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Atlantic herring (Clupea harengus) has a complex population structure and displays
a variety of reproductive strategies. Differences in reproductive strategies among
herring populations are linked to their time of spawning, as well as to their
reproductive investment which can be an indicator for migratory vs. stationary
behavior. These differences are reflected in the number of oocytes (fecundity) and
the size of the oocytes prior spawning. We studied potential mixing of herring with
different reproductive strategies during the spring spawning season on a coastal
spawning ground. It has been hypothesized that both spring and autumn spawning
herring co-occur on this specific spawning ground. Therefore, we investigated the
reproductive traits oocyte size, fecundity, fertilization success as well as length of
the hatching larvae during the spring spawning season from February to April. We
used a set of 11 single nucleotide polymorphism markers (SNPs), which are
associated with spawning season, to genetically identify autumn and spring
spawning herring. Reproductive traits were investigated separately within these
genetically distinct spawning types. Furthermore, we used multivariate analyses to
identify groups with potentially different reproductive strategies within the genetic
spring spawners. Our results indicate that mixing between ripe spring and autumn
spawners occurs on the spawning ground during spring, with ripe autumn
spawners being generally smaller but having larger oocytes than spring
spawners. Within spring spawners, we found large variability in reproductive
traits. A following multivariate cluster analysis indicated two groups with different
reproductive investment. Comparisons with other herring populations along the
Norwegian coastline suggest that the high variability can be explained by the co-
occurrence of groups with different reproductive investments potentially resulting
from stationary or migratory behavior. Fertilization success and the length of the
hatching larvae decreased with progression of the spawning season, with strong
inter-individual variation, supporting our findings. Incorporating such complex
population dynamics into management strategies of this species will be essential to
build its future population resilience.
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Introduction

Knowledge of population origin and dynamics of marine fishes is
of prior importance for the successful management of natural
populations. Although many marine fish populations are
considered connected and weakly structured, complex population
structure in the marine environment is more common than
previously thought (Ruzzante et al., 2006; Ciannelli et al., 2013).
Neglecting the population structure and dynamics of harvested
species may cause local overexploitation and depletion (Reiss et al.,
2009). This can in turn reduce population diversity and the scope to
respond to natural and anthropogenically induced changes (Smith
et al,, 1991; Smedbol and Stephenson, 2001). Separation of exploited
populations as well as assignment of individuals to populations is thus
necessary in a management context but requires variability in a trait
between populations. Such variability within a trait may be caused by
the direct effects of the environment on the phenotype, known as
phenotypic plasticity, or by the underlying genotype (Via et al., 1995).
To date, fish populations are mainly separated by morphology, life-
history traits or their degree of genetic differentiation (Cadrin
et al,, 2013).

Life-history traits can vary substantially between species as well as
populations of marine fishes. There are a variety of reproductive
strategies, reflected in different spawning times, the frequency of
spawning within one reproductive season (batch versus total
spawners) and the degree of reproductive investment (Murua and
Saborido-Rey, 2003; McBride et al.,, 2015). Among populations of the
same species, spawning time is an important driver of population
differentiation (Tallman, 1986; Quinn et al., 2000; Martinez Barrio
et al,, 2016; Balazik et al., 2017). At the same time, it may be used to
assign individuals to populations spawning in different seasons (Ntiba
and Jaccarini, 1990; Brophy et al.,, 2006). Traditionally, this has been
done on a phenotypic level by maturity staging (Berg et al., 2021).
However, the fast development of genetic methods including whole
genome sequencing has resulted in the discovery of single nucleotide
polymorphism markers (SNPs) identifying the specific spawning
season (Kerr et al., 2019; O’Donnell and Sullivan, 2021).
Investigating the reproductive investment in terms of oocyte size
and fecundity on the other hand can give deeper insights into the
ecology of a species and may be used to estimate the recruitment
potential of a population (Hughes et al., 2000; Armstrong and
Witthames, 2012). Several factors influence the reproductive
investment of marine fish and these different strategies investing
more or less energy in reproduction are often linked to the migration
behavior. Migration behavior is a metabolic cost that influences how
much energy can be allocated to reproduction (Stearns, 1989;
Kinnison et al., 2003; Christie et al., 2018). Reproductive
investment hence is larger in stationary populations than in
migratory ones (Leggett and Carscadden, 1978; Silva et al.,, 2013)
and could be a factor limiting effective migration and thus gene flow
among populations.

A typical example with both migratory and stationary
populations is the Atlantic herring (Clupea harengus), an
ecologically and economically important species in the North-East
Atlantic. This species is known for its complex population structure
(Martinez Barrio et al.,, 2016; Feng et al, 2017; Han et al., 2020).
Herring populations differ largely in their degree of reproductive
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investment which is reflected in the size and number of oocytes
(fecundity) just prior to spawning (Hempel and Blaxter, 1967; Silva
etal., 2013; dos Santos Schmidt et al., 2021). Furthermore, population
specific spawning times exist in this species, with most populations
spawning in either spring or autumn. Recent studies identified SNPs
in herring that are highly associated with the spawning season
(Bekkevold et al, 2016; Lamichhaney et al., 2017), and they are
successfully used to discriminate herring with different spawning
seasons (Kerr et al., 2019; Belkevold et al., 2023). Early works on the
reproductive strategies of Atlantic herring by Hempel and Blaxter
(1967) as well as more recent studies (Damme et al., 2009; dos Santos
Schmidt et al,, 2021) confirm a clear difterence in oocyte size and
fecundity among herring populations spawning in these opposite
seasons. Herring spawning in spring produce less but larger eggs
matching the prevailing environmental conditions at the time of
hatching when critical time windows before the onset of the spring
bloom need to be bridged (Cushing, 1990). In contrast, autumn
spawners show higher fecundities and smaller oocytes (dos Santos
Schmidt et al., 2021).

