicious spiral [8,13].

5. Conclusions

The feeding area of spawning salmon can be revealed by FASA in eggs, as well as
in muscle. However, only high body lipid content and the high concentration of n−3
PUFAs, mainly DHA, are associated with the low concentration of THIAM in eggs and high
YSFM. Salmon M74 is most likely to develop in the Baltic Proper when large year-classes
of sprat hatch. However, in a year when a strong cohort of herring is hatched in the Gulf
of Bothnia, a higher proportion of Baltic salmon than usual remains to feed in the Gulf of
Bothnia, instead of migrating to the Baltic Proper, which is their principal feeding area.
Due to the high dietary amount of young and fatty herring in the Gulf of Bothnia, in which
the concentration of n−3 PUFAs is higher than in somewhat older herring [17], thiamine
deficiency in salmon can also result from feeding in the Gulf of Bothnia. Because reared
River Dal salmon, and reared salmon in general, remain to feed in the Gulf of Bothnia more
frequently than wild salmon in years when very strong year-classes of herring hatch there,
the incidence of M74 is higher among the River Dal salmon and in reared salmon from
other Gulf of Bothnia rivers. Differences can also be caused by the predation of some River
Dal salmon in the Gulf of Bothnia before continuing to the Baltic Proper. The differences in
size between the River Simojoki and River Dal salmon and the differences in their feeding
migrations are particularly reflected in M74 females due to their higher body lipid content.



Fishes 2024, 9, 58 30 of 35

The River Neris salmon can also extend their feeding migration to the Gulf of Bothnia.
The strong year-classes of both Baltic Proper sprat and Gulf of Bothnia herring increase
the lipid content and the concentration and proportion of n−3 PUFAs, especially DHA, in
salmon. This results in poor thiamine status in females and a low THIAM concentration
in their eggs as thiamine is destroyed, acting as a site-specific antioxidant against lipid
peroxidation. Compared to the eggs of Baltic salmon, the eggs of Arctic Ocean salmon,
despite having a higher lipid content, contain n−3 PUFAs in lower, and SFAs in higher,
proportions. This is due to a more varied ocean diet, which also contains crustaceans and
results in higher egg THIAM concentrations than in Baltic salmon. To conclude, thiamine
deficiency can develop in Baltic salmon not only after foraging heavily on young sprat
in the Baltic Proper but also after foraging heavily on young fatty herring in the Gulf of
Bothnia and depends on the abundance of n−3 PUFAs in the diet.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/fishes9020058/s1. Table S1: Mean (±SE) proportions of fatty acids (FAs)
and sums of FA structural classes, and body parameters (body mass, length, and condition factor,
CF), lipid content in muscle and eggs, and the concentrations of free thiamine (THIAM) in muscle
and in unfertilized eggs of River Simojoki salmon female spawners of the M74 year 2016 from the
Baltic Proper and Gulf of Bothnia feeding areas; Table S2: Mean (±SE) body mass, total length,
and condition factor (CF) of salmon female spawners from the Baltic Rivers Simojoki, Dal, and
Neris in 2014–2017 classified as Baltic Proper and the Gulf of Bothnia feeding areas, and those of
the River Tenojoki from the Arctic Ocean in 1997, with the number of samples. The concentrations
of thiamine components (TPP = thiamine pyrophosphate, TMP = thiamine monophosphate, and
THIAM = free thiamine) and total thiamine (TotTh) and lipid content and the proportions of fatty
acids and their structural classes in unfertilized eggs are also given; Figure S1: Mean (±SE) fatty
acid (FA) concentrations with sums of FA structural classes in the muscle and unfertilized eggs of
salmon ascending the River Simojoki in 2014 and 2016 and that had been feeding in the Baltic Proper;
Figure S2: Biplots based on PCA for the proportions of fatty acids (FAs) in the eggs of 2nd sea-year
salmon in the fall of 2016 from the River Simojoki (Simo) and River Dal (Dal) from (a) the Baltic
Proper and (b) the Gulf of Bothnia; Figure S3: Biplot based on PCA for the proportions of fatty acids
(FAs) in unfertilized eggs of 2nd sea-year Baltic salmon in the fall of 2017 from (a) the River Simojoki
(N = 20), (b) the River Dal (N = 20), and (c) the River Neris (N = 12); Figure S4: Biplot based on PCA
for the proportions of fatty acids (FAs) in the eggs of 2nd sea-year salmon in the fall of 2017 from the
River Simojoki (Simo) and River Dal (Dal) from the Baltic Proper; Figure S5: Linear models with 95%
confidence bands for the correlations of lipid content in unfertilized eggs with (a) total length and (b)
body mass of salmon females of the Rivers Simojoki, Dal, Neris, and Tenojoki. Ref. [8] cited in the
Supplementary Materials.
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