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Trade-offs in the adaptation towards hatchery and natural
conditions drive survival, migration, and angling vulnerability
in a territorial fish in the wild
Jun-ichi Tsuboi, Kohichi Kaji, Shinya Baba, and Robert Arlinghaus

Abstract: Hatchery fish that support capture fisheries need to thrive in both hatchery and natural environments. We conducted
joint experiments in both environments with individuals stemming from multiple generations held in captivity to test the
performance of hatchery-reared ayu (Plecoglossus altivelis). Ayu is an annual, herbivorous, territorial, and amphidromous riverine
fish native to Japan of high importance to recreational fisheries. Hatchery fish of the first hatchery generation exhibited poor
growth and highest malformation rates relative to the second and following hatchery generations. The first generation offspring
stocked into a natural stream also showed low survival and poor vulnerability to angling, suggesting that maladaptation to the
hatchery environment explained the performance in the wild. By contrast, offspring of the seventh to ninth generations
exhibited high growth in the hatchery environment, but when stocked into the wild they also exhibited low survival, mal-
adapted migratory behaviour, and again poor vulnerability to angling. Consequently, intermediate generations held in captivity
were found to offer the best fisheries performance and can thus be recommended for enhancements to support recreational
fisheries.

Résumé : Les poissons d’écloserie qui soutiennent les pêches de capture doivent pouvoir se développer aussi bien dans le milieu
d’écloserie que dans le milieu naturel. Nous avons réalisé des expériences jumelées dans les deux milieux avec des individus de
différentes générations gardées en captivité pour vérifier la performance d’ayus (Plecoglossus altivelis) élevés en écloserie. L’ayu est
un poisson annuel fluvial herbivore territorial et amphibiotique indigène au Japon de grande importance pour les pêches
récréatives. Les poissons d’écloserie de la première génération issue d’écloserie présentaient une faible croissance et la plus
grande fréquence de malformation par rapport à la deuxième génération d’écloserie et aux générations suivantes. La progéni-
ture de la première génération ensemencée dans un cours d’eau naturel présentait aussi un faible taux de survie et une piètre
vulnérabilité à la pêche, donnant à penser qu’une mauvaise adaptation au milieu d’écloserie explique la performance dans le
milieu naturel. En comparaison, la progéniture des septième, huitième et neuvième générations présentait une forte croissance
dans le milieu d’écloserie, mais une fois ensemencée dans le milieu naturel, avait aussi un faible taux de survie, un comporte-
ment migratoire mal adapté et une piètre vulnérabilité à la pêche. Par conséquent, les générations intermédiaires maintenues
en captivité présentaient la meilleure performance pour la pêche et peuvent donc être recommandées pour l’ensemencement
visant à soutenir les pêches récréatives. [Traduit par la Rédaction]

Introduction
Stocking of hatchery-reared fish has been frequently applied in

fisheries enhancements and conservation, particularly in fresh-
water environments (Cowx 1994; Lorenzen et al. 2012). Stocking
programs are successful if hatchery fish survive and grow in the
wild, contributing to fisheries catch or maintaining threatened
or declining populations. However, rapid environmental change
from natural to artificial conditions is expected to drive rapid
evolutionary change (reviewed by Bay et al. 2017). Indeed, hatch-
ery selection negatively affects fitness in the wild, particularly in
salmonids (Araki et al. 2007; Christie et al. 2014, 2016, 2018). The
hatchery environment offers strikingly different selection pres-
sures to natural conditions (e.g., in terms of chemical conditions,
density of fish, access to food, presence of predators, parasite
load), such that adaptation to the hatchery environment can be

expected to exert rapid fitness effects on genotypes, gene expres-
sion, and phenotype development (Araki et al. 2008; Christie et al.
2016; Uusi-Heikkilä et al. 2017). Hatchery selection effects leading
to trait divergence between hatchery and natural populations
likely accumulate over generational time, but are most severe
early on in the adaptation process to artificial conditions (Araki
et al. 2007, 2008) and may occur even within the first generation in
captivity through epigenetic effects (Christie et al. 2016). In partic-
ular, hatchery selection has been shown to rapidly modify pheno-
typic variance and mean trait values involved in maturation and
growth and associated behavioural and physiological traits con-
sidered important for efficient biomass production in aquacul-
ture settings (Huntingford 2004; Kostow 2004). In this study, we
followed Teletchea and Fontaine (2014) and defined domestication
as the gradual adaptation of an organism to living conditions that
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are determined by some form of human intervention. Releasing
highly domesticated fishes into the wild promises high mortality
after release (Lorenzen 2006), at the possible benefit of high re-
turn to the fisheries catch when large, recruited fishes are stocked
that are immediately targeted by recreational anglers (Mezzera
and Largiadèr 2001; Baer et al. 2007; Lorenzen et al. 2012).

