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Abstract. -The genetic covariance structure for life-history characters in two populations of cycli- 
cally parthenogenetic Daphnia pulex indicates considerable positive correlation among important 
fitness components, apparently at odds with the expectation if antagonistic pleiotropy is the dom- 
inant cause of the maintanence of genetic variation. Although there is no genetic correlation between 
offspring size and offspring number, present growth and present reproduction are both strongly 
positively correlated genetically with future reproduction, and early maturity is genetically corre- 
lated with larger clutch size. Although the ubiquity of antagonistic pleiotropy has been recently 
questioned, there are peculiarities of cyclical parthenogenesis that could lead to positive life-history 
covariance even when negative covariance would be expected in a similar sexual species. These 
include the influence of nonadditive gene action on evolution in clonally reproducing organisms, 
and the periodic release of hidden genetic variance within populations of cyclical parthenogens. 

Examination of matrix similarity, using the bootstrap for distribution-free hypothesis testing, 
reveals no evidence to suggest that the genetic covariance matrices differ between the populations. 
However, there is considerable evidence that the phenotypic and environmental covariance ma- 
trices differ between populations. These results indicate approximate stability of the genetic co- 
variance matrix within species, an important assumption of many phenotypic evolution models, 
but should caution against the use of phenotypic in place of genetic covariance matrices. 

Key words. -Antagonistic pleiotropy, bootstrap, cyclical parthenogenesis, genetic covariance, life 
history, population differentiation, quantitative genetics. 
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The close association between life-history 
characters and fitness should result in low 
levels ofgenetic variance for such characters 
due to the past action of natural selection 
(Fisher, 1930; Falconer, 198 1). However, 
antagonistic pleiotropy (Williams, 1957; 
Rose, 1982, 1983), whereby mutations that 
cause positive covariance between charac- 
ters that contribute positively to fitness be- 
come fixed rapidly in populations and only 
those mutations that lead to negative co- 
variance between fitness components are left 
segregating, can allow the maintenance of 
greater genetic variance than possible by se- 
lection-mutation balance alone. 

The past decade has seen considerable ef- 
fort to test this idea through observation of 
the covariance structure of life-history char- 
acters. Although several studies have re-
vealed negative genetic covariance among 
fitness components (Rose and Charles- 
worth, 1981a, 1981b; Rose, 1984; Service 
and Rose, 1985; Scheiner et al., 1989; Tucic 
et al., 1988), consistent with the preemi- 

nence of antagonistic pleiotropy, a number 
of studies have revealed positive genetic co- 
variances (Giesel and Zettler, 1980; Giesel 
et al., 1982a, 1982b; Hegmann and Dingle, 
1982; Murphy et al., 1983; Bell, 1984a, 
1984b; Lynch, 1984b; Mitchell-Olds, 1986). 
Although there has been considerable de- 
bate on the validity of some of these results 
(Murphy et al., 1983; Service and Rose, 
1985; Reznick, 1985; Reznick et al., 1986), 
recent theoretical work has suggested that 
positive covariance between key life-history 
characters is possible (van Noordwijk and 
de Jong, 1986) or expected in selection-mu- 
tation equilibrium (Houle, 199 1). 

Genetic covariance matrices have also 
been used recently in several studies of mi- 
croevolutionary change. Phenotypic selec- 
tion models (Lande, 1979, 1982a, 19823; 
Lande and Arnold, 1983) have served as 
foci for studies of evolutionary patterns in 
behavioral (Arnold, 1 9 8 1 a, 1 9 8 1 b; Gar- 
land, 1988), morphological (Cheverud, 
1984, 1988, 1989; Cheverud et al., 1983, 
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1989; Lofsvold, 1986, 1988; Kohn and 
Atchley, 1988), and life-history characters 
(Lynch, 1985; Conner, 1988). These models 
have been used for future evolutionary pro- 
jection (Lynch, 1985; Cowley and Atchley, 
1990), and for the estimation of selective 
pressures responsible for the divergence 
among extant taxonomic units (Lofsvold, 
1988). An important assumption in the use 
of these models is approximate constancy 
of the genetic covariance structure during 
the interval across which microevolution- 
ary change is measured or projected. 

