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Comparison of Otolith Microstructure of Herring Larvae and Sibling Adults Reared Under Identical Early Life Conditions
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Atlantic herring (Clupea harengus) is a euryhaline species, occupying fully marine habitats (35 psu) in the North Atlantic, as well as brackish waters (<20 psu) such as in the adjacent Baltic Sea. We co-reared Atlantic purebreds and Atlantic/Baltic F1 hybrids in two salinity regimes (16 and 35 psu) in a common garden experiment for 3 years until their first maturity. This setup enabled for the first time a direct comparison between adults and their larval siblings at respective salinity regimes in terms of larval growth indicated by otolith microstructure. We validated that otolith microstructure analysis of adult otoliths is reflecting the experienced otolith growth during the larval stage. No major selection in terms of otolith growth had taken place during the juvenile stage, except for one experimental group. Surviving adult Atlantic purebreds reared at 16 psu had higher otolith growth compared to their larval stages. The validation that otolith microstructure analyses of adult herring can reliably be extracted and used to examine larval growth even after several years adds strong support for further use of such analyses. Among the parental generation, Baltic herring had a faster initial otolith growth than Atlantic herring. The growth of their laboratory-reared F1 progeny was intermediate compared to their parents. In general, larval growth of both Atlantic purebreds and Atlantic/Baltic hybrids reared in 16 psu was significantly larger than for those herring reared at 35 psu. There was no significant difference in larval growth between Atlantic purebreds and Atlantic/Baltic hybrids reared at 35 psu, but hybrid larval growth was significantly higher compared to larval growth of Atlantic purebreds at 16 psu. This was not reflected at the adult stage where purebreds were ultimately larger than hybrids (Berg et al., 2018). This indicates the influence and importance of environmental and genetic factors throughout the life of Atlantic herring, along with genetic contributions to phenotypic variability.

Keywords: population structure, otolith microstructure, common garden, population discrimination, salinity, phenotypic plasticity


INTRODUCTION

Phenotypic characteristics of marine fish are the result of the interaction between their genotype and the prevailing environmental conditions (Swain and Foote, 1999; Mitchell-Olds et al., 2007; Barrett and Hoekstra, 2011). Non-genetic changes of phenotypes in response to environmental factors is known as phenotypic plasticity (Via et al., 1995). Otoliths are amenable structures to study the extent of phenotypic plasticity since they allow for estimation of age and growth of individual fish (Campana and Thorrold, 2001). Pannella (1971) initially hypothesized that otolith growth occurs by daily increments which was later confirmed for a variety of species (Brothers et al., 1976; Rey et al., 2016; Gibb et al., 2020). The formation of daily increments was also validated for several life stages from larvae to adults (Panfili and Tomas, 2001; Cermeño et al., 2003). These daily increments are the baseline for otolith microstructure analysis being the most applied approach in otolith science (Campana, 2005). Further, otolith chemistry studies validated that the information stored during the larval stage can be still detected in adult otoliths (Gillanders, 2002; Reis-Santos et al., 2013; Rogers et al., 2019). It is, therefore, justifiable to assume that the observed microstructure of adult otoliths still reflects the larval daily growth even after several years of living. In theory, the larval otolith microstructure should not alter in adult otoliths, but the accuracy of daily increment measurements from adult otoliths might be limited (Campana and Jones, 1992). So far, no studies have directly compared if the microstructure formed at early life stages remains reliably measurable and unaltered for analyses in the otoliths from adult life stages. All studies using adult otoliths to investigate the early life history of fish assume that the otolith microstructure reflects the growth pattern experienced at the larval stage.

In general, the growth of otoliths, both on daily or yearly level, is affected by factors like temperature (Folkvord et al., 2004), photoperiod (Mugiya, 1987), or prey density (Johannessen et al., 2000). Otolith microstructure analyses are commonly used for reconstructing individual daily growth patterns during the larval and juvenile stage of fish (Baumann et al., 2006; Gagliano et al., 2007) as well as for adults (Morrongiello and Thresher, 2015). Individual back-calculation of ages using the otolith microstructure is only applicable for young-of-year fish before the onset of the winter ring formation in most temperate species (Pringle and Baumann, 2019). Further, the otolith microstructure can be used to link larval growth to recent environmental histories (Bailey and Heath, 2001; Baumann et al., 2003) or to infer dispersal pathways (Kokita and Omori, 1999; Brophy and King, 2007). In cases of sufficiently distinct spawning areas or seasons, the fidelity and integrity of adult populations can be assessed by otolith microstructure (Husebø et al., 2005; Brophy et al., 2006).

Given this knowledge gap and missing evaluation of using adult otoliths to examine larval growth, our main objective was to conduct such an evaluation based on otoliths from full-siblings, sampled as larvae or adults, that had experienced the same early-life environmental conditions. Such an evaluation is needed to strengthen the support of studies conducting otolith microstructure analysis on adult otoliths. We used offspring of Atlantic herring (Clupea harengus) that were reared in a common garden experiment for 3 years (Berg et al., 2018). This long-time experimental design thus enabled a direct comparison of larval growth between the adults and their larval siblings from the same generation. We hypothesized that otolith microstructure of larvae and adults reared under common garden conditions should be the same.

