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Understanding the potential of natural populations to adapt to altered environments is
becoming increasingly relevant in evolutionary research. Currently, our understanding
of adaptation to human alteration of the environment is hampered by lack of knowl-
edge on the genetic basis of traits, lack of time series, and little or no information on
changes in optimal trait values. Here, we used time series data spanning nearly a cen-
tury to investigate how the body mass of Atlantic salmon (Salmo salar) adapts to river
regulation. We found that the change in body mass followed the change in waterflow,
both decreasing to ∼1/3 of their original values. Allele frequency changes at two loci in
the regions of vgll3 and six6 predicted more than 80% of the observed body mass reduc-
tion. Modeling the adaptive dynamics revealed that the population mean lagged behind
its optimum before catching up approximately six salmon generations after the initial
waterflow reduction. Our results demonstrate rapid adaptation mediated by large-effect
loci and provide insight into the temporal dynamics of evolutionary rescue following
human disturbance.

evolution j adaptation j vgll3 j six6 j large-effect loci

While extinction of populations affected by human activity is common (1), some pop-
ulations manage to adapt and survive. Detailed studies of these successful evolvers are
warranted to identify the potential for evolutionary rescue (2). Many studies document
phenotypic change following human activities (3). However, with the exception of
studies on introductions and pollution, few of these have isolated the genetic response
from plastic responses (3), and even fewer have associated phenotypic responses with
molecular genetic responses (4–7). By combining long time series on phenotypic and
environmental change with knowledge on genetic architecture, it is possible to get an
understanding of the dynamics of contemporary evolution by modeling how the opti-
mal phenotype changes and how this causes molecular and phenotypic responses.
Because of sparse knowledge about the underlying genetic architecture of focal traits
and the need of long time series, such studies are challenging in wild populations.
The Atlantic salmon (Salmo salar L.) provides a rare case where we have knowledge

on the genetic basis of an important life history trait: number of years spent at sea
before maturing, or “sea age.” The genetic architecture of sea age involves two major
effect loci, one in the genomic region vgll3 on chromosome 25 and the other in the
genomic region six6 on chromosome 9, both explaining a substantial fraction of the
observed trait variation (8–10). Longer time spent at sea correlates with increased body
mass (11) and subsequent higher reproductive success (12), but at the cost of increased
risk of dying before reproduction (11). A positive relationship between waterflow and
the average adult body size of Atlantic salmon inhabiting different rivers (13, 14) sug-
gests that waterflow is a selective agent affecting the optimal trade-off between marine
survival and reproduction. River size and waterflow are important habitat characteris-
tics frequently altered by human activities (15, 16), causing changes to which popula-
tions of Atlantic salmon and other freshwater species must adapt or go extinct.
River Eira (62°410N, 8°70E) in western Norway once harbored salmon that averaged

12 kg and were among the largest in the world (17). During the last century, River
Eira was one of many rivers that were developed for hydroelectric purposes. Over three
consecutive hydropower developments in 1953, 1962, and 1975, water from River
Eira’s catchment area was transferred to hydropower stations in neighboring water-
courses. As a result, the waterflow in River Eira was reduced to 60%, 50%, and, finally,
40% of its original flow, presumably imposing a different selection pressure on the
salmon population in the river. Indeed, the average salmon in River Eira is now ∼4 kg,
a third of its historical value (18). We hypothesized that this reduction in size is a result
of evolutionary response to reduced waterflow, mediated by changes in the allele fre-
quencies at two functional loci in the regions of vgll3 and six6. Additionally, we discuss
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three alternative explanations that these changes were induced
by stocking, changes in the marine environment, or size-
selective harvest. We used date and mass of 8,324 adult Atlan-
tic salmon caught by anglers in River Eira during the periods
1925–1926 and 1940–2016. Scale samples were available for a
subset of these salmon, and we analyzed DNA extracted from
346 scale samples. Equivalent data from salmon caught during
an overlapping period in another river, also known for its large
salmon but without any reduction in waterflow, allow for infer-
ences on possible effects of the marine environment, which is
common for the two populations. We quantify the adaptive
dynamics of the River Eira salmon by jointly modeling changes
in genotype, phenotype, and phenotypic optimum over a
period of 77 y (∼13 salmon generations).

