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Abstract 13 

Understanding the drivers of evolution is a fundamental aim in biology. However, identifying the 14 

evolutionary impacts of human activities, both direct and indirect, is challenging because of lack of 15 

temporal data and limited knowledge of the genetic basis of most traits1. Atlantic salmon is a 16 

species exposed to intense anthropogenic pressures during its anadromous life cycle2. Previous 17 

research has shown that salmon age at maturity has evolved towards earlier maturation over the last 18 

40 years, with an 18% decrease3 in the allele associated with late maturation at the large-effect vgll3 19 

locus4; but the drivers of this change remain unknown. Here, we link genetic and phenotypic 20 

changes in a large Atlantic salmon population with salmon prey species biomass in the Barents Sea, 21 

temperature, and fishing effort in order to identify drivers of age at maturity evolution. We show 22 

that age at maturity evolution is associated with two different types of fisheries induced evolution 23 

acting in opposing directions: an indirect effect linked with commercial harvest of a salmon prey 24 

species (capelin) at sea (selection against late maturation), and a direct effect due to temporal 25 

changes in net fishing pressure in the river (surprisingly, selection against early maturation). 26 

Although the potential for direct and indirect evolutionary effects of fishing have been 27 

acknowledged, empirical evidence for induced changes at the genetic level has been lacking5. As 28 

capelin are primarily harvested to produce fish meal and oil for aquaculture6, we hereby identify an 29 

indirect path by which Atlantic salmon aquaculture may negatively affect wild populations. 30 
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Main text 31 

Identifying biotic and abiotic factors linked with phenotypic change is common but cases 32 

demonstrating evolutionary (i.e. genetic) effects remain rare 1,7. Changes due to indirect effects, 33 

whereby the impact of one species on another is mediated by a third species, are prevalent in nature 34 

and can have important ecological and evolutionary consequences 8. Indirect effects are expected to 35 

be of more central importance in current-day ecosystem dynamics due to the growing 36 

anthropogenic pressure and climate change rate which can strongly influence species, and 37 

interactions between them, in complex ways e.g. 9. However, detecting indirect evolutionary impacts 38 

is extremely challenging in natural ecosystems and has often been neglected8.  39 

An example of human activity that can have profound effects, both directly on the target species, 40 

and indirectly on entire ecosystems, is fish harvest 10. Fishing is generally performed at high 41 

intensity, over prolonged periods of time, and can be trait selective. It can consequently induce 42 

evolution of traits such as size and age at maturity in the target species 5,11 but also induce larger, 43 

ecosystem level, changes, e.g. by reducing the abundance of predators, prey and/or competitors 12. 44 

To date, most research has focused on the effects of harvest on target species at the phenotypic level 45 

and cases demonstrating direct effects at the genetic level are rare, as are empirical examples of 46 

indirect evolutionary impacts 5,13. Knowledge of indirect ecological and evolutionary effects is 47 

critical for properly evaluating the consequences of different fisheries management strategies 10. 48 

Atlantic salmon (Salmo salar) have a complex life-history, utilizing both freshwater and marine 49 

habitats and thus affect, and are affected by, multiple ecosystems 2. Sea-age at maturity in Atlantic 50 

salmon (the number of years an individual spends in the marine environment before returning to 51 

fresh water to spawn), or sea age, is an important life history trait with an evolutionary trade-off 52 

between survival and reproduction. Later maturing individuals are larger and have higher 53 

reproductive success 14 but run higher risk of mortality before spawning. Age at maturity has been 54 

associated with a major effect locus located in the genome region including the vgll3 gene that 55 

explains 40% of the variation in the trait 4. We recently demonstrated adaptive evolution towards 56 

younger age at maturity at the vgll3 locus over 40 years in a large salmon population in northern 57 

Europe 3. Both sexes experienced a decline in the vgll3 allele linked with later maturation and only 58 

males showed a clear evolutionary response at the phenotypic level, due to vgll3 sex-specific allelic 59 

and dominance effects 3,4. However, the environmental drivers of the evolution in age at maturity 60 

remained unknown.  61 
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Here we identify environmental drivers of phenotypic and adaptive changes in age at maturity in the 62 

same Atlantic salmon population from the Teno river, in far north Finland and Norway 3. We 63 

investigated ecological and environmental variables potentially affecting the relative fitness (a 64 

combination of marine survival and reproductive success) of salmon with different maturation ages, 65 

and therefore sizes: fishing effort at sea, fishing effort in the river, sea temperature, and abundance 66 

of three key prey species for salmon during their marine migration in the Barents sea ecosystem 67 

(capelin Mallotus villosus, herring Clupea harengus and krill, Extended Data Fig. 1). We used 68 

(quasi)binomial generalized linear models (GLM) to identify environmental variables linked with 69 

temporal variation in vgll3 allele frequencies, and thereby age at maturity, in a 40 year time series 70 

(1975 – 2014) consisting of 1319 individuals assigned to the Tenojoki population in 3 (see methods, 71 

Supplementary notes). These analyses indicated that annual riverine net fishing license number 72 

(used here as a proxy for annual fishing pressure, see Methods) had the strongest effect on vgll3 73 

allele frequency (Fig. 1). Surprisingly, annual riverine fishing pressure was positively associated 74 

with the vgll3*L allele frequency (standardized regression coefficient β��  = 0.42, F(1) = 27.79 and P-75 

value < 0.001) indicating that higher net fishing pressure in the river resulted in higher frequencies 76 

of the allele associated with later maturation in salmon and therefore larger size (Extended Data 77 

Table 1). We further verified the results using a residual regression approach (de-trending) to 78 

account for potentially confounding factors creating temporal trends in the dependent and 79 

independent variables, and thus avoid possible spurious associations 15. The association between 80 

annual fishing license number and vgll3 remained in the de-trended model including a significant, 81 

negative, year effect e.g. 3, indicating that fishing pressure is also linked with annual vgll3 allele 82 

frequency changes around the trend (F(1) = 14.15 and P-value < 0.001, Fig. 1, Extended Data Table 83 

1). Capelin biomass in the Barents Sea was also positively associated with the frequency of the 84 

vgll3 allele associated with later maturation and larger size (vgll3*L) in salmon in both the normal 85 

(β��  = 0.23, F(1) = 20.77 and P-value < 0.001) and de-trended models (F(1) = 10.64 and P-value = 86 

0.001, Extended Data Table 1). Herring and krill biomass also had a significant effect on vgll3 87 

allele frequencies in a similar direction to capelin (Fig. 1, Extended Data Table 1), however, they 88 

did not remain significant in the de-trended model. There was little evidence for associations 89 

between the other variables and vgll3 in the GLM (Extended Data Table 1). 90 

 91 
 92 
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Figure 1: Standardized regression coefficients for variables significantly 
associated with vgll3*L odds (later, larger maturation). The estimates come from the a, 
initial quasi-binomial model. b, de-trended model. c, Monte Carlo Method for assessing mediation (i.e. 
indirect effects). The dotted line indicates no effect on vgll3*L odds. The error bars correspond to 95% 
confidence intervals. 

