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Abstract
Domesticated species continually escaping and interbreeding with

wild relatives impose a migration load on wild populations. As domes-
ticated stocks become increasingly different as a result of artificial and
natural selection in captivity, fitness of escapees in the wild is expected
to decline, reducing the effective rate of migration into wild popula-
tions. Recent theory suggest that this may alleviate and eventually
eliminate the resulting migration load. I develop a multivariate model
of trait and wild fitness evolution resulting from the joint effects of ar-
tificial and natural selection in the captive environment. Initially, the
evolutionary trajectory is dominated by the effects of artificial selec-
tion causing a fast initial decline in fitness of escapees in the wild. In
later phases, through the counteracting effects of correlational multi-
variate natural selection in captivity, the mean phenotype is pushed in
directions of weak stabilizing selection, allowing a sustained response
in the trait subject to artificial selection. Provided that there is some
alignment between the adaptive landscapes in the wild and in cap-
tivity, these phases are associated with slower rates of decline in wild
fitness of the domesticated stock, suggesting that detrimental effects
on wild populations are likely to remain a concern in the foreseeable
future.

Introduction

Domesticated crop (Ellstrand et al., 1999), terrestrial animal (Kidd et al.,
2009; Verardi et al., 2006) and aquatic fish species (Naylor et al., 2005) often
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interbreed with populations of wild relatives from which they originate. This
has led to concerns over possible detrimental effects on wild populations (Hin-
dar et al., 1991). Fitness of escapees relative to fitness of their wild relatives
is a critical parameter influencing the migration load in the recipient popula-
tion (Lorenzen, 2005; Tufto, 2010; Baskett and Waples, 2013), the expected
change in population size (Ronce and Kirkpatrick, 2001; Tufto, 2001), as well
as gene flow of neutral markers useful in monitoring introgression (Huisman
and Tufto, 2013; Karlsson et al., 2014, 2016).

Domesticated species typically undergo continual artificial selection for
traits of economic interest. A sustained response to such selection over many
generations is often observed in artificial selection experiments and in ani-
mal and plant breeding programs, with little or no slowdown in the response
per generation (Hill and Caballero, 1992). This is consistent with the view
that most traits are polygenic and that large phenotypic changes on the ba-
sis of standing genetic variation can be achieved through only small changes
in underlying allele frequencies (Barton and Keightley, 2002). A sustained
response also suggests that counteracting natural selection in the captive en-
vironment must be weak, and perhaps negligible as assumed in some models
(e.g. Wei et al., 1996; Tufto, 2010). Weak natural selection, however, only
follows if all evolutionary changes occur in the trait under direct artificial
selection as assumed by Zeng and Hill (1986) (no genetic correlations and no
correlational selection).

In the wild, natural selection is, under quite general conditions, expected
to move the mean phenotype towards an optimum maximizing mean popula-
tion fitness (Lande, 1982). Any change in the mean phenotype away from a
peak in this adaptive landscape is therefore expected to be accompanied by
a reduction in mean relative fitness. A Gaussian fitness function of the form
w(z) = exp{−1

2
s(z − θ)2} introduced by Haldane (1954) is an often used

model of stabilizing natural selection and can be viewed as a parsimonious
second-order approximation of the true fitness function, appropriate when
the deviation of the phenotype z from the optimum θ is moderate. For a
domesticated stock showing a sustained response to artificial selection, ex-
trapolation based on a univariate Gaussian model would suggest that their
fitness in the wild would follow a bell-shaped curve, tending to zero in a pre-
dictable way as the total response to artificial selection in z accumulates. In
conservation genetic settings with accidental gene flow from the domesticated
stock into populations of wild relatives, this would imply that detrimental
genetic effects of interbreeding are at their largest for intermediate levels of
genetic differentiation, and that detrimental effects might become resolved
once the species undergoing domestication becomes sufficiently different from
its wild relatives (Huisman and Tufto, 2012, their Fig. 8), suggesting a “make
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them different” management strategy sensu Baskett and Waples (2013).
Here I argue that this view is likely to be too simplistic. Despite the fact