Results

Phenotypic Change. Prior to the hydropower developments in
River Eira, the mean body mass of Atlantic salmon in the
reported catches was 11.68 ± 0.15 kg, ranging between 1 and
28 kg (Fig. 1 and SI Appendix, Table S1). Already, in the first
run season (1954) after the initial waterflow reduction, the
average body mass was 7.5 ± 1.22 kg, which constitutes an
instant reduction to 64% of the previous 14 run seasons. Dur-
ing 1940–1953, 53 individuals (5.9%) of 20 kg or more were
reported in the catches, while only two individuals (<0.1%) of
20 kg or more have been reported since 1953. In the interim
between and after the waterflow reductions, the mean body
mass of salmon in reported catches was reduced to 74%, 41%,
and 38% of the original mass (Fig. 1 and SI Appendix, Table
S1). These observations translate into a tight relationship
between waterflow and body mass (r2 = 0.60; SI Appendix, Fig.
S1). The decrease in body mass from before 1953 to after 1975
corresponds to a change of �45,454 darwins, �0.49 haldanes,
or �1.0 natural log units (“the darwin numerator”). Compared
with a recent metaanalysis on contemporary evolution (3), this
change is among the 5% largest changes observed. The decrease
in body mass was due to decreases in sea age as well as size
within sea age. For mean body mass between 1925–1926 and
between 1987–2016, the periods for which data on both sea
age and body mass were available, 46% could be attributed to
reduced sea age, and 54% could be attributed to reduced body
mass within sea age (SI Appendix, Table S2).

Allele Frequency Changes. The respective “early” maturation
alleles of vgll3 and six6 are associated with a lower sea age and
body mass at sexual maturity, while the “late” alleles are associ-
ated with a higher sea age and body mass at sexual maturity
(9). To test for changes in the frequency of the “early” and
“late” alleles, we used samples collected in River Eira at three
different periods (1925–1926, 1987, and 2016). Changes at an
additional 67 neutral single-nucleotide polymorphism (SNP)
markers (19) represented genetic drift. There were large allele
frequency changes suggesting strong selection on the genes
vgll3 and six6. The vgll3 early maturation allele (Evgll3) fre-
quency increased from 0.28 to 0.43 (i.e., a change of 0.15,
CI95% = 0.05 to 0.24), while the six6 early maturation allele
(Esix6) increased from 0.06 to 0.18 (i.e., a change of 0.12,
CI95% = 0.06 to 0.19) between samples collected prior to the
hydropower developments (1925–1926) and samples collected
34 y after the first waterflow reduction (1987) (Fig. 2 and SI
Appendix, Fig. S2). Both vgll3 and six6 allele frequency changes
were unlikely to be due to drift (mean probabilities of 0.5%
and 0.1%, respectively). A further allele frequency change
observed from 1987 to 2016 in vgll3 had a higher probability
to be due to drift alone (probability of 34%, change of 0.09,
CI95% = 0.01 to 0.18), while the consistent and statistically
significant allele frequency change from 1987 to 2016 in the
six6-linked marker indicated continued selection on this marker
(Fig. 2; drift probability of 0.8%, change of 0.22, CI95% =
0.15 to 0.30). The lack of evidence for adaptive evolution in
vgll3 in the latter period (1987–2016), during which neither
waterflow nor body mass changed drastically, is not surprising.
The continued change of six6 may reflect ongoing selection on
other associated traits, such as run timing (20, 21). Analyses of
Atlantic salmon caught in the nearby River Stryn, also harboring
large-sized salmon, revealed no change in mass and no significant
temporal changes in allele frequencies of vgll3 and six6 (SI
Appendix, Figs. S3 and S4), thus supporting the hypothesis
that the observed evolutionary response in River Eira was caused
by reduced waterflow as opposed to changes in the marine
environment.

Functional Effect of vgll3 and six6. We estimated the within-
year sex-specific effect of vgll3 and six6 on individual log mass
using linear regression. The vgll3 marker was strongly associ-
ated with mass of Atlantic salmon: Males and females being
homozygous for the late maturation allele on vgll3 (LLvgll3)
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Fig. 1. Changes in waterflow and body mass of Atlantic salmon in River Eira. The 10-y running mean of annual waterflow in River Eira (red line) from 1940
to 2016 and the mean body mass (kilograms) of individual Atlantic salmon caught in River Eira (blue filled circles with bars denoting ±1 SE) from 1925 to
2016. Dashed vertical lines indicate the timing of the three different hydropower developments.
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were, respectively, 3.77 (CI95% = 2.78 to 5.12) and 2.37
(CI95% = 1.94 to 2.88) times larger than individuals being
homozygous for the early maturation allele (EEvgll3) genotype,
with reversed dominance between the sexes (SI Appendix, Fig.
S5 and Table S3). Also, the six6 marker showed strong associa-
tion with mass: Males and females carrying the LLsix6 genotype
were, respectively, 1.76 (CI95% = 1.13 to 2.77) and 1.94
(CI95% = 1.55 to 2.42) times larger than individuals with
EEsix6 genotype (SI Appendix, Fig. S5 and Table S3). The allele
frequency change in vgll3 and six6 contributed substantially to
the observed decrease in body mass in River Eira. These genetic
changes predicted 84% and 81% of the observed change in
mass from 1925 to 2016 in females and males, respectively.
The corresponding proportions of body mass reduction pre-
dicted by genetic change from 1925 to 1987 were 46% in
females and 59% in males.

