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Abstract – Parentage assignment with genomic markers provides an opportunity to monitor salmon

restocking programs. Most of the time, it is used to study the fate of hatchery-born ﬁsh in those programs, as
well as the genetic impacts of restocking. In such analyses, only ﬁsh that are assigned to their parents are
considered. In the Garonne-Dordogne river basin in France, native salmon have disappeared, and supportive
breeding is being used to try to reinstate a self-sustained population. It is therefore of primary importance to
assess the numbers of wild-born returning salmon, which could appear as wrongly assigned or not assigned,
depending on the power of the marker set and on the size of the mating plan. We used the genotypes at nine
microsatellites of the 5800 hatchery broodstock which were used from 2008 to 2014, and of 884 upstream
migrating ﬁsh collected from 2008 to 2016, to assess our ability to identify wild-born salmon. We simulated
genotypes of hatchery ﬁsh and wild-born ﬁsh and assessed how they were identiﬁed by the parentage
assignment software Accurassign. We showed that 98.7% of the ﬁsh assigned within the recorded mating
plan could be considered hatchery ﬁsh, while 93.3% of the ﬁsh in other assignment categories (assigned out
of the mating plan, assigned to several parent pairs, not assigned) could be considered wild-born. Using a
Bayesian approach, we showed that 31.3% of the 457 upstream migrating ﬁsh sampled from 2014 to 2016
were wild-born. This approach is thus efﬁcient to identify wild-born ﬁsh in a restoration program. It remains
dependent on the quality of the recording of the mating plan, which we showed was rather good (<5%
mistakes) in this program. To limit this potential dependence, an increase in the number of markers
genotyped (17 instead of 9) is now being implemented.

Keywords: Parentage assignment / restocking / ﬁsheries

1 Introduction
The ability to identify the parents of an individual ﬁsh
using multilocus genotypes has been a game changer in the
management of both ﬁsheries and aquaculture stocks
(Vandeputte and Haffray, 2014; Steele et al., 2019). In
aquaculture breeding, it enabled the use of pedigree
information without investment in numerous family tanks,
*Corresponding author: marc.vandeputte@inrae.fr

strongly improving the precision of estimated breeding values
and the possibility to control inbreeding. In ﬁsheries
management and stock enhancement programs, tracing an
individual’s origin back to its parents, combined with
traceability on where and when the offspring of those parents
was released, gives opportunities to assess the efﬁciency of
releasing ﬁsh in the wild at various sites and life stages for
supplementation (McGinnity et al., 2003; Aykanat et al., 2014;
Steele et al., 2019). Provided the set of markers used has
sufﬁcient assignment power (sensu Vandeputte, 2012, i.e.
taking into account the number of potential parents), all the
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Table 1. Types of assignments and errors in parentage assignment with genomic markers, depending on the availability of parental genotypes.
True parents’ genotypes available?
Assignment software result:

Yes

No

Assigned

True positive: assigned to the true parent pair

Not assigned

False negative (Type II error): not assigned
although true parents present

False positive (Type I error): assigned
to a wrong parent pair
True negative: not assigned as true
parents absent

offspring of genotyped broodstock ﬁsh can be considered
genetically “tagged”, as their parents can be identiﬁed with a
very low error rate (Beacham et al., 2019). The advantages of
genetical tagging over physical tagging are 1) that genetically
tagged ﬁsh are intrinsically tagged, while physical tagging
requires a minimum size at tagging and thus at release, and 2)
that it is easier to genotype the majority of the broodstock than
to individually tag a large proportion of the ﬁsh released, thus
reducing the necessary sampling and tagging efforts (Steele
et al., 2019).
One of the key requirements to identify the parents of an
individual is that the genotype of the parents for the markers
genotyped in the offspring are available. When parental
genotypes are missing, there are two types of consequences.
First, the immediate effect of missing parental genotypes is
that the parents of the tested individual cannot be readily
identiﬁed. Second, if either only one of the true parents, or
some relatives of the parents, are present in the set of
genotyped parents, it is likely that, in a signiﬁcant proportion
of cases, there may be a wrong identiﬁcation of parents (false
assignment) due to similarities between the genotype of the
unknown true parent(s) and the genotype of the available
parents (Griot et al., 2020). This is especially true if the
assignment power of the marker set used is not very high. If
assignment power is not high enough, it is also likely that the
true parent pair may not be discriminated from other parents
with relatively similar genotypes, leading to poly-assigned
(potentially assigned to several parent pairs) offspring, which
in the end has the same result: the true parents cannot be
assigned with reasonable certainty.
The different cases are summarized in Table 1.
In most applications, the main aim is to maximize the rate
of true positives while controlling the amount of false
positives, so that the animals declared as “assigned” by the
software are as reliably assigned as possible. Assignment
software often gives the possibility to control Type I error a
priori like CERVUS (Kalinowski et al., 2007) or APIS (Griot
et al., 2020), which set a reliability threshold for assignments,
or a posteriori like COLONY which associates a probability to
each parent pair (Wang, 2012). Controlling Type II error is
essentially necessary for cost reasons, because a high type II
error implies a higher genotyping effort to achieve the same
number of usable records. In general, in all applications, there
is little interest for true negatives, and the way to avoid them is
to ensure collecting DNA samples and genotyping of all
potential parents. In the context of salmon restoration
programs, hatchery juveniles released in the river are generally
adipose ﬁn clipped or tagged with a coded wire tag, and
unclipped/untagged individuals are considered wild-born