that a sustained response to artificial selection is often seen experimentally,
I argue that natural selection in the captive environment also can be strong.
Using a multivariate model similar to Zeng (1988) involving additional un-
observed latent traits, I model the evolutionary trajectory resulting from the
joint effects of artificial selection and natural correlational, stabilizing selec-
tion in the captive environment. I assume some alignment of the adaptive
landscapes in captivity and in the wild (shared eigenvectors) but different
optima. Observable evolutionary changes are shown to involve fast and slow
phases over different characteristic time scales associated with the strength
of stabilizing natural selection acting on a set of decoupled, independently
evolving linear transformations of the original traits. In particular, fitness of
individuals from the domesticated stock escaping to the wild is predicted to
exhibit a fast initial decline followed by slower subsequent phases towards a
limiting positive plateau, even under sustained response to artificial selection.
Additionally, the model provides new insights into the effects of supportive
captive breeding programs corresponding to the special case of no intentional
artificial selection in captivity.

The model is in some ways similar to Tufto (2010), who modelled migra-
tion load resulting from immigration of domesticated escapees and stabiliz-
ing, correlational selection in the wild of the same form as asssumed here.
Although predicting this migration load partially motivates the current work,
migration-selection balance and the resulting migration load are not consid-
ered explicitly here. Instead the aim is to focus in detail on multivariate
evolutionary changes occuring in captivity during the domestication process,
and the associated implications for fitness of domesticated escapees in the
wild. Provided that their fitness reaches a positive, non-negligible plateau,
general findings in Tufto (2000, 2010) (see Discussion) then suggest that this
will incur a considerable migration load in the wild.

Separate from these issues but important from a more theoretical point
of view, the model is validated against and provides novel interpretations of
patterns often observed in artificial selection experiments.

Model and Results

MODEL RATIONALE

Artificial selection is usually employed at some life stage that follows con-
siderable prior mortality. This together with possible differences in fertility
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provides ample opportunity for natural selection to act. Zeng and Hill (1986)
considered the selection limit resulting from a conflict between artificial trun-
cation selection and natural stabilizing selection, using a univariate, single
trait model. As emphasized by Lande and Arnold (1983); Blows (2007);
Arnold et al. (2008); Kirkpatrick (2009), however, adaptation is inherently
a multivariate process. Patterns of long-term response to artificial selection
seen experimentally also support a multivariate view (see Discussion).

A multivariate approach is also suggested by theoretical considerations
of the evolutionary origin of allometric relationships. Such relationships in
the form of simple power laws can be found between body size and many
physiological, morphological and life history traits (Schmidt-Nielsen, 1984;
West and Brown, 2005). Theory suggests that such scaling laws and, more
generally, phenotypic integration, constitute a form of universal optimization
of biological organisms and that this optimization ultimately is a result of
natural selection (West and Brown, 2005; Armbruster et al., 2014). This
implies that the fitness function representing natural selection on such traits
must take a specific form. On logarithmic scales, power laws translate to
simple linear relationships. In terms of log-transformed traits, selection opti-
mizing the organism according to a given power law can then be envisioned
as stabilizing selection perpendicular to a ridge along the allometric linear
relationship of trait combinations yielding optimal fitness, or as multivari-
ate stabilizing selection with weak selection along the ridge (Fig. 1a). This
evolutionary view for the origin of allometric scaling laws is supported by
some studies, for example Frankino et al. (2005) who, after inflating phe-
notypic variance through artificial selection, demonstrated strong stabilizing
selection on the ratio between body size and forewing area in the butterfly
Bicyclus ananana. Univariate analyses of stabilizing selection, on the other
hand, often fail to find evidence for strong stabilizing selection (Kingsolver
and Hoekstra, 2001), possibly because only some component of overall fitness
is measured. Another possible explanation is the omission of phenotypically
correlated traits, which would tend to bias estimates of stabilizing selection
on the trait under study downwards towards the strength of (weak) stabiliz-
ing selection acting along the allometric slope, in particular if the phenotypic
covariance matrix P-matrix of measured and unmeasured traits aligns with
the adaptive landscape. Such alignment is expected from theory on envi-
ronmental canalization (Zhang and Hill, 2005) and on the evolution of the
G-matrix (see discussion).

