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                               Abstract

   In outdoor experimental ponds, where overwintering individuals of zooplanl<ton

had been controlled with an insecticide, the follewing events were observed during

winter and the following spring : (1) Dophnia survived through the winter as free-living

individuals ; (2) Dophnia ceased egg production in mid-winter, but restarted it in late

winter or early spring;(3) the spring peal< of the DaPhnia population established by

overwintering free-living individuals appeared nearly a month earlier than that by

individuals hatched from resting eggs. Although resting eggs are often thought to play

an important role in establishing spring populations of Dophf2ia, the experimental

results suggest that overwintering free-living individuals can also contribute to it. The

significance of the overwintering stages in Dmphnia population dynamics is discussed.

                           1 ffntrod"ction

   Cladocerans usually reproduce asexually, but perform sexual reproduction and

produce resting eggs when exposed to unfavorable conditions. The cladoceran

populations thus survive harsh environments as resting eggs. When the unfavorable

conditions have gone, new populations of free-Iiving individuals are established from

the individuals that hatch from the resting eggs. Thus, resting eggs play an important

role in cladoceran population dynamics and studies have been reported on the factors

controlling the production and hatching of these eggsim8}.

   The cladocerall Dmphnia is one of the most important components of Iake

ecosystems, because it often forms a high biomass and is an effective grazer on

phytoplankton (a major primary producer in the ecosystems) and a favorable food item

of various invertebrate and vertebrate predators"}. The population dynamics of

Dmphnia in lakes during the growing season have therefore been studied well, although

thOse of the cold season much less so. Laboratory studies have been used to assess the

factors inducing sexual reproduction and hatching of the resting eggs.
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   Sexual reproduction (production of males and resting eggs) is induced by Iowered

temperature, a short daylength, food shortage, and crowding2,4,5,7). Some of these

factors are those observed in fall, suggesting that the cladocerans perform sexual

reproduction in that season.

   On the other hand, resting eggs in laboratory studies are activated by treatment

with increased photoperiod and increased temperature'-3'6'B>. These factors appear in

spring, suggesting that breaking of the diapause occurs at that time.

   It is therefore widely considered that Dmphnia populations survive the winter as

resting eggs, and that new populations of free-living individuals are established by the

individuals that hatch from resting eggs in springiO}. Dmphnia populations often

decrease markedly in the fall and become nearly extinct in winter, but show a great

recovery in springii-i3).

    However, free-living DaPhnia individuals have often been observed to overwinter

although the population density during winter was the lowest of the yeari`Li6>. This

shows that lal<e conditions in winter do not always interfere with the survival of free

-living individuals. If the free-living DaPhnia overwinter, it seems likely that they can

contribute to the spring population.

    The question thus arises as to which form contributes more to the establishment

of the spring populations, the resting eggs or the overwintering free-living individuals ?

    During a study on the effects of an insecticide on winter plankton communities in

outdoor experimental ponds'7), I obtained interesting results relevaRt to this question.

The purpose of the present paper is to report these results and to discuss the

significance of the two forms of Dmphnia for the development of spring populations.

                        2 ExperimentalDesign

    Outdoor experimental ponds of two types were used for the two experiments :

large (4.lx 5.lm horizontally, l.5m deep) and small (1.5x 2m horizontally, O.7m deep).

Two large ponds were used in the first experiment, and six small ponds in the second

experiment. They were lined with polyethylene film to avoid any influence from

previous experiments. In order to establish plankton communities, bottom mud was

taken from Takahamairi Bay of the eutrophic Lal<e Kasumigaura (Japan : 36024'N,

140024'E). These sediments contained resting stages of phytoplankton and zooplankton.

An 80-kg quantity was placed in each of the large ponds or 5kg in each of the small

ponds: Ground water was then poured to a depth of 1.3m for the large ponds (27.2m3

of water/pond) or O.5m for the small ponds (1.5m3 of water/pond) and the experiment

was started.

    The first experiment was initiated on 18 October 1985 (day 1) and terminated on

28 April 1986 (day 192). One of the two large ponds (Pond A) received no treatment and

served as a control. Another pond (Pond B) was treated with the iRsecticide carbaryl
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at a target concentration of lmg 1-i on 18 November 1985 (day 31 after the start of the

experiment). Carbaryl is easily decomposed in water at higher temperatures. 90% of

the chemical applied to the same experimental ponds was dissipated within 1.18 day at

200C, but the rate of dissipation declined with decreasing water temperaturei8). In this

experiment, the chemical was applied to Pond B when the water temperature was as

low as 10"C and therefore the dissipation rate of the chemical would have been lower.

