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Abstract

A low-intensity selection strategy was recommended
for timber trees in the Peruvian Amazon to maintain
genetic variation on farms and produce modest gains in
tree growth. The effectiveness of this strategy was eval-
uated wusing Calycophyllum spruceanum. Farmers
selected 66 mother trees of different ages on farms in
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seven locations (~20 % of all trees in the locations) in one
watershed, based on a visual assessment of growth,
form and external disease symptoms. Another 66 moth-
er trees were chosen at random. Tree height, stem diam-
eter, stem bifurcations and mortality of progeny of the
selected and random groups of mother trees were evalu-
ated at 15, 26 and 38 months in a provenance/progeny
test located on farms in the same watershed. Height
was significantly greater (10%) in the selected group at
15 months, but it did not differ significantly between the
selected and random groups at 26 and 38 months. There
were no significant differences in diameter, bifurcations
and mortality between the groups. There was significant
variation in height and diameter at all measurement
ages due to families, and results suggested that varia-
tion in bifurcations and mortality due to families was
also significant. Based on approximate 95% confidence
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intervals, family variances in height and diameter did
not differ significantly between the selected and random
groups at any measurement age, but evaluations should
continue to confirm these tentative conclusions. Some
practical implications for tree improvement programs
are discussed.

Key words: tropical timber tree improvement, genetic variation,
growth, form, mortality.

Introduction

Farms are the principal sources of tree seed for planti-
ng in agroforestry systems in the Peruvian Amazon
(BRODIE et al., 1997). Farmers typically select a few
trees on their farms for seed collection based on the
tree’s phenotypic characteristics for the desired product.
Selecting a small proportion of the trees should lead to
greater gain but, all other things being equal, it will also
lead to greater reduction in genetic variation in the next
generation. Reduced genetic variation could lower the
tree population’s adaptability to changing environments,
and limit opportunities to select germplasm in response
to changes in consumer demands (SIMONS et al., 1994).
In the process of developing tree improvement strategies
with farming communities in the Peruvian Amazon,
O’NEILL et al. (2001) recommended low selection intensi-
ties, i.e. selecting a relatively large proportion of the
trees on farms. The objective was to maintain greater
genetic variation in agroforestry systems and produce
modest genetic gains.

This paper assesses the effectiveness of this low-
intensity selection strategy, using Calycophyllum
spruceanum (Bentham) Hooker f. ex Shumann (Rubi-
aceae family) as a case study. Farmers rank
C. spruceanum as a priority timber tree for agroforestry
systems in the Peruvian Amazon (WEBER et al., 2001). It
is a pioneer species that colonizes the alluvial floodplain
and other disturbed sites in the lowland humid tropical
forests of Brazil, Peru, Ecuador and Colombia (LINARES
et al., 1992). Trees in natural stands can attain heights
of 35 m with stem diameters of 1.8 m at breast height
(SEARS, 2003). Stems can be harvested for construction
poles after 2 to 3 years, or sawn timber after 15 to 20
years, and then coppiced for successive harvests. The
wood is in demand in national and international mar-
kets for furniture, wall paneling and parquet (TOLEDO
and RINCON, 1996), and is valued for charcoal because of
its high heat content (SOTELO MONTES et al., 2003).
There is considerable geographic and genetic variation
in tree growth and wood properties, which could be use-
ful for tree improvement programs (SOTELO MONTES et
al., 2003; Bo1vIN-CHABOT et al., 2004; WEBER and SOTELO
MonNTES, 2005; SOTELO MONTES et al., 2006, 2007a,
2007b, 2008).

The objectives of this study were (a) to determine if
there were significant differences in growth, stem bifur-
cations and mortality of progeny from two groups of
trees — one group phenotypically selected using a low-
intensity selection strategy, and the other randomly
selected; and (b) to assess whether family variance in
growth traits was similar in the selected and random
groups. The effectiveness of phenotypic selection has
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been evaluated in several temperate-zone timber species
(CoRNELIUS, 1994), based primarily on selections in
even-aged plantations. To our knowledge, this is the
first published report of a study to assess the effective-
ness of farmers’ phenotypic selection of a tropical timber
species growing in uneven-aged stands on farms. Some
practical implications and recommendations are dis-
cussed.