Analyses at the phenotypic level also supported the influence of prey biomass and fishing on 93 

Tenojoki Atlantic salmon fitness. After controlling for the vgll3 sex-specific genetic effects, a 94 

multinomial model indicated that the probability of observing older, later maturing Atlantic salmon 95 

in the river increased with capelin, herring and krill biomass (Supplementary notes, Extended Data 96 

Table 3). This result is expected if the abundance of these prey species is positively associated with 97 

salmon survival at sea, as only survivors returning back to the river are sampled. However, it can 98 

also reflect plastic changes of maturation probabilities. This model also showed that a higher 99 

number of riverine net fishing licenses was associated with a higher probability to observe late 100 

maturing salmon at the end of the fishing season (Extended Data Table 3), which is expected if net 101 

fishing targeted preferentially small, early maturing salmon carrying vgll3*E. Given that the sea-age 102 

at maturity of Tenojoki females is, on average, considerably older than males, and therefore the 103 

time spent in the marine environment longer (2.8 vs 1.5 years), environmental conditions strongly 104 

affecting marine survival are also expected to influence the sex-ratio of adults returning from their 105 

migration to spawn. In accordance with this prediction, a binomial model showed that the 106 

proportion of returning females increased with prey biomass and riverine net fishing 107 

(Supplementary notes; Extended Data Fig. 2, Extended Data Table 3). The effects of net fishing on 108 
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sex-ratio and age at maturity probability, however, were not significant anymore in the detrended 109 

regressions (Extended Data Table 2, Extended Data Table 3). 110 

Forage fishes like capelin have important roles in marine ecosystems by enabling energy transfer 111 

between lower (plankton) and upper (predators such as large fish, seabirds and mammals) trophic 112 

levels 6. In the Barents Sea, the capelin stock experienced several dramatic collapses during the 40-113 

year study period (Extended Data Fig. 3) due to overexploitation in commercial fisheries combined 114 

with predation by herring and cod 16. We therefore quantified the potential indirect effects of 115 

capelin harvesting (while accounting for other ecosystem interactions) on vgll3 allele frequency 116 

dynamics using a multispecies Gompertz model developed in 17 (Extended Data Fig. 1, Extended 117 

Data Fig. 3, Extended Data Fig. 4). The analysis indicated a significant indirect effect of capelin 118 

harvest rate on age at maturity evolution in Tenojoki salmon, with a 30% decrease in the vgll3*L119 

allele odds per harvest rate unit (Monte Carlo method for assessing mediation: CI95% = [0.116, 120 

0.471]). The evolutionary effect of capelin harvest was the strongest during the early years of the 121 

time series, likely because of repeated capelin fisheries closures and fishing effort reduction later 122 

on, following the capelin stock collapses (Fig. 2; Extended Data Fig. 5a). This is the same time 123 

period when most of the evolutionary changes in male age at maturity occurred 3. 124 

 125 

Figure 2 : Temporal changes in vgll3*L (later maturation) allele frequency. The 126 
black dotted line represents the observed data, the red line the allele frequency averaged from model 127 
individual fitted values and the blue line the expected vgll3*L allele frequency assuming no capelin fishing 128 
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(annual effect on returning salmon). Black arrows indicate years without capelin harvesting (harvest rate < 129 
0.5 percent). Shaded areas indicate 95% bootstrap intervals based on 3000 replicates (see methods for 130 
details). 131 

The direction of the selection pressure in the riverine net fishery may seem counter-intuitive as 132 

generally, net fishing is thought to select against large individuals e.g. 18,19. However, net fishing in 133 

Tenojoki includes the use of multiple net types with different selectivity: weir, gillnet and driftnet20.134 

Sonar data enabled an assessment of the selectivity of each net type (see Methods), and indicated 135 

that weir fishing selects against the early maturation allele (vgll3*E) by capturing proportionally 136 

more smaller, and earlier maturing, individuals whereas driftnet and gillnet select against the 137 

vgll3*L allele (Extended Data Fig. 6, Extended Data Fig. 7). The positive effect of riverine net 138 

license number on the vgll3*L allele frequency may thus be explained by the predominant use of 139 

weirs (representing 54% of net catches on average). Over time, the net fishing selective pressure 140 

against the E allele is expected to have decreased through a dramatic reduction in the net fishing 141 

effort during the time series due to stricter fishing regulations (e.g. net fishing licences and number 142 

of weirs were >30% lower in 2014 vs. 1976, Extended Data Fig. 5b) and in selectivity due to 143 

changes in the relative use of the fishing gears, size distribution and sex-ratio (Fig. 3, 144 

Supplementary notes). Overall, the extra mortality at sea of late maturing vgll3*L individuals, 145 

which varied over time according to prey biomass, was not sufficiently compensated by their146 

(decreasing) size-induced survival advantage due to riverine net fishing, nor their reproductive 147 

advantage due to larger size 14, thus resulting in the observed overall decrease in the vgll3*L allele 148 

frequency (Fig. 2). 149 

 150 

Figure 3: Predicted variation of net fishing induced selection over 40 years in 151 

Tenojoki as a function of harvest rate. The selection coefficient corresponds to the relative 152 
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difference in survival between vgll3*EE and vgll3*LL. Calculations are based on capture probabilities (with 153 
harvest rates ranging from 40-60% of returning individuals) as a function of length, using sonar data in 2018 154 
and 2019. It accounts for the sex-specific vgll3 association with length during the study period, temporal 155 
variation in sex-ratio and relative use of the weir, driftnet and gillnet (see methods). Shaded area represents 156 
95% confidence intervals based on 6000 iterations. 157 