Further, common garden experiments give a unique possibility to investigate the influence of environmental factors based on the rearing of offspring from different populations under identical environmental conditions. In this case, Atlantic herring was used due to its phenotypic plasticity (Geffen, 2009) as well as complex population structure (Iles and Sinclair, 1982). Especially for herring, otolith microstructure analysis is essential because it is used in stock assessment to identify spring, autumn, and winter spawning herring (Mosegaard and Madsen, 1996; Clausen et al., 2007). Two of the most distinct herring populations are probably Norwegian spring spawners (NSS) and central Baltic (CB) spring spawners (henceforth denoted as Atlantic and Baltic, respectively), differing both phenotypically (Gröhsler et al., 2013; Berg et al., 2017), and genetically (Martinez Barrio et al., 2016; Pettersson et al., 2019), as well as in ambient environmental conditions (fully marine vs. brackish conditions). Therefore, herring in the central Baltic are often specified as a subspecies Clupea harengus membras. Salinity is an environmental factor that is mostly neglected when applying otolith microstructure analysis but linked to a large proportion of the genetic differences among herring populations (Lamichhaney et al., 2012; Martinez Barrio et al., 2016). We conducted a case study, where we focused on the effect of salinity and genetics on phenotypic traits. We used Atlantic and Baltic purebreds as well as Atlantic/Baltic hybrids were reared under controlled conditions with fixed salinities of either 6, 16, or 35 psu (Berg et al., 2018, 2020a). For this case study, we first hypothesized that salinity influences the somatic growth and otolith microstructure and secondly that Atlantic/Baltic hybrids may benefit from the combination of genes displaying highest somatic and otolith growth (i.e., hybrid vigor). The second hypothesis is based on previous crossing experiments with seasonal light regimes (Folkvord et al., 2009), where hybrids outperformed purebred larvae of autumn spawners at both spring and autumn light regimes.



MATERIALS AND METHODS


Population Samples and Larval Rearing

Wild spring spawning Atlantic herring (Clupea harengus) were used as parental fish to produce first (F1) generation filial herring used in this study. The parental herring populations originated from two different environments: one fully marine environment (35 psu) along the south-western Norwegian coast adjacent to the Atlantic Ocean and one brackish environment (6 psu) in the central Baltic Sea. Norwegian spring spawning-herring were caught approximately 26 km west of Bergen, Norway (60°34′11.2″N 5°0′18.9″E). Central Baltic herring were caught at Hästskär approximately 80 km North of Uppsala, Sweden (60°38′52.0″N 17°48′44.2″E). Both parental populations were caught 21st of May 2013 by gillnets. After net retrieval, euthanized herring were transported to the lab facilities in Bergen for the fertilization experiments. A short summary of the experimental setup will be presented, however, for a detailed experiment description see Berg et al. (2018) and Berg et al. (2019).

For this case study, one single Atlantic female was crossed with one single Atlantic male to produce Atlantic purebred herring (Table 1). Further, one Baltic female was crossed with one Baltic male to produce Baltic purebred herring. The same Atlantic female was also crossed with the same Baltic male producing Atlantic/Baltic F1 hybrids. The rationale of the experimental setup (e.g., the use of single parental crossing) used for this case study will be further elaborated in section “Discussion.” The original plan was to co-rear the F1 progeny, consisting of Atlantic purebreds, Baltic purebreds, and Atlantic/Baltic hybrids, in a common garden experiment using three different salinities (6, 16, and 35 psu) with a water temperature of ∼9°C (see Berg et al. (2018) for details of minimal seasonal fluctuations) and natural light regime corresponding to the light regime at the sampling locations of the parental herring populations (60°N). These salinity regimes were chosen to simulate the original salinities found in Atlantic water (35 psu) and central Baltic water (6 psu) in addition to an intermediate salinity regime of 16 psu. However, due to limited numbers of larvae, we had to adjust the initial experimental setup. Another Atlantic crossing between an additional Atlantic female and male was conducted to produce extra Atlantic purebred larvae to supplement the number of larvae in one of the tanks (Tank 1, 6 psu, see Table 1). Atlantic purebreds and Atlantic/Baltic hybrids were co-reared (approx. ratio 2 hybrids to 1 purebred) at salinities 16 and 35 with two replicates per salinity (Table 1). Baltic purebreds could solely be reared in a single tank at 16 psu (Table 1) because the fertilization success and incubation salinity were too low to supply more larvae. We chose 16 psu for the Baltic purebreds instead of 6 psu because of lacking experiences with rearing of herring at lower salinities. The survival of both Baltic purebreds and larvae at 6 psu was low. Consequently, the 6 psu group was terminated after 4 months and the purebred Baltic group after 24 months. Herring juveniles at 16 and 35 psu were reared until maturity 3 years later. Larvae were fed ad libitum with live feed consisting of algae (Rhodomonas and Isochrysis spp.), rotifers (Brachionus spp.), and natural zooplankton and later Artemia spp. After 3 months the herring were given dry feed.


