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Michx.28. The FACE system was constructed in 1997, and has been used to fumigate (1998–
2001) developing forest stands. The experiment consists of 12, 30-m-diameter FACE rings,
assigned to factorial treatments of atmospheric CO2 (ambient and 560 l l21 during
daytime hours) and O3 (ambient and 46.4 ml l21 to 55.5 ml l21 during the growing season
(1998–2001) in the daytime (07:00–18:59) on average for the six O3 treatment rings). The
four treatments are arranged in a randomized complete block design, with three
replications of each treatment. Each FACE ring is divided by a walkway system into three
parts. In one half of each ring, we planted five trembling aspen genotypes of differing O3
and CO2 responsiveness. The other half of each ring is further divided into two quarters;
one is planted with aspen and sugar maple, Acer saccharum Marsh., and the other is
planted with aspen and paper birch, Betula papyrifera Marsh.; each FACE ring is planted at
a 1 £ 1 m spacing. In June 1997, 12,000 trees were planted inside the rings (1,000 trees per
ring). The performance of our FACE exposure system, the growth responses of the trees
and additional details of our experiment have been summarized in detail elsewhere28.

Tree height and diameter measurement
Tree height and diameter were measured at the end of each growing season, after leaf fall.
Tree height was assessed using a telescoping height pole and diameter was assessed at 3 cm
above the soil surface along two axes, using callipers15.

Plant assay methods
Cuticular waxes were recovered by chloroform washing from physiologically similar, fully
expanded main lateral leaves collected from aspen trees growing within each ring. Wax
amount (10 ^ mg) was expressed in relation to leaf surface area and quantitative leaf
cuticular wax chemical composition was determined using gas chromatography (GC) and
GC-mass spectrometry (MS) as described elsewhere29.
Positive identification of Melampsora medusae Thuem. F. sp. tremuloidae was
confirmed by observations of urediniospores using scanning electron microscopy
(SEM) and/or light microscopy. Rust incidence was assessed in late September as
percentage of infected leaves per tree and severity of rust occurrence per leaf. Their product
was calculated as the incidence of infection10.

Invertebrate surveys
Leaves used for phenolic glycosides determinations were collected during the fourth larval
instar of forest tent caterpillar development. Foliage (2–3 g fresh mass) was excised at the
petiole from each tree, flash frozen in liquid nitrogen, freeze-dried, ground, and stored at
220 8C before analysis. Levels of the phenolic glycosides salicortin and tremulacin were
measured using high-performance thin-layer chromatography (HPTLC), with purified
aspen salicortin and tremulacin as reference standards30. Forest tent caterpillar larvae were
reared communally in large mesh bags until the fourth instar, at which time they were
placed in individual mesh bags (five larvae per tree, three trees per ring) and reared to
pupation.
Total numbers of aphids and natural enemies on seven aspen trees from each ring were
counted. Data were log10 (n þ 1) transformed before analysis. No winged aphids were
found on any of the trees; thus all aphids are likely to have been born and developed from
the initial colonization of the trees by winged females early in the growing season. The
natural enemies were mainly predators (such as Coleoptera and Neuroptera) and parasitic
Hymenoptera. Although the data are likely to have underestimated the total number of
natural enemies (particularly winged species) exploiting the aphid populations, they
represent a snapshot of the population at the time of the survey. More comprehensive
sampling (for example, by using insect traps) would have included natural enemies
exploiting insects feeding on all the trees growing in the FACE rings, rather than aspenfeeding aphids. The long-term aphid and natural enemy population surveys used similar
methods, except that data were collected from the lowest south-facing branch on each tree
rather than from entire trees. In the previous survey, aspen aphids were found only on the
lower branches; no aphids were ever found on the upper branches.
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Statistical considerations
Data were analysed by general linear models analyses of variance (ANOVA). The AspenFACE experimental design, at the whole-plot (error d.f. ¼ 6) level, is three replications of a
randomized complete block design with four treatment combinations. We assume that
replications are random effects, and treatments are fixed effects28.
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Genetic correlations among traits are important in evolution, as
they can constrain evolutionary change or reflect past selection
for combinations of traits1,2. Constraints and integration depend
on whether the correlations are caused by pleiotropy or linkage
disequilibrium3, but these genetic mechanisms underlying correlations remain largely unknown in natural populations4. Quan-
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titative trait locus (QTL) mapping studies do not adequately
address the mechanisms of within-population genetic correlations because they rely on crosses between distinct species,
inbred lines or selected lines (see ref. 5), and they cannot
distinguish moderate linkage disequilibrium from pleiotropy
because they commonly rely on only one or two episodes of
recombination6. Here I report that after nine generations of
enforced random mating (nine episodes of recombination),
correlations between six floral traits in wild radish plants are
unchanged, showing that pleiotropy generates the correlations.
There is no evidence for linkage disequilibrium despite previous
correlational selection acting on one functionally integrated pair
of traits7. This study provides direct evidence of the genetic
mechanisms underlying correlations between quantitative
traits in a natural population and suggests that there may be
constraints on the independent evolution of pairs of highly
correlated traits.
In the past two decades, biologists have become increasingly