We provide an example of fisheries induced evolution, where both direct and indirect fishing effects 158 

contributed. Minimizing fisheries induced evolution is generally recommended as adaptation of 159 

populations to fishing can hinder adaptation to their natural environment and be costly in the long 160 

run 21–23. However, strong socio-economic pressures may limit opportunities for dramatic changes 161 

in fishing regulations to alter harvest rates to minimise fisheries induced evolution 23. In the Teno 162 

river valley for instance, salmon fishing is both a key source of income for locals through fishing 163 

tourism, as well as the foundation of the indigenous Sámi culture and identity, and restrictive 164 

fisheries regulations can be controversial 24. The varying selectivity of different net types may 165 

provide a means to manage the selection pressures exerted by fishing on the different ages at 166 

maturity and genotypes e.g. by regulating the relative use of the different fishing gears. Collection 167 

of additional data (e.g. additional years of genetic stock assignment and sonar counting) and the 168 

development of models coupling population dynamics and evolutionary genetics would be required 169 

prior to implementation. Such models would also help in identifying constant selective pressures 170 

that couldn’t be detected using regressions and in determining the impact of fisheries induced 171 

selection on population growth rate. Commercial harvesting of an important salmon prey species, 172 

capelin, indirectly induced evolution of Atlantic salmon age at maturity toward younger, smaller 173 

individuals. Several studies have noted the potential for a fishery to induce ecological effects 174 

beyond the target species 25. However, evolutionary effects have not been demonstrated earlier 5,13. 175 

This case also has important implications of a more applied nature. About 90% of the forage fish 176 

catch are used for fish oil and fishmeal to feed farmed animals 6 and salmonid fish aquaculture is 177 

the 4th highest consumer 26. For instance in 2012, 75,800 tons of capelin was used in Norwegian 178 

aquaculture salmon feed (representing 15% of the marine ingredients 27). Our results therefore 179 

identify yet another indirect path by which Atlantic salmon aquaculture can negatively affect wild 180 

populations of the same species and emphasize the importance of identifying alternative, 181 

sustainable, protein sources for the aquaculture industry. 182 

Material & methods 183 

Sampling, genotyping and population assignment 184 
 185 
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The Teno river (Deatnu in Sámi, Tana in Norwegian), located at the border between Finland and 186 

Norway and draining into the Barents Sea (68 ‐ 70°N, 25‐27°E), hosts large and diverse Atlantic 187 

salmon populations 20,28. Scales of more than 150 000 salmon caught in different parts of the Teno 188 

river system have been collected since 1971 , along with individual information including sex, 189 

length, weight, sea age at maturity, fishing gear (driftnet, weir, gillnet or rod) and fishing location. 190 

Of these, around 113 000 were collected in the mainstem, the focal region of this study. Teno 191 

salmon can remain from 2 to 8 years in fresh water before migrating to the sea. They then stay in 192 

the marine environment, where most growth occurs, for mostly 1 to 3 years, occasionally 4 or 5, 193 

before maturing and returning to spawn 20. Details about sample collection, DNA extraction, 194 

genotyping (at 191 SNPs, including vgll3, and a sex marker, sdy 29) and population assignment are 195 

described in 3. Briefly, a total of 1319 individuals genetically assigned to the Tenojoki population in 196 

the middle reaches of the mainstem of the river system (hereafter Tenojoki) in 3 were used in this 197 

study, resulting in an average annual sample size of 33 individuals per year between 1975 and 2014. 198 

Environmental variables 199 

Evolution of age at maturity can be driven by factors occurring either in the freshwater or marine 200 

phases of salmon life history. Changes in pelagic communities of the Barents Sea may affect 201 

Atlantic salmon survival and life history traits during the marine feeding phase e.g. 30,31. The stock 202 

biomass of important salmon prey species (capelin, herring and krill) have been monitored for 203 

decades in the Barents Sea. Data about krill biomass (1980 – 2013) were taken from 32,33. Capelin 204 

biomass estimated from acoustic survey and the landed capelin catches were derived from 34 for 205 

1973 – 2013. Herring dynamics has been estimated using a virtual population analysis (VPA) over 206 

the last decades 35. Because herring migrate out of the Barents Sea once they mature, at the age of 207 

3-5 years  36, only the biomass of 1-2 year old herring were used here e.g. 17. These herring biomass 208 

data were retrieved from 35 for the 1973-1998 period. Herring biomass was calculated from the 209 

number of 1-2 year old herring and the mean weight per age as reported in 34 for 1988 – 2013. The 210 

Pearson correlation between biomasses from those two datasets of herring was 0.99 for the 211 

overlapping period, despite values in 34 being lower by a factor 1.46. The data from 35 were 212 

standardised accordingly by dividing them by 1.46. Data about several species interacting with 213 

salmon prey were also used in the multi-species model (see below). The annual biomass of cod (a 214 

predator of forage fish) was derived from VPA analyses (37, table 3.24). Landed cod biomass was 215 

also taken from 37. Further, an index for mesozooplankton (a forage fish food source) corresponding 216 

to the sum of Calanus biomass indices from different parts of the Barents Sea was used 38. Marine 217 

temperature has often been associated with growth, age at maturity or survival in Atlantic salmon 218 
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39,e.g. 40. The (monthly averaged) sea temperature in the Kola section measured in the upper 200 219 

meters was therefore included (from Pinro.com,41).   220 

Salmon fisheries targeting adult salmon returning from their marine migration occur both in the 221 

coastal areas around the outlet of the Teno River (i.e. the Finnmark region), and in the river itself 222 

using fishing gears with varying degrees of selectivity on size, and hence, age at maturity  20,42. The 223 

total number of nets used to catch salmon in the Finnmark coastal region was calculated for each 224 

year using data from 43 whereas the annual number of net fishing licenses, corrected for the number 225 

of fishing days allowed per week (which changed from four days to three days in 1980) was used as 226 

a surrogate for riverine net fishing effort. The corrected number of net fishing licenses had an 227 

among years Pearson’s correlation of 0.75 (t34 = 7.35, P-value < 0.001) with the number of weirs in 228 

the Teno river, estimated from count data during the 1976-2014 time period and adjusted for the 229 

number of fishing days in a week (data from years 1980 to 1982 were missing for the latter).  230 

A sonar count provided an estimate of the size distribution of ascending salmon, thus enabling an 231 

estimation of the size selectivity of riverine fishing methods via comparison with the size 232 

distribution of salmon caught with each fishing gear type during the fishing period in June and July.  233 

An ARIS explorer 1200 sonar unit (Sound Metrics Corp., Bellevue, Washington, USA) was placed 234 

c. 55 km upstream of the Teno river mouth in 2018 and 2019. Only individuals with a length greater 235 

than 43 cm were considered as salmon, because of the occurrence of other fish species which are 236 

mostly smaller than salmon. The number of upstream migrating salmon was calculated as the 237 

difference between the number of ascending and descending individuals. In 2019, the total number 238 

of salmon in the 136 cm size group was adjusted from minus one (meaning overall, one more fish in 239 

the size group descended than ascended), to zero. The length of salmon caught in 2018-2019 with 240 

driftnet, weir, gillnet and rod was recorded by fishers (N = 17, 745, 95 and 219 in 2018 and N = 45, 241 