Herring with different spawning seasons and migratory behaviors
are being recognized along the Norwegian west coast. Spring
spawning herring in these waters can be divided into highly
migratory Norwegian spring spawning herring (NSSH) and
stationary spring spawning populations. NSSH undergo extensive
seasonal migrations between their feeding grounds in the Norwegian
Sea (Dragesund et al., 1980; Slotte, 1999; Varpe et al., 2005) and their
spawning grounds along the Norwegian coast (Dragesund et al,
1997). Migration patterns and the utilization of spawning grounds
have changed in response to population size over time and are
considered highly plastic (Dragesund et al., 1997; Huse et al., 2010).
In contrast, stationary spring spawning herring populations are
geographically restricted populations which are adapted to local
conditions, completing their entire life cycle within fjords (Aasen,
1952; Mikkelsen et al., 2018), semi-enclosed basins (Johannessen
et al., 2009) or brackish lakes (Eggers et al., 2014). Differences in
reproductive strategies in terms of reproductive investment can be
linked to divergent life-history strategies of migratory and stationary
herring populations. Stationary herring populations show higher
reproductive investment displayed by smaller oocytes and higher
fecundity, while their oceanic migrating counterparts invest less in
reproduction having larger oocytes but lower fecundity (Silva et al.,
2013; dos Santos Schmidt et al., 2021). Further growth of herring is
reported to be different between stationary and migratory
populations, where stationary herring were generally found to be
smaller than migratory (Silva et al., 2013; Johannessen et al., 2014). In
addition to spring spawners, autumn spawners are found along the
Norwegian coast which show contrasting reproductive strategies
(Husebo et al,, 2005). A particular spawning ground of interest can
be found at the south west coast of Norway where ripe autumn and
spring spawning herring have been observed, mixing both during
autumn and spring (Berg et al., 2021). Spawning herring can be found
from February to June at this spawning ground clearly extending the
typical spawning period of NSSH. During autumn, ripe spring
spawning herring are also present, but in much lower numbers
compared to the spring season (Berg et al., 2021). Therefore, it
could be hypothesized that spring spawners being present in
autumn are stationary, while others show migratory behavior and
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only return for spawning. Furthermore, earlier findings showed a
large difference in egg size (Berg et al, 2019) suggesting different
reproductive strategies even though this was based on less than
10 spring spawners. Therefore, we investigate several reproductive
traits over the spring season to identify groups with different
reproductive strategies.

We hypothesized that herring with different reproductive
strategies are present at the local spawning ground during the
spring spawning season. In the first step, we used genetic methods
to identify autumn and spring spawners based on recently identified
SNPs (Lamichhaney et al., 2017; Han et al., 2020). This allows us to
investigate reproductive traits (e.g. oocyte size) separately among
these two reproductive strategies. Furthermore, we use a multivariate
approach based on the reproductive traits to identify clusters within
the spring spawners which could potentially by linked to different
reproductive strategies. Lastly, we compared the variability in
reproductive traits observed on the coastal spawning ground with
other populations found along the Norwegian coastline. To answer
the formulated hypothesis, we sampled herring on the spawning
ground from February to April and analyzed the reproductive traits
oocyte size, fecundity, fertilization success as well as length of the
hatching larvae.

Materials and methods
Study area and sampling

Atlantic herring from different sampling locations were included
in this study. The main sampling location was along the Norwegian
south-west coast inside Herdlefjorden approximately 26 km
northwest of Bergen (60°34’11.2°N, 5°0’18.9”E, Figure S1) where
herring were caught by gillnets on a coastal spawning ground (6 -
20 m), hereafter referred to as Askey. A total number of 448 herring
were caught and analyzed during the spring spawning season in
March 2018 and from February until April 2019 (Table 1). Gillnets of
three different mesh sizes (29, 31, 34 mm) were used at each sampling
date ensuring fish of different length classes, as well as maturity stages
were caught. In addition to herring from Askey, samples from two
well described herring populations were collected as reference
material for comparison of reproductive traits; 1. Norwegian spring
spawning herring (NSSH), and 2. North Sea autumn spawning
herring (NSASH). Pre-spawning NSSH samples were caught during
a research cruise in February 2014 (62°40°N, 5°29’E, Figure S1) and
pre-spawning NSASH samples originated from commercial landings
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in the North Sea (59°15'N, 1°30’E, Figure S1) in September 2013 (dos
Santos Schmidt et al., 2017). Furthermore, samples of NSSH collected
near its main spawning ground (62°40°N, 5°29°E) in 2018 and 2019
during the annual NSSH spawning survey were used for a length-class
comparison between Askoy samples and NSSH.