TABLE 1. Overview of parents used for producing the F1 progeny.

[image: Table 1]Weekly samples of 10 larvae from each of the different tanks were routinely taken throughout the larval period (approximately 3 months). The number of 10 larvae was based on prior experienced variability in somatic traits between individuals of replicate units (2 × 10, i.e., 20 per treatment), and the considerations regarding animal welfare to reduce the number of animals used for experimentation. In addition, two main samples were conducted 57 and 71 days post hatching (DPH), respectively. Directly after sampling, the standard length of larvae was measured. Further, the larvae were then dried at 55°C for 24 h before measuring the dry weight. Further, routine samples were taken throughout the whole period from the juvenile to the adult stage. Standard length, sex, weight, and maturity stage were determined alongside with otolith extraction for each individual fish. Sampled herring were post-mortem identified as Atlantic purebreds or Atlantic/Baltic hybrids by genotyping a diagnostic SNP using a Custom TagMan® Assay Design Tool (Berg et al., 2018). Somatic parameters of F1 adults are presented in Berg et al. (2018). A bacterial infection was discovered in the 35 psu salinity tank only, 590 DPH. The infection was caused by Tenacibaculum spp. and the herring were put under an antibiotic treatment. Sick and weakened fish were selectively excluded from the experiment. The growth of surviving fish was not influenced by the antibiotic treatment based on a comparison of growth rates before and after the treatment. After 3 years we thus had four experimental groups in the F1 progeny that were followed from larval life stages to adult life stages: Atlantic purebreds reared at 16 psu, Atlantic/Baltic hybrids reared at 16 psu, Atlantic purebreds reared at 35 psu and Atlantic/Baltic hybrids reared at 35 psu (Berg et al., 2019).



Otolith Extraction and Analysis


Larval Herring Otolith Extraction

The selected larvae used in this study (Table 2) were rehydrated before dissection of both sagittal otoliths. Otoliths were mounted on microscope glass slides using QuickStick 135 Mounting Wax, with the proximal (convex side) facing up. Multiple images were taken with 40× magnification with a Nikon camera (camera: DS-Fi2, control unit: DS-U3) attached to an Olympus BX microscope for further microstructure analysis of each otolith. In total, 59 and 86 pairs of otoliths from the two main larval samplings were used for otolith microstructure analysis. Additional 7 individual otoliths from extra samplings (50 and 64 DPH) were specifically chosen to ensure sufficient numbers of Atlantic purebred larvae and to improve the unbalanced group sizes (Table 2).


TABLE 2. Overview of number of F1 progeny larvae (50–71 days post hatching = DPH) and adults (1098-1120 DPH) used for otolith microstructure analysis from various sampling dates and different salinities.
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Adult Herring Otolith Extraction

Only otoliths from 3-year-old adult F1 herring, sampled 1098, 1106, and 1120 DPH, were used within this study. In addition, otoliths from the parental populations were included in the otolith microstructure analysis. One otolith from each individual was mounted on glass slides using Crystalbond with the sulcus acusticus facing up. The otoliths were further ground (grit 600 grinding paper) and polished (grit 1200 grinding paper). The slides were thereafter reheated, and the otoliths flipped, so the distal side was facing up. The process of grinding and polishing was repeated on the distal side of the otolith until the core and the microstructure of the otolith appeared clear and visible when using a Leica DMLB light microscope with a 20× magnification. A series of pictures was taken for each otolith with a Nikon camera (same as above) attached to the light microscope for microstructure analysis. A total of 97 wild Atlantic herring and 48 wild Baltic herring were sampled from gillnet samples from 2013, and 17 otoliths were analyzed from each parental population. In total 202 adult F1 herring were randomly collected across the two salinity regimes at three different sampling days in 2016. For each of the four experimental groups (Atlantic purebreds at 16 or 35 psu, Atlantic/Baltic hybrids at 16 or 35 psu), 20 otoliths of adult F1 herring were analyzed (Table 2). However, the total number of Atlantic purebreds at 16 psu was limited to 17 individuals.



