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The Effects of Phenotypic Plasticity 
on Genetic Correlations 
Steve Stearns, Gerdien de Jong and Bob Newman 

Recent theory suggests that genetic corre- 
lations should help to predict the simul- 
taneous response to selection of two or more 
traits, and much recent research has been 
directed towards understanding the sources 
of variation in genetic correlations. Genetic 
correlations can change from sample to 
sample, from species to species, from popu- 
lation to population, during the course of 
development and-within a population, at a 
fixed stage of deveIopmenf - from one en- 
vironment to another. These are changes 
not only in magnitude but also in sign. 
Theory suggests that genetic correlafiotis 
should nof change sign when the two traits 
are tightly integrated by physiology or 
development. Patterns of change of genetic 
correlations are caused by differences in 
development and physiology, an under- 
standing of which appears to be necessary 
to predict the response to selection in natu- 
ral, heterogeneous environments. 

populations measured under con- 
stant conditions. For example, 
Hughes and Clarke” extracted four 
sets of recombinant lines of Dro- 
sophila, and found that the genetic 
correlation between early fecundity 
and longevity ranged from +0.23 to 
-0.53. Because genetic correlations 
are sensitive to changes in gene 
frequencies and linkage disequi- 
librium, they also change during the 
course of selection and differ from 
population to population12. 

Here we report on progress to- 
wards that goal and review an 
approach to the theory of genetic 
correlations in heterogeneous en- 
vironments. 

Sampling and changes in gene frequencies 
Estimates of genetic correlations 

are very sensitive to sampling error. 
The sample size required to detect 
statistically significant differences 
between two genetic correlations 
is often out of practical reach (a 
fact that has not inhibited some 
interpretations). The sample sizes 
needed to demonstrate a significant 
difference between estimates of 
two genetic correlations of the same 
sign, both of which differ signifi- 
cantly from zero, are very large. For 
example, to use a half-sib design to 
detect a significant difference be- 
tween a genetic correlation of 0. I in 
a population where the heritabilities 
of the two traits were both 0.3, and a 
genetic correlation of 0.2 in a popu- 
lation where the heritabilities of the 
two traits were both 0.5, one would 
need to measure about 350 sibships 
with three sibs each in both popu- 
lations. 

When two traits are genetically 
correlated, their response to selec- 
tion, at least initially, differs from 
that expected if they were not. Rec- 
ognition of this fact prompted the 
development of theories of multi- 
variate phenotypic evolution’ that, 
in their turn, stimulated the many 
recent measurements of genetic 
correlations2m3 and their use in 
measuring natural selection on sets 
of traits4-9. 

It was recognized early on that 
genetic correlations change across 
environments, and Via and Lande’O 
suggested one method to incorpor- 
ate environmental variation into 
selection theory. Such approaches 
take the reaction of genetic corre- 
lations to environmental variation 
as something that can only be 
measured empirically. An alterna- 
tive would be to try to understand 
how physiology and development 
produce predictable changes in the 
way that genetic variation is ex- 
pressed in different environments. 
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Estimates of correlations vary 
among samples drawn from single 

Taxonomic effects 
Genetic correlations vary among 

and within taxa (Table I). The taxo- 
nomic level at which genetic corre- 
lations differ varies with traits and 
groups. In the milkweed bugs and 
wood frogs, populations differ. In 
deer mice, genetic correlations of 
skull traits differ among species but 
not between two subspecies. The 
genetic correlations of pelvic traits 
differ between laboratory mice and 
rats, two genera in the same family. 

Developmental effects 
Genetic correlations between 

traits depend strongly on the age of 
the individuals measured. Roach2” 
found that the genetic correlations 
of life history traits in Geranium 
changed from generally negative in 
the early juvenile stage to strongly 
positive in the adult. Atchley2’ and 
his co-workers22.23 found significant 

Table I. Differences in genetic correlations among taxa 

Taxonomic group Traits examined Differences found Ref. 

Deer mice 
(Peromyscus) 

Wood frogs (Rana 
sylvatica) 

Chickens 

Murid rodents 

Milkweed bugs 
(Oncopeltus) 

Fruitflies and the 
house flv 

15 skull traits 

Development rate 
and size at 
metamorphosis 

Early growth rate and 
weight at maturity 

Eight pelvic traits 

Age at maturity and 
eggs in first five 
clutches 

Wing length and life 
histon/ traits 

Morphological traits 
from same and 
different imaginal 
disks 

Between two species; 13 
not between 
subspecies 

Between two 
populations 

14 

Between two 
commercial races 

Between mice and 
rats 

15 

16 

Between two 
populations 

17 

Between two 
populations, 
migratory and not 

18 

Among species and 19 
imaginal disks 
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changes in the variances and gen- 
etic correlations of morphological 
characters of mice during ontogeny. 
Development is a major deter- 
minant of the genetic variance- 
covariance structure. 

