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Environmental and genetic control of sexual
reproduction in Daphnia
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Sexual reproduction in cyclically parthenogenetic Daphnia species is a critical life history
component. To investigate the nature of variation of the intensity of sexual reproduction (ISR)
in Daphnia, and to measure the relative importance of different aspects of the variation, 30
random clones from a Daphnia pulicaria population were tested in a factorial design involving
five photoperiods and two food concentrations. The results revealed that the ISR, indexed by
the number of resting eggs produced, is influenced significantly by both the environmental
conditions employed (photoperiod, food) and genetic factors (clonal effects within single
environments and clone—photo—food interaction across environments). At the population
level, a critical photoperiod exists (14 h light/day) for sexual reproduction to be initiated.
There are significant differences among the estimates of the genetic variation for the ISR
across some environments, signifying that the measurement of genetic variability in one
environment has limited value for inferring the magnitude of genetic variability in other
environments. There is highly significant genotype—environment (G x E) interaction, account-
ing for about 37.5 per cent of the total variance of the ISR. The results are discussed in the
context of the population's adaptation to the ecological surroundings and the maintenance of
genetic variability for the ISR in a particular environment.

Keywords: cyclical parthenogenesis, Daphnia, genetic (co)variation, genotype—environment
interaction, photoperiodism, sexual reproduction.

Introduction

Water fleas (Daphnia spp) live in either intermittent
or seasonally changing permanent environments. In
ephemeral environments (typically temporal ponds),
populations face the problem of temporary loss of
habitable environment as a consequence of pond
drying. In permanent environments (usually lakes
and reservoirs), populations must cope with seasonal
changes in food availability, chemical and physical
factors, etc. Extinction of local populations in terms
of active living forms, or dramatic reduction of
population size and genetic variability, occurs
periodically in permanent habitats (Hutchinson,
1967; Lynch, 1984; Threlkeld, 1987; Tessier et al.,
1992). As in many other arthropods, diapause has
evolved as the means by which water fleas survive
during harsh environmental periods (Stross, 1987;
Carvalho & Wolf, 1989).
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Most populations of Daphnia species reproduce
by cyclical parthenogenesis. In such populations, the
only diapausing form is the sexually produced
resting egg, which is wrapped in a modified portion
of the carapace. The melanized carapace, together
with the two resting eggs inside, is called an ephip-
pium. Each sexual instar produces one ephippium,
and each asexual instar releases varying numbers of
asexual offspring. Females can switch back and forth
between sexual and asexual instars even after sexual
reproduction is initiated. In the face of a rapidly
disappearing habitat, failure of initiation of sexual
reproduction means permanent loss of the genetic
material carried by the individual. A slow initiation
and/or a slow pace of sexual reproduction will also
result in low fitness of individuals, in that genes
carried by these individuals will be disproportion-
ately less represented in diapausing 'egg-banks'
(Hobaek & Larsson, 1990; Yampolsky, 1992). On
the other hand, during benign periods, allocation by
a clone of limited energy to sexual reproduction may
slow the rate of asexual reproduction (Hobaek &
Larsson, 1990; Yampoisky, 1992), resulting in slow
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propagation of the genotype prior to sexual repro-
duction, and hence low fitness of the genotype.
Therefore, timing and intensity of sexual reproduc-
tion are very important in ensuring the survival of
Daphnia populations and in determining the fitness
of genotypes in both benign and harsh
environments.

