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SUMMARY

Large changes in genotypic frequencies have been observed over a 2-year
period in a population of Daphnia magna polymorphic for two alleles of malate
dehydrogenase. These changes were not the result of migration or random
drift. Genotypic differences in both parthogenetic and sexual egg production
were observed. There was a strong correlation between the parthogenetic
fecundities of the genotypes and their frequencies 1 month later. Sexual egg
production was enhanced among low fitness genotypes. These observations
strongly suggest that populations of Daphnia magna consist of a limited number
of ecologically differentiated clones.

1. INTRODUCTION

THE occurrence of genetic variation in primary fitness components has been
well established in laboratory experiments (Dobzhansky, Lewontin and
Pavlovsky, 1964; Sokal and Sonleitner, 1968). Studies on wild populations
have been much more restricted because determination of characters such

as fecundity or developmental rate ordinarily requires continuous monitoring
of individuals. However, in natural populations of the cladoceran crustacean,
Daphnia magna, differences in reproductive phenotype can be determined

visually.
D. magna reproduces both parthenogenetically and sexually. When food

is abundant, parthenogenetic eggs are released into the brood pouch after
each moult of adult life. Embryogenesis occurs in the pouch and from two
(at 200 C.) to ten (at 8° C.) days elapse before the young are released
(MacArthur and Baillie, 1929). The number of young in a brood can vary
from 1 to over 100 and is directly related to food availability. Indeed,
when food levels are low, females become non-reproductive (Slobodkin,
1954). Normally the parthenogenetic offspring are female, but male
progeny are produced if the adults are crowded. Sex determination is
apparently environmental (Hebert and Ward, 1972). Parthenogenetic eggs
which produce males are morphologically indistinguishable from female
eggs. The stimulus for sexual egg production has not been clearly defined,
although in the laboratory a rapid decline in food supply often leads to
sexual egg formation (Slobodkin, 1954). Only two sexual eggs are produced
at a time and they are easily distinguished from parthenogenetic eggs for
they are enveloped by several membranes. These eggs normally diapause
and in permanent habitats they often fail to hatch (Hebert, 1974). The
same female can produce all three sorts of eggs and no sequential rigor is
placed on this ability.
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Previous studies have shown that in permanent populations of D. magna

genotypic frequencies are subject to violent, selectively determined oscilla-
tions and that gametic phase imbalance between loci is frequent (Hebert,
1974). Coupled with evidence of genotypic differences in reproductive
characteristics (Hebert, Ward and Gibson, 1972), these observations suggest
that Daphnia populations consist of a limited number of highly structured,

ecologically differentiated genotypes.
The present study examines the relationship between ecological differ-

ences and changes of genotypic frequencies in a permanent population at
Harlton. This population was studied because sampling was easy due to
the small size of the pond and because the fauna was depauperate. Important
predators of Daphnia such as fish, newts, watermites and Chaoborus larvae
were absent. Other daphniids, with the rare exception of D. obtusa, were
also absent.

2. METHODS OF INVESTIGATION

Every 2 weeks, from May 1970 to June 1972, a sample of Daphnia was
collected in the central area of the Harlton pond. Individuals in the sample
were sorted into reproductive classes within an hour of collection and
analysed, using disc electrophoresis. Detailed methods, including a descrip-
tion of the malate dehydrogenase (MDH) variants mentioned in this paper,

TABLE 1

MDH genotypic frequencies

Date n MM MF FF
May 1970 188 030 047 023
June 381 018 046 036
July 310 009 043 048
August 460** 009 055 036
September 294** 005 069 026
October 368** 005 067 0•28
November 284** 004 071 025
December 287** 004 070 026

January 1971 306** 004 065 031
February 286** 003 072 025
March 288** 002 067 031
April 216** 001 070 029
May 297** 001 074 025
June 293** 002 070 028
Julyj 144** 001 078 021
August 230** 00l 068 031
September 272** 001 071 028
October 335** 001 054 045
November 240** 001 046 053
December 288** 001 044 055

January 1972 288** — 040 060
February 280* 001 036 063
Marcht 144* 036 064
April 288* — O35 065
May 291 — 020 080
June 288 — 013 087

f Frequencies based on single sample.
* P<0•0l. ** P<0001.
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have already been described (Hebert and Ward, 1972). The two samples
analysed each month have been combined to produce a single estimate for
each of the population parameters studied.

