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Life-history traits such as growth, survival, sea migration and age at sexual maturity in the sea were compared
between Carlin-tagged hatchery-reared Atlantic salmon smolts (Salmo salar) originating from hatchery
broodstocks (reared) or naturally ascending spawners captured (sea ranched). The ranched parents included
both wild (born in nature) and reared individuals (released as parr or smolts). All smolts were reared in similar
hatchery conditions, and they were tagged and released as two-year-olds in the Simojoki River in 1986–2007.
The recapture rates did not differ between the progeny groups, although the tagged smolts of the reared parents
were larger than those of ranched parents at time of release. The captive salmon with ranched parents were at
average heavier during their second winter at sea, but not later. Salmon with ranched parents more frequently
migrated to feed in the Main Basin of the Baltic Sea, further from the home river of the salmon stock. The propor-
tions of multi-sea-winter returners were 30% and 69% in salmon with reared and ranched parents, respectively.
The different patterns of migration and sea age at maturity of these parental progeny groups suggest that
differences in the life history of brood fishmay cause distinct, possibly even genetic differences in the progenies.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Rearing of salmonids in artificial conditions tends to change natural
fish stocks due to different selective pressures acting in hatcheries com-
pared to the natural environment (Fleming et al., 1994; Reisenbichler
and Rubin, 1999). Several studies have demonstrated that rearedAtlantic
salmon (Salmo salar)may genetically and phenotypically differ fromwild
fish (Fleming et al., 2002; Glover et al., 2009; Hutchings and Fraser, 2008;
Jonsson and Jonsson, 2006; Skaala et al., 2005). Captive reared salmon
often have a lower survival rate, reproductive ability or lifetime fitness
than wild fish originating from a common gene pool (Fleming et al.,
2000; Jonsson et al., 2003; McGinnity et al., 1997; Saloniemi et al.,
2004). The effects of domestication increase with increasing numbers of
reared generations in Atlantic salmon (Fleming et al., 1994). Even
culturing salmon during the juvenile part of its life-history has
been observed to halve the spawning success of males compared to
that of wild fish (Fleming et al., 1997). However, early release as
one-year-old parr instead of smolts at the age of two years decreases
the differences betweenwild and cultured salmon in marine survival
and spawningmigration (Jokikokko and Jutila, 2009; Jokikokko et al.,
2006).
: +358 205 751 679.
yberg).
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Various genetic hypotheses have been proposed to explain the
inferior fitness of reared fish compared to wild fish. Araki et al. (2008)
listed genetic changes such as the accumulation of deleterious
mutations, inbreeding depression and domestication selection in
captivity. The unbalanced sex ratio, small effective population size,
and several generations in captivity typical of reared fish stocks increase
the loss of genetic variability (Frankham, 2008; Horreo et al., 2007;
Machado-Schiaffino et al., 2007). A significant question is whether
hatchery rearing and stocking can have any positive contribution to
the conservation of natural fish stocks, and what are the most effective
methods for this (Araki et al., 2008; Blanchet et al., 2008).

Artificial production of juveniles from naturally ascending spawners
is one way to supplement lost or weak natural salmon stocks. If the
progeny is released in their native river after a short hatchery period,
this method is called sea-ranching (Jokikokko and Jutila, 2005; Jutila
et al., 2003b; McKinnell and Lundqvist, 2000). In Finland, the rearing
of parental fish stocks in artificial conditions throughout their life has
been common in producing hatchery-reared juveniles of Baltic Sea
salmon stocks. Successive hatchery generations are unavoidable in
a situation where original spawning areas in nature have been
destroyed (Säisä et al., 2003), and artificial rearing has been a necessary
way to protect the endangered stocks in face of the lack of reproduction
areas and the excessive pressure of the mixed stock sea fishery
(Jokikokko and Jutila, 2005; Jutila and Pruuki, 1988; Romakkaniemi
et al., 2003). Some Baltic salmon stocks, like Iijoki and Oulujoki
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Fig. 1. The Baltic Sea showing the sub-basins (Main Basin (MB) = Baltic Proper = ICES
sub-divisions 23–29; Bothnian Sea (BS) = sub-division 30; Bothnian Bay (BB) = sub-di-
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some other rivers flowing into the BB).
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ones have been entirely maintained by broodstocks for many gener-
ations (Kallio-Nyberg et al., 2006; Koljonen, 1989).

In this study, eggs for juvenile rearing were produced by both
hatchery-reared broodstocks (the same reared Simojoki parents were
used for 5–7 years) and sea-ranched parents captured as returning
spawners at the Simojoki River mouth (used only in the year of cap-
ture). The Simojoki River has a wild stock, but it has been supported
by releases of reared parr and smolts since the mid-1980s (Jutila and
Pruuki, 1988). Our aim was to compare the effects of these two types
of hatchery rearing (hatchery-reared or sea-ranched parents) on the
life-history traits of the resulting smolts. Both wild salmon and fish
with hatchery origin (reared and released as parr or smolts) occurred
among the sea-ranched parents, but these could not be separated.
Fertilized eggs from both parental groups were raised in similar
hatchery conditions, so we assume differences between the groups to
originate from different selection pressures on parental groups during
previous generations. The progeny was raised, tagged and released as
two-year-old smolts, the typical age of stocked salmon in Finland.

2. Materials and methods

2.1. Salmon data

The Simojoki River (25°00′E; 65°38′N) flows into the Bothnian
Bay in the northernmost part of the Baltic Sea (Fig. 1). The river sup-
ports a naturally reproducing and genetically differentiated Atlantic
salmon stock (Koljonen, 2001). The natural stock of Simojoki salmon
has been supported by annual releases of hatchery-reared parr and
smolts from the mid-1980s to the early 2000s due to the endangered
state of the natural stock in that period (Jutila and Pruuki, 1988; Jutila
et al., 2003b).

Reared smolts were produced by using both hatchery-reared
parents (broodstocks) and returning wild or reared spawners
from the Simojoki River. In this study, the parental origin is denoted
as (hatchery) reared if the juveniles were produced by using a hatchery
broodstock and hatchery-reared parents. Sea ranched juveniles were
produced by using eggs and milt stripped from spawners that had
returned to the Simojoki River. The proportion of wild and reared
spawners among the ranched parents varied annually. The progenies
could not be separated in relation to the breeding history of ranched
parents (reared salmon released as parr or smolts, or wild salmon),
but in this study they were all treated as the ranched parental group.
In 1990–2001, the wild/reared ratio among multi-sea-winter (MSW)
returning spawners varied from 0.120 to 1.295 (Jutila et al., 2003b).

