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Cyclical parthenogenesis is a mode of 
reproduction largely restricted to para- 
sitic trematodes of the order Digenea, ro- 
tifers, cladocerans, aphids, gall wasps 
(Cynipidae), and some gall midges (Cec- 
idomyiidae). In these organisms, unisex- 
ual propagation via eggs is periodically 
interrupted by a bisexual phase. In most 
cases parthenogenesis is not truly cyclical 
in that the length of the unisexual phase 
is a function of environmental circum- 
stances and not of an inherent predeter- 
mined program. Nonetheless, such or- 
ganisms should be considered distinct 
from facultative parthenogens. The cy- 
togenetic events promoting unisexual and 
bisexual propagation in cyclical parthen- 
ogens are fundamentally different; males 
are parthenogenetically produced prior 
to the bisexual phase, and the mode of 
reproduction is not simply a function of 
the availability of males. 

Much has been made of the evolution- 
ary value of heterogonic life cycles (White, 
1973; Williams, 1975; Maynard Smith, 
1978). By altering unisexual and bisexual 
modes of reproduction individuals are 
thought to combine the short-term ad- 
vantage of a rapid replication of their ge- 
nome with the long-term advantage of 
recombination. Theoretically, partheno- 
genesis should allow rapid and efficient 
selection for highly fit linkage groups, and 
a periodic phase ofrecombination should 
facilitate the creation of coadapted gene 
complexes. This does not mean that pop- 
ulations of cyclical parthenogens will 
rapidly approach genetic homogeneity. 
Both segregation of heterotic linkage 
groups and shifting selection pressures in 
temporally and spatially variable envi- 
ronments will result in the maintenance 

of genetic variability, as will the periodic 
release of hidden genetic variance that 
must accumulate in a clonal population 
subject to mutation and selection (Lynch 
and Gabriel, 1983). Nonetheless, the 
above arguments imply that the cycli- 
cally parthenogenetic mode of reproduc- 
tion should provide an exceptionally ef- 
fective mechanism for coping with 
environmental uncertainty. 

Why then is cyclical parthenogenesis 
so rare? White's (1 973) suggestion that 
the evolution of a reliable mechanism to 
support two radically different reproduc- 
tive modes would require a cytogenetic 
tour-de-force certainly warrants consid- 
eration, particularly when one considers 
how common obligate parthenogenesis is 
relative to the cyclical mode. However, 
before resorting to an explanation based 
on cytological limitations, it is worth 
considering whether the supposed eco- 
logical and genetic advantages of cyclical 
parthenogenesis are indeed fulfilled in 
natural populations. 

Ecological genetic analyses of cyclical 
parthenogens are rare. Although valuable 
genetic observations have been obtained 
with rotifers (King, 1977, 1980), aphids 
(Wool et al., 1978; Suomalainen et al., 
1980; Tomiuk and Wohrmann, 1980) and 
cladocerans (Hebert, 1978, 1980; Young, 
1979a, 1979b), for the most part these 
studies are limited in the amount of eco- 
logical information that they convey and/ 
or are short-term in duration. Validation 
of the assumptions in my second para- 
graph must involve long-term investi- 
gations of the genetic dynamics of pop- 
ulations and their association with the 
selective process. Here I report on the 
first five years of a continuous genetic 
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analysis of a population of the cyclically 
parthenogenetic cladoceran, Daphnia 
pulex. 

Background 

Both electrophoretic and biometric 
surveys have revealed that at least three 
reproductively isolated groups of clones 
morphologically referable to Daphnia 
pulex (in the broad sense, Dodson, 198 1) 
coexist in Busey Pond, Illinois (Lynch, 
1983). The pond is an ephemeral, wood- 
land oxbow that has been permanently 
separated from its parent stream for more 
than 50 years. Of the three clonal groups, 
one (Group A) is entirely composed of 
obligate parthenogens almost all ofwhich 
are identical at the electrophoretic level. 
Groups B and C are comprised of legit- 
imate cyclical parthenogens, the former 
being much rarer than the latter. (A fourth 
and exceedingly rare group, D, previ- 
ously reported in Lynch [1983], is now 
believed to be an exceptionally large 
Cerzodaphnia species that was acciden- 
tally loaded onto our gels.) In all cases, 
parthenogenesis is functionally equiva- 
lent to apomixis; i.e., there is no evidence 
of recombination. In the first three years 
of this study, 1978-1980, a consistent 
succession of clonal groups was observed 
in this pond, Group A individuals dom- 
inating the population in the spring and 
Group C going to near fixation in the 
summer (Lynch, 1983). This sequence of 
events was altered in 198 1 and 1982 when 
Group C consistently comprised more 
than 90°/o of the Daphnza population. The 
analyses in this paper are applied solely 
to this clonal group. 

Several electrophoretic criteria are used 
to routinely distinguish Group C indi-
viduals from the remaining clonal groups 
in this pond (Lynch, 1983). For example, 
obligately parthenogenetic Group A is 
fixed homozygous for the M allele at the 
Alk-2 locus and fixed heterozygous FM 
at the Got locus, while Group C is fixed 
for the Fand M alleles at these same two 
loci. The clonal groups also differ with 
respect to body size and reproductive 

characteristics and the timing of resting 
egg formation (Lynch, 1983). Moreover, 
of the three clonal groups in Busey Pond, 
only Group C lacks the ability to make 
a rapid transition to a synthetic labora- 
tory medium (Lynch, pers. observ.). 
Based on both female and male mor-
phology, Group C individuals consis- 
tently meet the narrow criteria for Daph- 
nia pulex suggested by HrbaEek (1 959) 
and Brandlova et al. (1 972). 