3. RESULTS

(i) MDHfrequencies

During the first 5 months of sampling the frequencies of all three MDH
genotypes changed markedly, but from October 1970 to September 1971
frequencies were comparatively stable. During the last 9 months of the
study, however, a large increase in the frequency of the FF genotype was

observed (Table I).
To rule out the possibility of spatial heterogeneity of genotypic frequencies,

additional samples were collected at opposite ends of the pond. On each
occasion genotypic frequencies were similar at all of the sites (table 2).

TABLE 2

Spatial sampling

Site 1 Site 2 Site 3
______________________ K

-\ 1 -' C

Date a MM MF FF n MM MF FF n MM MF FF
23.7.70 143 013 0•46 0•41 120 0•13 0•46 041 120 014 053 033
7.10.70 83 006 074 0•20 72 006 0•72 022 72 003 071 026

21.6.71 149 o•02 O•73 O•25 120 — 070 030 120 001 072 027
1.9.71 144 0•01 0•73 0•26 120 001 075 024 120 — 0•68 032

No direct estimates of population size were made, but it was evident
that the Harlton population usually numbered many thousands of individuals.
Subjective estimates indicated that population minima occurred during
February-March of 1971 and 1972 and during late July of 1971.

(ii) Reproductive status

The first samples indicated that growth of the Hariton population was
limited by a lack of food (table 3). Many of the females were without eggs
and reproductive females carried small parthenogenetic broods or sexual
eggs. From December 1970 until February 1971 almost all of the females
were non-reproductive. Females had released their young in November and
not produced new broods, perhaps because of a combination of low water
temperatures and a scarcity of food. Reproduction began anew during
February and broods remained large until the end of March, but by mid-
April they were much smaller and more of the females were without eggs.
A sexual period was initiated at the end of May and extended until July.
The almost total cessation of reproduction in early July suggested that the
population had depleted its food supply. This was confirmed by analysis
of lactate dehydrogenase phenotypes (Hebert, 1973) and indeed the popula-
tion collapsed during late July. The survivors of the population crash
produced large parthenogenetic broods during August and throughout the
autumn. The increase in frequency of non-reproductive females from
October until early December was apparently unrelated to food shortage
as broods remained large. The subsequent decline in the frequency of

33/3—X2
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non-reproductive females from late December until February 1972 was
accompanied by an increase in brood size. Most females continued to
carry large broods until mid-April, but in late April and May brood
size declined, and more non-reproductive females were present. By late
June most of the females were non-reproductive, but despite the evident
deterioration in conditions sexual females remained rare.

TABLE 3

Reproductive status of the Hariton population

Females with parthenogenetic eggs
Oegg , A Sexual

Date females 1-4 5-9 10-19 20-39 40-59 60-79 80-99 100-119 females Males

5.8.70 059 040 001 — — —
— — —
— — —
— —

014 —
—
— 0•10 +

28•1070 069 013 0l0 — o•08 +
12.11.70 047 003 0•18 0•06 — — — — — 026 +
23.11.70 044 001 0•26 008 — — — — — 021 +
9.12.70 080 001 0•04 — — — — — 0•l5 +

28.12.70 0•83 001 005 001 — — — — — 0l0 +
6.1.7 1 0•85 004 004 O04 — — — — — 0•03 —

27.1.71 085 002 0•05 007 0•Ol — — — — — —
5.2.71 066 O06 0.10 0l5 0•03 — — — — — —

19.2.71 054 0•14 007 0l9 0•06 — — — — — —
8.3.71 017 003 0•12 035 0.33 — — — — — —

31.3.71 003 007 0•07 023 0.37 0•19 004 — — — —
19.4.71 0•33 025 038 004 — — — — — — —
27.4.71 037 030 0•30 0•03 — — — — — — —
11.5.71 0l8 0•16 061 0•05 — — — — — — —
27.5.71 0l0 005 0•61 023 — — — — — O•Ol +
6.6.71 026 007 0•5l 001 — — — — — 015 +

21.6.71 040 020 0l9 — 021 +
6.7.71 0•95 003 — o•02 +
8.8.71 0•06 005 0.15 053 0•21 — — — — — —

