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Abstract

Calycophyllum spruceanum Benth. is an important
tree for timber and energy in the western Amazon, with
expanding national and international markets for its
wood. There is relatively little information, however,
about geographic variation in tree growth and wood
properties, and correlations among these traits. The
first provenance trial was established with farming com-
munities in the Peruvian Amazon. Seven provenances,
sampled from regions near the equator, were tested in
three planting zones located in one watershed. Variation
and correlations were investigated in stem growth at 30
and 42 months, wood density (in the lower and upper
parts of the stem) and mean heat content of stem wood
at 32 months. Stem height varied significantly among
provenances and planting zones, but zones accounted for
much more variation than provenances. Stem wood
traits did not vary significantly among provenances.
Wood density was greater in the lower than in the upper
stem. Wood density in the upper stem and the difference
in density between the lower and upper stem varied sig-
nificantly among planting zones: density in the upper
stem was lowest, and the difference in density between
the lower and upper stem was largest in the zone where
trees grew most rapidly. Phenotypic correlations
between stem growth and wood density differed in sign
among planting zones, suggesting that selecting fast-
growing trees could indirectly reduce wood density in
environments where trees grow slowly, and increase the
difference in wood density between the lower and upper
stem in environments where trees grow very rapidly.
Correlations between stem growth and wood heat con-
tent were stable across zones, and indicated that larger
trees tended to have wood with higher heat content.
Stem-wood heat content varied with provenance lati-
tude/longitude in the sample region, but none of the
other traits varied clinally. Results indicate that there is
potential to select faster-growing provenances at an
early age, but this could affect wood density in certain
environments.

Key words: provenance, environment, height, diameter, wood
density & heat content.

Introduction

The Amazon Basin is extremely rich in tree species
(LAURANCE, 2001), but the extent and distribution of
genetic variation in these species is not well known.
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Farmers in the Peruvian Amazon use more than 150
indigenous tree species, and rank Calycophyllum
spruceanum Benth. (Rubiaceae family) as one of the
best suited for the production of lumber, poles, firewood
and charcoal in agroforestry systems (SOTELO MONTES
and WEBER, 1997). Revenue from the sale of these prod-
ucts can contribute significantly to farmers’ income
(LABARTA and WEBER, 1998; PINEDO-VASQUEZ et al.,
2001). The dense, tan-coloured wood is used for furni-
ture, wall paneling and floors, and its national and
international markets are expanding (TOLEDO and
RINCON, 1996). It is known in the markets as Capirona
(Peru), Palo blanco (Argentina), Guayabochi (Bolivia),
Pau mulato (Brazil), Alazano (Colombia), Corusicao
(Ecuador), Araguato (Venezuela), Palo camarén (Spain),
Citronnier bresilien (France) and Brasil Zitrohenholz
(Germany).

Calycophyllum spruceanum is a pioneer species that
colonizes the floodplain and disturbed forests below 650
m elevation in the western Amazon of Peru, Brazil,
Ecuador and Colombia (LINARES et al., 1992). Trees
mature in 2-3 years in open-grown conditions, and the
small, winged seeds are dispersed by wind and water.
The canopy is not dense, and partial leaf abscission may
occur during the dry season. Trees can attain heights of
35 m with stem diameters of 1.8 m at breast height
(SEARS, 2003). The wood is diffuse porous and very
dense when mature (0.76 g/cm?® according to ACEVEDO
and KIkATA, 1994; 0.645 g/cm? according to WOODCOCK,
2000). Farmers value the species because it grows rapid-
ly, the wood is dense and relatively uniform, and the
wood has a high heat content, making it suitable for
firewood and charcoal (SOTELO MONTES and WEBER,
1997; SEARS, 2003). Stems can be harvested for construc-
tion poles and charcoal/firewood after 2 to 3 years, or
sawn timber after 15 to 20 years, and then coppiced for
successive harvests. In addition, farmers regularly cut
branches beginning in the second year for firewood and
charcoal production.

The first provenance trial of Calycophyllum
spruceanum was established with farming communities
in the Peruvian Amazon. This was the first provenance
trial of any indigenous tree species in the Peruvian
Amazon. Results from this trial at 18 months demon-
strated that there is potential to select fast-growing
provenances with desirable branch-wood properties
(high density and heat content) for firewood and char-
coal production (SOTELO MONTES et al., 2003). At 18
months there was (a) a significant difference in stem
growth among provenances, although this accounted for
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relatively little variation compared with planting zones,
(b) a weak, positive phenotypic correlation between stem
growth and branch-wood density, and between branch-
wood density and heat content, and (c) a latitudinal
cline in branch-wood heat content. The positive correla-
tion between growth and branch-wood density suggests
that it may be possible to select fast-growing prove-
nances without reducing branch-wood density, assuming
that the genetic correlation is also positive (ZOBEL and
JETT, 1995). However, the correlation differed in sign
among planting zones in the trial, suggesting that selec-
tion of fast-growing trees in certain environments may
indirectly reduce branch-wood density.