Materials and Methods

Sample region, study area, experimental design and
management of the provenance | progeny test

The sample region and study area are located in the
Aguaytia watershed in the western Peruvian Amazon
(Figure 1). In general, rainfall and soil fertility increase
from the lower to the upper parts of the watershed
(SOTELO MONTES et al., 2006). Open-pollinated seeds
were collected in September-October 1998 from 132
mother trees growing on farms in seven locations
(provenances) in the lower, middle and upper parts of
the watershed (Figure 1). Based on a visual rather than
a quantitative assessment, farmers selected 66 mother
trees (~20% of the trees in each provenance) that
appeared to have above-average growth rates, good bole
form and no external disease symptoms. Since selection
was based on several traits, this was not truncation
selection for any one trait (FALCONER and MACKAY, 1996).
In addition, 66 other mother trees were selected at ran-
dom. These are referred to hereafter as the selected and
random groups of trees. To reduce the chance of sam-
pling siblings, at least 100 m was maintained between
any two sampled trees. Although the number of trees
was the same for both groups (7, 7, 9 14, 3, 17 and 9,
respectively for provenance codes 1 to 7), the selected
and random trees were not paired samples. The age of
the trees could not be determined with certainty, but
they were definitely not all of the same age.

Seedlings of the 132 mother trees (families) were
grown in the nursery in a replicated experimental
design similar to that used in the field (described below).
After 15 months, they were transplanted into the prove-
nance/progeny test. Due to heavy rains and flooding,
transplanting extended over a 2-month period and this
undoubtedly contributed to the variation among replica-
tions.

The provenance/progeny test was established in the
lower, middle and upper parts of the Aguaytia water-
shed, hereafter called planting zones (Figure 1). The
experimental design was a randomized complete block
with split plots. Ten replications were established on dif-
ferent farms: three each in the lower and middle planti-
ng zones, and four in the upper zone. The test was not
replicated within farms. In each replication, the selected
and random groups were randomly assigned to two
main plots, and the families in each group were random-
ly assigned to 66 sub plots, each containing two trees.
Spacing was 2.5 by 2.5 m within and between rows. Two
rows of border trees surrounded each main plot. Dead
trees were replaced during the first dry season: replants
were not included in the analyses of tree growth and
stem bifurcations.
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Figure 1. — Geographic location of the sample region and study area in the Aguaytia watershed of the
Peruvian Amazon: inset shows the location of the seven provenances of Calycophyllum spruceanum and

the three planting zones (bold circles).

Management practices included a cover crop, fertilizer
application and manual weeding. A leguminous herba-
ceous cover crop, Centrosema macrocarpum Benth., was
sown between rows and 5 m around the perimeter of
each replication. Organic compost (1 kg) and rock phos-
phate (200 g) were placed in each planting hole; and
inorganic nitrogen, phosphorous and potassium (70 g N,
185 g P, 100 g K) were applied around each tree 22 and
34 months after planting. Farmers weeded their replica-
tions approximately every 4 weeks during the rainy sea-
son and every 6—8 weeks during the dry season. They
could do this in 2—-3 days when they had available time
and labor, but it took longer during periods of peak
demand on their time and labor. As a result, weeding
was not systematically done and this contributed to the
variation among and within replications.

Data collection and statistical analysis

Trees were evaluated at 15, 26 and 38 months. Tree
height was measured to the nearest cm using a meter
stick or telescopic measuring pole. Stem diameter at 10
cm above ground was measured to the nearest 0.1 cm
using callipers or diameter tape. The proportions of
dead trees and trees with stem bifurcations were calcu-
lated for the selected and random groups in each repli-
cation.

The SAS® statistical package version 9.1 (SAS INSTI-
TUTE INC., 2004) was used for all statistical analyses.
Departure from the normal distribution and homogene-
ity of variance were tested for the residuals using statis-
tics provided by the UNIVARIATE procedure. The angu-
lar transformation (arcsinVp) was applied to the propor-
tions of mortality and stem bifurcations, but transfor-
mations were not considered necessary for tree height
and stem diameter because the residuals had a normal
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distribution and homogeneous variance. The signifi-
cance level for all tests was a < 0.05.