(Hess et al., 2012; Evans et al., 2015). Alternatively, in a
few programs, all individuals are trapped at dams and sampled
for DNA before being allowed to move to the spawning
grounds, so that all parents of the wild-born individuals are
also known (Araki et al., 2009), and thus wild-born individuals
can be assigned as true positives. However, this obviously
requires a large investment and depends on site equipment and
morphology, and then cannot be applied in all programs.
Moreover, some precocious male parr may mature and
contribute to reproduction, escaping sampling if sampling
is, as usually done, focused on migrating ﬁsh, thus further
limiting the completeness of this approach (Aykanat et al.,
2014).
The number of true negatives can be a key issue in the case
of the genetic monitoring of a restoration programme where
the wild population to be restored has been heavily depleted, or
has even disappeared. In such programs, the ﬁnal aim is to
re-establish a self-sustaining population, and it is thus of
primary importance to assess the proportion of ﬁsh that derive
from natural reproduction, and hence from parents which are
not hatchery broodstock. Indeed, there may be, in many cases,
a positive relationship between ﬁtness and population size,
known as the Allee effect, which implies that a minimum
population size is necessary for a population to be selfsustainable (Stephens and Sutherland, 1999; Kuparinen et al.,
2014).
In France, Atlantic Salmon disappeared from the GaronneDordogne basin during the late 19th  early 20th century, due
to the building of hydropower dams (Thibault, 1994).
Following the establishment of ﬁsh passes, the ﬁrst attempts
to reintroduce Atlantic salmon in this river system date back to
the 1980’s, ﬁrst with ﬁsh from Canada, Scotland and Norway,
then in a second phase with ﬁsh from French origin (LoireAllier and Adour), which resulted in the return of limited
numbers of potentially spawning adults. Since 1995, a captive
broodstock has been established by Association Migado,
which manages the restoration programme. Each year,
migrating adults (F0) are captured in the Garonne and
Dordogne rivers, kept in a breeding center in Bergerac, then
stripped to produce F1 offspring by artiﬁcial fertilization. The
F1 ﬁsh are (1) released at different points of the two basins for
direct restocking and (2) sent to multiplication hatcheries
where they are grown to the broodstock stage to produce F2
offspring, which are then released in the wild at different stages
(5% as eyed eggs, 90% as ﬁrst-feeding fry, 3% as smolts and
2% as 1þ parr). Since 2008, all F0 migrants kept in Bergerac,
and all F1 broodstock in the multiplication hatcheries have
been genotyped for nine microsatellite markers. In addition, all
crosses performed to produce the F1 and F2 families have been
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Table 2. Variability and assignment power of the nine microsatellite markers estimated from the F0 salmon broodstock present in Bergerac
hatchery from 2010 to 2014 (156 individuals).
Marker

NA

19
SSOSL311a
SSOSL85a
12
SSspG7b
14
SSsp1605b
8
SSsp2201b
21
SSsp2210b
12
SSsp2213b
19*
SSsp2215b
13
SSSp2216b
14
All nine markers combined

Ho

He

Exclusion probability
unrelated parents (Q3)

Exclusion probability
one parent known (Q1)

0.865
0.877
0.858
0.729
0.942
0.742
0.787
0.858
0.852

0.843
0.867
0.819
0.743
0.898
0.796
0.900
0.873
0.865

0.876
0.895
0.839
0.728
0.937
0.811
0.937
0.904
0.894
0.9999999957

0.702
0.735
0.655
0.534
0.798
0.620
0.800
0.747
0.733
0.99998683

NA = number of alleles per locus, Ho = observed heterozygosity, He = expected heterozygosity, Q3 = exclusion probability for an unrelated
parent pair, Q1 = exclusion probability for one parent when the other parent is known (Jamieson, 1965).
*Including one null allele at p = 0.10.
a
Slettan et al. (1995).
b
Paterson et al. (2004).

recorded. As hatchery ﬁsh are often released at very young
stages (eyed eggs or ﬁrst feeding fry), they cannot be tagged by
adipose ﬁn clipping or Coded Wire Tag. In addition, only a
limited proportion of ﬁsh are sampled in the ﬁsh passes. Thus,
the genotypes of potential wild parents are unknown.
We investigated the possibility to use parentage assignment
data to qualify “wild-born” individuals, when only hatchery
parents are genotyped, and hatchery offspring are not tagged.
To this end, using real parental genotypes, we simulated the
genotypes of F1 and F2 offspring from hatchery or nonhatchery parents, and examined how they were discriminated
by the parentage assignment software Accurassign (Boichard
et al., 2014) used to monitor the Garonne-Dordogne Atlantic
salmon program. Using a Bayesian approach, we used these
results to estimate the proportion of wild-born individuals
among the 2014–2016 upstream migrating adults, and to assess
the reliability of assigning a “hatchery” or “wild-born” origin
to an individual, conditional on its qualiﬁcation by the
parentage assignment software.