Although a range of studies have shown that hatchery fish have
lower fitness (e.g., survival) in the wild (Lorenzen 2000, 2006), it
is less clear which phenotypic traits are exactly affected and
which fitness components — behaviour, growth, survival, or
reproduction — are altered alone or in combination in hatchery
selection (e.g., Brown and Day 2002; Miller et al. 2004; Araki and
Schmid 2010). Moreover, from an anthropocentric perspective,
the current body of literature suggests that some traits important
to fisheries may even benefit from hatchery selection — notably
individual vulnerability to capture and by the same token population-
level catchability, which is often found to be higher in domesti-
cated phenotypes compared with wild phenotypes because
domesticated fish are more explorative, bolder, and grow faster,
in turn showing greater food intake rates and vulnerability to
angling (Lorenzen et al. 2012; Klefoth et al. 2012, 2013). Thus, al-
though hatchery selection should lower natural fitness, it should
at the same time benefit vulnerability to fishing, assuming that
fish that are stocked are morphologically vulnerable to fishing
gear (Lennox et al. 2017). However, no studies have quantified the
trade-offs between natural and hatchery selection in terms of
natural and fisheries performance over several generations in cap-
tivity when these fish are stocked into the wild to support recre-
ational fisheries catch.

In stock enhancements, hatchery-reared fish are released to be
recaptured after stocking after some period in the wild (Lorenzen
et al. 2012). Hatchery fish are usually more exploratory and bolder
than wild conspecifics, and as a result hatchery fish are often
highly vulnerable to angling gear (Klefoth et al. 2012, 2013;
Härkönen et al. 2014, 2016; Koeck et al. 2019; reviewed in Lennox
et al. 2017 and Arlinghaus et al. 2017). Because domestication
changes all of these traits, domesticated fish of both salmonids
and cyprinids were indeed found to be more readily captured than
less domesticated fish (Mezzera and Largiadèr 2001; Klefoth et al.

2012), leaving behind individuals that are less explorative and
more timid (Alós et al. 2016; Tsuboi et al. 2016; Arlinghaus et al.
2017). The fact that vulnerability to angling is a function of domes-
tication relates to a range of behavioural and physiological traits
that co-vary with adaption to artificial environments and that
render domesticated fish a good model for trait complexes affect-
ing vulnerability to angling (Klefoth et al. 2012, 2013; Arlinghaus
et al. 2017).

According to recent reviews and empirical studies, passive gear
types, such as gill nets or rod-and-reel, are supposed to selectively
catch bold, explorative, aggressive, stress-resilient, proactive, and
generally risk-taking fish (Biro and Post 2008; Arlinghaus et al.
2017; Diaz Pauli and Sih 2017; Louison et al. 2017; Klefoth et al.
2017). However, does selection in captivity always and in every
generation change (plastically or genetically) all behaviours to-
ward more vulnerable phenotypes? Or is it also possible that some
key behaviours determining vulnerability, such as aggression
(Sutter et al. 2012), might be lost over time when fish are held in
captivity (Ruzzante 1994)? Aggression is often a key component of
angling vulnerability in top predators (Sutter et al. 2012; Wilson
et al. 2015). Some fishing styles used in nonpredatory fishes also
take advantage of aggressive and territorial behaviour, such that a
possible loss of aggression over generational time in hatcheries
might have repercussions for fisheries catch also in these species.
For example, in Japan ayu (Plecoglossus altivelis) constitutes a popu-
lar target for anglers. The fish is an annual, amphidromous, and
highly territorial fish that is herbivorous by grazing periphyton
from substrates in streams. Angling of ayu uses a very peculiar
method that takes advantage of the territorial behaviour shown
by ayu to monopolize benthic algae attached to substrates (Fig. 1).
In brief, a conspecific is attached to a fishing line and held with a long
pole in the vicinity of a territorial ayu who attacks the supposed
intruder and is then hooked on a freely hanging treble hook (Fig. 1).
Thus, the angling style of ayu does not use natural foraging of a
baited hook as cue, but takes advantage of the attack behaviour of a
territorial grazer on conspecifics. Because of the popularity of ayu
fishing in Japan, captive breeding and release programs are widely
used to supplement wild populations (Iguchi et al. 1999). Several
comparative studies on wild and hatchery-reared ayu have demon-

Fig. 1. Schematic representation of the typical ayu angling, using live ayu as a subject of agonistic behaviour for wild individuals that have
foraging territory. (Note: 1 lb. = 0.453 kg.)
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strated significant changes in genetic diversity, behaviour, morphol-
ogy, and immune function in hatchery fish over time (Iguchi et al.
1999; Miwa et al. 2003; Yoshizawa 2003; Ikeda et al. 2005).

In ayu angling, it is known that larger and more aggressive
individuals are more vulnerable relative to smaller ones (Katano
and Iguchi 1996). Consequently, ayu angling shows positive size-
dependent vulnerability patterns to angling (Miura et al. 2012;
Sato and Tsuboi 2018). Moreover, ayu individuals migrating up-
stream after stocking were found to be more vulnerable to an-
gling (Tsukamoto et al. 1990a, 1990b). However, territorial and (or)
stronger migration tendencies are likely maladaptive in highly
crowded hatchery rearing conditions (Ruzzante 1994; Brockmark
and Johnsson 2010) and might thus be lost over generational
time in captivity. Long-term domesticated ayu may in response
also be less vulnerable to angling after stocking, in contrast
with what the literature on the “domesticated phenotype” cur-
rently assumes (Lorenzen et al. 2012).

We tested the performance of hatchery-reared ayu in both
hatchery and natural environments in a number of generations in
captivity, ranging from the first to the ninth generation, in a
real-scale hatchery and stocking program. In the hatchery, as fit-
ness measures, the growth rate and malformation rates were
monitored in the first up to the ninth generation, and subse-
quently after stocking, the migration, survival, and vulnerability
to angling in the wild were assessed. We used experimental ex-
ploitation in a natural stream for assessing fitness in the wild and
studied the trade-off between natural and hatchery adaptation on
natural and fisheries-driven fitness components.