At 1-3 week intervals, up to 300 ran- 
dom individuals from this population 
have been assayed at multiple structural 
gene loci by horizontal starch gel electro- 
phoresis. In addition, partial life table 
analyses have been frequently deter-
mined for clones randomly sampled from 
the pond in order to identify potential 
selective differences between electropho- 
retic phenotypes. Since the details of the 
methods have been previously described 
(Lynch, 1983), I will proceed directly to 
the results. 

Population Structure and Dynamics 
The Group C population is oscillatory 

in nature with the only common trend 
between years being a tendency towards 
reduced numbers in June and/or July (Fig. 
I). Part of this irregularity results from 
the unpredictability of the timing of 
drying of the pond, but seasonal changes 
in food availability and the density oftwo 
important predators (Ambystoma and 
Chaoborus) are important as well (Lynch, 
unpubl.). The population is always dom- 
inated by juvenile and parthenogeneti- 
cally reproducing females. Males are rar- 
er but are present on most dates, their 
highest densities tending to coincide with 
periods of high total population size. 
Ephippial (sexual) females are generally 
very rare, even compared to males, and 
also tend to be concentrated during pe- 
riods of high total population size. There 
appears, however, to be no set period of 
sexual reproduction in this population, 
and it seems likely that at least a small 
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FIG.1. Seasonal variation in the densities of parthenogenetic, male and ephippial Group C Daphnia 
pulex from Busey Pond. Stippled areas denote periods when the pond was dry. 

amount of mating may occur during most 
periods. 

Genetic Structure 
Of the five structural gene loci that are 

routinely analyzed in the Busey Pond 
population (Pgm, Pgi, Alk-2, Got, and 
Pept-2), only Pgm and Pept-2 (not sur- 
veyed until 1980) are polymorphic in 
Group C. Although both polymorphisms 
have been maintained throughout this 
study (Fig. 2, Table l), significant tem- 
poral changes in both allele and genotype 
frequencies have occurred. A compari- 
son of pooled samples from the first and 
second halves of each year by the G-test 
(Sokal and Rohlf, 198 1) reveals signifi- 
cant within-year changes in genotype fre- 
quencies in five of eight cases, and com- 
pletely pooled yearly samples differ 
significantly from each other in 10 of 13 
cases (Table 1). Compared to the changes 

within a growing season, the differences 
between the end of one year and the first 
half of the next tend to be less significant 
or even contrary to the within-year trends. 
The picture one gets at the Pgm locus is 
that of a loose ratchet -the F allele con- 
sistently advancing each year during the 
wet season, but then sliding back slightly 
at the onset of the next year. The situa- 
tion is more complex at the Pept-2 locus; 
the Sallele dramatically increased within 
1980, but declined in 198 1 and 1982. 

A statistical comparison of genotype 
frequencies of individual dates with 
Hardy-Weinberg expectations was fre-
quently thwarted by a combination of 
small sample size and extreme gene fre- 
quencies resulting in expected frequen- 
cies of the rare homozygote < 5 .  How-
ever, of the 23 G-tests that could be 
performed on the Pgm locus, 10 revealed 
significant deviations from Hardy-Wein- 
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TABLEI .  Pgm and Pe11f-2genotype and gene frequencies for pooled data from first (E) and second (L) 
halves of the cumulative time that Da~~hrziawere present in the pond and for the entirety of each year 
( T ) .  SE is the standard error of allele frequency. (pq/2 .2)'. G (distributed approximately as x'. Sokal and 
Rohlf. 198 1) is presented for tests of the homogeneity of E and L samples within years. of L with the E 
sample in the following year. and of T samples between years. * and ** denote differences significant at 
the .05 and . O 1  levels. 

G 
Genotype frequency Allele frequency 

L vs. E, 
.Af.M A F F  .If I; SE ,Y E vs. L next yr. Between yrs. 

berg frequencies, all due to heterozygote the negative values were significant and 
deficiency (Table 2). The positive values only four were more than a standard error 
for F,,- (Wright, 1965) on 35 of 44 dates from zero. 
(Table 2) indicate that heterozygotes were Assortative mating hardly seems re- 
generally deficient at this locus. sponsible for the slight heterozygote de- 

Few G-tests could be performed on the ficiencies at these loci considering the fre- 
Pept-2 locus because of the extreme rar- quent between-year increases in 
ity of the S allele. No significant differ- heterozygosity observed in this study 
ences from Hardy-Weinberg expecta- (Table 1). A more likely explanation is 
tions were detected, but there is some that a Wahlund effect is involved-sev- 
hint of a heterozygote deficiency at this era1 bouts of mating within a year (Fig. 
locus as well. While only 11 of the 27 I),  but at slightly different gene frequen- 
F-statistics for Pept-2 were positive, one cies (Fig. 2). followed by the simulta- 
ofthem was significant, and six were more neous hatching of most ephippia at the 
than a standard error from zero: none of onset of the next season would generate 



TABLE2. composite genotypes Ibr Group C parthenogenctie fcrnales. I'c,pt-2 was not assayed in 1978 and 1979. (;-tests Frequencies Ihr P~yrn/li~,~,t-2 
for agreerncnt with Hardy-Welnberg expectations at single loci werc crnployed only when expected frecluencies for each of the genotypes 25 ;  * and ** 
denote difcrences significant at the .05 and .O1 levels. E;, = I - (obs. hets./exp. hets.) i 2 SE is also given Ibr thc individual loci, thc standard error 
being estimated following Rasmussen (1964). In A (as defined in the text) and its associated (; statistic are givcn as measures of interlocus association. 
Genotypes grouped under "others" were not used in the statistical analyses. Underlined dates represent the last samplcs included in thc pooled E samples 
(Table I) for their respcctive years. 