2 Material and methods
2.1 Base data

The base data were the genotypes at nine microsatellites of
a total of 5800 F0 and F1 hatchery broodstock used from 2008
to 2014, and of 884 upstream migrating ﬁsh collected from
2008 to 2016. The nine microsatellite markers used were
SSOSL85 and SSOSL311 (Slettan et al., 1995), SSspG7,
SSsp1605, SSsp2201, SSsp2210, SSsp2213, SSsp2215 and
SSsp2216 (Paterson et al., 2004). Basic statistics and exclusion
power of these markers are given in Table 2. Using combined
Q3 and Q1 exclusion probabilities from Table 2, we inferred,
following formula (7) in Vandeputte (2012), that the exclusion
power of the marker set was 0.902 in a design with 3500
potential female parents and 2000 potential male parents,
which is representative of what has to be resolved in this

restoration programme (see below). The mating plans were
recorded for all F0 and F1 hatchery crosses performed from
2008 to 2014.
2.2 Simulation process

The aim of the simulation process was to generate
genotypes which are representative of the salmon run of a
given year, with a similar age structure, in order to assess
how parents can be identiﬁed by the parentage assignment
software.
In a given salmon run, there is a mixture of one sea-winter
(1SW), two sea-winter (2SW) and three sea-winter (3SW)
individuals. Reproduction happens in winter (December year
N-1 to January year N), juveniles (parr) stay in the river and
then migrate to the sea as smolts, generally in the spring of year
Nþ1, but up to year Nþ3 for a small proportion of them.
Migration back to the river happens in summer of year Nþ2 for
1SW salmon, and spring of years Nþ3 and Nþ4 for 2SW and
3SW salmon, respectively. Thus, in the 2014 salmon run, 1SW
salmon are mostly from the 2012 winter reproduction season,
2SW from 2011 and 3SW from 2010. A small proportion of
animals, having spent 2 or 3 year in the river, might be from the
2008 and 2009 reproduction seasons. Thus, parentage of
individuals from the 2014 salmon run thus has to be tested on
all hatchery broodstock used in the 2008–2012 reproduction
seasons.
For every salmon run, there is a speciﬁc proportion of 1SW,
2SW and 3SW ﬁsh. The proportions for the 2014–2016 runs
are given in Appendix A.
For each of those three run years, we simulated potential
offspring genotypes from four different origins:
– F1 ﬁsh from F0 parents, from Bergerac hatchery
– F2 ﬁsh from F1 parents born in Bergerac, from Castels
hatchery
– F2 ﬁsh from F1 parents born in Bergerac, from PontCrouzet-Cauterêts hatchery
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Table 3. Mating plans used to simulate salmon offspring from years of birth 2010–2014 in the Garonne-Dordogne basin restocking program.
Origin

Bergerac

Castels

Pont Crouzet-Cauterets

Wild

Year of birth

Number of
factorials
mating plans

N males per
factorial

N females per
factorial

Total males

Total
females

2010
2011
2012
2013
2014
2010
2011
2012
2013
2014
2010
2011
2012
2013
2014
2010
2011
2012
2013
2014

79
88
89
85
75
54
41
47
31
40
36
19
42
55
70
1
1
1
1
1

11.4 (2–20)
12.5 (1–20)
9.6 (1–16)
8.2 (1–16)
10.6 (1–17)
6.3 (5–12)
6.3 (4–8)
6.0 (2–8)
7.4 (6–12)
6.1 (3–19)
6.4 (3–16)
5.6 (2–7)
5.9 (5–6)
6.1 (5–11)
5.4 (1–6)
3
18
13
15
26

1.7 (1–15)
1.7 (1–13)
1.7 (1–16)
1.7 (1–11)
1.7 (1–14)
12.4 (7–27)
14.7 (5–24)
12.8 (1–29)
27.0 (12–38)
15.7 (6–109)
12.1 (3–23)
8.8 (1–14)
11.4 (7–15)
13.7 (2–17)
12.2 (2–22)
2
17
12
16
26

24 F0
34 F0
29 F0
23 F0
27 F0
338 F1
243 F1
271 F1
229 F1
244 F1
232 F1
106 F1
251 F1
330 F1
261 F1
3 F0
18 F0
13 F0
15 F0
26 F0

68 F0
75 F0
79 F0
72 F0
63 F0
656 F1
603 F1
587 F1
609 F1
625 F1
435 F1
168 F1
488 F1
753 F1
853 F1
2 F0
18 F0
12 F0
16 F0
26 F0

Number of males and females per factorial mating plan given as mean (minimum–maximum). Mating plans for hatchery ﬁsh represent the real,
recorded mating plans, while for wild-born ﬁsh they are hypothetical panmictic factorial designs.