In this paper, we present additional results from the
same provenance trial. The objectives are to assess the
relative magnitude of variation in stem height, diame-
ter, wood density and heat content due to provenances
and planting zones; and evaluate the phenotypic corre-
lations among these traits in three different planting
zones. Trees were evaluated at 30 and 42 months for
stem height and diameter, and at 32 months for stem-
wood density and heat content. Since wood density often
varies within the stem and may reduce the tree’s timber
value (ZOBEL and VAN BUWJTENEN, 1989), variation in
wood density was evaluated near the base of the stem
and just below the live crown. The major results are
compared with other tropical hardwood species, and
some practical implications are discussed.

Materials and Methods

Sample region, study area and experimental design

Eleven natural populations were sampled in the Peru-
vian Amazon (Figure 1). Seeds were collected from 35
trees in each population in 1996. Trees were randomly
selected from those that had sufficient fruits, no exter-
nal disease symptoms, and were at least 100 m from any
other tree marked for collection. Latitude and longitude
of each sampled tree were recorded using a Global Posi-
tioning System (elevation estimates were not always
reliable).

Accurate climatic data are not available for the loca-
tions of the populations. In general, mean annual rain-
fall increases from south to north and from west to east
(range approximately 1400 to 3200 mm) across the sam-
ple region, and mean annual temperature increases
from south to north (range approximately 24 to 28°C)
(KALLIOLA et al., 1993). Elevation ranges from approxi-
mately 180 to 240 m above sea level in the southern
part of the sample region, and from 150 to 180 m above
sea level in the northern part.

A single seedlot was created from each provenance by
mixing an equal volume of seed from each of the 35
trees. Seedlings were grown in nursery bags for 1 year.
Fungal pathogens caused high mortality in the nursery,
especially in four provenances (Atalaya, Tiruntén,
Shukushuyacu, Von Humboldt). In addition, seed viabil-
ity decreased more rapidly than expected, making it
impossible to resow several provenances in the nursery.

The trial was established in a study area located in
the Aguaytia watershed in February 1998. The Aguaytia
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Figure 1. — Geographic location of Calycophyllum spruceanum
populations sampled in the Peruvian Amazon for the prove-
nance trial. Locations of the populations are indicated by solid
circles. Replications of the trial are located in the lower, middle
and upper parts of the Aguaytia watershed, 30—105 km south-
west of Pucallpa. Results are presented for seven provenances:
Barranca, Pastaza, Laguna, Mazan, Pevas, Tamshiyacu,
Jenaro Herrera.

is representative, in terms of rainfall and soils, of many
other watersheds in the lowland rainforest of the west-
ern Peruvian Amazon. The study area extends from the
lower to the upper part of the watershed, i.e. from 30 km
to 105 km southwest of Pucallpa (see Figure 1 for loca-
tion of Pucallpa). From the lower to the upper part of
the study area, elevation increases from approximately
180 m to 240 m above sea level, and annual rainfall
increases from approximately 1400 mm to 2500 mm
(~80% of the range in rainfall among provenance loca-
tions). Soils in the lower and middle parts of the study
area are very acidic (pH 4 to 4.5, 20 to 50% aluminum
saturation), with low levels of available phosphorous,
and intermediate levels of potassium, calcium and mag-
nesium (Luis Arévalo pers. comm. 2000). Soils in the
upper part of the study area are slightly acidic (pH 6 to
6.5) with high levels of available phosphorous, potassi-
um, calcium and magnesium. Soil texture is sandy in
the lower part of the study area, heavy with clay in the
middle part, and light with organic matter in the upper
part. There is a 4-month long dry season with sporadic
rains in the study area: during this season (June—Sep-
tember), drought is most severe in the lower part of the
watershed and least severe in the upper part of the
watershed.



The experimental design was a randomized incom-
plete block, with 10 replications. Replications were
established in the lower, middle and upper parts of the
study area (referred to below as planting zones). Planti-
ng zone was considered a classification type variable in
the analysis. Replications were established on 10 farms:
four in the lower zone, three in the middle zone, and
three in the upper zone. The trial was not replicated
within farms. In total, 10 provenances were planted in
the trial. Provenances were randomly assigned to one of
seven square-plots in each replication: 16 trees were
planted in each plot, with 2.5 m spacing between trees
and rows. Due to limited numbers of plants, the four
southern-most provenances were not tested in all three
zones, and were not included in the analyses presented
below. The analyses are based on the seven provenances
that were tested in all three zones: Laguna, Barranca,
Pastaza, Jenaro Herrera, Tamshiyacu, Mazan and
Pevas. Five of these provenances were planted in all 10
replications, but two provenances were planted in fewer
replications (Laguna in 4 replications, Pevas in 9 repli-
cations). Therefore, replications are incomplete blocks
with respect to the treatment (provenances).

Replications were kept small (~0.125 ha) to minimize
micro-environmental differences within replications,
and help ensure that farmers could manage and evalu-
ate their replication. Dead trees were replaced during
the first 3 months following trial establishment, but not
thereafter. Less than 2% of the trees died during the 42-
month evaluation period.