Pjimll'epr-2 Rcnotypc frcqucnc~cs-parthenogenct~c - .- ~ 

females 
f'firn ~'['pr-r 

t F /  t F /  F t /  t .M/ F.MI FM/ M M I  M M /  MMI 
M M  M S  S.5' .MM M S  S S  M M  M S  S.5' Othcr N (; F,, ( r  r,, In 4 (; 
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FIG.2. Genotypic frequencies at  the Pgm and 
Pept-2 loci for Group C parthenogenetic females 
(plotted only for dates on which N 10). Pept-2 
was not assayed in 1978 and 1979. 

an excess of homozygotes. Any hatching 
of ephippia that had been deposited for 
more than one year would have a similar 
effect. 

The different temporal dynamics of 
these two polymorphic loci provides 
some indication that they are not mu-
tually constrained by linkage. However, 
formal estimates of linkage disequilibri- 
um based on zygote frequencies require 
that mating is random and genotypes at 

both loci are in Hardy-Weinberg equilib- 
rium (Hill, 1974; Hedrick et al., 1978), 
assumptions that appear to be violated 
in this population. It is only possible to 
measure the association between izeno- 
types at different loci. Such assocLtion 
between two loci will arise in the absence 
ofgametic phase disequilibrium and con- 
tinuously develop over the growing sea- 
son of a clonal population when selection 
acts consistently on the different com-
posite genotypes (Annest and Temple- 
ton, 1978). Because of the rarity of sev- 
eral of the nine PgmlPept-2 genotypes in 
Table 2. I chose an index of association 
similar to that introduced by Young 
(1979a) which only depends on the fre- 
quencies of the four most common ge- 
notypes, 

The expected value of In A is 0when the 
zygotic classes at the two loci are ran- 
domly associated, and the significance of 
any deviation from 0 can be determined 
by a G-test of independence (Sokal and 
Rohlf, 1981). For the Busey Group C 
population there was no consistent tem- 
poral pattern for In A, the sign frequently 
changing from date to date, but on two 
occasions in 198 1 it was significantly dif- 
ferent from zero, both times in a differ- 
ent direction (Table 2). Thus, although it 
appears unlikely that any single Pgm/ 
Pept-2 composite genotype is continu- 
ously favored in this population, differ- 
ential expansion of composite genotypes 
may occur. 

Based on these two polymorphic loci, 
it is clear that at least nine distinct ge- 
notypes of Group C Daphnia coexist in 
Busey Pond. However, this estimate is 
hardly indicative of the amount of ge- 
netic diversity that resides in this popu- 
lation. On October 6, 1981 along with 
the routine electrophoretic survey of this 
population, leucine aminopeptidase was 
assayed. Two loci were scorable, one of 
which (Lap-2) was polymorphic for two 
alleles. Not only were the Lap-2 genotype 



3. 
(;-tests were used to comparc male (66) and cphippial femalc (cPP) gcnotype distributions and to comparc each of these groups with the parthcnogenctic 
femalc (pPP) distributions in Tablc 2 only on dates when observed and expected frequencies of two or  more cornpositc gcnotypcs werc 2 5 ;  * and ** 
denote significance at  the .05 and .0 I levels. 

TABLE Frequcncies for I '~rn/Pq1l-2cornpositc genotypes for Group C malcs and ephippial females. PCP/-2was not a n a l y ~ c d  in 1978, nor were malcs. 

t'yiw/Prapl-2 gcnotypc frcqucnc~cs-scxual lndlvlduals 
c;, d c 

FL/ F W / FM/ FM/ MM/ M MM/ 

MM MS SS MM MS SS MM MS SS Othcr N ePP vs. 66 PPP 


1978 27 J L  PP 3 9 16 2 8 -

21 A l l  PP 12 36 48 -

1980 12 J N  66 2 3 10 15 - 2 
25 JN 66 2 3 3 4 12 3 I 2 8 - 5 

9 J L  PP 2 14 3 2 28 8 3 60 3 . 6 1 3 , 2  ,987, 3 2 
66 I 11 3 2 8 3 2 30 3.086, 2 0 

1981 1 4 A P  66 13 13 -
V)

+I 
28 AI' PP 18 4 2 24 - - 7 

$6 2 I 24 8 1 3 6 10.772**, 2 s 
12 MY 66 2 1 9 4 20 14 1 5 1 2.693, 3 2
27 MY ?a 6 8 5 I 20 1.585, 2 .028. 2 

$6 5 18 l l  2 3 6 4.695. 3 E 
8 J N  66 I 17 I I 20 - 2 

23 J N  PP 2 5 I 4 4 16 - -

66 1 4 4 18 6 3 3 3.531, 2 P 
6 J L  PP 5 1 9 1 9 6 3 1 - 3.364, 3 2 


66 2 5 7 2 16 -


21 J L  PP 6 1 6 3 16 - - 2 

$6 I 4 2 7 4 18 -


6 OC PP 5 2 13 4 13 2 3 9 1.313, 2 12.062**, 3 
66 2 2 14 2 15 2 3 7 2.067, 2 

1982 1 7 M Y  PP I 13 3 1 12 7 37 .908. 2 
12 J L  PP 6 9 6 16 2 39 - 1.1 18, 3 

66 3 3 13 19 -

2 A U  $6 I 5 19 2 5 6.257*, 2 
23 A U  PP 3 2 4 9 - -

66 2 4 4 10 -
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frequencies consistent with Hardy-Wein- 
berg expectations (G = 2.8 15, d.f: = 1 ,  
NS), but the genotypes were approxi-
mately independent of those at the Pgm 
(G = 2.47 1 ,  d . j  = 2,  NS) and Pept-2 
(G = 1.604, d . j  = 2, NS) loci. A more 
thorough isozyme survey of 3 1 Group C 
clones collected during 198 1 yielded one 
additional monomorphic locus (Pept- I )  
and seven more polymorphic loci: Alk-
I ,  Cat, and Sdh-two alleles each, Est, 
Mdh, and Me-three alleles each, and 
Aldox- four alleles. Each of the 3 1 clones 
was electrophoretically unique. 

