Vol. 362: 279-289, 2008
doi: 10.3354/meps07397

MARINE ECOLOGY PROGRESS SERIES
Mar Ecol Prog Ser

Published June 30

Stable isotopes reveal life history polymorphism
in the coastal fish Apogon notatus

Kayoko Fukumoril'?*, Noboru Okuda?, Hideki Hamaoka', Toru Fukumoto?,
Daisuke Takahashi''*, Koji Omori’

!Center for Marine Environmental Studies (CMES), Ehime University, 2-5 Bunkyo-cho, Matsuyama 790-8577, Japan
2Center for Ecological Research, Kyoto University, 509-3, 2-chome, Hirano, Otsu, Shiga 520-2113, Japan
3Saga Prefectural Genkai Fisheries Research and Development Center, 6966 Nagoya, Chinzei-cho, Karatsu 847-0401, Japan

4Present address: Hydrospheric Atmospheric Research Center, Nagoya University, Furo-cho, Chikusa-ku, Nagoya 464-8601,

Japan

ABSTRACT: In the coastal marine fish Apogon notatus most individuals emigrate from the neritic
breeding ground in winter and return there in the following spring (migratory type), while some indi-
viduals reside in the neritic habitat throughout the year (resident type). In the present study, we con-
ducted carbon and nitrogen stable isotope analysis to estimate their winter migration routes and to
elucidate the underlying spatial heterogeneity in the food web structure of the coastal ecosystem, and
compared the results with those of A. semilineatus, a deepwater congener. A. notatus fed on a vari-
ety of zooplankton and zoobenthos in the neritic habitat, whereas A. semilineatus fed on pelagic
mysids exclusively. The former showed more enriched §'3C than did the latter, indicating strong
reliance on benthic production. Such a difference in stable isotope ratio was attributed to spatial
heterogeneity in the coastal food web structure: benthic microalgal production predominates in the
neritic food web, while the pelagic deepwater food web is characterized by phytoplankton produc-
tion. After returning from winter migration, A. notatus showed marked depletion of §"*C compared to
its non-migratory counterpart residing in the neritic habitat. Thereafter, the migratory type showed
enrichment of 8'3C during its stay in the neritic breeding ground, approaching that of the resident
type. The results suggest that most A. notatus migrated to the deepwater habitat and spent a couple
of winter months there. Stable isotope analysis revealed that life history polymorphism (i.e. migratory
and resident types) exists in the A. notatus population.
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INTRODUCTION

Many animals migrate among different habitats diur-
nally, seasonally or at a given stage of their life histories.
Research of their migration routes is very important in
understanding material cycling within and across
ecosystems because migratory animals contribute to the
transport of energy and nutrients among habitats
through feeding and excretion activities. However, we
often encounter difficulties in tracking migration routes
because some animals migrate long distances or under-
water, as in birds and fishes. Dietary analysis is a con-
ventional approach to determine changes in habitat-
related food items of a focal animal during migration.
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However, this method provides no quantitative informa-
tion because it only gives a ‘snapshot’ of an individual's
feeding habit and may underestimate the relative impor-
tance of easily digestible food items in its diet (Bradstreet
1980, Gaston & Nettleship 1981).

Stable isotope analysis has been increasingly used to
provide time-integrated information of food sources for
consumers and their trophic relationships in the food
web. In the food web a consumer's carbon isotope ratio
is a reflection of a signature of primary producers
(DeNiro & Epstein 1978, Fry & Sherr 1984), and its
nitrogen isotope ratio indicates its trophic level (Mina-
gawa & Wada 1984). Stable isotope ratios in animal tis-
sues are gradually replaced by metabolic turnover,
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integrating dietary information over the long term.
Therefore, using stable isotope analysis, we can esti-
mate the feeding experience of focal animals for the
past several weeks to months (Hobson 1999).

Mobile animals usually show spatial variation in
their isotope ratios, which are peculiar to respective
ecosystems via biogeochemical processes (DeNiro &
Epstein 1981, Webster et al. 2002, Wissel & Fry 2005).
Because of this spatial heterogeneity, when animals
migrate between isotopically distinct ecosystems, iso-
tope information of their previous feeding locations is
recorded in their tissue (Tieszen & Boutton 1988, Hob-
son & Clark 1992). Based on this property, stable iso-
tope analysis has been hitherto used as a powerful tool
to identify birthplace and migration routes of animals
(e.g. Peterson & Fry 1987, Tieszen & Boutton 1988,
Michener & Schell 1994, Hansson et al. 1997, Burton &
Koch 1999, Hobson 1999, Cherel et al. 2000, Maru-
yama et al. 2001, Webster et al. 2002).