Figure 1 Floral trait correlations with 95% confidence intervals. a, Phenotypic
correlations based on mean matrices; residual matrices gave virtually identical results
(see Methods). The confidence intervals are twice the standard errors of these means.
b, Additive genetic correlations, calculated as correlations among breeding values
determined using BLUP; component correlations gave virtually identical results (see
Methods). Confidence intervals are from the z transformation29. The RM data are the
average of the two random-mated replicates. PetLen, petal length; PetWid, petal width;
TubeLen, corolla tube length; ShrtFil, short filament length; LongFil, long filament length;
Pistil, pistil length.
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aware of the profound effects that genetic correlations can have on
evolutionary change3,8. A genetic correlation between two phenotypic traits can be caused either by pleiotropy, in which one locus
affects both traits, or by linkage disequilibrium, in which the two
traits are affected by distinct gene loci but some evolutionary force
creates and maintains a nonrandom association between the alleles
present at these loci9. Genetic correlations are important because
natural selection on one character either causes an evolutionary
change in a correlated neutral character or alters the response to
selection in a correlated character that is itself under direct selection.
In other words, non-adaptive evolution of the second character can
occur. Therefore, genetic correlations among traits can slow or
constrain the evolution of the most advantageous combinations of
traits, at least in the short term1,10.
But constraints will only occur if the correlation is caused by
pleiotropy or extremely tight linkage; correlations caused by linkage
disequilibrium between moderately or loosely linked loci can be
altered rapidly by recombination and selection4,8. Conversely, natural selection may alter correlations, especially in cases where two or
more traits interact to carry out a given function2,11. Here again the
genetic mechanism is important, because selection is one of the
principal factors that can create and maintain linkage disequilibrium3, although selection can alter pleiotropic correlations as well.
Although pleiotropy is thought to be ubiquitous and the most
common mechanism of genetic correlations in nature11–13, the
limited information available from mapping studies suggests that
both linkage disequilibrium and pleiotropy can be important5,14.
I studied mechanisms of correlations among six floral traits in a
natural population of wild radish, Raphanus raphanistrum15. Wild
radish is self-incompatible and therefore an obligate outcrosser.
Linkage disequilibrium will only occur in natural populations of