There is little doubt that this popula- 
tion contains at least a few thousand 
clones at any one time. The minimum 
number of hatching Group C ephippial 
eggs can be estimated from spring pop- 
ulation densities (Fig. 1 ;  multipled by the 
pond's surface area) recorded before any 
progeny could have been released by the 
first parthenogenetic generation. Since 
each Group C resting egg is a product of 
recombination, each hatching egg rep- 
resents a distinct genetic entity. In 1979, 
1980 and 198 1 ,  at least 70,000, 7,000 
and 235,000 clones attempted to colo- 
nize the pond. Depending on how many 
ephippia hatch during other seasons, these 
numbers may be gross underestimates. 

Since copulations are rarely observed 
in natural cladoceran populations, it is 
necessary to rely on inference to define 
the mating system in these animals. The 
general rarity of sexual individuals and 
consequent small electrophoretic sample 
sizes for them in this population further 
hinder such an analysis. However, dis- 
tributions of sexual individuals were dif- 
ferent from those of parthenogenetic fe- 
males on at least three occasions (Table 
3),  in each case because the MM/MM 
genotype was in excess in the sexual 
forms. The total G value (Sokal and 
Rohlf, 198 1 )  over all sexual vs. parthe- 
nogenetic comparisons (G, = 5 1.568, 
d.f: = 32, P < .05) further indicates that 
some clones disproportionately contrib- 
ute to resting egg production. Neverthe- 
less, among the individuals equipped for 
mating at any one point in time, it is 

likely that mating will be random. The 
rarity of ephippial females relative to 
males in this population (Fig. I ) ,  the an- 
ticipated low encounter rates between the 
sexes (Gerritsen, 1980), the elevated 
mortality rate of highly visible ephippial 
females in the presence of visually-ori- 
enting predators such as Ambystoma 
(Mellors, 1975),and the absolute neces- 
sity of producing resting eggs in a tem- 
porary pond hardly seem conducive to 
the evolution of a selective breeding sys- 
tem. In no case were significant differ- 
ences in the composite genotype distri- 
butions of males and ephippial females 
detectable (Table 3). 

Fitness Characters of Genotypes 
A series of life table determinations 

made on random collections of clones 
drawn from the pond permits a compar- 
ison of fitness attributes of the electro- 
phoretic genotypes. On five occasions 
throughout the spring and summer of 
198 1 .  100-200 clones were initiated from 
gravid females; depending on the relative 
abundance of the C clones during a par- 
ticular experiment, sample sizes for the 
individual composite genotypes ranged 
between 0 and 40. Isolated progeny of 
these females were monitored daily for 
growth and reproduction until the release 
of their second clutch. All individuals 
were raised in the laboratory under pond 
temperature and light conditions with 
fresh pond water being substituted every 
other day. The Pgm/Pept-2 composite 
genotypes of clones were determined by 
electrophoresing sibs or offspring. After 
employing Levene's test to insure ho- 
mogeneity of variances and applying a 
square root transformation to normalize 
clutch size measures, three-way ANO- 
VAs with experiment, Pgm and Pept-2 
genotypes as factors were performed on 
individual body size and reproductive 
characters. 

The results summarized in Tables 4 
and 5 are in accord with an hypothesis 
of approximate neutrality at the Pgm and 
Pept-2 loci. In no case were there signif- 
icant phenotypic differences between Pgm 



4. 
datcs Ihr expcrimcnts: I - I April, 2-8 May. 3-31 May. 4-21 June, and 5-23 July. B,,,, B,,, = mean offspring size Ihr the first and sccond clutch 
(mm).  U, = sire at maturity (mm),  k = age at  first reproduction (days), and dc,\/Ci = square root transformations o f t h c  s i ~ c s  of thc first and second 
clutches. 

TAI~LE Mean phcnotypic values and their standard errors for fitness attributes of Group C' composite gcnotypcs during fivc periods in 198 1. Starting 

Mcan phenotypic value and SE 

rralt Exp. A' W / M M  FF/MS FFIS.r FM/MM FMIMS FMISS MMIMM MMIMS MMISS  

U,,, 1 92 .6l l (.013) .575 (.005) .596 (.012) .602 (.007) .640 .600 (.005) .6 17 (.003) 
2 36 .600 .592 (.021) .660 .600 (.020) .591 (.009) .58 1 (.016) 
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TABLE5 .  Three-way ANOVAs ( w ~ t h  unequal sample size) for the data in Table 4. 


Bo, 

Source d f  SS F P d f  

Model 
Exp 
Pgl?l 

Pepr-2 

Exp x Pgrpi 

Exp x Pepr-2 

Pgr?l x Pept-2 


Error 
Total 

or Pept-2 genotypes, nor were there any 
significant experiment x genotype or  
Pgm x Pept-2 interactions. If there are 
important epistatic interactions between 
these loci, they are completely obviated 
at the population level. Only experiment 
date accounted for significant variation 
in the body size and reproductive traits 
analyzed. Given the consistently low F 
values for all terms involving genotypes 
and the use of 300-400 clones in all of 
the analyses, it seems likely that any gen- 
eral fitness differences between the Pgml 
Pept-2 genotypes must be exceedingly 
small and discernible only with the use 
of many more clones than I employed. 