– Wild-born individuals from F0 parents sampled in
ﬁsh traps but not collected to renew the F0 stock of
Bergerac.
We considered that, as the vast majority of young salmon
migrate to the sea at 1 year, only the mating plans of years N-2,
N-3 and N-4 would be used to generate offspring. In all
hatcheries, the typical mating plan is a series of small factorial
designs, each performed on a given day. Statistics on the
mating plans are given in Table 3. In a given year, in general
females are used in two factorial designs in Bergerac, and in
one factorial design in F1 hatcheries, while males are used on
average in 30 factorials in Bergerac, and in only one factorial in
F1 hatcheries.
For each salmon run, 1000 individuals were simulated
from each hatchery, using an in-house VBA script in Microsoft
Excel (provided as Supplementary Material 1). For each
individual from that hatchery, the simulation process was the
following: (1) a year of birth was assigned to the individual
following the distributions of 1SW, 2SW and 3SW ﬁsh
corresponding to that salmon run year (Appendix A) (2) a
factorial cross was randomly chosen among the ones
performed that year in that hatchery, (3) a male and a female
were randomly chosen among the ones in that factorial and (4)
for each locus, one allele from the male and one allele from the
female were randomly chosen to obtain the offspring’s
genotype. The real mating plans described in Table 3 were
used as the basis for these simulations.
For wild-born individuals, the process was the same, with
1000 offspring generated, except that the “broodstock” of year

N was composed of wild individuals sampled at ﬁsh traps in
year N-1, that were genotyped but released to the river after
sampling and thus not used to renew the Bergerac F0
broodstock. We considered panmixia, thus the mating plan was
one factorial design with all males and females from a given
brood year. As the sex of trapped and released ﬁsh was
unknown, a random arbitrary sex was assigned to each of them
to achieve a balanced sex ratio.
2.3 Parentage assignment

All 4000 simulated individuals from a given salmon run
(1000 wild-born and 1000 per hatchery) were assigned using
Accurassign, a likelihood-based parentage assignment software (Boichard et al., 2014), with 10.000 simulations to set up
assignment thresholds. Missing genotype rate was set to 1%,
close to the observed value of 1.16% in the genotypes
database, and genotyping error rate was set to 1%. According
to Boichard et al. (2014), genotyping error rate is not a key
parameter in their algorithm, and has to be low enough to
penalize mismatches, but not too low to avoid exclusion based
on a single marker incompatibility, and 1% is the default value.
For the salmon run in year N, potential parents against which
individual genotypes were tested included all hatchery
broodstock used in years N-2 to N-6. This was done to have
the same mating plan as the one used to analyse real returning
salmon, for which the possibility that a juvenile may stay up to
three years in fresh water is considered. However, simulated
genotypes were only from parents in years N-2 to N-4, as the
vast majority of salmon is expected to stay only one year in
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freshwater. To mimic reality, the genotypes of the parents of
the simulated wild-born offspring were not included in the
parent genotype database. The total number of potential
parents was 5093 (3274 ♀, 1819 ♂) for the 2014 run, 5584
(3532 ♀, 2052 ♂) for the 2015 run and 5796 (3643 ♀, 2153 ♂)
for the 2016 run.
Only offspring and parents which had a minimum of six
properly genotyped loci out of the nine were included in
the analysis, the other were qualiﬁed as non-compliant
(NC).
Fish were assigned to their parents solely based on their
genotype, and mating plan information was used only a
posteriori to classify assignments as follows:
– Assigned within mating plan (AssW) when the software
assigned the individual to a single parental pair, which was
part of the recorded mating plan
– Assigned out of mating plan (AssO) when the software
assigned the individual to a single parental pair, which was
out of the recorded mating plan
– Polyassigned (Poly) when two or more parent pairs were
compatible with the offspring, but likelihood differences
did not permit to rank them with sufﬁcient conﬁdence
– Not assigned (Nass) when no parent pair was compatible
with the offspring.

as “other”:
PðwildjotherÞ ¼

PðotherjwildÞPðwildÞ
PðotherÞ

ð1Þ

Similarly, we could derive the probability of being from
hatchery origin, conditional on being assigned as “other”:
PðotherjhatchÞPðhatchÞ
PðotherÞ

PðhatchjotherÞ ¼

ð2Þ

Similar formulae were derived for:
PðwildjAssWÞ ¼

PðhatchjAssWÞ ¼

PðAssWjwildÞPðwildÞ
PðAssWÞ

ð3Þ

PðAssWjhatchÞPðhatchÞ
PðAssWÞ

ð4Þ

Since
PðhatchjotherÞ þ PðwildjotherÞ ¼ 1

ð5Þ

PðhatchÞ þ PðwildÞ ¼ 1

ð6Þ

and
Given that the true parent pair was known for all simulated
hatchery offspring, all assignments could be qualiﬁed as true or
false.
Parentage assignment was also carried out for all returning
individuals sampled at ﬁsh traps in 2014 to 2016 salmon runs
following same approach (i.e. using the same parental
genotype data set and the same mating plans).
Finally, in order to assess the reliability of the recorded
mating plans, F1 individuals from the F1 hatcheries were
assigned to their F0 parents from Bergerac, from years of birth
2008 to 2014.
2.4 Statistical analysis