Apogon notatus (Pisces: Apogonidae) is a marine
cardinalfish found in the coastal waters of the north-
western Pacific. In this species females maintain
their territories on neritic boulder areas during pre-
breeding (March to April) and breeding (May to Sep-
tember) (Okuda 1999). After the last spawning in the
season, they abandon their territories and form large
shoals. In winter most individuals disappear from the
neritic breeding ground, while some remain. In the
following spring the disappearing fish return to their
neritic breeding ground, and females, in particular,
reestablish their territories. Remarkably, most females
that return to their breeding ground settle at the same
breeding territory as the previous season (Okuda
1999).

In diadromous fishes, such as osmerids and salmo-
nids, which migrate between freshwater and marine
ecosystems, many studies using stable isotope analysis
to estimate migration routes have been conducted
(Doucett et al. 1999a, McCarthy & Waldron 2000, Cun-
jak et al. 2005, Hicks et al. 2005). These are good
examples for using isotope ratios to elucidate animal
migratory behavior, taking advantage of differences in
isotopic composition of the food webs between fresh-
water and marine ecosystems.

The coastal ecosystem is a continuum of spatially
distinct food webs, namely, neritic and pelagic food
webs. These 2 food webs are characterized by their
production structure. In the neritic habitat where suffi-
cient light reaches the bottom, benthic microalgae play
an important role in the food web (Borum & Sand-
Jensen 1996, Jahnke et al. 2000, Takai et al. 2002,
Okuda et al. 2004). In the pelagic habitat or its aphotic
layer (i.e. deepwater habitat), in contrast, phytoplank-
ton-derived organic matter is the major basal food
source for consumers because benthic microalgae

cannot grow on the bottom (McGlathery et al. 2001,
Gazeau et al. 2004).

The neritic and pelagic food webs also differ in their
isotopic signatures. In general, benthic microalgae
tend to be enriched in §'°C relative to phytoplankton
due to the CO, boundary layer effect, which causes
diffusion limitation to benthic algal cells (France
1995a, Hecky & Hesslein 1995). The neritic food web is
thus more 8'°C-enriched than the pelagic food web,
resulting in the marked difference in animal carbon
isotope ratios between these 2 food webs (France
1995b). Based on such a spatial isotopic heterogeneity
in the coastal ecosystem, stable isotope analysis is
expected to provide information on the migratory
behavior of non-diadromous coastal fishes that migrate
between neritic and pelagic (or its deepwater) habitats.

In the present study, first, we compared carbon and
nitrogen stable isotope ratios between 2 cardinalfishes,
Apogon notatus and A. semilineatus, which live mainly
in neritic and deepwater habitats, respectively, in
order to characterize the production structure in the
coastal ecosystems. Second, we focused on intraspe-
cific variation in migratory behavior of neritic A. nota-
tus, most of which emigrate from the neritic breeding
ground in winter and return there in spring (hereafter,
migratory type) and some of which reside in the neritic
habitat throughout the year (hereafter, resident type).
We estimated the migration routes of this fish by com-
paring isotope values and feeding habits between the
2 types and by referring to the deepwater congener
A. semilineatus.

MATERIALS AND METHODS

Monthly census. We conducted a field survey in Uwa
Sea fronting the southwestern part of Shikoku Island,
Japan (Fig. 1). We set a quadrat measuring 10 x 20 m
on the neritic boulder area that had a depth of 3.6 to
8.5 m at Murote Beach (Fig. 1) and conducted monthly
censuses with the aid of SCUBA for 4 to 5 d from April
2000 to March 2001, except June when we conducted
the census for only 1 d. In the quadrat we counted the
number of Apogon notatus and recorded water tem-
perature. In winter we conducted an extensive census
by thoroughly diving around areas (ca. 3.6 km?) less
than 30 m deep at Murote Beach (Fig. 1) to monitor fish
that disappeared from the quadrat.

Sample collection. We collected Apogon notatus
specimens at Murote Beach every 2 mo from October
2003 to June 2004, using a seine and hand net with the
aid of SCUBA or by fishing, for stable isotope analysis
and stomach content analysis. Additional sampling
was conducted in March 2004 when migratory A. nota-
tus started to return to the neritic breeding ground. In
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In comparison with neritic Apogon nota-
tus, the deepwater congener A. semilinea-
tus was collected by fishery trawls in
pelagic deep waters (40 to 60 m depth) of
Uwa Sea (Fig. 1). Sample collection was
conducted every 2 mo, in parallel with that
of A. notatus. We scheduled a regular
sample collection of A. semilineatus in Jan-
uary but not February because we were
concerned that bad weather would prevent
fishery operations. We used all specimens
for stomach content analysis and 10 speci-
mens per month for stable isotope analysis.

