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Abstract

Eggs of Potamanthus formosus were kept at constant temperature (range 4.8-30°C)
in the laboratory. The percentage of eggs hatched was 34-53% over a mean tempera-
ture range of 15-30°C, peaking at ca. 20°C, but dropping abruptly below 15°C to almost
zero at ca. 13°C. The developmental time (Y) was inversely related to the water
temperature, and the relationship was well described by a hyperbolic equation. The
threshold temperature for egg development was calculated to be 10.5°C for 509 hatch
based on the relationship between the rate of development (1/Y) and temperature.
This suggests that the threshold temperature for egg development may differ from that
for egg hatching. The calculated values of the summation of effective degree-days
were 222.2 above 10.5°C for 509% hatch. Extrapolating the results to a natural stream,
eggs must be laid until late in September to hatch by the time water temperature
decreases to 15°C.  The above estimation suggests that eggs laid late in the emergence
period from June to October would not hatch before winter. These eggs may over-
winter and hatch in spring. This conjecture is supported by the fact that the number

of tiny nymphs evidently increased in April and May.
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1. Introduction

There are many mayfly species whose tiny
nymphs are found long after their emergence
period. This phenomenon has been attributed
by many authors to delayed hatching (e.g.
Macan, 1957; Hynes, 1970).  On the other hand,
Evruiorr and Humerscn (1980) believed instead
that the prolonged occurrence of tiny nymphs is
due to the very slow growth of some nymphs
after hatching, since experiments proved that
the eggs of many mayflies hatched within a
remarkably short period.. However, these
experiments also showed that the period
required for egg-hatching generally lengthened
at lower temperatures, although the eggs hat-
ched synchronously at a particular constant
temperature (Evviorr, 1972; FrieseN ef al., 1979;
Hoewmreesen, 1978, 1980a, 1980b; Humprscnr and
Erviorr, 1980; Newirl and MinsnaLt, 1978; Suter

and Bisnor, 1990). This suggests that in
autumn when the temperature gradually
decreases, minor differences in the start of egg
development may result in major discrepancies
in hatching time.

Wartanase (1988) reported that, on the basis
of seasonal change in nymphal size, Potamanth-
odes kamonis (Imanisun) (= Potamanthus for-
mosus Earon; synonymized by Ugino, 1969 and
combination revalidated by Bar and Mc
CarrerTy, 1991) had three cohorts a year which
emerged one after another from June to early
October, and that the tiny nymphs found in
winter and spring composed a cohort which
emerged intermediately. He suggested the
possibility that the eggs laid in the late emer-
gence period overwintered and hatched in
spring since the number of tiny nymphs evident-
ly increased in April and May in the size distri-
butions.
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In the present study, I examine the relation-
ship between water temperature and the hatch-
ing time of eggs, and discuss the possibility
mentioned above.

2. Materials and methods

The eggs were obtained from a population of
P. formosus in the upper reach of the Kohto
River, Kagawa Prefecture (34°10'N, 134°05'E).
This site is 140 km distant from Hatsukagawa
Creek where their life history was studied by
Waranase (1988).
temperature did not differ appreciably between

Annual regimes of water

both streams (see Fig. 3).

Winged adults of P. formosus were collected
with a light trap on 15 and 20 August 1990. All
adults collected were subimagos, and moulted
to imagos in the laboratory on the next day.
The eggs were fertilized artificially. An egg
mass extracted with forceps from a female
imago was divided into 3-5 batches, each of
which was put into a glass Petri dish with a
drop of a linger solution (NaCl 0.9%, KCl
0.029, CaCl, 0.02%, NaHCO; 0.002%). Then
the tip of the abdomen of the male imago was
crushed, and the sperm was transferred to and
mixed with the eggs in the dish with a prepara-
tion needle. After fertilization, the dish was
filled with dechlorinated water to a depth of 4-
5 mm. The eggs shortly became attached to
the bottom of the dishes which were then placed
under different experimental temperatures,
using a temperature gradient chamber (Type
TG-100-AD; Nippon Medical & Chemical
Instruments). The water was changed every
three days, and there was no forced aeration in

Table 1.
eggs hatched).
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the dishes.
randomly day and night over the whole experi-

The temperatures were measured

mental period. The photoperiod in the cham-
ber was 12L.-12D throughout the experiments
with artificial light. Four and seven replicates
at each experimental temperature were started
on 16 and 21 August, respectively, but the data
of both replicated series were combined
because no difference in hatching time was
detected between them.

When hatching commenced, the newly-hat-
ched larvae were removed and counted daily
On the 180th

day after fertilization, the experiments were

under a binocular microscope.

terminated, and the number of hatched and
unhatched eggs in each dish was counted with a
pen-type colony counter.

