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Abstract Quantitative genetic diversity is a fundamental
component of the interaction between natural populations
and their environment. In breeding programmes, quantita-
tive genetic studies on tropical trees have so far focused on
fast-growing, light-demanding species, but no information
exists on shade-tolerant, slow-growing species. For this
study, 27 3-year-old open-pollinated families of the
Neotropical shade-tolerant rainforest tree Sextonia rubra
were measured in semicontrolled conditions for 20 mor-
phological, growth, and photosynthesis traits; the effect of
genetic relatedness, habitat of provenance, and mother tree
status on seedling traits was analysed. Nine traits displayed
significant genetic effects, while mother tree status and
habitat effects were not significant (P>0.05) for an y trait.
Estimated heritability varied between 0.14 and 0.28, with

growth-related traits having the highest values. Additive
genetic variation correlated positively with nonheritable
variation, suggesting that ecological–evolutionary factors
increasing or decreasing additive genetic variance may also
affect nonheritable variation in the same direction. Our
results suggest that quantitative genetic variability should
be taken into account in ecological studies on, and in the
management of, natural tropical rainforests; further research
is needed to investigate genetic × environment interactions,
in particular from the point of view of the genetic response
of shade-tolerant plant species to variations in light
availability.
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Introduction

Growth and survival of seedlings are crucial factors in
rainforest regeneration processes, and the traits underlying
the outcome of these processes are of paramount importance
in the evaluation of forest dynamics at early stages. The
response of seedlings to environmental conditions varies
among species and determines the capability of each species
to establish in a given habitat (Baraloto et al. 2006; Baraloto
et al. 2005; Poorter and Markesteijn 2008; Sterck et al.
2006). It can be argued that intraspecific variation also has an
impact in determining population dynamics; partitioning
the heritable and nonheritable components of this variation
is central to the understanding of population processes. On
one hand, from an evolutionary standpoint, genetic variation
for these traits, if present, implies that within-species
diversity may have an impact on the rate at which different
populations, or individuals within populations, can achieve
successful establishment. Although the vast majority of
seedlings disappear in the early developmental stages
(Augspurger and Kitajima 1992), small but significant fitness
differences can accumulate over generations and within
cohorts and lead to changes in trait and population fitness
means. On the other hand, forest management can only rely
upon juvenile traits to provide guidelines for the selection of
germplasm in afforestation programmes. Much effort is
therefore devoted to the estimation of genetic parameters
and of their stability in juvenile forest tree populations (for
recently published examples, see Bundock et al. (2008),
Callister and Collins (2008), Ward et al. (2008), Sotelo
Montes et al. (2007), Wightman et al. (2007), and references
therein). Assessment of the amount and distribution of
quantitative genetic diversity is therefore an important goal
both for ecological studies and for forest management.

This study deals with the evaluation of variability and
heritability of traits related to morphology, growth, and photo-
synthesis, which represent key features that characterise plant
investment in light interception and CO2 acquisition. The
study was carried out in open-pollinated families of 3-year-old
seedlings of the tropical rainforest tree Sextonia rubra (Mez)
van der Werff (Lauraceae), a shade-tolerant, hermaphroditic,
insect-pollinated Amazonian species. Unlike light-demanding,
fast-growing tropical species, which are the historical focus of
breeding and provenance tests, shade-tolerant, slow-growing
trees have not received much attention from geneticists, yet
they represent a substantial portion of the trees in undisturbed
tropical rainforests (Favrichon 1994). S. rubra is a typical
shade- tolerant species, and studying its genetic variation may
provide a preliminary understanding of the genetic dynamics
of tree populations in pristine forests. In its turn, the genetic
basis of traits has historically been disregarded as a factor
contributing to the lush diversity of tropical rainforests, the
study of which has rather focused on species diversity and the

effect of environmental conditions on plant life. With this
paper, we intend to start filling this double gap. The study
focuses on a single population of S. rubra, located at Paracou,
French Guiana, chosen because its population genetic
properties and inbreeding structure have been previously
characterised (Hardy et al. 2006; Veron et al. 2005). The
available information on its mating system and on the spatial
distribution of genetic variation was combined in order to
estimate quantitative genetic parameters. The results presented
here show that traits vary in their genetic diversity and
heritability; that mother tree habitat has an effect on at least
some seedling traits; that, although confidence intervals for
parameter estimates are large, a trend emerged between the
observed amounts of additive genetic variation and non-
heritable variation; and that neutral molecular markers are
poor predictors of quantitative trait variation.

