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Abstract Egg size is a critical life-history trait in which
maternal investment is optimized to maximize maternal
fitness. The adaptive significance of variable egg size
among spawning groups of Ayu (Plecoglossus altivelis)
landlocked in the Lake Biwa system was examined through
field investigations and rearing experiments. Observed egg
size variations were explained by the water temperature
around spawning grounds established near the mouths of
inlet streams. Two typical streams with different incubation
temperatures showed similar maternal body sizes and
hatchling sizes, but eggs attached to the stream bed were
larger in the colder stream. An experiment that used eggs
from a single clutch showed that a smaller hatchling size
was obtained with a lower incubation temperature, indi-
cating that the effect of differences in egg size on hatchling
size can be canceled out by variations in incubation tem-
perature. In general, larvae that are less than a certain
threshold of effective body size are not expected to be
assured of early success among conspecifics competing for
foods. It is proposed that environments in which the
incubation temperature varies favor variability in egg size
to ensure that sufficient food is accessible to larvae.
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Introduction

Egg size is one of the most important life history traits,
reflecting maternal investment and affecting offspring fit-
ness (Roff 1992; Stearns 1992). Smith and Fretwell (1974)
demonstrated that the tradeoff between size and number of
offspring is optimized when offspring size maximizes
the female’s total fitness return. Their model predicts that
the optimum egg size within a population will vary if the
relationship between egg size and offspring survivorship
fluctuates with the local environment together with female
characters. Egg size variation has been the subject of
extensive research, much of which has focused on mech-
anisms that maintain variation within and between popu-
lations (Quinn et al. 1995). However, our understanding of
the specific adaptability of variable egg size is still rela-
tively poor, resulting in the need for empirical approaches
for each target species.

The Ayu, Plecoglossus altivelis, is a common freshwater
fish with an annual life history. The amphidromous and
landlocked (Lake Biwa system) forms of the species differ
in mean egg size (Azuma 1964; Iguchi and Yamaguchi
1994). Further, the egg size of the amphidromous form
varies latitudinally, as observed among the 13 populations
that cover its principal distribution area from 28 to 44°N
(Iguchi 1993). The observed geographic variation in egg
size can be plausibly explained by adaptation to different
climatic conditions by different local populations on the
basis of genetic divergence (Iguchi and Takeshima 2006).
In the case of the landlocked form, the egg size variation
occurs among spawning groups that comprise fish without
a distinct genetic structure (Iguchi et al. 2002). Despite the
fact that the spawning sites are located inside a narrow
range of latitudes within the Lake Biwa system, the land-
locked form of the fish show strong variability in egg size
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comparable to that seen for the amphidromous form (Igu-
chi and Kuwahara 1999). The adaptive significance of the
egg size variation in the landlocked form has not yet been
clarified.

Fish egg size is determined by the ability of females to
enhance offspring survivorship, by changing environments,
which affects early survivorship or interactions between the
female ability and changing environments (Sargent et al.
1987). A previous study detected a negative correlation
between stream length and mean egg size in the landlocked
form of Ayu; mature females that ascended shorter streams
appeared to lay larger eggs (Iguchi and Kuwahara 1999).
Because spawning grounds that are established in lower
courses close to the mouths of inlet streams give fish no
opportunity to survey the entire stream, stream length cannot
be responsible for determining egg size. Stream water tem-
perature is a function of the distance from the source (Kitano
et al. 1995). Since water temperature often affects early sur-
vivorship (Beacham and Murray 1990), changing water
temperature can be regarded as a candidate for an environ-
mental factor that explains the egg size variation in the land-
locked form. It has been hypothesized that the landlocked
form of Ayu lay larger eggs at lower water temperatures.

In general, larger hatchlings have advantages, such as
superior competitive ability (Chapman 1962), decreased
predator vulnerability (Folkvord and Hunter 1986), and
more effective feeding (Knutsen and Tilseth 1985). Early
survival after hatching should depend upon hatchling size
but not upon egg size if egg size does not translate linearly
into hatchling size (Coleman and Galvani 1998). The work
described in this study aimed to determine the adaptive
significance of egg size variation in the landlocked form.
Egg size and larval size were investigated in inlet streams
of the Lake Biwa system in relation to water temperature at
the spawning sites. Using clutches of rearing fish, the eggs
were incubated experimentally to check the hatchling sizes
at different water temperatures.