To study the initialization of sexual reproduction
and the variation for the intensity of sexual repro-
duction (TSR) in Daphnia, with an aim of under-
standing its evolution, determining factors need to
be identified first. For decades, mechanisms respon-
sible for the variation of sexual reproduction in
Daphnia have been subject to intensive studies, the
majority of which have concentrated on ecological
factors (Berg, 1934; Banta & Brown, 1939; Stross &
Hill, 1965, 1968; D'Ambramo, 1980; Carvalho &
Hughes, 1983; Stross, 1987; Hobaek & Larsson,
1990). An array of environmental factors has been
tested. Of these, crowding, starvation, chemicals
(Banta, 1939), photoperiod and temperature (Stross
& Hill, 1965, 1968), and metabolites (Hobaek &
Larsson, 1990) have been identified to influence
sexual reproduction. From these studies, it has been
concluded that variation in sexual reproduction in
Daphnia is environmental. On the other hand, a few
recent studies have revealed that genetic factors may
also be involved. Genetic variation for the TSR
(indexed by the production of ephippia and/or male
offspring) was observed both among clones from
different populations (Ferrari & Hebert, 1982;
Korpelainen, 1986, 1987) and among clones from
hatching of resting eggs from a single population
(Yampolsky, 1992); however, for clones from a
single population, genetic variation for the TSR was
not detected (Carvalho & Hughes, 1983).

Although studies on the ecology and genetics of
life history traits have merits in isolation, combined
studies may provide additional insights. As different
genotypes may respond differentially to the same
environmental changes (genotype—environment
interaction (G x E)), and because G x E is well
documented in diverse organisms (Service & Rose,
1985; Gillespie & Turelli, 1989; Stearns, 1992), the
estimation of genetic variation and covariation
patterns for important life history traits ought to be
carried out across an ecologically relevant range of
conditions, instead of under one single condition.
There may have been several inadequacies with the
previous studies that concentrated on the genetics of
sexual reproduction in Daphnia. Evidence for the
genetic variation of the TSR comes from the results
of the experiments employing clones from different
populations (Ferrari & Hebert, 1982; Carvalho &

Hughes, 1983; Korpelainen, 1986, 1987), or clones
from hatchlings (Yampolsky, 1992) in the lake sedi-
ments, which may have contained resting eggs from
several previous years (Carvalho & Wolf, 1989)
and/or from other populations by passive migration
of resting eggs (Mort & Wolf, 1986; Crease et al.,
1990; De Meester, 1993). Different populations or
the same population in different years may face very
distinct ecological challenges, so they may have
diverged genetically in response. Thus, when assayed
side-by-side in one environment, genetic variation
for sexual reproduction is not unexpected.

To provide an accurate assessment of environ-
mental and genetic factors controlling variation of
sexual reproduction within one population, the
present study will address the following questions.
(i) Ts there any significant genetic variation for the
TSR within a single population of Daphnia? (ii) If
there is, what might be maintaining this variation?
(iii) What is the relative importance of genetic and
environmental factors in controlling the TSR?

Materials and methods

Study population

The experimental population is located in Lava
Lake, a permanent lake in the Oregon Cascades,
which has an area of about 40000 m2. Tn June 1992,
the population was sampled at the bottom of the
lake from six randomly chosen locations (three near
the middle and three near the shore, with each
being at least 20 m apart) throughout the lake.
Mature Daphnia individuals (n = 120) were isolated
into separate 150 mL beakers, with each beaker
containing about 100 mL lake water. The animals
were fed with the green alga Scenedesmus from pure
laboratory culture, and maintained in an incubator
at 15°C, with a 12L:12D photoperiod before the
experiment. In each beaker, the original isolated
individual and all subsequent asexually produced
offspring were genetically identical (Hebert, 1987),
and formed a clone.

Species identification and electrophoresis

Each clone was subject to morphological identifica-
tion (Brooks, 1957) and all were placed in the
Daphnia pulex-pulicaria group. To determine further
the species identity and the breeding system of the
population, all 120 clones were assayed by cellulose
acetate gel electrophoresis (Hebert & Beaton, 1989)
at ten allozyme foci: LDH, FUM, MPI, AD, ME,
MDH, HEX, APK, PGM, PGI. The characteristic
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locus LDH was fixed for the F allele, thus identifying
the population as D. pulicaria (Hebert et a!., 1988,
1989; Lynch et al., 1989). Three loci (FUM, PGI,
PGM) were found to be polymorphic with two, three
and three alleles, respectively. G-tests (Sokal &
Rohlf, 1981) were performed for these three poly-
morphic loci against Hardy—Weinberg expectations.
None of these tests was significant at the 5 per cent
level. The consistency with Hardy—Weinberg expec-
tations indicated that the study population repro-
duced by cyclical parthenogenesis.