Materials and methods

A total of 900 seedlings from 30 open-pollinated families of
S. rubra were grown in a shadehouse in Kourou, French
Guiana, under semicontrolled environment conditions. One
layer of black shade cloth was used to reduce light levels to
about 10.7±2.8% of full sun. This light level was higher
than light conditions usually met by young S. rubra
seedlings in natural conditions, but was chosen because it
allowed the seedlings to display a reasonable growth over
the study period (Barigah et al. 1998). Mean air temperature
and relative humidity in the shadehouse were 27.8 C
(minimum (min)/maximum (max): 23.6 C/31.7 C) and 70%
(min/max: 52%/98%), respectively. Twenty-litre pots were
filled with a mixture of sand (30%) and an A horizon soil
(70%) from the natural forest. Soil water content was
maintained near field capacity (≈0.25 m3 m−3) by watering
the plants three times a week. The seedlings were treated
with a commercial insecticide (Cuberol: 5% rotenone)
whenever needed. The experimental design consisted of
30 randomised complete blocks each containing one
seedling per family; randomisation permits taking into
account microenvironmental variations in shadehouse.

After 3 years of growth in the shadehouse, realised
survival was 51%, so that only 450 seedlings from 27
families could be measured. There was no significant
difference in survival rates among families (Fisher’s exact
test between the families with the most extreme survival
rates, odd ratio=0.42, P value=0.08). Mortality occurred
generally soon after germination, but no specific cause could
be identified. A total of 20 traits were then measured
including growth, morphological, and photosynthetic varia-
bles (Table 1). These traits were selected because they are
key features that characterise plant investment in light
interception and CO2 and water acquisition and utilisation.
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Leaf thickness was measured using a digital micrometre
(Mitutoyo Corporation Inc., Aurora, IL, USA) at three
positions on the leaf lamina. Leaf mass per unit area
(LMA) was calculated based on the lamina surface and its
dry mass (drying to constant mass for 72 h at 60 C). A
semiquantitative index of chlorophyll content (ICC, SPAD
unit) was obtained for each leaf using a chlorophyll metre
(SPAD-502, Konica Minolta Sensing Inc., NJ, USA). Net
photosynthetic rate (PHRA, micromoleCO2 m−2 s−1) was
obtained using a portable photosynthesis system (CIRAS1,
PP-Systems, Hoddesdon, UK) operating in open mode and
fitted with a Parkinson leaf cuvette. Gas exchange measure-
ments were conducted under the following nonlimiting and
light-saturating environmental conditions (Coste et al. 2005):
photosynthetic active radiation (PAR)=599±4 µmol m−2 s−1,
vapour pressure deficit=1.6±0.3 kPa, and air temperature=
30.8±1.2 C. In addition, for each seedling, average leaf
health status (from fully green to yellow) was recorded. For
each block, shadehouse light intensity was obtained using a
linear PAR ceptometre (AccuPar, Decagon Devices, Pull-
man, WA, USA) and a reference light sensor (Quantumeter
Li190SB, Licor, Lincoln, Ne, USA) located outside the
shadehouse. Where possible, the same trait was measured on

different copies of the same organ (e.g. leaves) in order to
assess the stability of the estimates of genetic parameters.
After all measurements were performed, plants were har-
vested, and aboveground dry biomass was obtained after
drying leaves and stems to constant mass (72 h at 60 C).

Two types of covariates were included in the analyses to
represent mother tree status in the forest population and
mother tree ecological habitat. Mother tree diameter was
used as an estimator of the access of each adult tree to light
resources, with the assumption that larger trees occupy a
more dominant position in the canopy and therefore have
better access to sunlight; mother tree location relative to
local topography (“habitat”, classified as “seasonally
flooded”, “slope” and “terra firme”) was used as an
environmental covariate, combining soil nutrient composi-
tion and texture, drainage characteristics, and light envi-
ronment. Seed mass, on the contrary, was not considered as
a relevant cofactor for two reasons. First, dry weight of S.
rubra seeds was on average close to 1 g (Hardy et al.
2006), that is, around 7% of the average biomass of 3-year-
old seedlings (this study); secondly, independent data on
other species (Eperua spp.; Scotti et al. in preparation)
show that seed mass effects on seedling traits disappear