Potential Effects of Stocking. To determine whether the stock-
ing program, which started its releases in 1959, contributed to
the genetic changes in the Eira salmon population, we first
compared the differences in vgll3 and six6 allele frequencies
between naturally produced individuals and hatchery-produced
individuals from the 1987 and 2016 run years. The allele fre-
quency difference between hatchery-produced and wild salmon
varied idiosyncratically between years (SI Appendix, Fig. S6).
Across years, the hatchery-produced fish had, on average, lower
E allele frequency compared with naturally produced fish, but
the difference was not statistically significant (log-odds differ-
ence ± SE: �0.07 ± 0.31, P = 0.86 and �0.30 ± 0.14, P =
0.26 for vgll3 and six6, respectively). Hatchery-produced and
naturally produced individuals caught during 1987–2016 were
also of the same size (mean mass ± SE of 4.29 ± 0.05 and 4.31
± 0.06 kg, respectively). Second, allele frequencies in the first
hatchery-produced individuals caught at sea in 1961–1967
(stocked as smolts 1959–1964) were similar to the wild individ-
uals caught in 1925–1926 (difference of 0.06, CI95% = �0.04
to 0.15 and �0.05, CI95% = �0.11 to 0.01 for Evgll3 and Esix6,
respectively; SI Appendix, Fig. S6). Third, a comparison of
broodfish used for stocking with all fish caught by anglers
revealed a preference for broodfish with a larger size than the

population average (SI Appendix, Fig. S7). Together, these
results show that stocking cannot explain the large increase in E
allele frequency and concordant body mass reduction of the
River Eira salmon.

Modeling the Adaptive Dynamics. Using quantitative genetic
theory in combination with statistical state-space modeling, we
estimated the joint temporal dynamics of mean mass, its opti-
mal value, and the allele frequency changes at the two major
effect loci. The model assumed quadratic stabilizing selection
around a changing optimum, where the optimum dynamics
was given by a log-linear function of the average waterflow dur-
ing the salmon run (June to September). The evolutionary
potential was determined by the genetic variance of mass, calcu-
lated as a function of the allele frequencies of vgll3 and six6 in
addition to a component of unobserved small-effect genes.
We fitted the model to the data using maximum likelihood.
Despite its highly simplified relationship between phenotype
and fitness, the model explained 65% of the observed yearly
variation in mean mass. Of the nonexplained fraction, 2%
was due to measurement error, while the remainder (33%)
could be attributed to nongenetic changes (i.e., plasticity),
genetic changes due to drift, and/or selection not included in
the model.

The model estimated a proportional relationship between
the optimal trait value and waterflow (optimum ∝ water-
flow1.00±0.11) and shows that the average trait value lagged
behind the fluctuating optimum before catching up in the late
1980s (Fig. 3A). Assuming a generation time of 6 y in Eira, the
successful adaptation to a new optimum took about six salmon
generations from the initial waterflow reduction. According to
our model, selection for smaller size was strong in the period
after the first waterflow reduction, but with large fluctuations
in magnitude (Fig. 3A). The change in average trait size was
mediated by the change in allele frequencies of vgll3 and six6
(Fig. 3B), where the genetic variation at these loci contributed
substantially to the high potential for evolution, or evolvability
(Fig. 3C). The adaptation was associated with a considerable
genetic load (fitness reduction) in the period of hydropower
development (SI Appendix, Fig. S8).