Analysis of variance at each measurement age was
carried out using the MIXED procedure (restricted max-
imum likelihood estimation method). Variation was ana-
lyzed using a split-plot model in a randomized complete
block design. Analyses of tree height and stem diameter
included the following sources of variation: planting
zone (Z), replication nested in zone [R(Z)], group (G,
selected or random), provenance (P), family nested in
provenance and group [F(PG)], interactions [G x Z, G x
R@Z), Px Z, P x R(Z), P x G, F(PG) x Z, F(PG) x R(Z)],
and residual variation between the two trees within
subplots. Analyses of mortality and stem bifurcations
included Z, R(Z), G, G x Z, and G x R(Z). The signifi-
cance of effects due to fixed factors (Z, G and G x Z) was
tested with F ratios. For random factors, the Z test was
used to determine if the variance component was signifi-
cantly greater than zero. Variance components were
expressed as a percentage (VC%) of the total phenotypic
variance, which was defined as the sum of all variance
components except those for R(Z) and G x R(Z).

The likelihood ratio chi-square statistic (G2, FREQ
procedure) was used to test whether the frequencies of
stem bifurcations and mortality at each measurement
age were statistically independent of families. The row
variable was families and the column variables were (a)
the number of trees with and without stem bifurcations,
and (b) the number of dead and living trees. Indepen-
dence was tested for all families, and separately for fam-
ilies in the selected and random groups.

Variance components due to families (U2F(PG)) and
their coefficients of variation (Vo?%,; divided by the
group mean) were evaluated in the selected and random



groups at each measurement age. These are hereafter
called family variance and coefficient of family varia-
tion, respectively.

The sample sizes in this test could have reduced the
accuracy of some estimates of means and variances. The
numbers of progeny per family (maximum 20) and fami-
lies per provenance (3—17) were low, reducing the accu-
racy of estimates of family means and some provenance
means. In addition, a minimum sample size of 40 is rec-
ommended to obtain accurate estimates of variance com-
ponents (N. Mandel, personal communication). The
number of families was adequate to obtain an accurate
estimate of family variance, but the number of prove-
nances was too low to obtain an accurate estimate of
provenance variance.

Results

Variation in tree growth, form and mortality

Mean tree height and stem diameter were greater in
the selected than in the random group at all measure-
ment ages (Table 1). The difference was approximately
10% at 15 months, but decreased to only 1% at 38
months. The only significant difference was in height at
15 months (Table 2).

The random group had higher mortality than the
selected group, and the difference increased from 2% to
7% between 15 and 38 months (Table 1). These differ-
ences, however, were not significant (Table 2). The
increase in mortality in the random group over time
occurred primarily in two replications located in the
drier planting zones (lower and middle).

Weber et. al.-Silvae Genetica (2009) 58-4, 172-179

There was no consistent or significant difference in
stem bifurcations between the selected and random
groups at any measurement age (Tables 1, 2).

Planting zones produced increasingly greater signifi-
cant differences in tree height and stem diameter from
15 to 38 months (Table 2). In contrast, there was no sig-
nificant difference in the proportions of stem bifurca-
tions or mortality among the planting zones.

There was significant variation in tree height and
stem diameter due to families at all measurement ages
(Table 2), but this accounted for less than 10% of the
total phenotypic variance (VC%). Variation due to prove-
nances was not significant at any age. Most of the phe-
notypic variance was due to the family by replication
interaction and residual variation.

The frequencies of stem bifurcations and tree mor-
tality were not randomly distributed among families
(Table 3). There was a significant lack of independence
between stem bifurcations and the 132 families at 26
months: tests within each group indicated that families
in the selected group contributed primarily to this lack
of independence. A significant lack of independence
between mortality and the 132 families was observed at
all measurement ages, and this was also primarily due
to families in the selected group.