Our aim was to estimate the true number of wild-born
individuals among returning ﬁsh in a given salmon run, using
assignment results from both the returning and simulated
individuals, as well as to evaluate the reliability of assigning an
individual ﬁsh to a “hatchery” or “wild-born” origin,
depending on parentage assignment results.
Parentage assignment results from simulated offspring
were summarized as proportion of individuals assigned within
the mating plan P (AssW) and proportion of individuals with
other assignment results P (other), which included all results
(AssO, Poly, Nass) other than AssW.
From simulated hatchery ﬁsh, we could estimate P (other),
conditional on the fact that animals were from hatchery origin,
which was noted P (other|hatch). Similarly, from simulated
wild-born ﬁsh, we could estimate P (other|wild). This was
done for each simulated salmon run from 2014 to 2016.
The proportion of individuals with other assignment results
in real data P (other) was estimated from the returning
individuals of each salmon run from 2014 to 2016. Using
Bayes’theorem, we could derive the probability of being
wild for a returning individual, conditional on being assigned

Equations (1), (2), (5) and (6) can be combined to obtain an
estimate of the proportion of wild-born individuals in a given
salmon run:
PðwildÞ ¼

PðotherÞ  PðotherjhatchÞ
PðotherjwildÞ  PðotherjhatchÞ

ð7Þ

This proportion P(wild) of wild-born returning salmon was
estimated for the 2014 to 2016 salmon runs. This estimate may
be modiﬁed if non-compliant parents are excluded from the
analysis because they have only six or less loci genotyped (or
have not been sampled). If P(NC) is the proportion of noncompliant hatchery parents, a reasonable hypothesis is that a
proportion P(NC) of the hatchery offspring
will be identiﬁed
as
0
0
wild (i.e. from unknown parents). If P (wild) and P (hatch) are
the proportions of wild-born and hatchery ﬁsh taking
into account the fact this proportion of non-compliant parents,
then
P0 ðwildÞ ¼ PðwildÞ  PðNCÞP0 ðhatchÞ
0

0

ð8Þ
0

As0 P (hatch) þ P (wild) = 1 (Eq. (7)) and thus P (hatch) =
1  P (wild), equation (6) can be re-arranged as:
P0 ðwildÞ ¼

PðwildÞ  PðNCÞ
1  PðNCÞ

ð9Þ

3 Results
Globally, the parentage assignment procedure was very
accurate in all simulated salmon runs (Tab. 4). These
formulae are implemented in the spreadsheet provided as
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Table 4. Parentage assignment of Atlantic salmon offspring with simulated genotypes at 9 microsatellite markers, for three salmon run years
(2014–2016) in the Garonne-Dordogne Basin.
Year

Origin

N

Assigned within
mating plan
(AssW %)

Assigned out
of mating plan
(AssO %)

Poly assigned
(Poly %)

Not assigned
(Nass %)

Other than
AssW (%)

% True couple
found among
AssW (%)

2014

BG sim
CS sim
PCC sim
Average hatchery sim
Wild sim
Real captured
BG sim
CS sim
PCC sim
Average hatchery sim
Wild sim
Real captured
BG sim
CS sim
PCC sim
Average hatchery sim
Wild sim
Real captured
Total hatchery sim
Total wild sim

1000
1000
1000
3000
1000
144
1000
1000
1000
3000
1000
189
1000
1000
1000
3000
1000
124
9000
3000

97.1
93.9
97.9
96.3
2.2
63.2
94.6
95.5
98.3
96.1
3.3
67.2
96.7
98.0
98.3
97.7
2.7
69.4
96.7
2.7

0.2
0.3
0.2
0.2
22.6
17.4%
0.5
0.1
0.0
0.2
21.0
9.5
0.7
0.0
0.1
0.3
25.0
16.1
0.2
22.9

2.7
5.8
1.9
3.5
57.6
11.8
4.9
4.4
1.7
3.7
58.6
21.7
2.6
2.0
1.6
2.1
58.7
10.5
3.1
58.3

0.0
0.0
0.0
0.0
17.6
7.6
0.0
0.0
0.0
0.0
17.1
1.6
0.0
0.0
0.0
0.0
13.6
4.0
0.0
16.1

2.9
6.1
2.1
3.7
97.8
36.8
5.4
4.5
1.7
3.9
96.7
32.8
3.3
2.0
1.7
2.3
97.3
30.6%
3.3
97.3%

99.8
100.0
100.0
99.9
–
–
99.8
100.0
100.0
99.9%
–
–
100.0%
100.0
100.0
100.0
–
–
99.9
–

2015

2016

Three hatchery origins were simulated, Bergerac (BG) with F0 parents, Castels (CS) and Pont-Crouzet-Cauterêts (PCC) from F1 parents, using
the real genotypes of hatchery parents and the recorded mating plans. Wild-born individuals were simulated from non-hatchery parents. Real
captured returning individuals from each salmon run were assigned with the same set of potential parents.
Table 5. Probabilities associated to the 2014–2016 salmon runs (real data) in the Garonne-Dordogne basin.
Year of salmon run
Probability

Equation

2014 (%)

2015 (%)

2016 (%)