The reared smolts included in this study were released in the
Simojoki River between 1986 and 2007 (Table 1). In total, 10,180
reared smolts (14 groups) with ranched parents and 17,370 smolts,
two-years-old, (21 groups) with reared parents were tagged. The
juveniles were raised using similar routine methods independent
on their parental origin in the northern hatcheries (Kallio-Nyberg
et al., 2004). The tagged smolt groups were randomly sampled from
the reared fish with several families. All smolts included in this study
were marked with an individual Carlin tag in the hatchery before re-
lease. The smolt length (total body length), which was used in the
analysis, was concurrently in tagging measured. The mean weight
(body mass) of the sampled smolts (10% of the tagged smolts,
n ~ 100) in each tagging group was also recorded. Salmon were tagged
in the winter or spring months and mainly released in May. Due to the
cold rearing water (b5 °C), growth of the tagged fish was negligible
from tagging to release. The fish in this experiment were tagged
according to the rules of Directive 2010/63/EU.

The fishermen along the migration routes of the Simojoki salmon in
the Baltic Sea returned tags from the captured fish with information on
the catch size, location and time. Salmon fishing covers the whole
migration area of in the Baltic Sea (Jutila et al., 2003a). The tagging
office of the Finnish Game and Fisheries Research Institute compiled
the data from these tags. The recruitment of salmon for fishing begins
during the first winter at sea, after attaining the legal minimum landing
size of 60 cm in the Baltic Sea, or 50 cm in the Bothnian Bay since 1993.

2.2. Data treatment

The recapture rate and survival analyses were based on tagging and
recapture data at the group level. The mean recapture rate of tagging
groups was calculated over the years 1986–2007 (SAS MEANS proce-
dure, SAS Institute, 2002), and the trend in the recapture rate over
this period was examined by using linear regression (SAS REG proce-
dure) with year as the predictor and the proportion of recaptured fish
in each tagging group as the response variable.

The proportion of recaptured fish in each group was assumed to
indicate survival in the group, which is correct if natural mortality
mainly occurs during the first sea year before recruitment to fishing.
This is the case in the northern Baltic Sea, where the great majority
of the released smolts have been found to die in the post-smolt
stage (Salminen et al., 1995). The marine survival of the Simojoki
salmon was analysed in relation to parental origin and smolt length
using a linear regression model (SAS MIXED procedure) with the re-
peated option for the release groups of the same year and with the
proportion of recaptured in each tagging group as the dependent
variable, as previously applied by Kallio-Nyberg et al. (2006) (SAS



Table 1
Number of fish tagged and recapture rate (rate = the recaptured proportion of the
tagged smolts) of hatchery-reared Simojoki salmon smolts released in 1986–2007 in
the Simojoki River. All years with any reared or ranched groups are shown on separate
lines with tagging groups pooled (if >1 groups per year, their number is shown under
the Tagged column). The smolt length is calculated for recaptured salmon. The parental
origin (parents: ranched; reared), number of smolt tagged per parental group per year
(Tagged), recapture rate (Rate) and mean smolt length of recaptured fish (x ± SD) are
presented. The common smolt years (1986, 1988, 1989, 1990, 1994 and 1995) for both
parental groups are marked with an asterisk.

Year Parents Tagged Rate Smolt length (mm)

n (groups) % n x ±SD

*1986 Ranched 635 (2) 2.4 15 193 25
*1986 Reared 653 (2) 1.9 13 251 36
1987 Ranched 798 (2) 5.5 44 219 33
*1988 Ranched 984 (2) 6.4 63 159 9
*1988 Reared 499 19.2 97 205 29
*1989 Ranched 999 4.8 56 177 44
*1989 Reared 1454 (2) 16.8 241 213 31
*1990 Ranched 997 6.3 63 174 11
*1990 Reared 498 3.2 28 151 8
1991 Ranched 997 12.9 405 182 16
1992 Ranched 999 3.4 89 185 18
1993 Ranched 999 2.3 206 190 18
*1994 Ranched 996 5.6 123 173 14
*1994 Reared 1000 4.8 76 162 13
*1995 Ranched 996 4.8 256 165 11
*1995 Reared 898 0.6 6 248 21
1996 Reared 2463 (3) 1.7 42 232 43
1997 Reared 992 4.0 41 170 13
1998 Reared 1997 (2) 2.2 43 171 12
2000 Reared 999 2.8 121 187 23
2001 Reared 999 0.3 301 179 14
2002 Reared 997 1.1 12 181 12
2003 Reared 999 2.5 26 199 21
2004 Reared 926 0.1 30 197 25
2005 Reared 997 0.4 72 196 18
2006 Ranched 780 0.4 70 219 25
2007 Reared 999 0.6 98 237 32
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Institute, 2002). The proportion of recaptured fish in each group, i.e.
the response variable, was normalized using arcsine transformation.
Only the common smolt years (1986, 1988, 1989, 1990, 1994, 1995)
for both parental origin groups were included. The number of (tagging)
groups in the survival model was eight for ranched and eight for reared
parental salmon, because there were 3–4 tagging groups in 1986, 1988
and 1989.

The growth analyses were based on individual recaptured fish.
First, themean catch length andweight of parental groupswere com-
pared using t-tests (SAS TTEST). The fish caught after 12–18 months at
sea in the Main Basin (MB) and in the Bothnian Sea (BS) were included.
The sample consisted of both fish returning after the first winter and of
fish continuing their feedingmigration. Next, we compared fish captured
in the MB and BS in the second winter (19–23 months at sea) and in
the third summer and winter (24–36 months at sea). The 95% confi-
dence limits (CL) for the group mean (x) are given the equations
(CL − 95%) = x − t0.05 (n − 1) ∗ (s / √n) and (CL + 95%) =
x + t0.05 (n − 1) * (s / √n), where t is 1.96 (the normal distribu-
tion), n is sample and s is variance. Due to the low annual number
of recaptured fish (Table 1), the years were pooled within the parental
groups. Because ranched groups were mainly released in the 1980s and
1990s, we first compared the parental groups released in 1986–2007,
and after that groups released in 1986–1999.