Table 1 Description of traits and descriptive statistics for each trait

Trait Description Unit of measure Min Mean Max CV Transformation

Leaf traits

L1SH Shape (width/length), 1st leaf from apical meristem Adimensional 0.168 0.270 0.428 0.110 Ln

L2SH Shape (width/length), 2nd leaf from apical meristem Adimensional 0.167 0.267 0.439 0.100 Ln

L3SH Shape (width/length), 3rd leaf from apical meristem Adimensional 0.172 0.266 0.445 0.104 Ln

L1TH Thickness, 1st leaf from apex mm 0.96 1.82 2.72 0.170 –

L2TH Thickness, 2nd leaf from apex mm 1.00 1.87 3.04 0.174 –

L3TH Thickness, 3rd leaf from apex mm 0.98 1.90 3.65 0.113 Ln

L1MA Mass per unit area, 1st leaf from apex g cm−2 11.8 71.5 130 0.214 –

L2MA Mass per unit area, 2nd leaf from apex g cm−2 10.2 74.8 119 0.195 –

L3MA Mass per unit area, 3rd leaf from apex g cm−2 37.7 77.6 121 0.173 –

L1SP Length of leaf apex, 1st leaf from apical meristem cm 0 0.465 2.90 0.671 –

L2SP Length of leaf apex, 2nd leaf from apical meristem cm 0 0.390 2.80 0.345 √
Growth traits

HEIG Height cm 8.00 36.3 118 0.110 Ln

DIAM Diameter at stem base mm 2.95 8.78 18.5 0.155 √
NULV Number of leaves Adimensional 1 15 71 0.170

BIOM Above ground biomass g 0.39 15.1 143 0.448 Ln

LFAR Total leaf area cm2 8.73 819 6970 0.205

Photosynthesis traits

PHRA Net photosynthetic rate µmolCO2 m−2 s−1 1.30 5.07 11.5 0.393 –

L1CC Chlorophyll content index, 1st leaf from apex SPAD unit 87.5 424 831 0.292 –

L2CC Chlorophyll content index, 2nd leaf from apex SPAD unit 137 456 877 0.246 –

L3CC Chlorophyll content index, 3rd leaf from apex SPAD unit 181 484 779 0.256 –

Min, Mean, Max absolute individual seedling minimum, average, and maximum trait values, respectively, CV coefficient of variation
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after 1 year, even if the seeds are much more substantial
(10–100 g) than S. rubra’s.

Information about the level of inbreeding in the families
was previously estimated based on five microsatellites markers
(Veron et al. 2005). Molecular marker data are represented by
the data set published by Veron et al. (2005) completed with
further genotyping in order to obtain a larger data set.

Data handling, preliminary statistical analyses of phenotyp-
ic data (mean, variance, correlations), calculation of residuals,
tests of significance of effects, and estimation of parameters by
restricted maximum likelihood were performed using the
STAT and NLME packages in R (http://www.r-project.org).
Credible intervals for total variance (that is, the expected
variance of the population our families are drawn from) were
computed by a Bayesian approach using OpenBUGS (http://
www.mrc-bsu.cam.ac.uk/bugs), based on the same linear
model as in maximum likelihood analyses, with a burn-in
of 100,000 iterations and one million iterations for calcu-
lations. Quantitative trait data were checked for normality
(Shapiro test) and transformed where needed (Table 2).
Generally speaking, with the exception of leaf thickness and
length of leaf apex (that is, the narrow, elongated end of each
lamina), the same transformation was applied to homologous
traits. Leaf apex length showed a semiquantitative distribu-
tion, with approximately one third of the seedlings having no
apex. For quantitative analyses of this trait, only seedlings
showing a nonzero apex length were considered. Globally,
data transformation (logarithmic, square-, or fourth root) was
applied for ten out of 20 traits. Analysis of variance
(ANOVA) was applied to check for the effect of mother tree
habitat on seedling traits. Regression analysis was applied to

the identification of the effect of mother tree diameter at
breast height (DBH) on seedling traits.

In addition, for photosynthetic rate which displayed
significant correlation with microvariations of light intensi-
ty in the shadehouse, residuals of the regression of
photosynthetic rate against shadehouse light intensity were
used in the following analyses.