Average (%)

PðwildÞ
PðwildjotherÞ
PðhatchjAssWÞ
PðNCÞ
P0 ðwildÞ

[7]
[1]
[4]

35.2
93.5
98.8
1.8
34.0

31.2
91.9
98.5
1.7
30.0

29.8
94.7
98.8
2.2
28.3

32.1
93.3
98.7
1.9
30.7

[9]

P (wild) is the estimated proportion of wild-born ﬁsh, P(wild|other) is the probability that a given animal is wild-born if it is assigned as “other”
than AssW, P(hatchery|AssW) is the probability that a given animal is hatchery-born if it is assigned within the mating plan (AssW), P (NC) is
0
the proportion of non-compliant parents in the reference hatchery mating plan for a given run year, and P (wild) is the estimated proportion of
wild-born ﬁsh taking into account the proportion of non-compliant parents.

Supplementary Material 1. The vast majority of hatchery-born
simulated offspring was assigned within the mating plan
(96.7%), contrary to wild-born simulated offspring (2.7%).
However, assignment success was not symmetrical for nonassigned ﬁsh, which were 0% of the hatchery simulated
offspring, but only 16.1% of the wild-born simulated offspring.
Indeed, the most represented category among wild-born
simulated offspring was poly-assigned ﬁsh (58.3%) followed
by ﬁsh assigned out of the mating plan (22.9%). When
assignment results were grouped in the “other than assigned
within the mating plan” category, there was a clear
differentiation between hatchery and wild-born simulated

ﬁsh, with 3.3% of hatchery ﬁsh and 97.3% of wild-born ﬁsh
classiﬁed as “other”.
Real returning salmon were assigned in signiﬁcant
numbers both to the AssW category (typical of hatchery
simulated salmon) and to the “other than AssW” category
(typical of wild-born simulated salmon), showing that these
returning ﬁsh were a mixture of wild-born and hatchery
salmon. Using equation (7), we could estimate the proportion
of wild salmon in the 2014, 2015 and 2016 salmon runs
(Tab. 5), which was 32.1% on average. Taking into account the
proportion of non-compliant parents in the reference mating
plans for the different runs, which was 1.8% for 2014, 1.7% for
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Table 6. Assignment of F1 salmon broodstock to their F0 parents.
N F0 parents

Year of birth
2008
2009
2010
2011
2012
2013
2014
2008–2014 average

F1 offspring assignment types

N

Males

Females

NC F1 (%)

AssW (%)

AssO (%)

Poly (%)

NAss (%)

601
1154
1296
831
414
1922
809

20
32
24
34
29
23
27
27

40
60
68
75
79
72
63
65

0.8
1.2
0.4
0.2
0.5
0.5
0.5
0.6

98.5
95.9
95.0
96.3
92.5
87.4
92.0
93.9

0.5
2.4
0.2
0.4
0.5
4.7
4.3
1.9

0.7
0.3
1.0
0.4
0.5
0.8
0.6
0.6

0.3
1.5
3.9
3.1
6.5
7.1
3.0
3.6

NC F1: proportion of non-compliant genotypes (<7 markers) in F1 offspring. Assignment rates are given for compliant offspring. AssW:
assigned within mating plan; AssO: assigned out of mating plan; Poly: assigned to several parent pairs; NAss: not assigned.

2016 and 2.2% for 2016, the corrected proportion was 30.7%
wild-born ﬁsh on average.
The probability that a given individual was from hatchery
origin if it was assigned within the mating plan (AssW) was
very high, 98.7% on average. The probability that a given
individual was wild-born if assigned as “other” (AssO, Poly,
NAss) was also very high (93.3% on average).
Assignment rates of F1 hatchery individuals to their F0
parents were high, 95.8% on average, with 93.9% assigned
within the mating plan and 1.9% assigned out of the mating
plan (Tab. 6). Assignment out of the mating plan was rather
variable, 0.5% or lower in four years, 2.4% in 2009, 4.7% in
2013 and 4.3% in 2014. Poly assignments were more stable
across years, around 0.6%. Unassigned offspring were 3.6% on
average.

4 Discussion
We showed that the parentage tracing system (9 microsatellites, analysed with Accurassign) used to monitor the
Garonne-Dordogne Atlantic salmon restocking program was
highly efﬁcient, as 96.7% of the simulated hatchery ﬁsh could
be traced back to a single parental pair belonging to the mating
plan, and among those, the right parent pair was identiﬁed in
99.9% of cases (Tab. 4). This was true, despite the very large
number of potential parents tested, which was higher than 5000
in all cases. For the 2016 salmon run, there were 5796 parents
(3643 ♀, 2153 ♂) which corresponds to 7843379 potential
families, considering the fact that the mating plan was not used
in the assignment procedure per se, but only a posteriori to
differentiate animals that were assigned within or outside of
the mating plan. This is an excellent result, which is in line with
those obtained in other salmonid restocking programmes
(Steele et al., 2019). For example, 91.6–94.8% assignment
rates were obtained by Beacham et al. (2019) in the coho
salmon (Oncorhynchus kisutch) program of British Columbia
with 304 SNPs genotyped. Interestingly, in the present study,
the observed assignment rate (96.7%) was higher than the
theoretical exclusion power (90.2%) that we estimated in
Material and Methods for the marker set used, in a design with
5500 potential parents (3500 ♀, 2000 ♂), using the formula
from Vandeputte (2012). This is most likely due to the fact that