One way to examine the validity of this 
assumption is to determine whether the ge- 
netic covariance matrix is constant among 
contemporary populations, subspecies, and 
species (Lofsvold, 1986, 1988; Cheverud, 
1988; Cheverud et al., 1989). Most such 
studies have relied on multivariate nor-
mality for estimation and/or hypothesis 
testing. To estimate the equivalence of co- 
variance or correlation matrices, element- 
wise correlation (Lofsvold, 1986; Kohn and 
Atchley, 1988; Cheverud, 1988), Mantel's 
test (Lofsvold 1986, 1988, Cheverud 1988), 
eigenvector correlation (Lofsvold, 1986, 
1988; Cheverud, 1988), an index of inte- 
gration (Cheverud et al., 1983; Kohn and 
Atchley, 1988), and a log-likelihood ratio 
test (Shaw, 199 1) have recently been used 
or suggested. Problems of unknown distri- 
bution of these test statistics and lack of 
independence among characters have pre- 
cluded formal hypothesis testing in some 
cases (Lofsvold, 1986; Kohn and Atchley, 
1988). To obtain distribution-free statistics, 
randomization tests (Mitchell-Olds, 1986), 
and jackknife (Mitchell-Olds and Bergelson, 
1990), and the bootstrap (Cheverud et al., 
1989; Riska et al., 1989) have been used. 

The purpose of this paper is to estimate 
the covariance structure for life-history 
characters from two populations of Daph-
nia pulex to examine the issues discussed 
above. Specifically, we consider 1) are the 
observed patterns of genetic covariation 
among life-history characters consistent with 
the expectation of antagonistic pleiotropy, 
and 2) are estimates of the genetic covari- 
ance matrix equivalent among populations 
within the species? To avoid the necessity 
of assuming multivariate normality, we use 
the bootstrap for estimating the covariance 

matrix elements and their sampling errors, 
and for hypothesis testing of matrix simi- 
larity. 

MATERIALSAND METHODS 
Study Species. -Daphnia pulex is a filter- 

feeding planktonic cladoceran. With ade- 
quate food at 20°C, individuals mature in 
the fifth instar, and thereafter usually pro- 
duce a clutch of offspring each instar (every 
two to three days). As cyclical parthenogens 
in nature, they alternate multiple genera- 
tions of ameiotic reproduction during en- 
vironmentally favorable periods with bouts 
of sexual reproduction when conditions be- 
come less favorable. Low temperature, low 
food availability, and pond drying are pos- 
sible cues that can induce the sexual phase, 
which results in the production of diapaus- 
ing ephippial eggs. The alternation of asex- 
ual and sexual reproduction can cause pop- 
ulations of D. pulex inhabiting temporary 
ponds to exhibit seasonal cycles of ex-
pressed genetic variance (Lynch and Ga- 
briel, 1983; Lynch, 19843). Early each year 
populations contain considerable genetic 
variance, because each hatchling gives rise 
to a genetically unique clone (Lynch, 19 843; 
Lynch et al., 1989). During the subsequent 
period of asexual reproduction, clonal se- 
lection reduces broad-sense heritabilities for 
life-history characters from early season 
values of 0.4 to 0.6 to near zero at season's 
end (Lynch, 1984b). Throughout this peri- 
od, a pool of hidden genetic variance ac- 
cumulates via linkage disequilibrium. Sex, 
via recombination, converts 50-75% of the 
hidden genetic variance to expressed genetic 
variance (Lynch and Gabriel, 1983), which 
leads to the restoration of high heritabilities 
in the following year when ephippial eggs 
hatch. 