Both evolutionary adaption and cultured experience may con-
tribute to the domestication syndrome (Fleming et al. 1997), but
our study was not designed to disentangle between genetic and
plastic effects. Instead, we aimed at more generally testing the
aggregate effects of domestication over several generations on
phenotypic expressions and angling vulnerability using ayu as a
model for a nonpiscivorous territorial fish and use results to in-
form fisheries management based on stocking.

Materials and methods

Hatchery rearing
Ayu were cultured in 29 independent artificial ponds in the

Yamanashi Prefectural Fisheries Technology Center in Japan
(35°42=16==N, 138°31=26==E), where approximately 2 million individ-
uals are reared per year and stocked into the natural streams in
the Fuji River basin (Fig. 2). Each study year, we produced two
cohorts of ayu, which were characterized by different number of
generations held in captivity. They were always separated by arti-
ficial ponds. Both cohorts in all study years originated from
wild fish caught around the estuarine region of the Fuji River
(35°06=55==N, 138°38=25==E; Fig. 2).

Between 30 September and 7 October 2009, fertilization was
conducted. Firstly, 1500 females of parent candidates were checked
on whether ovulation had occurred by gently pressing fish abdo-
men. Subsequently, all ovulated females were used for fertiliza-
tion. Gametes from multiple females (five to seven individuals)
and equal number of males were combined during fertilization. A
total of 121 and 107 female ayu (mean ± SD body wet mass; 123 ±
22 g, egg mass � 0.46 mg) were used for producing fertilized eggs
of females of the fourth and eighth generation in captivity, respec-
tively (see online Supplementary material, Table S11). A total of
5 620 000 and 5 130 000 fertilized and cohesive eggs of the new
fifth and ninth generation, respectively, were attached to 125 plates
(100 cm × 100 cm × 3 cm, width × length × thickness) made out of
vinylidene chloride fiber (1000 denier, Asahi-kasei, Co., Ltd.,
Tokyo), following standard hatchery practice for ayu. The mean
ratio of eyed eggs (N of eyed eggs / N of total eggs) were 50.8% and
53.4% in the fifth and ninth generations, respectively (Table S11).
14 days after fertilization, the egg plates were transferred from the
holding tanks (100 cm × 200 cm × 100 cm, width × length × depth)
supplied with fresh water to octagon-shaped 50 m2 tanks filled
with artificial salt water (70 cm in depth). The two cohorts were
kept separated. The day after transfer, the embryos started to
hatch in the octagon-shaped tanks. Transfer from fresh water to
salt water was needed because in the wild ayu migrate to the
estuary coastal zone just after hatching in downstream sections of
the river basin in autumn and then back upstream in spring

1Supplementary data are available with the article through the journal Web site at http://nrcresearchpress.com/doi/suppl/10.1139/cjfas-2018-0256.

Fig. 2. Map showing locations of study reach. Three weirs prevent upstream migration of ayu in the study area.
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(Katano and Iguchi 1996). The artificial seawater contained NaCl
(0.301%), MgSO4 (0.078%), MgCl2 (0.060%), CaCl2 (0.018%), KCl
(0.008%), and NaHCO3 (0.003%), maintained at 15 °C with recircu-
lating filtration (Miura et al. 2012). Each day during the holding
period after hatching, larval and juvenile fish were given live
rotifers (Brachionus plicatilis) and a formulated ayu diet composed
mainly of fish meal and vitamins C, E, and eicosapentaenoic and
docosahexaenoic acids (“Rescue A” produced by Scientific Feed
Laboratory Co., Ltd., Tokyo) to satiation using automatic feeders.
Every 10 days after hatching, from each hatchery pond, 10 individ-
uals were weighed as total body mass, and the average mass per
individual was calculated.

Ayu were sorted by body size using 4 mm mesh 90 days after
hatch to minimize cannibalism. Large individuals were used
for this study, as these are usually used for stocking. After
sorting, fish were stocked back into the 50 m2 tanks to a capac-
ity of 70 000 individuals (estimated by mean body mass as
above) and acclimatized to fresh water by decreasing salinity
over 5 days. Afterwards, the fish were reared with spring water
at 16 °C in a flow-through system. From sorting to stocking, fish
were given a formulated diet composed mainly of fish meal and
euphausiid (“AYU SOFT No.2” produced by NOSAN Co., Ltd.,
Tokyo) to satiation using automatic feeders. Although two co-
horts of ayu were reared in different tanks throughout cultivation,
environmental and dietary conditions were identical between the
cohorts. Flavobacterium psychrophilum, which produces coldwater
disease, were never detected using PCR (polymerase chain reac-
tion) targeted at the peptidyl-prolyl cis-trans isomerase C gene in
60 individuals randomly sampled from each cohort just before
stocking (Yoshiura et al. 2006). At the same time, the malforma-
tion rates (lack of gill cover, lack or underdevelopment of each fin,
throat projection) were checked in 313 individuals per cohort via
random sampling using a dip net (Table 1).

