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ABSTRACT: If the release of hatchery-reared juveniles exceeds the carrying capacity of the envi-
ronment, the growth rate of wild fish may decrease or hatchery fish might displace wild fish
because of competition for prey and space, or cannibalism. However, limited evidence is available
to confirm these ecological effects. Therefore, we used census-marking experiments to investigate
the ecological interactions between hatchery and wild fish in the large piscivorous species Japan-
ese Spanish mackerel (JSM) Scomberomorus niphonius in the Seto Inland Sea. We analysed the
relationship between the mean body weight and population size of Age 0 JSM, and the relation-
ship between the biomass of juvenile Japanese anchovy Engraulis japonicus, which is the princi-
pal prey fish of JSM, and that of Age 0 JSM. We also estimated the spawner-recruit relationship.
We measured the body sizes of 5008 JSM juveniles during July and December between 1999 and
2005 in the eastern Seto Inland Sea, and 551 hatchery fish were identified in the sample based on
examinations of marked otoliths. There was a negative correlation between the mean body weight
and population size of Age 0 fish, which clearly demonstrated the density-dependent growth of
Age 0 JSM. The ~35% variation in the biomass of Age 0 JSM was explained by the biomass of
prey fish. Hatchery fish tended to be larger than wild fish, and they had better growth perform-
ance. Our analysis showed that hatchery fish reduced the growth rate of wild fish and displaced
the wild fish in terms of biomass when hatchery fish stocking exceeded the carrying capacity of
the environment.

KEY WORDS: Displacement of wild fish - Carrying capacity - Density-dependent growth - Prey
fish dynamics - Otolith marking - Scomberomorus niphonius - Marine stock enhancement

INTRODUCTION

The potential to increase fish populations by means
of releasing juveniles may generally depend on
intra- and interspecific density-dependent interac-
tions in the community (Peterman 1991). Surplus car-
rying capacity is therefore essential for successful
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fishery stock enhancement by releasing juveniles.
The carrying capacity for a given fish population can
be affected by prey abundance, space and preda-
tor-prey relationships (Salvanes et al. 1992), and it
can be defined as the biomass level that can be sup-
ported by the available food resources in the absence
of harvesting (Frechette 1991, Svasand et al. 2000). If
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the release of juveniles exceeds the carrying capac-
ity, the growth rate of wild fish may decrease or
hatchery fish may displace wild fish because of com-
petition for prey and space, or cannibalism (e.g. Wal-
ters 1988, Hilborn 1992). In such cases, the release of
hatchery-reared fish (hereafter hatchery fish) may
reduce wild fish production. This issue is therefore
one of the most important topics related to fish stock
enhancement and sea ranching.

The displacement of wild fish by hatchery fish has
been discussed for pink salmon Oncorhynchus gor-
buscha (Hilborn & Eggers 2000, Wertheimer et al.
2004) and coho salmon O. kisutch (Sweeting et al.
2003). Wide-ranging ecological studies of the Atlantic
cod Gadus morhua have shown that gobies are the
principal prey of juvenile cod and that annual varia-
tions in the cod-carrying capacity are largely depend-
ent on this prey group (Salvanes et al. 1992, Svasand
et al. 2000). An ecosystem simulation model sug-
gested that recruitment beyond the maximum esti-
mated potential production of 0.5 x 10° to 1.3 x 10 ind.
yr! would reduce overall cod production in a fjord
because of food shortages and cannibalism (Salvanes
et al. 1992). An empirical analysis of red sea bream
Pagrus major in Kagoshima Bay detected a negative
correlation between the catches of hatchery and wild
fish, and it was suggested that competition between
hatchery and wild fish had caused the displacement
of wild fish because of the limited carrying capacity of
this semi-enclosed bay (Kitada & Kishino 2006). How-
ever, little evidence is available to confirm the eco-
logical impacts of hatchery fish on wild fish.

To address this issue, we used census-marking
experiments to investigate the ecological interactions
between hatchery and wild Japanese Spanish mack-
erel (JSM) Scomberomorus niphonius, which is a
large piscivorous fish that is distributed mainly off
the western coast of Japan. We tested the hypothesis
that hatchery fish displace wild fish by examining the
density-dependent growth of the 2 types of fish. We
analysed the effect of hatchery releases on wild pop-
ulations in terms of the growth reduction of wild JSM
in the Seto Inland Sea (SIS). After briefly reviewing
the JSM catch history, stock enhancement pro-
gramme and fishery biology in the SIS, we estimated
the relationship between the body weight (BW) and
population size of Age 0 JSM in the SIS and esti-
mated the change in food supply (prey fish abun-
dance) as an index of the JSM-carrying capacity. We
then analysed both the relationship between the bio-
mass of prey fish and Age 0 JSM and the
spawner-recruit relationship. Finally, we estimated
the effects of the food supply on the growth of hatch-

ery and wild JSM by comparing their growth meas-
urements for 6 mo after release in the eastern SIS
(ESIS) during the period from 1999 to 2005. Our
analysis highlighted the interaction between hatch-
ery and wild JSM, as we detected a growth reduction
in wild fish when stocking exceeded the food supply.