The subdivision of the phenotypic value (P) of a
seedling can be obtained with the following model:

P ¼ mþ F þ Bþ LCþ HA þ S ð1Þ
with μ the population mean, F the family effect, B the block
effect, LC the leaf colour effect, HA mother tree habitat
effect, and S the seedling effect.

The mixed linear model was used to estimate within-
family variance due to seedling effect S (σS

²), among-families
variance due to family effect F (σF

²), and their 95% con-
fidence intervals, by restricted maximum likelihood, using the
NLME package in R. Here, families and seedling are random
effects, and all other factors are fixed effects, with families
nested within habitats. Normality of ANOVA residuals was
checked (Bartlett test for normality of residuals).

Estimation of among-families variance (σF
²) was then

used to estimate the proportion of additive variance in the
population. In a set of open-pollinated families, randomly
drawn from a panmictic population, the following relation-
ship holds between the additive part of the genetic variance
(σ²A) and the variance of family means (σF

²)

s2
F ¼ 1

4
s2
A: ð2Þ

Table 2 Results of ANOVA analyses for traits displaying significant family effects

Df Mean Sq P (>F) Mean Sq P (>F) Mean Sq P (>F)

L1TH L3TH NULF

Block 11 0.019 <0.0001*** 0.615 <0.0001*** 0.180 0.03*

Leaf health status 6 0.0002 0.83 0.011 0.79 0.136 0.18

Family 24 0.0009 0.01* 0.033 0.03* 0.167 0.01*

Residuals 0.0005 0.019 0.092

Biomass Diameter Height

Block 11 2.53 0.0005*** 0.307 0.13 0.471 0.0004***

Leaf health status 6 1.49 0.09 0.168 0.56 0.056 0.90

Family 24 1.54 0.007** 0.446 0.001** 0.347 0.0005***

Residuals 232–295 0.805 0.206 0.149

Area L1CC L2CC

Block 11 5.47 <0.0001*** 18459 0.15 19949 0.11

Leaf health status 6 3.09 0.02* 51835 0.0006*** 49868 0.0009***

Family 24 2.05 0.03* 20442 0.04* 22953 0.01*

Residuals 232–295 1.22 12709 12818

Df Degrees of freedom; Means sq Mean square; *P=0.05; **P=0.01; ***P=0.001 (significance of effects was tested against residual variance by
Fisher’s F test)
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Information on the genetic structure of the population
under study (Hardy et al. 2006; Veron et al. 2005) was used
as follows: First, the following relation holds in compar-
isons of populations with and without inbreeding:

s2
A* ¼ 1þ Fð Þs2

A ð3Þ
where A* is the additive genetic variance estimated with
inbreeding, and F is the inbreeding coefficient (Lynch and
Walsh 1998, chapter 4). Given that in the studied
population F=0.076 (Hardy et al. 2006), the estimates of
additive genetic variance estimated from variance among
families were corrected by multiplying them by a factor of
1/(1+F)=1/1.076.

Next, in the calculation of narrow-sense heritability, the
presence of a mixture of full sibs and half sibs in the
progenies (Veron et al. 2005) was taken into account to
correct the relatedness of siblings. Narrow-sense heritability
(h²) was estimated as

bh2S ¼ 4cs2
F

cs2
F þcs2

S

ð4Þ

with strictly half sib families. The factor 4 in the numerator,
used for pure half-sib families (Eq. 4), was replaced by a
factor (0.9∙4)+(0.1∙2)=3.8, that takes into account that 90%
of the siblings are half sibs, and 10% are full sibs (Veron et
al. 2005). Finally, a third violation of model assumptions is
represented by differentiation of pollen clouds on the study
site (Veron et al. 2005), amounting to FST=0.06. The
differentiation of pollen clouds inflates the apparent genetic
differentiation among mother trees by a factor equal to
0.5∙FST, where 0.5 represents the contribution by the pollen
cloud to progeny genotypes. Therefore, the estimated σ2

A

was further reduced by a factor 0.5∙0.06=0.03. The
combination of these three corrections led to the estimation
of cs2

A=3.43
cs2
F . This correction was applied in all

subsequent calculations.
In order to break apart the roles of heritable and

nonheritable (dominance, epistasis, and residual) variability
on the observed heritability values, coefficients of genetic
and residual variation (including all nonheritable sources of
variation) were calculated based on most likely estimates of
variance components and on their confidence intervals.
Coefficients of additive genetic variation (AGCV) were
estimated by dividing the square root of cs2

A by trait mean,
and a “residual” equivalent of AGCV, called “coefficient of
residual variation” (RCV) was estimated as:

dRCV ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

cs2
F þcs2

S � cs2
A

q

x
; ð5Þ

where cs2
F and cs2

S are the maximum likelihood estimates of
among-families and within-family variances, and x is trait

mean. RCV is the sum of all nonheritable (narrow sense)
sources of variation (dominance, epistasis, and residual).