Figure 2 Theoretical declines in correlations caused by a reduction in linkage
disequilibrium during nine generations of random mating. The magnitude of the reduction
in a correlation is plotted on the y axis, the proportion of the original correlation that was
due to linkage disequilibrium, that is, one minus the proportion owing to pleiotropy, is
plotted on the x axis. Note that intermediate values for this proportion assume that several
loci are affecting the correlation. The plotted lines show the declines over nine generations
for five different rates of recombination from 1 2 (1 2 c)9, where c is the recombination
rate3. For polygenic traits, c is a weighted average of the recombination rates between the
various loci that affect the traits30. Dotted and dashed lines show the range of detectable
changes in phenotypic and genetic correlations, respectively. The upper dotted and
dashed lines are the detectable declines for the correlation with the largest combined
95% confidence interval (CI) in the experiment (long filament and petal width, Fig. 1); that
is, with a decline of 0.15 [(original CI þ RM CI)/2 ¼ 0.15] in the phenotypic correlation or
0.43 in the genetic correlation, the 95% confidence intervals would not overlap. The lower
dotted and dashed lines are the detectable declines for the correlations with the smallest
confidence intervals in the experiment (the correlations between the long filament, the
short filament and corolla tube lengths).
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outcrossers if some force such as selection or drift counteracts
recombination. The phenotypic and genetic correlation between
filament and corolla tube length in wild radish is much greater in
magnitude than are other floral correlations in this species15, and
there is much evidence for correlational selection acting on these
traits7,16. Therefore, linkage disequilibrium is a plausible mechanism
for at least some of the filament–corolla tube correlation. The
corolla and stamens (including the filaments) have been shown to
have a very close developmental relationship in many plant
species17, which might suggest that the higher correlation is due
solely to pleiotropy. Although some other species in the Brassicaceae
(the family to which wild radish belongs) share the very high
filament–corolla tube correlation, many do not16, indicating that a
close developmental relationship may not necessarily lead to a
high correlation, or that the close developmental relationship is
evolutionarily labile.
I used seeds from 600 randomly selected field plants (see ref. 15
for details) to create two greenhouse populations of 300 plants each
(RM1 and RM2). In each generation, crosses were carried out
randomly so that every plant acted as a male and a female, but
with no reciprocal crosses. One plant from each maternal plant was
raised to form the next generation. In this mating design there is no
selection, because all plants have equal fitness. Under such relaxed
selection, recombination will reduce the contribution of linkage
disequilibrium to genetic correlations, whereas the contribution of
pleiotropy will persist.
My design is similar in many respects to one used to measure
mutation accumulation18. The effects of mutation accumulation
should be minimal in my study because, first, floral traits were
measured rather than fitness, which means that there should be far
fewer genes involved; second, the traits were measured under benign
conditions, which minimizes the phenotypic effects of mutations
(ref. 18 and references therein); and third, the study only lasted nine
generations. The absence of mutational effects is supported by the
lack of difference between the mean values of the traits in the
random-mated and those of the control populations (see below).
After nine generations of random mating (that is, nine episodes
of recombination), 275–298 plants were raised from each of the two
randomly mated populations and from a random sample of the
original field population; the latter were from seeds stored from the
same field collection used to establish the random mating populations. In each group, 68–75 plants were chosen randomly to be
sires, and each was used to pollinate 1–3 unique randomly chosen
plants (a total of 212 sires and 601 dams). One seed from each dam
was raised in the greenhouse in each of two blocks separated in time
for a total of 1,172 offspring (30 offspring failed to germinate). In
both parental and offspring generations, the three groups were
interspersed in a systematic fashion on the greenhouse bench,
eliminating any average environmental differences between the
groups. Six floral dimensions (petal width and lengths of petal,
corolla tube, short and long filaments, and pistil) were measured on
1 of the first 40 flowers produced by each plant in both generations
(93% of these were the third to thirteenth flower; see ref. 15 for
details).
Owing to the design of this study and previous work on this
species, differences in the phenotypic correlations among treatment
groups are likely to reflect accurately differences in the additive
genetic correlations. The phenotypic analyses have greater power
than have genetic analyses, because power for the former depends
on all individuals measured, whereas the number of families (always
a smaller number) is more crucial for the latter19. But it is possible
that environmental or non-additive genetic variances and covariances differ among the groups in ways that would create phenotypic
differences without additive genetic differences or obscure phenotypic differences even if genetic changes had occurred. For these
reasons I present both additive genetic and phenotypic analyses,
which are in excellent agreement with each other—there was no
NATURE | VOL 420 | 28 NOVEMBER 2002 | www.nature.com/nature