3. Results and discussion

Eggs hatched in all dishes at 19.5-30.0°C
experiments. But no eggs hatched in one dish
at 15.1°C, and in eight dishes at 13°C. Hatching
failed to occur in any dishes at temperatures
below 11°C (Table 1).

The mean percentage of eggs hatched was
the highest at 19.5°C, and slightly lower at
higher temperatures. It abruptly dropped at
temperatures below 15.1°C (Fig. 1).

Developmental time (the number of days
required for hatching) for 59, 50% and 95% of
the total number of hatched eggs of each dish
and the length of the hatching period (5-95% of
in Table 2.
Developmental time was inversely related to

eggs hatched) were shown

water temperature. The hatching period for

5-509% eggs was much shorter than that for

Incubation temperature, number of eggs per dish, and number of successful experiments (some

Temperature (°C)

mean 30.0 27.8 25.1 19.5 15.1 13.0 10.8 7.7 4.8
range 29.7-30.3 27.5-28.7 24.8-25.7 18.8-20.2 14.9-16.8 12.6 14.3 10.1 12.0 7.2 8.4 4.2 5.5
No. dishes 11 11 11 11 11 11 11 11 11
No. eggs/dish
mean 329 419 367 371 322 366 395 432 469
range 133-575 234-661 196-493 223-611 189-426 174 587 239 724 262-572 254-657
No. successful
experiments 1 11 11 11 10 3 0 0 0
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Fig. 1. Percentage of eggs hatched per dish at
each average temperature. Each value is
the mean with 95% confidence limits.
Curve was fitted visually.

50-959% eggs hatched. This means that the
majority of the eggs synchronously hatched at
the beginning of the hatching period. Most of
the eggs hatched within a week at temperatures
above 19.5°C, but the hatching period was
remarkably extended at 15.1°C.
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Fig. 2. Relationship between rate of development

for 5%, 509% and 95% of eggs hatched (1/
Ydays) and temperature (7°C) in the labo-
ratory. Values for 509% hatch only are
dotted.
Regression equation: 59 hatch, 1/Y =
4.6X10 *T —4.6X1072(r=0.993; P<0.01);
50 % hatch, 1/Y =45X1073T—4.7x10°2
(»=0.988; P<0.01); 95% hatch, 1/Y =
38XI07*T —4.2X107%(r=0.967; P<
0.01).

The relationship between the rate of develop-
ment (a reciprocal of the developmental time;
1/Y) and water temperature over the range of
13- 30°C was linear (Fig. 2). Threshold tem-
peratures for egg development (the tempera-
tures at which 1/Y was zero) were 10.1°C for

Table 2. Developmental time for 5%, 50% and 95% of eggs to hatch, and hatching period (5-95% of
eggs hatched), at different constant temperatures. Values are indicated by the mean +95%
confidence limits at 15.1°C-30°C and ranges at 13°C. Hatching period at 13.0°C is not shown
because only three experiments were successful and hatching rate in each experiment was very

low.
Mean temperature (°C) 30.0 25.1 19.5 15.1 13.0
Developmental time (days)
5% 11.1+0.2 12.5x0.4 14.9+0.2 21.8%0.8 46.1+ 2.4 87—167
50 % 11.7+0.6 12.7£0.4 15.6+0.6 23.1+£0.8 52.3+ 4.2 98—167
95 % 14.2+1.5 15.8+0.9 18.8+0.8 27.5+1.8 84.5+t20.1 137—179
Hatching period (days) 4.1+1.4 4.3+0.8 4.9%0.8 6.6+1.8 39.2+19.0
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5% hatch, 10.5°C for 509 hatch, and 11.0°C for
959% hatch. This suggests that the threshold
temperature for egg development may differ
from that for egg hatching since only a few eggs
hatched at 13.0°C (Fig. 1). The relationship
between the developmental time (Y) and water
temperature (7°) was given by the hyperbolic
equation:

Y=D/(T—1) (1)

where D is the total number of degree-days
required for hatching, and ¢ is the threshold
temperature for egg development
(AnprewarTHA and Birch, 1954). The mean
numbers of degree-days above the threshold
temperatures were calculated from equation
(1) and the regression equations in Figure 2 to
be 217.4 above 10.1°C, 222.2 above 10.5°C, and
263.2 above 11.0°C for 5%, 50% and 95% hatch,

WATANABE

respectively.