Materials and methods

Ten streams along the west coast of Lake Biwa (the Shi-
otsuoh, Ohura, Chinai, Ishida, Imazu, Ado, Kamo, Ukawa,
Hachiyado and Wani Rivers; Fig. 1) were selected to carry
out synchronized investigations of water temperature and
egg size on 20/21 September 1993/1994. The median
maximum and minimum water temperatures were deter-
mined by monitoring the temperatures over 24 h with a
maximum-minimum thermometer to estimate the incuba-
tion temperature around the spawning grounds. Pre-eyeing-
stage eggs attached to substrates at the spawning grounds
were collected by hand and fixed in 10% formalin for
subsequent measurement. The average diameter of 100
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Fig. 1 Map of the Lake Biwa system, showing the inlet streams
investigated

randomly chosen eggs was regarded as the egg size of the
spawning group.

The Ukawa and Ado Rivers (Fig. 1), which differ in
scale and therefore potential water temperatures at spawn-
ing sites, were selected for a comparison of maternal size,
egg size, and hatchling size of Ayu on 21 September 1993.
Diel changes in water temperature recorded by a maxi-
mum—minimum thermometer at that time ranged between
15.4 and 16.8°C and between 15.3 and 18.8°C around the
spawning grounds of the Ukawa and Ado Rivers, respec-
tively. Adult females ascending the streams to spawn were
collected using a cast net and immediately measured for
standard length to the nearest 0.1 cm. Pre-eyeing-stage eggs
attached to substrates at the spawning grounds were col-
lected by hand and fixed in 10% formalin for subsequent
measurement of diameter to the nearest 0.001 mm using a
profile projector. Newly hatched larvae drifting in the lower
course of the spawning site were collected using a drift net
and fixed in 10% formalin for subsequent measurement of
notochord length to the nearest 0.001 mm using a profile
projector. The average values obtained by measuring 100
adult standard lengths, 100 egg diameters, and 100 larval
notochord lengths (all chosen randomly) were regarded as
the estimates for maternal size, egg size, and hatchling size
for the spawning group, respectively.
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Six-month-old Ayu were collected from Lake Biwa in
May 1993. They were kept in outdoor ponds (I x 5 x
0.5 m) at the Ueda Station, National Research Institute of
Aquaculture, Nagano Prefecture, and fed assorted feed
until maturation in order to obtain fish for experimental
use. In late September, as the spawning season approached,
pebbles were placed near the upper end of each pond with a
100 cm/s current to induce ovulation at the simulated
spawning ground (Iguchi and Yamaguchi 1994). The mean
temperature of the rearing water measured at 1000 hours
changed monthly: 13.4, 17.8, 17.0, 18.0, 15.9, and 12.1°C
in May, June, July, August, September, and October,
respectively. On 26 October, three females that ovulated
concurrently with a sufficient number of good-quality eggs
were chosen for experiments investigating early develop-
ment. After measuring the average diameters (in pm) of
100 water-hardened eggs from each clutch, the clutches
were labeled A, B, and C, respectively. Eggs fertilized with
milt from live males were randomly divided into three
groups and incubated under a natural photoperiod in aer-
ated water at 14, 17, and 20°C from 26 October. Just-
hatched larvae were fixed in 10% formalin for subsequent
measurements. Fifty randomly chosen larvae had their
notochord lengths measured, and the average was taken to
represent the estimate of hatchling size for each incubation
category.