Two populations of D. pulex inhabiting 
temporary ponds were investigated in this 
study. The populations (with two-letter 
codes as in Lynch et al., 1989 and Crease 
et al., 1990) were: Portland Arch pond (PA, 
near Portland Arch State Nature Preserve, 
Fountain Co., IN) and Kick-A-Pond (KA, 
in Kickapoo State Park, in Vermilion Co., 
IL). Extensive genetic study of these pop- 
ulations, using isozyme, mitochondria1 
DNA, and ribosomal DNA data (Lynch et 
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al., 1989; Crease et al., 1990; Crease and 
Lynch, in press), leaves no doubt that these 
populations consist entirely of cyclically 
parthenogenentic D. pulex. Early season 
collections of 79 clones from PA, and 119 
clones from KA form the material for this 
study. 

Laboratory Methods. -Standard life ta- 
ble procedures used to estimate Daphnia 
life-history characters are given in detail 
elsewhere (Lynch et al., 1989). The char- 
acters used in the following analyses were: 
Li (body length in mm, exclusive of tail- 
spine, for instars i = 1-8), Ki (age at release 
of offspring, in days, from mature instars i 
= 1-4), Ci (number offspring released at end 
of mature instars i = 1-4), Lo,, (mean length 
of five randomly chosen offspring from 
clutch i), and GU (growth increment between 
instars i and j (G,. = L, - L,). 

Analytical Methods. -The patterns of 
phenotypic, genetic, and environmental co- 
variance were examined in three sets of 
characters commonly used in life-history 
theory: offspring number versus offspring 
size (characters: Ci and Lo,i, i = 1-4), in- 
vestment in growth versus reproduction 
(G1,4,G4,57 G5,6, G6,7, G7,8, and Ci, 

= 

and the amount of reproduction versus the 
age at reproduction (C,and K,, i = 1-4). 

The relationship between offspring size 
and number was determined for each of the 
first four clutches. Pooled estimates of cor- 
relations across clutches within populations 
were estimated as means of the clutch-spe- 
cific values. Significance levels for pooled 
evaluations were estimated by the means of 
z-scores of probability levels obtained from 
each clutch. This assumes that each clutch 
is nonindependent, and the approach is 
therefore quite conservative (Rice, 1990). 
Pooled correlation estimates across popu- 
lations are means of the two population 
pooled values. The probability levels as- 
sociated with these pooled estimates were 
obtained using a combined p-value test for 
independent trials (Rice, 1990). 

Growth versus reproduction was ana-
lyzed to determine the relationship among: 
1) present growth versus present reproduc- 
tive investment, 2) present growth or re- 
production versus future reproduction, and 
3) present growth or reproduction versus 
future growth. 

The correlation between present growth 
and present reproduction was examined for 
each of the first four clutches. The correla- 
tion between present and future invest- 
ments in growth and reproduction was ex- 
amined over several incremental separations 
in time. For example, growth or reproduc- 
tion in instar i was determined separately 
for its effect on growth or reproduction in 
instars i+ 1, i+ 2, i+  3, and i+4 as the data 
allowed. As stated in the preceding para- 
graph, the significance levels associated with 
pooled estimates within populations were 
assumed nonindependent, whereas pooled 
estimates across populations were assumed 
independent. 

Correlations between amount of repro- 
duction and the age at reproduction were 
examined analogously to those presented in 
the previous paragraph. 

For each analysis, estimates of phenotyp- 
ic, genotypic, and environmental covari- 
ance and correlation were obtained through 
MANOVA for unbalanced design (due to 
some missing data) following Sokal and 
Rohlf (1 98 1 pp. 2 1 1-2 14), using "clone" as 
the model. Because measurement error in- 
flates environmental (and therefore phe- 
notypic) variance, we obtained estimates of 
measurement error variance and subtracted 
them from appropriate matrix elements (as 
in Lynch, 1988; Lynch et al., 1989). Such 
variance was estimated for instar-specific 
body size from multiple measurements 
within an individual, and for ages at repro- 
duction, from a detailed study of the pre- 
cision of an egg development stage protocol 
(Lynch et al., 1989). Clutch size was mea- 
sured without error. Confidence intervals 
were obtained for the elements of each ma- 
trix in each population by a resampling pro- 
cedure (the bootstrap, Efron, 1982). The 
clones from each population were resam- 
pled 1,000 times with replacement to form 
1,000 "quasi-populations," from each of 
which the desired matrices were obtained. 
The reported values for correlations are the 
means of the 1,000 bootstraps, a procedure 
that reduces bias (Efron, 1982). The distri- 
bution of bootstrap element estimates was 
used to determine the desired confidence 
intervals for each element. 