16.8.71 007 0.01 001 018 0•56 0l6 001 — — — —
1.9.71 011 005 0•30 0•54 — — — — — — —

23.9.71 008 014 0•63 0•15 — — — — — — —
14.10.71 020 002 005 040 0•32 00l — — — — —
25.10.71 0•28 002 0.09 022 0•34 0•05 — — — — —
15.11.71 020 004 004 020 0•47 0•04 0.01 — — —
24.11.71 028 0.01 005 0•l7 044 0•04 00l — — — —

7.12.71 034 001 009 017 0.35 004 — — — — —
29.12.71 028 0.01 0•01 006 039 0l7 0•06 0•0l — 0.01 —

17.1.72 0•l2 001 0•01 0ll 045 0•24 004 0.01 — 0•01 —
28.1.72 0•08 002 0•0l 0.10 0•56 020 002 0•Ol — — —
14.2.72 006 002 0•02 0•09 0•58 022 00l — — — —
24.2.72 008 0•02 00l 0•l3 0•55 017 0•03 0.01 — — —
6.3.72 012 00l 00l 015 057 0l2 002 — — — —
8.4.72 001 — — 012 04l 022 019 004 0.01 — —

19.4.72 024 016 044 012 0.01 003 — — — — —
5.5.72 033 031 0.33 001 — — — — — 002 +

19.5.72 018 040 041 001 — — — — — — —
9.6.72 024 0•44 03l — 0•01 +

23.6.72 074 025 00l — — —
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(iii) Sexual reproduction

The genotypic frequencies of sexual and non-sexual females were deter-
mined during each of the periods of sexual reproduction (table 4). Sexual
females included all females whose carapace showed any trace of ephippial
modification. Non-sexual females included females with parthenogenetic
eggs as well as those without eggs.

TABLE 4

Genotpic frequencies during periods of sexual reproduction

Non-sexual females Sexual females Males

( -.'

Date n MM MF FF n MM MF FF n MM MF FF
20-5-70 70 0-33 0-46 0-21 72 0-24 0-52 0-24 — — — —

28.10.70}
388 0-05 0-67 0-28 42 0-19 0-67 0-14 — — — —

12.11.70 102 004 0-71 0-25 37 0-08 081 0-11 — — — —
23.11.70 113 0-03 0-67 0-30 30 — 0-73 0-27 — — —

9-12-70 121 0-04 075 0-21 22 0-09 0-59 0-32 — — — —
28.12.70 130 0-04 0-70 0-26 38 0-03 051 046 — — — —

6-1-71 140 003 0-59 0-38 48 0-04 0-42 0-54 — — — —
27.5.71 149 0-01 0-72 0-27 12 — — 1-00 48 002 0-52 0-46

9-671 122 002 0-76 0-22 58 — 0-16 084 48 0-02 0-56 0-42
21.6.71 123 0-02 0-79 0-19 50 — 0-46 0-54 46 0-77 0-23

6-7-71 142 0-01 0-77 0-22 36 — 0-94 0-06 48 — 0-85 015
29-12-71 142 — 0-44 0-56 35 — 0-85 0-15 — — —

17-1-72 132 — 0-42 0-58 26 0-81 0-19 — — —
5.5.72 144 0-01 0-23 076 24- 0-04 0-46 0-46 — — —
9-6-72 142 — 0-16 0-84 31 — 0-29 0-71 — — — —

Only one sample was analysed during the sexual period in early 1970
and no difference in genotypic frequencies between the sexual and non-
sexual females was detected (P>040). Large differences were observed,
however, during the spring of 1971. From the end of May until late June
the FF homozygotes were more abundant among sexual than non-sexual
females (P <0.001). This excess was less marked in the later samples, and
by early June the FF homozygotes were under-represented among sexual
females (P <0.05). The genotypic frequencies of the males showed a similar
trend. FF homozygotes were most abundant in the first sample and became
less frequent in the later samples. In May 1972 the MF heterozygotes
were significantly more frequent among the sexual females (P <0.05), but
in the June sample the excess of MF heterozygotes was not significant

(P>-0.l0).
Genotypic frequencies of sexual and non-sexual females were significantly

different during the fall and winter of 1970. From late September until
mid-November the FF genotype was less frequent among the sexual than
the non-sexual females (P<0-02), while the MM genotype was over-
represented among sexual females (P<001). In the later samples the
frequencies of the MM and MF genotypes decreased among sexual females
while the frequency of the FF genotype increased. During late December
and January the FF homozygote was more frequent (P <0.02) and the MF
heterozygote less frequent (P <0.05) among the sexual than the non-sexual
females. In 1971 sexual females were absent during the autumn and
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appeared only in the late December sample and in January 1972. The MF
heterozygotes were over-represented (P < 0.001) among the sexual females in
these samples.