Fig. 2. Absolute allele frequency changes for the genes vgll3 and six6 over time in Atlantic salmon from River Eira in comparison with putatively neutral
markers. Each dot represents an SNP marker. The genes vgll3 and six6 are indicated. The remaining 67 neutral markers represent genetic drift. The solid
line represents the absolute amount of change expected under drift at the 95th quantiles. Vertical bars represent 95% credible intervals. (A) Changes in
allele frequency for the genes vgll3 and six6 comparing samples collected during the years 1925–1926 and 1987. (B) Changes in allele frequency for the
genes vgll3 and six6 comparing samples collected in 1987 and 2016.
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An important assumption of our model is the constant age struc-
ture of the returning adults. Modeling the evolution of the age
structure was not feasible, due to lack of data. The age structure we
used was based on all age data, in which most individuals were
from 1987 onwards and had a considerably younger age (∼2 y)
compared to the individuals caught in 1925–1926 (SI Appendix,
Table S1). If we shift the age structure upwards by 2 y in the
model, the adaptive dynamics changes so that the mean trait value
catches up with its optimum in the mid-1990s (SI Appendix, Fig.
S9). Hence, even with this long generation time, the salmon adapts
quickly to the altered waterflow. SI Appendix, Figs. S10–S13 pre-
sent more analyses on assumptions of the model.
While our model relies on several assumptions and can only

crudely quantify the evolutionary process, a major benefit of
our modeling approach is that it gives a quantitative assessment
of the results in a theoretical context. Given the estimated
evolvability and strength of selection, the model shows that
adaptation to a new optimum is possible within the time series.
Such quantification is often neglected but highly important for
understanding the evolutionary process (24).

Discussion

The observed decline in mass over the two decades of hydro-
power development is among the largest evolutionary changes
reported on the decadal timescale in metaanalyses (3, 25). An
ability to evolve is a necessity for evolutionary rescue and popu-
lation persistence during environmental changes (26). How-
ever, as lineage extinction is the most common outcome for

taxa (27), it is evident that evolutionary responses often do not
keep up with environmental change. Several factors have likely
facilitated the rapid adaptation in the River Eira salmon popu-
lation. First, trait evolvability was very high and largely caused
by two large-effect loci (Fig. 3C) where genetic variation may
have been maintained at a high level by fluctuating (28) or bal-
ancing selection (9). Second, selection was toward an interme-
diate allele frequency at the large-effect loci (Fig. 3B), thereby
increasing evolvability during the evolutionary response (Fig.
3C). If selection had favored more extreme allele frequencies,
evolvability would have decreased, and the rate of adaptation
would have slowed down. Third, selection for smaller size in
River Eira indirectly selected for younger sea age and therefore
increased survival at sea. Hence, there seems to have been con-
cordant selection on reproduction and survival during the
period of adaptation, promoting faster evolutionary response by
alleviating potential pleiotropic constraints (29). A likely sce-
nario is that large fish did not enter the breeding ground and
therefore suffered severely reduced reproduction.

It is unlikely that other factors than the waterflow reduction
were main drivers of the observed phenotypic and genetic
changes. First, even though marine selection influences the
body mass of mature Atlantic salmon (5, 30), it cannot explain
why River Eira salmon experienced a large reduction in body
mass during 1954–1974 (Fig. 1), while body mass remained
stable in River Stryn, another population with large salmon
using the same marine environment. A significant regime shift
in the marine ecosystem from 2004 caused a substantial reduc-
tion in marine growth of many salmon populations in western
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Norway (30), and, while this occurred within our study period,
it does not overlap with the period of the largest body mass
reduction in River Eira. Second, release of hatchery-produced
fish did not contribute to the initial phenotypic changes
observed in River Eira, as the initial releases began in 1959, at
which point the mean body mass was already reduced to 74%
of mean mass prior to the waterflow reductions. It is also
unlikely that stocking contributed to the observed genetic
changes. Stocked individuals recaptured during 1961–1967 did
not show increased frequencies of the early alleles of vgll3 and
six6, and stocked individuals from 1987 and 2016 did not dif-
fer in vgll3 and six6 allele frequencies compared with naturally
produced fish. While affecting population genetic parameters,
such as reduced effective population size following a
Ryman–Laikre effect (31, 32) and subsequent increased genetic
drift (Fig. 2) after 2006, when the fraction stocked fish has
been very high (31), the stocking cannot explain the large
reduction in mean body mass of salmon during the hydropower
development (1953–1975) in River Eira. Third, it is unlikely
that harvest (angling in River Eira and bag nets at sea) induced
the observed response: The fishing pressure was strong prior to
the first waterflow reduction in the Eira (SI Appendix, Fig.
S14), and similar fishing pressure in other rivers did not cause a
reduction in body size in the local populations (e.g., River
Stryn; SI Appendix, Fig. S14 and S3). Finally, our adaptive
dynamics model explained well the observed body mass, sug-
gesting that the phenotypic changes in River Eira were caused
by the altered waterflow.
Our study provides unequivocal evidence of unintentional