717, 71 and 334 in 2019; respectively). Salmon lengths from sonar data and catches were grouped 242 

in 2 cm bins from 44 cm to 151 cm and used for estimating selectivity of different fishing methods 243 

(see below). A small number of individuals that were estimated to be larger than 150 cm in the 2018 244 

sonar count (N = 17) were grouped with the last size class bin. One 136cm rod-caught individual 245 

was moved to the 134-135cm bin in 2019 as no individual of that size class was observed by sonar 246 

in that year. 247 
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Statistical analyses 248 

Driver of vgll3 evolution 249 

To identify the environmental drivers of vgll3 evolution, the proportion of vgll3*L alleles (0, 0.5 or 250 

1) in an individual was regressed using a Generalized Linear Model (GLM) with the quasi-binomial 251 

family e.g. 44. The prey biomass (krill, capelin and herring) and sea temperature were averaged over 252 

the year(s) each individual spent in the marine environment, which was inferred from scale growth 253 

ring information. The logarithm of each prey’s biomass was included as an independent variable to 254 

allow non-linear associations with the vgll3 proportions and a better correspondence with the 255 

multispecies model described below. The mean sea temperature, the number of coastal fishing nets, 256 

the number of tourist rod-fishing licenses (days-1) and net-fishing licenses in the Teno river, 257 

corrected for the number of permitted weekly fishing days, were also included as predictors. Model 258 

selection was performed with a hypothesis testing approach using backward selection with F tests. 259 

Statistical tests throughout the study were two-tailed, using an alpha value 0.05 and were performed 260 

using R45. The AICc of all possible models were also calculated along with the relative importance 261 

of the different variables, using the MuMIn package 46. Model averaging with the classical method 262 
47 was performed on the subset of models accumulating an AICc weight of 0.95. For graphical 263 

representations, fitted allele frequencies were averaged per hatching year and bias-corrected and 264 

accelerated bootstrap intervals (BCa) were calculated with the BOOT package 48. 265 

Co-occurrence of temporal trends in both the dependent and independent variables may lead to 266 

spurious detection of environmental effects. To account for this, de-trending of the data was 267 

achieved as advised in 49 by conducting residual regression on the original data 15. To do this, the 268 

independent variables included in the GLM were regressed in a linear model against years and 269 

squared years to estimate linear or quadratic trends, respectively. The squared year term was then 270 

removed from the model if not significant (assessed by F tests). Residuals of these models then 271 

replaced the original independent variables. The GLM described above was re-run by including an 272 

additional spawning year effect to remove temporal trends in vgll3 allele frequency. The spawning 273 

year was kept as a covariate during the model selection process even if it was not significant. 274 

Drivers of sex-ratio changes 275 

To identify variables modifying the sex-ratio of returning adults in Tenojoki, a binomial GLM was 276 

performed by coding the sex of individuals as 0 (male) or 1 (female). The log biomass of prey 277 

species, sea temperature, number of coastal fishing nets and number of riverine net and rod (days-1) 278 

fishing licences were included as independent variables as previously. Model selection was realized 279 
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using the Likelihood ratio test (backward variable selection) and the AICc criterion. This analysis 280 

was repeated by using the residual regression method to account for potential co-occurrences of 281 

temporal trends in the dependent and independent variables, as described above. 282 

Drivers of changes in age at maturity  283 

Age at maturity of individual salmon was regressed in a multinomial model using all the 284 

independent variables described above (R package nnet 50). Additionally, vgll3 genotypes and sex 285 

were included in the model in a two-way interaction, due to known vgll3 sex-specific effects 4. Two 286 

individuals that matured after five years at sea were considered as individuals having matured after 287 

four years at sea. Variable selection with F tests and AICc model averaging were also performed. 288 

This analysis was repeated by using the residual regression method. 289 

Indirect evolutionary effects 290 

The indirect effect of capelin harvesting on vgll3 evolution was estimated using the Monte Carlo 291 

Method for Assessing Mediation (MCMAM)51 with capelin (log) biomass as the mediator. The 292 

effect of (log) capelin biomass on vgll3*L odd-ratio was obtained with the quasi-binomial GLM 293 

model described above (after backward selection, including the capelin, herring, krill and riverine 294 

net fishing licenses variables). The estimated parameter and standard error were used to generate 295 

3000 samples drawn from a normal distribution. The posterior distribution of the direct effect of 296 

harvest rate on the (log) capelin biomass was obtained with the multispecies Gompertz model 297 

described below (3 000 MCMC samples, Extended Data Fig. 4, equation 1). The indirect effect of 298 

capelin harvest on vgll3*L odd-ratio corresponds to the product of the two sets of samples (i.e. 299 

effect of capelin fishing on (log) capelin x effect of (log) capelin on vgll3 odds) and thus accounts 300 

for uncertainty in both estimates. The indirect effect was also evaluated graphically to account for 301 

more than one interaction, by: 302 

1) Using the multispecies Gompertz model to predict the biomass dynamics of capelin, herring 303 

and krill when capelin harvesting is set to zero from the first year of the time series; 304 

2) Using the newly generated data (posterior median) to predict the vgll3 allele frequency 305 

variation using the quasi-binomial GLM obtained with backward selection 306 

3) Plotting the temporal allele frequency variation with Bca confidence intervals 307 

This analysis accounted for the effect of capelin harvesting on the biomass of all the Gompertz 308 

model species but didn’t account for vgll3 evolutionary dynamics (i.e. the propagation of the 309 

indirect negative effect from one generation to the next).  310 
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Multispecies Gompertz model 311 

Fish populations in the Barents Sea have experienced large variation in their abundance over the 312 

last 40 years due to fishing and predation e.g. 16. Consequently, important indirect effects on Atlantic 313 

salmon age at maturity variation/evolution may be expected. In order to estimate potential indirect 314 

effects, the Barents Sea species interactions, the effect of temperature, density dependence and of 315 

cod and capelin fishery were estimated using the multispecies Bayesian Gompertz model developed 316 

in 17. To summarize, on the log scale, the process equations were: 317 

������ �  ���� � �������� �  ����,�	
��	
���� �  ����,��
�
�� �  ����,������� � ������
� �318 

 ������ � ��������,� �  �����,� (Equation 1) 319 

	
������ �  ��	
�� �  ��	
��	
���� � ��	
��,��� ���� � ��	
����
� �  ��	
���� �  ���	
��,�  320 

�
���� �  ���
 �  ���
�
�� �  ���
,������� �  ���
��
� �  ���
�� � ���
���
,� �  ����
,� 