Farmers’ management practices included establish-
ment of a cover crop, minimal application of fertilizer,
branch pruning, and manual weeding. Centrosema
macrocarpum Benth., a leguminous herb, was sown
between rows and 5 m around the perimeter of each
replication to control soil erosion, moderate soil surface
temperatures, improve soil fertility, reduce weed inva-
sion, and provide farmers with a cash crop (seed for pas-
tures). Compost (1 kg) was placed in each planting hole,
and rock phosphate (200 g) was added to the soil around
each tree 6 months after planting. No other fertilizers
were applied. Branches were pruned from the lower half
of the stem 18 months after trial establishment. Weed-
ing was scheduled according to need: every 4 weeks dur-
ing the rainy season, and every 6-8 weeks during the
dry season. Farmers could weed their replication in 2—-3
days when they had available time and labor. However,
during periods of peak demand on their time and labor
pool, most farmers extended the length of the weeding
period, sometimes up to 4 weeks. As a result, weeding
was erratically done in most replications, and this
undoubtedly produced environmental variation among
and within replications (SOTELO MONTES et al., 2003).

Traits measured in the provenance trial

Before thinning, each provenance plot included four
interior trees (net plot) and 12 border trees. Trees in the
net plot and border undoubtedly experienced different
degrees of intra- and inter-provenance competition
(SoTELO MONTES and WEBER, 2001). Since competition is
not uniform in farmers’ fields, we decided to measure all
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living trees as an assessment of provenance perfor-
mance in farmers’ fields.

Stem height and diameter were measured on all trees
at 30 months, and on the non-thinned trees at 42
months. Height was measured in cm using a meter stick
for trees less than 1 m in height, and a telescopic mea-
suring pole for taller trees. Stem diameter was mea-
sured in cm at 10 cm above the soil level using calipers
for small trees (mean of two perpendicular measure-
ments) and diameter tape for larger trees (one measure-
ment).

Fifty-percent of the trees in each plot were thinned at
the end of the dry season in 2000, 32 months after trial
establishment. The trees were coppiced at 30 cm above
soil level. This was a selective thinning based on tree
height and bole form (bifurcations in the canopy) using
the same selection criteria for all trees, but it was also
designed to leave a fairly uniform distribution of trees in
the plot. Therefore, the thinned trees were not necessar-
ily the shortest trees and/or trees with bifurcations in
the canopy.

The thinned trees were used for analysis of wood den-
sity and heat content, and for the correlations between
the stem growth and wood traits. Although these trees
were not randomly selected from all trees in each plot, it
is unlikely that this would affect the general conclusions
about the relative magnitude of variation due to prove-
nances and zones, and the correlations between the
stem growth and wood traits. There are four reasons
that this statement. (1) Wood density was not one of the
criteria used to select trees for thinning. (2) Means for
height and diameter of the thinned trees were only 8%
lower than the means for all trees, ranging from 5-12%
lower depending on the provenance and zone. Therefore,
mean wood density and heat content, and the correla-
tions between these wood traits and tree growth were
based on trees that were only slightly smaller than all
trees in the trial. Moreover, the coefficient of variation
for height and diameter was approximately 45% for the
thinned trees, compared with approximately 41% for all
trees in the trial. (3) Analysis of variance of height and
diameter of the thinned trees, using the models present-
ed in the next section, produced essentially the same
results as the analysis of variance of all trees, indicating
that the thinned trees were representative of all trees in
the trial. (4) The frequency of trees with bifurcations in
the canopy was 11% among all trees at the time of
thinning, and only slightly higher (15%) among the
thinned trees. There was no statistically significant
difference in the frequency of bifurcations among prove-
nances or zones; and there was no statistically signifi-
cant difference in stem-wood density or heat content
between the group of trees with bifurcations and the
group of trees without bifurcations (based on analyses of
variance, P>0.05: WEBER and SOTELO MONTES, unpub-
lished data). It is unlikely, therefore, that this slight
increase in the occurrence of canopy bifurcations among
the thinned trees would produce any significant bias in
the wood traits, in particular since wood samples were
obtained from the stem below the canopy.

Discs for the analysis of wood density were sampled
from the lower and upper parts of the stem of the
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thinned trees. Two stem sections were collected in the
field — one just above the coppice cut, and another just
below the live crown. The cut ends of the stem sections
were treated with paraffin wax to reduce moisture loss.
If possible, six contiguous discs were obtained from each
stem section. Prior to preparing the discs, 5 cm were cut
from each end of the stem sections. For the lower stem
section, the first disc was sampled near the base (i.e.
35 cm above ground level) and then five contiguous discs
were obtained. Two dimensions were used in order to
obtain discs of relatively similar volume from the trees.
Disc length was 2.5 cm for trees with larger stem diame-
ters (> 5 ¢m), and 5 cm for trees with smaller stem
diameters (€ 5 cm). Therefore, the six contiguous discs
from the lower stem were sampled from a 30 cm section
for smaller trees and from a 15 cm section for larger
trees (i.e. 35-65 ecm and 35-50 cm above soil level,
respectively). To ensure that the results were not due to
this difference in length, we repeated the statistical
analyses described below using the mean density for a
15 cm section (i.e. 35-50 cm above soil level): means
were calculated from a maximum of three discs (each
5 cm long) for smaller-diameter trees and six discs (each
2.5 cm long) for larger-diameter trees. The results were
entirely consistent with the analysis of six discs, and led
to the same conclusions. Therefore, results are present-
ed below for the six discs. For the upper stem section, all
discs were 5 cm in length, so the six contiguous discs
were sampled from a 30 cm section beginning at 5 cm
below the live crown.

