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and vulnerability to predation between the two rivers were 
minimal.
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Introduction

Vital rates of fish early life stages such as growth and 
mortality have been reported to fluctuate under high vari-
ability of biotic and abiotic environmental conditions in 
estuarine habitats within relatively small spatio-temporal 
scales than in other aquatic ecosystems [1–7]. Variability 
in freshwater discharge is considered to be one of the most 
important determinants for estuarine fish recruitment, as it 
affects various biotic and abiotic environmental properties 
[3, 8–10]. To date, successful recruitment has been corre-
lated with years with high freshwater discharge in a variety 
of fish species and estuaries [3], while information on how 
high flow conditions result in poor fish recruitment is more 
limited, probably due to difficulty in detecting the mortality 
process of fish early life stages [1, 3, 11].

The Ohta River, which runs into Hiroshima Bay, western 
Japan, splits into six rivers at about 10 km upriver from the 
river mouth (Fig. 1). The Ohta Drainage Channel (DC), the 
westernmost of the six rivers, was artificially excavated in 
1967 in order to alleviate the effects of flood events which 
prevailed in the urban areas of Hiroshima City in the early 
1900s and its downriver areas serve as habitats for young 
stages of fishes [12]. Freshwater flow through the DC is 
usually controlled by human operation to be less than 10% 
of the total flow of the six rivers [13]. Freshwater discharge 
after periods of high precipitation is channeled more into 
the DC than into the other rivers, to minimize flooding in 
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cipitation through the DC is controlled to minimize dis-
charge into other rivers which run through the urban area. 
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stronger disturbance in physical properties to their habitat 
due to higher fluctuations of freshwater discharge. In order 
to test this hypothesis, cohort-specific growth (G, d−1) and 
mortality (M, d−1) coefficients and the ratio of G to M (G/M 
as a proxy of juvenile production) were compared between 
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application of otolith daily increments for cohort identifi-
cation, and (3) standardization of abundance at age based 
on the length-dependent catch efficiency of the sampling 
gear to estimate M more accurately. G (0.012–0.021) did 
not significantly differ between the DC and NR. M in the 
DC (0.184–0.239) was significantly higher than in the NR 
(0.140–0.148) and average ratio of G/M (0.111) in the NR 
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nile production since the differences in prey availability, 
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urban areas [12, 14]. Salinity in the downriver area of the 
DC is usually about 20 and abruptly decreases to 0 during 
high precipitation periods by human manipulation of water 
flows at the weir. The higher fluctuations of freshwater dis-
charge in the DC within small time scales are expected to 
more strongly affect survival of organisms than in the other 
rivers.

The sea bass Lateolabrax japonicus is a euryhaline spe-
cies widely distributed in temperate coastal waters of the 
western North Pacific and is commercially and recreation-
ally important in these areas. Adult sea bass spawn from 
December to January in the sea with a depth of 20–50 m 
[15–17]. Larvae and juveniles are transported to estuaries 
and then ascend rivers to the brackish water zone (salin-
ity of 0–10) at a standard length (SL) of about 15–17 mm 
(ca. 50–90  days after hatching) [15, 17]. The larvae and 
juveniles feed on estuarine copepods and cladocerans and 
dominate the fish community by number and weight in 

temperate estuaries of Japan from March through April [12, 
19–22]. In Hiroshima Bay, most of the sea bass larvae dis-
tributed along the coastal area are transported to the Ohta 
River estuaries at 13–15 mm SL and inhabit shallow waters 
[23]. The seasonal timing of the larval migration into the 
Ohta River (March to April) and abundance of the larvae 
and juveniles (50–150 fish 50  m−2) in the DC has been 
reported to approximate those in the Temma River (Fig. 1), 
which is next to the DC, their mouths being 900 m apart 
[23]. The geographical properties of these two estuaries 
enable us to compare the early dynamics of the production 
process of sea bass between two habitats with a difference 
in the temporal fluctuation of freshwater discharge.