Accurassing uses a maximum likelihood algorithm, which is
more efﬁcient than simple exclusion (Boichard et al., 2014).
Not unexpectedly, we showed that data were at ﬁrst sight
more difﬁcult to interpret for wild-born simulated animals. By
construction, the parents of those wild-born ﬁsh were not
present among the potential parents. Despite this, 25.6% of
these wild-born ﬁsh were assigned to a single parental pair,
58.3% were assigned to multiple parental pairs, and only
16.1% were declared unassigned. It is not surprising that
among the several millions of possible parental pairs, some
present a likelihood to be compatible with the offspring that
may cheat the assignment software. However, we could see
that those wild-born individuals which were assigned to a
single pair were spread across the full factorial mating scheme
with all possible male-female combinations, and only a small
proportion of them was within the effectively performed
mating scheme. Only 2.7% of the wild ﬁsh were assigned to a
single pair within the real mating scheme, and 22.9% were
assigned out of the mating scheme. Thus, 89.4% of the wild
ﬁsh that were assigned to a single pair were assigned to
families that were not supposed to exist. This gave a rather
efﬁcient solution to identify these animals as not being of
hatchery origin, especially as only 0.2% of the real hatchery
ﬁsh were assigned to those “out of plan” families. Indeed, the
real mating plan used to analyse the 2016 salmon run was
composed of 28430 families out of a theoretical total of 7843
379 in 2016 (thus 0.4% of the total number of families). If
families of the wrongly assigned wild ﬁsh were really
randomly spread all across the full factorial mating plan, we
would expect that 99.6% of them would be assigned as “out of
plan” instead of 89.4%. It is probably due to the fact that many
of the returning salmon used as parents for the wild simulated
individuals are from hatchery origin, and therefore have
genotypes that are closer to those of effectively used families
than random crosses. Nevertheless, the classiﬁcation remains
highly efﬁcient for discriminating wild-born from hatchery
individuals (Tab. 5), and enabled us to estimate that an average
32.1% of the returning ﬁsh were wild-born in the three salmon
runs studied. This estimate could be reﬁned by taking into
account the proportion of parental ﬁsh with missing genotype,
which was 1.9% on average. The potential offspring of those
ﬁsh could not be assigned to their parents, and thus were
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considered wild-born. When this issue was accounted for, the
proportion of wild-born ﬁsh reduced to 30.7%. With this level
of missing data, the consequences are limited, however this
highlights the necessity to collect parental DNA with particular
care, as it can lead to very high numbers of unassigned ﬁsh
when parents sampling is incomplete (Araki et al., 2009). One
more potential issue here is the fact that we assigned
individuals as “wild-born” (implicitly from reproduction
events in the Garonne-Dordogne river system) when they
could not be assigned to Migado hatchery broodstock. An
alternative explanation may be that those individuals were
straying from other river systems. Indeed, it was shown in
Southern France that up to 12–23% of returning salmon in the
river Nivelle were from the nearby Bidasoa river population
(Valiente et al., 2010). However, the distance between Nivelle
and Bisadoa estuaries is very short (10 km), while in the case of
Garonne-Dordogne, the closest salmon rivers are Loire
(210 km to the North) and Adour (230 km to the South),
which makes straying much more unlikely. Indeed, proven
examples of recolonization by straying individuals from other
river systems mostly imply nearby rivers: 7 km in Vasemägi
et al. (2001) and Grandjean et al. (2009), mostly less than
60 km in Jonsson et al. (2003), but distant straying (>100 km),
although less frequent, can also happen (Jonsson et al., 2003;
Perrier et al., 2009). It is also suggested that straying salmon
tend to stray more in unoccupied habitats than in rivers with an
existing population (Vasemägi et al., 2001). Taken together,
these observations suggest that while straying from other river
systems cannot be ruled out, it is unlikely to represent the
majority of the “wild-born” salmon identiﬁed here.
The efﬁciency of our approach to identify wild-born ﬁsh is
also very much dependent on the exactness of the mating plan,
which allowed to classify as “wild-born” those individuals
which were assigned by the software to a parent pair that was
not in hatchery records. However, if the mating plan was
poorly recorded, individuals from families that were not
recorded would have appeared as “assigned out of plan”, and
thus as wild-born. We did not have data to evaluate the
exactness of the mating plan of F2 individuals, but could do it
for the F1. “Out of plan” assignments were 1.9% on average,
showing that the recording system put in place was globally
efﬁcient in the Bergerac hatchery, and is thus likely to be
equally efﬁcient in the other hatcheries. We could see that “out
of plan” assignments were very low (0.5% or less) in four of
the years studied, corresponding to the expected values
obtained in simulated offspring, for which the mating plan is
exact by nature (BG sim in Tab. 4). However, these “out of
plan” assignments reached signiﬁcant values (2.4–4.7%) in
three years. This is indicative that some mistakes happen in the
recording of mating plans, albeit at low levels. Speciﬁcally, in
2013, 85 of the 90 “out of plan” offspring came from a single
male, which was thus most probably participating, but was not
recorded as such. In addition, we could see that unassigned
individuals were more numerous (3.6% on average) than
expected by simulation (0.0%, see BG sim in Tab. 4). This is
likely due to the fact that F1 individuals from several years
may coexist in F1 hatchery tanks, and that their DNA is
sampled at the time of ﬁrst reproduction, year of birth being
assessed based on their size and maturity status. In a given year
of DNA collection, it is thus likely that a few individuals are