������ �  ���� � �������� �  ����,������� �  ������
� �  ������ �  �����,� 

With Capt, Krillt, Codt, Calt and Hert being the log biomass of capelin, krill, cod, Calanus and 321 

herring, respectively, in year t, Tt the annual sea temperature in the Kola section of the Barents Sea 322 

at 0-200 m depth (along the 33°30'E meridian from 70°30' to 72°30'N) in year t and CCap,t and CCod,t 323 

the capelin and cod harvest rates, respectively, in year t (catch/annual biomass). The coefficients a, 324 

b and c represent the productivity, density dependence and interactions among modelled species, 325 

respectively. The coefficient d represents the interactions with herring, e the temperature effects, f 326 

the fishing effects and PEs the multivariate-normal-distributed process errors. The prior 327 

distributions in the model were identical to 17 (e.g. uniform prior distributions from -10 to 10 for all 328 

process parameters a, b, c, d, e and f). 329 

Posterior distributions were approximated using MCMC methods with the Just Another Gibbs 330 

Sampler software JAGS 52. The model was run for 1 410 000 iterations including a burn-in length 331 

of 710 000. One iteration out of 1000 was kept and 3 chains were run. Convergence was assessed 332 

using the Gelman and Rubin’s convergence diagnostic and a Potential Scale Reduction Factor 333 

(PSRF) threshold of 1.15 53. The model posterior medians were substituted to the original data for 334 

other analyses, in order to replace missing values in krill from 1973 to 1979 and employ common 335 

data between the different models used for indirect effect evaluations.  336 
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Net fishing size selectivity  337 

Teno local net fishing encompass three fishing methods with different size selectivities 20. To better 338 

understand the potential effect of net fishing on vgll3 allele frequency changes, fishing size 339 

selectivity in Tenojoki salmon was estimated by using sonar count data and the length distribution 340 

of catches per fishing gear in 2018 and 2019 (including driftnet, weir, gillnet and rod). The number 341 

of salmon caught per 2 cm. length class (l, from 44 to 151 cm) was analyzed for each gear (g) with 342 

a Generalized Additive Model (GAM) using the beta-binomial family to account for overdispersion. 343 

Length of each salmon (L) was included as a predictor, in a regression spline (��): 344 

��,�,� �  �� � ����� 

With ��,�,� the mean proportion of salmon caught per 2 cm. length class (l) in year (y) with the 345 

fishing gear (g) and, �� the annual intercepts with priors following a normal distribution (mean = 0, 346 

sd = 10). The dispersion parameters of the beta distribution (i.e. addition of both shape parameters) 347 

followed a prior uniform distribution between 2.5 and 5000 for each gear. The priors, code and 348 

associated data for the smooth part of the model were generated with the R package mgcv (see 54 for 349 

more information). The model was run in JAGS 52 (R package runjags 55) for 7 600 000 iterations 350 

including a burn-in period of 4 000 000. Two chains were run and one iteration out of 1200 was 351 

kept. Convergence was checked using the Gelman and Rubin’s convergence diagnostic 53 and 352 

inspection of trace plots. �2
,�,�, used below, corresponds to the mean capture probability of the 353 

gear (g) per 2 cm. length class (l) calculated at each iteration (i) from the model estimates, and 354 

divided by ∑ �2
,�,�
��
���  so that it sums to one over the different length groups. 355 

Temporal variation in net fishing selection on vgll3 356 

The effect of riverine net fishing on vgll3 allele frequency depends on the size selectivity of the 357 

fishing gears, calculated above, the harvest rate per fishing gear and distribution of vgll3 genotypes 358 

according to salmon size. The number of salmon assigned to the mainstem population was modelled 359 

with a GAM using the negative binomial family, to allow for over-dispersion. Length was included 360 

as an independent variable inside annual random smooths, to account for changes in age at maturity 361 

over time. All GAM models in the following part of the method were run using the mgcv package56. 362 

To account for uncertainty, simulations from the posterior distribution of the fitted model were 363 

performed by using a Metropolis Hastings sampler 57 (8 chains, 300 000 iterations per chain, 364 

thinning of 400, burn-in of 1000). For each iteration (i), the proportion of salmon in the different 2 365 

cm length classes (��
,�,�) was calculated for each year (y) from the model predicted values. Those 366 

proportions were later used to estimate the gear specific fishing mortality to match the expected 367 
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gear-specific annual harvest rates (see below). A model including annual random smooths per sex 368 

was also used to estimate ��2
,�,�,�, the proportion of salmon in the different 2cm length class per 369 

sex and year at each iteration (i) (Metropolis Hastings sampling with 8 chains, 300 000 iterations 370 

per chain, thinning of 400, burn-in of 1000).  371 

The proportion of salmon caught by each fishing gear over the 40-year period (�
�,�) was estimated 372 

from the annual catch weight, converted to an estimate of the individual number using the annual 373 

average weights of salmon caught in the mainstem with the different gears (N = 84 452). The total 374 

harvest rate (������ was fixed at either 40%, 50% or 60% (as riverine fishing mortality of up to 375 

69% on tagged salmon has been reported58), only the gear specific harvest rate (������,�� being 376 

allowed to vary over time according to the previously calculated proportions (�
�,��: 377 

������,� �  �
�,������ 

Given that fishing with the different gears occurs simultaneously, the instantaneous fishing 378 

mortality needed to be estimated according to the expected harvest rate (������,�) and gear size 379 

selectivity (�2
,�,�). A modified version of the Baranov’s catch equation was used to calculate the 380 

harvest rates (��
,�,�� of the gear (g) in year (y) at each iteration (i): 381 

��
,�,� � � �1  ���∑ ��,�,�,����� �! "
,�,�,� 
∑ "
,�,�,�

�
���

���



,�,�

��

���

 

With ���



,�,� the proportion of salmon in the 2 cm. length class (l) in year (y) at iteration (i) 382 

before fishing (���



,�,� �  ���,�,�

�
�∑ 
�,�,�,����� �, modified to sum to one over the length classes). "
,�,�,�  383 

is the instantaneous fishing mortality for the length class (l), gear (g) and year (y) calculated at each 384 

iteration from the mean capture probabilities �2
,�,�: 385 

"
,�,�,� �   log� 1   �2
,�,� β
,�,��                       386 

β
,�,� was determined by minimizing ' � ∑ ���
,�,�   ������,����

  using the R optim function 387 

from the stats r package with the “L-BFGS-B” method 59 and a lower bound of 0.01. The Nelder-388 