To examine the similarity of the covari- 
ance structure of the two populations, we 
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selected a subset of characters of the Daph- 
nia life history. The characters were chosen 
to reflect growth and reproduction (quantity 
and timing) both early and late in life: GI,,, 
and G,,, to reflect growth during immature 
and mature periods, Lo,, and L, to reflect 
sizes at birth and maturity, C,, and C, to 
reflect early and late fecundity, and K ,  to 
reflect age at reproduction. 

For comparisons of matrices, we used six 
different measures of matrix similarity. 
Choice of the indices was motivated by their 
use in recent studies of matrix similarity and 
from normal-theory test statistics. Four of 
these were chosen to allow comparison of 
magnitude as well as of proportionality of 
like-elements, while two were chosen to re- 
flect only a measure of matrix proportion- 
ality. The first of the measures allowing 
comparison of relative magnitude and pro- 
portionality is the sum of products of like- 
elements in the two matrices of interest: 

for elements a, and b, of matrices A and B. 
This is the test statistic of Mantel's test 
(Lofsvold, 1986; Cheverud, 1988). The sec- 
ond magnitude-retaining measure is the sum 
of the squared differences between like-el- 
ements in the two matrices, 

i j 

The third magnitude-retaining index is the 
absolute value of the difference between 
dominant eigenvalues of the matrices, D,. 
The fourth index is the absolute value of 
the difference between determinants of the 
matrices, D,. The fifth index, which ex-
amines proportionality without regard to 
magnitude, is the element-wise correlation 
coefficient: 

where Var(a) and Var(b) represent the vari- 
ance of elements (diagonal and one-half of 
off-diagonal) within matrices A and B, re- 
spectively (Lofsvold, 1986; Cheverud, 
1988). The final index is the vector corre- 
lation of the first eigenvectors extracted from 
matrices A and B, and is denoted r, (Lofs-
vold, 1986). 

So that different measurement scales 
would not result in disproportionate con- 
tribution of particular characters to the sim- 
ilarity indices, we transformed the data be- 
fore computing the elements of the matrix. 
The transformation was to render each scale 
of measurement to have mean within-char- 
acter variance equal to unity. For example, 
we divided the values for characters mea- 
sured in millimeters (GI,,, G,,,, L,,,, L,) by 
the mean of the four within-character stan- 
dard deviations. This has the effect of stan- 
dardizing millimeters, days, and offspring 
number with respect to each other, while 
retaining differences in magnitude of vari- 
ance among characters measured on the 
same scale. 

Because the distributions of similarity in- 
dices are unknown, we again used the boot- 
strap to estimate the empirical distribution 
of the measures, and thus allow hypothesis 
testing. To accomplish this, we pooled clones 
from both populations and then boot-
strapped across clones to construct pairs of 
"quasi-populations." From these pairs, the 
desired matrices and similarity index values 
were obtained. This bootstrap procedure was 
iterated 1,000 times to construct an empir- 
ical null distribution for each index. The 
observed values were evaluated against this 
null distribution. Here, the null hypothesis 
is that the covariance matrices from the two 
populations reflect samples drawn from a 
common pool (the species). 

The phenotypic, genetic, and environ- 
mental correlations between offspirng num- 
ber and offspring body size are presented in 
Table 1. None of the genetic correlations 
were significantly different from zero. The 
pooled estimate across clutches and popu- 
lations was essentially zero. All of the en- 
vironmental correlations were positive, with 
four of eight acheiving statistical signifi- 
cance. The pooled estimate was also signif- 
icant. Seven of the eight phenotypic corre- 
lations were positive, although only one was 
statistically significant. The pooled estimate 
was not significant. 