Genetic analysis

A total of 448 herring were used for genotyping. DNA was
extracted from fin clips using the DNeasy 96 Blood & Tissue Kit
(Qiagen, Germany). All samples were genotyped for 11 SNPs with
specifically designed primers, and amplification were organized in
multiplex reactions. Genotype calling was performed on a
MassARRAY® platform using an iPLEX® reaction (Agena
Bioscience, n.d.), as described by Gabriel et al. (2009). The selected
11 SNPs are all associated with spawning time and can consequently
identify different spawning seasons, mainly spring vs. autumn.
Markers were selected based on sequence data and inference from
Han et al. (2020) and Lamichhaney et al. (2017). The chromosomal
location of SNPs and their power to discriminate spawning season
(Lamichhaney et al., 2017; Kerr et al., 2019; Han et al., 2020) as well as
the segregation of genotypes (e.g., Hardy-Weinberg and linkage dis-
equilibrium; Bekkevold et al., 2023) are well documented. SNPs
sequences are given in Supplementary Table S1. In addition to
Askoy samples, we have genotyped NSASH, western Baltic
Skagerrak spring spawning herring (WBSS-SK) and NSSH as
references sampled which have recently been described in a genetic
stock identification study (Bekkevold et al., 2023). Sampling location
and dates of the reference samples are summarized in Table S2 and in
more detail in Bekkevold et al. (2023). The reference samples of
NSASH and NSSH represent the same populations as used for the
reproductive traits. Prior to any statistical analysis, extensive data
quality checks were performed on the SNPs to ensure good clustering
and low levels of missing data. Individuals missing >25% of genotype
calls were excluded from the analysis (N = 27) which resulted in the
removal of 6 females from the oocyte diameter data.

Morphometric measurements

All following described methods were identically applied for all
samples collected from Askey as well as for the two reference samples
of NSSH and NSASH. Samples were processed using exactly the same
methodology at the same laboratory, deviations are clearly marked.

TABLE 1 Number of individuals sampled at the coastal spawning ground Askey and analyzed for different morphometric and life-history traits per

sampling date.

Date Total catch Total sample
08.03.2018 500 100
20.02.2019 108 108
26.03.2019 164 130
24.04.2019 114 110
Total 886 448
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For each fish individual total length (TL) to the nearest 0.1 cm (0.5 cm
for reference samples) and whole-body wet weight (W) to the nearest
0.1 g (nearest g for reference samples) was recorded. The gonads were
carefully dissected, and fresh gonad weight (GW) was recorded to the
nearest 0.1 g. A subsample of the ovary was collected from the center
of the right lobe to be used in the fecundity and egg dry weight
analysis. Gonad samples were immediately fixed using a 3.6%
phosphate-buffered formaldehyde solution. Eight different maturity
stages were discriminated based on visual inspection of the gonads: 1-
2, immature; 3-5, maturing and/or pre-spawning; 6, spawning/ripe; 7,
spent; and 8, resting stage (Mjanger et al., 2007). Since many of the
fish were in spawning condition (stage 6 or above, Figure S2) we used
somatic weight (W), somatic condition factor (K;) and, somatic
gonadosomatic index (GSIg). Only for fecundity data we used
Fulton's condition (K). Indices were calculated by the following

equations:
W, = W-GW
100 x Wy
ST TR
100 x GW
GSI, = 20U GW
Ws
100 x W
- T

Oocyte diameter and fecundity analysis

Female herring were either in vitellogenesis or hydration stage,
classified macroscopically during the wholemount analysis. Oocytes
in vitellogenic stage are still surrounded by the follicle, whereas
hydrated oocytes are released from the follicle in the ovarian cavity.
The following analyses were restricted to hydrated oocytes, hereafter
only referred to as oocytes. Only for the fecundity analysis we used
both vitellogenic and hydrated oocytes. It should be noted that on the
early and late sampling dates (February and April 2019) most fish
were either in vitellogenic stage (maturity stage 4/5) or spent/
regenerating (maturity stage 7/8) and thus not included in the
analyses (Figure S2). The term egg only refers to oocytes that would
be released to the external environment (spawned; Heins and Brown-
Peterson, 2022) and is only used in the context of the fertilization
experiments. However, an exception is the term egg dry weight which
in this study refers to the dry weight of hydrated oocytes.

The mean oocyte diameter (OD) per sample was determined
through image analysis (auto diametric method; Thorsen and Kjesbu,
2001). Any oocyte that showed signs of atresia such as an enlarged or
irregular shape (Corriero et al., 2021) was excluded from the analysis.
Potential fecundity (Fp) was determined by the equation (dos Santos
Schmidt et al., 2017):

Fp = GW x 7.474 x 10" x OD %%

Subsequently, relative somatic fecundity (RFp s) was calculated as:

RFpg = Fp/ W
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The power function to calculate Fp was established for NSSH,
however, it has been found to be consistent across different herring
populations (dos Santos Schmidt et al, 2017) and was considered
appropriate for the herring samples in this study (see Figure S3). Only
fecundity estimates for Askey from February 2019 were used later
during the analysis, since for the other dates fecundity is likely
underestimated due to egg losses before and during sampling. We
nevertheless investigated relative somatic fecundity estimates across
the different sampling dates (Figure S4) to reveal overall variability in
fecundity among fish from the coastal spawning ground, well
knowing that actual fecundity estimates for these dates might
be higher.

Egg dry weight

The egg dry weight (EDW) was determined from formalin-fixed
hydrated oocytes (Hempel & Blaxter, 1967). A total of 50 hydrated
oocytes per sample were rinsed three times with distilled water and
transferred onto aluminum cups. Hydrated oocytes were oven-dried
for 72 h at 60°C and the dry weight was taken immediately after
drying was finished.