In the present study, processes affecting juvenile sea 
bass production during the period of post-migration into 
the Ohta River were compared between artificial (drain-
age channel: DC) and natural habitats (Temma River: NR) 
where the temporal pattern of freshwater discharge is dif-
ferent. Fish sampling was conducted at fine time intervals 
(5–16 days) in order to estimate cohort-specific growth (G, 
d−1), mortality (M, d−1) and the ratio of G to M (G/M) as 
a proxy of production, to test how higher fluctuations of 
freshwater discharge affect fish recruitment. Fish abun-
dance data was standardized according to the length-
dependent catch efficiency of juveniles by the sampling 
gear [24] to estimate the cohort-specific abundance and 
mortality rate more accurately. The G, M and ratio of G/M 
obtained for juvenile cohorts were compared between the 
two rivers in order to see whether differences in physical 
conditions of habitat during periods of high precipitation 
affect juvenile growth, survival and production.

Materials and methods

Field survey

Physical and biological surveys were conducted in the estu-
arine areas of the DC and NR (Fig. 1), at 6- to15-day inter-
vals from 19 February to 7 May 2008. Six sampling sta-
tions (located at 0.6- to 1.5-km intervals) were set between 
the river mouth and weir (ca. 10 km upriver) in each river 
(Fig. 1). The shape of the DC is much straighter than the 
other five rivers, which meander with irregular changes in 
river width and depth. Seawater comes further upriver in 
the DC so that the salt wedge penetrates further upriver 
than in the other rivers [13].

The tidal effect dominates in areas downriver of the 
weir according to the tidal cycle during the normal flow 
condition (without high precipitation). Since the rivers are 
so close (<1 km, most of the way), the low salinity zones 
share a common pattern of fluctuation in the major physi-
cal conditions. A seine net (2.3 × 1.0 m, 2-mm mesh with 
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Fig. 1   Map of sampling stations in the estuarine area of the Ohta 
River system and inner part of Hiroshima Bay, western Seto Inland 
Sea, Japan. Physical and biological surveys were conducted at six 
sampling stations in both the Ohta Drainage Channel (circles in the 
drainage channel: DC) and the Temma River (triangles in the natural 
river: NR) at 6- to 15-day intervals from 19 February to 5 May 2008
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1-mm mesh cod-end) was towed for 50 m along the shore-
line at each sampling station. All sampling processes were 
completed within 3 h before and after low tide (maximum 
depth of the estuarine areas, 1.0 m) in the daytime so that 
the whole estuarine area was accessible. Fish samples were 
preserved in 90% ethanol.

Surface water temperature and salinity were measured 
with an environmental monitoring system (HORIBA Ltd., 
W-20XD) at each sampling station. Invertebrate plankton 
(copepods and cladocerans), the major prey organisms of 
sea bass larvae and juveniles in the DC and NR [23], were 
sampled with a conical plankton net (30-cm mouth diam-
eter, 0.1-mm mesh) equipped with a flow meter was towed 
horizontally. The plankton samples were preserved in 10% 
seawater formalin. Concentration of prey organisms (no. 
m−3) was calculated for each sampling station based on the 
flow-meter count.

Laboratory procedure

SL of larval and juvenile sea bass was measured to the 
nearest 0.1 mm. Abundance (number of fish per 100 m2) of 
the larvae and juveniles was calculated based on the area 
covered by each tow. Abundance of juveniles at 18–23 mm 
was standardized according to the length-dependent catch 
efficiency of the seine net estimated in a previous study 
[23]:

where C and L are the catch efficiency (%) and SL (mm, 
18 < L < 23 mm), respectively. The catch efficiency for fish 
< 18 mm approximates 100% and data for fish > 23 mm 
was excluded from further analysis due to small sample 
size (N = 2). Previous field surveys demonstrated that lar-
val and juvenile distributions are restricted within areas 
3–8 km upriver from the river mouth even during periods 
of low tides on spring tide days, showing that the larvae 
and juveniles are retained within the estuary throughout the 
tidal cycle under conditions of usual (non-flood) freshwater 
discharge [23, 24].

In the sea bass, fin rays develop at about 13 mm SL [32], 
which enables larvae to swim faster and more effectively 
catch plankton prey. In addition, high gut fullness of lar-
vae and juveniles indicates that the estuarine habitat of the 
DC and NR provides plenty of prey for sea bass larvae and 
juveniles [23]. Therefore, we found no reason for positive 
emigration of larval and juvenile sea bass out of the estuar-
ies, so that any sampling bias was considered minimal.