The increase in weight was analysed in a linear regression model
(SAS MIXED), in which we used the logarithm of weight to achieve
normality of the residuals. The predictors were the classified variables
origin (ranched/reared) and year (only the years when both origin
groups had been used to produce smolts, i.e. 1986, 1988, 1989, 1990,
1994), and the continuous variable was the time at sea in months. The
year 1995 was omitted because of the low number of recaptures in
the parental reared group. All variables were fixed, and interactions be-
tween the variableswere included in themodel if theywere statistically
significant. Month was not nested under year, partly due to the limited
data set, and partly because we assumed the strong seasonality of the
Baltic Sea to make the within-year growth curves quite similar, even if
the average growth of salmondiffered between years. After the predicted
growth curves were plotted as graphs, we back-transformed weight to
linearity, which produced a nonlinear curve. We first examined growth
after the first winter (12–18 months at sea), and then in the second
winter and third summer (19–30 months). The recaptures from the
MB and Gulf of Bothnia were included.

The spatial distribution of the recaptures of salmon with reared
and ranched parents during the feeding seasons was compared by
applying the SAS FREQ procedure with the χ2 test (SAS Institute,
2002). The salmon recaptured in theMB and BS in the winter months
(19–23 months at sea = second winter; 31–35 months at sea = third
winter) were assumed to be undertaking the feeding migrating.
Simojoki salmon and other Bothnian Bay (BB) salmon stocks mainly
migrate to feed in the MB of the Baltic Sea (migration distance about
800–1400 km from the home river), but some salmon may also feed
in the BS, in the southern part of the Gulf of Bothnia (about
500–600 km), depending on the annual food resources available
there (Jutila et al., 2003a; Kallio-Nyberg et al., 1999; Salminen et al.,
1994) (Fig. 1). Only the common smolt years (1986, 1988, 1989, 1990,
1994, 1995) for both parental origin groups were included.

Adult salmon undergo a return migration in the BB during the
spawning season (April–October), which takes place 12–18 months
after release for one-sea-winter (1SW) salmon and 24–30 months
after release for 2SWfish. The age distribution of the two parental origin
groups was compared using a χ2 test (SAS FREQ), selecting both fish
that were caught in the Gulf of Bothnia (GB) (including BS and BB)
and those that were only caught in the BB in the spawning seasons.
Because salmon return from the MB to the GB when they begin
their spawning migration, the age distribution in the gulf was
expected to reveal the sea age at sexual maturity of the parental
groups. The distributions were examined in both the GB and BB, be-
cause it is possible that some salmon may have migrated to feed in
the southern GB during the spawning migration (Jutila et al., 2003a;
Salminen et al., 1994). Moreover, the number of fish recaptured was
small only in the BB. Four spawning migration seasons were included:
12–18, 24–30, 36–42 and 48–54 months after release for 1SW–4SW
fish. Only the common smolt years (1986, 1988, 1989, 1990, 1994,
1995) for both parental origin groups were included.
3. Results

3.1. Recapture rate and survival of the parental origin groups

Altogether, 4.7% (±3.3, n = 14 tagging groups) of the salmon with
ranched parents and 3.3% (±4.6, n = 21) of those with reared parents
were recaptured (t-test: P = ns) (Table 1). The recapture rate did
not show an increasing or decreasing trend during the study years
in the group with ranched parents (predicted linear regression:
rate = 287 − 0.142 ∗ year; F(1,12) = 0.6, P = ns, r2 = 0.051), but
a recaptures decreased with time in the reared parent group
(rate = 756 − 0.381 ∗ year; F(1,18) = 6.8, P = 0.018, r2 = 0.274).
However, the release years differed somewhat between the parental
origin groups, as there was hardly any ranching during the last ten
years of the study period (Table 1).

For years when fish were released with both reared and ranched
parents, survival did not differ between the parental origin groups,
and was not connected with the smolt length: the recapture rate for
the ranched group was 4.6% (293/6387 individuals) and that for the
reared group 4.8% (337 / 6998; χ2 test).



Table 2
Individual-specific growth models for tagged smolts from tag return data in relation to
parental origin (ranched, reared), months at sea and release year (1986, 1988, 1989,
1990, 1994) for salmon captured after the first winter at sea (12–18 months) and
later from the second winter to the third summer (19–30 months at sea). The response
variable was catch weight.

Model Predictor Num, df Den, df F value P

12–18 months Origin 1 102 11.11 0.0012
Month 1 102 81.58 b0.001
Year 4 102 3.62 0.008
Origin ∗ month 1 102 8.98 0.003

19–30 months Origin 1 109 0.16 0.692
Month 1 109 1.14 0.288
Year 4 109 2.28 0.065
Origin ∗ year 4 109 4.10 0.004
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3.2. Smolt size and marine growth of parental origin groups

The mean smolt length (16.9 ± 1.9 cm; n = 576 for recaptured
individuals) for ranched parental progeny was lower than that of
the progeny of reared parents (20.1 ± 3.7 cm; n = 461; P b 0.001).
Furthermore, the mean smolt weight for ranched parental smolts was
lower (37 ± 9 g; n = 10 groups; recaptured and non-recaptured
smolts pooled) compared to reared parental ones (79 ± 43 g; n = 8
groups; P b 0.05).

The mean catch length and weight of the groups differed after the
first sea winter (12–18 months at sea); the captured progeny of reared
parental salmon was on average 7 cm longer and 800 g heavier than
ranched ones (reared: length: n = 31, 73 ± 11 cm; weight: n = 27,
3.9 ± 1.5 kg, ranched: n = 31, 66 ± 10 cm; n = 42, 3.2 ± 1.4 kg)
recaptured in the feeding areas (MB + BS; smolt groups 1986–2007)
(Fig. 2). In the second and third sea winters, the catch length
of the MSW salmon with reared parents tended to be longer,
but non-significantly different from those with ranched parents
(19–23 months: ranched 76.6 ± 10.9 cm, n = 43; reared: 75.0 ±
7.6 cm, n = 34; and 24–36 months, ranched: 78.4 ± 10.5 cm, n = 34;
reared: 77.6 ± 11.1 cm, n = 19). In contrast, the mean catch weight
was greater for salmon with ranched parents (5.6 ± 1.9 kg, n = 53)
than for those with reared parents in the second winter (4.7 ±
1.9 kg, n = 43; P = 0.021) (P b 0.05), but there was subsequently
(24–36 months) no difference in catch weight (P > 0.05; Fig. 2).
The trends for length and weight were similar, if only smolts released
in the 1980s and 1990s were included. The ranched parental salmon
were captured on average one month later (n = 28; 15.6 ± 1.4 months
at sea) than the reared ones (n = 82, 14.6 ± 1.7; t-test: P b 0.05).