33°30°

33°15’

33°00°

Body size measurement and sample pre-
paration were the same as for A. notatus.
To characterize the coastal food web
configuration using stable isotope analy-
sis, we collected potential prey of these
2 cardinalfishes and primary producers as
their possible carbon sources at Murote
Beach in June 2004. In our study site the
dominant primary producers were phyto-
plankton, benthic microalgae and macro-
algae. For phytoplankton we collected

131°45'E  132°00° 132°15" 132°30° 132°45’

particulate organic matter (POM) using a
plankton net with 100 pm mesh. POM

Fig. 1. Location of the study site Murote Beach. The quadrat (white bar) was was filtered through a 200 pm mesh net to

set on the boulder area (dotted). Extensive censuses were conducted
throughout the bay (hatched). In midwinter resident individuals were found

only around a breakwater (black bar)

midwinter when water temperature was lowest, most
A. notatus disappeared from the study site, while some
resided around a breakwater that provided shelter
(Fig. 1). We regarded the former as migratory type and
the latter as resident type. When the migratory type
returned to the neritic breeding ground in March, it
was not possible to discriminate them from the resident
type by their appearances. However, since A. notatus
shows strong site fidelity after establishing its breeding
territory (Okuda 1999), individuals inhabiting the
breakwater were considered to be resident.

We collected 20 specimens each of migratory and
resident types in all sampling months except February
when only the resident type was available. Of these
20 specimens, 10 were used for stable isotope analysis.
Prior to the analysis we excised muscle tissues from the
dorsal part of the lateral body after measuring standard
length (SL) to the nearest 0.1 mm. The isotopic samples
were frozen until analysis. For stomach content ana-
lysis, we dissected all specimens and preserved their
stomach contents in 5 % formalin. For these specimens
we examined their sex by gonadal inspection. The sex
ratios (male:female) of Apogon notatus were not differ-
ent between migratory (35:26) and resident (38:22)
types (3% = 0.45, p = 0.79).

remove mesozooplankton. Microscopic
observations confirmed that the POM
consisted almost entirely of phytoplank-
ton. We regarded this size fraction (100 to 200 pm) of
POM as phytoplankton. POM sampling was con-
ducted in triplicate (N = 3). Benthic microalgae were
scraped off each of 5 stones in shallow waters using a
brush, and its particulate matter was screened with
the 100 pm mesh net to remove meiobenthos (N = 5).
POM and benthic microalgal samples were GF/A
filtered and precombusted at 550°C for 3 h. Three
common macroalgal species, the green macroalga
Caulerpa brachypus (N = 6), the red macroalga Meris-
totheca papulosa (N = 6) and the brown macroalga
Sargassum piluliferum (N = 6), were collected in shal-
low waters. Zooplankton was collected by towing a
300 pm mesh plankton net vertically from the bottom
to surface layers. Hypoplankton was collected by tow-
ing the 300 pm mesh plankton net immediately above
the bottom. To collect zoobenthos, sediments were
collected with an Ekman-Berge bottom sampler.
These zooplankton and zoobenthos were collected at
the sites where an average depth was 25.7 m (22.3 to
28.2 m, N = 5). We sorted zoobenthos with a 1 mm
mesh screen and a 300 pm mesh net: the former was
defined as macrobenthos and the latter as meioben-
thos. All biological samples were identified at least to
the order level by microscopic observation in the lab-
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oratory. These samples were frozen until stable iso-
tope analysis.

Dietary analysis and stable isotope analysis. We
conducted stomach content analysis of a total of 220
specimens of Apogon notatus and 100 specimens of
A. semilineatus to compare feeding habits between
neritic A. notatus and deepwater A. semilineatus or
between migratory and resident types of A. notatus. Of
these, 19 migratory and 54 resident specimens of A.
notatus and 46 specimens of A. semilineatus had
empty stomachs, so they were excluded from the
analysis. We sorted prey items and classified them at
least to the class level and, if possible, to the order
level. After counting the number of prey items, we
dried them at 60°C for 24 h and weighed them in bulk
for each taxonomic group. We used 3 indices to repre-
sent their feeding habits: percentage frequency of
each prey taxon (% F) with respect to the total number
of fish specimens, the percentage number of each prey
taxon with respect to the total number of prey items
(%N) and the percentage weight of each prey taxon
with respect to the total weight of prey items (% W).
The latter 2 indices were calculated by pooling all
specimens of A. semilineatus, migratory A. notatus or
resident A. notatus for each month.