human-induced evolution in a natural population, in which the
species managed to adapt to the altered environment. River
Eira once harbored some of the largest salmon in the world but
has now evolved into an ordinary salmon population. This suc-
cessful adaptation comes at a cost of reduced life-history diver-
sity, and, potentially, reduced population stability and resilience
to further environmental change (33).

Materials and Methods

The Study System. The focus of this study is an Atlantic salmon population
inhabiting River Eira, situated in a mountainous area of western Norway at
62°410N, 8°70E. Its waterflow, which had a historical annual average of
41m3�s�1, was reduced to 17m3�s�1 by three separate hydropower develop-
ments in 1953, 1962, and 1975, each removing water from the watershed by
transferring parts to neighboring watersheds (34) (Fig. 1). While the waterflow
peaks in summer and is at a low during winter, the waterflow reduction is pro-
portionally similar throughout the year (SI Appendix, Fig. S15).

To compensate for reduced juvenile production, River Eira has, since 1967,
been stocked annually with ∼50,000 2-y-old hatchery-produced Atlantic salmon
smolts of local origin (35). A smaller number of smolts were released in the years
1959–1966, these numbers being 1,065, 8,520, 4,181, 10,778, 11,194, 6,003,
5,507, and 39,180 smolts, respectively. A proportion of these were tagged with
individually numbered Carlin tags (36), and scale samples were taken from recap-
tured fish for further analyses. The fraction of stocked fish in catches of adult
salmon has increased with time but was not recorded prior to 1987. In the years
1987 and 2016, 12% and 51% of the individuals were of stocked origin, while the
remainder were naturally produced. New broodfish has been caught from the
evolving river population for each new generation of hatchery-produced fish.

To test whether the observed evolutionary change in the River Eira salmon pop-
ulation was a response to altered selection pressure at sea, we included samples
from another river famous for its large salmon, where the waterflow has not been
changed, the River Stryn. River Stryn is located on the west coast of Norway at
61°54’N, 6°42’E, ∼115 km southwest of River Eira, and has an annual waterflow
of 32 m3�s�1. The Atlantic salmon population in River Stryn migrate to and forage
in the same marine areas as do the River Eira population (37). Atlantic salmon

home to their natal rivers to spawn, and the salmon in these two rivers constitute
different populations, with a pairwise genetic distance at neutral loci of 0.029
(Weir and Cockerham’s FST) (38), which has remained stable over the study period.

Catch Information, Scale Samples, and Molecular Analysis. Anglers in
River Eira were requested to record date of catch and size (mass and length) of
each adult salmon captured by rod during the sport fishing season. From 1925
until 2016, all sizes and both sexes were fished and culled indiscriminately.
Nearly all (99%) of the catches in our data were taken between 1 June and 8 Sep-
tember. We used information on catch year and individual mass of 8,324 adult
Atlantic salmon caught by anglers in the periods 1925–1926 and 1940–2016
(except 1958–1965, from which catch information is missing). During
1925–1926, and annually since 1987, anglers also collected fish scales from
their catch. Experienced scale readers recorded number of years spent in fresh-
water (smolt age) and number of years at sea (sea age) and identified hatchery-
produced individuals according to growth patterns (annuli) in the scale (39).
From 2001 onward, the adipose fin was removed from all hatchery-produced
smolt; hence, after 2002, anglers were also requested to provide information
about presence/absence of the adipose fin. Because naturally produced and
hatchery-released fish could not be differentiated prior to 1987, we included
both naturally produced and hatchery-released fish when constructing the time
series of average body mass. For the years 2005–2016, we also had the mass of
fish selected and used as broodfish to produce juveniles for hatchery releases.
Data on broodfish were only used to compare body mass with fish caught by
anglers and were not included on the time series of average body mass.