Sex-induction experiment

The experiment employed a fully crossed three-
factorial experimental design (Sokal & Rohlf, 1981),
in which 30 clones were chosen randomly from the
120 established clonal cultures and were used in ten
environments of combinations of five photoperiods
and two food concentrations. The two environ-
mental variables (photoperiod and food) were
chosen on the basis of their ecological relevance and
past studies of their roles in controlling sexual repro-
duction in Daphnia. The five photoperiods used
cover those typically experienced by Daphnia popu-
lations in temperate regions throughout a year (8,
10.5, 13, 15.5, 18 h of light per day). The two food
conditions (100 000 and 300 000 cells of the alga
Scenedesmus per mL) approximately mimic the
range of food conditions experienced by Daphnia
populations (Lynch, 1989; Spitze et al., 1991). The
food water preparation protocol was the same as
that of Spitze (1991); the water was taken from Lava
Lake, to minimize the potential G x E interaction
for water chemicals. The experimental temperature
was 10°C, approximating the lake bottom tempera-
ture at the time of sampling.

In each environment, one immature female was
used to initiate a line for each clone. Upon releasing
the first clutch, the clonal line was split into two
sublines by isolating a newborn female into each of
the two sublines and discarding the mother and all
the rest of the newborns. Subsequently, in each
subline, first clutch newborns were expelled upon
release; and four newborn females from the second
clutch were used to initiate the second generation in
the subline, i.e. the generation for measurement.
The first two generations of acclimatization (one
generation in clonal lines and the first generation in
sublines) served to minimize the pre-experimental
environmental effects and factor any potential
maternal effects into the among-subline component
of variance in the final ANOVA analysis (Lynch,
1985). Throughout the experiment, the lines and
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sublines of each clone were kept in 120 mL food
water in 150 mL beakers. The food water was
changed every 3 days throughout the experiment.

In the third generation, the date of maturity for
each subline was recorded, with maturity judged by
the first appearance of either sexual or asexual
reproduction occurring in the beaker. Within the
next 20 days after maturiy, the number of released
ephippia was counted, and the released sexual
offspring were discarded every three days when
changing food water. In the experiment, during the
20 days after maturity, each individual had about
three sexual instars, or five asexual instars, or some
combination of them.

Throughout the experiment, the mortality of
clonal lines and sublines was very small (less than 5
per cent throughout the whole experiment, and
usually fewer than one (out of 300 or 600) lines or
sublines per experimental day). When any line or
subline died, it was restarted from backup clonal
cultures, which resulted in a balanced data set.

Analysis and results

Percentage of clones reproducing sexually

The percentage of clones reproducing sexually was
calculated for each of the ten environments. A clone
was classified as having reproduced sexually within
an environment if any ephippium was released in
either one of the two sublines of the clone. In both
food conditions, the percentage of sexual clones
increased dramatically around the photoperiod of 14 h
of light per day (Fig. 1), demonstrating a critical
photoperiod for sexual reproduction to be initiated
at the population level. When the photoperiod
dropped from 15.5 h of light per day to 13 h of light
per day, the percentage of sexual clones increased
from about 4 per cent to about 70 per cent in the
high-food condition, and from 0 per cent to about 50
per cent in the low-food condition.