Otolith Microstructure Analysis

The otolith microstructure analysis was carried out on calibrated digital images. For larvae otoliths, the otolith microstructure along the longest possible radius of the otolith was used. Daily increments were measured from the core to the outer edge using ImageJ version 1.46r (National Institutes of Health, United States). The first visible increment termed the “first check” (Folkvord et al., 2004), while the next annotation was the first pronounced and (presumed) daily increment. The widths of all the increments, from the first daily increment (excluding the first check) toward the outer margin were measured. For adult otoliths, the Caliper function in Image-Pro Plus® version 7.0 (Media Cybernetics, United States) was used to automatically detect the daily increments. Otolith annotations were individually verified, and additional or missing increments were manually removed or added, respectively, to avoid any misinterpretation. Only increments with a minimum distance of 20 μm from the core were used for the analyses because former increments are not necessarily daily or easily discernible (Geffen, 1982; Campana et al., 1987; Fox et al., 2003). For larvae, all increments until the edge of the otolith were measured. In combination with the exact known age of larvae, we could assign each increment to a given day and could, therefore, back-calculate the age of the otolith at a specific distance from the core. Such an exact back-calculation of the age based on the number of increments was not possible for adult otoliths because only a part of the otolith increments (approximately up to 150–200 μm from the core) were measured. Therefore, distance from otolith core was chosen for this comparison of otoliths from larvae and adults.



Statistical Analysis

All statistical analyses and plotting were conducted in the R software (R Core Team, 2019). For all tests, we used p < 0.05 as the level of significance. The best-fitting model explaining the data was selected based on the Akaike information criterion (AIC). The model with the lowest AIC was chosen, in case the AIC difference was <2 the simpler model was selected.

For the F1 progeny, both for larvae and adults, only Atlantic purebreds and Atlantic/Baltic hybrids from 16 and 35 psu were used for statistical analysis. These groups were also the only ones available at adult stages after 3 years. Other groups (herring reared at 6 psu and Baltic purebreds at 16 psu) were excluded from statistical testing due to low sample size and lacking coverage across life stages and are only included in graphs for visual comparison.

The somatic growth measurements weight, length (total length for adults and standard length for larvae), and otolith radius were generally log-transformed, both for the parental and F1 progeny, while we used the untransformed standard length for the growth estimates of F1 larvae. We used simple linear models for the estimation of somatic growth. The final model explaining the somatic growth of the parental population was:

[image: image]

where weight is the wet weight, TL the total length, and Pop the population (Atlantic vs. Baltic). The growth of F1 larvae was best fitted by the following model:

[image: image]

where SL is the standard length of larvae, Age the age in days post hatching, and Sal the rearing salinity. All larvae sampled were included in this model, but not all of them were genetically identified. Therefore, only salinity was added as a covariate.

For the following analyses, only larvae included for the otolith microstructure were used. All these larvae were genetically identified and genetics (Atlantic purebreds vs. Atlantic/Baltic hybrids) was included as a factor in the initial models.
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where DW is the dry weight, Gen the genetics of the larvae (Atlantic purebred and Atlantic/Baltic hybrid), and OR the otolith radius of each larval otolith.

For the otolith microstructure, we used linear mixed-effects models. First, the optimal structure of the random effects was tested using likelihood estimations (REML) (Zuur et al., 2009). The fixed effects structure was selected based on AIC. All mixed-effects models were fitted using the “lme” function within the “nlme” R-package (Pinheiro and Bates, 2000).

For all models on the otolith microstructure, both for the parental and F1 progeny, we used only increments between 30 and 100 μm distance from the core of an otolith. The distance from the core was also log-transformed for all models on the otolith microstructure to accomplish overall linearity in the increment width vs. otolith size relationship. For each model, the first observation j = 1 was the first increment after a distance >30 μm of the individual otolith i and the last observation was the last increment before a distance <100 μm. The term ai is the random intercept for the individual otolith i. The final models describing best the otolith growth for the parental generation was:

[image: image]

for the F1 progeny, both for larvae and adults:
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where Width is the width between the increment j and the next increment, Dis the log-transformed distance from the core to the increment j, Pop the parental population (Atlantic vs. Baltic), Sal the rearing salinity (16 vs. 35 psu), and Gen the genetics of the F1 progeny (Atlantic purebreds vs. Atlantic/Baltic hybrids). The population, salinity, and genetics were categorical variables.

The last models we used were to compare if larvae and adults of the F1 progeny had similar daily otolith growth. This analysis was conducted for hybrids and purebreds separately to identify potential growth-dependent selection within each group. The following model was selected based on the lowest AIC for hybrids:
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and for purebreds:
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In case significant statistical interactions were noted, Tukey contrasts were performed on combined groups using the multcomp package in R (Hothorn et al., 2008), to evaluate overall differences of main factors. Further, we estimated the ratio between hybrids and purebreds as a proxy for growth-independent mortality during the larval stage (<80 DPH). The ratio between hybrids and purebreds for juvenile and adult fish (>180 DPH) has been previously published by Berg et al. (2019).



RESULTS


Parental Populations


Somatic Parameters

The mean total length and weight of Atlantic herring (N = 97) was 32.2 ± 1.9 cm (mean ± standard deviation) and 273.0 ± 44.7 g, respectively, while it was 20.2 ± 1.0 cm and 55.5 ± 9.7 g for Baltic herring (N = 48) (Figure 1).