Pooled estimates across populations for 
the genetic and environmental correlations 
between instar-specific investments in 
growth and reproduction were positive, al- 
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TABLE 1. Phenotypic (P), genetic (G), and environ- 
mental (E) correlations between offspring number and 
offspring size pooled across the first four clutches for 
populations PA and KA. Total correlations are pooled 
across populations. 

Population P G E 

PA 0.14 -0.05 0.26t 
K A  0.09 -0.04 0.21 

Total 0.12 -0.04 0.23* 

t P < 0.10, * P< 0.05. 

though only the genetic correlation achieved 
significance (Table 2). The phenotypic cor- 
relation was positive and highly significant. 

Correlations between either present 
growth or present reproductive investment 
and future growth revealed little in the way 
of a consistent trend (Table 2). The only 
significant genetic correlation was between 
growth in adjacent instars. Although six of 
the seven environmental correlations were 
negative, only one acheived statistical sig- 
nificance. Phenotypically, growth in adja- 
cent instars was positively correlated, but 
growth in instar i was negatively correlated 
with growth in instar i+ 3. 

Present investment in growth or repro- 
duction was positively correlated with fu- 
ture reproduction genetically and environ- 
mentally (Table 2). The positive correlations 
were more pronounced genetically (all six 
comparisons significant) than environmen- 
tally (three of six significant). All phenotypic 
correlations were positive and highly sig- 
nificant. 

There were few significant correlations 
between clutch size and age at reproduction, 
although eight of the nine that acheived or 
approached significance were negative, in- 
dicating an association between early ma- 
turity and large clutch size (Table 3). 

Of the six indices of matrix similarity, 
none revealed evidence of significant dif- 
ferences among genetic covariance matrices 
(Table 4). However, three of the indices re- 
vealed significant differences among envi- 
ronmental covariance matrices (Table 4). 
Neither index that reflected only propor- 
tionality differences between matrices 
acheived statistical significance. Differences 
between phenotypic matrices was indicated 
by two indices. Collectively, these results 
suggest that the genetic covariance matrices 

TABLE2. Phenotypic (P), genetic (G), and environ- 
mental (E) correlations pooled across instars and pop- 
ulations for the relationship between present and future 
growth and reproduction. 

Growth in instar i versus reproduction in instar: 
i 0.36**** 0.51** 0.25t 

Growth in instar i versus growth in instar: 
i + 1 0.28**** 0.46* 0.22t 
i + 2 -0.09 0.04 -0.15 
i + 3 -0.15* -0.08 -0.14 
i + 4 -0.08 0.43 -0.34*** 

Reproduction in instar i versus growth in instar: 
i + 1 0.02 0.04 0.00 
i + 2 -0.06 -0.01 -0.12 
i + 3 -0.05 0.16 -0.20 

Growth in instar i versus reproduction in instar: 
i + 1 0.42**** 0.64*** 0.28** 
i + 2 0.26**** 0.49* 0.09 
i + 3 0.21**** 0.37* 0.09 

Reproduction in instar i versus reproduction in instar: 
i + 1 0.52**** 0.76**** 0.37** 
i + 2 0.39**** 0.60**** 0.31** 
i + 3 0.33**** 0.67**** 0.14 

do not differ between the populations, 
whereas the phenotypic and environmental 
matrices are different in terms of overall 
magnitude, but not in terms of proportion- 
ality. 

TABLE3. Phenotypic (P), genetic (G), and environ- 
mental (E) correlations pooled across instars and pop- 
ulations for the relationship between present and future 
reproduction and age at reproduction. Note that neg- 
ative correlations indicate association between large 
clutch size and early reproduction, and are therefore 
positive correlations with respect to fitness. 