Thirty individuals at the most were randomly selected 
from each river on each sampling day when possible and 
processed for otolith analysis. The right sagittal otolith 
was removed under a dissecting microscope. Otolith daily 
increments were counted using a compound microscope 

C = −17.2 × L + 388.8
(

n = 11, r2 = 0.77, p = 0.0004
)

,

connected to a monitor at 400–1000× magnification. Age 
of juveniles was estimated by adding four to the increment 
counts, as the first daily increment is deposited at day 4 [18, 
25]. Age of the juveniles that had not been estimated from 
the otolith daily increments was estimated from an age-
length regression constructed for each river on each sam-
pling day. The juveniles were dried for 48 h at 60 °C and 
weighed on a microbalance scale to the nearest 0.0001 mg.

Hatching dates (5 November 2007–12 February 2008) 
were used to separate juveniles into specific cohorts, 
defined as individuals hatched within a 5-day period. Each 
cohort that had a large enough number of individuals for 
mortality estimation was designated with an alphabeti-
cal character from A (5–9 Dec) to G (4–8 Jan; Table 1). A 
growth coefficient (G) was estimated for each cohort from 
the equation:

where Wt is the dry weight (mg) at time t (days after 
reaching 14  mm), 4.488 is the weight at 14  mm (the SL 
of migration into the Ohta river) [23], and G (day−1) is the 
weight-specific growth coefficient. Instantaneous mortal-
ity coefficients (M, day−1) were estimated for each cohort, 
applying the exponential model of decline [4, 5, 26, 27]:

where Nt is the estimated fish abundance at time t (days 
after the maximum abundance in each river), Nm is the esti-
mated abundance on the day of the maximum abundance 
of each cohort, and M is the instantaneous daily mortality 
coefficient. The relative recruitment potential of individual 
cohorts was assessed for each cohort by examining the ratio 
G to M, which is commonly used as an index of stage-spe-
cific production of fish early life stages [4, 26, 28]. The G, 
M and ratio of G/M obtained for larval and juvenile bass 
cohorts were compared between the two rivers.

Mean daily freshwater discharge data at Yaguchi Dai-
ichi Observation Station (approximately 5  km upriver 
from the weir) were used as a measure of freshwater flow 
through the Ohta River [29]. Effects of sampling date on 
temperature and prey concentration were examined by the 
use of Spearman’s correlation coefficient. Differences in G, 
M and G/M between the habitats (DC and NR) were exam-
ined using Mann–Whitney’s U test.

Results

Sea bass larvae and juveniles were collected from 19 
February to 7 May 2008 with a maximum mean abun-
dance on March 10 in the DC (162.9 fish 100 m−2) and 
on March 25 in the NR (171.8 fish 100 m−2: Fig. 2a). Sea 
bass collected on 7 May were excluded from the analysis 

Wt = 4.488 × exp (G × t),

Nt = Nm × exp (−M × t),
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because all fish were larger than 23 mm. Sea bass abun-
dance decreased from 89.2  ±  16.7 (mean  ±  SD) on 25 
March to 10.9 ± 2.5 on 2 April and was lower than 10.0 
thereafter in the DC. In contrast, in the NR, the sea bass 
abundance increased on the two latest sampling days (15 
and 22 April) following a similar decrease in sea bass 
abundance from 25 March to 2 April.

Mean daily freshwater discharge was mostly higher 
than 100.0 m3 s−1 from 13 March to 31 March (Fig. 2b). 
The maximum daily discharge was 219.3  m3  s−1 on 20 
March. The mean water temperature was lowest on 4 
March both in the DC (8.6  °C) and in the NR (7.7  °C) 
and highest on 7 May both in the DC (19.7  °C) and in 
the NR (18.9 °C: Fig. 2c). The effect of sampling date on 
the temperature was significant (Spearman’s correlation 
coefficient, n = 9, p < 0.05 for both rivers). Mean salin-
ity was lowest on 25 March in both the DC (1.2) and NR 
(1.0) and highest on 7 May both in the DC (13.2) and NR 
(10.2: Fig. 2d). The mean salinity in the DC was higher 
than that in the NR on all sampling dates except for 10 
March. Difference in the mean salinity between the DC 
and NR was minimal during the period of high freshwa-
ter discharge when much of the freshwater ran through 
the DC. There was no significant effect of habitat and 
sampling date (within habitat) on the prey concentration. 
The maximum prey concentration in the DC (583.0 m−3 

on 7 May) was close to that in the NR (587.4 m−3 on 10 
March).