Basic density (g/cm®) was determined for each disc
using the water-displacement method (ASTM, 1997).
Mean density was calculated separately for the lower
and upper parts of the stem (discs 1-6 and 7-12, respec-
tively) of each tree, and used in the analyses presented
below. The mean number of discs per tree for the lower
and upper parts of the stem was 5.91 and 5.88, respec-
tively.

Sawdust, produced during disc preparation, was used
to measure heat content. For each tree, sawdust from
the lower and upper parts of the stem was thoroughly
mixed, and then a sample was obtained from the mix-
ture. Heat content (kilocalories/100 g) was determined
from the complete combustion of one sample (0.3 g) of
dry sawdust per tree in an adiabatic bomb calorimeter
(ASTM, 1976). Heat content was not adjusted for mois-
ture content, which was approximately 12% (+1%).
Detailed methods for determination of wood density and
heat content are described elsewhere (SOTELO MONTES
and WEBER, 2001).

Statistical analysis

The analyses presented below are based on trees from
seven provenances tested in all three planting zones.
The following growth and wood traits were analyzed:
stem height and diameter at 30 and 42 months; mean
wood density in the lower stem and in the upper stem,
the difference in mean density between the lower and
upper stem, and stem-wood heat content at 32 months.
The SAS® statistical package, version 8 (SAS Institute
Inc., 1999), was used for all analyses, with P < 0.05 con-
sidered statistically significant for all tests. The SAS
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procedures included: GLM, using partial sums of
squares (Type III), for analysis of variance; VARCOMP,
using the restricted maximum likelihood method
(REML), for estimation of variance components; REG for
multiple regression; and CORR for Pearson correlations.
Transformations of the data were not necessary to satis-
fy the assumptions of analysis of variance and other
analyses.

Variation in growth and wood traits among trees was
partitioned by analysis of variance, using a partially
hierarchical, mixed model: Y;;, = n + o; + By, + Y, + oy +
BYiiy + €y Where Yy, = tree) in treatment combina-
tiony, u = the grand mean, a; = planting zone;, B;; =
replication, nested in zone,, y, = provenance,, ay, =
interaction between zone, and provenance,, [3yj(i)k =
interaction between replicationj nested in zone, and
provenance,, and € = residual error. Planting zone was
treated as a fixed factor, since each zone is characterized
by soil fertility and rainfall conditions. All other sources
of variation were treated as random factors. Provenance
was considered random because the objective was to
evaluate the relative magnitude of variation among
provenances from a limited geographical range, rather
than to estimate the specific differences among particu-
lar provenances. Inference about provenance variation
is limited to the geographical region covered by the
seven provenances, not to a larger geographical area.
Because of the model, some F-ratios involved more than
one mean square in the denominator (“quasi” F-ratios),
and were tested with approximate degrees of freedom
(WINER, 1971). The F-ratios used to test each source of
variation in the model had the following forms: planting
zone = (Mszone) / (MSrep(zone) + Msprov X zone MS
rep(me)); replication nested in zone (MS
nance (MSpmv), and the provenance-zone interaction
(MSperV « zone) Were tested over the interaction between
provenance and replication nested in zone (MSWOV N
o p(Zone)); and this last interaction (MS .. 1D(Zone)) was
tested over the residual variation (M§ esidual)+ Variance

prov x
rep(zone))’ prove-

components were estimated for each sou;ﬂce of variation.
A second analysis of variance model was used to test
for significant differences in traits between the eastern
(Jenaro Herrera, Tamshiyacu, Mazan, Pevas) and west-
ern (Laguna, Barranca, Pastaza) regional groups of
provenances. This was also a partially hierarchical,
mixed model: Yy, =1+ a; + By + Y, + O + Oy + 08y
+ BYiip + B + Ejame Where Yy, = tree in treatment
combinationy,, n = the grand mean, o, = planting zone,,
B = replicationj nested in zone;, y, = region,, §, =
provenance, nested in region,, ay, = interaction between
zone; and region,, 09, = interaction between zone; and
provenance, nested in region,, Byjmk = interaction
between replicationj nested in zone, and region,, B0
= interaction between replicationj nested in zone, and
provenance, nested in region,, and €., = residual error.
Planting zone was a fixed factor, and all other sources of
variation were random factors. The F-ratios had the fol-
lowing forms: planting zone = (MS, ) / (MS_ pzone) +