P G E 

Clutch size in clutch i versus age at reproduction for 
clutch: 

i -0.12* -0.69* 0.02 

Clutch size in clutch i versus age at reproduction for 
clutch: 

i +  1 -0.16** -0.24* -0.03 

i + 2  -0.1 It -0.19t 0.03 

i + 3  -0.03 -0.08 0.14 


Age at reproduction for clutch i versus clutch size for 
clutch: 

i +  1 -0.14* -0.43t -0.07 
i + 2  -0.04 -0.10 0.03 
i + 3  0.06 -0.22 0.20t 
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TABLE4. Probability levels associated with the sta- 
tistics for tests of between-population differences for 
phenotypic (P),genetic (G), and environmental (E) co-
variance matrices. See text for description of individual 
test statistics. 

Statistic P G E 

Life-History Covariance 
On first examination, the general pattern 

of genetic correlations among life-history 
characters revealed in this studv does not 
provide support for the prevalence of an- 
tagonistic pleiotropy. The strong, positive 
genetic correlation between present and fu- 
ture reproduction, and the trend toward ge- 
netic correlation between earlier reproduc- 
tion and larger clutch size all indicate 
positive covariance among important fit- 
ness components. The near-zero genetic 
correlation between offspring size and off- 
spring number indicates that genotypes with 
greater reproductive investment may pro- 
duce larger clutches, larger offspring, or both. 
No evidence of a genetic tradeoff between 
offspring number and offspring size was re- 
vealed. 

The positive covariance, both genetic and 
environmental, between present growth and 
future reproduction may well be a simple 
consequence of the strong body size-clutch 
size relationship often found in cladocera, 
particularly in the first few clutches (re- 
viewed in Lynch, 1980). This positive co- 
variance may be viewed as positive or neg- 
ative covariance with respect to fitness 
depending on how body size relates to sur- 
vival. Different predation regimes lead to 
markedly different relationships between 
body size and mortality. Zooplankton ex- 
periencing predation from visually feeding 
fish or salamander larvae suffer increasing 
mortality with increasing body size (Werner 
and Hall, 1975; Zaret and Kerfoot, 1975). 
Invertebrate predators, such as Chaoborus 
larvae and copepods, selectively prey on 

smaller zooplankton, leading to a decrease 
in mortality with increasing size (Dodson, 
1970, 1974; Kerfoot,1977; Pastorok, 1981; 
Spitze, 1985). Therefore, if invertebrate 
predation is the most important source of 
mortality, the postive genetic correlation 
between growth and reproduction would be 
viewed as positive covariance among fitness 
components. When vertebrate predation is 
prominent, the converse would be true. If 
the two modes of predation alternated tem- 
porally, as is common in midwestern tem- 
porary ponds (pers. obs.), then the relation- 
ship between the fitness consequences of 
growth and reproduction would fluctuate in 
sign with time. 

Recent theoretical work has suggested that 
positive genetic covariance between fitness 
components can occur when populations are 
in selection-mutation equilibrium (van 
Noordwijk and de Jong, 1986; Houle, 199 1). 
Suppose that loci affecting life-history traits 
can be dichotomized between those having 
an effect on resource acquisition and those 
having an effect on resource allocation. Mu- 
tations at acquisition loci would lead to gen- 
eral positive covariance among life-history 
characters, whereas mutations at allocation 
loci would lead to negative genetic covari- 
ance (van Noordwijk and de Jong, 1986; 
Houle, 199 1). Simulation studies indicate 
that if acquisition loci are 50 to 100 times 
as abundant (or mutable) as allocation loci, 
then positive genetic covariance among life- 
history characters is expected at selection- 
mutation equilibrium in a sexual organism 
(Houle, 199 1). Houle argues that the ratio 
of acquisition to allocation loci may be sev- 
eral hundred, although Charlesworth (1990) 
disagrees. The relevant data needed to test 
such theory are genetic correlations among 
life-history characters resulting from mu- 
tations. Lynch (1 98 5) provides such infor- 
mation on D. pulex. The only significant 
genetic correlations indicate positive asso- 
ciation among instar-specific body sizes, 
among clutch sizes, and between body size 
at maturity and clutch size, which are con- 
sistent with Houle's contention. Clearly, 
more data from such studies are needed. 