Hatch dates ranged from 5 November 2007 to 12 Feb-
ruary 2008 (Fig.  3). The relationship between sea bass 
dry body weight and age was well expressed by the expo-
nential model (Table 1). The G estimated for each cohort 
ranged between 0.014 (cohorts C and D) and 0.021 
(cohort B) in the DC and between 0.012 (cohort D) and 
0.017 (cohort E) in the NR (Table 1; Fig. 4). There was 
no significant effect of either habitat (river) or cohort 
within the habitats on G.

The M for each cohort ranged between 0.184 (cohort 
B) and 0.239 (cohort G) in the DC and 0.140 (cohorts 
B and F) and 0.148 (cohort C) in the NR (Table  1; 
Fig.  4). There was a significant effect of habitat on M 
(Mann–Whitney’s U test, p < 0.05), although the effect of 
cohort (within habitat) was not significant (p > 0.05). The 
ratio of G/M was estimated for four cohorts (B, C, E and 
F) of the seven cohorts both in the DC and NR because of 
lack of either G or M values in the other cohorts (Table 1; 
Fig. 4). The ratio of G/M estimated for each cohort ranged 
between 0.064 (cohort C) and 0.114 (cohort B) in the DC, 
and between 0.100 (cohort B) and 0.120 (cohort E) in the 
NR. The average G/M in the NR (0.111) was higher than 
that in the DC (0.082) although there was no significant 
effect of habitat on the ratio of G/M.

Table 1   Hatch date ranges, equations relating dry weight (W, mg) to 
time (t, days), and equations relating abundance (A, number of fish 
per 100 m2) to time (t, days) for each 5-day cohort (A to G) of sea 

bass in the Ohta Drainage Channel (DC: top) and Temma River (nat-
ural river: NR, bottom)

Cohorts with missing equations were excluded from further analysis because significant exponential curves were not obtained
t days after the arrival of sea bass juveniles (14 mm BL) at the estuaries
N number of fish analyzed, n number of cohorts

DC Cohort Hatch date W–t equation N r2 A-t equation n r2

A 5–9 Dec A = 6.476exp (−0.193t) 7 0.741
B 10–14 Dec W = 4.488exp (0.021t) 5 0.683 A = 45.76exp (−0.184t) 7 0.813
C 15–19 Dec W = 4.488exp (0.014t) 4 0.791 A = 48.44exp (−0.219t) 7 0.875
D 20–24 Dec W = 4.488exp (0.014t) 10 0.408 A = 58.03exp (−0.220t) 7 0.846
E 25–29 Dec W = 4.488exp (0.017t) 19 0.226 A = 15.59exp (−0.212t) 7 0.722
F 30 Dec–3 Jan W = 4.488exp (0.013t) 17 0.198 A = 57.50exp (−0.189t) 7 0.831
G 4–8 Jan A = 3.123exp (−0.239t) 5 0.778

NR Cohort Hatch date W–t equation N r2 A-t equation n r2

A 5–9 Dec
B 10–14 Dec W = 4.488exp (0.014t) 3 0.809 A = 104.2exp (−0.140t) 7 0.616
C 15–19 Dec W = 4.488exp (0.016t) 4 0.422 A = 156.9exp (−0.148t) 7 0.639
D 20–24 Dec W = 4.488exp (0.012t) 9 0.818
E 25–29 Dec W = 4.488exp (0.017t) 22 0.775 A = 131.1exp (−0.142t) 7 0.600
F 30 Dec–3 Jan W = 4.488exp (0.016t) 26 0.824 A = 104.1exp (−0.140t) 7 0.616
G 4–8 Jan W = 4.488exp (0.015t) 24 0.645
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Discussion