Developmental processes can 
effect a change in the covariance 
between two traits. Any initial vari- 
ation in size of newborn mice will 
lead to differential growth and an 
increase in variation during the ex- 
ponential growth phase. Targeted 
growth to a window of adult sizes 
will reduce variation after the win- 
dow is reached. Such changes in 
genetic and environmental vari- 
ation during targeted growth23 will 
deeply influence the covariances 
between traits. 

Different genes might be in- 
volved at different ages, one gene 
being expressed at an early age and 
another gene being expressed at a 
later age. The best-known example 
of genes for the same ‘trait’ that 
are ‘on’ and ‘off’ at different ages 
is the human haemoglobin genes. 
Presumably there is a quantitative 
difference in function here. 

What we regard as ‘traits’ might 
also not be ‘natural’, but rather a 
composite of underlying traits not 
inherited as anything like a unit. The 
old discussion on scutellar bristles 
in Drosophila melanogaster - 
whether the character is bristle 
number or presence or absence of a 
bristle at a number of independent 
sites24,25 _ is relevant. If two ‘traits’ 
are not ‘natural’ units, their change 
in the developing organisms might 
lead to odd patterns in their 
covariance in the population over 
time. 

The covariance structure can give 
an additional clue to the relation 
between traits in development. In 
adult D. melanogaster, traits from 
the same imaginal disk have higher 
genetic correlations than traits from 
different imaginal disks19. Here, 
genetic correlations can be used to 
generate hypotheses about the 
integration of development. 

Environmental effects 
Gebhardt and StearnsZb 

measured changes in the broad- 
sense (full-sib) genetic correlation 
of age and size at eclosion in a 
fruitfly across a range of larval 
foods (Fig. 1 I. They found that it 
changed from positive under good 

nutritional conditions to negative 
under poor. Such changes occur 
within a single generation in flies 
exposed to different environments. 

Newman27-29 measured develop- 
mental rate and size at metamor- 
phosis for five sibships of spadefoot 
toad (Scaphiophus couchii) tad- 
poles in ponds of short and long 
duration. His data imply a change 
from a strong negative full-sib gen- 
etic correlation in ponds of short 
duration to a strong positive one in 
ponds of long duration (Fig. 2). In 
ponds of short duration, the broad- 
sense genetic correlation of length 
at metamorphosis and develop- 
mental rate was -0.84 (r2 = 0.71, 
P= 0.07); in ponds of long duration 
it was $0.91 (r2=0.83, P=O.O3). In 
this case, broad-sense genetic cor- 
relation changed dramatically be- 
tween two environments. 

Sometimes, environmental effects 
induce changes in magnitude but 
not in sign. In D. melanogaster, the 
additive genetic correlation be- 
tween early-life fecundity and star- 
vation resistance changes from 
-0.91 ? 0.03 at 25°C on a rich 
medium in continuous light to 
-0.45 + 0.18 at I5.5’C on a poorer 
medium in continuous dark30. Such 
changes in magnitude of genetic 
correlations across environments 
have also been found in mice, fruit- 
flies, herbivorous insects and milk- 
weed bugs2J7,3633. Scheiner, Caplan 
and Lyman34, on the other hand, 
document a case in which genetic 
correlations did not change signifi- 
cantly across environments. Clarke 
and Keith35 measured 102 pairs of 
genetic correlations in two environ- 
ments, and found that 95 were posi- 
tive, one was negative, and only six 
showed a sign change. Of those six 
with sign changes, only two seem to 
differ significantly. 

Thus, genetic correlations have 
complex behavior. They depend 
on stage of development, on the 
environment in which they are 
measured, and very much on the 
traits. All populations live in hetero- 
geneous environments; their ex- 
pression of genetic variation can be 
as heterogeneous as the environ- 
ments they inhabit. Genetic corre- 
lations have both a transient 
component - dependent on gene 
frequencies and genotype-by- 
environment interactions - and a 
deep-rooted component that ex- 

A reaction norm is the set of phenokypm 
expressed by a single genotype across a 
rang8 of environmental variation. A resetion 
norm can atso be ConSid8f8d to be the ex- 
pression of a single genotype as a function of 
an environmental variable, such as tampera- 
ture or food. While usually plot&d for one 
trait as a function of one environmental vari- 
able (as in Fig. 31, it is often useful to plot the 
environmental reactions of two traits against 
one another (as in Figs 1 and 2). In such 
bivariate reaCtion norms the environment 
varies along the norm rather than along on8 
of the two axes. 

presses the effects of physiology, 
development, history and design36. 
Because genetic correlations can 
change from population to popu- 
lation, within populations as gene 
frequencies change, during the 
course of development and from 
environment to environment, re- 
sponses to selection change in all 
the same ways. 