The data obtained by the constant-tempera-
ture experiments cannot be simply applied to
the egg development at fluctuating temperature
regimes in the field (AnprewarrTia and Bircw,
1954; Sweeney and Scunack, 1977). Humeescn
(1978) reported that the developmental time of
some heptageniid eggs in the fluctuating tem-
perature regime was shorter than under con-
stant temperature conditions. Swrrney (1978)
also mentioned that the rate of development of
mayfly eggs was correlated positively with in-
creased magnitude of the diel temperature
pulse. However, his interpretation of the
results seems to admit of argument. On the
other hand, Humrescu (1982) reported, contrary
to his preliminary experiment mentioned above,
that the effect of temperature on the rate of
change in hatching time and the rate of develop-
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Fig. 3. Seasonal change in water temperature at 15 : 00-15 : 30 in 1978 and 1979 in Hatsukagawa
Creek (solid circles). Regression line was fitted to temperature values from 29 Aug. to
13 Dec. in Hatsukagawa Creek. Horizontal solid line shows the temperature (15°C) below
which hatchability abruptly dropped in laboratory. Broken lines show threshold tempera-
tures for egg development for 509 and 95% hatch. See text for details. Open circles are
water temperature at 13:30-14:30 in 1983-1988 at upper reach of Kohto River where
adults were collected. Data were obtained from Annual Report of Water Quality publi-

shed by Kagawa Prefectural Government.
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ment of heptageniid eggs is similar for both
constant and fluctuating temperatures. In
addition, it has been reported that in some other
mayflies the rate of development obtained at
constant temperatures agrees well with that at
fluctuating temperatures in natural streams
(Evriorr, 1972, 1978; Humresci, 1980a; Humresch
and ELuiorr, 1980). Therefore, although the
effect of temperature fluctuation on the egg
development of mayflies is somewhat uncertain
at present, it is well worth estimating the hatch-
ing time of eggs in the field using the regression
equations calculated from the results at con-
stant temperatures.

Figure 3 shows the temperatures in Hatsu-
kagawa Creek at 15 : 00 to 15 : 30 of the days
when the larvae were sampled in 1978 and 1979
(WaranaBe, 1988). The temperature gradu-
ally decreased in autumn, and the relationship
between the temperature (Th) and the number
of days from 1 September (L) is described by
the following linear equation from 29 August to
13 December:

Aue. 24-25

25

May 25-26

WATER TEMPERATURE (°C)

Fes. 23-24

18 20 22 0 2 4 6 8 16 12
HOURS

14 16

Fig. 4. Daily change in water temperature on four
days in 1976 in Hatsukagawa Creek.
Broken lines are daily mean temperatures.
Good weather on 24-25 August and 23-24
February, cloudy on 25 26 May, rainy on
17 18 November.
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Th=242—0.16L (r=0.980, P<0.01) (2)

I'rom the equation, the water temperature de-
creased on 29 October to 15°C, below which
point the hatchability abruptly dropped (Table
1, Fig. 1). The effective summation of the
degree-days for egg hatching can be obtained
by the integration along the line of equation (2)
above the threshold temperature between the
dates of oviposition and hatching. As before,
the summations of the degree-days for hatching
were 222.2 above 10.5°C and 263.2 ahove 11.0°C
for 509 and 959% eggs, respectively. To
achieve the temperature summation and hatch
before 29 October, the eggs must be laid by 27
September for 509 hatch, and by 21 September
for 959§ hatch.

However, the number of days required for
hatching calculated above from the tempera-
ture summation at 15 : 00-15 : 30 may be under-
estimated. Daily change of water temperature
in Hatsukagawa Creek on four days in 1976 is
shown in Figure 4. The daily maximum tem-
perature was between 14 : 00 and 16 : 00 on all
days studied, and its deviation from the mean
temperature was over 1°C except on 17-18
November which were rainy days. Assuming
that the daily mean temperature is 1°C lower
than the values recorded at 15 : 00-15 : 30, the
mean temperature decreased to 15°C on 23
October by the calculation from equation (2)
with the intercept of 23.2 instead of 24.2. In
which case, the eggs need to be laid by 21
September and 15 September for 509 and 95%
eggs, respectively, to hatch before 23 October.

The emergence of P. formosus continued
until early October (Watanang, 1989). There-
fore, according to the above estimation, the
eggs oviposited in the late emergence period
cannot hatch within the year. These eggs
could overwinter, and hatch in spring when the
water temperature exceeds 15°C. This conjec-
ture is supported by the fact that the number of
tiny nymphs evidently increased in April and
May (Waranane, 1988).

On the other hand, even in winter when the
eggs cannot hatch according to the above esti-
mation, tiny nymphs were collected
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(WaranaBe, 1988). It would seem that the
growth of some nymphs which hatched in early
autumn was retarded due to the low tempera-
ture.
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