Two sets of circumstances could be re- 
sponsible for the maintenance of the high 
level of electrophoretic diversity in this 
population. Most clones in the pond 
might have equivalent fitnesses regard- 
less of their PgmlPept-2 composite ge- 
notypes, or real differences might exist 
between clones independent of their Pgml 
Pept-2 genotypes. To resolve this issue, 
the life history features for multiple off- 
spring of several of the Group C clones 
were evaluated in three of the above ex- 
periments. In all three cases, all offspring 
were born on the same day and subjected 
to identical food, temperature and light 
conditions. The mean phenotypic values 
and standard deviations for the individ- 
ual clones are summarized in Table 6. 

Application of a two-level nested AN- 
OVA to these data reveals several sig- 
nificant differences between clones nest- 

Boz B, 

SS F P d /  SS F P 

ed within genotypes in individual 
experiments (Table 7). Although these 
analyses also suggest the existence of phe- 
notypic differences between composite 
genotypes, contrary to the data just pre- 
sented (Table 5), such differences may 
very well be a consequence of the low 
number of clones (1 -3) representing each 
genotype. Both types of results are con- 
sistent with the hypothesis that, although 
many differences in fitness parameters 
exist between clones, at the population 
level selective differences at the one and 
two locus levels are obscured by their 
random association with genes encoding 
for life history features. 

The Potential Signijicance of Random 
Genetic Drlft 

In the absence of very strong evidence 
for selection on the Pgm and Pept-2 loci, 
it is essential to consider the possibility 
that genetic drift might be responsible for 
the long-term changes in gene frequency. 
The standard diffusion approximation, 

can be used to estimate the probability 
of a given change in gene frequency in 
the absence of selection, mutation and 
migration (Nei, 1975). In this case N,, 
the variance effective number, refers to 
the effective number of clones partici- 
pating in ephippial production in a given 
year, not to the actual population size, 
and t is the duration in years. 
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TABLE5. Extended 

TABLE 6. Mean phenotypic values and standard deviations for multiple offspring taken from second 
clutches of individual Group C clones. Clone number is simply an index of the stem mother isolated in 
a particular experiment. Characters and experimental starting dates are given in the legend of Table 4. 

Bo, Bo? B, k \!C \zc 
Exp. Clone # Genotype P SD 2 SD P SD i SD 2 SD 1 SD N 

1 102 FF/,Cf,Cf .58 .02 .58 .01 1.58 .13 26.7 11.0 1.47 .50 1.15 1.00 3 
75 ,Cf.ZII.W.W .59 .02 .64 .02 1.54 .07 18.4 2.1 1.37 .41 2.09 .22 6 

100 .W.ZfI.W.W .59 .03 .58 .06 1.54 .05 22.1 1.1 2.05 .33 1.51 .81 7 
101 .W.Zf/,Cf,Cf .63 .02 - - 1.59 .06 24.2 1.5 1.57 .18 - - 5 
85 .M.Ml.tfS .61 .04 .64 .02 1.56 .06 20.7 2.1 1.65 .39 2.12 .13 8 

118 .Zf.Wi.ZfS .65 .01 .63 .03 1.58 .09 23.0 3.6 1.68 .47 - - 5 
4 115 FFi,Cf,Cf .59 .02 .57 .05 1.54 .03 8.0 .0 1.81 .13 .74 .73 8 

125 FFISS .59 .02 .58 .O1 1.49 .04 10.1 .6 1.85 .21 2.42 .12 9 
123 F.Zfl.W.Zf .58 .02 .61 .02 1.55 .10 10.8 1.5 2.01 .52 2.28 .61 4 
124 F.Zfl.ZI.W .58 .03 .55 .03 1.48 .03 9.0 .0 1.90 .19 1.53 .77 8 
126 F.Zf/.Z/I,M .59 .05 .55 .04 1.51 .05 8.7 .8 1.69 .22 1.30 .82 10 

19 F.ZII.ZIS .58 .O1 .57 .02 1.44 .03 7.1 . 3  1.81 .29 1.85 .14 11 
121 ,C-I.Wi.Zf.lf .55 .03 .56 .O1 1.54 .10 9.2 1.7 1.85 .50 1.52 .95 9 
122 .W.W/.Z.I,M .60 .04 .59 .03 1.44 .06 10.0 1.3 1.38 .32 1.83 .27 10 
120 f f i . f S  .57 .03 .58 .O1 1.46 .08 9.2 1.0 1.62 .24 1.47 1.18 6 

5 45 F,C-II'.WS .63 .01 .65 .02 1.61 .04 7.0 .0 2.06 .45 2.99 .27 5 
48 F,C-I!,CfS .48 .03 .60 .02 1.57 .09 8.0 1.2 2.39 .58 3.34 .28 5 
59 .ZI.Zfl.W.Zf .58 .02 .61 .03 1.53 .07 7.4 .6 2.57 .52 2.79 .08 5 
30 .M.ZIi.ZIS .63 .O1 .64 .01 1.70 .05 7.8 .5 2.78 .24 2.66 .63 5 
73 . . . f S  .64 .02 .67 .02 1.71 .09 7.3 .5 2.47 .21 2.57 .61 7 
20 .Zf.tf/SS .60 .O1 .62 .O1 1.55 .05 6.0 .0 2.06 .12 3.04 .16 4 