Mead method was used if convergence was not achieved with the “L-BFGS-B” method (12 389 

iterations), while ensuring that β
,�,� was positive (e.g. by squaring it). The maximum instantaneous 390 

fishing mortality was capped at 2.30, allowing a maximum harvest rate per fishing gear of 0.95. 391 
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This was used to avoid unrealistic correction, at some iterations, of the length-frequency 392 

distribution when calculating ���



,�,�.  393 

The exploitation rates per year (y), vgll3 genotype (v) and net fishing gear (g) were then calculated 394 

at each iteration (i) as follows:  395 

��
,�,�,�,� � ∑ �1  ���∑ ��,�,�,����� �! ��,�,�,� 
∑ ��,�,�,�����

Plg
, ,!,",#
��
���    396 

With Plg
, ,!,",# the proportion of individuals of sex (s) in the 2 cm. length class (l) in year (y) and 397 

with the vgll3 genotype (v), calculated at each iteration (i) as follow: 398 

Plg
, ,!,",# � ��2�



,�,�,�

∑ ��2�



,�,�,�
��
���

 �)*��3
,�,� 

And modified to sum to one over the length class. ��2�



,�,�,� is the proportion of individuals of 399 

sex (s) in the length class (l) in year (y) before fishing, calculated at each iteration (i) from the 400 

length distribution previously estimated with the GAM: 401 

��2�



,�,�,� �  ��2
,�,�,�

���∑ ��,�,�,����� �
 

Pvgll3i,l,s corresponds to the probability of the different vgll3 genotypes for a salmon in the 2 cm 402 

length class (l) and sex (s). This probability was estimated with a multinomial GAM  including the 403 

2 cm length classes in a regression spline for each sex and genotype. Posterior simulations (1 chain, 404 

6 000 000 iterations, thinning of 1000, burn-in of 1000) were performed using the Metropolis 405 

Hastings sampler. Alternative models allowing the smooth parameter to change per sex and decades 406 

in one or both of the modelled genotypes were also run. There was no evidence for changes in the 407 

length-specific probability of the different vgll3 genotypes over time (model fitted with maximum 408 

likelihood, ∆AIC > 8 and LRT test P-value = 0.096 with the best competing model). 409 

Finally, the mortality per genotype (v) and year (y) for the 3 net fishing methods in the population 410 

corresponded to: 411 

,
,�,� � � ��
,�,�,�,��$�%��� -�_�



,�,�

&

���

� � ��
,�,�,�,��%����1  -�_�



,�,��
&

���

  

 412 
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The mortality per genotype accounts for temporal variation in the proportion of females per 413 

genotype before fishing (-�_�



,�,�). Temporal variation in the female salmon proportion was 414 

analysed with a quasi-binomial GAM, including year as an independent variable inside a cubic 415 

regression spline for each genotype and adding an extra penalty to each term. To account for 416 

uncertainty, simulations from the posterior distribution of the fitted models were performed by 417 

randomly drawing 6000 values from a multivariate normal distribution with the mean vector and the 418 

covariance matrix equal to the model estimates. The GAM fitted values were calculated at each 419 

iteration to obtain -�
,�,�. The proportion of females before fishing corresponded to: 420 

-�_�



,�,� �  �1  ∑ ��
,�,�,�,��%���� -�
,�,�
�
���

1  ∑ ��
,�,�,�,��$�%����1  -�
,�,��  ∑ ��
,�,�,�,��%��� -�
,�,�
�
���

�
���

 

The survival of the different genotypes could then be calculated: /
,�,� � 1  ,
,�,�. The annual 421 

fishing selection against the less fitted homozygote (-�� was calculated as follows:  422 

-
,� � 1  min �/
,�,�, /
,�,&�/max �/
,�,�, /
,�,&� 

The sign of -� was changed according to max �/
,�,�, /
,�,&� ; -� is positive when /
,�,�, 7 /
,�,& 423 

and negative otherwise. Calculations of variation in selection and relative mortality assume 424 

temporally constant gear selectivity. The total harvest rate is also assumed constant over time and 425 

was included to assess whether the fishing pressure in the Teno river is strong enough to induce 426 

significant selection. 427 

Effect of changes in net fishing selection on vgll3, at a constant harvest rate of 0.5, were 428 

investigated in a post-hoc analysis by included -
,� in the normal and de-trended quasi-binomial 429 

GLM previously described.  430 

Data and code availability: 431 

The datasets used in the current study will be uploaded to a public data repository upon acceptance. 432 

Code availability: 433 

The personal custom codes used in the current study will be uploaded to a public data repository 434 

upon acceptance. 435 

Availability of biological material: 436 

All unique biological materials used are available from the authors 437 

  438 
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Extended Data  584 

 585 

Extended Data Figure 1: Interactions in the Barents sea community as modelled 586 
by 17 and links with Atlantic salmon age at maturity and vgll3 allele frequencies. 587 
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Extended Data Figure 2: Temporal changes in proportion of females over 
hatching years. The black dotted line represents the observed data, the red line the female proport
averaged from individual fitted values. Confidence intervals are bias-corrected and accelerated (BCa) 9
bootstrap interval based on 3000 replicates. 
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Extended Data Figure 3: Annual variation in log transformed and normalized 
biomass of capelin, cod, krill and, Calanus in the Barents Sea. The dots represent the 
observed data, the dashed lines the model posterior medians and the shaded areas the 95% credible intervals. 
 589 
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 590 

Extended Data Figure 4: Posterior probability distribution of process 591 
parameters included in the multispecies Gompertz model. 592 
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          a                                                                         b 

Extended Data Figure 5: Temporal variation in fishing related indices. a
capelin harvest rate. b, corrected riverine net fishing licenses (number of
licences multiplied by effective number of fishing day per week).  

 

 

Extended Data Figure 6: Bayesian posterior median selectivity of the 
different gears as a function of salmon length (in cm). Median capture 
probabilities were transformed so that selectivity curves peak at 1. 
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Extended Data Figure 7: Median annual relative difference in mortality fo
different fishing gears in males and females. Positive values indicate higher mortality 
the vgll3*EE genotype than in the vgll3*LL genotype, negative values represent higher mortalities in th
vgll3*LL genotype. Boxplots display the minimum value (median – 1.5 interquartile range), 25
percentile, median, 75th percentile and the  maximum value (median + 1.5 interquartile range). 
 