The increase in the log-transformed weight was analysed using
linear regression and by using parental origin (ranched, n = 27;
reared, n = 82), time at sea (12–18 months) and release year as ex-
planatory variables (Table 2). The growth of the ranched group was
rapid and the mean weight reached the weight of the reared group
by the end of the first spawning migration season (Fig. 3). The years
differed somewhat, with growth being better in 1994 and worse in
1990, but there was no interaction between year and origin. Growth
during the second winter and third summer (ranched, n = 62;
reared, n = 58; months 19–30) was analysed in the same way as in
the first summer (Table 2). The weight of the parental groups did
not differ, but the effect of year and its interaction with origin became
more important (Table 2).
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3.3. Migration and length of sea period

The feeding migration area of the parental reared and ranched
progeny groups differed significantly in the second sea winter
(19–23 months at sea) during the six-year period when both parental
groups were available. The salmon with ranched parents more fre-
quently migrated further to the MB (83%) than the salmon with reared
parents (52%; χ2 test: P b 0.01). A large proportion (48%) of salmon
with reared parents was caught close to the BS in the second winter
(Fig. 4). Later, during the third winter, the spatial distributions of
progeny groups with reared or ranched parents did not differ.

After the first winter at sea (12–18 months at sea), the salmon
with ranched parents were caught more frequently (65%) in the MB
than those of reared parents (41%; χ2 test: P b 0.01) (Fig. 5). After
the second winter at sea (24–30 months after release), the parental
origin had no significant effect on the spatial distribution (Fig. 5).

The sea age distributions of the ranched and reared progeny
groups differed significantly during the return migration seasons
(χ2 test: P b 0.001; estimated from the recoveries in the GB or BB).
The reared parental salmon returned earlier than the ranched ones.
The proportion of grilse was 66–70% in the reared parental group
compared with 23–31% in the group with ranched parents (recaptures
in the GB or BB) (Fig. 5). In the reared parental group, 3–4SW fish
were rare (2%), but in the ranched group, 20–23% of the returners
were 3–4SW fish (Fig. 6).
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4. Discussion

4.1. Survival

In this study, the compared progeny groups were reared in similar
conditions and no differences were found in their survival measured
in terms of recapture rates. The results do not suggest selection on
survival to differ between the progenies of the two parental groups, but
the effects on the life-history traits cannot be excluded. In comparison
to studies conducted on wild salmon, the survival of the reared groups
(parental origin groups pooled) was found by Kallio-Nyberg et al.
(2011) to be lower. Factors like inbreeding or age of parents may
also affect the survival of progenies (Fleming, 1998; Kallio-Nyberg
et al., 2007b), but in this study we could not examine the effect of
the specific parental traits on the progenies.

Despite the larger size of the smolts with reared parents, the re-
capture rate in this study was similar for both parental origin groups.
The high growth rate of the reared parental salmon in the hatchery is
not necessarily a benefit in nature, although larger smolts released
after hatchery rearing have survived better than smaller ones in earlier
studies (Jokikokko et al., 2006; Kallio-Nyberg et al., 2009; McKinnell
and Lundqvist, 2000). Saikkonen et al. (2011) observed that rapid
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growth of salmon juveniles in captivity may indicate poor performance
in nature.

Reared salmon have had lower survival rates than wild ones in the
natural environment when the wild and reared smolts have come from
the same gene pool (Jonsson et al., 2003; Saloniemi et al., 2004). Even
the larger smolt size of the reared salmon does not compensate for
their decreased survival (Saloniemi et al., 2004). Artificial selection
affect antipredator responses and thereby increase the risk of being
preyed on (Johnsson et al., 2001), a trait that has changed after only
one hatchery generation (Fritts et al., 2007).

The domestication may reduce the reproductive ability. Hindar et
al. (2006) reported that sea-ranched salmon had a higher (0.51–0.91)
relative spawning success in natural breeding environments compared
to cultured salmon (0.13–0.44). In the Simojoki salmon, wild smolts
survived better from smolt to ascending adult salmon compared to
salmon released as two-year-old smolts or parr (0.68 vs. 0.20–0.29)
(Jokikokko and Jutila, 2009). In this river, the strengthening of fishing
regulation together with releases of hatchery-reared juveniles in-
creased the spawning stock in years when natural production was
very low (Jutila et al., 2003b).

Tagging may reduce the survival of smolts (Hansen, 1988), and
when survival is estimated from recapture data, also the proportion of
lost and returned tags may affect the results. As the reporting activity is
likely to be lower than the presence of marks in the catch (WGBAST,
2011) or for fish under the legal size (b60 cm) (Kallio-Nyberg et al.,
2007a) the observed recapture rate is a minimum estimate.

It cannot either be totally ruled out that the captures of the parental
origin groups are reported in a different way due to their different sizes
or behaviour. For example, large smolts are able to feed on other fish in-
stead of only invertebrates at an earlier age (Salminen, 1997; Salminen
et al., 1994). In addition, Salminen et al. (1995) demonstrated that large
salmon smolts are more vulnerable to fishing than small smolts.
Variation in the reporting activity may particularly affect the estimates
of the feeding distances of salmon. An earlier comparative study of
Atlantic salmon (S. salar) in Kemijoki estuary demonstrated that
hatchery-reared progenies of reared sea-ranched parents have higher
recapture rates than hatchery-reared progenies of wild parents
(Kallio-Nyberg et al., 2007b). The decreased parr maturation rate
(precocity) of the progenies with sea-reared parents partly explained
their higher marine survival, becausemature males had a lower marine
survival than immature males (Kallio-Nyberg et al., 2007b).
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In Finnish tagging experiments, the recapture rate of tagged salmon
smolts decreased in the Baltic Sea from approximately 10% in the 1980s
to 1% in the 2000s (Kallio-Nyberg et al., 2006, 2009). The decline in the
recruitment of Atlantic salmon is a global phenomenon (Friedland et al.,
2009; Jonsson et al., 2003). All Finnish salmon stocks in the Baltic Sea
have generally been supported by releasing two-year-old hatchery-
reared smolts in the coastal rivers (Romakkaniemi et al., 2003;
Salminen et al., 2007). A possible negative influence of hatchery rearing
on the viability of the fish stocks is likely, but environmental changes
could also explain part of the decrease inmarine survival, as the declining
recapture rate in both parental origin groups in this study suggests.