[image: image]

FIGURE 1. Length-weight relationship of Atlantic (N = 97) and Baltic (N = 48) parental herring. Filled points represent individuals used for otoliths analysis (17 individuals from each parental population), largest points represent main parental fish (Diamond = female; circle = male) used in crossing, medium sized points represent additional parents used for 6 psu group in tank 1. Fitted lines represent regressions from statistical model on logarithmic values.




Otolith Microstructure

Both populations had a steady increase in increment widths with increasing distance from the core. The Baltic parental population had wider increments in the beginning, but the increase in daily otolith growth was lower compared to the Atlantic parental population (ANOVA, F1,897 = 9,51, p < 0.01; Figure 2 and Supplementary Table S8). After 100 μm the increments of both populations followed different trajectories, whereas the otolith growth of Baltic herring continued increasing, even though to a lower extent than previously, the otolith growth of Atlantic herring was decreasing (Figure 2).


[image: image]

FIGURE 2. Otolith microstructure of parental Atlantic (blue) and Baltic (red) populations. Mean increment width ± 95% confidence intervals are given for each 10 μm interval. Data points are offset for visual clarity.




Comparisons of F1 Larvae and Adults


Otolith Microstructure

Comparing the daily otolith growth of F1 larvae with their sibling F1 adults indicate no difference between the stages for all groups (Tukey tests, p > 0.05), except Atlantic purebreds reared at 16 psu (Tukey tests, p < 0.05, Figure 3 and Supplementary Tables S1, S2). In Atlantic purebreds from 16 psu, the daily increments of adults were wider than for larvae (ANOVA, F1,63 = 7.06, p = 0.01). Generally, the increment widths increased from somewhat over 1.5 μm near the core (∼25 μm) to width of 3 μm or more further outside from the core (∼100 μm).


[image: image]

FIGURE 3. Otolith growth of F1 larvae and adult purebred and hybrid herring reared at salinity of 16 or 35 psu. Mean increment width ± 95% confidence intervals are given for each 10 μm interval. Data points are offset for visual clarity.




Hybrid to Purebred Ratio

Initially, the hybrid to purebred ratio of F1 herring was near 2:1 in the 16 and 35 psu salinity regimes. The overall ratio did not change at 35 psu (Table 3). During the early larval phase, hybrid survival at 16 psu was higher than for purebreds, as the overall ratio had changed drastically (11.5:1). The survival at 16 psu from the larval phase to adult phase was higher for purebreds indicated by a decreasing ratio (4.3:1). The survival of purebreds and hybrids at 35 psu was similar as indicated by the constant ratios during the entire experiment (for details see Berg et al., 2019).


TABLE 3. Overview of the ratio between Atlantic purebreds and Atlantic/Baltic hybrids during the larval stage and as adults.
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F1 Larvae


Somatic Parameters

F1 larvae showed an expected increase in standard length with increasing age at all three salinity regimes (6, 16, and 35 psu; Figure 4), including the purebred Baltic larvae reared at 16 psu. The initial size at hatching of Baltic purebreds was smaller compared to offspring from the Atlantic females. Atlantic purebred and Atlantic/Baltic hybrid F1 larvae co-reared at 16 psu grew faster in length than purebreds and hybrids co-reared at 35 psu (ANOVA, F1,390 = 23.66, p <.001; Supplementary Table S3).


[image: image]

FIGURE 4. Standard length-at-age relationship for all sampled F1 larvae. Filled symbols indicate larvae used for the otolith microstructure analysis (at age 57 and 71 for all tanks, and age 50 and 64 solely for 16 psu). Atlantic purebreds and Atlantic/Baltic hybrids were co-reared (mix) at 6, 16, or 35 psu. Baltic purebreds were separately reared at 16 psu. Lines indicate linear regression for salinity 16 (excluding Baltic purebreds) and 35 psu. Data points are jittered to reduce overlap of data points.


The dry weights of larvae increased allometrically with standard length. Independent of the salinity, the weight of Atlantic/Baltic hybrids increased faster with increasing length than for Atlantic purebreds (ANOVA, F1,81 = 26.77, p < 0.0001: Supplementary Table S4). Also, herring at 35 psu were generally heavier than herring at 16 psu in respective genetic groups (Tukey test, p < 0.05). Herring at 6 psu were even lighter at length than those at 16 psu (Figure 5A).


[image: image]

FIGURE 5. Somatic growth of F1 larvae used for otolith microstructure analysis. (A) Length-weight relationship and (B) Dry weight-otolith radius. Lines represent linear models: (A) Solid line = Atlantic purebred, dashed line = Atlantic/Baltic hybrids; (B) no significant differences between genetic groups.


A similar trend was observed comparing the otolith radius and dry weight of F1 larvae. Purebreds and hybrids at 35 psu had larger otolith radii compared to purebreds and hybrids reared at 16 psu (ANOVA, F1,82 = 42.87, p < 0.001; Figure 5B, Supplementary Table S5). There were no differences between purebreds and hybrids within each salinity (ANOVA, F1,82 = 2.30, p = 0.13; Supplementary Table S5).