Below, I build on the model by Zeng (1988) and model natural stabilizing
selection both in captivity and in the wild using multivariate Gaussian fitness
functions, which again can be seen as a parsimonious second-order approxi-
mations of the true fitness surface around the optimum. In the multivariate
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case this model involves n parameters describing strength of stabilizing se-
lection on each of the n traits, plus n(n− 1)/2 parameters describing corre-
lational selection on each pair of traits. Although parameter values may be
different in captivity versus in the wild, it seems reasonable to assume that
some properties are shared across both environments, for example, as a re-
sult of similar functional constraints and optimization principles underlying
allometric patterns applying in both environments. Shared allometry would
suggest that the fitness functions describing natural selection in the captive
environment should have approximately the same shape and orientation as
in the wild (shared eigenvectors), perhaps with some reduction in the overall
strength of selection in the domestic environment. This is consistent with
idea that adaptive landscapes in different environments align, which through
mutation-selection balance, translates to the pattern of variation in G often
seen empirically. For example, Arnold et al. (2008) found G-matrix eigenvec-
tors to be similar in about 75% out of 66 studies. I assume that differences
between the captive and wild environments (e.g. the lack of predators or
differences in food abundance) lead to shifts in the tradeoffs generating the
various allometric relationships. These shifts translate to displacements in
the stabilizing selection optima in the captive relative to the wild environ-
ment (as in the univariate model of Ford, 2002). For breeding lines originat-
ing from the wild, a displaced optimum in captivity would initially generate
directional natural selection and hence an asymmetric response, thus being
consistent with patterns often seen experimentally (Falconer and Mackay,
1996, p. 212).

EVOLUTION IN CAPTIVITY

The model assumptions and its behavior are illustrated by the numerical ex-
ample displayed in Fig. 1. In the following, G (shaded grey ellipse in Fig. 1a)
refers to the genetic covariance matrix among newborns at the beginning of
the life cycle. The initial transient dynamics of G during the first gener-
ations of domestication, resulting from linkage disequilibrium generated by
truncating and stabilizing selection (Bulmer, 1971; Villanueva and Kennedy,
1990), is ignored. The mean phenotype vector Z̄t = (Z̄1,t, Z̄2,t, . . . , Z̄n,t)

> is
initially at the optimum in the wild such that Z̄0 = 0.

Natural stabilizing Gaussian selection during domestication acts on the
vector of phenotypic values, but unlike Zeng (1988), I analyse the effects of
selection by working directly with the distribution of the vector of breeding
values Zt. Assuming that environmental effects are independent of Zt, nor-
mally distributed and with zero mean, it follows that mean relative fitness
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Figure 1: Trait trajectories and evolution of relative mean population fitness for a bivariate
version of the model. (a) The genetic covariance matrix G (represented by the grey
shaded 75%-probability ellipse), matrices S and αS describing Gaussian fitness functions
in captivity and in the wild (displayed by blue and green fitness isocontours), selective
optima in captivity and in the wild (blue and green crosses), all in terms of the original
traits Z1 and Z2. The blue dots represents the evolutionary trajectory of (Z̄1,t, Z̄2,t) during
domestication and the green dots the trajectory after relaxation of artificial selection in
the 30th generation. (b) The same quantities but in terms of the linearly transformed
decoupled traits z1 and z2. (c) The cumulative response over time to artificial selection
Z̄1,t (blue dots) and regression of Z̄1,t when artificial selection is relaxed (green dots). (d)
The decline over time in relative mean fitness of escapees in the wild during domestication
(blue dots) and fitness recovery after relaxation of artificial selection (green dots) equal
to the product between the curves in (e) representing components associated with the
decoupled traits z1 (dashed dotted curves) and z2 (dashed curves). Parameter values used
are listed in Appendix A.
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of individuals with breeding value Z is

w(Z) = exp

{
−1

2
(Z−∆)>S(Z−∆)

}
, (1a)

where the matrix S describes stabilizing, correlational selection on the breed-
ing values Z (blue ellipse in Fig. 1a). It follows that S−1 = S−1P + E where
SP describes selection on the phenotype and E is the covariance matrix of
the environmental effects. The vector ∆ is the displacement of the optimum
in the captive relative to the wild environment (blue cross in Fig. 1a). Be-
cause the fitness function and the distribution of breeding values are both
Gaussian, the distribution of breeding values after selection is also Gaussian
with mean vector

(S + G−1)−1(S∆ + G−1Z̄t). (1b)

This can be interpreted as a simple weighted average of the optimum and the
mean prior to stabilizing selection in the case of selection on a single trait.
The covariance matrix changes to (G−1 + S)−1 ≈ G, that is, it remains
approximately unchanged if selection is weak.