Fertilization and larval length

At each sampling in 2019 four fully mature (stage 6: spawning)
females were crossed with four fully mature males. Fertilization of
herring took place approximately 2 h post-mortem. Eggs were gently
striped onto prepared glass plates in triplicates and activated sperm
was poured over the settled eggs. Egg trays were gently moved to
ensure proper fertilization. To ensure the highest fertilization rates,
sperm activation and fertilization were performed in 16 psu at 10°C
(Berg et al,, 2019). After 30 min the egg plates were removed from the
trays, flushed off with running water, and transferred into prepared
flow-through incubation trays. The salinity was set to 35 psu and
water temperatures were 8.5 + 0.15°C during the experiments. Three
randomly chosen sections of each plate were photographed 24 h post
fertilization. All clearly identifiable fertilized and non-fertilized eggs
were counted and subsequently fertilization rates were estimated as
following:

Ny
TN

where Nyrepresents the number of fertilized eggs and N; the total
number of eggs on each plate. At least 20 fertilized and unfertilized
eggs per cross were measured in ImageJ to calculate the increase in
size 24 h after fertilization.

Two days prior to the estimated day of hatching, egg plates were
individually transferred into plastic buckets, which were placed in
flow-through incubation trays at 8.5°C. Once hatching was
completed, the plates were removed from the buckets. Day of
hatching was defined when ~ 50 % of the larvae had hatched.
Digital pictures of individual larvae were taken 14 days post
hatching (dph; n = 20). Larvae were not fed after hatching. The
fertilization experiment was reviewed and approved by the FOTS
Norwegian Food Safety Authority (ID-8459).
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Data analysis

All statistical analysis and visualizations were conducted using the
software R (R Core Team, 2014). For all statistical tests, the level of
significance was set to o0 = 0.05.

To infer the genetic structuring of the sampled herring Bayesian
clustering analysis was carried out in STRUCTURE v.2.3.4 (Pritchard
etal,, 2000) using an admixture model and correlated allele frequency
without population information. Ten runs with a burn-in of 1,000
and 10,000 Markov chain Monte Carlo (MCMC) iterations were
performed for K = 1-4. STRUCTURE output was analyzed by
calculating the ad hoc summary statistic AK and mean LnP(K)
(Evanno et al., 2005), in addition, four alternative statistics
(MedMed, MedMean, MaxMed, and MaxMean) were estimated
using StructureSelector (Li and Liu, 2018). All suggest that the most
likely number of genetic clusters is two. These two clusters could be as
expected identified as spring vs. autumn spawning herring based on
the three reference samples. Finally, the ten iterations of K=2 were
averaged with CLUMPP v.1.1.1 (Jakobsson and Rosenberg, 2007)
using the FullSearch algorithm and the G’ pairwise matrix similarity
statistic and graphically displayed using bar plots.

Parametric and non-parametric tests were used during analysis.
When assessing the assumptions for parametric statistical test,
normality was inspected graphically and numerically by performing
the Shapiro-Wilk test. Homogeneity of variances was inspected
graphically and tested using Levene’s test. Independence of errors
in regression analysis was tested using the Durbin-Watson test. In
case the assumptions were accepted, a t-test was performed to test for
differences between two groups, while analysis of variance (ANOVA)
was used to test for differences in biological characteristics
among several groups (e.g., sampling dates). In case of a significant
test outcome, post-hoc testing was performed using Tukey HSD.
The relationship among a continuous predictor variable and
continuous response variable was modelled by linear regression.
When plotting the results of a linear regression, only significant
regression lines are shown. Analysis of covariance (ANCOVA) was
performed to test for differences in the slope and intercept between
linear regression models. In case of multiple regression analysis, all
potential predictors were incorporated in the starting model and
subsequently non-significant variables were removed from the model
(backward selection). Due to collinearity of the predicting variables
total weight and total length in the regression model for potential
fecundity, only total length was kept in the model. When the
assumptions for parametric tests were rejected, non-parametric
alternatives such as Wilcoxon-Mann-Whitney-U-test and Kruskal-
Wallis-test were used. Variances in oocyte diameter as well as egg dry
weight were compared among Askey samples and the two reference
samples using an F-test, which tests the null hypothesis of
equal variances.

To evaluate sub structuring among the Askey samples a cluster
analysis was conducted. For the cluster analysis we only considered
genetically identified spring spawners. Prior to k-means clustering,
extensive data exploration with the aim of finding the most likely
number of clusters underlying the analyzed data were conducted.
Predictor variables were chosen based on biological meaningfulness
and on cluster compactness (within sums of squares/total sums of
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squares), comparing different predictors. The final cluster analysis
was done with total length, Kg and hydrated oocyte diameter as
predictor variables. None of these traits were correlated with each
other and could therefore be used without any further transformation
or allometric correction in the cluster analysis. Since the number of
clusters in the data where a priori not known, we conducted
agglomerative hierarchical clustering to infer structuring among the
analyzed fish (Figure S5). In addition we used the majority rule
implemented in the NbClust package (Charrad et al., 2014) and the
partial R computed for a cluster number of 1 to 15 clusters to find the
suitable number of clusters present in the data. K-means cluster
analysis was validated through linear discriminant analysis which
revealed an overall model accuracy of 97%.