JSM fishery and stock enhancement

JSM is an important fisheries resource, especially
in the SIS (Fig. 1). The JSM fishery mainly involves
set nets, drift nets and gill nets, and it targets mature
fish in their spawning grounds during spring and
immature young fish during autumn. The annual
JSM catch from the SIS ranged between 900 and
1700 t from 1953 to 1975, but it increased during the
1980s and peaked at 6255 t in 1986 (Fig. 2; Ministry
of Agriculture, Forestry and Fisheries 1955-2012).
The increase in the catch was attributed mainly to
improved fishing efficiency when drift nets with a
small mesh size were used and to the introduction of
an autumn fishing season that targeted young fish
(Nagai 2003). However, the annual catch has de-
creased drastically since 1987, and reached a histori-
cal low of 196 t in 1998, probably because of overfish-
ing with small-mesh nets.

The Japan Sea Farming Association, which merged
with the Fisheries Research Agency in 2003, sought
to increase the depleted commercial JSM catch by
initiating a stocking programme in 1998, and fisher-
men voluntarily refrained from targeting young fish
with drift nets in the ESIS during autumn. In 2002,
the Fisheries Agency of Japan implemented a stock
recovery plan that involved the regulation of fishing
for immature young fish during autumn and stocking
the entire SIS with hatchery-reared juveniles (Ko-
bayashi 2003). Two groups of hatchery fish were
released with different chemical marks on their
otoliths, i.e. juveniles measuring about 40 mm in total
length (TL) and juveniles with a TL of about 100 mm.
A total of 1527 000 juvenile JSM were released in the
ESIS between 1998 and 2010; the 100 mm release
group accounted for 78.4 % of the total released. The
40 mm release group has not been stocked since
2004 (Obata et al. 2007, 2008, Yamazaki et al. 2007;
Fisheries Agency of Japan and Fisheries Research
Agency [http://abchan.job.affrc.go.jp/index1.html]).
In total, 608 000 JSM juveniles have been released in
the western SIS (WSIS) since 2002, with 40 mm TL
juveniles comprising 40.7 % of the released fish. In
the ESIS, the mean contribution (mean + SD) of the
hatchery fish to the total catch between 2006 and



Nakajima et al.: Interactions between hatchery and wild fish 233

1%6°E 1?2° 1I|38° 14|4°

v

i

1 1

132°E

133° 134° 135°

Ll 21 Seto
30y # Inland Sea
. 6"' —
) wF ‘
E
ogo] 0 250 500 km
34° —
N
33° —]

Island

Honshu Island

40 80 km

Fig. 1. Map of the Seto Inland Sea, southwestern Japan (inset), showing the eastern (A to D) and western (E to I) parts. A: Kii
Channel; B: Osaka Bay; C: Harimanada; D: Bisanseto; E: Hiuchinada; F: Bingo-Geiyoseto; G: Akinada; H: Iyonada;
I: Suounada; J: Bungo Channel

2009, expressed as a percentage of the total number
of released fish in the samples examined (n), was
estimated to be 23.7 £ 17.2% (n =4360), 19.0 + 13.0%
(n=2359),12.8 +9.2% (n=890), 8.9+ 5.7% (n=485)
and 6.0 £ 3.6% (n = 402) for fish aged 0 to 4 vr,
respectively. However, the mean contribution of
hatchery fish was lower in the WSIS than in the ESIS,
i.e.2.6+24% (n=5420),0.9+0.4% (n=6351),2.4 +
1.5% (n=1335),2.6 £0.7% (n=445)and 0.7 + 1.3%
(n = 142) for fish aged 0 to 4 yr, respectively (National
Association for the Promotion of Productive Sea
2007-2010). The JSM catches from the ESIS and
WSIS were the same after 1998 (Fig. 2), which sug-
gests that the food supply available for JSM might
have differed little between the 2 areas in recent
years. The lower impact of stocking on the WSIS
might be because fewer fish were released and they
were smaller at the time of release (i.e. lower likeli-
hood of lower likelihood of survival). Indeed, the
recapture rates were 6.5 = 0.9% for the 40 mm
release group and 16.3 + 0.8% for the 100 mm
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Fig. 2. Scomberomorus niphonius. Changes in the annual

catch of Japanese Spanish mackerel from the Seto Inland

Sea (SIS) (1968 to 2010), and the annual number of fish re-

leased into the eastern SIS (ESIS) since 1999 and western
SIS (WSIS) since 2002
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release group in the ESIS (Obata et al. 2008),
whereas they were very low (0 to 1.8%) between
2006 and 2009 in the WSIS, reflecting the smaller size
at release (National Association for the Promotion of
Productive Sea 2007-2010). The JSM release pro-
gramme in the ESIS appeared, thus, to have had a
greater impact on the wild population than the re-
leases in the WSIS. Therefore, we compared growth
performance of young hatchery and wild JSM in the
ESIS as described in ‘Materials and methods: Growth
of wild and hatchery JSM' below.