A theory of evolutionary dynam- 
ics based on genetic correlations 
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Maternal line D 

a 600 Maternal line E 
3 
z 
.M 
x 
h 400 
cj 

200 

10 15 20 
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Fig. I. Reaction norms (Box I I forage and dry weight at 
eclosion of female Drosophila mercatorurn from crosses 
of males from six isofemale lines from three field sites 
with females from two parthenogenetic maternal lines 
ID and El held in the lab for years. Each hatched 
polygon depicts the 95% confidence envelope for the 
reaction norm from one cross. Not all crosses are de- 
picted. The larvae were raised on yeast concentrations 
of I .5%, 0.5%, 0.25% and 0.1% at 25°C. Redrawn from 
Ref. 26. 

;2 i3 i4 1; i6 

Larval period (d) 

Fig. 2. Reaction norms for five sibships of spadefoot 
toads raised either in ponds of short duration (open 
squares) or in ponds of long duration (filled triangles). 
Redrawn from single-variable graphs in Ref. 28. 
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+l”\ tween the expressions of the trait in When we only consider a single 
a \ ’ the two environments. locus, the genetic variance of one 

For two environments as discrete trait and the genetic covariance of 
as two different species of host that trait with any other both be- 

Fig. 3. One locus affecting two traits through linear 
reaction norms. Left of x = - IO, its average effects on 

plant2, this approach is clear and come zero when the average effect 

both traits are positive. Between - IO and + IO, the appropriate. However, when the en- for that trait becomes zero. The gen- 

average effects differ in sign. Above x = + IO, both are vironment varies continuously, it is etic covariance is positive when the 
negative. Because no particular environmental factor more natural to model phenotypic two average effects have the same 
was chosen for purposes of illustration, the units on the plasticity as a continuous function of sign and negative when they differ 
environmental axis are arbitrary. a continuous environmental vari- in sign. When one of the average 

able - as a reaction norm. Genetic effects changes sign and the other 
variation in plasticity then involves does not, the genetic covariance 

should make provisions for changes variation in functions of the same between the two traits changes sign 
in the genetic correlations them- environmental variable. In any one (Fig. 4). The possibility of a sign 
selves. It would be even better to environment, genotype values are change in the additive genetic 
know when to expect regularities in represented by the values of the covariance is therefore a direct 
such changes and how to interpret function and genetic variances are consequence of genetic variation in 
the cases in which changes of sign in calculable by classical means, as is phenotypic plasticity3s 
genetic correlations did occur and the genetic correlation between In the simplest model, the aver- 
those in which they did not. Analysis two traits that are both expressed age effect of a gene substitution 
of genetic covariances is only a first as reaction norms. Experimentally, is a linear function of the environ- 
step towards evaluating selection such correlations might change sign ment3a40. Such a model is consistent 
on suites of characters, and it may between two environments (see with the work done on genotype- 
not be a necessary one. The greatest Figs I and 2). Can we explain that by-environment interactions by 
value of such studies is that they sign change by developing a quanti- Gillespie and Turelli4’. As in their 
identify functionally integrated tative genetics of reaction norms? model, genetic variation can be 
traits19. Studies of constraints on the Suppose that two traits are maintained by optimizing selection 
response to selection will be most phenotypically plastic and that in a variable environment3”. When 
improved by looking at the underly- genetic variation is present for their two environments are involved, 
ing causes of the correlations. These plasticity. Assume that both traits linear reaction norms and linear 
are to be found in the functional are influenced by a single locus. In average effects can formally always 
integration of the traits. each environment, we can find the be used, and the relation between 

average effect of a gene substitution linear reaction norms and the cor- 
A theoretical basis for sign changes in at that locus. However, because of relation between a trait in two 
genetic correlations phenotypic plasticity, the genotypic environments’0,30 has been worked 