We measured stable carbon and nitrogen isotope
ratios of migratory and resident types of neritic Apo-
gon notatu, and of deepwater A. semilineatus. We also
measured the isotope ratios of their potential prey. For
fish specimens and their large prey, we used muscle
tissues as isotopic samples. For small prey, we used
whole-body or bulk samples. All isotopic samples were
dried at 60°C for 24 h, ground to powder form and
immersed in chloroform:methanol (2:1) solution for
24 h to remove lipids. For primary producers, ground
samples were exposed to 12 N HCI vapor for 24 h to
remove carbonate carbon. Carbon and nitrogen stable
isotope ratios were measured with a mass spectro-
meter (ANCA-SL, PDZ Europa). Isotopic notations of
carbon (8'3C) and nitrogen (8'°N) are expressed as per
mille deviation from the standard with the following
equation:

813C' 3N = [Rsample/Rstandard - 1] x 1000 (%0)

where R = 3C/!2C or 1>N/*N. Pee Dee belemnite (PDB)
limestone carbonate and atmospheric nitrogen (N,)
were used as standards for carbon and nitrogen iso-
tope ratios, respectively.

Statistical analysis. To depict the food web configu-
ration on the isotope map, carbon and nitrogen isotope
values were averaged and plotted for each prey taxon.
Using these isotope data, we performed hierarchical
cluster analysis with Ward's minimum variance
method in order to classify each prey taxon into a given
feeding functional group within the coastal food web.

For food web analysis, we assumed that the trophic
enrichment factor was 3.4 %o for '>N and 0.8 %, for §'C
(France & Peters 1997, Vander Zanden & Rasmussen
1999).

Prior to the statistical test between type and seasonal
variations of 8°C and 8°N in Apogon notatus, we
checked the size dependence of their isotope values.
Because both §'°C and §'°N are significantly correlated
with SL (Pearson's correlation, §!°C: r = 0.4, p < 0.001;
8N: r = 0.6, p < 0.001), we used 2-way ANCOVA in-
corporating 2 factors, season(month) and life history
type (migratory or resident) and a covariate, SL, pro-
vided that either factor did not interact with SL. We
used the contrast method for post hoc comparisons to
examine isotopic difference between life history types
in each month.

Although we a priori classified Apogon notatus inha-
biting the breakwater into resident type based on
strong site fidelity, there is a possibility that migratory
fish that newly settled there were misclassified into the
resident type. To estimate the probability of such a
misclassification (i.e. incorrect discrimination rate), we
performed discriminant analysis using data in March,
assuming that migratory fish would have thoroughly
different isotopic signatures from those of resident fish
in March, just after their return from the pelagic deep
water. The linear combination for a discriminant analy-
sis was derived from an equation that takes the form:

Z=agp+ aiXy; +axxy+ ... +apXx,

where zis the discriminant score, a; (i=1,2,..., n) is the
discriminant coefficient, x is the independent variable
and a, is a constant.

We incorporated their 8'3C and 8N as independent
variables into the model. Considering the incorrect dis-
crimination rate calculated in March, we also per-
formed the discriminant analysis for other months to
examine whether or not their isotopic signatures were
effective in discriminating between 2 life history types.

Since the sampling schedules for Apogon notatus
and A. semilineatus did not completely match, we
could not simply compare these 2 species. For refer-
ence, nevertheless, isotopic signatures of A. semilinea-
tus are visualized by their discriminant scores calcu-
lated from the above model.

For descriptive purposes, means + SD are given. All
p values are 2-tailed.

RESULTS
Seasonal migration

In April some Apogon notatus settled in the neritic
habitat to establish their breeding territories, and the
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Fig. 2. Monthly changes in the average number of Apogon

notatus (bars) found in the quadrat (10 x 20 m?) and in water

temperature (@). The horizontal hatched bar indicates dura-
tion of the breeding season

number of breeding fish increased in summer (Fig. 2).
In September, the last breeding month, all fish ceased
to maintain their breeding territories, forming large
shoals. The fish stayed on the breeding ground until
November, and most of them disappeared from the
neritic habitat in December when water temperature
decreased to less than 20°C. In February (midwinter),
we did not find any A. notatus in the
neritic habitat except around a break-
water (Fig. 1). In March, however,
many fish returned to the neritic breed-
ing ground (Fig. 2).

prey by weight. In December, immediately before mi-
gration, the migratory type fed mainly on decapod
adults and appendicularians, whereas the resident type
fed on large quantities of calanoid copepods and
Chaetognatha. In March and April, when the migratory
type returned to their breeding ground, fish larvae and
benthic amphipods were the major prey for both migra-
tory and resident types. Thereafter, their feeding habits
showed a similar pattern.