Fishery biology of JSM

According to studies on fishery biology (Kishida et
al. 1985, Kishida 1986, 1989, Kishida & Aida 1989,
Nagai et al. 1996, Kono et al. 1997, Takemori et al.
2005a,b) and early life ecology (Shoji & Tanaka 2001,
2005, Shoji et al. 1997, 1999a, 2002, 2003), the life
history of JSM can be summarized as follows. This
species has an estimated life span of >6 yr and
reaches maturity at 2 to 3 yr. In the SIS, JSM spawns
mainly in May and June in the waters of Bisanseto,
Harimanada and Osaka Bay in the ESIS, and Aki-
nada, Bingo-Geiyoseto and Hiuchinada in the WSIS
(Fig. 1). Newly hatched larvae have a standard
length (SL) of ~4 mm and they grow to an SL of
~6 mm within 5 d of hatching. They depend on their
endogenous nutrition source before they begin to
feed on prey organisms. They have a strong piscivo-
rous habit from their first feeding, and the larvae and
juveniles feed mainly on the larvae of clupeid fish
such as Japanese anchovy Engraulis japonicus. JSM
larvae reach the juvenile stage at an SL of ~12 mm
within 10 d of hatching; the duration of their larval
stage may be the shortest of all fish species. JSM
larvae have a rapid growth rate, although their early
mortality rate is considered to be very high. Shoji &
Tanaka (2005) reported that JSM juveniles with an
SL of 30 mm were voracious feeders, with a high
daily food intake (66.1 to 82.6% body mass [dry
weight]). Based on the daily intake determined in a
laboratory study, the afore-mentioned authors esti-
mated that the release of 100 000 JSM juveniles with
an SL of 30 mm might lead to the consumption of
510000 to 640000 Japanese anchovy larvae during
the first day of release.

The young JSM grow rapidly and recruit to the
fishery stock during August/September when they
have a fork length (FL) of ~40 cm and a BW of 550 to
700 g. The fish grow to ~50 cm FL and 1 to 1.5 kg BW,
before migrating to the Kii Channel and/or Bungo

Channel in the southern part of the ESIS and WSIS,
respectively, during late autumn and winter. After
overwintering, they migrate to the inner part of the
SIS to feed and spawn. This annual migration pattern
is repeated throughout their life cycle in the SIS.
Mark-recapture experiments have shown that juve-
niles migrate between the ESIS and WSIS, although
the migration of adult fish between these areas has
not been investigated. Of 592 508 juveniles released
in the ESIS from 2006 to 2009, 50392 were recap-
tured. Among them, 45637 (90.6 %) and 4755 (9.4 %)
fish were recaptured in the ESIS and WSIS, respec-
tively. Of 252803 juveniles released in the WSIS
from 2006 to 2009, 437 (39.3%) and 675 (60.7 %)
were recaptured in the ESIS and WSIS, respectively
(National Association for the Promotion of Productive
Sea 2007-2010). There were no genetic differences
between the JSM samples taken from the ESIS
and WSIS (K. Nakajima et al. unpubl. data), which
suggests high gene flow between the 2 areas,
thereby supporting the results of the mark-recapture
experiments.

MATERIALS AND METHODS
Population dynamics of JSM and food supply

In general, fishing effort data are necessary to
estimate sizes of fish populations. Published statis-
tics are, however, not available for fishing efforts on
JSM, so we analysed public data on the biomass and
population sizes of JSM in different age groups,
which were estimated using a virtual population
analysis (Pope 1972) based on catch history (Fish-
eries Agency of Japan and Fishery Research Agency
[http://abchan.job.affrc.go.jp/index1.html]). The same
information source also mentioned a change in the
average BW of newly recruited JSM (Age 0 fish). To
infer density-dependent growth, we first examined
the relationship between mean BW (w, kg) and
population size (N, individuals) of Age 0 fish in the
SIS between 1987 and 2010, when the JSM catch
decreased markedly, before recovering under the
present JSM fisheries management strategy. The
parameters used in the linear N = o - Bw and curvi-
linear models N=ow™® (Kleiber 1947, 1961, Bohlin et
al. 1994) were estimated using linear and non-linear
ordinary least-squares methods (OLS; Sokal & Rohlf
1995), and the goodness of fit was compared using
Akaike's information criterion (AIC; Akaike 1974).

We tested the relationship between the biomass of
Age 0 JSM (response variable) and prey fish (ex-
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planatory variables), i.e. Japanese anchovy Engraulis
japonicus larvae and Japanese anchovy, between
1987 and 2010. The estimated biomass of Japanese
anchovy (including larvae) was reported for each
month for fish aged 1 to 10 mo (Fisheries Agency of
Japan and Fishery Research Agency [http://abchan.
job.affrc.go.jp/index1.html]). Based on 1987 to 2010
data, we estimated the biomass of Japanese anchovy
larvae eaten by JSM juveniles between May and
July as the total biomass of Japanese anchovy larvae
aged 1 to 2 mo. We then calculated the biomass of
Japanese anchovy eaten by young JSM by subtract-
ing the biomass of Japanese anchovy larvae (1 to
2 mo old) from the total Japanese anchovy biomass.
Simple and multiple regression equations were esti-
mated using the OLS method.

To describe the population dynamics and variation
in recruitments, we fitted a Ricker recruitment
function R = 6,;Sexp(-0,S) (Ricker 1954, Hilborn &
Walters 1992) to the relationship between the esti-
mated population sizes of spawners S (Age 3 to 5+
fish, including hatchery fish) and recruits R (Age 0
wild fish) from 1987 to 2010 (Fisheries Agency of
Japan and Fishery Research Agency [http://abchan.
job.affrc.go.jp/index1.html]). We defined spawners
as fish aged >3 yr based on Takemori (2006), who
reported that the age at 100 % maturity was 3 yr in
surveys from 1987 to 1990 and 2 yr in those con-
ducted from 2000 to 2005.