Of several approaches to model- values for the two traits become out4”. The simple model of linear 
ling genetic variation in phenotypic functions of the environment, and reaction norms fits straightforwardly 
plasticity, that taken by Via and the average effect of a gene substi- with other quantitative genetic 
Lande’O is perhaps the best known. tution on each of the two traits will models. 
Following FalconerX7, they describe also be a function of the environ- In a single-locus model of linear 
genetic variation in phenotypic ment whenever the genotypic reaction norms, nonparallel reac- 
plasticity by treating one trait in two values are not parallel. By defi- tion norms represent genotype-by- 
environments as if it were two traits, nition’O, genetic variation in pheno- environment interaction. There will 
i.e. using the genetic correlation be- typic plasticity implies genotypic be an environment, probably dif- 

values that are not parallel functions ferent for each trait, where the 
of the environment. It follows di- heritability of the trait is minimal. 
rectly that we are dealing with aver- Between these two environments, 

40 age effects of gene substitutions the sign of the genetic covariance 

8 
that are functions of the environ- changes. If the average effects 

2 20 ment. changed sign at exactly the same 
‘e 
g 0 

The average effect of a gene sub- environmental value, however, the 
stitution might be a function of the genetic covariance contributed by 

-20 L 
environment that is always positive this single locus would not change 

-15 -10 0 10 ,5 or always negative; it could also sign. The locus does exert pleio- 

Environment 
change sign once or more often (Fig. tropic effects in both cases, but 
3). For one locus, the additive gen- when the average effects change 

Fig. 4. The basic pattern in additive genetic variances 
etic variance in trait I is 2pqa>(xl, sign at the same environmen&l 

IVa, and Va,) for two traits and their additive genetic the additive genetic variance in trait value, the effects of the locus on the 
covariance (Covl as determined by one locus acting on 2 is 2pqc~,~(x), and the additive two traits are more tightly related 
two traits. The linear allelic effects on reaction norms genetic covariance is 2pqol, (xkx,(x), than when they do not; there is 
lead to quadratic environmental functions of genetic 
variances and covariances. The values given for vari- 

where x represents the environ- more structure- to the pleiotropy, 

antes. covariances and the environment were chosen to ment, (Y~ the average effect of a gene which is why de longs8 used the term 

lie in the range where the effect depicted would appear. substitution for trait i, and p and g structuredpleiotropy to refer to this 
The units on the environmental axis are arbitrary the allele frequencies at the locus. special case. 
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For polygenes and the model of 
linear average effects, the average 
effects at each locus might be drawn 
independently from a distribution 
that is different and independent 
between the two traits3s. Under this 
assumption of complete indepen- 
dence, the additive genetic corre- 
lation always changes sign across 
environments. When structure is put 
into the pleiotropy by assuming that 
the average effects for the two traits 
are correlated, then the sign change 
does not appear if the correlation is 
large enough. 

The single-locus model explains 
why a sign change in genetic corre- 
lations can occur in experiments, 
and the model of polygenic linear 
reaction norms predicts such a sign 
change under the hypothesis of 
independence. This prediction of a 
sign change in genetic covariance 
may fail experimentally under four 
conditions. 

First, much dependson where the 
reaction norms cross on the environ- 
mental gradient. Mathematically, 
that point is arbitrary and the only 
important consideration is that it 
occur somewhere in the environ- 
mental range. Experimentally, there 
is no guarantee that the effect will 
occur within the range of conditions 
tested. Second, if pleiotropy is not 
weak but strong and structured, as 
should be the case in functionally 
integrated whole organisms, then 
these mechanisms will not lead to a 
sign change in genetic covariance. 
For example, we should expect that 
the genetic covariance of two traits 
affected only by the allocation of a 
single resource in limited supply 
would be constrained to be nega- 
tive for all amounts of the resource 
(Box 21. Third, loci that contribute 
to the mean value of the trait but 
not to the genotype-by-environment 
interaction could obscure the sign 
change. Fourth, the average effects 
might be a function of the environ- 
ment but never change sign, as 
would be the case for reaction 
norms that all decline to zero 
asymptotically without ever crossing. 

Linearity of crossing reaction 
norms is one way to get a sign 
change in genetic covariance across 
environments, but it is not the criti- 
cal feature of the model. The critical 
point is that the average effects of 
one locus on two traits must change 
sign at different points along the 

environmental axis for each of the 
two traits. 

The analysis of these types of 
effect is just beginning. While there 
should be cases in which the sign 
of the genetic covariance does not 
change across an environmental 
gradient, under simple assumptions 
- nonparallel linear reaction norms, 
additive and independent effects 
of alleles and loci - the change is 
expected. 

The special case of life history traits 
Of special importance are co- 

variances between life history traits, 
as they have been used as an 
indication of the life history strat- 
egies that the organism can follow. 
Phenotypic plasticity must be as- 
signed a larger role here than it has 
had in the past. 