Natural selection is followed by artificial selection acting on the first ele-
ment of the phenotype vector. Genetic correlations, not to be confused with
correlational selection, creates an indirect response to artificial selection in
other genetically correlated components of Z, such that artificial selection
overall changes Z̄t by an amount A = (A1, A2, . . . , An)> each generation.
Given the assumption that G remains approximately unchanged by prior
weak stabilizing Gaussian selection, the indirect correlated response to arti-
ficial selection in Z2, Z3, . . . , Zn on Z1 is

Ai =
Gi1

G11

A1 (1c)

for i = 2, 3, . . . , n (Falconer and Mackay, 1996, p. 317). The recursion equa-
tion for the overall change in Z̄t from generation t to generation t + 1 (gen-
erating the blue trajectory in Fig. 1a), is then

Z̄t+1 = (S + G−1)−1(S∆ + G−1Z̄t) + A. (1d)

The analysis is simplified by instead working with a linear transforma-
tion of genetically uncorrelated, independently selected, decoupled traits
z = (z1, z2, . . . , zn)>. This transformation, illustrated in Fig. 1a versus 1b,
is obtained through a rotation (based on the eigenvectors of G), rescaling
(based on the eigenvalues of G), and a second rotation based on the eigenvec-
tors of the selection matrix after the two first transformations. This changes
(1d) to

z̄t+1 = (s + I)−1(sδ + z̄t) + a, (2a)
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where s is a diagonal matrix describing the strength of independent stabiliz-
ing selection on each element of zt, δ = (δ1, δ2, . . . , δn)> is the displacement
of the optimum in this new coordinate system, and a = (a1, a2, . . . , an)> the
direct and indirect response to artificial selection (see Appendix A for de-
tails). A resulting evolutionary trajectory is shown in Fig. 1b. The length of
the vector a, ||a||, can be shown to be equal to the per generation response
to artificial selection measured in genetic standard deviations in the trait (or
linear combination of traits) subject to artificial truncating selection. Thus,
a reasonable value for ||a||, consistent with the response seen in the Norwe-
gian farmed salmon breeding program (B. Gjerde, pers. comm.) might be
somewhere around 0.5, which corresponds to selecting 38% of the population
beyond a truncation point of 0.3 phenotypic standard deviation if assuming
a heritability of 0.5 (Falconer and Mackay, 1996, eqs. 11.3–5).

Each element of zt in the rescaled model, because all matrices in (2a)
are diagonal, evolves independently according to first order linear difference
equations. Assuming that the breeding line originates from a population at
the wild optimum such that z̄0 = 0, the solutions are

z̄i,t =

(
δi + ai

(
1 +

1

si

))(
1− 1

(1 + si)t

)
, (2b)

for i = 1, 2, . . . , n (Fig. 1b). Each independently evolving trait z̄i,t thus
evolves towards an equilibrium δi + ai(1 + 1/si) at which the (direct and
indirect) response to artificial selection ai is balanced by counteracting sta-
bilizing selection of strength si towards δi. Importantly, the displacement
from the optimum δi resulting from artificial selection is inversely related
to the strength of stabilizing natural selection towards it. Each zi,t evolves
exponentially towards the optimum over characteristic times scales τi ≈ 1/si
(defined by equating 1/(1 + si)

t to e−t/τi), that is, more slowly in directions
of weak selection.