Mean number of ephippia produced per female
(ISR)

ANOVA analysis The mean number of ephippia
produced per female was calculated for each of the
two sublines of each clone in each environment.
This is used as an index for the ISR. The number of
sexual clones in the photoperiods of 15.5 and 18 h of
light per day was very small (less than 5 per cent;
Fig. 1), and the variances of the ISR in the four
environments- in these two photoperiods (two food
conditions within each photoperiod) differed signifi-
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cantly from the other six (P values of the F-test for
the homogeneity of variances of the four environ-
ments against the other six in the three shorter
photoperiods were all smaller than 0.01). Therefore,
data from the four environments in these two long
photoperiods were excluded from further statistical
analyses. The heterogeneity of the variances of the
ISR in the six environments of the three short
photoperiods (8, 10.5, 13 h light/day) was checked by
a Scheffé-Box test; it was not significant at the 5 per
cent level. The data were then analysed by a mixed-
model three-way ANOVA for the ISR (Table 1).

Three-way ANOVA was conducted by using PROC
GLM (SAS, 1990, chap. 24), specifying clone and its
interactions with photoperiod and food as random
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Fig. 1 Percentage of Daphnia clones reproducing sexually
in the five experimental photoperiods. The filled circles
represent data points for the high-food condition, open
triangles for the low-food condition.

effects. Photoperiod, food and the photoperiod—
food—clone interaction had significant effects on the
TSR (Table 1), whereas clone, the photoperiod—
clone interaction, food—clone interaction, and
photoperiod—food interaction did not (Table 1).
Hence, in addition to the environmental factors
(photoperiod, food), the genetic factor (clone—food—
photoperiod) was also involved in determining the
TSR, although a significant role was not detected for
the pure genetic effects (clone).

Variance components To estimate the magnitude of
the G x E interaction and the importance of genetic
factors involved in sexual reproduction, variance
components were estimated for the ISR by using
PROC VARCOMP (SAS, 1990, chap. 44); (Table 2). Of
the total variance, 37.5 per cent was attributable to
G x E interaction, 6.7 per cent to pure genetic
factors (clone) and 55.8 per cent to the error term.
Of the total G x E interaction of 37.5 per cent, 24.5
per cent was attributable to the third-order inter-
action term, suggesting that the ISR in Daphnia is
rather sensitive to particular combinations of
environmental factors.

Rank analyses Because of the nonsignificant food—
photoperiod interaction (Table 1), data from the
two food conditions in each photoperiod were
pooled. The mean number of ephippia produced per
individual for each clone in each photoperiod was
then calculated. Spearman correlation coefficients
were used to quantify the changes of the ranks of

20 the TSR across different pairs of photoperiods
(Table 3). Among the three Spearman correlation
coefficients, two were low and nonsignificant, and
one was significant but low. These Spearman rank
correlations indicated rank changes of the ISR
among clones across environments.

Table 1 Summary of the three-way ANOvA analysis on the ISR in Drosophila

Factor d.f. M.S. F value P value

Photoperiod 2 63.17 3.99 0.024
Food 1 121.34 10.24 0.003
Clone 29 24.93 1.51 0.150
Photo x food 2 8.02 0.72 0.490
Photo x clone 58 15.82 1.42 0.090
Foodxclone 29 11.85 1.06 0.410
Photoxfoodxclone 58 11.15 1.90 0.007
Error 180 5.85
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Genetic variation within environments In the experi-
ment, each clone was represented by two sublines in
each environment, which allowed calculation of
broad sense heritability (H2) in each environment
and comparison of H2s across environments. The H2
is the ratio of J/ (variance component attributable
to clone, i.e. total genetic variance) to V (total
phenotypic variance). The estimates of variance
components for one-way ANOVA in each environ-
ment were extracted from PROC VARCOMP output
(SAS, 1990, chap. 44). The standard error for H2 was
calculated by using Taylor expansion (Appendix 1).
For all environments except the one of high-food
and 10.5 h of light/day, there was significant genetic
variation for the ISR indicated by the significant 112
(Fig. 2), which was corroborated by the significant
pure genetic (clone) effects in the corresponding
independent one-way ANOVA analyses. Additionally,
there was significant heterogeneity of genetic varia-
tion across some environments (Table 4), which
indicated that a genetic variation estimate in one
environment could be a poor estimate for those in
other environments.