Considering the quantity (σ²
F+σ

2
S) as a constant

representing the (true) total population genetic variance, it
is easy to show that AGCV and RCV are related to each
other by the equation:

AGCV2 þ RCV2 ¼ s2
F þ s2

S

x2
ð6Þ

and that, consequently, it is possible to construct a joint
confidence interval for the two coefficients of variation
under the constraint of constant total variance. With the
same argument, it is possible to show that ACGV and
narrow-sense heritability (h2) are related by the following
equation:

h2 ¼ x2

s2
F þ s2

S

AGCV2; ð7Þ

therefore, it is also possible to construct a joint confidence
interval for estimated heritability and coefficient of genetic
variation. These equations were used for computing and
plotting joint confidence intervals of parameters based on
restricted maximum likelihood estimates of confidence
intervals for σ²

F and σ²
S.

Phenotypic correlations were estimated based on individ-
ual values using Pearson coefficients. Genetic correlations
were estimated based on correlation between best linear
unbiassed prediction (BLUP)-estimated genetic (family)
effects (Lynch and Walsh 1998) using Spearman coefficients.
Statistical significance of estimates of genetic correlation was
tested by a bootstrap approach. For each pair of traits, one
thousand bootstrapped samples were obtained by drawing
genetic effects with replacement, and correlation was
estimated for each sample. The values were ranked, and
the values corresponding to the 0.025 and the 0.975 quartiles
of the distribution were taken as the confidence limits for the
true value of the correlation coefficient (corresponding to a
two-tailed test with a P=0.05 threshold). The coefficients
were considered as significant when the confidence interval
did not encompass zero.

The relationship between trait values and genotypes at
neutral (SSR) markers was investigated in order to assess
the usefulness of SSR genotyping as a predictor of
quantitative trait properties.

Results

Mean and individual minimum and maximum observed
values for each trait, along with their coefficients of
variation, are reported in Table 1 for comparison with other
studies.
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Globally, values differed significantly when the same
trait was measured on the first, second, and third leaf from
apical meristem (Student’s t tests significant at P=0.05 for
all comparisons except for leaf shape and for second and
third leaf thickness). In one case (leaf thickness), the shape
of trait distribution differed markedly between leaves (not
shown). Due to these differences, same traits measured on
different leaves were treated separately. Among leaf traits,
length of leaf apex gave the largest coefficient of variation
(CV=0.67 and CV=0.35 for the first and second leaf from
apex, respectively) compared (1) to leaf shape where CV is
0.1; (2) to thickness for which CV varied from 0.11 to 0.17;
and (3) to mass per unit area where CV varied from 0.17 to
0.21.

Among growth traits, aboveground biomass was the
most variable trait (CV=0.45) with strong differences
between the minimum and maximum value observed for a
single seedling (0.39 and 143 g, respectively). Such strong
differences between individual seedling values was also
observed for other growth traits such total leaf area, height,
and number of leaves.

In order to evaluate possible maternal and environmental
effects on seedling trait values (that is, either environmental
conditions affecting mother trees, and therefore seeds, or
the action of genes being expressed in mother trees and
having an influence on the seeds), two types of data were
considered: mother tree habitat and mother tree DBH. No
traits showed significant habitat effects, or a correlation
with mother tree DBH, although several traits showed a
marginally significant test (not shown). Photosynthetic rate
was strongly dependent on microvariations in shadehouse
light intensity, and therefore, residuals of correlation
between photosynthetic rate and shadehouse light intensity
were used for subsequent analyses.

Possible interactions between each factor (including
family) and shadehouse light intensity were tested, but
none was significant. The data were submitted to two-way
ANOVAs by restricted maximum likelihood in order to
obtain estimates of within-family and among-families
variances. For most traits, there were significant effects of
block or leaf state or both (Table 2; only traits showing
significant genetic (i.e. family) effects shown), but neither
family × block nor family × leaf state effects were detected
(not shown).