Juvenile production and mark-recapture

JSM juveniles were produced in two 150 kI tanks at
Yashima Station (Fig. 1) according to the methods de-
scribed by Yamazaki & Fujimoto (2003). The fertilized
eggs used for seed production were artificially in-
seminated using mature fish captured in the ESIS by
a fishing boat. The eggs were transferred to the
Yashima Station and hatched at 17°C in the hatching
tank. During seed production, the larvae were fed
with larvae of red sea bream Pagrus major and Japan-
ese flounder Paralichthys olivaceus and with defrosted
flakes of Pacific sand eel Ammodytes personatus.
JSM larvae were reared until they reached ~40 mm
TL, about 3 wk after hatching. After harvesting the in-
tensive seed production tanks, some juveniles were
transferred to nursery facilities near the release sites
and reared until they reached ~100 mm TL, after
2 wk. The juveniles were reared in net cages (4 x 4 x
3 m) and an earthen pond (75 x 75 x 1.5 m) on the
coast at Oda, Kagawa Prefecture. Pacific sand eels
were used to feed JSM juveniles in the nursery phase.

The otoliths of all JSM juveniles were marked
using alizarin complexone (ALC; Dojindo Laborato-
ries) (Kuwada & Tsukamoto 1987, Tsukamoto 1988,
Tsukamoto et al. 1989) after they hatched and
reached 10 mm TL (see Obata et al. 2008 for details),
before they were released into the waters of eastern
Bisanseto and north-eastern Harimanada in the ESIS.
The JSM juveniles in the 40 mm groups were re-
leased in early June, while the 100 mm groups were
released from late June to early July. They were cap-
tured with set nets, gill nets and long lines in the
waters of Harimanada until October and in the Kii
Channel from November to January. Samples of
Age 0 fish were collected from the major fish landing
markets in the ESIS between July and December
from 1999 to 2005. Sampling surveys collected every
Age 0 JSM landed on selected days at the fish mar-
kets visited, and they were used to estimate the total
hatchery and wild JSM landings (Kitada et al. 1992).
Therefore, no fish were collected if no Age 0 JSM
were landed on a selected sampling day. We bought
the landed Age 0 JSM and measured the BW and FL
of the hatchery and wild fish. We then dissected
the fish and removed their otoliths (sagitta) at
Yashima Station. The released fish were identified by
the ALC marks on their otoliths under a fluorescence
microscope.

Growth of wild and hatchery JSM

The morphometric relationships between FL and
BW were analysed for hatchery and wild fish using
the log-transformed allometric growth equation, InFL
= Ina + bInBW. The parameters (lna and b) used in
the equations were estimated with the OLS method.
Analysis of covariance (ANCOVA) was performed to
detect differences in the allometric growth coeffi-
cients (b) and/or intercepts (Ina) of hatchery and wild
fish based on the mean FL and BW. We evaluated
differences in the mean BW of hatchery and wild fish
for each month in each year using Welch's t-test.

We estimated the growth increments of hatchery
and wild fish between July and December for each
year from 1999 to 2005 and tested the differences as
follows. If the growth increments for a year are Dy
and Dy for hatchery and wild fish, respectively, the
null hypothesis is Hy: Dy = Dy and the alternative
hypothesis is Hy: Dy > Dy. Dy is estimated as DH =
Xou — X1y, where Xjy is the average weight of the
hatchery fish in July and X,y is that in December.
The variance is given by V(ﬁH) = V(Xy) + V(X%u) -
2Cov(Xiy, Xou), which is estimated by substituting
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V(Z) = (SDin)/nu, V(Zn) = (SDyy)*/nyy and
Cov(Xim, Xon) = 1'()}1H')}2H)VV()7(1H)V()?2H)‘ SD is the
standard deviation of the mean body size measure-
ments in July or December from 1999 to 2005, nis the
sample size and ris Pearson's correlation coefficient
for X;;; and X,y. Here we estimated 1, ,,,) based on
the data set of the mean body size measurements in
July and December from 1999 to 2005. The growth
increment for wild fish Dyy is estimated in a similar
way. The test statistic is ¢= (DH - ﬁw) / \/V(DH - ﬁw)
The variance is estimated as V(Dy — Dyw) = V(Dy) +
V(ﬁw)—ZCov(ﬁH,ﬁw), where the covariance is esti-
mated using the sample correlation coefficient
between the estimates of Dy and Dy (from 1999 to
2005) as Cov(Du, Dw) = 15, 1, VV(Du)V (Dy). For the
null hypothesis, the test statistic follows a ¢ distribu-
tion with the following degrees of freedom: df = nyy +
Ny + Ngw + Dow — 4. Finally, we tested the linear
relationship between the biomass of Age 0 JSM and
the growth increments of hatchery and wild fish. All
analyses were performed using R language (R Devel-
opment Core Team 2011).

RESULTS

After the maximum in 1988, the population size of
JSM was negatively correlated with the mean weight
of Age 0 fish (Fig. 3), which demonstrated that growth
depended on the population size. The mean weight
increased until 1995 as the population size decreased,
whereas it decreased after 1996 until it reached its
minimum in 2002. The linear and curvilinear models
were fitted as N = 6042.19 — 4.503w (AIC = 388.94)
and N = 2.090 x 10''w270 (AIC = 378.79), re-
spectively. The AIC values clearly showed that the
curvilinear model explained the relationship better
(Fig. 3). The estimate of the exponent (B) with the
standard error was highly significant at 2.760 + 0.325
(t=-8.490, p = 2.17 x 10%).