Coastal food web

813C and 8N stable isotope ratios of Apogon notatus,
A. semilineatus and their potential prey are shown in
Fig. 4. The 8'°N and §"°C were 12.6 + 0.5 and -16.4 +
0.4%o for A. notatus, respectively, and 12.1 + 0.5 and
—-16.9 + 0.4 %o for A. semilineatus, respectively. Both iso-
tope ratios were significantly more depleted for A. semi-
lineatus than for A. notatus (unpaired t-test, 8'°C: t 175 =
7.76, p <0.001, 8"°N: t; 175 = 6.79, p < 0.001). Based on the
313C and 8N, prey were classified into 5 feeding func-
tional groups by cluster analysis (Fig. 4), the criterion for
which was set at less than 6.0 of the squared Euclidean

Table 1. Feeding habits of Apogon notatus and A. semilineatus living in neritic
and deepwater habitats, respectively, in Uwa Sea. Dietary data are expressed
as percentage frequency (%F), percentage no. (%N), and percentage weight

(% W) of each prey taxon

. . Prey item A. notatus A. semilineatus
Feeding habit %F %N %W %F %N %W
Prey items of neritic Apogon notatus COPBPOdf_i
and deepwater A. semilineatus are Calapmda ) 93 406 1238 8.7 7.3 01
. . Poecilostomatoida 0.7 0.0 0.0 0.0 0.0 0.0
shown in Table 1. Most individuals of Isopoda
A. notatus fed on benthic amphipods, Flabellifera 26 0.2 9.6 4.3 24 1.8
such as gammarids and caprellids, Mysida 72 0.7 0.5 522 569 704
while calanoid copepods were the most Cumacea 17 01 01 0.0 00 00
dominant prey item in terms of num- Amphipoda
pre prey 1 . Gammaridea (planktonic) 4.3 7.5 0.7 14 41 00
ber. In terms of weight the major prey Gammaridea (benthic) 239 202 9.6 10.1 106 0.7
item was fish larvae. For A. semilineatus, Caprellidea 136 3.6 8.0 0.0 0.0 0.0
in contrast, mysids were the most impor- Eucarida
tant prey item, as shown by all 3 dietary De]izgggzmacea 05 00 0.1 29 33 05
indices. Caridea 81 32 39 58 57 16
Seasonal changes in feeding habits of Brachyura 05 01 05 0.0 0.0 0.0
migratory and resident Apogon nota- Decapod larvae 84 15 3.0 14 16 00
tus and A. semilineatus are shown in Polychaete
. . . Phyllodocida 0.7 0.1 0.1 4.3 2.4 0.2
Fig. 3. A. semilineatus fed mainly on
. ) Chaetognatha
mysids throughout the year (Fig. 3c), Aphregmophora 57 148 6.2 00 00 0.0
while A. notatus showed marked sea- Appendicularia
sonal variation in feeding habits Larvacea 57 69 08 00 00 00
. . Fish
(Fig. 3a,b). Migratory A. nofatus fre Clupeiformes juvenile 05 00 18 29 24 130
quently fed on decapod larvae in Octo- Unknown larvae 60 04 359 43 24 75
ber, which accounted for 70 % of its total
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benthic invertebrates, such as caprellids
and polychaetes. Group D consisted of
benthic gammarids and isopods, having

the highest §'3C and lowest '°N values.

w
.
\
§ Copepoda
\ pep Group E consisted of only mysids and
§ Isopoda had the most depleted 8'3C. Based on
§ ) dietary analysis, A. semilineatus fed
&\ Mysida mainly on Group E, while A. notatus had
] E Gammaridea (planktonic) a variety of prey taxa except Group E.
1.0 18 N Gammaridea (benthic)
0.8 % (®) N Eucarida Stable isotopic variation
0.6- § V) Caridea Seasonal changes of §'*C and §*°N val-
] § ues for migratory and resident Apogon
04 % Decapod larvae notatus are shown in Table 2. Their §'°C
0.2 § B Polychaete and 8'°N showed significant size depen-
g\ dence although there was no interaction
' ' Chaetognatha with season or life history type (8'3C,

Proportion in diet (% weight)

(©

. Others

Appendicularia
Clupeiformes juvenile

Unknown larvae

month X SL: p = 0.60, type x SL: p=0.19;
85N, month x SL: p = 0.23, type X SL: p =
0.17). After adjusting for SL, ANCOVA
revealed that their §'*C was significantly
different among months (Fs 153 =26.0, p <
0.001) and between life history types

0.0-

T I I -
& F @

Fig. 3. Seasonal changes of feeding habits indicated by % weight for (a) migra-

tory and (b) resident types of neritic Apogon notatus and (c) deepwater A. semi-

lineatus. Blanks indicate no specimens or insufficient data of stomach contents
(see 'Materials and methods’). Values above bars denote sample sizes

distance for the clustering. Group A consisted of zoo-
planktivores and zoobenthivores, such as decapods,
Chaetognatha and Clupeiformes juveniles, showing the
highest 8'°N values. Group B consisted of mesozoo-
plankton, such as planktonic gammarids, calanoid cope-
pods and fish larvae. Group C consisted of hypoplank-
ton, such as euphausiids and decapod larvae, and

(Fi1,123=15.4,p <0.001). Immediately af-
ter returning from migration in March,
the migratory type showed drastic deple-
tion of 8'3C, being significantly different
from that of the resident type (Table 2).
Thereafter, the migratory type enriched
its 8'°C, approaching that of the resident
type in June. In October, when post-
breeding fish formed large shoals, how-
ever, a significant difference in 8C between migratory
and resident types was noted again (Table 2). By con-
trast, although size-adjusted §'°N was significantly dif-
ferent among months (2-way ANCOVA, F; 153=17.0,p<
0.001), there was no significant difference between mi-
gratory and resident types (2-way ANCOVA, F; 153=1.5,
p=0.2).