Using the same approach as above, we cultivated between 153
and 723 thousand individuals of other generations of ayu: first
generation (originating from wild fish caught in the study river
basin in March 2010) and sixth generations in captivity in 2010,
second and seventh generations in 2011, and third and eighth
generations in 2012 (Table S11, Table 1). In this way, early and

long-term domesticated cohorts were directly compared in a
paired fashion for their performance in both hatchery and natural
conditions in each year. The limitation of the design is that each
generation is used only once and compared within a year with one
other generation. However, as we analyzed our data pooling all
study years, we considered the design robust to see among the
generation patterns in performance if they emerge.

Stocking and fishing
Six months after hatching, paired releases were conducted for

4 years using two cohorts (Table 1). The two cohorts were stocked
into the Arakawa River (35°42=14==N, 138°31=29==E, altitude 360 m,
river width 14.84 ± 4.18 m, mean ± SD), just beside the Prefectural
Fisheries Technology Center, located about 95 km upstream from
the river mouth. One of two cohorts of ayu had clipped adipose
fins as group marking (Table 2). Swimming performance of ayu
has been found before to be unaffected by this practice (Katano
and Uchida 2006). Approximately 10 000 individuals (mean body
mass 11.3–14.3 g) were stocked per cohort per year (Table 3). In
2013, only 7515 and 8082 individuals of the two cohorts (of the
third and eighth generations) were stocked, respectively, because
of scale malfunctioning in some fishes at the time of sorting. Wild
ayu were not able to migrate to the Arakawa River due to weirs
(Fig. 1). No other hatchery-reared ayu were stocked into the study
site. Note that the ayu has an annual life cycle, and they need
temperatures of at least 9 °C for wintering (Tachihara and Kimura
1988; Sakae et al. 1996). In the study reach, water temperature
drops to 2 °C during midwinter (J. Tsuboi, unpublished data).
Therefore, there were no wild recruits in the study reach to com-
pete with the stocked individuals.

Between late June and early October, angling experiments were
conducted by staff of the Prefectural Fisheries Technology Center
in a 1 km river stretch that was the designated study area (500 m
up- and downstream from the stocking point; Fig. 2), using a 7.2 m
pole (long rod without a reel), a 1 lb. monofilament line (1 lb. =
0.453 kg), without sinker, equipped with a hatchery-reared ayu
fixed by a nose ring, to which a barbless treble hook (gape width of
6.0 mm) was attached just after the anal fin (Fig. 1; Table 2). A small
cascade (2.5 m in height) prevented almost all individuals to mi-

Table 1. Survival rate for 90 days between hatching and sorting and malformation rate in ayu culturing between 2009 and 2013.

2009–2010 2010–2011 2011–2012 2012–2013

Cohort A B C A C A C A

No. of generations of ayu in captivity Fifth Ninth First Sixth Second Seventh Third Eighth
Estimated number of hatched individuals

(0.9 × estimated N of eyed eggs)
2 569 000 2 463 000 1 192 000 4 205 000 1 502 000 4 629 000 1 984 000 2 259 000

Estimated number of individuals at sorting 839 000 701 000 153 000 448 000 670 000 722 000 723 000 700 000
Survival rate from hatching to sorting (%) 32.7 28.5 12.8 10.7 44.6 15.6 36.4 31.0
Malformation rate just before stocking (%)

(N of malformed fish / N of sampled fish)
3.8 (12/313) 5.8 (15/313) 9.5 (4/42) 1.6 (3/185) 2.7 (3/111) 0 (0/146) 0 (0/170) 0 (0/180)

Note: Each study year, two cohorts (brood lines) of ayu, which constituted different numbers of generations held in captivity, were produced. A total of three cohorts
were produced over 4 years: A: fifth, sixth, seventh, eighth; B: ninth; C: first, second, third generations in captivity.

Table 2. Summary of stocking and angling experiment between 2010 and 2013.

2010 2011 2012 2013

Cohort A B C A C A C A

No. of generations of ayu in captivity Fifth Ninth* First* Sixth Second* Seventh Third Eighth*
Mean body weight at stocking (g) 14.3 14.3 11.3 13.4 13.2 13.5 12.5 12.1
Date of marking 3 June 30 May 7 May 21 May
Date of stocking 4 June 7 June 28 May 29 May
Period of angling experiment 26 June – 22 Sept. 1 July – 13 Sept. 15 June – 20 Sept. 16 June – 2 Oct.
Total angling effort (h) 68.9 30.5 71.3 33.5
Date of casting-net fishing 27 July and 6 Aug. 29 June and 9 Aug. 14 June and 10 Aug. 11 June and 21 Aug.

*Group marking was indicated by adipose fin clipping.
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grate upstream at the upper end of study area. Experimental
angling was conducted in a randomly chosen site (up- or down-
stream from a stocking point) for 0.5–8 h per angling day. First,
hatchery-reared ayu from the Prefectural Fisheries Technology
Center were used as a live bait; subsequently, the caught individ-
uals (i.e., stocked and angled ayu) were used as the bait. During the
angling experiments, water temperature ranged from 14.8 to
27.0 °C (21.3 ± 2.4 °C, mean ± SD), which was a suitable range for
ayu foraging (and fishing) based on agonistic behaviour (15.0–
27.5 °C; Uchida et al. 1995). Angling pressure of any other recre-
ational anglers was negligible, as riparian trees covered part of
river line of the study area, preventing the use of typical angling
rods (�9.0 m in length). Between June and August, alternative
sampling was also undertaken twice using a casting net (mesh
size: 1 cm, net diameter: 3.8 m, maximum distance from fisher to
fish: 6.8 m) as active gear type. Approximately 50 casts were con-
ducted per sampling episode using random sampling around po-
tential ayu habitats all over the study area.