Otolith Microstructure

The otolith microstructure analysis of all larval salinity groups showed generally a positive relationship with increasing increment widths with increasing distance from core up to 100 μm (Figure 6). The statistical model included an interaction between distance from core, salinity, and genetics (ANOVA, F1,3093 = 9.59, p = 0.002; Supplementary Table S6). The daily otolith growth did not differ between Atlantic purebreds at 16 and 35 psu (Tukey test, p > 0.05), while it was higher at 16 psu than 35 psu for hybrids (Tukey test, p < 0.05). The hybrids at 35 psu had similar otolith growth as the purebred groups (Tukey test, p > 0.05). Baltic purebred larvae reared at 16 psu had a similar daily otolith growth as hybrids. Atlantic purebreds and Atlantic/Baltic hybrids co-reared at 6 psu had the lowest daily otolith growth (narrowest increments) of all groups (Figure 6).


[image: image]

FIGURE 6. Otolith growth of F1 larvae reared at salinity of 6, 16, or 35 psu. Mean increment width ± 95% confidence intervals are given for each 10 μm interval. Data points are offset for visual clarity. Confidence intervals are only displayed for n > 5.




F1 Adults


Otolith Microstructure

The otolith microstructure analysis of the F1 adults showed generally an increasing trend in increment widths up to 100 μm where the increment widths of F1 adults at 16 psu increased faster compared to F1 adults at 35 psu (ANOVA, F1,2246 = 48.11, p < 0.0001; Figure 3, Supplementary Figure S1 and Supplementary Table S7). Also, the otolith growth was higher in 16 than 35 psu for hybrids, but not for purebreds (ANOVA, F1,73 = 6.08, p = 0.016; Supplementary Table S7). The somatic growth of F1 adults has been previously described in Berg et al. (2018).



DISCUSSION

This is, to our knowledge, the first study contrasting the otolith microstructure of Atlantic herring (Clupea harengus) larvae and full sibling adults originating from identical larval environments. We evaluated and validated that microstructure analysis of adult otoliths is reflecting otolith growth during the larval stage based on Atlantic purebreds and Atlantic/Baltic hybrids co-reared at different salinities over several years. This validation is beneficial for further otolith microstructure analyses, strengthening the validity of their results. However, growth-dependent selection during the development from larvae to adults might produce biases when using adult otoliths to estimate larval growth. Besides the validation of the methods, we demonstrated in a case study that herring had higher otolith growth under intermediate salinity conditions (16 psu) independent of their genetic background. This demonstrates the plasticity of herring and the importance of salinity. In addition, to the documentation of growth-dependent selection and general growth trajectories, this experiment indicated different survival rates during the larval stage which is also supported by Berg et al. (2019) for the juvenile and adult stages. Finally, this study shows the strength of a common garden experiment with several closed and well-defined groups.

There is no doubt that the otolith microstructure, more specifically the increment width pattern, to a certain extent reflects daily growth patterns during the larval stage, but in most cases, these patterns are extracted from otoliths of larvae. Within this study, we validated that the microstructure revealed from adult otoliths did not differ from the otolith microstructure of larvae in absence of selective mortality. High accuracy and precision are needed when conducting otolith microstructure analysis and small deviations can lead to inconclusive results (Campana, 2001). Preparing adult otoliths for microstructure analysis is challenging since large amounts of material must be removed (Campana and Jones, 1992; Brophy, 2014), whereas larval otoliths need little or no preparation as in this study. In some species, time-consuming thin sectioning of adult otoliths is recommended to obtain clear increment patterns (e.g., Tomás and Panfili, 2000). Still, the choice of sectioning plane, as will over- or under-grinding of adult otoliths, may inaccurately align the mid-core area, resulting in inaccurate appearance of increment numbers and widths. Thus, the shape of the adult otoliths may to a variable extent be amenable to accurate microincrement estimation due to their thickness and need for extensive grinding or sectioning. Adult herring otoliths, like for most clupeid fish, increasingly attain a relatively thin and compressed form along the medial-distal axis past metamorphosis (Härkönen, 1986; Berg et al., 2018) making them well suited for studies of otolith microstructure.

The results of selection and mortality studies based on microstructure analyses (see Sponaugle (2010) and references therein for examples) will be strengthened by this validation because they use the survivors, mostly adults to contrast against individuals from earlier stages. If there would be differences between the otolith microstructure of larvae and adults without selective mortality, this could lead to false interpretations. For Atlantic herring, most selection studies have concentrated on juvenile fish (Stenevik et al., 1996; Slotte et al., 2019). However, our results allow for new studies on the selection of Atlantic herring in the wild using adults. Year class strength of herring, especially the Norwegian spring-spawning herring, is highly variable and not predictable. Selection studies comparing otolith growth of larvae and survivors (adults) on for example strong and weak year classes might reveal new insights on the recruitment dynamics of herring. Further, this validation strengthens other studies where conclusions are drawn from microstructure analysis of adult otoliths which have management (Clausen et al., 2007) or ecological (Berg et al., 2020b) implications.