Alternate Covariance Expectations 
There are several other potential reasons 

why cyclically parthenogenetic D. pulex 
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populations would have genetic covariance 
structures that do not appear to be consis- 
tent with the expectation of antagonistic 
pleiotropy. If the hidden genetic (co)variance 
released following a bout of sex (Lynch and 
Gabriel, 1983) is positive, then population 
samples taken directly following ephippial 
hatch may reveal positive life-history co- 
variance. 

To examine this possibility, consider a 
gene that can have an effect on two life- 
history characters, each of which contrib- 
utes positively and additively to fitness. 
Qualitatively, three types of mutations can 
occur that affect one or both of the char- 
acters.A mutation may have the same effect 
on both characters, either positively (+,+) 
or negatively (-,-), it may have an effect 
on only one character, either positively 
[(+,O) or (0,+)] or negatively [(-,O) or 
(0,-)I, or it may affect one character posi- 
tively and the other negatively [(+,-) or 
(-,+)I. For hidden genetic covariance to 
occur, combinations of mutations must ex- 
ist within a clone such that the net overall 
effect on each character and on fitness is 
zero. For example, cooccurrence of (+,+) 
and (-, -) mutations, or of (+,-) and (- ,+) 
mutations would result in hidden genetic 
covariance. 

If mutations at acquisition loci are more 
prevalent than those at allocation loci, then 
(+,+) and (-,-) mutations would be the 
most abundant type. Cooccurrence of (+,+) 
and (-, -) mutations within a clone would 
result in positive hidden genetic covariance. 
Release of a portion of this positive hidden 
genetic covariance, after a bout of sex, could 
result in positive expressed genetic covari- 
ance. The positive covariance among fitness 
components observed in early-season sam- 
ples may progress toward negative covari- 
ance as the phase of clonal selection pro- 
ceeds. This would be the expectation of 
antagonistic pleiotropy. 

Unlike obligately sexual species, where 
evolutionary change is governed by the ad- 
ditive genetic component of variance and 
covariance, evolutionary change during 
clonal reproduction is mediated by the total 
genetic covariance structure. Each clone acts 
as a single linkage group, resulting in the 
contribution of both additive and nonad- 
ditive gene action to the response to selec- 

tion. If the contribution of nonadditive gene 
action is positive genetic covariance, then 
the total genetic correlation among life-his- 
tory characters may be positive, even if the 
additive components exhibit negative co- 
variance (as expected under antagonisitc 
pleiotropy). Theoretical and empirical in- 
vestigations of the consequences of non- 
additive gene action and the release of hid- 
den genetic variance, as well as the relative 
importance of selection during clonal and 
sexual phases of reproduction are currently 
underway and will help clarify the expected 
genetic correlation structure in cyclical par- 
thenogens. 

Even assuming that antagonistic pleiot- 
ropy among fitness components is the the- 
oretical expectation for a population in se- 
lection-mutation equilibrium, temporally 
variable selection and significant genotype- 
environment interactions can prevent such 
an equilibrium from being attained. There 
is evidence for the existence of genotype- 
environment interactions for fitness com- 
ponents in the field (Via, 1984a, 1984b; Fu- 
tuyma et al., 1984; reviewed in Hedrick et 
al., 1976) and laboratory (Giesel et al., 
1982a, 1982b; Service and Rose, 1985; 
Spitze, 199 1). Variation in phenology of 
population density (Lynch, 1983, 1984a, 
1984b) and the presence of predators (pers. 
obs.) in midwestern ponds containing D. 
pulex suggest the possible importance of 
temporally variable selection. Year-to-year 
variation in selection regime has been doc- 
umented for birds (Grant, 1985; Schluter 
and Smith, 1986) and plants (Kalisz, 1986). 