The fluctuations in the biomass of Age 0 JSM
appeared to be linked to the biomass of prey fish
(Fig. 4). A similar goodness of fit was observed for the
regression equations when Japanese anchovy larvae
(R? = 0.348, p = 0.0024, AIC= 385.30) and Japanese
anchovy larvae + Japanese anchovy (R? = 0.366, p =
0.0083, AIC= 386.65) were used as explanatory vari-
ables. The regression coefficients for Japanese
anchovy larvae were very similar for both regression
models, at 0.0554 + 0.0162 (t = 3.443, p = 0.0024) and
0.0542 + 0.0164 (¢ = 3.308, p = 0.0034), although the
regression coefficient for Japanese anchovy was not
significant in the multiple regression model (¢t =

Estimated population size of Age 0 fish in the SIS (million ind.)
w
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I I I I
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Mean body weight of Age 0 fish (kg)

Fig. 3. Scomberomorus niphonius. Estimated population size
versus mean body weight of newly recruited Japanese
Spanish mackerel juveniles (Age 0 fish) in the Seto Inland
Sea (SIS), with a fitted curvilinear model (dashed red line).
The numbers on the graph indicate the years (1987 to 2010)
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0.762, p = 0.4545). When Japanese anchovy alone
was used as the explanatory variable, the model
explained only 3.5% of the biomass fluctuations
among Age 0 JSM (R2 = 0.035, p = 0.3792, AIC =
394.71). The results showed that ~35% of the varia-
tion in the Age 0 JSM biomass was explained by the
biomass of Japanese anchovy larvae, reflecting the
large difference between the biomass of JSM and
that of anchovy larvae before 1996. The estimated
Ricker recruitment function (é1 =6.2302 + 1.2586, p =
6.0 x 107%and 6, = 0.0005 + 0.0002, p = 0.0093) de-
scribed the spawner-recruit relationship well (Fig. 5).
The population sizes of spawners and recruits de-
creased continuously after 1987 and reached their
minimum in 1998. Considering the increased fishing
intensity as described in 'Introduction: JSM fishery
and stock enhancement’, overfishing appears to be
the major cause of the decline in recruitment and the
JSM catch. The population of spawners remained
small even after 1998, although the number of
recruits increased after 1999, with some variations.

During our study period (1999 to 2005), recruitment
remained low in 1999 and 2000, whereas it was high
in 2002.

We measured the FL and BW of 5008 Age 0 fish, of
which 551 (11.0%) were identified as hatchery fish
and 4457 (89.0 %) as wild fish (Table 1). The hatchery
and wild fish grew rapidly and exhibited a similar
growth pattern, although the mean BW of hatchery
fish tended to be slightly higher than that of wild fish
(Fig. 6). The relative growth curves were estimated
as BW = 2.259 x 107 FL2846 (RZ = 0.991, p = 2.2 x
1071%) for hatchery fish and BW = 1.768 x 107> FL.2:883
(R?=0.996, p = 2.2 x 107'%) for wild fish. The growth
coefficients of hatchery fish (i) = 2.846 + 0.045, p =
2.0 x 107'%) and wild fish (b = 2.883 + 0.027, p=20x
1071%) indicated strong positively allometric growth,
where BW increased faster than FL, although there
was no significant difference between hatchery
and wild fish in terms of their growth parameters
(ANCOVA, p = 0.5027) and their mean weights after
adjusting for FL (p = 0.2588). The average (+SD) val-

Estimated population size of Age 0 fish (million ind.)

I T

0.0 0.5

I T
1.0 1.5

Estimated population size of Age 3-5 fish (million ind.)

Fig. 5. Scomberomorus niphonius. Spawner-recruit relationship between Japanese Spanish mackerel in the Seto Inland Sea
with a fitted Ricker recruitment function (dasehd red line), where the relationship is magnified (inset) for the years of our
experiment (1999 to 2005)
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Table 1. Scomberomorus niphonius. Growth measurement data (means + SD) for hatchery and wild Japanese Spanish mackerel (Age 0 fish)
in the eastern Seto Inland Sea