Table 2 Variance components and the percentage of total
variance associated with clone, clonal interactions with
photoperiod and food, and the error variance

Variance component Estimate Percentage

Clone 0.700 6.7
Photoxclone 1.172
Food x clone 0.119 37.5
Photo x food x clone 2.640
Error 55.8

Estimates of variance components were extracted from
SAS output using the VARCOMP procedure, specifying
photoperiod and food as fixed effects. The variable is the
ISR in Daphnia.

Genetic correlations across environments Sexual
reproduction in two environments may be viewed as
two distinct characters (Falconer, 1952, 1981; Via &
Lande, 1985, 1987). The methods in Fry (1992) were
employed to compute and to conduct significance
testing for the genetic correlations for the ISR
across different environments. Estimates of genetic
correlations across most environments were not
significant (Table 5). There were six significantly
positive genetic correlations, most of which (except
the ones of 0.86 and 0.90) were also significantly less
than + 1, as tested by the significant G x E inter-
action in the corresponding two-way mixed-model
ANOVA analyses (Yamada, 1962).

Daphnia and their associated two standard errors for the
two food conditions within each of the three photoperiods
(8, 10.5, 13 h of light/day). For each photoperiod, the left
bars represent estimates for the high-food condition, the
right bars for the low-food condition.

Table 3 Rank correlations between photoperiods for the TSR shown by clones
of Daphnia

Photoperiod (h of light/day) 8 13.5
Numerical code for photoperiod 1 2

15
3

Spearman rank correlation coefficients for paired photoperiods

Paired photoperiods 1 vs. 2 2 vs. 3 1 vs. 3
Spearman rank correlation coefficient 0.246 0.411* 0.052
P value 0.185 0.027 0.778

*p<f35

The Genetical Society of Great Britain, Heredity, 76, 449—458.

(-4

U

U

1.0 -
0.9

0.8
0.7
0.6
0.5
04
0.3
0.2
0.1

0.0
6 8 101214

Photoperiod (hrs of light/day)
Fig. 2 Broad sense heritabilities (H2) for the ISR in



454 H.-W. DENG

Table 4 Differences in broad sense heritability (H2) of ISR in Daphnia across
the six experimental environments

Photoperiod
(h light/day)

Food

8

High Low

10.5 13

High Low High Low

8 High 0.15 0.59** 0.32** 0.29** 0.41**.

Low
(0.09) (0.08)

0.44**

(0.09)

(0.10)
0.17

(0.09)

(0.09)
0.14

(0.10)

(0.10)
0.26**

(0.08)
10.5 High

Low
(0.13) (0.14)

—0.03

(0.08)

(0.08)
—0.09

(0.09)
13 High 0.12

(0.08)
Low

Shown in each cell is the difference for the two compared environments (H2 for
the environment on the left —H2 for the environment on the top). Within
parentheses below each difference estimate is the associated one standard error.
*<5 **P0.01 judged by whether the estimate exceeded 1.96, 2.56 of the
associated one standard error.

Table 5 Genetic correlations for the TSR of Daphnia

Photoperiod
(h light/day)

Food High

8

Low

10.5

High Low

13

High Low

8 High
Low

0.54** —0.13
0.15

0.51**
0.86**

—0.09
0.15

—0.23
0.06

10.5 High
Low

0.03 0.34
0.47*

0.25
0.90**

13 High
Low

0.45*

*p<005

Discussion

The present study showed that within environments
and across environments, genetic factors played a
role in determining variation and covariation of the
TSR within a population of D. pulicaria, as mani-
fested by the significant genetic variation (pure
genetic effects) within (five of six) environments,
and six significant genetic correlations across some
environments. Environmental factors, such as photo-
period and food, may play a more important role
across the environments tested, as demonstrated by
the significant effects for the photoperiod and food,
nonsignificant clonal effects in the three-way ANOVA
analysis, and the high error term variance (55.8 per

cent) in the variance component analysis. Neverthe-
less, the importance of genetic effects across
environments was manifested, in combination with
environmental factors, by the significant clone—
photo—food interaction in the three-way ANOVA, and
by the high percentage of variance attributable to
G x E interactions (37.5 per cent).