Results

Genetic assignment of spring and
autumn spawners

421 herring were successfully genotyped and classified as either
genetic spring (N = 382) or autumn (N = 39) spawner (Figure 1A).
Most fish were classified as genetic spring spawners (~ 90%) which
were significantly larger (t-test, p < 0.001; Figure 1B) than autumn
spawners but had a reduced somatic condition (t-test, p < 0.01;
Figure 1C). Maturity proportions were not different among genetic
spring and autumn spawners and were dominated by actively
spawning fish in stage 6 (Figure S6). Genetic autumn spawners had
mainly the largest oocytes among the sampled fish, both within
vitellogenic as well as hydrated oocytes (Figure 1D). However, few
autumn spawners had a relatively large total length, but small
hydrated oocyte diameter near the maximum diameter observed for
NSASH (Figure 1D, Table 2).

Reproductive traits along spring autumn
spawner continuum

In the following results we refer only to genetic spring spawners
from Askey therefore genetic autumn spawners were subsequently
removed from any further analyses. This was done because genetic
autumn spawners are an additional source of variance in e.g. hydrated
oocyte diameter (Figure 1D) and could thereby confound results and
interpretations on the variability of traits of genetic spring spawners.
Hydrated oocyte diameter varied in size from 1152 pm to 1628 pym
(Table 2) and ranged by a total factor of 1.4 among Askey samples.
No temporal trends were detected across sampling dates (ANOVA;
p = 0.18; Figure S7). Neither maternal length (ANOVA, p = 041,
Figure S7) nor somatic weight (ANOVA, p = 0.44) explained the
variation in hydrated oocyte diameter, but there was a slight but
significant effect of somatic condition (ANOVA, R%=0.04, p =0.009).
Hydrated oocyte diameter was found to be similar for Askey samples
and NSSH, while NSASH had smaller oocytes (Kruskal-Wallis; p <
0.001; Table 2). However, variance of hydrated oocyte diameter was
significantly larger in Askey samples than in NSSH (F-test; F = 2.52, p
< 0.001) as well as NSASH (F = 5.45, p <0.001) and exceeded those
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FIGURE 1
(A) STRUCUTRE plot results for K=2 presenting autumn spawning herring in orange and spring spawning herring in blue. North Sea autumn spawning
herring, Norwegian spring spawning herring and Western Baltic spring spawning herring were used as reference populations in the analysis. (B) Total
length (TL) and (C) somatic condition factor (Ks) in relation to genetic assignment, and (D) oocyte diameter (OD) in relation to TL. Genetic spawning
season as well as oocyte stage are represented in different color and symbols, respectively.

observed in other herring populations (Figure S8) but was similar to
those populations where potential mixing with migratory herring
(NSSH) occurs. The largest variability in hydrated oocyte diameter
was found in length classes from 30 - 34 cm in Askey samples
(Figure 2A). Some individuals from Askey had hydrated oocyte
diameters similar to NSASH, while many fish had similar or larger
hydrated oocyte diameters than NSSH (Figure 2A). Egg dry weight
ranged from 174 ug to 486 ug and the mean egg dry weight of Askey
samples was close to NSSH, but much lower in NSASH (Kruskal-
Wallis; p < 0.001; Table 3). Variance in egg dry weight was larger in
Askey than in NSSH (F = 2.49, p = 0.005) and NSASH (F = 18.25,p <
0.001), respectively (Figure 2B). Askoy and NSSH showed the same
linear relationship between egg dry weight and hydrated oocyte
diameter (ANCOVA; slope & intercept p > 0.05; Figure 2B).
NSASH showed narrow egg dry weight variation, and a more stable
relationship with oocyte diameter, therefore it was not included in the
regression (Figure 2B).

Reproductive traits within spring spawners

Potential fecundity (Fp; Figure 3A) and relative somatic fecundity
(RFpgs; Figure 3B) was higher in Askey samples than in NSSH
(Mann-Whitney U test, p < 0.001 respectively). Fp increased with
total length for both groups (Figure 3A). RFpg seemed to lack
relationship with total length in both groups (Figure 3B). A
multiple linear regression model with total length, Fulton’s K and
oocyte diameter as predictor variables was able to explain 61%
and 68% of the observed variability in Fp for Askey samples
(ANOVA; p < 0.001) and for NSSH samples (ANOVA; p < 0.001),
respectively (Table 3). Herring on the coastal spawning ground Askey
were significantly smaller than NSSH from their main spawning
ground in both sampling years 2018 and 2019 (Mann-Whitney U
test p < 0.001; Figure 4).

Hierarchical cluster analysis indicated structuring into two
clusters among the genetic spring spawners within Askey samples

TABLE 2 Morphometric data including total length (TL) and life-history data including oocyte diameter (OD) and egg dry weight (EDW) of herring
collected on the coastal spawning ground Askey and two reference populations for comparison, namely Norwegian spring spawning herring (NSSH), and
North Sea autumn spawning herring (NSASH).

Sample  Spawning  n OD (um) EDW (ug) Data origin
Time . .
mean min - max mean (£ SD) min - max mean (+ SD)
(= SD)
Askoy spring 130 | 299 -39.0 33.6 (1.8) | 1152-1628 1399 (87) 174 - 486 333 (61) This study
Askoy autumn 12 30.0-380 337 (2.6) | 1260 - 1614 | 1459 (138) 204 - 474 321 (89)
NSSH spring 135 | 31.0 - 380 346 (1.5) | 1276 - 1569 1426 (60) 260 - 434 349 (43) dos Santos Schmidt et al. (2017)
NSASH autumn 145 | 245 - 345 292 (1.6) | 1072 -1287 | 1194 (38) 146 - 200 169 (13)

Only female fish with hydrated oocytes were considered. For Askoy samples only genetic spring spawners were considered. Values represent mean + standard deviation.
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FIGURE 2
(A) Oocyte diameter (OD) in relation to total length (TL) and (B) egg dry weight (EDW) in relation to oocyte diameter for Askay samples, Norwegian
spring spawning herring (NSSH), and North Sea autumn spawning herring (NSASH). Regression line and formula refers to a common regression of Askay
and NSSH data. Within Askey samples only hydrated oocytes of genetic spring spawners were included.