4.2. Growth

Broodstock rearing tends to select fish with a higher growth rate.
In this study, the progeny of reared parents attained a larger size as
smolts and during the first return migration season compared to
those of ranched parents. This is consistent with the previous studies
(Fleming et al., 2002; Glover et al., 2009; Kallio-Nyberg and Koljonen,
1997).

At sea, the growth difference between parental groups changed. After
12–18 months after release the reared parental 1SW salmon were yet
larger (Figs. 2 and 3), but during the second sea winter (19–23 months
at sea) the ranched fish gained on them in mean size (Fig. 2). However
the other analysis with several other predictors as the parental origin
showed that the catch weight of the parental groups that had spent
19–30 months at sea did not differ (linear regression, Table 2). Data
on sea growth may be influenced by factors such as growth ability,
the selectivity offishing, behaviour, and the sea age atmaturity. However,
the growthmodel using common smolt years did not suggest a link with
annual environmental factors. A large proportion of the salmon with a
reared parental origin attained maturity after one sea winter (Fig. 5).
Most mature 1SW Baltic salmon are males (Romakkaniemi et al., 2003),
andmost of these 1SW spawners do not survive to the second seamigra-
tion (Jokikokko et al., 2006). The parental ranched salmon group contin-
ued to grow in the sea and passed the first return migration season, but
the 1SW larger males either died or lost weight due to spawning, and
so the size difference between the parental groups changed.

It is possible that the growth curves of the parental groups also dif-
fer due to different feeding conditions. The parental ranched salmon
more frequently migrated to feed in the MB, where the prey fish abun-
dances are highest in the Baltic Sea, while a large proportion of parental
reared salmon migrated to feed in the more barren BS.

Over the long-term from 1972 to 1995, the growth rate of salmon
stocks originating from the BB rivers increased (Vainikka et al., 2010).
This increase in the growth rate could partly be explained by the
higher sea surface temperature and partly by the larger release size of
hatchery-grown fish. However, the observation that the growth rate
has changed more in broodstock-based stocks (Oulujoki, Iijoki) than
in semi-wild (both natural and reared stock) stocks (Tornionjoki,
Simojoki) supports the contention that selection in hatcheries may
partly explain the increase in the growth rate (Vainikka et al., 2010).

4.3. Migration

The progenies of the hatchery-reared broodstock had shorter
feeding migration distances than those with sea-ranched or wild
parents. This is consistent with earlier observations that wild salmon
migrate to feed more frequently about 500 km further to the MB,
while reared salmon more often remain in the BS (Jutila et al., 2003a;
Kallio-Nyberg et al., 2011). Domestication selection in the parental
generation appears to shorten the feeding migration distance. A
short migration distance might be linked to the high number of 1SW
males that return to spawn after a short sea migration (Jokikokko
et al., 2004; Jonsson et al., 1990). A bigger size in the post smolt
phase also causes feeding distance differences when salmon of reared
origin more often remain in the BS instead of migrating to the MB
(Jutila et al., 2003a; Kallio-Nyberg et al., 2011; Salminen, 1997).

4.4. Sea age at sexual maturity

The salmon with reared parents returned as maturing salmon to
the GB at a younger age than the salmon with ranched parents. This
may be linked to differences in the freshwater growth and different
selection pressures of the parental generation. A trend towards in-
creased growth under domestication, earlier reported by Fleming
et al. (2002), was apparent here, as the broodstock-based smolts
were larger. As a consequence of early growth, the proportion of grilse
is high among the returning salmon (Salminen, 1997; Skilbrei, 1989).
There appears to be a negative correlation between the growth rate
and sea age at maturity (Gjerde, 1984). An earlier experiment with
Baltic salmon compared reared captive progenies of sea-ranched and
wild parents. Progeny of wild parents had higher sea age at maturity,
but progenies of captive parents grew faster (Kallio-Nyberg and
Koljonen, 1997). In another study, the rearing was found to reduce
the proportion of MSW salmon as compared with wild smolts
(Kallio-Nyberg et al., 2011). Rearing may thus change the age structure
of salmon stocks, as reported earlier for steelhead (Oncorhynchus
mykiss) (Kostow, 2004). Hatchery fish were nearly uniform in smolt
age and age at first spawning, whereas naturally produced fish of this
salmonid species were highly variable (Kostow, 2004).

Intensive rearing in the hatchery may affect traits that are genetically
correlated with the maturation time of anadromous salmon. Lower age
atmaturity at seawas observed in the hatchery reared Iijoki andOulujoki
salmon stocks compared with the wild salmon stocks (Rivers Simojoki
and Tornionjoki) supported by provisional releases of hatchery-reared
parr and smolt (Vainikka et al., 2010). The sea age at first maturity
(number of sea winters of the returning salmon) in semi-wild Simojoki
salmon was stable during 1972–1995 (Vainikka et al., 2010). The Iijoki
and Oulujoki salmon stocks have multiple hatchery generations (Säisä
et al., 2003), but Simojoki broodstocks have been maintained by using
only ranched or wild salmon (Jutila et al., 2003b).

The sea-age distribution of adult Simojoki salmon partly depends
on size-selective fishing and fishing regulations. Jutila et al. (2003b)
have shown that early summer regulation of fishing in the Gulf of
Bothnia has affected the size and structure of the ascending spawning
stock. During a period of strict fishing regulation (1997–2003), the
proportion of MSW spawners increased in the spawning population
compared to the earlier period of slight regulation (1990–1996).

4.5. Management implications

The principal reason for using hatchery rearing and smolt releases
in the enhancement of the Simojoki salmon stock was an alarming
decrease in natural parr and smolt production observed since the
1970s (Jutila and Pruuki, 1988). In 1986–1988, when rearing and
stocking began, the natural smolt production was only a few thousand
smolts per year. The goal of the supportive stockings using parr and
smolt releases was to increase the ascending spawning stock in the
river. Both wild and ranched reared spawners have been used in breed-
ing since the 1980s (Jutila et al., 2003b). The released juveniles have been
imprinted on the spawning areas of the river (Jokikokko and Jutila,
1998), and the wild and reared fish have probably spawned together in
the wild. To avoid intra-specific competition of parr in the river, smolts
were also released in large numbers in the most critical years.