However, the chemical disappeared in the pond water within a month, which was

confirmed by a laboratory bioassay using the cladoceran Moina micrura.

   The second experiment was carried out with six small ponds (Ponds 1, 2, 3, 4, 5,

6) from 29 September 1987 to 30 May 1988 (day 244). Pond 1 was kept as a control

receiving no treatment. Pond 2 was treated with carbaryl at 1 mg l-i (high dose) on 19

October 1987 (day 20 after the start of the experiment). Pond 3 received the high dose

of carbaryl on 18 January 1988 (day 111). Pond 4 was treated twice (19 October and 18

January) with the high dose of carbaryl. In these two ponds (Ponds 3 and 4), the pond

water was replaced with ground water on 7 March 1988, because the bioassay with

Dmphnia ambigua showed that the residuai carbaryl retained its toxicity to kill

Dmphnia until 4 March l988. The toxicity disappeared after this treatment. The

remaining two ponds (Ponds 5 and 6) received carbaryl at 0.5mg 1rmi (low dose) on 19

October 1987 and 18 January 1988.

    Water temperature, pH, dissolved oxygen concentration, chlorophyll a

concentrations ware analyzed routine}y and changes in zooplankton abundance and

community structure were monitored one to three times a week. Detailed information

on the methods employed has been given in Hanazato and Yasunoi7).

           3 Population Dynamics of Dmphnia in the Pomds

First experiment

    Water temperature was 150C at the start of the experiment and decreased steadily

to 40C in mid-December (Fig. 1). Subsequently, the temperature stayed at 40C until late

February, and then rose gradually with time. During the mid-winter period (January

-February), the pond was often covered with thin ice, but only from midnight to early

MOrlllllg.

    Chlorophyll a concentration showed a large and sharp peak on day IO, but

remained at around 5"g 1-i subsequently (Fig. 1). The concentration in Pond B showed

a similar change to that in Pond A, but it built up a small peak after the chemical

application.

    D. ambigua dominated the zooplankton community in Pond A (Fig. 2). The

population reached a peak of 68 individuals 1-i in late November and then maintained

a density of 20-50 individuals 1-i until late January, when there was a decrease in the



34 Takayuki HANAZATO

   20

    15

Ae i,
    5

     o

:

:

:

:

:

:

:

W.T.

AWl
imbal

en
,gi}･

60

40

20

o
Agv ft

:

.

:
.

;

:
.

:

:
,

:

:
t

A1 sA
s
-b la- tsi m- pt

Chl. a

pm- in da -e
P'" h- e. pt pt. -m-" s

o 50 1OO 150 200

         ewonfovrsffrrwrmbr
               a985 1986
                            TIME (DAYS)

   Fig. 1 : Changes in water temperature (W.T. ; DC) and chlorophyll a concentration (ltg 1-i)

in Pond A (solid line) and in Pond B (broken line) in the first experiment. Vertical dotted line

indicates the treatment day (day 31).
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   Fig. 2 : Changes in density of Dmphnia ambigzca in Ponds A and B in the first experiment.

Vertical bars show 95% CI. The total number of eggs per liter of Dmphnia in Pond A is shown

by shaded areas. Vertical dotted line in Pond B shows the treatment day.
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population. Eggs were produced intensively before the time of the maximum density.

Subsequently, the egg production was greatly reduced, but did not cease. Reproduction

did, however, finally stop in late January. Although no eggs were produced until early

March, free-living individuals never disappeared during the winter, though the density

was < 3 individuals 1-'. Egg production began in early March and this was followed by
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an increased population density of free-living individuals.

   In the treated Pond B, all the individuals were eliminated from the water by

application of the chemical, and recovery was not observed until mid-April (Fig. 2).

Subsequently, a large population developed in late April presumably from the

individuals which had hatched from resting eggs.

Second experiment

   Water temperature and chlorophyll a concentration in the ponds changed similarly

to the ponds of the first experiment (Fig. 3).

   Dmphnia gtzleata as well as D. ambigzta appeared in the ponds in this experiment.

D. gtzlaade invadecl Lake Kasumigaura and dominated the zooplanl<ton community for

the first time in the fall of 1986i9) and probably laid resting eggs on sediment, which

explains why this species appeared in the second experiment but not the first

experlment.