Table 2. Apogon notatus. §'*C and 8°N (mean * SD) for resident and migratory types of neritic individuals. p-values are for post
hoc comparisons between life history types in each month using the contrast method. —: no data

Date S1C (%o) — F SN (%) —— F P
Resident Migratory Resident Migratory

2003

October -159+0.2 -16.2+0.3 5.53 0.03 12.5+0.2 12.3+0.4 0.02 0.90

December -16.0 £ 0.4 -16.2+0.3 3.09 0.09 13.0+0.3 12.9+0.5 1.24 0.28

2004

February -16.5+0.2 - 12.6 £ 0.3 -

March -16.6 £ 0.2 -16.9+0.1 12.63 <0.01 124 +£0.2 12.2 £ 0.2 3.27 0.09

April -16.5+ 0.3 -16.8 £ 0.3 3.46 0.08 126 +0.4 12.3+0.4 2.19 0.15

June -16.2+0.2 -16.1 £ 0.2 0.16 0.69 13.1+£0.3 13.3+0.3 3.03 0.10
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14 viduals showed markedly different iso-
topic signatures from each other (Octo-
134 i ber: eigenvalue = 0.54, canonical corre-
lation = 0.59, Wilk's A = 0.65, x% = 8.17,
A. semilineatus | A p = 0.02; December: eigenvalue = 0.13,
12 canonical correlation = 0.34, Wilk's A =
Caridea 0.88, %2 = 2.70, p = 0.26; Fig. 5).
114 Cluféiformes juvenile Compared with the 2 life history
B types of the neritic Apogon notatus, the
Chaetognatha deepwater congener A. semilineatus
10 showed a discrete distribution of its dis-
criminant scores from December to
o E Pélagic gam agpo V] Apr'il, whereas a large part of its distri-
bution was overlapped from June to
October (Fig. 5).
8 Mysid
| Brown macro-
7 algae DISCUSSION
— I =N ‘ | Isopoda
61 Phytc!plankton _ lm‘mal:roalgae Benthic gammarid Coastal food web
Benthic rlncroalgae Green macioalgae
The neritic species Apogon notatus
5 T T T T T T T and the deepwater species A. semilin-
-21 -20 -19 -18 -17 -16 -15 -14 -13  eatus utilized a variety of prey from
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Fig. 4. Carbon and nitrogen isotopic signatures of Apogon notatus, A. semilinea-
tus and their potential prey. Filled circle is for A. notatus and filled square for A.
semilineatus. Open diamonds are for planktonic animals, open triangles for ben-
thic animals and grey squares for primary producers. Dotted zones represent the
hypothetical trophic pathway starting from each primary producer and exclu-
sive reliance on it. Gammaridea was divided into planktonic and benthic
groups. The grey and the white arrows represent the food sources of A. notatus
and A. semilineatus, respectively. Arrow thickness represents the relative
reliance on each prey of the 2 apogonids, as indicated by % W of their dietary
data in Table 1. The prey were classified into 5 feeding functional Groups A
through E. Vertical and horizontal bars are standard deviations

In March, just after returning from the migration,
isotopic signatures of Apogon notatus were effective
in discriminating between the 2 life history types,
being represented by the discriminant equation, z =
—-0.738"°N + 0.278'°C - 18.79 (eigenvalue = 0.76,
canonical correlation = 0.66, Wilk's A = 0.57, 2 = 10.21,
p = 0.006). Incorrect discrimination rate was 19.0%,
suggesting that 19.0% of A. notatus inhabiting the
breakwater might be migratory fish that newly settled
there. Assuming such a misclassification rate, at least
45.0% of migratory fish in April had significantly dif-
ferent isotopic signatures from those of resident fish
(eigenvalue = 0.32, canonical correlation = 0.50, Wilk's
A = 0.76, XZ =6.17, p = 0.04; Fig. 5). In June, however,
these 2 life history types could not be discriminated by
their isotopic signatures (eigenvalue = 0.10, canonical
correlation = 0.30, Wilk's A = 0.91, x2 =1.66, p = 0.44).
In October and December, during which both types
formed large shoals in the neritic habitat, some indi-