Year Wild fish Hatchery fish
Jul Aug Sep Oct Nov Dec Jul Aug Sep Oct Nov Dec
Fork length (mm)
1999 224 +£21 291+41 410+36 500 +29 520 + 54 542 + 50 236 +£27 290 +21 367 470+ 3 - 538
2000 234 +£22 295+29 415+40 508 +33 541 + 27 556 + 21 195+20 312+17 431+41 530+24 - 542 + 23
2001 210+28 315+55 421+33 481+20 509 + 22 518 20 216 £ 17 294 +56 409 +32 492 514 + 28 535+4
2002 197 +21 247 +40 41429 473+25 496 = 19 494 + 24 224 +37 294 +35 472+26 494+40 527 +33 515
2003 169 301 £38 459+13 47923 522 + 22 541 +18 192+9 333+£37 463+13 497+27 528+20 54119
2004 275 33755 45970 533+£19  565+23 580 + 19 217+11 308+43 485+7 523 570 590
2005  222+32 326+52 39347 492+25 522 + 22 524 +25 263 +47 35144 - 517 + 24 544 £ 5 560 + 20
Body weight (g)
1999 104 +£29 244 +100 629+ 199 1147 +201 1199 +326 1394 + 352 114 +34 227 +21 476 1012 + 45 - 1341
2000 127 +36 225+62 685+206 1111+175 1308 + 187 1442+ 136 68 +21 267 +43 831 +238 1317 +98 - 1377 + 89
2001 87+31 307+136 632+131 909+119 1043 +129 1119+ 118 90+ 17 269+ 157 623 +98 814 1077 £ 119 1341 +48
2002 68 +24 142+ 72 585+121 853 +151 990+ 129 951+ 145 106 £53 230+ 67 907 104 1021 +219 1139 + 137 1035
2003 39 266 +38 87965 957 +139 1199 + 147 1372 + 147 61+9 349+84 959+50 1111+163 1323 +138 1457 + 130
2004 213 368 £ 160 878 +293 1366 + 144 1530 + 168 1659 + 139 138 +21 287+92 1026 +25 1215 1544 1656
2005 108 +48 312+ 121 510+ 191 1015+ 152 1178 +149 1163 + 165 174 £85 415+ 129 - 1253 £ 150 1396 + 102 1479 + 148
Sample size
1999 38 51 4 70 15 14 3 2 1 2 0 1
2000 6 173 125 58 35 34 24 39 20 5 0 8
2001 40 231 219 177 209 67 5 5 4 1 6 2
2002 185 394 260 532 176 76 11 23 10 21 9 1
2003 1 49 5 103 118 103 52 46 25 42 61 29
2004 1 15 6 15 18 14 4 7 2 1 1 1
2005 22 71 73 470 110 74 3 14 0 46 7 7
ues of BW (FL) in July (1999 to 2005) were 107.3 +
39.6 g (219.0 = 21.6 mm) and 106.6 = 55.1 g (218.7 £ —— Wild
32.8 mm) for hatchery and wild fish, respectively, o~ Hatchery °
while those in December (1999 to 2005) were 1383.7 + 1.5
188.8 g (645.9 + 23.5 mm) and 1300.0 + 236.8 g (536.4 +
27.8 mm), respectively. S
BW was strongly correlated with FL (Fig. 6), and f,
BW reflected density-dependent growth, as shown in '57
Fig. 3, so in the following we have focused on the BW £ 1.07
analysis. Hatchery fish were significantly larger than &
wild fish in 2000, 2002, 2003 and 2005, whereas there 8
were no differences in 1999, 2001, or 2004 (Fig. 7). §
The test statistics are summarized in Table 2. The BW = 05
variation was greater in the wild fish. The growth '
increments of hatchery and wild fish between July
and December varied between years, with a mean +
SD of 1276 + 181.8 g and 1193 + 203.7 g, respectively
(Table 3). The differences in growth increments 0.0+
ranged from -63 to +250 g, and the increment was 1 1 T 1 1
200 300 400 500 600

higher in hatchery fish in 5 of the 7 years. We calcu-
lated p-values from the test statistics (t-values) and
degrees of freedom. We found that the growth incre-
ments (i.e. growth rate) of hatchery fish were higher
than those of wild fish in the years 2001 and 2005 (p <
0.01; Table 3), and the growth increments became
smaller with a greater biomass of Age 0 JSM (Fig. 8).

Mean fork length (cm)

Fig. 6. Scomberomorus niphonius. Relationships between
the mean fork length and mean body weight of hatchery (n =
551) (open circles with dashed line) and wild (n = 4457)
(solid circles with continuous line) Japanese Spanish mack-
erel (Age 0 fish) in the eastern Seto Inland Sea between July
and December from 1999 to 2005 (data are shown in Table 1)
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By contrast, there were no differences in the growth
increments (i.e. growth rates) of hatchery and wild
fish in 1999 and 2000 when the JSM biomass was
small (in other words, the food supply per individual
JSM was relatively abundant) (Table 3). The re-
gression coefficients and intercepts were estimated
to be —1.3073 + 0.5605 (t = -2.332, p = 0.1019) and
2423.16 + 494.87 (t = 4.896, p = 0.0163), respectively,
for hatchery fish and to be -1.4684 + 0.5083 (t =
—2.889, p = 0.0631) and 2434.10 + 448.84 (t = 5.423,
p = 0.0123), respectively, for wild fish, based on data
that excluded 1999 and 2000. The regression lines
showed that the growth increment became smaller
the higher the biomass of Age 0 fish (R? = 0.6446 for
hatchery and 0.7356 for wild fish) (Fig. 8).

DISCUSSION

We identified hatchery JSM Scomberomorus ni-
phonius using the ALC marks on their otoliths, and
we compared their growth with that of wild JSM.

Jul Aug Sep Oct Nov Dec

2.0 2002

*

Jul Aug Sep Oct Nov Dec
2.0 2004

Jul Aug Sep Oct Nov Dec
Month

Fig. 7. Scomberomorus niphonius. Monthly changes in the
mean body weight of hatchery (n = 551) and wild (n = 4457)
Japanese Spanish mackerel (Age 0 fish) in the eastern Seto In-
land Sea between July and December for each year from 1999
to 2005 (data are shown in Table 1). Asterisks indicate sig-
nificant differences between hatchery and wild fish (p < 0.05)

ALC has a low marking cost and high mark retention
(Svéasand et al. 2000) so it is often used to mark the
otoliths of salmonids (Tsukamoto 1988) and marine
fish, including red sea bream Pagrus major (Tsu-
kamoto et al. 1989), Atlantic cod Gadus morhua
(Blom et al. 1994), red drum Sciaenops ocellatus
(Thomas et al. 1995) and turbot Scophthalmus maxi-
mus (Iglesias & Rodriguez-Ojea 1997). In the present
study, the mark retention time was not confirmed
experimentally, although released JSM with ALC-
marked otoliths were detected among Age 2 to 3 fish,
and the ratios of released fish in the samples of Age 2
fish were similar to those in Age 0 to 1 fish in our sub-
sequent fish market surveys (authors' unpubl. data).
Therefore, the retention time should be sufficient for
the unbiased detection of released fish within a year
of release (6 mo).