   In the control Pond l, D. ambigua appeared in October, but was replaced by D.

galeata (Fig. 4). This replacement might have been a result of competition between the

two species. Probably because larger cladocerans tend to be superior in competition

than smaller onesZO±2'), the larger D. gtzleain should be a superior competitor to the

smaller D. ambigzaa. D galeala, which produced eggs in the fall, stopped egg production
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   Fig. 3: Changes in water temperature (W,T,;"C) in Pond 1 and daily maximum and

minimum chlorophyll a concentration (ptg 1-') among all the ponds in the second experiment.

Water temperature was measured at the sampling time until day 151. Thereafter diurnal

changes in water temperature were monitored at one-hour intervals. Daily maximum and

minimum temperatures are shown.
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   Fig. 4 : Changes in density of Dmphnia galeald (solid line) and Dmphnia ambigzaa (broken

line) in Ponds 1, 2, 3, 4, 5 and6 in the second experiment. In Ponds 1and 2, the total nu'mbers

of eggs per liter of all Dmphnia species combined are shown by shaded areas, Solid arrows and

shaded arrows indicate the treatment days with lmg 1-i carbaryl and O,5mg l-i carbaryl,

respectively. Open arrows show the day when the pond water was replaced with ground

water.

in late DeceMber. However, D. grzleala individuals survived the winter at a constant

density of 5-20 individuals 1-i. Egg production commenced in late February, this being

followed by. an increased population density, with a peak of 200 individuals 1-' in early

April.

    In Pond 2, where carbaryl was applied in October, the chemical killed all the
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Dmphnia individuals (Fig. 4). However, D. ambigua reappeared in November and

overwintered at densities of <20 individuals 1-i. These finally led to a peak in early

April. Egg production stopped in late December, but restarted iR late February. Thus,

the population dynamics of D. ambzigua in this pond was quite similar to those of D.

galeain in Pond 1. D. a7nbigua was, however, finally replaced by D. grzleata, which

appeared in late April and had a marked peak in mid-May. The spring D. galeala

population must therefore have been established from resting eggs.

   In the other ponds, where the chemical was appiied at either a low or a high dose

in January, no Dmphnia was found during the winter (Fig. 4). Its reappearance of

Dmphnia was observed in Ponds 3 and 5 in April or May and large populations occurred

in May. The spring populations must therefore have been established from resting

eggs.

                            4 Discussion

   In the present experiments, the following events were clearly observed (Fig. 5). (1)

Dmphnia survived through the winter as free-living individuals. (2) Dmphnia ceased egg

production in mid-winter, but restarted it in late winter or early spring. (3) The spring

peak established by overwintering free-Iiving individuals appeared nearly a month

earlier than that by individuals which had hatched from resting eggs.
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    Because DaPhnia populations did not perform reproduction in mid-winter, the

overwintered free-living individuals must have been born in late fall or early winter.

Low temperatures reduce the growth rate and prolong the life span of Dmphnia.

Yamada et al.22} have investigated the life span of D. Pulex cultured in the laboratory

at temperatures ranging from 10DC to 250C. The maximum life span increased with

decreasing temperature from 35 days at 250C to 182 days at 100C. The life span must

therefore be much longer at even lower temperatures such as 40C. This indicates that

.[inPhnia can overwinter as free-living individuals without reproduction.

    In the present experiments, both D. galeain and D. ambigua stopped egg production

in late December-January, when water temperature was at its lowest (40C). It may

therefore be assumed that the low temperature of 4 caused Dmphnia to stop

reproduction. Egg production began again in late February, when the water

temperature started to increase from its lowest value, suggesting that the increase in

temperature may have been the stimulus which led to egg production being restarted.

However, evidence to support these assumptions will require further experiments.

    The time of occurrence of the spring Dmphnia population differed between the

populations established from overwintering free-living individuals and from resting

eggs : the former was a month earlier than the latter. This may be due partly to the

difference in time required by the two overwintering life stages to re}ease offspring3).

The overwintering free-living individuals (adult females), which have not been

reproducing, start to develop the spring population by producing eggs, while in the case

for resting eggs, the development of the spring population should be initiated by

hatching of the resting eggs. For the free-living individuals, the time required to

release the first offspriRg after the start of reproduction is nearly the same as the

development time for eggs. On the other hand, the time is equal to the age at flrst

parturition (maturation time+egg development time) for the individuals originating

from resting eggs. Hanazato and Yasuno23} determined egg development time (ED) and

age at first parturition (AFP) of D. Iongispina cultured at different temperatures. At

10"C, for example, ED was 8.5 days and AFP was 48 days. Thus, the difference between

the two parameters is 39.5 days. This difference is l5.3 days at 120C (ED==6.7d, AFP=:

22d) and 9.7 days at 150C (ED:=4.3d, FP=14d). Thus, it decreases with increasing

temPerature. In both the first and second experiments, egg production by the

overwintering free-living individuals was initiated in February at 9 and 6eC,

respectively. Assuming that the egg production by free-living individuals and hatching

of the resting eggs occurs at the same time, that the temperature is constant at 6-90C,

and that ED and AFP of D. gzzleain and D. ambigua are the same as those of D

longisPina, the difference between ED and AFP should be longer than 39.5 days (the

difference at 10"C obtained in the laboratory experiment for D. Iongistpina). This may

explain inuch of the time difference (nearly a month) between when the spring
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populations were established from overwintering free-living individuals and when

established from resting eggs. Unfortunately there are no data on the time when the

resting eggs hatched in the experimental ponds. It is known that a conibination of

temperature and light conditions is required to activate resting eggsi'6'8), but that there

are inter and intraspecies differences in the response of resting eggs to these

conditions6'2`). It is highly desirab}e to obtain for many lakes the time when resting eggs

start to hatch, as well as the time when overwintering free-living individuals start egg

production.

   0verwintering free-living individuals established the spring peal< earlier than did

the individuals from resting eggs. The former individuals may confer a great

advantage to the Dmphnia population over other zooplankton species, because the early

established population can obtain food resources earlier than other species. Small

cladocerans and rotifers were abundant in spring in the present experimental ponds

where carbaryl had eliminated overwintering Dophnia, while they scarcely appeared in

spring in the untreated control ponds where Dmphnia overwintered and established the

early spring populationi7). Thus, the presence or absence of overwintering free-living

individuals of Dmphnia affects the spring zooplankton community. Furthermore, it may

control the time of occurrence of spring clear-water phase in lakes, which is a

phenomenon induced by large spring populations of Dmphnia grazing heavily on

phytoplanktoniO,2sb26).

    It is thus important to understand the population dynamics of Dmphnia in winter.

    If Dmphnia cease egg production in winter in many lakes as seen in the present

experimentai ponds, the free-living individuals born in late fall or early winter must

survive during winter to maintain the overwintering population. In the present

experiment, the period when Dmphnia did not have eggs was about two months, which

may be short enough for individuals to survive at 4eC. However, this experiment was

performed in Tsukuba, Japan (36e03'N, 140008'E), where the winter is not so severe.

Dmphnia inhabits lakes at higher latitudes and higher altitudes as well, where

environments are colder and the winter is much longer than in the present

experimental ponds. It is questionable whether IinPhnia individuals can survive the

Ionger winter. This should be tested.

    Another significant factor controlling the survival of overwintering free-living

Dmphnia may be predation. The predation pressure on DaPhnia populations is high in

summer because the rate of predation by vertebrates and invertebrates depends on

temperature, higher rates occurring at higher temperatures. However, it seems lil<ely

that the predation pressure is also high in winter, because the feeding activity of

predators and population growth rate of Dmphnia are both low due to the low

temperature. If the bePhnia population, which has a low growth rate, cannot

compensate for the population ioss due to predation, predation then becomes an
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important factor causing a high mortality of the Dmphnia population. The impact of

predation on winter Dmphnia populations therefore requires analysis. Predator-prey

relationships in zooplankton communities under different temperatures (from winter

temperatures to summer temperatures) have scarcely been studied27).

    It is considered that resting eggs contribute to the establishment of spring

population if no free-living individuals are obtained by normal sampling in lakes in

winter. However, it is very difficult to show that there are no overwintering free-living

individuals, because it is still possible that they are distributed in winter in regions such

as the lake bottom and among vegetation where zooplankton are not sampled by the

usual sampling procedure. The present experiment suggests that the overwintering

free-Iiving individuals can contribute significantly to the establishment of a spring

population, even though the overwintering population density is low. The winter

distribution of Dmphnia in lakes should therefore be analyzed to evaluate the

significance of overwintering free-living Dmphnia.

    I have emphasized the significance of overwintering free-living individuals of

Dmphnia for the spring populations.･However, this does not rule out the importance of

resting eggs for the Dmphnia populations. Resting eggs have a diverse genetic

composition because they are produced sexually, and they contribute to the

maintenance of a high genetic diversity in the population. The replacement of the

Dmphnia population originating from overwintering free-Iiving individuals by that

originating from 'resting'eggs should often occur in lakes where environmental changes

are pronounced.
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