evidence for changes in the means, variances, covariances or
correlations among traits owing to the nine generations of
recombination.
Multivariate analysis of variance showed no evidence for differences in the mean values of the traits among the three treatment
groups. Although there was a strong block effect (P , 0.0001),
neither the linear contrast of the two RM populations to the original
population (F 6,2001 ¼ 1.6, P ¼ 0.14) or the interaction of group
with block (F 48,6982 ¼ 1.2, P ¼ 0.20) was significant, despite very
high statistical power. This suggests that effects of selection,
mutation and drift on the traits during the experiments were
negligible.
The genetic variance/covariance matrices (G) did not differ
significantly (likelihood ratio tests20 : RM1 versus original,
x221 ¼ 26.4, P ¼ 0.19; RM2 versus original, x 221 ¼ 9.93, P ¼ 0.97;
total N ¼ 1,985). Common principal components (CPC) analysis19
of the phenotypic variance/covariance matrices (P) also did not
detect significant differences between the RM and the original
matrices. Because the CPC method tends to overestimate differences between matrices21, and the total sample was very large
(N ¼ 2,021), the lack of significant difference is strong evidence
that the matrices were not altered by the random mating.
The phenotypic and genetic correlation matrices also showed no
evidence for declines associated with linkage disequilibrium (Fig. 1
and Table 1): the 95% confidence intervals were broadly overlapping
for all correlations, the average changes were 0.07 or less, and the
matrices were very highly correlated. Note that although a few of the
genetic correlations declined moderately (up to 0.18), the correlations between the lengths of the filaments and corolla tube did not.
Overall, the evidence indicates that floral correlations are caused
by pleiotropy, with no evidence for linkage disequilibrium. The
means, variances, covariances and correlations for the six floral
traits were highly stable over nine generations. My power to detect
linkage disequilibrium depends on many factors, including the
proportion of the original correlation caused by linkage disequilibrium, the degree of initial disequilibrium among independent loci
affecting the traits, and the weighted mean recombination rate
among these loci (refs 11, 13, 22, 23 and Fig. 2). My experiment had
a high probability to detect declines in phenotypic correlations
(Fig. 2, dotted lines) and in genetic correlations with smaller 95%
confidence intervals (Fig. 2, lower dashed line), including those
between the filaments and corolla tube. For these, linkage
disequilibrium would have been detected unless only a very small
proportion of the correlation was caused by linkage disequilibrium
or if the correlation was caused by loci with harmonic mean
recombination rates in the region of 0.01. For the genetic correlations with larger confidence intervals (Fig. 2, upper dashed line
denotes the largest), linkage disequilibrium would still have been
detectable if more than half of the correlation was caused by linkage
disequilibrium and the mean recombination rate was at least 0.2. A
mean recombination rate lower than 0.2 is unlikely in wild radish—
an outcrosser with nine pairs of chromosomes13,23—unless loci
affecting the traits are tightly clustered on a small subset of these
chromosomes.
These pleiotropic correlations would be expected to constrain the

Table 1 Comparisons of phenotypic and additive genetic correlation matrices
Average
difference

Maximum
decline

Matrix
correlation

.............................................................................................................................................................................

Phenotypic (average)
Phenotypic (residuals)
Additive genetic (component)
Additive genetic (breeding value)