The high error term variance included contribu-
tions from all uncontrolled environmental factors.
One of the uncontrolled factors was possibly the
density of individuals in each beaker. Although
density was controlled at four females to each
beaker in the measurement generation, after matur-
ity, asexual offspring were released randomly in time
and in number into the beaker, and they were only
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removed every 3 days when changing food and
water. This protocol affected the density of each
beaker in a more or less random fashion, and thus
may have contributed to the large percentage error
term variance. Density has been identified as an
important ecological factor affecting sexual repro-
duction in Daphnia (Banta, 1939; Hobaek &
Larsson, 1990).

The results reported here on the photoperiodic
response of sexual reproduction in Daphnia are in
accord with the previous work of Stross (1987) in D.
pulex, and Carvaiho & Hughes (1983) in D. magna.
They found a critical photoperiod for the initiation
of sexual reproduction, but the threshold nature of
the critical photoperiods in their studies was more
pronounced. The critical photoperiod from the
present study (14 h light/day) is about the same as
those seen in the previous studies. With some modi-
fications by altitude and latitude, in temperate
regions, short photoperiods (less than 14 h of light!
day) approximately represent the seasons of autumn,
winter and early spring, and long photoperiods
(longer than 14 h of light/day) approximately repre-
sent the seasons of late spring and summer. As
biotic and abiotic environmental factors that control
Daphnia population dynamics, temperature, verte-
brate and invertebrate predation, food resources,
etc. are usually optimum for Daphnia populations'
growth in spring and summer in permanent lakes
(Hutchinson, 1967; Threlkeld, 1987). Phenology
studies have revealed that most permanent lake
Daphnia populations in temperate regions crash and
initiate sexual reproduction in late summer or early
autumn (Threlkeld, 1987 and references within;
Stross, 1987 and references within). Thus, the criti-
cial photoperiod for sexual reproduction here coin-
cides with the seasonal timing of sexual reproduction
in Daphnia in permanent lakes in temperate regions.

Of note is the high percentage of variance
attributable to the third-order interaction term. It is
usually assumed that higher-order interactions are of
less importance than lower-order ones. This assump-
tion often underlies experimental designs and analy-
ses (Bell, 1990). However, our results and those
from Bell (1990) provide no support for this notion.
Qualitative support for the present result may come
from Stross (1987), who found the combinations of
temperature and photoperiod to be critically
important in inducing sexual reproduction in
Daphnia. Photoperiodic control of sexual reproduc-
tion may be completely uncoupled at certain
temperatures for some clones (Stross, 1987).