If drift is to account for the annual the frequency of the Pept-2-S allele in 
changes in gene frequency of the mag- 1980, 1981, and 1982, N,, 5 579 and 52 
nitude observed, the effective number of are required for the probability of drift 
clones must be very low. Taking .17 + 2 alone causing changes of the magnitude 
SE = .19 and .34 - 2 SE = .32 to be observed between 1980 and 198 1 and be- 
conservative limits to the change in fre- tween 198 1 and 1982 to exceed 5%. 
quency of the Pgm-F allele from 1978 to Are such effective clone numbers com- 
1982 (Table I), then there is less than a patible with what we know about the 
5% chance that drift alone could account structure of this population? The appro- 
for such a change if N, 2 69; at N, = 120 priate formula for the variance effective 
and 197, the probabilities become .0 1 and number of a diploid monoecious popu- 
.OO 1. Similarly, taking conservative es- lation (as a population of cyclically par- 
timates of .14, .16, and .09 to represent thenogenetic clones can be considered to 
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TABLE7. Nested ANOVAs (with unequal sample size) for the data in Table 6. 

t x p  1 E x p  4 Exp 5 

'rraat Source d,f SS F f' df. SS F P d /  SS F P 

B,, Genotype 2 .0059 4.05 ,033 5 ,0040 1.14 .348 3 ,0113 6.01 ,002 
Clone within 

genotype 3 .0059 2.69 .074 4 .0062 2.22 ,076 2 ,0088 7.04 ,003 
Error 20 ,0146 64 .0444 31 .0194 

B,, Genotype 2 ,0058 2.47 . I  18 5 ,0046 1.15 ,344 3 ,0080 5.09 .006 
Clone within 

genotype 3 ,0091 2.60 ,090 4 .0133 4.20 ,005 2 .0067 6.47 ,005 
Error 15 ,0176 54 ,0429 30 ,0156 

B, Genotype 2 ,0034 .34 ,718 5 .0767 4.30 ,001 3 ,1109 5.24 .005 
Clone within 

genotype 3 .0130 .85 ,480 4 .0770 5.39 .001 2 ,0091 .64 .533 
Error 29 ,1485 74 ,2642 31 .2185 

k Genotype 2 110.303 2.69 .086 5 58.499 11.72 -;.001 3 2.765 1.1 1 ,359 
Clone within 

genotype 3 90.443 1.47 ,245 4 17.867 4.48 .003 2 2.804 1.69 ,201 
Error 27 554.224 73 72.862 31 25.675 

\ 'C, Genotype 2 ,097 .30 ,744 5 ,755 1.17 .332 3 ,723 1.34 ,278 
Clone w ~ t h i n  

genotype 3 ,925 1.90 ,151 4 1.898 3.68 ,009 2 ,252 .70 ,502 
Error 29 4.699 72 9.291 31 5.553

\:cGenotype 2 1.842 2.41 .I  12 5 10.950 4.81 ,001 3 2.858 6.81 ,001 
Clone within 

genotype 3 1.577 1.38 ,275 4 3.062 1.68 ,164 2 ,444 1.59 .221 
Error 23 8.774 73 33.228 30 4.195 

be) has been derived by Kimura and Crow 
(1 963): 

2A',,
ly,, = 

1 - o l +  (1 + a)v,,&. (1) 

In this case, q,= the total number of 
resting eggs surviving to hatch in the fol- 
lowing year, l? = the mean number of vi- 
able resting eggs per parent clone through 
both male and female function = 2A',,lA', 
where JV',is the number of parent clones, 
1% = the variance in progeny number, 
and ol is a measure of the breeding pop- 
ulation's deviation from Hardy-Wein- 
berg proportions (here ol = 1 - (HIH,,) -
.8). In a variable environment the actual 
variance effective number is approxi- 
mated by the harmonic mean of the year- 
ly ly<,and is much closer to that in years 
of low than of high A',. If mating is ap- 
proximately random in this population, 
then 15 1. g, N, - N,, and there is very 
little chance that drift could be influenc- 
ing the gene frequencies since the mini- 
mum estimate of N,, is 7.000. 

Suppose: however, that my assump- 
tions about random mating are in error. 
A simple but extreme way to modify 
equation (1) to account for nonrandom 
mating is to assume that, because of mate 
discrimination, ephippial mortality, etc., 
only a subset of the clones in the popu- 
lation produces viable resting eggs and 
that the members ofthis subset have equal 
reproductive success. Under these con- 
ditions, the variance in progeny produc- 
tion becomes 

where JVc,'is the number of clones pro- 
ducing resting eggs. We can now deter- 
mine the types of population structure 
that would be required to give a variance 
effective number in the range that could 
cause enough drift to account for the gene 
frequency changes observed in this study. 
Substituting (2) in (I), the variance effec- 
tive number of clones becomes 
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and it becomes clear that the Group C 
population structure would have to be 
rather different from what I have as-
sumed for drift to take on significance. 
For instance, at the minimum progeny 
level observed in this study (A', = 7,000) 
and with a very conservative estimate for 
the number of adult clones, A', = 1,000, 
N ,  = 139 when only 100 clones partici- 
pate in breeding. Not until A ,  = 50 does 
N, = 66. Thus, with the possible excep- 
tion of the Pept-2 locus between 1980 
and 198 1,  it appears unlikely that ran- 
dom drift is responsible for the observed 
year-to-year changes in gene frequencies. 

The Intensity of  Selection 
Having eliminated random drift as a 

major short-term evolutionary force op- 
erating on the Pgm and Pept-2 loci, we 
can now proceed to examine the mode 
in which selection might be operating on 
this population. A measure of relative 
fitness can be determined by taking the 
ratio of genotype frequency in the second 
to the first half of a year. However, even 
with the large sample sizes in Table 1, 
the confidence limits for the resultant fit- 
ness estimates are quite large (Table 8) 
rendering it difficult to make any precise 
statements about selection. 