 

     a                                                                                  b 

 

Extended Data Figure 8:  Median proportion of a, vgll3 genotypes per length
class and sex and b, salmon per length class, sex and year. Median proportions
were calculated using metropolis Hastings sampling from a, a multinomial GAM and b, a negative
binomial GAM (6000 iterations kept). Shaded area represents 95% confidence intervals. 
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Extended Data Table 1: AICc relative importance (RI), model averaged 
standardized estimates, unconditional standard errors (SE), and hypothesis 
testing F-tests for the 7 predictors included in the vgll3 allele frequency 
(quasi)binomial regressions.  
Det. - de-trended. 

  RI Estimate 
(log-odds) SE F(1) P-value F(1) 

(det.) 
P-value 
(det.) 

River net 
licenses 1.00 0.40 0.09 27.79 < 0.001 14.15 < 0.001 

Capelin log 1.00 0.20 0.06 20.77 < 0.001 10.64 0.001 
Krill log 0.91 0.19 0.07 6.42 0.011 2.05 0.153 
Herring 0.88 0.19 0.08 9.30 0.002 3.23 0.072 

River rod 
licenses 0.69 0.15 0.08 1.55 0.213 0.62 0.431 

Temperature 0.56 -0.11 0.07 2.88 0.090 2.63 0.105 
Nets at sea 0.37 0.08 0.08 0.91 0.341 0.12 0.725 

Intercept - 0.37 0.04 - - - - 
Year - - - - - 18.98 < 0.001 
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Extended Data Table 2: AICc relative importance (RI), model averaged 
standardized estimates, unconditional standard errors (SE), and hypothesis testing 
LRT-tests for the 9 predictors potentially influencing age at maturity probability in 
salmon individuals in the dataset (multinomial model). 

   
2 years vs  

1 year  
3 years vs  

1 year  
4 years vs  

1 year     
De-trended 

model 
  RI   estimate SE   estimate SE   estimate SE   LRT P-value   LRT P-value 

River net 
licences 1,00  -0,14 0,26  0,93 0,22  0,48 0,31  28,9 <0.001  4,56 0,207 

Capelin log 1,00  -0,11 0,15  0,51 0,14  0,8 0,24  26,43 <0.001  20,70 <0.001 

Krill log 1,00  0,10 0,22  0,99 0,21  0,92 0,32  34,04 <0.001  22,94 <0.001 

Herring 0,97  0,17 0,22  0,71 0,24  0,96 0,4  14,56 <0.001  28,71 <0.001 

River rod 
licences 0,81  0,31 0,21  0,31 0,19  -0,47 0,31  9,79 0,020  16,89 <0.001 

Temperature 0,22 
 

0,01 0,20 
 

-0,22 0,19 
 

-0,48 0,28 
 

3,33 0,343 
 

10,25 0.027 

Nets at sea 0,89  0,38 0,24  0,66 0,21  0,58 0,3  11,96 0,008  3,07 0,381 

sex : vgll3*EL 1,00  -2,32 0,73  -1,28 1,2  8,25 0,63  23,78 <0.001  24,46 <0.001 

sex : vgll3*LL 1,00  -1,91 0,98  0,59 1,29  10,8 0,65  23,78 <0.001  24,46 <0.001 

sex  1,00  -2,53 0,47  -5,31 1,06  -13,31 0,46  - -  - - 

vgll3*EL 1,00  1,97 0,63  2,82 0,6  3,61 1,2  - -  - - 

vgll3*LL 1,00  1,65 0,84  3,63 0,78  4,3 1,3  - -  - - 

Intercept -  0,21 0,84  0,78 0,33  -2,89 1,05  - -  - - 

Year -   - -   - -   - -   - -   21,95 <0.001 
 

 593 

Extended Data Table 3: AICc relative importance (RI), model averaged 
standardized estimates, unconditional standard errors (SE) and hypothesis 
testing LRT-tests for the 7 predictors included in the binomial regressions  
for the probability to sample a female. 
Det. for de-trended. 

  RI 
Estimate 

(log-
odds) 

SE LRT(1) P-value LRT(1) 
(det.) 

P-value 
(det.) 

River net licences 1.00 0.52 0.12 22.32 < 0.001 0.35 0.553 
Capelin log 1.00 0.40 0.07 34.06 < 0.001 14.28 < 0.001 

Krill log 1.00 0.44 0.11 15.94 < 0.001 10.79 0.001 
Herring 1.00 0.50 0.11 20.84 < 0.001 24.86 < 0.001 

River rod 
licences 0.30 0.07 0.11 0.55 0.458 4.53 0.033 

Temperature 0.32 -0.07 0.10 0.42 0.517 1.70 0.192 
Nets at sea 1.00 0.51 0.11 25.20 < 0.001 16.78 < 0.001 

Intercept - -0.48 0.06 - - - - 
Year - - - - - 37.27 < 0.001 
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Supplementary notes 595 

Drivers of vgll3 allele frequency changes 596 
The maximum variance inflation factor calculated, for the number of nets at sea, was 3.79 , below 597 
the frequently recommended thresholds. The top ranked model based on the AICc had an Akaike 598 
weight of 0.22, indicating model uncertainty. It included the number of riverine net and rod 599 
licenses, capelin, krill, herring (log) biomasses and temperature covariates. The number of riverine 600 
net licenses, capelin, krill and herring were all included in the 5 other models within a ΔAICc 601 
inferior to two. Model parameters were averaged with the conditional method over 16 models 602 
having a summed weight of 0.95 (Extended data Table 1). The dispersion parameter was 0.89 in the 603 
full model.     604 

Genetic and plastic basis of phenotypic changes 605 
Using a multinomial regression, we investigated the role of the environmental variables on the 606 
probability to observe the different age at maturity classes. After controlling for the sex-specific 607 
genetic effects, we found that the variables positively associated with vgll3*L were also positively 608 
associated with the probability to observe older, later maturing Atlantic salmon (Extended Data 609 
Table 2). The total number of nets at sea was also positively associated with later maturation 610 
probabilities (χ2

(3) = 11.96, P-value = 0.008, Extended Data Table 3). However, the number of nets 611 
at sea and the number of riverine net fishing licenses were no longer significant in the de-trended 612 
regression (χ2

(3) = 3.07, P-value = 0.381, χ2
(1) = 4.56, P-value = 0.207, respectively; Extended Data 613 

Table 2). The model obtained with backward variable selection also obtained the highest AICc, with 614 
a ΔAICc superior to 3, indicating strong support. Model averaging was performed over 7 models 615 
(Extended Data Table 2). 616 

Proportion of females 617 
Using a binomial model, we found that variables positively associated with the vgll3*L allele 618 
frequency were also positively associated to the probability to sample a female (Supplementary 619 
notes; Extended Data Table 3, Extended Data Figure 2). The number of nets at sea was also 620 

positively correlated with female proportion (β��  = 0.50, χ2
(1) = 25.20, P-value < 0.001, Extended 621 