FITNESS OF ESCAPEES IN THE WILD

Having solved for the evolutionary trajectory resulting from artificial and
natural selection in the captive environment, I now consider the correspond-
ing mean fitness of individuals from the domesticated stock when released
into the wild environment, relative to mean fitness of a population at the
optimum in the wild. This is a critical parameter determining further evolu-
tionary changes in the wild resulting from continual migration and selection,
as shown in other work (Tufto, 2000, 2010; Baskett and Waples, 2013; Bas-
kett et al., 2013). I assume a Gaussian fitness function also in the wild with
selection matrix s differing by a factor of α from that in captivity (implying
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stronger selection in the wild for α > 1) (green ellipses in Figs 1a and b).
With the optimum at z = 0, the mean fitness of an individual with breed-
ing value z averaged over the distribution of environmental effects as in (1a)
becomes

w(z) = exp

{
−1

2
αz>sz)

}
. (3a)

Averaging over the Gaussian distribution of breeding values with mean vector
z̄t and genetic covariance matrix I in the rescaled model, mean fitness of
escapees in the wild is given by

w̄(z̄t) = |αs + I|−1/2 exp

{
−1

2
z̄>t ((αs)−1 + I)−1z̄t

}
. (3b)

Substituting the solution for the evolutionary trajectory of zt in captivity
(2b) into (3b) and using the diagonality of s, mean fitness of domesticated
individuals in the wild relative to a population at the optimum (blue dotted
curve in Fig. 1d) has a factorization w̄(z̄t)/w̄(0) =

∏n
i=1 ci(t) where the

components

ci(t) = exp

−
(
δi + ai(1 + 1

si
)
)2(

1−
(

1
1+si

)t)2

2
(

1
αsi

+ 1
)

 , (4)

i = 1, 2, . . . , n (blue curves in Fig. 1e) represent the separate effects of inde-
pendent evolution in z̄1,t, z̄2,t, . . . , z̄n,t on overall wild fitness.

Like each z̄i,t, these components decline towards limiting values over char-
acteristic time scales τi ≈ 1/si inversely proportional to the strength of sta-
bilizing selection on each zi. The observable decline in overall relative mean
fitness (blue curve in Fig. 1d) in general thus involves several phases occur-
ring over different time scales associated with each direction of independent
evolution, as opposed to predictions of univariate models without natural se-
lection in captivity. For the numerical example displayed in Fig. 1, with much
weaker selection on z1 than on z2, c1(t) and c2(t) decline over characteristic
time scales of τ1 = 200 and τ2 = 6.5 generations, respectively.

The ultimate contribution to loss of fitness associated with evolutionary
changes in a particular direction zi (the limiting value of ci(t) as t → ∞)
depends on the displacement δi of the optimum, the response to artificial
selection ai, and the strength of selection si in this direction. Returning to
the numerical example in Fig. 1, component c2(t) associated with z2 tends to
a limiting value of c2(∞) = 0.16 (dashed curve in Fig 1e) resulting from the
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displacement of the optimum δ2 in this direction and an additional deviation
a2(1 + 1/s2) from the displaced optimum caused by artificial selection. Be-
cause stabilizing selection on z2 is strong, these effects are of the same order
of magnitude. For the other trait z1 subject to weak natural stabilizing selec-
tion, the contribution to the ultimate fitness loss is, according to the model
and somewhat counter intuitively, much larger with c1(t) tending to a limit-
ing value c1(∞) = 3.1 × 10−4 (dashed dotted green curve in Fig. 1e). This
is caused by the much larger overall response to artificial selection tending
to a limiting value of z̄1,∞ = 46.6 genetic standard deviations (outside the
range of displayed z1-values). Essentially, for small si, the limiting value of
the response z̄i,∞ ≈ ai/si and the associated fitness component tends to the
limiting value ci(∞) ≈ exp{−1

2
αsiz̄

2
i,∞} = exp{−1

2
αa2i /si}, thus producing a

larger fitness reduction when stabilizing selection is weak (si small).
In captive breeding programs, no intentional artificial selection is ap-

plied in captivity, which corresponds to a = 0 in the present model. Apart
from this, much of the model rationale arguably still applies. In particular,
genetic changes (see e.g. Araki et al., 2007) can still occur through unin-
tentional natural selection in captivity, as a result of a displacement δ in
the optimum as assumed here. Under this scenario, focusing again on the
resulting fitness changes of individuals from the captive stock when released
in the wild and the limiting values of fitness components associated with
each direction of independent evolution (4), these tend to limiting values of
ci(∞) = exp{−1

2
αsiδ

2
i /(1 + αsi)}. The reduction in fitness thus increases

with the strength si of stabilizing natural selection and the magnitude of the
displacement of the optimum, as opposed to the effects of artificial selection.
As before, however, the time scale τi over which such changes occur is in-
versely proportional to the strength of selection si. Any large reduction in
fitness in a captive breeding program is thus likely to occur fast over a small
number of generations.