MSregion x zone MSregion X rep(zone)); rephcatlon nested in

zone = (Msrep(zone)) / (MSregion xrep(zone)); region = (Msregion)/
(MSprov(region) + region x rep(zone) - prov(region) x rep(zone) ;
provenance nested in region = g

prov(region)



); interaction between region and
) / (MSregion X r_ep(zone) +. Msprov(region) X
sone proviregion) x rep(Zone)); the interactions between
region and replication nested in zone (MSregion < rep(zone))
and between provenance nested in region and zone
(MS,, i (region) x zone) WETE test':ed over the interaction
between provenance nested in region and replication
negted in zone (MSpm(re gion) Xrep(Zone)); and this last 1.nter-
actl.on.(MSpmv(region) « rep(zone)) WS tested over the residual
variation (MS

(MSprov(reg‘ion) x rep(zone)

zone = (M region x zone

residual’*

Latitudinal and longitudinal clines in provenance
means for stem growth and wood traits were investigat-
ed using Pearson (r) linear correlation coefficients and
multiple regression analysis. Independent variables (lat-
itude, longitude, latitude x longitude interaction, lati-
tude? and longitude?) for multiple regression were
selected using a stepwise method with forward selection.
Mean latitude and longitude were computed for each
provenance from the latitude and longitude of the 35
mother trees sampled per provenance.

Pearson (r) linear correlations among stem growth
and wood traits were computed separately within each
planting zone to assess the effect of planting zone envi-
ronment on the correlations.

Results

Variation in traits due to provenance, environment and
their interaction

There was considerable variation in stem-growth
traits, but relatively little variation in stem-wood traits.
For example, coefficients of variation for all trees in the
trial (Table 1A) were approximately 41% for height and
diameter, but only 8-10% for wood density (higher in
upper stem) and 2% for wood heat content. The coeffi-
cient of variation for the difference in wood density
between the lower and upper stem was very large
(~150%) because it involved variation and covariation
among two variables, and the mean difference was close
to zero. The difference in density was positive for most
trees, but approximately 5% of the trees had slightly
greater density in the upper stem.

There was more variation in growth traits in the lower
and middle watershed (Table 1B and C: coefficients of
variation 29-34%) than in the upper watershed (Table
1D: coefficients of variation 13-16%). The coefficient of
variation is inversely related to mean growth: trees
grew more slowly in the lower and middle watershed,
which had less fertile soils and lower rainfall, than in
the upper watershed, which had the most fertile soils
and highest rainfall. The difference in density between
the lower and upper stem of the tree showed a similar
trend: the coefficient of variation was much larger in the
lower and middle watershed (~ 190 to 225 %, respective-
ly) where the mean difference was smallest, compared
with the upper watershed (~ 75%).

Stem height was the only trait that varied significant-
ly among provenances based on the analysis of variance
(not shown). Variation in height among provenances was
slightly more significant before thinning (P < 0.01 at 30
months) than after thinning (P < 0.05 at 42 months).
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Planting zones had a relatively greater effect on stem
growth than on wood traits. There were significant dif-
ferences among zones in height and diameter (P < 0.001)
and, to a less extent, in wood density from the upper
stem and the difference in wood density between the
lower and upper stem (P < 0.05). Height, diameter and
the difference in wood density between the lower and
upper stem were greatest in the upper watershed, while
wood density from the upper stem was greatest in the
lower watershed (Table 1).

For stem height and diameter, planting zones account-
ed for much more variation than did provenances. Con-
sidering height, for example, the variance component for
provenances was approximately 2% of the total variance
at 30 and 42 months, whereas variance due to zones
increased from approximately 60% to 67% over the
same period.

There was no significant interaction between prove-
nances and planting zones for any trait, indicating that
differences among provenance means were relatively
stable across zones. However, there was a significant
interaction between provenances and replications
within zones for most traits (P < 0.001 for height,
diameter, wood density in lower stem; P < 0.05 for differ-
ence in density between lower and upper stem, and
wood heat content). In addition, there were significant
differences among replications within zones for most
traits (P < 0.001 for height, diameter, wood heat content,;
P < 0.01 for wood density in upper stem). The large vari-
ances due to replications and interactions between
provenances and replications were the result of farmers’
erratic management practices, as reported elsewhere
(SOoTELO MONTES et al., 2003). The large provenance-
replication interaction made it difficult to detect statisti-
cally significant differences among provenances.

Provenance rankings based on stem growth were
quite stable throughout the 42-month evaluation period.
For example, throughout this period Barranca ranked
first in mean height, while Laguna, Pastaza and Pevas
remained the slowest-growing provenances (Figure 2).
Mazan and Jenarro Herrera changed ranks after the
thinning due to a difference in the distribution of tree
height before thinning (positively skewed for Mazan, not
skewed for Jenarro Herrera).