Predation, starvation and physical processes are recog-
nized as the major sources of mortality during fish early life 
stages [30]. However, it has been difficult to evaluate the 
relative contributions of these three sources for recruitment 
of each fish species. In the present study, surveys in the two 
estuarine habitats located within a short distance of each 
other enabled us to compare the larval and juvenile sea bass 
cohort mortalities at a fine spatial scale. Differences in the 
prey availability and predation risk of the sea bass cohort 
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were expected to be minimal between the two habitats. 
Therefore, physical processes are suggested to affect cohort 
survival more than the other two sources do. In addition, 
(1) repeated sampling at fine time intervals, (2) application 
of otolith daily increments for cohort identification, and (3) 
standardization of abundance at age, based on the length-
dependent catch efficiency of the sampling gear improved 
the accuracy of estimation of the vital rates (G, M and the 
ratio of G/M) of juvenile sea bass cohorts. These values 
estimated in the two habitats where different variability in 
the freshwater flow was expected showed that juvenile sea 
bass production in the NR was higher than that in the DC. 
The significantly higher M was attributed to the lower ratio 
of G/M of the sea bass cohort in the DC while G was not 
significantly different between the two habitats.

The G of fish in early life stages has been reported to 
vary under fluctuations in physical and biological con-
ditions of their habitat [31]. Recent field surveys with 
repeated sampling at fine time intervals revealed that 
cohort-specific G of larval and juvenile estuarine-depend-
ent fishes fluctuates depending on variability in ambient 
temperature [4, 5, 26, 27], prey availability [26] and larval 
and juvenile density [19]. In the present study, comparison 
of cohort-specific G of juvenile sea bass between the artifi-
cial and natural estuarine habitats showed that there was no 
inter-habitat difference in G. Analyses of spatio-temporal 
variability in the concentration of prey (cladocerans and 
copepods) and gut contents of the sea bass collected in the 
DC and NR found high gut fullness (gut content weight/
body weight) values due to high prey concentrations in 
the two rivers [23]. In addition, difference in temperature 
between the two rivers was small throughout the sam-
pling period in the present study. Therefore, the larval and 
juvenile sea bass cohorts that hatched in the same period 
in Hiroshima Bay seemed to have shared common experi-
ences of exposure to similar temperature and prey availabil-
ity so that the inter-habitat difference in G was not signifi-
cant although the original cohorts ascended and inhabited 
different rivers after transportation from their spawning 
ground to the Ohta River estuaries.

The cohort-specific M of larval and juvenile sea bass in 
the DC (0.184–0.239) was significantly higher than that 
in the NR (0.140–0.148). The M of fish in early life stages 
fluctuates depending on starvation, physical processes and 
predation [30]. Previous surveys found that there is no pos-
sible source of starvation because of high prey concentra-
tion and gut fullness in the DC and NR [23]. Sea bass lar-
vae > 13 mm, at which length their fins develop, can swim 
fast enough to catch zooplankton prey [32]. In addition, a 
recent study on seasonal change in fish community struc-
tures in the DC and NR showed that there are few piscivo-
rous fishes in the tidal reaches of the two rivers [12], indi-
cating the difference in vulnerability to predation between 

the two rivers is minimal. Therefore, it seems that the vari-
ability in mortality due to starvation and predation was not 
the important determinant for the inter-river difference in 
sea bass mortality.

The longitudinal distribution of the sea bass larvae and 
juveniles showed that they are distributed in the low salin-
ity regions (3–8 km upriver from the river mouth) [23] in 
each river even during the low tide on the days of spring 
tide in both the DC and NR, without being passively 
transported downriver by ebb tides throughout the survey 
period. However, the sea bass juveniles were subject to 
higher variability in the physical conditions of their habitat 
in the DC. The temporal fluctuation of salinity was higher 
in the DC than in the NR (Fig. 2c). Change in salinity in 
ambient water has been shown to be stressful for juvenile 
sea bass in the Chikugo River Estuary, Ariake Sea, south-
ern Japan [33]. In addition, exposure to low salinity condi-
tions, due to abrupt fluctuation in salinity, increased mor-
tality of juvenile sea bass in laboratory experiments [34]. 
Therefore, it is plausible that variability in mortality due 
to a physical process (temporal variability in salinity of the 
habitat), but not starvation or predation, induced the differ-
ence in the cohort-specific M between the DC and the NR.

In conclusion, production of juvenile sea bass cohorts 
was estimated to be lower in the DC (artificially made habi-
tat) than in the NR (natural river) due to the higher cohort 
mortality rates in the DC, although the differences in prey 
availability and growth rate of the juveniles were not sig-
nificant between the two habitats. The physical process of 
temporal change in salinity of the habitat was considered to 
be an important determinant for the difference in the mor-
tality rates of juvenile sea bass cohorts between the DC and 
NR.
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