(Figure S5). Furthermore, the majority rule (NbClust) proposed 2 as
the most likely number of clusters underlying the analyzed data with
total length, Kg and hydrated oocyte diameter as predictor variables.
The adjusted R” was 0.30, hence the overall structuring of the data
cannot be considered strong. Subsequent k-means clustering (k = 2)
resulted in two clusters where the first cluster was characterized by
generally smaller fish with smaller hydrated oocytes (Figure 5;
Table 4). Fish in the second cluster were generally larger and had
the largest hydrated oocytes in their length class (Figure 5; Table 4).
However, fish in cluster 2 had a lower somatic condition compared to
cluster 1 (Table 4). The variability in reproductive traits has been
reduced, at least for cluster 2, which is now at similar levels compared
with other populations along the Norwegian coast (Figure S8).

Cross fertilizations and hatching larvae

Fertilization success varied over the spawning season as well
within a given date (Figure 6A). Fertilization rates were higher for
all crosses in February, slightly lower in March and the lowest in

April. Individual variability in fertilization success increased over the
spawning season (Figure 6A). Overall, fertilized eggs were larger than
unfertilized eggs (t-test; p < 0.001). The increase in size from
unfertilized to fertilized eggs varied over time (Figure 6B), being
lower in April compared to the previous dates (Kruskal-Wallis;
p = 0.02).

Egg dry weight and larval length were positively related at both
dates (R* = 0.675; ANOVA; p < 0.001; Figure 6C). Larvae hatching
from the experiment in February were on average longer at 14 dph
compared to those from April indicated by a significant difference in
the intercept (ANCOVA; p < 0.001, Figure 6C). The parental fish
from the two experiments showed no difference in length (t-
test; p = 0.69).

Discussion

In this study we investigated reproductive traits of Atlantic
herring collected on the coastal spawning ground Askey in western
Norway during the spring spawning season to evaluate potential co-

TABLE 3 Multiple regression output for potential fecundity (Fp) as a function of length, Fulton’s K and oocyte diameter (OD).

Population Parameters Estimated F R? P df
Askoy Intercept -127.75 <0.001
Length 4.82 (0.67) <0.001
Fulton’s K 105.71 (19.1) <0.001
OD -0.06 (0.01) <0.001

24.3 0.61 <0.001 42
NSSH Intercept -112.48 <0.001
Length 4.04 (0.42) <0.001
Fulton’s K 139.03 (8.74) <0.001
OD -0.07 (0.01) <0.001

99.6 0.68 <0.001 134

Value in parenthesis denotes the standard error. Regressions for Askey herring and Norwegian spring spawning herring (NSSH) are given. F-value, explained variance (R?), the p-value, and degree of

freedom (df) are presented.
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(A) Potential fecundity (FP) and (B) relative somatic fecundity (RFps) in relation to total length (TL) for Askay samples (genetic spring spawners collected in
February 2019) and Norwegian spring spawning herring (NSSH). Solid line represents significant regression line, while dotted line represents the grand mean.

occurrence of herring with different reproductive strategies. Based on
genetic analysis we identified mainly spring spawning herring, but
also some autumn spawning herring which further differed in their
reproductive traits. We conducted a multivariate cluster analysis on
the genetic spring spawners to identify groups with potentially
different reproductive strategies because their variability in both
hydrated oocyte diameter and egg dry weight exceeded those
observed within other populations of Atlantic herring. The
identified clusters indicate two groups with different reproductive

investment. Those with lower investment had generally larger oocytes
but lower body condition and fecundity, while it is the opposite for
herring with high investment. This difference in reproductive
investment can be typically linked to different migratory behavior:
low reproductive investment = migratory vs. high investment =
stationary. Furthermore, highly variable results from cross-
fertilization experiments as well as the hatching larvae within a
single date and between dates strengthen our interpretation that
spring spawners are represented by groups with different
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FIGURE 4
Total length (TL) frequency distributions among Askey and Norwegian spring spawning herring (NSSH). Horizontal dashed line indicates the mean value.
NSSH were sampled near their main spawning ground in 2018 and 2019. For Askay only genetic spring spawners caught in March 2018 and February
2019 are shown.
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FIGURE 5
(A) Oocyte diameter (OD) as a function of total length, (B) somatic condition (K) as a function of total length and (C) somatic condition as a function of
oocyte diameter for the two identified clusters within genetic spring spawners based on k-means cluster analysis using female fish in hydration stage
(n =130).

reproductive strategies. Also, comparisons to other herring  diameter, increased oocyte diameter in those females is not driven by
populations occurring along the Norwegian coastline suggest that  the prevalence of atresia. However, this finding indicates that
the high variability within spring spawners can be linked to potential ~ physiological constrains with respect to delayed or switched
mixing of groups with different reproductive strategies. spawning could exist, which may have severe consequences under
Our genetic analysis revealed the co-occurrence of both genetic  accelerating global change.