0.008
0.011
20.069
20.040

20.016
20.015
20.169
20.177

0.997
0.995
0.984
0.939

.............................................................................................................................................................................
Comparisons were between the original and random-mated populations. Four different methods of
calculating phenotypic and genetic correlation matrices were used (Methods). Absolute values were
not used in calculating the average difference, as recommended previously28, because all of the
floral correlations are positive and because the direction of the change is of interest.
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independent evolution of floral traits in wild radish, particularly the
filaments and corolla tube for which the correlations are very high.
Studies of populations in species that have diverged naturally or
through artificial selection have also not generally detected changes
in the G-matrix (refs 19, 24, and references therein; but see also
ref. 22). These results also have significance for discussions of
possible transient changes in the G-matrix caused by selection
that creates linkage disequilibrium22,23; no evidence of such changes
was found in this study. It has been argued that most estimates of the
G-matrix are made under relaxed selection and therefore do not
reflect the G-matrix under selection in natural populations22. At
least in the population studied here there was no difference between
the two, removing one of the many caveats involved in reconstructing past selection.
The finding of correlations that are due to pleiotropy rather than
linkage disequilibrium in an obligately outcrossing species is not
unexpected on theoretical grounds11. But this expectation is based
on several assumptions, including that of weak selection; epistatic or
correlational selection can create linkage disequilibrium in outcrossing species11,25. Because there is evidence for correlational
selection on the lengths of the filaments and corolla tube in wild
radish7,16, the empirical finding of a lack of linkage disequilibrium is
significant. The lack of linkage disequilibrium does not mean that
selection has not altered the filament–corolla tube correlations;
selection can alter correlations caused by pleiotropy as well13. Future
studies of how correlations respond to correlational selection would
improve our understanding of the evolution of integration among
functionally related traits. My study provides a direct demonstration of the mechanisms underlying correlations among quantitative traits in a natural population; similar studies on additional
traits and species will be crucial to furthering our knowledge of
integration and constraint in evolution.
A

Methods
Details of mating design
On average, 3% of mothers had no offspring that successfully produced seed in the next
generation owing to failures in germination, mortality or unsuccessful pollination; thus,
there may have been some selection. Some or all of the lack of germination (the single most
common source of failure) was probably caused by environmental stresses on the mothers,
especially insect and pathogen attacks, which were frequent in the greenhouse. Evidence
for this comes from the pattern of average germination success, which showed no trend
over the generations and little variance between the two replicates in a generation, but
varied widely from generation to generation. If germination success or resistance or
tolerance to enemies was genetically correlated with the floral traits, then there could have
been some correlated evolution in the floral traits. These types of genetic correlation are
largely unknown, except that there are no significant genetic correlations between
germination time and any of the floral traits measured15. When a total failure of offspring
reproduction from one maternal parent occurred, two plants were chosen randomly, one
to be used twice as a male and the other twice as a female to maintain each population close
to 300 individuals. Because most individuals had two offspring in the next generation, the
effective population size in each population was roughly 600, and the inbreeding
coefficient increased by only about 1 in 1,200 each generation26.

Analysis details
I compared G-matrices using the program pcrf1, which is part of the Quercus package20.
Restricted maximum-likelihood (REML) estimates were made with and without the pair
of matrices constrained to be the same, and the fit of the models was compared using two
times the difference in log-likelihood, which has a x 2 distribution. Because the floral traits
were measured on all parents and offspring, and Quercus takes advantage of all pedigree
information, each of these comparisons are based on two-thirds (each RM replicate was
tested against the original population separately) of the complete sample of N ¼ 1,985
individuals.
Phenotypic variance/covariance matrices (P) and phenotypic correlations (Table 1 and
Fig. 1) were calculated in two different ways. Both methods were designed to correct for
differences in means among blocks and generations that could bias the correlation
estimates if all data were simply pooled. In neither case was a significant difference
detected between the P-matrices, that is, none of the CPC tests was significant at P , 0.05
on the basis of 1,000 randomizations.
In the first method, the phenotypic covariance matrices were estimated from residuals
of models correcting for differences in means among generations, blocks nested within
generations, replicates (for the two RM populations only) and the interactions between
them. Therefore, a single test was done comparing the RM to the original populations with
N ¼ 1,317 and 704, respectively. This total N is slightly greater than the genetic analysis
above because some of the parents did not produce flowering offspring and were therefore
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eliminated from the genetic analysis. In the second method, I calculated a P-matrix for
each block and generation separately, and then averaged the corresponding elements
across the five matrices for the original population (three parental and two offspring
blocks) and across the ten matrices for the random mated populations (5 blocks £ 2
replicates). The CPC tests were done on these averages.
The genetic correlations (Table 1 and Fig. 1) were also calculated in two ways: variance/
covariance component correlations were estimated by REML in Quercus (see above), and
breeding value correlations were estimated as Pearson’s product–moment correlations
among breeding values calculated using best linear unbiased prediction (BLUP). BLUPs
were estimated using Proc Mixed in SAS27.
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