(iv) Parthenogenetic reproduction

After August 1970 the genotype of each individual was related to the
number of eggs the individual had produced, by analysing females with
differing brood sizes separately. When fewer than 30 per cent of the females

were carrying parthenogenetic eggs (see table 3), a supplementary sample
of at least 48 reproductive females was analysed. The females in this
subsample were a random sample of the reproductive females present in
the population. Absolute fecundities of the genotypes were calculated by
dividing the total number of eggs carried by the individuals of one genotype
by the total number of individuals of that genotype present in the sample.
When a supplementary sample was analysed, the fecundity values were
restored to their proper magnitudes.

Large differences in absolute fecundity from one month to another
were obvious for all the genotypes (Table 5). Of more interest were the

TABLE 5

Genotpicfecundities

Absolute fecundities Relative fecundities*
F

Date MM MF FF MM MF FF

August 1970 149 204 110 089 l72 056
September 085 2l2 145 044 l56 071
October 084 1l3 ll7 074 099 106
November 147 282 268 053 F12 096
December — 032 022 — l72 074

January 1971 — 127 050 —- 207 039
February — 3.77 358 — 098 087
March — 2062 1835 — 113 090
April — 312 323 — l00 105
May — 638 627 — 103 098
June — 274 163 — 154 058
July — 006 0.10 — 059 168
August — 2566 2717 — 094 l06
September — 756 895 — 085 1l8
October l337 l770 — 076 l33
November — l552 1940 — 08l 126
December — 157l 2449 — 065 158

January 1972 — 2677 3224 — 083 120
February — 2521 2763 — 092 109
March — 22O6 2883 — 077 13O
April — 1449 l906 — 074 l35
May — 288 339 — 085 118
June — 220 185 — ll9 084

* Relative to the frequency weighted mean fecundity of the other two genotypes.

genotypic differences in fecundity observed on several occasions. These
differences were not consistent from one month to another. For example,
during August and September of 1970 the MF genotype had a higher
fecundity than the other genotypes, while in late 1971 and early 1972 the
FF genotype had the higher fecundity.
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Such fecundity differences could have derived from two sources. Females
of one genotype could have produced more eggs per reproductive female
or the proportion of females with eggs could have been higher for one geno-
type. This latter proportion has been termed the reproductive ratio.

In most instances the reproductive ratios of the genotypes were similar

(Table 6), but the MF genotype had a higher reproductive ratio (P <0.05)

TABLE 6

Reproductive ratios and mean brood sizes of MDH genotypes

Reproductive ratios Mean brood sizes S.E.
______________ II

-s -'

Date MM MF FF MM MF FF

August 1970 037 054 029 425±048 374±015 385±029
September 019 055 040 500±083 376±013 385±027
October 019 026 027 400±050 4'O4±0l7 392±022
November 018 037 032 600±301 781±0•26 8•13±0•42
December — 005 006 — 660±060 600± 140

January 1971 — 014 006 — 897±09l 857±193
February — 045 048 — 887±068 776±099
March — 090 091 — 2376±115 2005±115
April — 063 070 — 500±033 477±035
May — 086 090 — 739±019 700±030
June — 050 032 — 538±018 519±028
July — 0035 004 — 163±011 250±042
August — 092 094 — 2875± 133 2957± 182
September — 089 095 847±027 914±043
October — 076 077 — 1736±068 2288±086
November 076 075 — 2011 2&95± 119