Results

Egg size variation was observed at the spawning grounds of
ten inlet streams along the west coast of Lake Biwa in dif-
ferent sampling years, ranging from 796.0 to 863.1 um in
1993 and from 805.6 to 854.6 pum in 1994 (Fig. 2; two-way
ANOVA, streams, Fg 950 = 88.852, P < 0.001; years,
Fi1980 = 6.041, P = 0.014). Water temperatures around
the spawning grounds were not constant but differed among
streams, ranging from 16.1 to 17.8°C in 1993 and from 18.0
t0 22.7°C in 1994. The data from 1993 were only suggestive
of a negative relationship between water temperature and
egg size, probably due to the small difference in water
temperature between the spawning grounds, whereas the
data from 1994 presented a significant relationship, with
comparatively large fluctuations in water temperature
(Fig. 3; 1993, r = —0.572, n = 10, P = 0.084; 1994, r =
—0.819, n = 10, P = 0.004). Egg size changed with the
variation in water temperature between years (ANCOVA,
water temperatures, F;; = 12.802, P = 0.002; years,
Fi17 = 11.310, P = 0.004).

In the Ukawa River, as well as in the Ado River, adult
females were the dwarf type of landlocked Ayu (so-called
“Koayu”; Azuma 1964). The body size of this dwarf type was
approximately uniform and showed no significant difference
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Fig. 2 Box plots of the sizes of eggs collected from spawning
grounds of ten inlet streams observed in 1993 and 1994. Boxes
encompass 50% of the data from the 25th to the 75th percentiles. The
horizontal line indicates the sample median; bars encompass 90% of
data from the 10th to 90th percentiles
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Fig. 3 Relationships between egg size and water temperature around
the spawning grounds, as observed in 1993 and 1994. Numbers next to
symbols indicate spawning streams: / Shiotsuoh River, 2 Ohura R.,
3 Chinai R., 4 Ishida R., 5 Imazu R., 6 Ado R., 7 Kamo R., 8 Ukawa
R., 9 Hachiyado R., /0 Wani R.

between the two streams (Fig. 4a; ttest, t = 0.721,df = 198,
P = 0.472). Females in the Ukawa River laid larger eggs on
the stream bed than those in the Ado River (Fig. 4b;
t = 18.575, df = 198, P < 0.001). In the same evening,
drifting larvae caught in both the Ukawa and Ado Rivers
hatched with similar body sizes (Fig. 4c; = —0.459,
df = 198, P = 0.646).

For all three clutches examined, it took 9, 13, and 20 days
for the larvae to hatch in water maintained at 14, 17, and
20°C, respectively. An interaction between clutch and
incubation temperature was detected (two-way ANOVA,
F4441 = 62.121, P < 0.001), whereas, in each clutch, lower
incubation temperature resulted in smaller hatchling size
(Fig. 5; ANOVA, clutch A, F, 147 = 90.966, P < 0.001;
clutch B, F2)]47 = 47108, P < 0001, clutch C, F2,|47 =
75.965, P < 0.001).
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Fig. 4 Comparisons of a the standard lengths of adult females, b the
diameters of eggs, and ¢ the notochord lengths of larvae collected
from the Ukawa and Ado Rivers. Bars and lines indicate means and
standard deviations, respectively

Discussion

Iguchi and Kuwahara (1999) demonstrated that the land-
locked form of Ayu in the Lake Biwa system lay larger
eggs in longer inlet streams even though the females that
ascend the streams to spawn never know the full length of
the stream. The present study confirmed a negative rela-
tionship between water temperature around the spawning
ground and the size of eggs attached to substrates. The
earlier prediction that stream scale (or distance from the
source) affects the water temperature around the spawning
grounds established near the stream mouth successfully
interprets the former observation as resulting from a rela-
tionship between water temperature and egg size. There-
fore, the opening hypothesis that the landlocked form lays
larger eggs at lower water temperatures is verified. How-
ever, we have no idea how and when females control their
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Fig. 5 Box plots of the notochord lengths of hatchlings incubated at
different experimental temperatures (14, 17, and 20°C) within
clutches A, B and C. Boxes encompass 50% of the data from the
25th to the 75th percentiles. The horizontal line indicates the sample
median, bars encompass 90% of data from the 10th to 90th
percentiles, and open circles indicate outliers. Bars with the same
letters are not different at P = 0.05 (according to Games—Howell
tests)