Family variance in growth traits in the selected and
random groups

Family variances (0%;,;) and their coefficients of
variation for tree height and stem diameter were slight-
ly greater in the selected group at 15 months, similar in
the two groups at 26 months, and notably lower in the

Table 1. — Descriptive statistics of tree height, stem diameter, stem bifurcations and tree mortal-
ity of Calycophyllum spruceanum in the random and selected groups of trees at 15, 26 and 38

months.
Random group Selected group
Mean Standard deviation Mean  Standard deviation
Tree height (m)™®
15 months 2.81 1.22 3.08 1.24
26 months 4.47 2.34 4.71 2.26
38 months 6.08 3.12 6.13 3.17
Stem diameter (cm)™°
15 months 4.47 1.86 4.92 1.93
26 months 6.45 3.28 6.64 3.19
38 months 8.93 4,37 9.04 4.19
Stem bifurcation (%)°
15 months 38 2.4 4.7 34
26 months 9.8 5.9 10.1 7.7
38 months 14.6 7.7 13.7 7.5
Tree mortality (%)
15 months 9.2 3.4 7.0 3.6
26 months 104 3.7 7.7 3.6
38 months 19.2 15.2 11.8 5.4

a2 Number of trees at 15, 26 and 38 months, respectively = 1181, 1165 and 1049 for the random
group, and 1227, 1219 and 1164 for the selected group.

b Tree height differed significantly between random and selected groups at 15 months only

(Table 2).

¢ Stem diameter at 10 cm above ground level. No significant difference between random and

selected groups (Table 2).

d Percentage of trees with bifurcations and dead trees per replication: number = 10 replications
for both random and selected groups at 15, 26 and 38 months. No significant difference

between random and selected groups (Table 2).
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selected group at 38 months (Table 4). Given the large
standard errors for UZF(PG), it is unlikely that there were
statistically significant differences in UZF(PG) between
the two groups, especially at 15 and 26 months. The
variance component + 2 standard errors is an approxi-
mate 95% confidence interval for the variance compo-
nent (OEHLERT, 2000). At 38 months, when the largest
differences were observed, the approximate confidence
intervals in the random and selected groups, respective-
ly were 0.010-0.282 and 0.000-0.183 for height, and
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0.108-0.804 and 0.000-0.358 for diameter. Given the
overlap between the intervals (0.010-0.183 for height,
and 0.108-0.358 for diameter), we cannot conclude that
the differences are statistically significant. The coeffi-
cient of family variation, which adjusts for differences in
means between groups, was approximately 25% and
40% lower for height and diameter, respectively in the
selected than in the random group at 38 months. The
coefficient of variation is calculated from the family
variance and the group mean, so its standard error

Table 2. — Analysis of variance of tree height, stem diameter, stem bifurcations and tree mortality of Calycophyllum spruceanum at
15, 26 and 38 months.

Source of variation® P’ VC%* P VC% P VC% P VC% P VC% P VC%
Height — 15 Height — 26 Height — 38 Diameter — 15 Diameter — 26 Diameter — 38
Farms
z 0.052 - 0.003 - <0.001 - 0.036 - 0.001 - <0.001 -
R(Z) 0.035 - 0.036 - 0.040 - 0.035 - 0.041 - 0.038 -
Main plot
G 0.020 - 0.133 - 0.318 - 0.084 - 0.621 - 0.376 -
GxZ 0.501 - 0.588 - 0.988 - 0.715 - 0.698 - 0.504 -
GxR(Z) 0.055 - 0.063 - 0.063 - 0.060 - 0.051 - 0.098 -
Subplot
P 0.110 2.7 0.121 2.6 0.214 0.9 0.339 1.2 0.185 1.2 0.343 0.9
PxZ 0.373 0.2 0.242 0.5 0.335 0.3 . 0.0 . 0.0 . 0.0
PxR(Z) 0.171 0.8 0.328 0.3 0.235 0.8 0.481 0.1 . 0.0 0.264 0.5
PxG . 0.0 . 0.0 . 0.0 0.180 3.5 0.295 35 0.284 1.9
F(PG) <0.001 8.6 <0.001 9.1 <0.001 5.3 <0.001 3.5 <0.001 3.5 <0.001 6.3
F(PG)x Z 0.394 0.5 . 0.0 . 0.0 . 0.0 . 0.0 . 0.0
F(PG) x R(Z) <0.001 23.2 <0.001 33.2 <0.001 33.9 <0.001 32.8 <0.001 32.8 <0.001 31.6
Residual <0.001 64.0 <0.001 54.3 < 0.001 58.8 <0.001 52.9 < 0.001 59.0 <0.001 58.8
Bifurcation® — 15 Bifurcation — 26 Bifurcation — 38 Mortality® — 15 Mortality — 26 Mortality — 38
Farms
Z 0.909 - 0.205 - 0.871 - 0.097 - 0.272 - 0.365 -
R(Z) 0.064 - 0.206 - 0.180 - . - . - 0.313 -
Main plot
G 0.259 - 0.845 - 0.569 - 0.195 - 0.127 - 0.144 -
GxZ 0.380 - 0.304 - 0.088 - 0.648 - 0.771 - 0.687 -
G x R(Z) 0.031 - 0.031 - 0.031 - 0.004 - 0.004 - 0.031 -