December — 063 075 — 2479± 114 3303± l57

January 1972 — 090 085 — 2971± 117 3793± 131
February — 096 098 — 2984±111 3213±091
March — 092 086 — 2392±153 3353±l62
April — 088 086 — 1647±097 2210±l10
May — 064 075 — 431±032 454±013
June — 054 050 — 446±023 381±0l4

during August and September 1970 and during January and June 1971.
Significant differences in mean brood size were observed on eight occasions,

during March (P <0.05) and July (P <0.01) of 1971 and again almost
continuously from October 1971 until April 1972 (P <001 with the excep-
tion of February). On seven of these occasions it was the FF genotype
which had the larger brood size. The sustained difference in mean brood
size observed in late 1971 and early 1972 could have resulted either from
the FF homozygotes producing a few eggs more per individual than the
MF heterozygotes or from a more basic difference between the two geno-
types in the distribution of brood sizes. To investigate this, brood sizes
were arbitrarily divided into five classes and the frequency of a given egg
class among FF individuals was divided by its frequency among MF
individuals to give a simple index of the relative frequency of each egg
class among the two genotypes (Table 7). During August of 1971 the
proportions of the FF and MF females among each of the egg classes were
relatively similar, but in September there was a clear indication that a
higher proportion of FF than MF individuals were carrying broods of more
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than nine eggs. In the October and November samples the FF genotypes
became more frequent with increasing brood size, and during November
the FF genotype was more than 30 times as frequent among the 40-109
egg class as among the 1-9 class. In the following months a bi-modality
in egg distribution became apparent with the FF genotype being more
abundant than the MF genotype among individuals with both the largest
and smallest egg numbers.

(v) Difficulties in the interpretation offecundity dfferences

Parthenogenetic offspring were normally female, but during periods of
sexual reproduction some parthenogenetic eggs developed into males. At
such times the fecundity values may be poor estimates of the production
of female progeny, particularly if genotypic differences in male production
regularly occur as in the spring of 1971 (table 4).

TABLE 7

Ratio of FF to MF genotypes among five egg classes

Brood size

Date 1-9 10-19 20-29 30-39 40-109

August 1971 127 115 085 116 104
September 078 140 — — —
October 047 067 114 366 4•22
November 019 1.00 081 201 657
December 167 036 084 068 865

January 1972 070 033 070 1.10 195
February 250 111 051 107 214
March 135 065 085 164 172
April 112 052 096 182 148

Egg counts were an accurate assessment of fecundity only so long as
all eggs developed into young. In most samples egg mortality was negligible,
but during early 1971 parthenogenetic egg breakdown was observed. Often
entire broods of eggs deteriorated, but more frequently a few eggs developed
normally while the rest died. The extent of egg mortality was estimated
by comparing the number of living eggs with the total number of eggs
present. No mortality was noted in the January or early February samples,
but 83 per cent of the parthenogenetic eggs had deteriorated in the late
February sample, and 46 per cent of the eggs in the early March sample
were dead. As the Harlton population had been largely non-reproductive
during January 1971, it was apparently the broods which had been produced
in February which died. Egg mortality might have been the result of
insufficient embryonic food supplies. Developing embryos normally shed
the egg membrane early in development (Green, 1954), but during the
period of egg breakdown individuals were found within the membrane with
well-developed limbs and a single black eyespot.

Egg counts made during February and March of 1971 did not include
moribund eggs. Estimates of relative fecundities during this period should
be valid as genotypic differences in the susceptibility to egg mortality were
not observed.
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(vi) Correlation between fecundity and frequency

If the fecundity differences led to the changes in frequency, then two
relationships should be apparent upon comparing the fecundity and fre-
quency data for each genotype. Firstly, the frequency of a genotype should
change only if the genotypic fecundity differs from the weighted mean
fecundity of the other genotypes (table 5) and secondly, changes in geno-
typic frequencies should lag behind fecundity differences as the embryonic
Daphnia require from 2 to 5 weeks to reach maturity. The co-ordinate plot
of fecundity and frequency values for the FF genotype reveal the frequent
occurrence of such associations (fig. 1). The low fecundity of FF genotype
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FIG. 1.—Fecundity and frequency of the MDH-FF genotype.