However, hatchery rearing includes the risks of losing or changing
the adaptive diversity of the reared stock and other stocks adapted to
neighbouring rivers (Hindar et al., 2006; Horreo et al., 2007; Koljonen
et al., 2002). Large-scale hatchery rearing may hinder, rather than aid,
the recovery of the endangered population (Levin et al., 2001). For
the Simojoki salmon, the risk of extinction and the loss of genetic di-
versity due to the small effective population size were regarded as
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greater threats than the possible change in adaptive diversity
(Koljonen, 2001; Koljonen et al., 1999). Captive breeding has maintained
genetic diversity at a level that is at least at the same as or higher than in
the smallestwild stocks in the Baltic Sea (Koljonen et al., 1999). However,
supportive breeding has been found to erode the original genetic variabil-
ity in other salmon stocks (Blanchet et al., 2008; Machado-Schiaffino
et al., 2007). The observed differences in life-history traits between
the progenies of reared and ranched parents suggest that selection
pressures in the parental generation may differ between reared and
ranched groups. However, the reared and released salmon independent
on their breeding history, encounter high natural and fishing mortality
(WGBAST, 2011), and very few are able to spawn the next generation
(Jokikokko and Jutila, 2009). Although the progenies may differ in
their life-history traits, thesedifferenceswill not obviously be transmitted
to the next generation, and genetic studies would be needed to demon-
strate whether these changes are temporary or permanent.

The acquisition of eggs for hatchery rearing by using reared
broodstocks reduces the annual needs for catching returning spawners
in the river, because the broodstock parents can be stripped in the
hatchery in 5–7 successive years. On the other hand, the use of the
same parents in production over several years differs considerably
from the situation in natural spawning. In nature, females usually only
spawn once, but with up to 16 different males (Weir et al., 2010). In
the breeding of Simojoki salmon, the eggs of one female have mostly
been fertilized using the milt of three males. In addition, many genera-
tions overlap in natural spawning (Jokikokko and Jutila, 2005), but in an
artificial broodstocks mating females and males more often belong to
the same generation. The ranched parents are a sample from the
ascending spawners and thus differ less from the natural stock.

In conclusion, the results indicate that phenotypic and genetic
changes may have occurred in the progeny generation of the Simojoki
salmon both with broodstock-reared and ranched parents. However,
a large proportion of the released salmon in the Simojoki River were
stocked as one-summer-year old or one-winter-year old parr, which
were more similar to the wild salmon (Jokikokko et al., 2006;
Kallio-Nyberg et al., 2011). The Simojoki salmon stock has now partly
recovered, producing 20,000–40,000 smolts annually in the early
2000s, while the annual natural smolt production was estimated to be
55,000–65,000 smolts in the 1960s (Jutila and Pruuki, 1988). Conse-
quently, the enhancement of the salmon stock using releases of
hatchery-reared parr and smolts ended in 2003. Despite the present ob-
servations of possible genetic changes in the life-history traits of salmon
differing in parental breeding history, the releases have succeeded in
conserving and maintaining the Simojoki salmon stock during the
most critical periods (Jokikokko, 2006). The small number of spawners
and low natural smolt production in the 1980s (Jutila et al., 2003b)
might have affected the variation more than hatchery rearing after
this. In certain cases, however, hatchery-reared broodstocks and
stocking with reared smolts may be the only method to maintain the
salmon stock until more potent alternatives such as fishing regulations
and habitat restoration are realized. Due to the potential genetic
changes affecting the progeny, the use of hatchery brood stocks in
enhancement stocking should be restricted to aminimum or completely
avoided.

Acknowledgement

Dr Roy Siddall checked the language in themanuscript, ourwarmest
thanks to him.

References

Araki, H., Berejikian, B.A., Ford, M.J., Blouin, M.S., 2008. Fitness of hatchery-reared salmonids
in the wild. Evolutionary Applications 1, 342–355.

Blanchet, S., Páez, D.J., Bernatchez, L., Dodson, J.J., 2008. An integrated comparison of
captive-bred and wild Atlantic salmon (Salmo salar): implications for supportive
breeding programs. Biological Conservation 141, 1989–1999.
Fleming, I.A., 1998. Pattern and viability in breeding system of Atlantic salmon (Salmo
salar), with comparisons to other salmonids. Canadian Journal of Fisheries and
Aquatic Sciences 55, 59–76.

Fleming, I.A., Jonsson, B., Gross, M.R., 1994. Phenotypic divergence of sea-ranched,
farmed and wild salmon. Canadian Journal of Fisheries and Aquatic Science 51,
2808–2824.

Fleming, I.A., Lamberg, A., Jonsson, B., 1997. Effect of early experience on the reproductive
performance of Atlantic salmon. Behavioral Ecology 8, 470–480.

Fleming, I.A., Hindar, K., Mjølnerød, I.B., Jonsson, B., Balstad, T., Lamberg, A., 2000. Lifetime
success and interactions of farm salmon invading a native population. Proceedings of
the Royal Society of London. Series B 267, 1517–1523.

Fleming, I.A., Agustsson, T., Finstad, B., Johnsson, J.I., Bjornsson, B.T., 2002. Effects of domes-
tication on growth physiology and endocrine of Atlantic salmon (Salmo salar L.).
Canadian Journal of Fisheries and Aquatic Sciences 59, 1323–1330.

Frankham, R., 2008. Genetic adaptation to captivity in species conservation programs.
Molecular Ecology 17, 325–333.

Friedland, K.D., MacLean, J.C., Hansen, L.P., Peyronnet, A.J., Karlsson, L., Reddin, D.G.,
Maoiléidigh, N.Ó., McCarthy, L., 2009. The recruitment of Atlantic salmon in Europe.
ICES Journal of Marine Science 66, 289–304.

Fritts, A.L., Scott, J.L., Pearsons, T.N., 2007. The effects of domestication on the relative
vulnerability of hatchery and wild origin spring Chinook salmon (Oncorhynchus
tshawytscha) to predation. Canadian Journal of Fisheries and Aquatic Sciences 64,
813–818.

Gjerde, B., 1984. Response to individual selection of age at sexual maturity in Atlantic
salmon. Aquaculture 38, 229–240.

Glover, K.A., Otterå, H., Olsen, R.E., Slinde, E., Taranger, G.T., Skaala, Ø., 2009. A comparison
of farmed, wild and hybrid Atlantic salmon (Salmo salar L.) reared under farming
conditions. Aquaculture 286, 203–210.