An interesting result arising from the present
study is the strong G x E interaction, which accounts
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for 37.5 per cent of total variance for the ISR across
environments. Because strong G x E interaction
existed, the nonsignificant pure genetic (clonal)
effects in the three-way mixed-model ANOVA analysis
did not extend to each single environment. On the
contrary, significant pure genetic (clonal) effects
were detected in five of six environments analysed.
G x E interaction variance is a measure of the
degree of genetic variation for reaction norms
among genotypes. Significant G x E interaction in
ANOVA, as supplemented by the rank and genetic
correlation analyses, indicated that genotypes
respond differentially to environmental changes. The
differential response may be reflected in the scale as
well as in the rank of the mean performance among
clones, with both contributing to the estimates of
G x E interaction. However, it is the latter that is
more emphasized in maintenance of genetic vari-
ance (e.g. Gupta & Lewontin, 1982; Via, 1984;
Gillespie & Turelli, 1989; Wade, 1990). The change
of the rank among genotypes for fitness traits means
that natural selection favours different genotypes in
different environments, and it is this kind of G x E
interaction that may directly lead to the mainte-
nance of genetic variance within populations (Gupta
& Lewontin, 1982; Gillespie & Turelli, 1989; Wade,
1990; but see Via & Lande, 1985, 1987). The rank
changes, as shown by the nonsignificant and small
Spearman correlation coefficients for the ISR at
different photoperiods, indicate that significant
G x E interaction in the present study may help to
explain the high genetic variability observed within a
particular environment. This is because different
photoperiods are associated with different times of
the year, and the best timing of sexual reproduction,
as determined by environmental factors (such as
temperature, food resources, and predators, etc.),
varies from year to year (Hutchinson, 1967; Threl-
keld, 1987; Hairston & Dillon, 1990). Then different
clones, which reproduce sexually most intensively at
different photoperiods within a certain seasonal
range, are favoured in different years and hence are
not absolutely favoured by selection. In another
zooplankton species (Diaptomus sanguineus), Hair-
ston & Dillon (1990) showed that selection for the
best timing of diapause fluctuated from year to year.
The mean selection intensity over a decade for this
fluctuating selection was essentially zero, which was
invoked to explain the high genetic variability
observed in their study.

In the present study, significant heterogeneity of
genetic variances across environments and the
co-ocurring of positive and negative genetic correla-
tions across environments point out the advantage of
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combined study of genetics and ecology. Because of
labour constraints, estimates of genetic parameters
(genetic variation and covariation) have usually been
obtained for only one environment, often a labora-
tory environment. If significant G x E interaction
exists, such estimates may have limited value in
inferring selection and predicting evolution of a
population in its natural heterogeneous environ-
ments. Inferring selection in the past and predicting
evolution in the future for quantitative traits (Lande,
1979; Lande & Arnold, 1983) require approximate
constancy of the genetic variance-covariance struc-
ture of the population over time and space, when
and where selection and evolution occur. In the
absence of complete ecological and genetic informa-
tion, the task of evolutionary inference and predic-
tion may be compromised by the presence of
significant G x E.
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Calculation of broad sense heritability (H2) and its standard error by performing one-way ANOVA involving N
independent clone families, the ith of which contains n, individuals. The linear model to be analysed is
Z, = p+ b, + w, where Zq is the phenotypic value of the jth individual of the ith clone, b, is the genotypic value
of the ith clone, and w is the residual error resulting from environmental effects. The total sample size is
T= En,, and n0 = (T—En/T)f(N—1), which reduces ton with balanced data.

Source of variance d.f.

Between clones
Within clones
Total

sS
SSb =
SSw = EE(z —z)2
SST = EE(zq —z)2

MS

MSb = SSb/(N— 1)
MS = SSI(T—N)
MS = SST/(T—1)

Expected MS

a +n0
cr

Set the mean squares equal to their expectation, and solve the system of linear equations:

= MS,
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cr (MSb—MS)/nO.
Under the assumption of normality, the mean squares are independent and have variances that are estimated
by:

Var(MS1) = 2(MS,)2/(df,+2)
where i = b,w (Bulmer, 1980, chap. 6).
Thus by taking variances:

Var(o) = Var(MS),
Var(o) = [Var(MSb) + Var(MS)]/n.
Broad sense heritability is defined as:

H2 =

where o = +. The sampling variance of cr is:

Var(a) = Var(a) + Var(a) + 2cov(o, a)
where coy (a, a) = —T(N—1)Var(a)/(N2—S2) and S2 = En, (Searle, 1971).

By use of Taylor expansion (Bulmer, 1980,chap. 6):

Var(H2) = (/)2[Var(a)/o—2cov(ci, i)/acr + Var(a)/cr].
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