At the Pgm locus the confidence limits 
are narrowest for the MM genotype, and 
it appears that there may have been a 
slight increase in its fitness in the last two 
years of the study. Nevertheless, in all 
five years either the FF or FM genotype 
had the superior fitness. Averaged over 
all five years the relative fitnesses of the 
Pgm-FF, FM, and MM genotypes are 
.97 i .38, 1.00 k .25, and .80 F .16. At 
an average of - 10 parthenogenetic gen- 
erationdyear the fitnessedgeneration 
necessary to bring about these annual dif- 
ferentials are .977, 1.000, and .997. 

Although the 1980 data for the Pept-2 
locus are questionable because of the 
small sample sizes and absence of S S  in-

TABLE 8. Rela t~ve  fitness values of single locus 
genotypes estimated by d iv id~ng late (PL)by early 
(P,) genotype frequencies in Table 1 and normal- 
izing so that the highest genotypic fitness = 1.00. 
Standard errors were determined by Taylor expan- 
sion of PL/PEwhich gives 

where IV, and '2,refer to sample slzes In the first 
and second halves of the year. 

Relnt~vefitness t 2 SE 

Pgrn FF F.M .\tZ.l 
1978 .41 i .27 1.00 i .42 .57 + .06 
1979 1100 i .82 .53 i .22 .69 i .07 
1980 - 1.00 i .52 .51 i .08 
1981 .92 i .26 1.00 i .13 .84 i .06 
1982 1 . 0 0 i . 3 1  . 7 4 i . 1 3  . 7 9 i . l 1  

dividuals in the first half of the year, a 
comparison of the 198 1 and 1982 data 
again suggests that the relative fitnesses 
changed significantly in value but not 
rank. Again assuming 10 generations/ 
year, the average fitness values ofthe MM, 
MS, and SS genotypes over these two 
years (1.00, .48, and .38) can be account- 
ed for by per generation fitness differ- 
ences of only 1.00, .93, and .9 1. 

The above estimates probably exag- 
gerate the true fitness differences between 
genotypes since some mating generally 
occurs early in the year before many of 
the clones of inferior genotypes will have 
been reduced in frequency. Thus, these 
results help clarify why the life table anal- 
yses failed to reveal significant fitness dif- 
ferences at these two loci. 

These results suggest that the structure 
of the Group C population approximates 
that of an ordinary, randomly mating bi- 
sexual population except that the cost of 
producing males is avoided for a large 
portion of the life cycle. The lack of any 
strong evidence for temporal increases in 
linkage disequilibrium or associative 
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epistasis at electrophoretic loci indicates 
that this population is never dominated 
by a small number of clones, and is in 
striking contrast to the results of a clonal -
selection experiment performed on uni- 
sexual lines of Drosophila mercatorum 
(Annest and Templeton, 1978). Appar- 
ently many more than the annual average 
of - 10 parthenogenetic generations ex- 
perienced by the Group C population 
would be required for the effects of clonal 
selection to reveal themselves at the 
marker level. The small number of clones 
employed in the Drosophila experiment 
(a maximum of 157 successfully making 
the reproductive transition to partheno- 
genesis) was conducive to the develop- 
ment of strong associations between 
marker loci via the chance hitch-hiking 
of alleles in superior clones. But the elec- 
t ro~horet ic  results and estimates of an- 
nual ephippial hatches suggest that the 
Group C population in Busey Pond may 
rarely ever consist of less than lo4-lo5 
clones. Thus, because of its large popu- 
lation size and annual episode of sex, the 
Group C population is able to attain the 
advantage of unisexuality (rapid prolif- 
eration) with little of the anticipated cost 
(reduced genetic variability). 

Similar electrophoretic results have 
been obtained for two other cyclically 
parthenogenetic Daphnia living in tem- 
porary ponds that prevent the overwin- 
tering of clones: D. magna (Hebert, 
1974a) and D. carinata (Hebert and 
Moran, 1980). In both studies the ge- 
notype frequencies of polymorphic loci 
were relatively stable within and between 
years as well as generally in close agree- 
ment with Hardy-Weinberg expecta- 
tions. As illustrated by this study signif- 
icant temporal changes in genotype 
frequencies do occur, but in no case are 
there any striking temporal discontinu- 
ities that would be expected if one or two 
clones suddenly came to dominance. 

These results make White's (1 973) sug- 
gestion that insurmountable cytogenetic 
barriers prevent the widespread evolu- 
tion of cyclical parthenogenesis difficult 
to dismiss. Indeed, the transition to pure 
parthenogenesis alone has been repeat- 

edly demonstrated to be exceedingly dif- 
ficult (Stalker, 1954; Astaurov, 1967; 
Carson, 1967; Templeton, 1979b), only - 10-6 eggs of several wild insects show- 
ing any parthenogenetic capacity prior to 
their experimentally imposed transition. 
The additional complications of cyclical 
parthenogenesis must make the require- 
ments for a transition to it even more 
stringent. 

Even if the cytogenetic barriers can be 
overcome, at least two additional prob- 
lems face a newly arisen cyclical par- 
thenogen. First, the fact that the cyto- 
genetic requirements are so rigid means 
that cyclically parthenogenetic species are 
probably founded by single transitional 
events. and that the single founders will " 
have radically different genetic consti- 
tutions than their bisexual parental 
species (Templeton et al., 1976). Even if 
the initial founder had a perfectly adapt- 
ed reproductive system, the early ecolog- 
ical and evolutionary success of the 
species would critically depend on the 
genetic structure of the founder (Tem- 
pleton, 1 9 7 9 ~ ) .  Moreover, the obligatory 
inbreeding that would result from such a -
transition would very likely intensify the 
selective process even further. 