Despite the methodological validation, there are some limitations when applying this approach to wild-caught adult herring which should be considered. Within our experiment, we observed growth-dependent selection for one of our experimental groups (Atlantic purebreds reared at 16 psu), even without strain-selective mortality. A significant fraction of purebreds was possibly not able to adapt fully to their new salinity environment and consequently only the fittest and faster growing offspring survived. A typical mechanism that could explain this growth-dependent selection in experiments is cannibalism (Puvanendran et al., 2008; Folkvord et al., 2010). Although intra-cohort cannibalism on rare occasions has been reported in late larval and early juvenile herring (e.g., Wespestad and Moksness, 1990). Atlantic purebreds were, in general, suffering during the larval phase in 16 psu as indicated by the hybrid to purebred ratio. Therefore, it is most likely that surviving adult purebreds had the highest capability, potentially trough higher growth, to cope with their non-native salinity. Such a selection during the development from larvae to adults might produce biases when estimating larval growth based on adult otoliths (Pringle and Baumann, 2019). In the wild, natural selection will probably account for even larger differences and should not be neglected. Further, different environmental conditions, like salinity in this case study, could have strong effects on the otolith microstructure. Additional analysis, such as otolith microchemistry (Moll et al., 2019), in combination with otolith microstructure, can be applied, e.g., to investigate the migration dynamics of herring in the transition zone, as is the case between the Atlantic and Baltic Sea where a strong salinity gradient exists.

A further aspect of this study is the use of a small number of parental herring (n = 3 for main study, n = 6 in total) resulting in a narrow genetic baseline. By using only one female as parental female for Atlantic purebreds and Atlantic/Baltic hybrids, non-environmental maternal effects were purposely and effectively minimized. This setup was considered beneficial when evaluating and validating the otolith microstructure analysis of larvae and adult siblings. It should be noted that Atlantic and Baltic herring show very strong genetic differentiation at hundreds of loci underlying ecological adaptation (Pettersson et al., 2019). Therefore, a single random Atlantic herring and a single Baltic herring are expected to show genotype differences at the majority of these loci. However, we cannot, even if our results are clear and significant, formally differentiate between individual and population-specific effects, which makes a transfer of the findings to the entire populations somewhat uncertain. Also, the observed differences in otolith growth trajectories could be a result of paternal effects rather than environmental effects (Bang et al., 2006; Poirier et al., 2017). Still, the findings serve as a good basis for further refined hypotheses and experiments on herring dealing with population-specific responses to different salinity conditions.

For the parental populations, phenotypic differences in terms of body length and growth have been previously described and related to lower temperatures in the central Baltic (Brunel and Dickey-Collas, 2010; Gröhsler et al., 2013). This is supported by our findings, where all the mature adult Baltic herring are much smaller, even though marginally older than the mature Atlantic herring used in this study. Consequently, age effects can be considered minor and other factors must be driving these differences. However, a direct or indirect impact of salinity on the smaller sizes of central Baltic herring cannot be excluded as being demonstrated for other clupeids (Palkovacs et al., 2007; Palkovacs and Post, 2009). Although the central Baltic is in general colder [see S5 Figure in Berg et al. (2018)], spawning locations are typically on vegetation in coastal areas (Aneer, 1989; Rajasilta et al., 1989) where the ambient water temperature is more susceptible to sudden temperature increase. Local coastal spawning areas might thus have higher temperatures explaining the contrasting results of initially higher otolith growth of Baltic herring than for Atlantic herring during the larval phase. Due to the general lower temperature in the central Baltic and the strong effect of temperature on the otolith growth (Folkvord et al., 2004) one would expect lower larval otolith growth for Baltic herring. Usually, herring at lower temperatures have a smaller growth coefficient (Brunel and Dickey-Collas, 2010). Also at later life stages, the conditions within the central and northern Baltic are less favorable and consequently restricting the growth of adult herring resulting in smaller total length (Gröhsler et al., 2013). In general, the prey density within the Baltic (Flinkman et al., 1998; Möllmann et al., 2000) is approximately 10-times lower compared with the density of the Atlantic (Dalpadado et al., 2000; Gislason and Astthorsson, 2002). Another explanation for the better larval otolith growth can be natural selection of the best fit individuals. Assuming the Baltic conditions are marginal, only the strongest and best-adapted individuals actually survive the larval period. A direct comparison of adult otolith microstructure and those of wild larvae is needed to justify and strengthen this explanation. One adaptation to the marginal conditions of the Baltic is a mutation on rhodopsin allowing Baltic herring to cope with lower water clarity conditions (Hill et al., 2019). The benefit of improved vision is expected to be of special importance during the early stages in fish since they are strongly affected by turbidity and reduced water clarity (Utne-Palm, 2004). This may also be one of the reasons for the relatively good larval growth performance of Baltic herring larvae compared to Atlantic herring larvae. In addition to the effects of visibility, reduced water oxygen content (Pauly and Cheung, 2018), salinity (Berg et al., 2018), limited availability of suitably sized plankton for the larger herring may reduce the growth and maximum size of Baltic herring (Möllmann et al., 2005). Further, there is a tendency that adult Baltic populations migrate into habitats with higher salinities for feeding, e.g., from the western Baltic into the Skagerrak (Clausen et al., 2015) or from the central Baltic into the western Baltic (Gröhsler et al., 2015). Whether this migration is due to direct salinity effect on herring or is due to better feeding conditions needs to be investigated. Within this study, however, we demonstrated the potential of Baltic purebred herring reared under optimal environmental conditions (16 psu, water temperature of approximately 9°C, fed ad libitum, and clear visibility) to attain higher growth rates than the parental fish and they obtained a size of 18.5 cm and weight of 52.0 g after 2 years (unpubl. results). This indicates the potential phenotypic plasticity in growth of Baltic herring when provided alternative and more beneficial environmental conditions. However, we cannot exclude that the growth of Baltic purebreds might be even higher when reared under laboratory conditions at their original salinity of 6 psu.