Family effect was significant for nine traits out of 20.
Most-likely heritability estimates, along with the upper and
lower limits of their 95% confidence intervals, are
displayed in Table 3. Credible Bayesian intervals for total
variance were generally relatively narrow, with standard
deviation of the estimate generally not exceeding 10% of
the mean (Supplementary Table 1). In subsequent analyses,
therefore, most-likely total variance estimates were consid-
ered as the “true” variance, and the variation of its estimates

was ignored. Most-likely estimators of heritability, for those
traits displaying significant nonzero among-families effects,
varied between 0.15 (for chlorophyll content index) and
0.28 (for height). For most traits, confidence intervals were
wide and very asymmetric, probably due to limited sample
size. In spite of this, homologous traits and traits of the
same class showed very close most likely values, suggest-
ing that large confidence intervals do not reflect biassed
estimates, as provided by likelihood peaks. It is interesting
to note that growth traits consistently showed relatively
high estimates (between 0.23 and 0.28) and that morpho-
logical traits showed the smallest values, with most of them
being nonsignificantly heritable. Among photosynthesis-
related traits, heritability of photosynthetic rate was not
significant, and two chlorophyll content indexes out of
three displayed intermediate values of heritability.

Phenotypic correlations were obtained from individual
seedling values; genetic correlations were calculated on
BLUP estimates of genetic effects. Significant values (P<
0.05) are displayed in Table 4. One hundred and twelve
phenotypic correlations and 45 genetic correlations were
significant; one genetic correlation (L2CC–L3SH) was
significant while its phenotypic counterpart was not. All
pairs of growth-related traits showed significant genetic
and phenotypic correlation, while for physiology-related
traits, while all phenotypic correlations were significant,
only one genetic correlation (L1CC–L2CC) was. Photo-
synthetic rate and leaf mass per area were positively and
significantly correlated to growth traits, both genetically
and phenotypically.

The estimates of AGCV and RCV were plotted against
each other and with their combined confidence interval
(Fig. 1). When all traits were included in the analysis,
AGCV and RCV were correlated with each other (R2=0.68,
P<10−5), and correlations were higher for traits showing a
significant genetic component (R2=0.92, P<10−7). Spuri-
ous correlation caused by scaling and seedling effects was
excluded, as neither AGCV nor RCV were correlated to
trait means or to sample size (not shown). The confidence
intervals were large (Table 4 and Fig. 1) and proportional to
the most likely value. In spite of the large uncertainty of the
estimates and overall absence of correlation, a clear trend
seems to emerge, with traits having large genetic variance
also having large residual variance. Homologous traits
(chlorophyll content index, leaf thickness) tend to cluster in
the same regions of the plot, but growth-related traits are
relatively scattered. As expected from the tight correlations
of genetic and residual components of variation, narrow-
sense heritability did not correlate well with AGCV (R2=
0.04, P=0.20).

Based on the genotypes at five SSR loci for the twenty-
seven open-pollinated families, correlation for the follow-
ing pairs of estimated were tested for each trait: mother tree
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percentage of polymorphic loci and mean family value,
mother tree percentage of polymorphic loci and family
variance, family observed heterozygosity for each locus and
mean family value, family observed heterozygosity for each
locus, and family variance. After Bonferroni correction for
multiple tests within each trait, no significant correlation
was detected. Mother tree polymorphism did not correlate
with family means or variances.

Discussion

The results presented here indicate that most traits associated
with plant growth and physiology have significant genetic
components in a natural population of a shade-tolerant tropical
rainforest tree species. On the other hand, morphological traits
showed scant evidence of genetic control. Moderate genetic
control for growth traits was also observed in several other
quantitative genetic studies carried out on tree species
(Cornelius 1994). In a full-sib family of oaks, the narrow-
sense heritability of total height estimated by Scotti-
Saintagne et al. (2004) was between 0.05 and 0.45. In
Eucalyptus, genetic variation explained 13% to 50% of the
global variance (Tripiana et al. 2007). Recently, in open-
pollinated families of maritime pine, the narrow-sense
heritability for total height was estimated to be as high as
0.50 (Bouffier et al. 2008). However, quantitative genetics
studies carried out on morphological and physiological traits
indicated a rather low genetic control for leaf traits and
photosynthetic traits (Brendel et al. 2008; Potts and Jordan
1994; Scotti-Saintagne et al. 2004). This is confirmed by the
present study, showing little or no heritability for leaf
morphological traits and LMA. Most-likely heritability
values fall within the range reported in literature (Callister
and Collins 2008; Carnegie et al. 2004; Costa e Silva et al.
2005; Hodge et al. 2002; Navarro et al. 2004; Sotelo Montes