REGRESSION OF Z̄1,t AND RECOVERY OF WILD FITNESS AFTER
RELAXATION OF ARTIFICIAL SELECTION

To validate the model against empirical patterns seen in artificial selection
experiments (see Discussion), I derive predictions for the evolutionary trait
and fitness trajectories once artificial selection is relaxed. Such predictions
are also of interest when considering wild populations completely replaced
by escapees, and the recovery of fitness in such populations following the
cessation of migration. Similar predictions would apply for the evolutionary
recovery of wild populations less heavily impacted by introgression (see e.g.
Karlsson et al., 2016; Bolstad et al., 2017), having perhaps reached some in-
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termediate balance between migration and selection (as in Tufto, 2010) prior
to the cessation of introgression, the difference being the initial conditions.

Setting a = 0 in (2a) such that there is no artificial selection after some
generation ta and solving the resulting difference equation, we find that each
component z̄i,t, z̄2,t, . . . , z̄n,t evolves independently towards the optimum in
captivity δi according to the equations

z̄i,t =

(
1

1 + si

)t−ta
z̄i,ta +

[
1−

(
1

1 + si

)t−ta]
δi, (5a)

or

z̄i,t =

(
1

1 + αsi

)t−ta
z̄i,ta , (5b)

i = 1, 2, . . . , n, if we consider a population that is reintroduced and returns
to the optimum in the wild (green dotted curves in Fig. 1b). Again, these
evolutionary changes occur over the characteristic time scales τi ≈ 1/si.

The observable trait under artificial selection Z̄1,t, however, is a linear
combination of z̄i,t, z̄2,t, . . . , z̄n,t. The regression of Z̄1,t, once artificial selec-
tion is relaxed, will thus involve several phases occurring over the time scales
τ1, τ2, . . . , τn (green dotted curve in Fig. 1c). The same applies to the re-
covery of fitness in the wild as seen by substituting (5b) into (3b). For the
numerical two-trait example in Fig. 1, fitness is predicted to exhibit a fast,
but only partial recovery over a time scale of τ2 = 6.5 generations, and a
subsequent slower, full recovery over a time scale of τ1 = 200 generations
(green dotted curves in Fig. 1d and e).

Discussion

The present model suggests that the decline in wild fitness in organisms
undergoing domestication is not easily predictable from current estimates
of wild fitness (such as Fleming et al., 2000; Mcginnity et al., 2003; Skaala
et al., 2012) combined with simple extrapolation arguments. Instead, the
model predicts that the loss of fitness caused by the response to artificial
selection, may, in part, be alleviated by evolution in other latent traits sub-
ject to natural correlational selection in the captive environment, pushing
the evolutionary trajectory in directions of weak natural selection, while al-
lowing a sustained response to artificial selection to persist. Provided that
there is some alignment between the adaptive landscapes in captivity and
in the wild, fitness of escapees in the wild may exhibit a fast initial partial
decline followed by a slower decline towards some non-negligible, positive
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level. The exact pattern of decline depends on presently unknown infor-
mation about the overall orientation of the fitness function relative to the
direction of overall direct and indirect responses to artificial selection. For
example, with sufficiently weak selection in captivity or a larger displacement
of the optimum than in Fig. 1, it is possible to obtain model behavior similar
to the univariate models of Baskett and Waples (2013) and Huisman and
Tufto (2012), with fitness in the wild declining to a level near zero over a
small number of generations. However, given the ubiquity of correlational
multivariate selection (Walsh and Blows, 2009), model behavior similar to
the numerical example in Fig. 1 seems equally possible.