We extracted DNA from a subset of the scale samples belonging to three peri-
ods: 1925–1926 (n = 77), 1987 (n = 120), and 2016 (n = 149), for genotyping
and genetic sex determination. To investigate the allele frequencies of the vgll3
and six6 markers in hatchery-produced fish at a time when the body mass of
salmon in River Eira was declining, we also extracted DNA from scales of 79
Carlin-tagged individuals that were recaptured during 1961–1967 as sexually
mature adults close to shore along the Norwegian coast while on their home
migration. The individuals were mainly caught by bag nets, which efficiently
catch all sea ages of the River Eira salmon. For River Stryn, we found equivalent
genetic and phenotypic data from the periods 1955–1957 (n = 69), 1983
(n = 78), and 1990 (n = 67). DNA was extracted from the scales using DNEASY
tissue kit (QIAGEN) and genotyped on the EP1 96.96 Dynamic array IFCs plat-
form (Fluidigm) at 68 neutral nuclear SNPs (SI Appendix, Table S6), as well as
two SNPs in linkage with the functionally important genes vgll3 and six6, respec-
tively (SI Appendix, Table S6). The sex was determined using the sdY gene (40)
amplified in one multiplex together with genetic markers for differentiating
between Atlantic salmon and brown trout (Salmo trutta) (41). The samples col-
lected in 2016 were initially filtered to remove individuals with possible ancestry
in farmed escapees (42) (31 individuals removed). In the early period of Atlantic
salmon aquaculture (prior to 1990), farmed genetic introgression was insignifi-
cant, and samples from these earlier years are being used as references for wild
Atlantic salmon (43). Introgression is therefore not expected to affect the sam-
ples from 1990, or earlier years. Individuals with genotyping success below 0.7
were removed from further analysis.

Allele Frequency Changes. To determine whether temporal changes in vgll3
and six6 allele frequency in the Eira and Stryn populations could be explained
by genetic drift, we used an approximation of the Wright–Fisher model (44, 45).
The number of alleles at each putatively neutral locus i in time t followed a bino-
mial distribution to account for sampling error

Ai,t ∼ Binðxi,t , TiÞ,
where Ti is the total number of alleles at the locus i, and x(i,t) is the allele fre-
quency at period t. Initial allele frequency in the model, xi,t, followed a beta dis-
tribution with shape parameters equal to one. Otherwise, the allele frequency xi,t
was derived from the previous period, xi,t-1, using a normal distribution (46),

xi,tjxi, t�1 ∼ N xi, t�1, xi, t�1ð1� xi, t�1Þ gt
2Nt

� �
, [1]

where gt is the number of generations between the periods t and t� 1, and Nt
is the effective population size. We estimated the ratio ζt = gt=2Nt in a Bayesian
model with a prior uniform distribution ranging from 0.0001 to 1 (e.g., ref. 47)
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by using the Just Another Gibbs Sampler software (JAGS) and by including the
“dinterval” function to ensure that xði,tÞjxði, t�1Þ ranged between zero and one
(48). We ran two Monte Carlo Markov chains (MCMCs) in R (R core team) for
770,000 iterations, including a burn-in length of 370,000 iterations, and kept 1
out of 40 iterations. To assess convergence, we used the Gelman and Rubin’s
convergence diagnostic (49) and a potential scale reduction factor threshold of
1.1. In the same model, we derived the six6 and vgll3 allele frequencies in Riv-
ers Eira and Stryn at each period using a beta-binomial distribution. Shape
parameters from the beta distribution were set to one as a prior. We calculated
the difference in allele frequency between consecutive periods at each iteration
and compared with the variation expected under drift from Eq. 1, using the esti-
mate of ζt (1925/1926 to 1987: 0.0001, 0.0019, 0.0058 and 1987–2016:
0.0185, 0.0313, 0.0478 for lower 95%, median, and upper 95%, respectively).
Because fixed putative neutral SNP markers were excluded, we used 67 such
markers in River Eira analyses and 66 in River Stryn analyses.

Functional Effect of vgll3 and six6. To study the within-year phenotypic effect
of the two loci, we used the natural genetic effect model (50). The model had
log mass (ln kilograms) as a response variable and included both sex-specific
additive (a) and dominance (d) effects. Due to low sample size of one genotype
(EEsix6), we did not estimate d for six6. To control for temporal effects, we cen-
tered the explanatory variables on their within-year means for each sex. In addi-
tion, we included the catch period as a fixed factor in interaction with sex. To
obtain 95% CIs, we used Monte Carlo simulation by drawing 50,000 samples
from a multivariate normal distribution, specified by point estimates and their
error variance matrix. Fish with hatchery origin was excluded from this analysis.