a2 Fixed effects: Z = zone, G = group, G x Z = interaction G by Z. Random effects: R(Z) = replication in Z, G x R(Z) = interaction G by
R(Z), P = provenance, P x Z = interaction P by Z, P x R(Z) = interaction P by R(Z), P x G = interaction P by G, F(PG) = family in
P and G, F(PG) x Z = interaction F(PG) by Z, F(PG) x R(Z) = interaction F(G) by R(Z).

b P = probability of F ratio for fixed effects and Z test for random effects. For F ratios, R(Z) is the error for testing Z, and G x R(Z)
is the error for testing G and G x Z. Degrees of freedom (Df) for F ratios: Z =2, R(Z)=7,G=1,GxZ=2,Gx R(Z) ="7. For Z
tests, ® indicates that the variance component equals zero. Total Df for height and diameter = 2407, 2383 and 2212, respectively
at 15, 26 and 38 months. Total Df for bifurcation and mortality = 19 at each age.

¢ VC% = variance component expressed as a percentage of the total variance for random effects in the model except R(Z) and G x
R(Z).

d Bifurcation and mortality: angular transformation of the proportion of trees in the selected and random groups in each replica-
tion.

Table 3. — Likelihood ratio chi-square (G?) test of independence between families of Calycophyl-
lum spruceanum and the frequencies of stem bifurcations and tree mortality at 15, 26 and 38
months. Tests are given for all families and separately for families in the random and selected

groups.

All families Random group Selected group
p? P P

Stem bifurcations
15 months 0.060 0.185 0.088
26 months 0.019 0.348 0.005
38 months 0.052 0.062 0.210

Tree mortality

15 months 0.010 0.112 0.029
26 months 0.011 0.190 0.022
38 months <0.001 0.003 0.010

2 P = probability of G2; degrees of freedom = 131 for all families, 65 for random and selected
groups; number of trees at 15, 26 and 38 months, respectively = 1181, 1165 and 1049 for the
random group, and 1227, 1219 and 1164 for the selected group.
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Table 4. — Family variance and coefficient of family variation of tree height and stem diameter of
Calycophyllum spruceanum in the random and selected groups of trees at 15, 26 and 38 months.

Random group

Selected group

Family variance (SE)”

Coefficient %"

Family variance (SE)  Coefficient %

Tree height
15 months 0.038 (0.014)
26 months 0.120 (0.046)
38 months 0.146 (0.068)
Stem diameter
15 months 0.076 (0.033)
26 months 0.284 (0.092)
38 months 0.456 (0.174)

6.9 0.056 (0.016) 7.7
77 0.128 (0.038) 7.6
6.3 0.087 (0.048) 48
6.2 0.118 (0.038) 7.0
8.3 0.229 (0.073) 7.2
7.6 0.164 (0.097) 45

2 Family variance = variance component due to families nested within provenance and group
(JF(PG)Z), SE = standard error of variance component.
b Coefficient % = coefficient of family variation = (v Opp2)/(group mean) expressed as a percent-

age.

includes variances and covariances due to both parame-
ters. Considering this and the overlap in the approxi-
mate confidence intervals mentioned above, we cannot
conclude that the coefficients of family variation differ
statistically between the two groups.