spring spawners and autumn spawners on the spawning ground. We We found 10-times higher abundance of spring spawners than
confirm the potential mixing of herring with opposite spawning  autumn spawners on the spawning ground during spring, while
seasons, as most spring and autumn spawners were caught in  during autumn less spring spawners tend to be found (Berg et al.,
spawning condition (stage 6). It has been previously demonstrated  2021). Many spring spawners hence migrate to the spawning ground
that crossbred individuals between genetic spring and autumn  during spring. Within spring spawning herring populations,
spawners exist on this spawning ground (Berg et al., 2021), but the  stationary populations show in general a smaller size and slower
low number of genetic autumn spawners spawning during spring seems  growth compared to migratory herring populations (Silva et al., 2013;
not sufficient to erode genetic differences among genetic spring and  dos Santos Schmidt et al., 2021). This life-history pattern is especially
autumn spawners. The overall smaller size and higher somatic  relevant in a situation where migration allows for the exploitation of
condition of autumn spawners (see Figure 1C) compared to spring  high food abundance, while stationary lifestyles are restricted to local
spawners indicates a stationary life-style of these fish, in line with Berg  resources. Migratory NSSH are the dominating population found in
et al. (2021) who found autumn spawners on the same spawning  the Norwegian Sea (Husebo et al., 2005) and their fast growth as well
ground throughout the year. The reproductive traits of genetic autumn  as larger size compared to stationary populations seems to be linked
spawners differed from the North Sea autumn spawning herring  to their extensive feeding migrations (Dragesund et al., 1980).
(NSASH) used as reference population. In contrast to NSASH, ripe ~ Spawning migrations of NSSH are state dependent with larger fish
genetic autumn spawners from the coastal spawning ground showed  migrating further south, where conditions for offspring survival are
exceptionally large oocytes exceeding those of spring spawners. This  likely to be more favorable (Slotte, 1999). Thus, we expect the largest
seems contradictory; however, one must keep in mind that these fish  fish among the NSSH to reach the spawning grounds around the
ended up spawning in the opposite season. These individuals could,  study area. However, many herring on the coastal spawning ground
however, be recruit spawners which delayed spawning time resultingin ~ Askey were smaller compared to NSSH collected on their main
an extended oocyte growth period and finally larger eggs at spawning.  spawning ground, which was consistent across years. Hence not all
Delayed spawning time of recruit spawners is a phenomenon that has  fish from the coastal spawning ground seem to display this migratory
been already described for Baltic cod (Wieland et al., 2000). We also  behavior. The co-occurrence of herring with divergent life-history
noticed a higher prevalence of atresia in ripe genetic autumn spawning  traits has also been described for the semi-enclosed basin
females (25% of the females showed signs of atresia within autumn  Lindaspollene, an area geographically close to Askey (Johannessen
spawners and 5% within spring spawners). Since we find overall a very et al., 2014), where NSSH could be distinguished from a stationary
good agreement between hydrated oocyte diameter and egg dry weight ~ herring component based on a different growth pattern and
and have removed any atretic oocytes during the analysis of oocyte  vertebrae count.

TABLE 4 Summary of morphometric (total length) and life-history traits [somatic weight (W;), somatic condition (K,) and oocyte diameter (OD)] per
cluster for spring spawning female fish in hydration stage.

Cluster Length (cm + SD) Ws (g £ SD) Ks (x SD) OD (um + SD)
1 71 326 15 229.6 +37.2 0.66 + 0.04 1354 + 82
2 59 34.8 + 1.4 252.7 + 42.4 0.60 + 0.06 1453 + 57
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(A) Fertilization rates and (B) egg size (both fertilized and unfertilized) for individual crossings conducted during three experiments in February (1-4),
March (5-8) and April (9-12) 2019. (C) Larval standard length (SL) as a function of the egg dry weight (EDW) 14 days post hatching for February and April.

Values present mean + standard deviation.

Variability in reproductive traits such as oocyte diameter and egg
dry weight within a population is to be expected and at least partly
explained by maternal factors (Blaxter and Hempel, 1963; Oskarsson
et al,, 2019). Despite the large variability observed in oocyte diameter
and egg dry weight of Askey samples in our study (EDW varied by a
factor of 2.8), we did not find any relationship with maternal size.
However, the variability in these traits might be explained by other
maternal effects such as condition. Several studies question maternal
effects on oocyte diameter when oocytes of similar developmental
stage are being compared (Oskarsson et al.,, 2002; Kennedy et al.,
2011). Therefore, other factors likely drive the observed variability in
these traits. Spawning time explains in part the variation in oocyte
diameter among herring populations (Hempel and Blaxter, 1967; dos
Santos Schmidt et al., 2017) which is seen as an adaptation to the
prevailing environmental conditions at the time of hatching
(Cushing, 1990). Within spring spawning herring populations,
stationary populations produce smaller oocytes compared to
migratory oceanic populations (dos Santos Schmidt et al.,, 2021).
The cluster analysis indicated structuring into two groups among the
genetic spring spawners from Askey, potentially representing
different reproductive investment. Fish of smaller size with smaller
oocytes identified as a separate group seem to invest more energy into
reproduction which is often the case for stationary herring, being in
line with findings from other herring populations (dos Santos
Schmidt et al., 2021). In fact, we found three fish with exceptionally
small oocytes in March 2019 (OD 1199 - 1216 um), which had a
similar size to those previously identified as originating from
stationary spring spawners (Lamichhaney et al, 2017; Berg et al,
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2019); Figure S9). The other cluster which was characterized by large
oocytes of fish with generally larger size seems to represent herring
with low reproductive investment, most likely migratory NSSH or
nonstationary coastal herring. Reduced condition in this group
resulted from long-distance migrations to the spawning ground
(Slotte, 1999).