Service and Rose (1985) have argued that 
novel laboratory environments may be re- 
sponsible for many examples of positive co- 
variance reported for fitness components. 
They subjected a laboratory stock of Dro- 
sophila rnelanogaster (held under relatively 
constant conditions for 80 generations) to a 
different ("novel") set of culture conditions. 
When assayed in the "novel" environment, 
the previously documented pattern of an- 
tagonistic pleiotropy was found to change 
toward more positive covariation among 
fitness components. However, if the two en- 
vironmental conditions are not viewed as 
"normal" versus "novel," but simply as two 
of many possible environmental condi-
tions, then their results simply reveal the 
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presence of genotype-environment inter- 
action. Clearly, if laboratory or greenhouse 
conditions are grossly distinct from natural 
conditions, the argument of Service and 
Rose is very pertinent, and may nullify many 
assays of population covariance. Without 
more definitive information on "natural" 
conditions and their spatial/temporal sta- 
bility, such conclusions are hard to make. 
Murphy et al. (1983) have argued that lab- 
oratory stocks held for extended periods un- 
der specific environmental conditions may 
not effectively represent natural popula- 
tions. There is at least some evidence that 
natural populations grown in completely 
natural conditions exhibit positive covari- 
ance among fitness components (Mitchell- 
Olds, 1986) and there are several examples 
of correlations changing in sign when as- 
sayed in different laboratory conditions 
(Giesel et al., 1982a, 1982b). 

Covariance Matrix Similarity 
Our tests of matrix similarity present no 

evidence to suggest that genetic covariance 
structure varies between the two popula- 
tions of Daphnia. This offers support for the 
use of models that rely on the approximate 
constancy of the genetic covariance matrix 
for analyses within species (Lande, 1979, 
1982; Lande and Arnold, 1983). Similar re- 
sults have been found for analysis between 
subspecies of Peromyscus (Lofsvold, 1986). 
Comparison of laboratory rats and mice re- 
vealed that genetic correlation matrices were 
similar, but genetic covariance matrices were 
significantly different (Kohn and Atchley, 
1988). It is important to note, as have Kohn 
and Atchley (1988) and Cheverud et al. 
(1989), that correlation matrix similarity is 
not the same as covariance matrix similar- 
ity. Since an infinite number of different co- 
variance matrices can all have identical cor- 
relation matrices, it is important to make 
this distinction. Different covariance ma- 
trices with identical correlation structures 
under identical selection regimes can yield 
evolutionary trajectories that are qualita- 
tively different. 

The differences observed among pheno- 
typic and environmental matrices among 
these D. pulex populations are consistent 
with previous work on aphids (Riska, 1985), 
but are at odds with previous work on ro- 

dents (Lofsvold, 1986; Kohn and Atchley, 
1988). The fact that this study revealed sig- 
nificant differences in phenotypic but not 
genetic covariance matrices should caution 
against the use of phenotypic in place of 
genetic covariance matrices (Cheverud, 
1988). 

Food Availability 
A potential criticism of the results of this 

study is our use of optimal environmental 
conditions (high food, constant tempera- 
ture, low density). It may be argued that the 
sign of genetic correlations would change in 
more stressful conditions. This argument, 
again, points to the potential importance of 
genotype-environment interaction. It is un- 
likely that any D. pulex population would 
experience these optimal conditions for long 
in nature. However, these conditions were 
chosen to mimic conditions experienced by 
early-season populations. Effective food 
availability in nature can exceed those used 
here: clutch sizes in excess of 100 have been 
observed (Lynch, 1980; K. Spitze, pers. 
obs.). It is important to note that the co- 
variance structure of a population with age- 
structure and overlapping generations is best 
represented as an instantaneous assessment 
(Lande, 1982~).  Our intention is not to sug- 
gest that D. pulex always exhibit these pat- 
terns of covariation, but that these patterns 
represent that which occurs in early-season 
midwestern populations. 
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