during August 1970 was followed by a decline in the frequency of the geno-

type during September. From February until May 1971 FF fecundity
remained close to 100 and genotypic frequencies remained stable during
this period and throughout June. The high fecundity of the FF genotype
from October 1971 until May 1972 was accompanied by a rise in the
frequency of the genotype which extended until June. The generality of
these relationships was confirmed by the highly significant correlation
r = 06l, P<001) between loge fecundity in month x and loge of the

change in genotypic frequency one month later, Freq(x+1) A similarcor-

relation was observed for the MF genotype (r = 0.55, P<o.o1). The same
relationship appeared to exist for the MM genotype as the fecundity of
the genotype was well below l00 from August until December of 1970, a
period when the genotype decreased in frequency.
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4. Dxscussio

The large changes of genotypic frequencies which occurred in the
Hariton population were almost certainly not the result of random drift,
for frequencies were relatively stable during the conspicuous minima in
population size, while major changes in frequency occurred when population
density was high. Genotypic differences in both parthenogenetic and sexual

egg production were observed in many samples. As reproductive phenotype
is affected by age (Green, 1954), differing genotypic age structures could
have been the cause of these differences. The period of high FF fecundity
during late 1971 and early 1972 followed a population collapse which could
have caused a sampling error in genotypic age structures. It is more
difficult, however, to apply such an explanation to the recurrent reproductive

advantages enjoyed by the MF genotype. Moreover, sexual egg production
appeared on several occasions to be related to genotypic fitness. In the
autumn of 1970, when it underwent a considerable reduction in frequency,
the MM genotype was over-represented among sexual females. Similarly,
duriig late 1971 and early 1972 the MF genotype was over-represented
among sexual females at the same time as it was decreasing in frequency.
These observations suggested that the reproductive differences resulted
from physiological differences between genotypes rather than differing
genotypic age structures. In populations such as Dap/inia which are
repeatedly faced with large changes in food abundance, MacArthur and
Wilson (1967) have argued that natural selection will favour the develop-
ment of r and K selected genotypes. In the present study the MF genotype
showed possible evidence of K selection for it produced more progeny than
the other genotypes when food was scarce. In contrast, the FF genotype
appeared to produce more progeny when food was abundant, possible
evidence of r selection.

The differences in genotypic fecundities were strongly correlated with
the changes in genotypic frequencies. It is important to recognise that
the observed correlation underestimates the actual association between the
two values. Complete correlation would exist only if the absolute change
in genotypic frequency was determined by the magnitude of the measured
fecundity differential. In fact, however, change in genotypic frequencies
will be determined by the proportion of newly recruited adults present, as
well as by the divergence in genotypic frequencies between the newly
recruited and old members of the adult population. Any factor which
alters the turnover rate of the adult population will alter the effect of a
given fecundity differential on genotypic frequencies. High absolute
reproductive rates and high temperatures ensure that new recruits will
greatly outnumber the older members of the population. Conversely,
decreases in temperature increase adult lifespan while slowing the matura-
tion of immatures (MacArthur and Baillie, 1929) and as a result act to
reduce the turnover rate of the adult population. Such an effect can be
seen clearly in the present results. During late 1971 and early 1972 the
FF genotype maintained a relatively stable fecundity advantage, yet
increase in FF frequency was minimal during the winter months. Observa-
tions such as this indicate that genotypic differences in parthenogenetic egg

production were of paramount importance in determining the changes in
genotypic frequencies observed at Hariton. These observations further
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suggest that genotypic differences in fitness components such as develop-
mental rate were unimportant. Such a result accords with Lewontin's
(1965) theoretical conclusion that variation in egg production is likely to
represent the major source of variation in Tm.

The evidence of ecological differences between genotypes accords with
a growing body of data which suggest that populations of cyclical par-
thenogens ordinarily consist of an array of ecologically differentiated geno-
types. King (1972) has, for example, shown rm differences between
apparently conspecific clones of the rotifer Euchianis dilatata, while Fraser
(1972) observed similar differences between biotypes of the pea aphid,
AcyTthosiphon pisum. Sophisticated analysis of population growth in such
organisms clearly requires consideration of genetic variation. Conversely,
of course, detailed investigation of the selective basis of changes in genotypic
frequencies must be related to ecological parameters. Extended study of
natural populations coupled with an experimental analysis of clone charac-
teristics in controlled environments should determine if the large changes
in genotypic frequencies characteristic of permanent populations of Daphnia
magna are triggered by environmental changes or by the synthesis of novel,

adaptively superior clones.
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