Data analyses

Growth and malformation rate in hatchery conditions
The body size at 80 days after hatching in each tank was com-

pared among first, second, and third, and more generations in
captivity using Mann–Whitney’s U test. The frequencies of mal-
formed individuals were compared between two cohorts in each
year using Fisher’s exact tests.

Survival, migration behaviour, and vulnerability to angling in
a field experiment

Firstly, to evaluate the performance in the natural stream after
stocking, we compared survival, migration behaviour, and vulner-
ability to angling between two cohorts each year using G tests. We
used a Bonferroni correction of the p values to account for a total
of 12 G tests that were conducted (Demšar 2006). The number of
individuals caught by the casting net was used as an index of
survival. The vulnerability to angling was evaluated by comparing
the number of individuals caught by angling and casting nets,
respectively, between cohorts. Migration behaviour was evalu-
ated by the recapture points where ayu were caught by casting
nets (up- or downstream from the stocking points) because juve-
nile ayu migrate upstream into the river from the coastal littoral
zone in their natural life cycle (Nishida 1986).

Angling catch per unit effort (CPUE) in the field experiment
Using all data collected over 4 years of angling experiments, a

generalized linear mixed model (GLMM) with a Poisson error dis-
tribution was used. The model was as follows:

f(Catch) � �0 � �1 Generation � �2 (Generation)2

� �3 Point � �4 Date � log (Effort) � �i(j) � �j

�i(j) � Normal�0, ��
2�

�j � Normal�0, ��
2�

where f is log function. Catch is the number of individuals caught
by angling. Generation is the number of generations in captivity
assumed as a continuous variable. Square of the number of gen-
erations in captivity was used to test for nonlinear effects. Point is
recapture point (upstream from stocking point = 1, downstream = 0).
Date is the number of days from 1 June (stocking date), which is
normalized to a mean of 0 and a standard deviation of 1. Effort is
angling effort (h), which was used as an offset term. �i(j) is a ran-
dom effect of cohort (brood lines) i of data ID j; i = A applies to fifth,
sixth, seventh, and eighth generations in captivity; i = B applies to
ninth generation in captivity; and i = C applies to first, second, and
third generations in captivity. Since overdispersion was recog-
nized in a preliminary data analysis, a random effect of individual
data was included in the model. �j is random effect of individual
data ID; j = 1, 2, 3, …, N, where N is sample size (164). To clarify the
trade-off of the number of generations in captivity on angling
CPUE, we calculated generation effect as follows:

Generation effect � �1 Generation � �2 (Generation)2

95% confidence intervals of the generation effects were esti-
mated using nonparametric bootstrap method (bootstrap sam-
ple size is same as data sample size; bootstrap sample was
generated 5000 times).

Vulnerability to angling in the field experiment
Note that CPUE data integrate both abundance and vulnerabil-

ity to angling and thus are not a clean measure of vulnerability to
the gear. Instead, a GLMM with a binomial error distribution was
used to compare the probability of being caught by angling (i.e.,
recapture probability of an individual by angling relative to an
angling-independent fish availability estimate using casting nets)
across the number of generations in captivity assumed as contin-
uous variable. This model was as follows:

f(Angling prob) � �0 � �1 Generation � �2 (Generation)2

� �3 Length � �4 Date � �5 Point � �i(j)

�i(j) � Normal�0, ��
2�

Table 3. Summary of G tests of the number of individuals in single year comparison between two cohorts for the index of survival (the number
of individuals stocking and recaptured by casting net), the vulnerability to angling (recaptured by angling and by casting net), and the migration
trends (recaptured by casting net at up- and downstream section from stocking point).

2010 2011 2012 2013

No. of generations in captivity Fifth Ninth First Sixth Second Seventh Third Eighth

(a) Index of survival
Stocking 10 000 10 000 10 000 10 000 10 000 10 000 7 515 8 082
Caught by casting net 74 41 76 129 115 130 130 145

p = 0.024 p = 0.003 p = 1.000 p = 1.000

(b) Vulnerability to angling
Caught by angling 63 43 13 55 63 98 59 28
Caught by casting net 74 41 76 129 115 130 130 145

p = 1.000 p = 0.060 p = 1.000 p = 0.009

(c) Migration after stocking
Upstream 8 6 11 12 57 42 82 69
Downstream 66 35 65 117 58 88 48 76

p = 1.000 p = 1.000 p = 0.072 p = 0.120

Note: The p values were Bonferroni-corrected to account for 12 G tests.
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where f is logit function. Angling prob expresses the probability of
being caught by angling (not by casting nets). Length is total
length (mm) at recapture. Both Length and Date were normalized
to a mean of 0 and SD of 1. �i(j) is a random effect of cohort (brood
lines) i of data ID j; i = A applies to fifth, sixth, seventh, and eighth
generations in captivity; i = B applies to ninth generation in cap-
tivity; and i = C applies to first, second, and third generations in
captivity. As with the angling CPUE model, the generation effects
and confidence interval were calculated.

All analyses were conducted using the R machinery (version 3.3.2).
The Akaike information criterion (AIC) was used to identify the
best-fitting models comparing all possible subsets of main effects
for all GLMM analyses.