Dingle et a/.42 found a difference 
in phenotypic plasticity in the milk- 
weed bug Oncopeltus fasciatus: 
populations from Iowa (USA) and 
Puerto Rico differed in sensitivity of 
size to temperature. At the same 
time, the Iowa and Puerto Rico 
populations showed different gen- 
etic covariance patterns between 
life history characters. The dif- 
ference in patterns between the 
island and continental populations 
was interpreted43 in terms of a dif- 
ference between a non-migratory 
and a migratory life history strategy. 
This interpretation, while cogently 
argued and clearly fitting the case, 
did not take into account any influ- 
ence of phenotypic plasticity on the 
genetic covariance. 

In such cases, attention to the 
consequences of genotype-by- 
environment interaction on the 
covariances between phenotypi- 
tally plastic characters is necessary; 
it is possible to over-interpret data 
if the covariance changes with the 
environment. Some caution is called 
for before interpreting a change in 
sign of a genetic covariance be- 
tween life history characters as a life 
history strategy. 

Conclusion 
Physiology and development play 

a key role in evolution by determin- 
ing the environment-dependent ex- 
pression of genetic variation and 
covariation. We suggest that genetic 
correlations, which appear to be 
genetic constraints, are not in them- 
selves constraints but one of the 

possible expressions of genetic in- 
fluence on physiology and develop- 
ment. For example, when there is 
genetic variation in two traits that 
are associated in a physiological 
trade-off within an individual, one 
expects a negative genetic corre- 
lation in the population. Physiology 
and development have a hand in 
the potential for a genetic response 
to natural selection, and one prom- 
ising route to understanding the 
causes of constraints on the re- 
sponse to selection lies through 
them. The study of genetic corre- 
lations, while it may not help much 
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to predict the long-term response 
to selection, nevertheless remains 
of central interest in evolutionary 
biology because of the insight it 
gives into evolutionary constraints 
caused by the physiological and 
developmental integration of the 
organism. A quantitative genetic 
analysis helps to pinpoint traits 
that might be functionally related. 
Whether it is the most efficient way 
to pinpoint such traits remains an 
open question. 
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Resource Capture, Biomass Allocation 
and Growth in Herbaceous Plants 
Eric Garnier 

Plant species differ widely in their rate of 
Giomass production, even when grown 
under optimal conditions. A Rey question 
concerns the extent to which these growth 
rates correlate with the uptake of car6on 
and Mitrogen and with the biomass allo- 
cation between leaves and roots. Recent 
data show that the answer to this questioti 
differs for mono- and dicotyledons, and that 
more than biomass allocation, it is the ratio 
between the activities of leaves and roots 
that correlates with the growth rate of u 

plant. 

Plant species may differ widely in 
their relative rate of biomass pro- 
duction, even when they are grown 
as isolated plants under productive 
conditions’-3. Since roughly 94% of 
the dry matter of a plant is com- 
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posed of elements that enter the 
biomass through photosynthesis, it 
may be assumed that fast-growing 
plants will be those having a high 
carbon-gaining capacity at the 
whole-plant level. Thus, it might be 
expected that ‘any allocation to any 
structures other than photosyn- 
thetic structures necessarily leads 
to a decrease in the maximal, 
resource-saturated growth rate of 
an individual plant’4. However, in 
experiments where species with 
different potential relative growth 
rates (RGR,,,: see Box 1) were com- 
pared, the relationship between the 
proportional biomass allocation to 
leaves (or shoots) and the RGR,,, of 
the plants has always been found to 
be very weak, and either positive’S’2, 
nonexistent3f13,‘4 or negative3,14,15. 

A first possible reason for this 
result is that photosynthesis and 
respiration have to be considered 
as well as biomass allocation to the 
leaves to give a full account of the 

carbon balance of the plant. A sec- 
ond reason may be that roughly 
6% of the dry matter of the plant 
biomass consists of elements - the 
mineral nutrients - that are not de- 
rived from photosynthesis. Any net 
CO, uptake should therefore be 
associated with a corresponding 
nutrient uptake to maintain this 
mineral concentration in the plant. 
This means that the activities of 
leaves and roots have to be bal- 
anced during growth, and this is 
usually expressed as16,17: 

(root mass x rate of nutrient absorption1 3~ 
(leaf mass x rate of carbon uptake1 [II 

After explaining how this ex- 
pression has to be modified, this 
review examines recent research on 
the relationships between the com- 
ponents of this balance (and combi- 
nations thereof) and growth rate for 
herbaceous species. 

A growth analysis approach 
A central notion used throughout 

this review is that of relative growth 
rate (RGRI, which is the dry mass 
increment per unit time and per unit 
biomass (Box I I. The highest RGR 