Discussion

Variation in tree growth, form and mortality

Phenotypic selection can be an effective means of
securing genetic gain in timber trees under certain cir-
cumstances (CORNELIUS, 1994). The magnitude of the
gain depends on the intensity of selection, the genetic
variation present in the populations where selections
are made, and the degree to which phenotype reflects
genotype (i.e., the heritability of the trait). In this study,
there are two reasons to expect modest genetic gains.
First, selection intensity was low (approximately 1 out
of 5 trees) and was based on several traits. Second,
selections were made in highly heterogeneous farm
environments and trees were not of the same age: under
these circumstances, the phenotype is likely to be a poor
guide to the genotype, at least for growth traits
(NAMKOONG, 1970). In spite of this, phenotypic selection
produced genetic gain in growth rate and survival of
Calycophyllum spruceanum. In fact, the 10% observed
gain in tree height and stem diameter at 15 months
seems unexpectedly high. The actual realized gain in
height and diameter may lie somewhere between the
two extremes of 10% and 1% observed at 15 and 38
months, respectively. The decreasing difference in
height and diameter between the selected and random
groups over time may reflect the increasing difference in
mortality between the groups, and the fact that dead
trees were treated as missing values for calculating
height and diameter. As inter-tree competition increases
over time, the smaller, less vigorous trees suffer higher
mortality than the larger, more vigorous trees. The ran-
dom group had higher mortality than the selected
group, so a larger proportion of the smaller trees died in
the random group than in the selected group. Therefore,
mean height and diameter of surviving trees increased
more in the random than in the selected group due to
mortality. Since the difference in mortality between
groups increased from 15 to 38 months, the difference in
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mean height and diameter decreased between the
groups. In addition, the estimated differences at all ages
were probably affected by high environmental variation
within and among replications produced by farmers’
inconsistent weeding practices, as observed in other on-
farm provenance/progeny tests (SOTELO MONTES et al.,
2006; ROCHON et al., 2007).

Results of this study are consistent with other studies
demonstrating genetic variation in growth at an early
age in tropical hardwoods in Latin America [e.g.,
Prosopis flexuosa D.C. (Cony, 1996); Alnus acuminata
Kunth. (CORNELIUS et al., 1996); Vochysia guatemalensis
Sm., J.D. (CorRNELIUS and MESEN, 1997); Sterculia apeta-
la (Jacq.) Karst (DVORAK et al., 1998); Bombacopsis
quinata (Jacq.) Dugand (HODGE et al., 2002);
C. spruceanum (SOTELO MONTES et al., 2006); Guazuma
crinita Mart. (ROCHON et al., 2007)]. Family means for
height and diameter of C. spruceanum were relatively
stable across zones, but there was considerable variance
due to the interaction between families and replications,
probably due to farmers’ weeding practices (SOTELO
MONTES et al., 2006).

Provenances did not account for significant variation
in tree growth in this test, wunlike another
provenance/progeny test of C. spruceanum (SOTELO
MONTES et al., 2006). Both tests sampled the same
provenances and were conducted in the same water-
shed. The difference probably reflects the fact that sam-
ple sizes were larger (>2 times as many trees) and all
progeny were from selected mother trees in the other
test. In this test, progeny data from the random group
lowered the provenance means, compared with the other
test.

Results suggest that stem bifurcations and mortality
of C. spruceanum also varied genetically, but this needs
to be confirmed in future tests. Genetic variation in tree
form has been reported for some other tropical hard-
woods (CoNy, 1996; CORNELIUS et al., 1996; DVORAK et
al., 1998), and the range in mortality among families in
this test (0-40% at 38 months in the selected group)
was similar to that observed in another provenance/
progeny test of C. spruceanum (SOTELO MONTES et al.,
2006). Stem form and mortality, therefore, should be
considered when selecting the best families for improve-
ment programs for this species.

177



Family variance in growth traits in the selected and
random groups

Results suggest that the low-intensity selection strate-
gy used in this study was effective in maintaining genet-
ic variation in tree height and stem diameter in the
selected population. Family variances in tree height and
stem diameter and their coefficients of variation were
lower in the selected than in the random group at 38
months but, given the overlap in their approximate con-
fidence intervals, we cannot conclude that the differ-
ences were statistically significant. We recommend,
therefore, that family variance should be evaluated in
both groups for a longer period of time before making a
definitive conclusion about the effectiveness of this
selection strategy in maintaining genetic variation.