Wild fish had the same growth performance as
hatchery fish when the food supply was relatively
abundant (in 1999 and 2000), whereas hatchery fish
competed with wild fish for food and performed bet-
ter when the food supply was limited (2001 to 2005)
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Table 2. Scomberomorus niphonius. Test statistics for comparisons of the dif-
ferences in the body weight of hatchery and wild Japanese Spanish mackerel.
Bold type indicates significant differences (p < 0.05)

capita food supply. The higher growth
performance of hatchery fish in 2001
to 2005 suggests that releases ex-

v Jul A S Oct N D ceeded the food supply and that
eat " ug P N v ee hatchery and wild fish competed for
1999 ¢ 0.4954  0.8329 - 3.386 - _ food. Our analysis showed that hatch-
af  2.24 3.51 - 2.45 - - ery fish reduced the growth rate of
p 06648  0.4577 - 0.0578 - - wild fish and displaced them in terms
2000 t 3.8539 5.0333 2.5924 4.1628 - 1.6595 of biomass when Stocking exceeded
df 5.88 78.17 " 23.78 6.47 - 15.80 the food supply. The regression coeffi-
p 0.0087 3.01x10 0.0160 0.0050 - 0.1167 . .
2001 f 03316 05369 0.1807 0.6883  6.0202 cients for growth increments versus
df  7.88 413 3.20 _ 5.34 1.39 the biomass of Age .0 fish (Fig. 8)
p 07488  0.6190 0.8674 - 0.5200  0.058 showed that wild fish tended to
2002 ¢ 23636 6.0968  9.5456 3.4829  3.1912 - exhibit a higher rate of growth incre-
af  10.25 25.06 9.96 20.76 8.74 - ment reduction compared with hatch-
p 0.0391 2.20 x 10° 2.50 x 10°°  0.0022 0.0114 - ery fish, although this trend was not
2003 ¢ - 6.1379 2.6024 5.3773 55716  3.0193 significant (wild: t = -2.332, p =
df - 61.81 4.99 66.57 128.38 50.01 0.1019; hatchery: t = -2.889, p =
- 6.56x10°° 0.0482 1.05x 10™° 1.42 x 107 0.004 ' ! : : o
p * * X 0.0631), which reflected the variation
2004 ¢ - 1.5000 1.2240 - - - in th rowth increment ithin
af _ 18.81 591 _ B _ i e grow .1 crements w.1 in a
p _ 0.1502 0.2734 _ _ _ small sample size (5 yr). This sug-
2005 ¢ 13166  2.7579 - 102582  5.3059  5.3436 gested that the competition between
af 2.8 17.80 - 54.45 7.73 7.49 hatchery and wild fish might
P 0.3095 0.0131 2.50 x 10714 0.0008 0.0009 be greater with a ]arger biomaSS’ and

Table 3. Scomberomorus niphonius. Increments in body weights of hatchery
and wild Japanese Spanish mackerel between July and December, and test

that wild fish were slightly weaker
than hatchery fish during density-
dependent competition. We had in-
sufficient data to determine the occur-

statistics for comparisons of the differences in the growth increments of

hatchery and wild fish. Bold type indicates significant differences (p < 0.05)

rence of cannibalism, so it was unclear
whether hatchery fish actually dis-

Year  Growth increment Difference t df P placed the wild fish via cannibalism.
(body weight, g) (a-b) This is an area for further research.

Hatchery (a) Wild (b) The parent fish used for artificial
fertilization were caught in the ESIS

;ggg igg; g?g __663 :82?3 gg 8;2% each year. We did not check for ALC
2001 1251 1032 219 9.189 110 1.44x 107 marks on their otoliths, but the proba-
2002 929 883 46 5037 269 4.34x 107 bility of using hatchery fish as parents
2003 1396 1333 63 4.420 181  8.49 x 1075 should have been low given the mean
5882 gég 1322 27520 ig?g 11062 z.géoizﬁ)_ﬁ contribution (= 14.1 %, calculated using
the values given in 'Introduction: JSM

(Figs. 5 & 8). The food supply per capita depended on
variations in the recruitment of JSM and prey fish
(Fig. 4). The small BW of Age 0 wild fish in 2002
(Table 3, Fig. 7) showed that the food supply avail-
able to JSM in the ESIS may have been particularly
limited in 2002. The low per capita food supply may
have been caused by the increased recruitment of
JSM (Fig. 5), because the biomass of Japanese
anchovy Engraulis japonicus larvae was not neces-
sarily low in 2002 (Fig. 4). Indeed, the growth incre-
ment was the lowest for hatchery and wild FSM in
2002 (Table 3, Fig. 8), which reflected the low per

fishery and stock enhancement’) of
hatchery fish to the total catch in the ESIS between
2006 and 2009. The juveniles were captive-reared for
3 wk (40 mm TL) and 5 wk (100 mm TL) after hatch-
ing and were exposed to natural selection after
release. Thus, there might be no effect of domestica-
tion selection (e.g. Ford 2002) on the growth of hatch-
ery fish. The released juveniles were reared from
eggs that were artificially inseminated in early and
late May, which was before the main JSM spawning
season in the SIS (Sugino et al. 2005). According to
Shoji & Tanaka (2006) and Shoji et al. (1999b, 2002,
2005), JSM recruitment is determined several days
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Fig. 8. Scomberomorus niphonius. Growth increments