Data Table 3). Temporal variation in number of nets at sea is particularly influenced by the 622 
cessation of marine driftnet fishing in 1989, the fishing method the most used in the previous period 623 
and selecting preferentially 1SW and small 2SW 42, corresponding mainly to males in Tenojoki. In 624 
the de-trended model, the number of riverine net licenses was not significantly associated with 625 
female proportion anymore (Extended Data Table 3), however the number of rod fishing licenses 626 
became marginally positively associated with the probability to sample a female (Extended Data 627 
Table 3). Four models cumulating an AICc weight greater than 0.95 were used in the model 628 
averaging. 629 

Multispecies Gompertz model 630 
The multispecies Gompertz model reproduces the observed variation in biomass indices well 631 
(Extended Data Fig. 3). The correlation coefficients between the observed and modelled biomass 632 
indices were greater than 0.91. The negative effect of fishing on capelin biomass (Extended Data 633 
Fig. 4) was used to quantify the indirect effect on vgll3 allele frequency. 634 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 8, 2021. ; https://doi.org/10.1101/2021.01.08.425869doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.08.425869
http://creativecommons.org/licenses/by-nc/4.0/


  
 

30 
 

Net fishing selection 635 

Gear selectivity 636 
Selectivity estimated from sonar data indicated specific patterns for each gear type (Extended Data 637 
Fig. 6). Weir selectivity was bell-shaped with a modal value of 58 cm. Driftnet selectivity was 638 
bimodal with modal values of 80 and 107 cm. Gillnet and rod had sigmoid selectivity curves with 639 
capture probabilities increasing with salmon length until reaching maxima at 112 and 126 cm, 640 
respectively.  641 

Probabilities of vgll3 genotypes per length class 642 
The probability of vgll3 genotypes in harvested salmon differed according to the 2 cm length 643 
classes and sexes (Extended Data Fig. 8a). Small females (e.g. below 75 cm) were more likely to be 644 
vgll3*EE than vgll3*EL and vgll3*LL, while small males were more likely to be vgll3*EL and had a 645 
similar probability to be vgll3*LL and vgll3*EE. 646 

Length-frequency distributions 647 
The median length-frequency distributions of harvested salmon calculated from negative binomial 648 
GAM fitted values differed between sexes (Extended Data Fig. 8b). Females measuring around 97 649 
cm were the most frequent whereas most frequent males measured around 60 cm. There was 650 
among-year variation in the length-frequency distribution, particularly in males, where large 651 
individuals were more frequent in the early years of the time series. The negative binomial 652 
parameter controlling the over-dispersion was 7.31. 653 

Relative fishing mortality per sex and gear 654 
The expected relative difference in fishing mortality between alternative vgll3 homozygotes varied 655 
greatly among gears, sex and years (Extended Data Fig. 7). On average, the annual relative 656 
difference in mortality was higher in males than females for fishing gears selecting against vgll3*LL 657 
(i.e. driftnet, gillnet and rod) but lower for weir fishing selecting against vgll3*EE. Fishing 658 
mortality of vgll3*LL was on average 52% lower than vgll3*EE when weir was used but 27-29% 659 
higher when driftnet, gillnet or rod were used. The harvest rate had a negligible effect on the 660 
calculated difference in mortality between homozygotes. The annual medians calculated with a 661 
harvest rate of 0.5 differed, on average, by 1% from those calculated with harvest rates of 0.4 or 0.6. 662 

Proportion of females per year and their vgll3 genotypes 663 
The GAM smooth term estimating temporal variation in female proportion was not significant for 664 
the EE genotype (edf = 0.45, F = 0.05, P-value = 0.171) where the female proportion declined 665 
linearly over time. The proportion of LL females  decreased over time in a slightly non-linear 666 
manner (edf = 1.32, F = 0.33, P-value = 0.001) whereas the proportion of EL females mainly 667 
declined during the 1980s and the last 7 years of the time series (edf = 6.25, F = 2.07, P-value < 668 
0.001). The highest change in female proportion was observed for EL heterozygotes which was also 669 
the genotype with  the largest difference in age at maturity between sexes, due to sex-specific 670 
dominance patterns. The dispersion parameter of the quasi-binomial GAM was 1.52. 671 
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Temporal variation in relative mortality and selection 672 
The total harvest rate in the Teno river, fixed at plausible values (0.4, 0.5 or 0.6), would be strong 673 
enough to induce significant net fishing induced selection (i.e. differences in survival between 674 
vgll3*EE and vgll3*LL individuals; Fig. 3). The annual variation in net selection was due to 675 
changes in the sex-specific length-frequency distributions, the relative use of the different fishing 676 
gears and the sex ratio. Regardless of the harvest rate, the median selection values were all positive 677 
and indicated net fishing selection against vgll3*EE individuals. Confidence intervals didn’t overlap 678 
zero in 20 of the 40 years, independently of harvest rates. The median selection coefficients were on 679 
average 2.37-2.70 times higher in the first 10 years of the time series than in the last 30 years.  680 

The median estimates of selection coefficients calculated under a harvest rate of 0.5 were included 681 
into the vgll3 quasi-binomial model as an independent variable. The calculated fishing selection was 682 

positively associated with the vgll3*L allele frequency (β��  = 0.13, CI95% = [0.03, 0.22], F(1) = 4.87, 683 
P-value = 0.027). The significance of other variables remained unchanged. After backward 684 

selection, the model included net fishing selection, riverine net fishing licenses (β��  = 0.36, F(1) = 685 

18.52, P-value < 0.001), capelin (β��  = 0.20, F(1) = 14.48, P-value < 0.001), herring (β��  = 0.21, F(1) = 686 

11.50, P-value < 0.001) and krill (β��  = 0.15, F(1) = 4.54, P-value = 0.033) log-biomass. The 687 
dispersion parameter was 0.88. 688 

The quadratic trend in the net fishing selection was removed to refit the vgll3 quasi-binomial model 689 

on the residuals (year β��  = - 0.03, CI95% = [-0.05, -0.02], year2 β��  = 0.02, CI95% = [0, 0.04]). Riverine 690 
net fishing licenses, the net fishing selection and capelin log-biomass remained significant in the de-691 

trended model (β��  = 0.18, F(1) = 15.60 and P-value < 0.001, β��  = 0.14, F(1) = 8.97 and P-value = 692 

0.003, β��  = 0.12, F(1) = 7.47 and P-value = 0.006; respectively) including a year effect (β��  = - 0.18, 693 
F(1) = 15.17 and P-value < 0.001). 694 

 695 
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