5 functional feeding groups in the
coastal food web of Uwa Sea. Judging
from the food web configuration on the
isotope map (Fig. 4), Group E was re-
garded as pelagic primary consumers
grazing on phytoplankton. Mysids are
pelagic species but frequently occur
near the bottom in deep waters and
sometimes even in shallow waters (Vi-
herluoto & Viitasalo 2001). Although
our mysid samples were collected in
the neritic habitat, their isotopic signa-
ture suggests that they relied on a pelagic food chain
while performing their vertical and horizontal migra-
tions. Group C relied on the food chain starting from
benthic microalgae. Although its isotopic distribution
overlapped with the food chain starting from macro-
algae, which showed a broad range of 8'3C, it was less
likely that members of Group C grazed on macro-
algae on the basis of their feeding morphology and
behavior. In Group B 8'°N was enriched by 1 to 2 %o
compared with that of Groups E and C, suggesting
that this group consisted of omnivorous feeders that
utilized both primary producers and primary con-
sumers in their diet. Omnivorous feeding has been
reported for some members of this group: e.g. cala-
noid copepods (Kleppel 1993) and fish larvae (Lehti-
niemi et al. 2007). Group B was positioned between
Groups E and C in terms of §!°C, probably reflecting
its mixed reliance on products derived from phyto-
plankton and benthic microalgae.
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Fig. 5. Seasonal changes in frequency distribution of discrim-

inant scores for migratory (black bars) and resident (white

bars) types of neritic Apogon notatus (lower panels) and for
deepwater A. semilineatus (hatched bars in upper panels)

Group D is typical of benthic herbivores—detriti-
vores. Although its potential food could not be identi-
fied, its carbon source might be macroalgal derived
matter because of its similarity to macroalgal §°C. In
general, organic matter in the sediment is more
depleted in 8N than newly produced organic matter
due to decomposition (Lehmann et al. 2002). This may
be the reason for the more depleted 8!°N in these
benthic detritivores.

Group A was located on the hypothetical food chain
starting from benthic microalgae and its 8N was
higher by 3 to 4%. than that of Group C, suggesting
that Group A members are secondary consumers feed-
ing on benthic primary consumers. Apogon notatus is
also located near the hypothetical benthic food chain.
Assuming that Groups E and C are purely primary
consumers, the trophic level of A. notatus was esti-
mated at 3.4 and that of A. semilineatus at 3.2, which
were calculated from the difference in 8'°N between
the focal species and the basal food (i.e. the primary
consumers). The slightly lower trophic level of A. semi-
lineatus relative to that of A. notatus would be due to
its tendency to feed exclusively on mysids, which are
pelagic primary consumers. This also accords with the
more depleted §'°C in A. semilineatus, suggesting its
reliance on pelagic primary production as its carbon
source. However, A. semilineatus showed seasonal
variation in isotopic composition, as shown in Fig. 5.
Azeta et al. (1983) reported that A. semilineatus mi-
grates from deep to shallow waters for several months
of its summer breeding season, which supports our
finding that the isotopic signature of A. semilineatus
approached that of A. notatus toward the summer sea-
son and changed from the neritic characteristics
toward the winter season.

In coastal ecosystems benthic microalgae generally
play an important part in primary production in the
shallow, euphotic layer (Borum & Sand-Jensen 1996,
Jahnke et al. 2000, Takai et al. 2002, Okuda et al.
2004), whereas phytoplankton is the major carbon
source for benthic communities in the deep, aphotic
layer (McGlathery et al. 2001, Gazeau et al. 2004).
Our stable isotope analysis suggests that Apogon
notatus is supported by benthic primary products in
the neritic habitat and A. semilineatus by pelagic pri-
mary products in the deepwater habitat, highlighting
the spatial heterogeneity of the coastal food web
structure. In another view temporal variation in iso-
topic composition of neritic A. notatus and deepwater
A. semilineatus suggests that their migratory nature
seasonally couples these 2 habitats in the coastal
ecosystem. Our comparative approach also stresses
that coastal migratory animals play an important role
in material cycling and habitat coupling within the
coastal ecosystems.
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Life history polymorphism

The present isotope study also revealed the exis-
tence of a discontinuous individual variation in §'°C,
which was ascribed to seasonal migration patterns
within a population of Apogon notatus, though some
part (19.0%) of the variation might have been
accounted for by an artifact of misclassification. Imme-
diately after returning to the neritic breeding ground,
313C of the migratory type was more depleted than that
of the resident type, approaching that of deepwater A.
semilineatus. In large animals there is usually a time
lag between feeding shift and isotopic change in tis-
sues (Hesslein et al. 1993). Particularly in fishes the
degree of delayed isotopic response to the feeding shift
greatly depends on the rate of tissue accumulation dur-
ing growth but not on the metabolic turnover rate
(Herzka & Holt 2000, Maruyama et al. 2001). In small
fish, such as A. notatus, isotope turnover rates are usu-
ally estimated as a few months (Hesslein et al. 1993,
Herzka 2005). Therefore, the depletion of §'°C in the
migratory fish might be because they stayed and grew
for 1 to 3 mo in winter in pelagic waters. The winter
depletion of §'3C was also found in resident A. notatus.
This depletion may be because they frequently fed on
planktonic prey, such as copepods and fish larvae,
which have relatively low §'3C associated with phyto-
plankton production, in the neritic habitat during win-
ter. However, their feeding habits were not different
from those of the migratory type after territory settle-
ment, and the 83C values of both types converged,
increasing their reliance on benthic production. Judg-
ing from these isotopic results, we conclude that a
large number of A. notatus individuals would live
in pelagic waters, probably in the deep layer, during
winter migration.