Given the common garden design, we could contrast the otolith growth under salinity conditions typical for the Atlantic Ocean (35 psu) and Baltic Sea (6 & 16 psu). Our results indicate that salinity can act as a major factor influencing the somatic and otolith growth of herring. In general, highest otolith and somatic growth were observed for larvae at 16 psu which is in accordance with other studies showing the positive effect of intermediate salinities on the growth (Boeuf and Payan, 2001), oxygen consumption (Berg et al., 2020a), or fertilization (Berg et al., 2019). The studies concluded that osmoregulation is less resource demanding at intermediate salinities allowing for larger growth. Caution is needed interpreting the results for larvae reared in 6 psu due to the low sample size (3 and 6 for purebreds and hybrids, respectively). Following our results, there is a tendency that both Atlantic purebred and Atlantic/Baltic hybrid larvae had the lowest otolith growth at 6 psu. Further studies including a comparison of Baltic purebreds reared at 6 psu are needed to draw any general conclusion, e.g., that herring with Atlantic genes might not be well adapted to low salinities or if this is an artifact regarding low survival of certain types of zooplankton at 6 psu. Besides the effect of salinity on otolith growth, the findings in this study demonstrate a changing mortality of genetic groups in the intermediate salinity. The ratio of hybrids to purebreds at 16 psu had drastically increased during the larval stage followed by a steady decrease during the juvenile and adults stage as indicated by Berg et al. (2019) to a level higher than the original 2:1 ratio. Similar results were observed for hybrid spring x autumn spawned herring larvae by Folkvord et al. (2009), with hybrids also outperforming purebred larvae under their original light regime conditions. The reasons for the reverse selection of purebreds vs. hybrids from the larval stage to the adult stage in the 16 psu group in this experiment remains unresolved, however, it could possibly be linked to past selection of superior purebred offspring during the larval stage. A consequence of this mortality was an unbalanced group size between Atlantic purebreds and Atlantic/Baltic hybrids at 16 psu which was counteracted by additional analyses of purebreds from extra sampling dates.

In conclusion, this study validates that otolith microstructure analysis of adults reflects the experienced otolith growth during the larval stages. Otolith microstructure analyses have been widely used for many years, but this is the first evaluation that the larval otolith growth can be analyzed in sibling groups after several years. This evaluation will be beneficial for future studies investigating the patterns of selection based on otolith microstructure analysis. Further, we demonstrated the importance of the environmental factor salinity along with genetic contributions to phenotypic variability and plasticity in herring. Similar common garden experiments with multiple parents are needed to verify our findings and conclusion that genetics affect key life-history traits as well as the ability of herring to adapt to different salinity environments at the population level.
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1 AF31 x BM19 + AF31 x AM33+ 6 238 353 + 225
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i AF31 x BM19 + AF31 x AM33 35 650 346
9 BF21 x BM19 16 = 550
10 AF31 x BM19 + AF31 x AM33 6 651 277

AF, Atlantic female; AM, Atlantic male; BF, Baltic female; BM, Baltic male. Initial
numbers of F1 larvae are presented per tank and cross. Note that in Tank 1 an

additional cross was used.
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57 3 1 9 6 19 11 10
64 - 4 - - - - -
71 - 3 10 - 27 31 15
1,098 - 5 7 - 13 -
1,106 - 8 6 - 6 -
1,120 - 4 7 - 1 -
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A total of 152 larvae and 77 adults was used.
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Only larvae collected during the main two samplings (567 and 71 days post hatching) were included.
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