Results
Over 4 years, two cohorts of ayu were cultured each year, rang-

ing from the first to the ninth generation held in captivity, except
for the fourth generation where no data were available (Table 1).
Despite the identical culture conditions, the cohorts of the first
and second generations in captivity revealed a smaller body size
than those of the third and more generations 80 days after hatch-
ing (Mann–Whitney U test, N = 21, p = 0.024; Fig. 3). The first
generation also showed the highest malformation rates, which
were significantly higher than those of the sixth generation in
2011 (Fisher’s exact test, p = 0.023; Table 1). In other study years, no
significant differences in size at day 80 and malformation rates
were detected between cohorts (p = 0.695 in 2010, p = 0.079 in 2012,
p = 1.000 in 2013; Table 1).

After stocking hatchery-reared ayu into a natural stream, a total
of 422 and 840 individuals were recaptured by angling (Fig. 1)
and casting nets, respectively, throughout the 4-year experiment
(Tables 2, 3). Ayu recaptured by angling were larger than those
recaptured by casting nets (angling: 176 ± 27.1 mm; casting net:
149 ± 28.6 mm (mean fork length ± SD); F = 260.6, p < 0.001). In
2010, the cohorts of the ninth generation in captivity showed
significantly lower survival than those of the fifth generation
(G test, p = 0.024; Table 3a). Similarly, the first generation in 2011
revealed lower survival than that of the sixth generation. More-
over, the first generation fish were less vulnerable to angling
relative to the sixth generation offspring (Table 3b), indicating less

pronounced territorial behaviour during foraging for the first
generation offspring relative to the sixth generation offspring.
Although only marginally significant, the upstream migration be-
haviour of the second and third generations were more pro-
nounced than that shown by fish of the seventh and eighth
generations in 2012 and 2013, respectively (Table 3c). The cohort of
the third generation in 2013 was also more vulnerable to angling
relative to fish from the eighth generation.

Based on the AIC, both the number of generations in captivity
and the square of the number of generations in captivity were
selected as best model of angling CPUE (N / person hour) based on
territorial behaviour throughout the 4-year hatchery rearing and
angling experiments (Table 4). The estimated generation effect
(linear and quadratic effects of the number of generations in cap-
tivity) on angling CPUEs exhibited a dome-shaped curve where
intermediate generations held in captivity (i.e., generation 5) ex-
hibited a relatively higher coefficient of angling CPUE compared
with other generations (Fig. 4). Accordingly, ayu cultured in the
first and ninth generations in captivity showed substantially
lower fisheries potential as a stocking cohort for recreational an-
gling; while the first generation fish were poor performers in the
wild, the ninth generation fish performed even less well, thereby
strongly reducing abundance through mortality and hence penal-
izing catch rates by angling.

We also performed an analysis explicitly modelling the vulner-
ability to angling independent of abundance using individual-
level capture data based on angling compared with casting nets.
Based on the AIC, the full model was identified as best model
(Table 5). Accordingly, larger individuals were much more vulner-
able to angling than smaller ones (Fig. S11). We also detected a
negative impact of season on vulnerability. This can be explained
by the fact that vulnerability to angling in ayu is strongly size-
dependent and fish grow very fast. Thus, for example, a 180 mm
fish in June is among the fast-growing fish, while the same sized
fish in September is a slow-growing fish. Then, all else being equal
(including length of fish), season exerts a negative impact on vul-
nerability (Fig. S11). The individuals recaptured in upstream sec-
tions from the stocking point were also caught by angling more
frequently compared with the fishes caught by the casting net
(Table 5). The third generation held in captivity exhibited a rela-
tively higher coefficient of vulnerability (Fig. 5). Accordingly, ayu
cultured in eighth and ninth generations in captivity showed sub-
stantially lower vulnerability to angling.

Discussion

Trade-offs in hatchery and natural selection
Our results showed that hatchery selection creates trade-offs in

ayu performance in the wild. We found the return to the catch
was both low when fish were initially adapting to the hatchery
environment and when they were domesticated long term, with
intermediate generations performing better when judged from a
fisheries perspective. Thus, long domestication results in a pen-
alty to catchability. The reason relates to domestication effects
both on natural fitness components (survival, migration) and the
pattern by which the ayu forage and are captured using an aggres-
sion mechanism, as will be elaborated below.

We found both early generations, particularly the first genera-
tion held in captivity, and late generations exhibited lower sur-
vival in nature and reduced return to catch after stocking into a
natural stream relative to intermediate generations. The first gen-
eration in captivity was challenged by the novel hatchery environ-
ment to which the fish were not previously exposed. They in turn
showed weak growth at the larval stages in the hatchery and high
malformation rates as indicator of poor performance. However,
the growth rate in the hatchery improved after third generations
held in captivity, suggesting ayu responded to selection and
adapted to hatchery conditions within a few generations. Such

Fig. 3. Body weights of ayu until 80 days after hatching in different
numbers of generations in captivity. Error bars indicate standard
deviation. Growth curve of first generation of ayu are without SD,
because there was only one pond caused by few number of mature
individuals of wild fish under hatchery condition in 2010.
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patterns of rapid adaptation (contemporary evolution) is in agree-
ment with a large body of research in salmonids (Huntingford
2004; Huntingford and Adams 2005; Waples and Hendry 2008;
Christie et al. 2016).