Besides considering the size of the oocytes, the number of
potentially spawned oocytes (potential fecundity) is an important
measure for understanding the reproductive strategies and success of
a population (Kjesbu, 2009). Life-history theory predicts that the
available energetic resources are allocated between metabolic
activities and reproduction (Stearns, 1989; Christie et al., 2018).
Reproductive investment hence differs between populations with a
stationary lifestyle from migratory ones. Stationary spring spawning
herring populations tend to have higher fecundity compared to
oceanic migratory populations (Silva et al., 2013) although this
pattern does not seem to apply universally to all herring
populations (dos Santos Schmidt et al., 2021). In line with our
findings of divergent oocyte diameters within Askey samples,
fecundity estimates indicate the presence of both stationary and
migratory herring, as they exceed those of NSSH. Although
fecundity shows inter-annual variability within populations (dos
Santos Schmidt et al,, 2020) the maximum fecundities observed
among Askey samples exceed this range. In general, the variability
of reproductive traits of herring caught at the coastal spawning
ground is exceptional but comparison with findings from other
studies support our interpretation of two spring spawning groups
with different reproductive strategies. Furthermore, the variability of
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the identified clusters had been reduced, especially for cluster 2 which
is now at levels of known populations (Figure S8). For those
populations with similar high variability (Figure S8), it has been
shown that they mix with migratory NSSH during spawning or at
least parts of the local population display some sort of migratory
behavior (Johannessen et al., 2009; Sorensen, 2012; Eggers et al., 2014;
Eggers et al.,, 2015).

While fecundity and oocyte diameter can only theoretically
describe the reproductive success of spawning herring, cross
fertilizations under realistic conditions provide further important
insights. The fertilization experiments conducted at the three
sampling dates revealed a trend of decreasing fertilization success as
the spawning season proceeded. It is important to highlight that
individual fertilization success became more variable over the course
of time, in some crosses showing a very low fertilization rate while in
others, the fertilization was fully successful at the end of the spawning
season. This may be linked to group specific optimal spawning times
driven by different foraging strategies/migration behaviors of the
parental fish. A modelling study on Pacific herring indicated that
variability in spawning time might be a result from different parental
feeding grounds and their condition (Ljungstrom et al., 2018), which
in turn can effect paternal influences on the fertilization success
(Ottesen and Babiak, 2007; Berg et al., 2019) such as a reduction in
sperm quality (Evans et al, 2017). This idea seems to be further
supported by the differences in size found in the hatching larvae.
Larvae hatched from the fertilization experiment in February were
significantly longer than larvae from April, which may be an
adaptation towards the experienced environmental conditions at
the time of hatching and first feeding (Cushing, 1990). Differences
in larval length are thought to be driven by qualitative egg traits (e.g.
amino acid content), which can explain the difference in hydration
and osmotic swelling (Kristoffersen and Finn, 2008) between eggs
fertilized in February to those in April. Temperature (Viader-
Guerrero et al,, 2021) and salinity may be additional factors
influencing osmotic swelling and the development of the hatching
larvae, but since the experiments were conducted under controlled
environmental conditions these did not differ between the
experiments. Ultimately two different foraging areas of the parental
fish could have led to the observed differences in qualitative egg traits

The complexity observed in the present study is representative for
many locations along the Norwegian coast where herring with
different reproductive strategies as well as migration behaviors are
thought to co-occur during spawning. The diversity of reproductive
strategies uncovered herein reflects a valuable resource. Preserving
this diversity is considered key to promote population resilience to
future stressors as well as human exploitation (Harma et al., 2012).
This will also be essential for sustainable harvesting and management
of Atlantic herring. Currently herring local and stationary
populations are neglected by managers and included in the quota
provided for the large oceanic stocks. Thus, smaller local populations
could be depleted by a few catches of industry trawlers. Having the
opportunity to identify areas with the occurrence of stationary
populations will help us to protect them. Furthermore, the
identification of genetically spring and autumn spawners is of high
value for the management of herring stocks in the North Sea where
these have to be separated for the assessment (Bekkevold et al., 2023).

Frontiers in Marine Science

1

10.3389/fmars.2023.978694

However, future studies such as tagging experiments are needed to
resolve this complexity in more detail. Even though our findings in
variability among reproductive traits in combination with previous
studies support our hypothesis that herring with different
reproductive strategies are present on the spawning ground (besides
autumn and spring spawners), future studies are needed to validate
our findings.

Conclusion

Our study has revealed co-occurrence of herring with different
reproductive strategies on a coastal spawning ground in western
Norway. Analysis of reproductive traits suggests the presence of
both ripe genetic autumn and spring spawners during the spring
spawning season. Furthermore, spring spawners showed potential
differences in reproductive investment which can be linked to
migratory and stationary behavior of herring. Future studies
employing an extensive set of genetic markers or utilizing whole
genome sequencing techniques should address the potential for
population differentiation in the herein identified groups in more
detail. Tracking studies employing acoustic telemetry will finally be
needed to pinpoint the migration behavior of individual herring in
the area.
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