It has been also reported that the Australian cardi-
nalfish Apogon rueppellii move to offshore deeper
waters during winter months and return to inshore
shallow waters to breed in the following spring (Chrys-
tal et al. 1985). In temperate coastal waters the winter
air cools down the upper layer rapidly, resulting in
reversal of the vertical gradient of water temperature
(Sims et al. 2004). Since water temperature is a power-
ful controlling factor of metabolic demand and assimi-
lation efficiency in ectotherms, fish adapt by staying
under their optimal temperature regime to minimize
physiological cost (Clarke 2003). In Pacific herring and
cod, gonadal development depends on daily water
temperature (Ware & Tanasichuk 1989, Hutchings &
Myers 1994). For such physiological reasons some
coastal fishes migrate from neritic to deepwater habitat
during the winter season in favor of warm water
temperature (Hutchings & Myers 1994, Cote et al.
2004, Sims et al. 2004).

There are other possible mechanisms for the winter
migration to deep waters, including salinity (Chrystal
et al. 19895), food availability (Sogard & Olla 1996) and
refuge from physical turbulence due to stormy weather
(Chrystal et al. 1985). Chrystal et al. (1985) found that
winter migration of Apogon rueppellii is associated
with changes in water temperature and salinity. In
A. notatus, a large number of individuals emigrated
from the neritic habitat when the average water tem-
perature was below 20°C. However, there was no
remarkable vertical gradient of salinity in Uwa Sea
and feeding intensity of neritic A. notatus was high
throughout the non-breeding season (Okuda 2001),
suggesting its high food availability in the present
study population. Thus, water temperature may be one
of the most important factors facilitating the migration
of A. notatus to deep waters in winter.

As revealed by the stable isotope analysis of Apogon
notatus, discontinuous intraspecific variation in iso-
topic signatures has been reported in some fish species
(e.g. coregonus: Hesslein et al. 1993; blue tilapia: Gu et
al. 1997; bluegill sunfish: Ehlinger 1990, Uchii et al.
2007). Such an isotopic variation is attributable to
resource-based trophic polymorphisms within a popu-
lation. In A. notatus, by contrast, the isotopic disconti-
nuity was due to the seasonal difference in life history
pattern (i.e. migration or residence) among individuals
rather than due to sympatric food resource partition-
ing. This is often the case in diadromous (i.e. migrating
between marine and freshwater ecosystems at a cer-
tain stage of life history) fishes (Kline et al. 1993,
Doucett et al. 1999b) and in non-diadromous coastal
fishes (e.g. Atlantic cod: Cote et al. 2004; black bream:
Elsdon & Gillanders 2006; snapper: Hamer et al. 2006;
bluefish: Shepherd et al. 2006). In many diadromous
species, there exists intrapopulation variation in the
life history pattern. In salmonids, for example, most
populations consist of both anadromous (sea-run
migratory) and non-anadromous (freshwater resident)
types (Doucett et al. 1999a,c, McCarthy & Waldron
2000, Charles et al. 2006, Morinville & Rasmussen
2006). By contrast, the present study population of
A. notatus had 2 life history types: one migrates
between neritic and deepwater habitats in winter (i.e.
migratory type) and the other resides in the neritic
habitat throughout the year (i.e. resident type). Our
stable isotope analysis succeeded in detecting sea-
sonal isotopic differences between these 2 life history
types, focusing on isotopic differences in the baseline
between neritic and deepwater food webs in the
coastal ecosystem.

Interestingly, some of the migratory type had a dif-
ferent §'3C from that of the resident type before migra-
tion. Although such a difference may be accrued by
chance as a result of misclassification, this can be
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partly ascribed to the difference in feeding habits dur-
ing their sympatric period in winter, as also shown by
the dietary analysis (Fig. 3). This implies that each type
inclined to specialize its feeding habits prior to winter
migration. It is still unclear whether such a feeding
specialization caused individual variation of life history
pattern as phenotypic plasticity or whether it repre-
sents a contingent strategy leading to a life history
divergence within a population (Secor 1999). Future
research should focus on elucidating to what extent life
history polymorphism is common among coastal fishes
and what its mechanism is for the expression and
maintenance of different life history morphs within a
population.
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