Hansen, L.P., 1988. Effects of Carlin tagging and fin clipping on survival of Atlantic
salmon (Salmo salar L.) released a smolts. Aquaculture 70, 391–394.

Hindar, K., Fleming, I.A., McGinnity, P., Diserud, O., 2006. Genetic and ecological effects
of salmon farming on wild salmon: modelling from experimental results. ICES
Journal of Marine Science 63, 1234–1247.

Horreo, J.L., Machado-Schiaffino, G., Griffiths, A., Bright, D., Stevens, J., Garcia-Vazquez,
E., 2007. Identification of differential broodstock contribution affecting genetic
variability in hatchery stocks of Atlantic salmon (Salmo salar). Aquaculture 280,
89–93.

Hutchings, J., Fraser, D.J., 2008. The nature of fisheries- and farming-induced evolution.
Molecular Ecology 17, 294–313.

Johnsson, J.I., Höjesjö, J., Fleming, I.A., 2001. Behavioural and heart rate responses to
predation risk inwild and domesticatedAtlantic salmon. Canadian Journal of Fisheries
and Aquatic Sciences 58, 788–794.

Jokikokko, E., 2006. Atlantic salmon (Salmo salar L.) stocking in the Simojoki River as a
management practice. Acta Universitatis Ouluensis A 472, 32 (http://herkules.
oulu.fi/isbn9514282248).

Jokikokko, E., Jutila, E., 1998. The effect of stocking with salmon parr, Salmo salar, on the
smolt production in the River Simojoki, Northern Finland. In: Cowx, I.G. (Ed.),
Stocking and Introduction of Fish. Fishing New Books, Oxford, pp. 35–45.

Jokikokko, E., Jutila, E., 2005. Effect of fishing regulation on the occurrence of repeat
spawners and age distribution of Atlantic salmon in a northern Baltic river. Fisheries
Management & Ecology 12, 341–347.

Jokikokko, E., Jutila, E., 2009. Numbers of ascending wild and reared Atlantic salmon
adults in relation to smolt output of the Simojoki River in the northern Baltic
Sea. Fisheries Management & Ecology 16, 165–167.

Jokikokko, E., Kallio-Nyberg, I., Jutila, E., 2004. The timing, sex and age composition of
the wild and reared Atlantic salmon ascending the Simojoki River, northern Fin-
land. Journal of Applied Ichthyology 20, 37–42.

Jokikokko, E., Kallio-Nyberg, I., Saloniemi, I., Jutila, E., 2006. The survival of semi-wild,
wild and hatchery-reared Atlantic salmon smolts of the Simojoki River in the Baltic
Sea. Journal of Fish Biology 68, 430–442.

Jonsson, B., Jonsson, N., 2006. Cultured Atlantic salmon in nature: a review of their
ecology and interactionwithwild fish. ICES Journal of Marine Science 63, 1162–1181.

Jonsson, B., Jonsson, N., Hansen, L.P., 1990. Does juvenile experience affect migration and
spawning of adult Atlantic salmon? Behavioral Ecology and Sociobiology 26, 225–230.

Jonsson, N., Jonsson, B., Hansen, L.P., 2003. The marine survival and growth of wild and
hatchery-reared Atlantic salmon. Journal of Applied Ecology 40, 900–911.

Jutila, E., Pruuki, V., 1988. The enhancement of the salmon stocks in the Simojoki and
Tornionjoki rivers by stocking parr in the rapids. Aqua Fennica 18, 93–99.

Jutila, E., Jokikokko, E., Julkunen, M., 2003a. Management of Atlantic salmon in the
Simojoki River, northern Gulf of Bothnia: effects of stocking and fishing regulation.
Fisheries Research 64, 5–17.

Jutila, E., Jokikokko, E., Kallio-Nyberg, I., Saloniemi, I., Pasanen, P., 2003b. Differences in
sea migration between wild and reared Atlantic salmon (Salmo salar L.) in the Baltic
Sea. Fisheries Research 60, 333–343.

Kallio-Nyberg, I., Koljonen, M.-L., 1997. The genetic consequence of hatchery-rearing
on life-history traits of the Atlantic salmon (Salmo salar L.): a comparative analysis
of sea-ranched salmon with wild and reared parents. Aquaculture 153, 207–224.

Kallio-Nyberg, I., Peltonen, H., Rita, H., 1999. Effects of stock-specific and environmental
factors on the feeding migration of Atlantic salmon (Salmo salar) in the Baltic
Sea. Canadian Journal of Fisheries and Aquatic Sciences 56, 853–861.

Kallio-Nyberg, I., Jutila, E., Saloniemi, I., Jokikokko, E., 2004. Association between envi-
ronmental factors, smolt size and survival of wild and reared Atlantic salmon from
the Simojoki River in the Baltic Sea. Journal of Fish Biology 65, 122–134.

Kallio-Nyberg, I., Jutila, E., Jokikokko, E., Saloniemi, I., 2006. Survival of reared Atlantic
salmon and sea trout in relation to marine conditions of smolt year in the Baltic
Sea. Fisheries Research 80, 295–304.

http://herkules.oulu.fi/isbn9514282248
http://herkules.oulu.fi/isbn9514282248


83I. Kallio-Nyberg et al. / Aquaculture 402–403 (2013) 76–83
Kallio-Nyberg, I., Saloniemi, I., Jutila, E., Saura, A., 2007a. Effects of marine conditions,
fishing, and smolt traits on the survival of tagged, hatchery-reared sea trout
(Salmo trutta trutta) in the Baltic Sea. Canadian Journal of Fisheries and Aquatic
Sciences 64, 1183–1198.

Kallio-Nyberg, I., Saloniemi, I., Koljonen, M.-L., 2007b. Effects of parental and smolt
traits on the marine survival of released Atlantic salmon (Salmo salar). Aquaculture
272, 254–266.

Kallio-Nyberg, I., Salminen, M., Saloniemi, I., Kannala-Fisk, L., 2009. Marine survival of
reared Atlantic salmon in the Baltic Sea: the effect of smolt traits and annual factors.
Fisheries Research 96, 289–295.

Kallio-Nyberg, I., Saloniemi, I., Jutila, E., Jokikokko, E., 2011. Effect of hatchery rearing
and environmental factors on the survival, growth and migration of Atlantic salmon
in the Baltic Sea. Fisheries Research 109, 285–294.