There was no significant difference in any stem
growth or wood trait between the eastern (Jenaro Her-
rera, Tamshiyacu, Mazan, Pevas) and western (Laguna,
Barranca, Pastaza) regional groups of provenances
(analysis of variance not shown). The interaction
between the regional groups and planting zone also was
not significant.

Clinal variation in traits

Correlation and regression analysis indicated a possi-
ble cline in stem-wood heat content. Mean heat content
for provenances increased slightly with provenance lati-
tude/longitude, i.e. from the wetter, northeastern part of
the sample region, near the equator, to the drier, south-
western part of the sample region (regression slope for
latitude-longitude interaction = 0.0238, standard error =
0.0047, model R? = 0.84, model Df = 1 and 5, P < 0.01;
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Table 1. — Descriptive statistics of stem growth and wood traits in a provenance trial of

Calycophyllum spruceanum.

A. All trees
Trait Mean St.dev.  Minimum  Maximum  Number
Stem height (m)
30 months 4.71 1.94 1.15 9.86 990
42 months 5.74 2.39 1.60 12.26 502
Stem diameter (cm)
30 months 7.79 3.11 1.38 17.97 990
42 months 8.95 3.56 2.50 18.60 502
Stem wood density (g/cm®) — 32 months
Upper stem 0.525 0.055 0.272 0.717 496
Lower stem 0.563 0.046 0.348 0.733 498
Difference lower minus upper stem 0.038 0.057 -0.248 0.205 496
Stem wood heat content (kcal/100g) — 32 months 425.6 8.4 396.4 459.6 500
B. Trees in the lower watershed
Trait Mean St. dev. Minimum  Maximum  Number
Stem height (m)
30 months 3.94 1.28 1.15 7.50 391
42 months 4.65 1.42 1.60 8.48 199
Stem diameter (cm)
30 months 6.68 2.27 1.38 14.19 391
42 months 7.52 2.39 2.50 17.20 199
Stem wood density (g/cm’) — 32 months
Upper stem 0.545 0.051 0.351 0.701 198
Lower stem 0.573 0.044 0.369 0.727 198
Ditference lower minus upper stem 0.028 0.054 -0.149 0.178 198
Stem wood heat content (kcal/100g) — 32 months 426.3 8.6 405.4 459.6 198
C. Trees in the middle watershed
Trait Mean St.dev.  Minimum Maximum  Number
Stem height (m)
30 months 3.37 1.11 1.40 6.65 295
42 months 4.16 1.36 2.20 8.65 151
Stem diameter (cm)
30 months 5.40 1.78 1.78 10.90 295
42 months 6.42 1.84 3.20 12.90 151
Stem wood density (g/cm’) — 32 months
Upper stem 0.515 0.057 0.272 0.717 148
Lower stem 0.540 0.048 0.348 0.680 150
Difference lower minus upper stem 0.025 0.059 -0.248 0.201 148
Stem wood heat content (kcal/100g) — 32 months 422.7 8.2 396.4 440.3 150
D. Trees in the upper watershed
Trait Mean St.dev.  Minimum Maximum  Number
Stem height (m)
30 months 6.99 1.10 1.99 9.86 304
42 months 8.73 1.16 5.70 12.26 152
Stem diameter (cm)
30 months 11.20 1.76 3.28 17.97 304
42 months 13.32 1.72 8.80 18.60 152
Stem wood density (g/cm®) — 32 months
Upper stem 0.507 0.047 0.278 0.665 150
Lower stem 0.573 0.039 0.477 0.733 150
Ditference lower minus upper stem 0.066 0.049 -0.116 0.205 150
Stem wood heat content (kcal/100g) — 32 months 427.5 7.6 410.3 445.3 152

Pearson r with latitude = 0.90, P < 0.01, n = 7; Pearson r
with longitude = 0.86, P < 0.05, n = 7). None of the other
traits was significantly correlated with latitude or longi-
tude.

Correlations among traits

Most correlations between stem growth and wood
traits were significant, but weak, in the lower water-
shed (Table 2A) and not significant in the middle and
upper watersheds (Table 2B, C). Correlations are sum-
marized below for each planting zone.

Correlations between stem growth and wood density
differed in magnitude and sign among the planting
zones. In the lower watershed, stem height and diame-
ter were negatively correlated with wood density in both
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the lower and upper stem (Table 2A), indicating that
larger trees tended to have lower wood density in both
parts of the stem, compared with smaller trees. Correla-
tions between growth and wood density were not signifi-
cant in the middle watershed (Table 2B). However, in
the upper watershed diameter was positively correlated
with wood density in the lower stem and the other corre-
lations were not significant (Table 2C).

The difference in wood density between the lower and
upper stem was positively correlated with stem height
and diameter in the upper watershed (Table 2C), indi-
cating that larger trees tended to have a greater differ-
ence in density between the lower and upper stem. Cor-
relations in the other two planting zones were not sig-
nificant. Correlations with density in the lower stem
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Figure 2. — Mean stem height of seven provenances of Calycophyllum spruceanum evaluated at 6,

18, 30 and 42 months.