Given the slower than expected rate of decline in fitness of domesticated
escapees in the wild, “make them different” strategies considered by Baskett
and Waples (2013) and Baskett et al. (2013) may thus not work as intended,
a conclusion also reached by these authors on different grounds. Hence,
for species such as the Atlantic salmon, under a scenario of continuing ar-
tificial selection with continuing accidental release of individuals from the
domesticated farmed stock into the wild, detrimental effects of interbreeding
with wild relatives (Hindar et al., 1991; Karlsson et al., 2016; Bolstad et al.,
2017) may well remain a major concern in the coming decades. Although
the resulting migration load has not been considered explicitly here, it seems
reasonable to expect conclusions of earlier work to hold up, firstly that the
load depends largely on the relative fitness of escapees and only to a small
extent on the genetic differentiation of the escapees from the wild population,
if keeping the the relative fitness of escapees fixed (Tufto, 2000, Fig. 2a) and
secondly, that the load in the wild population at migration-selection balance
(unlike evolutionary changes in captivity during domestication) depends only
to a small extent on correlational selection (Tufto, 2010, Fig. 4).

Although continued migration from artificially selection populations seems
likely, model predictions of the evolutionary trajectory without artificial se-
lection (green curves in Fig. 1d) are still of interest, should complete con-
tainment of the domesticated stock become a reality some time in the future.
While dependent on initial conditions perhaps determined by migration-
selection balance as in (Tufto, 2010), the recovery of fitness in such pop-
ulations (Fig. 1d) is expected to initially exhibit a partial fast phase followed
by a slower phase of complete recovery, mirroring the time scales associated
with the decline in fitness during domestication. All these predictions of
course rely on an idealized model ignoring loss of genetic variance from fi-
nite effective population size, in particular the effective size of the breeding
nucleus (Tufto and Hindar, 2003), and loss of genetic variance from artificial
and stabilizing selection (Barton and Keightley, 2002) and will in reality be
blurred by many stochastic phenomena such as the increase in initially rare
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alleles of large effects on the traits under selection, fixation of alleles of large
effect as well as random allele frequency changes, epistatic effects, linkage
disequilibrium, all causing largely unpredictable changes in G and in the
selection response.

Patterns commonly seen in artificial selection experiments, although ex-
hibiting much more erratic behavior, still appear consistent with predictions
of the current model, however, both in terms of the response to artificial
selection and in terms of the regression towards the initial mean once artifi-
cial selection is relaxed (Fig. 1c). For example, Yoo et al. (1980) observed a
decelerating but sustained response to artificial selection on bristle number
in Drosophila, followed by a fast and then slow regression in the trait after
relaxation of artificial selection (his Fig. 1). These patterns were interpreted
by Yoo et al. as recessive lethals being involved in the artificial selection
response, which would also explain the fast initial rate of decline after re-
laxation of artificial selection. A second, similar example is the pygmy gene
for small size in mice that appeared in the artificial selection experiment
of MacArthur (1949). This gene has pleiotropic effects causing sterility in
homozygotes. This created counteracting natural selection, a decelerating
response and rapid regression back towards the initial mean once artificial
selection was relaxed (Falconer and Mackay, 1996, pp. 224-225). The present
model provides a complementary and mutually non-exclusive explanation in-
volving correlational, stabilizing selection with other latent traits. A third
example of interest is Dobzhansky and Spassky’s (1969) experiment on ar-
tificial selection for positive and for negative photo- and geotaxis, also in
Drosophila. As argued by these authors, these traits should be neutral in the
lab environment, but regression towards initial means was nevertheless ob-
served after relaxation of artificial selection. Such patterns can be explained
by a multivariate model involving a genetically correlated trait Z2 under sta-
bilizing natural selection in the lab environment, becoming displaced from
its optimal value as an indirect effect of artificial selection on Z1. Once ar-
tificial selection is relaxed, stabilizing selection on Z2 will cause an indirect
response and partial regression of Z1 and apparent genetic homeostasis. Ge-
netic correlations can also arise temporarily through selective sweeps (see
e.g. Rubin et al., 2010) generating linkage disequilibrium with other loci un-
der selection which in turn would generate a similar regression in the focal
trait once artificial selection is relaxed. A fourth example is Weber’s (1996)
experiment selecting for wind tunnel flight speed in Drosophila; a sustained
response was observed for 100 generations of artificial selection, with prac-
tically no loss of fitness between generations 50 and 85. This is consistent
with the hypothesis that the overall direction of response to artificial selec-
tion had a large component along some direction of weak stabilizing natural
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selection or along a ridge in the fitness landscape, with the evolutionary tra-
jectory eventually moving parallel to this ridge after some displacement away
from the line of maximum fitness during the first initial generations. Finally,
even with no artificial selection as in supportive breeding programs, a large
and rapid decline in overall fitness, such as seen in captively bred steelhead
trout (Oncorhynchus mykiss) (Araki et al., 2007), is another possible model
outcome consistent with a large shift in the natural selection optimum in
captivity (referred to as unintentional domestication selection by these au-
thors), provided that natural selection in both captivity and in the wild is
strong.