et al. 2007; Ward et al. 2008). Growth-related traits,
generally speaking, were found to display higher heritability
values, often associated with small estimates of genetic and
residual coefficients of variation (with the exception of total
aboveground biomass). Confidence intervals for genetic
parameters were wide, due to sample size, which was
severely reduced by early mortality. Measurement of growth
traits over a longer period (several years) would permit one
to refine estimates of variance components and test whether
tree development has an effect on traits.

Heritability estimates may be inflated due to maternal
effects. These are notoriously difficult to assess without
controlled crosses, which are currently unavailable in S.
rubra. Anyway, evidence for the influence of potential
maternal effects on seedling traits is controversial and
highly debated (Bundock et al. 2008; Kormanik et al. 1998;
Rae et al. 2008; Wu and Stettler 1994; Zamudio et al.
2005). To attempt to control for these effects, we have
assessed the influence of mother tree habitat, as an
estimator of nutrient, water availability, and light condi-
tions, and of mother tree size, as an estimator of the general
amount of resources that the tree can allocate to seeds.
These cofactors had only a limited effect on traits (Table 2),
and controlling for them allowed us to only slightly
improve estimates of genetic variance. Maternal canopy
status, as determined by mother tree DBH, was generally
marginally correlated with the measured traits, perhaps
suggesting that larger sample sizes may highlight the
presence of maternal effects. Another factor that may lead
to inflation of heritability estimates is variation in inbreed-
ing or selfing coefficients among families (Hodge et al.
1996). Although no estimate of the variance of selfing is
available for this species, Veron et al. (2005) report very
high outcrossing rates (tm=0.992) for the population as a
whole, possibly indicating that variation in inbreeding has
only a minor impact on our estimates.

h2 (95% CI) AGCV (95% CI) RCV (95% CI)

Leaf traits

L1TH 0.18 (0.052–0.64) 0.052 (0.028–0.097) 0.11 (0.073–0.12)

L3TH 0.20 (0.053–0.77) 0.038 (0.019–0.074) 0.075 (0.040–0.082)

Growth traits

Height 0.28 (0.094–0.85) 0.061 (0.035–0.11) 0.097 (0.045–0.11)

Diameter 0.24 (0.073–0.81) 0.078 (0.043–0.14) 0.14 (0.068–0.15)

NULF 0.24 (0.080–0.70) 0.080 (0.047–0.14) 0.14 (0.089–0.16)

Biomass 0.24 (0.075–0.75) 0.20 (0.11–0.37) 0.36 (0.21–0.40)

LFAR 0.23 (0.073–0.70) 0.11 (0.063–020) 0.21 (0.13–0.23)

Photosynthesis

Traits

L1CC 0.17 (0.045–0.66) 0.11 (0.057–0.22) 0.25 (0.16–0.26)

L2CC 0.15 (0.025–0.85) 0.097 (0.040–0.23) 0.23 (0.097–0.25)

Table 3 Most-likely estimates
of genetic parameters (in paren-
theses: limits of 95% confidence
intervals (CI)) for traits having
significant (P<0.05) additive
genetic components

VF among-families variance,
VI within-family variance,
h2 narrow-sense heritability,
CGV coefficient of genetic var-
iation, CRV coefficient of resid-
ual variation
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An important factor that could heavily influence the
estimation of the relative effect of genetic background and
environmental conditions in plants (in particular for
photosynthetic traits) is shadehouse light intensity. In
natural conditions, the range of light levels experienced
by shade-tolerant species is wider than for pioneer species.
Therefore, studying the former provides the opportunity of
testing genetic × environment interactions that are not really
applicable in the latter. At the same time, our study was
limited to only one semicontrolled light level, which means
that only one point estimate of genetic and environmental
effects, out of a larger range, was obtained. Replicating our
experiment in a range of light intensity conditions would
allow us to estimate the extent of the range as well as to
assess the importance of phenotypic plasticity. Neverthe-T
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less, the presence of genetic variability in growth traits,
pointing to the existence of faster- and slower-growing
open-pollinated families (although well within the range of
shade-tolerant species’ growth rates), with different leaf
anatomical and functional characteristics, raises questions
about the possible evolutionary genetic meaning of extant
variation.