Another problem facing even well-es- 
tablished cyclical parthenogens will be the 
perpetual possibility of displacement by 
secondarily derived obligate partheno- 
gens. Once the transition to cyclical par- 
thenogenesis has been made, it may be a 
relatively minor step to remove the sex- 
ual phase. This has occurred in Daphnia 
on many occasions (Hebert and Crease, 
1980; Hebert, 1981; Lynch, 1983), and 
is known in rotifers (Ruttner-Kolisko, 
1946) and aphids (Dixon, 1977) as well. 
Numerous examples exist for the dis- 
placement ofbisexual species by their ob- 
ligately parthenogenetic derivatives (and 
vice versa) via genetic disruption, sperm 
robbing and direct competition for re- 
sources (Lynch, unpubl.), and there is no 
reason that this should not apply to cy- 
clical parthenogens. The fact that many 
Daphnia pulex populations consist ex- 
clusively of obligate parthenogens (He- 
bert and Crease, 1980) and that others 
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contain both cyclical and obligate types 
(Lynch, 1983) suggests that local extinc- 
tions of cyclical parthenogens do indeed 
occur. 

The only other cyclical parthenogens 
on which any genetic work has been done 
are the rotifers (King, 1977, 1980) and 
aphids (May and Holbrook, 1978; Wool 
et al., 1978; Suomalainen et al., 1980; 
Tomiuk and Wohrmann, 1980, 1981),  
and the data are much less extensive than 
those for Daphnia.  However, those 
species that have been electrophoretical- 
ly surveyed are < 10% polymorphic, and 
several aphid populations surveyed at as 
many as 19 enzymatic loci have been 
found to be 100% monomorphic. Strik- 
ing temporal discontinuities in genotype 
frequencies have been reported for both 
rotifers and aphids, and the gross devia- 
tions from Hardy-Weinberg expectations 
noted for rotifers have led to the sugges- 
tion that their populations are heavily 
dominated bv a few clones. These attri- 
butes are much more similar to those of 
permanent than intermittent Daphnia 
populations. 

In permanent environments the sexual 
production of resting eggs is not a neces- 
sity for Daphnia and although they retain 
the potential for resting egg production, 
many clones function as obligate par- 
thenogens by overwintering in the water 
column. This prolongs the competitive 
process for any set of clones and presum- 
ably greatly reduces the number of clones 
coexisting in a population at any one time. 
As a consequence, permanent Daphnia 
populations exhibit strong interlocus as- 
sociations and deviations from Hardy- 
Weinberg equilibrium (Hebert, 1974b; 
Lynch, 1983). Massive temporal changes 
in genotype frequencies are observed not 
because the intensitv or direction of se- 
lection is necessarily different from that 
acting on intermittent populations but 
because any phenotype that is selected 
for is likely to be highly correlated with 
specific alleles when clonal diversity is 
low. Presumably the Busey Group C pop-
ulation would begin to behave in an anal- 
ogous fashion should the pond fail to dry 
for one or more years. 

More information on the breeding sys- 
tems and overwintering mechanisms of 
rotifers and aphids will have to be gath- 
ered before their genetics can be inter- 
preted in light of these generalizations 
based on Daphnia. Indeed, it is quite pos- 
sible that the apparent discrepancies be- 
tween intermittent Daphnia populations 
on the one hand and rotifers and aphids 
on the other may exist simply because 
the latter are not as completely reliant on 
cyclical parthenogenesis as the former are. 
Since the rotifers examined by King 
( 1  977,  1 980)  inhabited permanent en-
vironments, it is plausible that their pop- 
ulations were at least partially initiated 
each year by rare and undetected indi- 
viduals overwintering in the water col- 
umn. It is also feasible that some clones 
within electrophoretically surveyed pop- 
ulations of rotifers and aphids were ob- 
ligate parthenogens. The existence of 
either condition would help explain the 
similarities with permanent Daphnia 
populations. 

As a consequence of annual mating and 
the resultant recombination, populations 
of cyclically parthenogenetic Daphnia 
consist of several thousands of geneti- 
cally distinct clones. Major selective dif- 
ferences exist between individual clones, 
but differences between genotypes at the 
one and two locus levels are rendered 
nearly undetectable by their random as- 
sociation with important fitness poly- 
genes. The absence of any pronounced 
evidence of linkage disequilibrium, as- 
sociative epistasis, or exceptionally strong 
selection at the electrophoretic level is 
contrary to theoretical expectations and 
suggests that the structure of large cycli- 
cally parthenogenetic populations is very 
similar to that of bisexual species except 
that the cost of producing males is avoid- 
ed for a large portion of the life cycle. 
While this would seem to make cyclical 
parthenogenesis an evolutionarily attrac- 
tive strategy, several significant barriers 
may account for the rarity of organisms 
that have made successful transitions to 
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this mode of reproduction: the evolution 
of a reproductive system capable of 

-. 

-. 

1978. The population biology of Daphnia 
(Crustacea, Daphnidae). Biol. Rev. 53:387-426. 

both unisexual and bisexual propagation, 1980. The genetics of Cladocera. p. 329- 

the founding of populations by single 
336. In W. C. Kerfoot (ed.), Evolution and Ecol- 
ogy of Zooplankton Communities. Univ. Press 

transitional events that reduce genetic di- 
versity and enforce inbreeding, and the 
vulnerability of established cyclical par- 
thenogens to displacement by secondar- 
ily derived obligate parthenogens. 
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