Estimating heritability was not an objective of this
study, but the results are summarized for comparison
with other studies. Individual tree heritability of tree
height and stem diameter in this study (a) were similar
in value, (b) did not differ significantly between the ran-
dom and selected groups, judging from their standard
errors, (c) increased slightly from 15 to 38 months, and
(d) were comparable to estimates reported elsewhere for
trees at similar ages (SOTELO MONTES et al., 2006).

Practical implications and recommendations

When farmers in the Peruvian Amazon wish to plant
trees on their farms, they typically collect seed from a
few selected trees (BRODIE et al., 1997). This practice
should increase productivity in the planted population if
the selection is based on traits that are under strong
genetic control and have a lot of variability (FALCONER
and MACKAY, 1996). However, the limited genetic base in
the planted population puts it at a higher risk if envi-
ronmental conditions change, and it reduces options for
future selections on farm (SIMONS et al., 1994). More-
over, if the selected trees are genetically related, this
practice may actually lower productivity in the long
term due to inbreeding depression. In response to these
concerns, it was recommended that farmers and tree
improvement programs select a large number of trees on
farms using low selection intensities (O’NEILL et al.,
2001). Based on this study, the low-intensity selection
strategy appears to maintain genetic variation in the
selected population and produces modest genetic gains
in growth and survival through approximately 3 years,
which corresponds to the harvest age for construction
poles. If possible, evaluations should continue to assess
genetic variation and gains over a period of time that
corresponds to the harvest age for sawn timber.

Without increasing the selection intensity, gains in
growth and some wood properties in some species could
be increased by selecting trees based on wood traits that
have a higher heritability than growth traits and are
positively correlated with growth. For example, wood
density has a higher heritability than tree height and
stem diameter in C. spruceanum, and there is a positive
genetic correlation between density and these growth
traits (SOTELO MONTES et al., 2006). In addition, genetic
correlations indicate that C. spruceanum wood with
higher density is stronger and stiffer, but has slightly
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greater volumetric shrinkage (SOTELO MONTES et al.,
2007a, 2007b). Therefore, selecting C. spruceanum trees
with denser wood, based on non-destructive methods,
could simultaneously increase wood density, strength,
stiffness and tree growth in the next generation, but it
would slightly increase wood shrinkage. These relation-
ships should be investigated in other tropical timber-
tree species, and used to develop more effective selection
strategies.

Tree improvement programs must consider the trade-
off between genetic variation and genetic gain (CORr-
NELIUS et al., 2006), and the uncertainty about future
environments and markets. In well-funded industrial
programs, highly intensive selection and flexibility may
be simultaneously secured through multiple breeding
populations and other long-term breeding strategies. In
smallholder contexts, however, funding tends to be low
and fluctuating, genetic variation cannot be easily man-
aged pro-actively, and the release of highly selected
first-generation material could rapidly lead to the accu-
mulation of inbreeding in production populations with
consequent decreases in productivity. Therefore, alter-
native approaches are needed. A village-level, participa-
tory domestication program based on the selection of
unrelated clones in each village is a very attractive
approach for smallholders because it has the potential
to produce high genetic gain and conserve genetic varia-
tion at the inter-village level (LEAKEY et al., 2003;
SiMONS and LEAKEY, 2004). However, the avoidance of
inbreeding is still dependent on proper use of the select-
ed clonal material. For example, if farming communities
continue to propagate and plant only a few selected
clones, then inbreeding will pose a problem. A pro-active
strategy would involve discussing the negative effects of
inbreeding with farming communities; encouraging
them to propagate, plant and conserve many (e.g.,
30-50) genetically unrelated clones in each village; and
organizing networks to exchange packages of genetically
unrelated clones among villages in each region (DAWSON
et al., 2008).

The approach described in this paper provides farmers
with highly variable material of slightly improved
genetic quality, and sacrifices short-term genetic gain in
favor of longer-term flexibility. This strategy will not
satisfy all farmers in the short term but, given the eco-
nomic and environmental uncertainties facing farmers
in the future and the low level of funding available for
smallholder tree improvement, we believe that it is an
appropriate strategy for minimizing risk.
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