The first generation struggled in captivity. This generation did
not easily adapt to forage on formulated diet, particularly just
after hatching; consequently, the malformation rate was signifi-
cantly greater in the first compared with the sixth generation fish
in the same study year, and the growth rates were substantially
smaller. These results have been found in other wild fish when
initially adapting to hatchery conditions (e.g., Eknath et al. 1993;
Gjedrem 2000; Härkönen et al. 2017). Supporting our results, Kaji
(2016) reported the first generation of ayu had also much higher
malformation rate (71.2%) than those of the fifth generation held
in captivity (1.3%), and work by Kataoka and Suzuki (2007) showed
that individuals of ayu that initially were slow growers were much
more difficult to angle than initially fast-growing fishes, despite a
uniform size at the time of stocking into the wild. A major limi-
tation of our study is the lack of replication in the number of
generations in captivity, and hence we cannot conclusively relate
our study findings to domestication in a cause-and-effect or evo-
lutionary manner.

Negative effect of high rearing density
The rearing density (400–500 individuals·m−2) in the hatchery

setting was much higher than the densities typically reported in
the wild (�2 individuals·m−2; Katano 2014). These dramatic differ-
ences in density (Jørgensen et al. 1993), together with the control
of diseases and parasites in the hatchery environment and the

circumvention of sexual selection (Thériault et al. 2011), are can-
didate factors involved in rapid hatchery selection, particularly in
the first and second generation. High density and simplified phys-
ical environments are known to cause loss of territorial behaviour
in dominance hierarchies in salmonids (Hasegawa and Yamamoto
2009, 2010; Warnock and Rasmussen 2013) and thus likely affected
the hatchery selection in ayu because the cost of territory was
likely too high when foraging on formulated diets exclusively in
large densities (compare also work in salmonids and northern
pike (Esox lucius); Brockmark and Johnsson 2010; Hühn et al. 2014).
As a result, the generation effect on vulnerability to angling
started decreasing at an earlier generation (i.e., third generation)
relative to the generation effect on angling CPUE that started to
decline only by the seventh generation. The first generation in
captivity may also have suffered substantial stress induced by the
high density and non-natural food, and in turn their juvenile
growth curve was steeply depressed compared with further gen-
erations. The high rearing density is known to suppress the devel-
opment of the thymus, which administers disease resistance in
ayu (Iguchi et al. 2003; Miwa et al. 2003). By contrast, substantially
lower densities (20% of the usual hatchery density) has been
shown to enable adaptation of the first generation of ayu success-
fully, which led to the same survival rates and angling vulnerabil-
ities compared with fish from the second generation in other
studies (Yogo 2010; Moriyama 2013). Density reduction alone has
been found to strongly alter the survival rate of fishes when re-
leased from hatcheries into the wild (Brockmark and Johnsson
2010; Larsen et al. 2016), suggesting that density and related stres-

Table 4. The best model of a generalized linear mixed model (GLMM) selected by Akaike information criteria (AIC) in a field experiment on
the catch per unit effort by angling of ayu reared several generations in captivity.

Dependent variable
Error
distribution AIC �AIC Independent variable Coefficient 	2 p

No. of individuals caught
by angling

Poisson 666.9 0.8 No. of generations in captivity 0.530 11.737 <0.001
Square of the number of generations in captivity −0.052 12.580 <0.001
Recapture point 0.279 2.852 0.091
Intercept −1.339

Note: The independent variables were number of generations in captivity, square of the number of generations in captivity, date (number of days from 1 June), and
recapture point (upstream from stocking point = 1, downstream = 0). Angling effort (h) was the offset term in the model. Random effects were cohort (brood lines:
A: fifth, sixth, seventh, eighth; B: ninth; C: first, second, third generations in captivity; N = 3, variance = 0.000, SD = 0.000) and individual data ID (N = 164, variance =
0.492, SD = 0.702). �AIC shows the difference of AIC between the best and full models.

Fig. 4. Estimated generation effect (0.530 × Generation − 0.052 × (Generation)2) on catch per unit effort (N / person hour) by angling using
territorial behaviour for a total of 82 days throughout 4 years of stocking and recapture experiments in a natural stream on ayu (see Table 4).
Bold line shows median values. Grey buffer indicates 95% confidence interval estimated by nonparametric bootstrap method.
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sors maybe among the most important selective pressures in the
adaptation from the wild to hatcheries.

Long-term domestication impacts on behavioural patterns
With increasing generation time, we found long-term domesti-

cated ayu to become less vulnerable to angling (particularly in the
seventh to ninth generations). Long domestication reduced the
natural migration patterns upstream after stocking, suggesting
difficulties to adapt to natural environments because upstream
migration is the natural behavioural pattern in this species. Long-
term domestication is known to reduce the swimming perfor-
mance in salmonids (Reinbold et al. 2009; Bellinger et al. 2014),
which might have played a role in explaining our findings. In
hatchery environments, ayu have also been found to sacrifice
natural territorial behaviour to achieve higher growth rate and
stress tolerance (Awata et al. 2011). A reduction in territorial be-
haviour comes with the difficulty of defending natural territories
using benthic algae thriving on rocky substrates, and given the
way ayu altered territorial behaviour, it must penalize catch rates.
Less territorial fishes might suffer from lower fitness due to a
lower rank in a dominance hierarchy (Nakano 1995) and lower
defense capacity for spawning nests (Sutter et al. 2012). A decrease

in fitness in the wild is well known in salmonids with increasing
number of generations in captivity (Araki et al. 2008), which we
also found in ayu. Importantly, however, these patterns are not a
linear function of generation time because we found a dome-
shaped relationship of generation time and performance in na-
ture and in relation to ayu fishing. Supporting our findings, low-
inbred strains (fourth to sixth generations in captivity) of ayu
were previously found to exhibit higher survival rate and greater
vulnerability to angling than high-inbred strains (13th to 15th)
(Yoneyama et al. 1997).