not from the alleged year of birth, which leads to their parents
not being considered as potential parents in the analysis, and
then to lack of assignment. However, this is not the case for the
mating plans used to analyse migrants, where all potential
parents are recorded. Nevertheless, if the power of the marker
set was higher, the reliance on the mating plan could be
minimized, as we would expect to see much less “assigned”
(and poylassigned) individuals among wild-born ones, and
many more “unassigned” ones. Therefore, since 2015, all
individuals are genotyped for 17 microsatellite markers, but it
will take several years before all potential parents of a given
run have genotypes at 17 markers, thus the present approach
remains useful, especially since we expect that even with more
markers, the proportion of assigned and polyassigned ﬁsh
within the wild ones will be strongly reduced but may not fall
to zero.

5 Conclusion
We showed that in the context of the Garonne-Dordogne
Atlantic salmon restocking programme, parentage tracing with
microsatellite markers was efﬁcient to discriminate hatcheryborn from wild-born individuals when DNA samples of wildborn parents are not available. Practically speaking, we
showed that individuals assigned within the known mating
plan were from hatchery origin with 98.7% certainty. As
traceability of the age and place of release of all mating plans is
implemented in the recording system, this will enable the study
of the most suitable sites and stages for restocking, including
very young stages (eyed eggs, fry) at which physical tagging is
not possible. In addition to those classical approaches,
identifying wild-born animals, also with a high level of
certainty (93.3%), will pave the way to studies on the
abundance of those wild reproduction events, and on possible
divergence between the wild-born and the hatchery individuals. It is of special importance to properly identify wild-born ﬁsh
in such a restoration program, as establishing a self-sustained
population is the ﬁnal aim of the program. In this program, as
the choice was made to stock mostly ﬁrst-feeding fry, for
logistic reasons, it is not possible to use adipose ﬁn-clipping or
coded wire tags to identify hatchery-born ﬁsh, and then, by
difference, wild-born ones. Thus, demonstrating that they may
be identiﬁed using genetic tagging, as we did in this study, is a
key step to an efﬁcient monitoring of the progress of the
Migado program towards its objectives. A second potential
beneﬁt of the ability to identify wild-born individuals would be
to use them (instead of randomly sampled migrants, most of
which are presently of direct hatchery origin) as F0 parents in
the Bergerac breeding center. This could be an interesting
option to increase genetic diversity and counteract domestication selection in Migado hatcheries.

6 Data availability
Genotypes and mating plans available as: Vandeputte,
Marc; Bestin, Anastasia; Fauchet, Louarn; Allamellou, JeanMichel; Bosc, Stéphane; Menchi, Olivier; Haffray, Pierrick,
2020, “data for “Can we identify wild-born salmon from
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parentage assignment data? A case study in the GaronneDordogne rivers salmon restoration programme in France.””,
https://doi.org/10.15454/VXSILB, Portail Data INRAE.

Supplementary Material
Workbook with macros to simulate salmon offspring
genotypes and estimate the proportion of wild-born salmon.
The Supplementary Material is available at
https://www.alr-journal.org/10.1051/alr/2021008/olm.
Acknowledgements. We wish to thank the personnel of the
Migado hatcheries in Bergerac, Castels and Pont Crouzet and
of the hatchery of the Fishermens’ Federation of Hautes
Pyrénées in Cauterêts for efﬁcient management and data
collection. We also thank Matthieu Chanseau from Ofﬁce
Français de la Biodiversité, Patrick Chèvre and René
Guyomard from INRAE, for their initial contribution to the
project. This work was ﬁnanced by the “Programme général de
restauration du saumon en Nouvelle Aquitaine” (European
Union FEDER programme grant n° 2019–8015210, Agence de
l’Eau Adour Garonne grant n°240.24.2120, Région Nouvelle
Aquitaine grant n°EL8949220) and the “Programme de
restauration des migrateurs du bassin de la Garonne en
Occitanie” (European Union FEDER programme grant n°
MP0025359, Agence de l’Eau Adour Garonne grant
n°240.31.2335) as well as by Ofﬁce Français de la
Biodiversité.

Appendix A
Proportion of one sea winter, two sea winters and three sea
winters salmon recorded in the 2014–2016 salmon runs in the
Garonne-Dordogne river system.

Sea age of salmon for each run

2016 run
2015 run
2014 run

1SW (%)

2SW (%)

3SW (%)

43
16
9

53
78
87

3
6
4
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