Potential Effects of Stocking. To estimate vgll3 and six6 allele frequencies
and their 95% credible intervals in wild and hatchery-produced fish per sam-
pling period, we used beta-binomial models in JAGS with priors for the beta
shape parameters set to one. We ran two MCMC chains for 50,000 iterations,
including a burn-in length of 50,000 iterations, and kept 1 out of 5 iterations.
The posterior distribution of this model was used to calculate the difference in
allele frequencies between wild individuals from 1925 to 1926 and hatchery-
produced fish captured during 1961–1967. To estimate the difference between
wild (n = 160) and hatchery-produced fish (n = 81) in vgll3 and six6 allele fre-
quency for the combined 1987 and 2016 data, we used quasi-binomial models
with year and fish type as fixed effects.

Modeling the Adaptive Dynamics. To quantitatively assess whether adapta-
tion of salmon body size to reduced waterflow was in concordance with evolu-
tionary theory, we developed a statistical model that could be fitted to the data.
The model is simple and based on the standard deterministic quantitative
genetic model where the mean trait value in the next generation (before selec-
tion) is given by z' = z + VAβ, where z is the mean trait value for the parents
(before selection), VA is the additive genetic variance, and β is the selection gra-
dient (51, 52). However, with overlapping generations and because we wanted
to include the effect of allele frequency changes at two loci, the model becomes
more complicated. The modeling of VA, including the contribution of large-effect
genes and their allele frequency changes, is theoretically well funded and
should, to a high degree, reflect reality. The model has several naïve aspects,
however. It only includes plasticity in its residuals, and hence the trait value
before selection ignores the effect of variation in the environment. It has a sim-
ple relationship between phenotype and fitness (i.e., natural selection). We
assume that all selection happens in adults with a constant stabilizing selection
around an optimum trait value that is deterministically determined by waterflow.
Hence, we ignore all other forms of selection, including selection on other traits.
We wanted to test whether a simple relationship between waterflow and natural
selection could explain the evolution of body size in the Eira salmon, and this is
what the statistical model is designed to do.

The Atlantic salmon has overlapping generations that complicate the evolu-
tionary dynamics. Assuming that averages of breeding values combine addi-
tively, we moved individuals forward in time from the year they were eggs to
obtain the mean log mass (before selection) for the individuals returning at year
t from the weighted average

zt = ∑
k
wk

�
zt�k + VAðt�kÞβt�k

�
,

where the weight wk is the proportion of individuals that were eggs in year
t� k, given by 0.114, 0.336, 0.308, 0.181, and 0.061 for k equal to 4, 5, 6, 7,
and 8 y, respectively (and zero elsewise). The proportions were based on the age
distribution (at return) across all data.

The evolutionary model starts the first year where we have both phenotypic
data and waterflow data, at t = 1940. To model the trait means before selection in
the 8 y before 1940, we used an informative prior, N(9.26, 0.142). This prior was
based on the average trait value and its annual variation before the first waterflow
reduction in 1953. We modeled mass on the natural log scale in units of ln grams.

The selection gradient β was modeled as an increasing function of distance
to the optimum θ, given by

βt = �expðqÞðzt � θtÞ,
where the parameter q gives the strength of stabilizing selection around the
optimum, and exp is the natural exponential function (the negative of which
gives stabilizing selection). To ensure that selection did not become unreason-
ably strong (and keeping the genetic load within reasonable limits), we used the
prior q ≈ Nð�2, 12Þ. The optimum at year t was a linear function of average
waterflow from June to September x in units of ln(cubic meters per second),

θt = θ1940 + bðxt � x1940Þ,
where the intercept θ1940 gives the optimum phenotype in 1940, and the slope
b gives the linear change with a change in waterflow from the 1940 value. Both
θ1940 and b were modeled as fixed effects.

The total additive genetic variance at year t is given by the large-effect loci
(SNPs) and additional (unknown) small-effect loci: VAðtÞ = VAðvgll3, tÞ +
VAðsix6,tÞ + VAðsmallÞ: Because vgll3 and six6 have sex-specific effects, VAðvgll3,tÞ
and VAðsix6,tÞ will have sex-specific components. The combined contribution of
female, F, and male, M, for the ith SNP (vgll3 or six6) at year t to the additive
genetic variance is

VAði,tÞ =
1
4
ðVA½F�i,t + VA½M�i,t + 2CA½F ,M�i,tÞ,

where the variance term for sex j is

VA½j�i,t = 2pi,tð1� pi,tÞ
�
ai,j + di,jð1� 2pi,tÞ

�2
� Bias,

pi,t is the allele frequency at locus i in year t, ai,j and di,j are the additive effect
and dominance effect, respectively, for locus i in sex j,