Somewhat counter intuitively, the load arising from artificial selection in
directions of weak natural selection ultimately becomes larger than the loads
associated with directions of stronger natural stabilizing selection. This is
because the eventual total response to artificial selection in such directions be-
comes larger, which more than compensates for the smaller load at any given
deviation from the optimum (dashed dotted vs. dashed curve in Fig. 1e).
These results of course rely on both the validity of the infinitesimal model
over the entire range of phenotypic changes occurring and the validity of the
Gaussian approximation of the fitness function for large deviations from the
optimum, so it seems clear that these prediction must eventually break down
for very weak selection. Analogous theoretical results include the load from
sexual selection of constant intensity for increased dimorphism countered by
natural Gaussian stabilizing selection (Lande, 1980a), and the evolutionary
lag load in models of sustained linear change in the optimal phenotype (Lynch
and Lande, 1993; Lande and Shannon, 1996; Chevin et al., 2010), both loads
inversely proportional to the strength of stabilizing selection.

The difference between predictions of the multivariate model presented
here and those of simpler univariate models depends on the strength of se-
lection on each independent trait in the rescaled model (2a) being different.
Although such differences must exist, they may be somewhat smaller than
expected. This is indicated by theory and empirical evidence suggesting that
G evolves towards a balance between the pattern of multivariate selection
and the covariance matrix M of pleiotropic mutational effects (Lande, 1980b;
Arnold et al., 2008). Further theoretical studies suggests that M itself ul-
timately also evolves towards alignment with the adaptive landscape (Jones
et al., 2014). Overall, partial alignment would to some degree imply more
moderate variation in the strength of selection on each of the rescaled traits
z1, z2, . . . , zn.

Most earlier modelling work relevant in assessing the effects of interbreed-
ing between cultured individuals and wild populations (Tufto, 2000, 2001;
Ford, 2002; Huisman and Tufto, 2012; Baskett and Waples, 2013), and specif-

14



ically interbreeding between farmed salmon escapees with their wild relatives
(Hindar et al., 2006), has relied on univariate approaches (but see Castellani
et al., 2015). The present model demonstrates the importance of a multi-
variate approach stressed by earlier authors (Lande and Arnold, 1983; Blows,
2007; Kirkpatrick, 2009) in this conservation genetic context. Tufto (2010)
used a similar multivariate approach to model gene flow from domesticated
species to wild relatives, focusing on the migration load at migration-selection
balance. In that model, introducing more evolutionary degrees of freedom by
allowing more traits to evolve led to some alleviation of the migration load
at migration-selection balance. This parallels how more evolutionary degrees
of freedom in the present model alleviates some of the fitness loss resulting
from the response to artificial selection.
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Appendix A

Let UΛU> be the eigendecomposition of the genetic covariance matrix G.
Transforming Z to Z′ = Λ−1/2U−1Z transforms the genetic covariance matrix
to the identity matrix I and the selection matrix describing selection on
Z′ to S′ = Λ1/2U>SUΛ1/2. Letting V be the matrix of eigenvectors in
the eigendecomposition of S′−1, a subsequent transformation z = V−1Z′

changes (1d) to (2a). It follows that s = V>S′V, a = V−1Λ−1/2U−1A and
δ = V−1Λ−1/2U−1∆.

Parameter values used in Fig. 1 are G = [ 4 1
1 1 ], S =

[
0.0513 −0.0487
−0.0487 0.0513

]
,

α = 1.5, A1 = 1 and ∆ = [ 1
−1 ].
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