Correlation analyses showed a general structure with
taller S. rubra stems associate with larger stem diameters, a
higher number of thicker, more elongated leaves (contrib-
uting to a larger total leaf area), and higher chlorophyll
content index (Table 4). This seems to hold for both
phenotypic and genetic correlations, thus suggesting that
these traits share their genetic bases. Interestingly, this does
not seem to be the case for physiology-related traits, which
show extensive phenotypic correlation but only limited
evidence of genetic correlation. In particular, the only
significant genetic correlation for any pair of physiological
traits occurs between L1CC and L2CC, which are also the
only heritable physiological traits.

Associations of traits have been largely described in the
literature, at the global scale (Wright et al. 2004) or at the
tropical rainforest scale (Baraloto et al. 2005; Bonal et al.
2007; Santiago and Wright 2007). A negative correlation is
usually found at the interspecific level between photosyn-
thesis traits and LMA (Bonal et al. 2007; Coste et al. 2005;
Wright et al. 2004), indicating trade-offs among between
light and carbon acquisition, on one end, and allocation and
growth, on the other end. In contrast, this correlation was
positive at the intraspecific level in our study, suggesting
that these trade-offs do not hold at the intraspecific level.
Interestingly, in European oaks, the only genomic region
controlling variation of chlorophyll content index is also
involved in the phenotypic variation of LMA, with same
sign effects (Brendel et al. 2008), in agreement with a
possible positive genetic correlation at the population level.

Genetic and residual coefficients of variation showed
significant correlation for traits with significant heritability.
This is not necessarily the case, as there is no theoretical
reason for additive and residual variance to be biologically
linked. Therefore, the observed correlation demands an
explanation that our data cannot provide. As a pointer for
further investigation, attention should be devoted to
nonadditive components of genetic variance, which appear
in the present study as a part of residual variance.
Considering the high level of genetic diversity observed
in S. rubra (Veron et al. 2005), dominance effects may be
important through heterozygotes at quantitative trait loci
(QTL). However, genetic diversity at neutral loci does not
ensure that the same distribution of allele frequencies would
apply to QTL.

As a complementary assessment of the genetic base of
the observed among-families variation, we investigated the

correlation between heterozygosity at random genomic
loci, as estimated by neutral molecular markers (SSR), and
the distribution of trait values. The analysis was performed
with five molecular markers, which is not far from
standard procedures for the assessment of genetic diversity
in natural populations of forest trees (often performed on
fewer than ten loci). Under the hypothesis that hetero-
zygosity promotes better performances (Hansson and
Westerberg 2002), it was expected to detect significant
correlations between heterozygosity and trait values,
although the conditions under which such correlations
are found may be very restrictive (Balloux et al. 2004).
Alternatively, one may expect that a higher level of
heterozygosity implies a larger number of segregating
sites, thus leading to correlation between heterozygosity
and trait variances. Since no such correlation was found, it
can be concluded that either the number of loci used was
too small, or that general genomic effects do not
contribute to the genetic control of the traits analysed
here. In either case, the use of neutral molecular markers
as an indication of “genetic quality” is questioned in real
cases, and the concept itself that heterozygosity of a given
population is correlated with its quantitative genetic
properties (a widespread assumption in the assessment of
the conservation status of forest tree populations) finds no
support in this study; these conclusions echo the findings
of Vendramin et al. (2008) which showed that low levels
of diversity at neutral markers were uncorrelated to the
adaptive potential of a widely distributed tree species.

In conclusion, although our results are not conclusive,
they suggest that individual genetic variation should be
taken into account when dealing with population properties
in ecological studies of tropical rainforest trees and
communities. For management purposes, it seems that
selection based on open-pollinated families would be
efficient at least for most growth traits, which show
relatively high heritability, but, on the other hand, neutral
markers provide little help (at least when a limited number
is used) in the evaluation of genetic material. Given the
importance of survival and growth at early stages in the
highly competitive rainforest environment, these results
may have direct consequences for the modelling of
ecological genetic processes. On the other hand, their
extrapolation to management practices requires further
investigation to disclose the relationship between traits at
the seedling and the adult stages.
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