Table 2. — Pearson (r) correlation coefficients among stem growth and wood traits in
three planting zones of a provenance trial of Calycophyllum spruceanum. Asterisks
indicate significance of correlation coefficients: *** P < 0.001, ** P < 0.01, * P < 0.05,

NS P> 0.05.

A. Trees in the lower watershed

Stem height  Stem diameter ~ Density Density Density Heat content
lower stem  upper stem lower — upper
Stem height -
Stem diameter 0.88 #** -
Wood density -0.25 *** -0.25 #**
lower stem -
Wood density -0.17 * -0.19 ** 0.37 ##*
upper stem -
Wood density -0.04 NS -0.02 NS 0.48 % .65 *¥** -
lower — upper stem
Wood heat content 0.36 *** 0.32 *¥*% (.29 ¥** -0.13 NS -0.12 NS -

Notes: N = 391 for the correlation

B. Trees in the middle watershed

stem height-diameter, and ranges from 191 to 198 for other correlations.

Stem height  Stem diameter ~ Density Density Density Heat content
lower stem _ upper stem _lower — upper
Stem height -
Stem diameter 0.89 ##* -
Wood density 0.12 NS 0.10NS -
lower stem
Wood density 0.04 NS -0.03 NS 0.34 ##* -
upper stem
Wood density 0.03 NS 0.08 NS 0.43 *%% .70 *** -
lower — upper stem
Wood heat content 0.13 NS 0.22 ** -0.04 NS -0.18 * 0.12 NS ---

Notes: N = 295 for the correlation stem height-diameter, and ranges from 142 to 150 for other correlations.

C. Trees in the upper watershed

Stem height  Stem diameter ~ Density Density Density Heat content
lower stem _ upper stem __lower — upper
Stem height -
Stem diameter 0.66 *** -
Wood density 0.13 NS 0.19 * -
lower stem
Wood density -0.11 NS -0.07 NS 0.35 ##* -
upper stem
Wood density 021 % 0.21 ** 0.45 **% 068 *¥** -
lower — upper stem
Wood heat content 0.18 * 0.12 NS -0.05 NS -0.03 NS -0.01 NS -—-

Notes: N = 304 for the correlation stem height-diameter, and ranges from 150 to 152 for other correlations.
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(positive) and upper stem (negative) simply reflect how
the difference was calculated.

Correlations between stem growth and stem-wood
heat content were positive in all three planting zones,
indicating that the wood of larger trees tended to have
higher heat content, compared with smaller trees. The
correlation with heat content was significant for both
stem height and diameter in the lower watershed (Table
2A), but only for diameter in the middle watershed
(Table 2B) and height in the upper watershed (Table
20).

The correlation between stem-wood density and heat
content was negative, indicating that denser wood tend-
ed to have lower heat content, but the correlation was
significant in only the lower and middle watershed
(Table 2A, B). The correlation was significant with den-
sity in the lower stem only in the lower watershed, and
with density in the upper stem only in the middle water-
shed.

Discussion

The principal results are discussed in four sections:
variation in stem growth, variation in stem-wood densi-
ty and heat content, clinal variation in stem-wood heat
content, and correlations between growth and wood
traits.

Variation in stem growth

Results confirm that there is potential for selection of
fast-growing provenances of Calycophyllum spruceanum
at an early age in the Peruvian Amazon. There was sig-
nificant variation in stem height among provenances at
both 30 and 42 months. Variation among provenances
was also significant at 6, 12 (SOTELO MONTES et al.,
2000) and 18 months (SOTELO MONTES et al., 2003), and
provenance rankings have remained quite stable
throughout the 42-month evaluation period. These
results are noteworthy because differences among
provenances often take a long time to be expressed
(MORGENSTERN, 1996); analyses were based on only
seven provenances from a relatively small region near
the equator; and farmers’ erratic management practices
produced significant interactions between provenances
and replications, making it difficult to detect statistical-
ly significant differences among provenances. When con-
ducting trials on farms, farmers’ management practices
cannot be controlled as rigorously as in a trail estab-
lished on an experiment station (STERN et al., 2004).
Therefore, there is more error variance, and this often
makes it difficult to detect statistically significant differ-
ences among treatments.

Planting zones accounted for much more variation in
tree growth than did provenances. For example, the
range in mean height at 42 months was 4.6 m among
the three planting zones, but only 1.0 m among the
seven provenances. Therefore, the greatest gains in tree
growth can be realized first by selecting the best planti-
ng zone, and second by selecting the fastest growing and
best adapted provenance for that zone. Based on this
study, planting zones with high rainfall and fertile soils
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(like the upper watershed) clearly produce faster tree
growth. Among the seven provenances studied, the Bar-
ranca provenance had the best overall growth across
zones, and there was no significant interaction between
provenances and zones. The Barranca provenance also
produced the tallest shoots following the coppice cut at
32 months (BOIVIN-CHABOT et al., 2004).