Koljonen, M.-L., 1989. Electrophoretically detectable genetic variation in natural and
hatchery stocks of Atlantic salmon in Finland. Hereditas 110, 23–35.

Koljonen, M.-L., 2001. Conservation goals and fisheries management units for Atlantic
salmon in the Baltic Sea area. Journal of Fish Biology 59 (Suppl. A), 269–288.

Koljonen, M.-L., Jonsson, H., Paaver, T., Vasin, O., Koskiniemi, J., 1999. Phylogeographic
lineages and differentiation pattern of Atlantic salmon in the Baltic Sea with
management implications. Canadian Journal of Fisheries and Aquatic Sciences 56,
1766–1780.

Koljonen, M.-L., Tähtinen, J., Säisä, M., Koskiniemi, J., 2002. Maintenance of genetic
diversity of Atlantic salmon (Salmo salar) by captive breeding programmes and
geographic distribution of microsatellite variation. Aquaculture 212, 69–92.

Kostow, K.E., 2004. Differences in juvenile phenotypes and survival between hatchery
stocks and a natural population provide evidence for modified selection due to
captive breeding. Canadian Journal of Fisheries and Aquatic Sciences 61, 577–589.

Levin, P.S., Zabel, R.W., Willaims, J.G., 2001. The road to extinction is paved with good
intentions: negative association offish hatcherieswith threatened salmon. Proceedings
of the Royal Society of London. Series B 268, 1153–1158.

Machado-Schiaffino, G., Dopico, E., Garcia-Vazquez, E., 2007. Genetic variation losses in
Atlantic salmon stocks created for supportive breeding. Aquaculture 264, 59–65.

McGinnity, P., Stone, C., Taggart, J.B., Cooke, D., Cotter, D., Hynes, R., McCamlay, C.,
Cross, T., Fergusson, A., 1997. Genetic impact of escaped farmed Atlantic salmon
(Salmo salar L.) on native populations. Use of DNA profiling to assess freshwater
performance of wild, farmed and hybrid progeny in a natural river environment.
ICES Journal of Marine Science 54, 998–1008.

McKinnell, S.M., Lundqvist, H., 2000. Unstable release strategies in reared Atlantic
salmon, Salmo salar L. Fisheries Management and Ecology 7, 211–224.

Reisenbichler, R.R., Rubin, S.P., 1999. Genetic changes from artificial propagation of Pacific
salmon affect the productivity and viability of supplemented populations. ICES Journal
of Marine Science 56, 456–466.
Romakkaniemi, A., Perä, I., Karlsson, L., Jutila, E., Carlsson, U., Pakarinen, T., 2003. Develop-
ment of wild Atlantic salmon stocks in the rivers of the northern Baltic Sea in response
to management measures. ICES Journal of Marine Science 60, 329–342.

Saikkonen, A., Kekäläinen, J., Piironen, J., 2011. Rapid growth of Atlantic salmon juveniles
in captivity may indicate poor performance in nature. Biological Conservation 144,
2320–2327.

Säisä, M., Koljonen,M.-L., Tähtinen, J., 2003. Genetic changes in Atlantic salmon stocks since
historical times and the effective population size of a long-term captive breeding
programme. Conservation Genetics 4, 613–627.

Salminen, M., 1997. Relationships between smolt size, postsmolt growth and sea age at
maturity in Atlantic salmon ranched in the Baltic Sea. Journal of Applied Ichthyology
13, 121–130.

Salminen, M., Kuikka, S., Erkamo, E., 1994. Divergence in the feeding migration of Baltic
salmon (Salmo salar L.); the significance of smolt size. Nordic Journal of Freshwater
Research 69, 32–42.

Salminen, M., Kuikka, S., Erkamo, E., 1995. Annual variability in survival of sea-ranched
Baltic salmon, Salmo salar L.: significance of smolt size and marine conditions. Fisheries
Management & Ecology 2, 171–184.

Salminen, M., Alapassi, T., Ikonen, E., 2007. Importance of stocking age in the enhance-
ment of River Kymijoki salmon (Salmo salar). Journal of Applied Ichthyology 23,
46–52.

Saloniemi, I., Jokikokko, E., Kallio-Nyberg, I., Jutila, E., Pasanen, P., 2004. Survival of
reared and wild Atlantic salmon smolts: size matters more in bad years. ICES Journal
of Marine Science 61, 782–787.

SAS Institute, 2002. SAS OnlineDoc® Version 9.1. SAS Institute Inc., Cary, NC, USA.
Skaala, Ø., Taggart, J.B., Gunnes, K., 2005. Genetic differences between five major do-

mesticated strains of Atlantic salmon and wild salmon. Journal of Fish Biology 67,
118–128.

Skilbrei, O.T., 1989. Relationships between smolt length and growth and maturation in
the sea of individually tagged Atlantic salmon (Salmo salar). Aquaculture 83,
95–108.

Vainikka, A., Kallio-Nyberg, I., Heino, M., Koljonen, M.-L., 2010. Divergent trends in life-
history traits between Atlantic salmon Salmo salar of wild and hatchery origin in
the Baltic Sea. Journal of Fish Biology 76, 622–640.

Weir, L.K., Breau, C., Hutchings, J.A., Cunjak, R.A., 2010. Multiple paternity and variance
in male fertilization success with Atlantic salmon Salmo salar redds in a naturally
spawning population. Journal of Fish Biology 77, 479–493.

WGBAST, 2011. Report of Baltic Salmon and Trout Working Group. ICES Advisory
Committee (ICES 2011/ACOM:08 Available: http://www.ices.dk/workinggroups/
ViewWorkingGroup.aspx?ID=41. Date 19.5.2011).

http://www.ices.dk/workinggroups/ViewWorkingGroup.aspx?ID=41
http://www.ices.dk/workinggroups/ViewWorkingGroup.aspx?ID=41

	Effects of hatchery rearing and sea ranching of parents on the life history traits of released salmon offspring
	1. Introduction
	2. Materials and methods
	2.1. Salmon data
	2.2. Data treatment

	3. Results
	3.1. Recapture rate and survival of the parental origin groups
	3.2. Smolt size and marine growth of parental origin groups
	3.3. Migration and length of sea period

	4. Discussion
	4.1. Survival
	4.2. Growth
	4.3. Migration
	4.4. Sea age at sexual maturity
	4.5. Management implications

	Acknowledgement
	References