egg size. Further study is needed to clarify the mechanism
employed to produce landlocked Ayu eggs with a certain
volume. The trend for larger individuals to develop in low-
temperature environments holds almost universally in
animals, including invertebrates (Atkinson 1994), and has
been shown to be applicable to the eggs of the landlocked
form of Ayu. Intrapopulation egg size variation in Ayu is
explained by the body sizes of females that share a
spawning ground (Iguchi and Yamaguchi 1994). In the
present study, the influence of maternal size on egg size is
negligible because of the similarity in body size of females
belonging to the dwarf type, or “Koayu” (Azuma 1964).
Captive Ayu reared under common conditions preserve
differences in egg size between the amphidromous and
landlocked forms, which suggests the importance of a
genetic influence on egg size at the higher intraspecific
level (Iguchi and Yamaguchi 1994). If we consider only the
landlocked form that dwells in native habitats, however,
there must be another mechanism that determines egg size
because each spawning group lacks a distinct genetic
structure (Iguchi et al. 2002). This supported by the finding
that geographic distance (distance between the mouths of
inlet streams) inadequately explains differences in egg size
between spawning groups (Iguchi and Kuwahara 1999).
Ayu in the Lake Biwa system are only found in habitats
within a narrow range of latitudes, but environmental
conditions such as water temperature vary considerably
between the spawning grounds of different streams. Spe-
cies that disperse passively through water currents find it
difficult to predict the environmental conditions that their
offspring will encounter (Einum and Fleming 2002). Thus,
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in contrast to a genetic control of egg size, determining egg
size through individual plastic response might be a more
advantageous way to enhance offspring fitness in a changing
environment.

If all conditions are the same, egg size will be parallel to
hatchling size. The occurrence of dissimilar egg sizes and
similar hatchling sizes in the Ukawa and Ado Rivers
implies different environmental condition regimes during
the early development of Ayu. The larger eggs obtained in
the colder running water of the Ukawa River suggest a
process that restrains hatchling size at lower incubation
temperatures. The experiment that used eggs from a single
clutch of landlocked Ayu showed diminishing hatchling
size as the incubation temperature decreased, which
explains the mismatch in the link between egg size and
hatchling size observed simultaneously in the two streams.
Experimental use of amphidromous Ayu results in the
detection a tendency similar to that seen in the present
study for landlocked fish (Iguchi, unpublished data). In
addition, a trend for increasing egg size with decreasing
incubation temperature has been observed for discrete
oocyte batches from a particular individual Ayu, whether
amphidromous or landlocked (Iguchi and Yamaguchi
1994). Thus, it is likely that larger eggs are counterbal-
anced by a lower water temperature, so that larvae will not
hatch with larger body sizes but with ordinary body sizes.
In general, the evolution of egg size variation is driven by
selection favoring offspring with different performances in
different environments (Fox and Czesak 2000). In this
context, egg size selection in the landlocked form seems
rather distinctive, since the goal for eggs that experience
different environments is to produce offspring that are not
different but equivalent in performance.

Organisms living in a given environment should be
adaptive, allocating their available resources into eggs of
an optimum size (Smith and Fretwell 1974). It is notable
that the production of larger eggs leads to lower fecundity.
However, the advantage of a larger egg size for offspring
fitness is capable of compensating for this potential loss of
fecundity. In the landlocked form of Ayu, just-hatched
larvae start drifting downstream, which is followed by
mass recruitment into a common habitat that occurs across
Lake Biwa (Azuma 1970). Larvae of Ayu have to depend
upon zooplankton (Sakai 2011), while the planktonic foods
available for them are often limited by the size distribution
of zooplankton (Okamura 2008). Larvae with small body
sizes have insufficient swimming abilities (Tsukamoto
et al. 1975), and their small mouths make it difficult to take
in relatively large food items (Fukuhara and Fushimi
1986), both of which lead to inferior foraging efficiency
compared to that displayed by larger larvae. Poor growth
yields low fitness and thus weakly competitive larvae. An
effective body size that is not below the survival threshold
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is expected to assure early success amongst conspecifics
competing for foods. In conclusion, environments with
varying incubation temperatures may have caused the
landlocked form of Ayu to adaptively adjust its egg size to
ensure that sufficient food is accessible to larvae. For a
comprehensive understanding of its phenotypic plasticity, a
common garden experiment should be carried out to
indentify the role of genetic components in determining the
egg size of landlocked Ayu in Lake Biwa.
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