After stocking, the seventh and eighth generations held in cap-
tivity were significantly less frequently migrating upstream rela-
tive to the second and third generations. Upstream migration
behaviour is natural in the life cycle of ayu, which is characterized
by migration from coastal sites up the rivers in spring (Nishida
1986). The degree of upstream migration is also correlated with
the vulnerability to angling in ayu (Tsukamoto et al. 1990a, 1990b),
which was also shown in the present work. However, hatchery-
reared ayu were found to more often migrate downstream rela-
tive to wild individuals after stocking (Tsukamoto et al. 1990a,
1990b), and similarly migratory behaviour in salmonids have been

Table 5. The best and full models of a generalized linear mixed model (GLMM) selected by Akaike information criteria (AIC) in a field experiment
on the vulnerability to angling of ayu reared several generations in captivity.

Dependent variable
Error
distribution AIC �AIC Independent variable Coefficient 	2 p

Caught by angling (1)
or casting net (0)

Binomial 1279.9 1.1 No. of generations in captivity 0.439 2.991 0.084
Square of the number of generations in captivity −0.074 11.396 <0.001
TL 1.133 83.927 <0.001
Date −0.370 10.399 0.001
Recapture point 1.384 68.652 <0.001
Intercept −0.710

Note: The independent variables were number of generations in captivity, square of the number of generations in captivity, TL (total length at recapture), date
(number of days from 1 June), and recapture point (upstream from stocking point = 1, downstream = 0). Random effect was cohort (brood lines: A: fifth, sixth, seventh,
eighth; B: ninth; C: first, second, third generations in captivity; N = 3, variance = 2.158, SD = 1.469). �AIC shows the difference of AIC between the best and second
models.

Fig. 5. Estimated generation effect (0.439 × Generation − 0.074 × (Generation)2) on the probability of being caught by angling throughout
4 years of stocking and recapture experiments in a natural stream on ayu (see Table 5). Bold line shows median values. Grey buffer indicates
95% confidence interval estimated by nonparametric bootstrap method.
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found to be different from the behaviour of wild fish (e.g., Jonsson
et al. 1991; Finstad et al. 2005; Kostow 2009). Swimming perfor-
mance and migration are very important in the natural foraging
of benthic algae, which are more abundant in high-velocity up-
stream sites with sufficient oxygen. High-velocity riffles are suit-
able habitat to form exclusive territories (Katano and Iguchi 1996),
and upstream sites were accordingly found to lead to higher vul-
nerability to angling in the present work. The reduced swimming
performance and altered migratory behaviour upstream, the higher
mortality, and possibly the reduction of general aggressiveness are
good candidates why high levels of domestication reduced vulnera-
bility of ayu to angling based on territorial behaviour.

Conclusions and management implications
Both unintentional domestication selection and relaxation of

natural selection, due to artificially modified and high-density
rearing environments, are occurring in hatcheries of ayu. Initial
challenges to adapt to the hatchery environment reduce health
and in turn reduce performance after stocking, penalizing vulner-
ability to fishing. As domestication proceeds to multiple genera-
tions, fish become well adapted to the artificial environments but
lose behavioural patterns (upstream migration, territorial behav-
iour) that are key for both natural fitness and for ayu being
captured using the peculiar fishing method based on agonistic
interactions. Therefore, our study challenges the commonly ex-
pressed belief that increasing domestication selection increases
catchability by promoting boldness and growth (Lorenzen et al.
2012). Instead, our work suggests that there is a middle ground in
terms of number of generations in captivity where the vulnerabil-
ity to angling, survival after stocking, and thus abundance and
population-level catchability are maximized in ayu. At the same
time, each generation in captivity seems to render the fish in-
creasingly well adapted to the artificial environment, which pays
large costs for natural fitness, particularly in terms of reproduc-
tive fitness (Araki et al. 2007). Management using domesticated
fishes thus seems to be mainly providing benefits to fisheries in
terms of rapid recapture following put-and-take type of fisheries
(Lorenzen et al. 2012), and ayu appears to be no exception. The
contribution of strongly domesticated hatchery fish to supporting
wild fish conservation, however, is doubtful (Araki et al. 2007;
Lorenzen et al. 2012; Glover et al. 2017) and should be studied in
future work. As a possible future direction, gene flow from wild
fish could restore fitness of later generations of hatchery fish.
Indeed, the hybrid ayu between hatchery females and wild males
has shown intermediate susceptibility to bacterial cold-water dis-
ease between hatchery and wild fish (Nagai and Sakamoto 2006).
Before such work is started, we suggest to stock, where considered
necessary, intermediate generation ayu of genotypes most similar
to the wild stocks, being cognizant that this type of management
most likely creates and supports a socially valued put-and-take
type fishery.
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