(mean body weight) versus estimated biomass of hatchery

and wild Japanese Spanish mackerel (Age 0 fish) between

July and December. The regression lines (dashed line) with

open circles and (continuous line) with solid circles relate to

hatchery and wild fish, respectively. The numbers on the
graph indicate the years (1999 to 2005)

after hatching during the early juvenile stage and it is
dependent on the abundance of prey fish larvae. In
Hiuchinada in the SIS, the abundance of JSM larvae
peaks in late May to early June. Therefore, the body
size of hatchery fish should have been larger than
that of wild fish when they were released into the
natural habitat from early June (40 mm TL) to early
July (100 mm TL). This appears to be the most likely
cause of the higher growth performance of hatchery
fish.

The negative correlation between the mean weight
and population size of Age 0 fish (Fig. 3) showed
clearly that the growth of Age 0 JSM in the SIS was
dependent on the population size of Age 0 fish. The
curvilinear model fit the relationship better, with an
estimated exponent (B) of 2.760. The parameter 3
describes a ‘self-thinning process'. If a population is
resource limited, the number of individuals per unit
of area that can be supported is expected to be
inversely related to the average body weight (Bohlin
et al. 1994). This process is well known in plant pop-
ulations but less well established in mobile animals
(Bohlin et al. 1994). The exponent B explains the rel-
ative food supply of an individual. A large P value
refers to a limited food supply, and the population
size rapidly decreases against the increase in aver-

age body weight. A B value of 0.75 (=3/4) has been
suggested because the unit of the 3/4 power of body
weight (kg®*) is a suitable unit of metabolic body size
(‘Kleiber's rule’; Kleiber 1947, 1961). A review by
Peters (1983) confirmed that this might be a useful
approximation for homeotherms at least (Bohlin et al.
1994). Several estimates of § have been made based
on empirical studies of salmonid species, i.e. 1.33 for
juvenile anadromous brown trout Salmo trutta (Arm-
strong 1997), 0.74 for juvenile steelhead trout Onco-
rhynchus mykiss (Keeley 2001, 2003), 0.939 for
anadromous brown trout, 0.889 for resident brown
trout and 1.067 for Atlantic salmon Salmo salar
(Bohlin et al. 1994). In the present study, the B value
of 2.760 was much higher than the values for juvenile
salmonid fish. In previous studies, however, the
values were estimated from samples that contained
the same cohorts, so they explained the self-thinning
process of a cohort. By contrast, our B value was
estimated using different cohorts over a 24 yr period
(1987 to 2010). Therefore, this value does not de-
scribe the self-thinning process of a cohort, but it
does explain the density-dependent growth of Age 0
JSM with a variable food supply each year. The value
of 2.760 might be related to the highly piscivorous
habits and rapid growth of JSM under a limited food
supply.

An assumption of the JSM stock recovery plan in
the ESIS was that stocking juveniles would effec-
tively boost fishery production because of the high
contribution rates of hatchery fish to the total catch
and increased catch. However, our analysis showed
that the abundance of JSM decreased due to over-
fishing of the spawners and that the catch recovery
after 1999 may, rather, have been attributable to the
increased abundance of prey fish. The large variation
in the biomass of newly recruited JSM probably
depended on variation in the abundance of prey fish,
which feed on zooplankton. The food supply may
also be affected by forces such as solar radiation,
temperature, freshwater runoff and deep-water con-
vection (Salvanes et al. 1992). Changes in these envi-
ronmental conditions may have affected the abun-
dance of prey fish, but the reason for the low prey
fish abundance until the mid- or late 1990s (Fig. 4)
is unknown. The JSM catches increased in the ESIS
after the JSM stocking programme began (Fig. 2).
Similarly, the JSM catch started to recover from 1999
on in the WSIS where no juveniles had been released
and there was a significant positive correlation be-
tween the catches in the ESIS and WSIS (R? = 0.741,
p = 6.80 x 1078, figure not shown). After 2003, the
JSM catches from the WSIS exceeded those from the
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ESIS, where there have been fewer releases since
2002 (Fig. 2). Thus, the trend in the JSM catch from
the ESIS agrees well with that from the WSIS, sug-
gesting that the dynamics of the JSM population
after the initiation of the release programme were
dependent largely on the dynamics of the prey fish
populations, whereas they were not linked to the
release of juveniles.

This top predator species will naturally affect the
SIS ecosystem via its role in food webs. Our analysis
of JSM could be generalized to other strongly pisci-
vorous fish, such as the Pacific bluefin tuna Thunnus
orientalis, which has been targeted for stock en-
hancement (Masuma et al. 2008), and hatchery re-
leases of T. orientalis are planned for the near future
by the Fishery Research Agency. The release of
highly piscivorous fish such as JSM and T. orientalis
should be considered very carefully to assess their
potential impact on the ecosystem, including wild
target populations.
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