Bias = 2pi,tð1� pi,tÞ
�
Var½ai,j� + ð1� 2pi,tÞ2Var½di,j�

+ 2ð1� 2pi,tÞCov½ai,j, di,j�
�
,

while the covariance term is given by

CA½F ,M�i,t = 2pi,tð1� pi,tÞ
�
ai,F + di,Fð1� 2pi,tÞ

��
ai,M + di,Mð1� 2pi,tÞ

�

�Bias,

where

Bias = 2pi,tð1� pi,tÞ
�
Cov½ai,F , ai,M� + ð1� 2pi,tÞCov½ai,F , di,M�

+ ð1� 2pi,tÞCov½di,F , ai,M� + ð1� 2pi,tÞ2Cov½di,F , di,M�
�
:

See SI Appendix, Table S3 for the genetic effects and associated error (co)va-
riances used in the model.

To model the genetic variance due to small-effect genes, we used
VAðsmallÞ = h2VP � VAðvgll3,t<1940Þ � VAðsix6,t<1940Þ, where h2 is the heritability
and VP is the phenotypic variance. We modeled the heritability on logit scale using
an informative, but not very strong, prior to ensure reasonable values:
logit h2 ≈ Nð0, 12Þ. The within-year phenotypic variance, VP , before the first
development was estimated at 0.31 log2(g) and used as a constant in the model.

To model changes in allele frequencies due to selection, Δpi,t , we used the
fact that

2Δpi,t
�
ai + dið1� 2pi,tÞ

�
≈ VAði,tÞβt ,

6 of 8 https://doi.org/10.1073/pnas.2207634119 pnas.org

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 1
58

.3
8.

1.
70

 o
n 

N
ov

em
be

r 
4,

 2
02

2 
fr

om
 I

P 
ad

dr
es

s 
15

8.
38

.1
.7

0.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2207634119/-/DCSupplemental


where VAði,tÞβt is the evolutionary response due to selection at locus i. Rearrang-
ing and accounting for the sex-specific genetic effects and variances yields

Δpi,t ≈
ðVA½F�i,t + CA½F ,M�i,tÞβt
8
�
ai,F + di,Fð1� 2pi,tÞ

� +
ðVA½M�i,t + CA½F ,M�i,tÞβt
8
�
ai,M + di,Mð1� 2pi,tÞ

� :

This approximation is good for small changes in allele frequency or if there is
little dominance.

Similarly as for the average trait value, we modeled the allele frequency at
time t as a weighted average by moving individuals forward in time from when
they were eggs until they returned to the river as adults,

pi,t = ∑
k
wkðpi,t�k + Δpi,t�kÞ:

We modeled the parental allele frequencies (pi,t�k) before 1940 as one value
for each locus using informative priors on the logit scale. These priors were cho-
sen to reflect the observed allele frequencies in 1925–1926, and given by logit
pvgll3 ≈ N(0.99, 0.202) and logit psix6 ≈ N(2.94, 0.802).

To fit the model to data on average observed log mass at each year t, zobsðtÞ,
we used the observation model

zobsðtÞ = zt + δst + et + mt ,

where zt is the trait mean before selection, δ is the fraction of selection happen-
ing before we observed the trait mean (estimated as a fixed effect on the logit
scale), st = VPβt is the selection differential, et ≈ Nð0,σ2eÞ is the residual devia-
tion from the model, and mt ≈ Nð0,SE2t Þ is the measurement error, where SEt
is the standard error of zobsðtÞ.

For the allele frequencies estimates of 1987 and 2016, we used the observa-
tion model

Ai,t ∼ Bin ðpi,t + δΔpi,t , TiÞ,
where A is the number of observed alleles of one type, and T is the total number
of observed alleles.

The data on observed trait means and allele frequencies inform the parame-
ters q, θ1940, b, δ, h

2, and σ2e , in addition to the initial (t < 1940) trait values
and allele frequencies. We used R (53) and the Template Model Builder pack-
age, TMB (54), which fits the model to the data using maximum likelihood.

Data, Materials, and Software Availability. Waterflow data, genotypes
and metadata for all individuals that scale samples exist for, metadata for all
individuals included in the study, and computer code have been deposited in
Zenodo (10.5281/zenodo.7049816) (55).
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