There was relatively more variation in tree growth in
the planting zones with lower rainfall and less fertile
soils (lower and middle watershed) than in the zone
with the highest rainfall and most fertile soils (upper
watershed). This could reflect two interacting factors.
Farmers’ erratic weeding practices undoubtedly pro-
duced considerable spatial and temporal variation in
soil moisture, temperature and fertility within the repli-
cations. One would expect this micro-environmental
variation to produce greater differences in growth
among neighboring trees in a zone of low rainfall and
infertile soils than in a zone of high rainfall and fertile
soils. Second, if there is phenotypic variation in drought
tolerance mechanisms among trees, one would expect
greater variation to be expressed among trees planted in
the drier planting zones. Leaf abscission during the dry
season is one drought tolerance mechanism to control
water loss and postpone dehydration (KOZLOWSKI et al.,
1991). In the upper watershed, partial abscission in the
upper canopy was rarely observed among trees in the
replications: most trees maintained leaves throughout
the canopy during the dry season. But in the lower and
middle watershed, neighboring trees within the replica-
tions varied from partial to complete leaf abscission dur-
ing the dry season. Since leaf abscission reduces the
photosynthetic surface, variation in leaf abscission
among neighboring trees could produce substantial vari-
ation in growth rates.

Variation in stem-wood density and heat content

Stem-wood density and heat content were within the
range reported for 32 other species in the Peruvian
Amazon (UCEDA, 1984; TARANCO MARABOTTO et al., 1991;
MEJIA and UcepA, 1992; MorI, 1994; SOTELO MONTES
and WEBER, 2001), but intra-specific variation has not
been studied in these other species. Mean stem-wood
density at 32 months was approximately 10% greater
than mean branch-wood density at 18 months (0.544
versus 0.494 g/cm?®), whereas mean heat content was
nearly identical for stems and branches (425.6 versus
425.01 kcal/100 g) (18-month data from SOTELO MONTES
et al., 2003).

Stem-wood density and heat content did not vary sig-
nificantly among provenances, suggesting that there is
little potential for direct selection of superior prove-
nances based on these wood properties. PEREIRA and
LAVORANTI (1986) also reported no significant variation
in wood density and other characteristics related to
charcoal potential (lignin content, yield of distillates,
fixed carbon and volatiles) among three provenances of
Mimosa scabrela Benth. in Brazil. However, the lack of
significant variation among provenances may be due to
the limited geographical and environmental range
among the provenances included in this study. For
example, significant variation in wood density among



provenances from a larger geographical range was
reported for Racosperma auriculiforme Cunn. ex Benth.
and R. mangium Willd. (KHASA et al., 1995), Sterculia
apetala (Jacq.) Karst. (DVORAK et al., 1998), Eucalyptus
globulus Labill. (MIRANDA et al., 2001), and Gmelina
arborea Linn. Roxb. (LAURIDSEN and KJZ&R, 2002).

Mean wood density of all trees was slightly greater in
the lower stem than in the upper stem (~ 7% difference).
In discussing the mechanical design of trees, Mos-
BRUGGER (1990) notes that the base of the tree has the
highest bending stress, and this stress can be reduced
by increasing the strength of supporting tissue at the
base of the tree. Strength can be increased by producing
denser wood (with a greater Young’s modulus of elastici-
ty) at the base of the tree, as shown experimentally for
Robinia pseudoacacia L. (NIKLAS, 1997). Denser wood at
the base of trees of Calycophyllum spruceanum, there-
fore, may be a mechanical design solution to alleviate
bending stress in this species. However, wood density is
known to increase from the base to the crown in some
hardwood species (ZOBEL and VAN BUIJTENEN, 1989), and
in this trial approximately 5% of the trees had slightly
denser wood in the upper stem.

Environmental differences among planting zones pro-
duced significant differences in wood density in the
upper stem and in the difference in density between the
lower and upper stem, but no significant difference in
wood density in the lower stem. Mean density in the
upper stem was lowest in the zone with the highest
rainfall, most fertile soils and most rapid tree growth
(upper watershed), and highest in the zone with the low-
est rainfall, infertile soils and slower tree growth (lower
watershed). This agrees with the results of several other
studies showing that wood density is often greater in
zones where trees grow slowly, and lower in zones where
trees grow more rapidly (BARAJAS-MORALES, 1987,
PAROLIN and FERREIRA, 1998; WOODCOCK et. al., 2000;
WIEMANN and WILLIAMSON, 2002), although there are
exceptions to this general pattern (DETIENNE and CHAN-
SON, 1996). The difference in density between the lower
and upper stem of the trees was also largest in the
planting zone where trees grew most rapidly. This is
consistent with mechanical design considerations (Mos-
BRUGGER, 1990): as trees grow taller, they should
increase the strength at the base of the stem (i.e. pro-
duce wood with higher density) and increase the flexibil-
ity in the upper stem (i.e. produce wood with low densi-
ty). One would expect, therefore, to observe the largest
difference in density between the lower and upper stem
in an environment where trees grow most rapidly.

The results of this study demonstrate that large envi-
ronmental differences have a relatively greater effect on
density in the upper stem than in the lower stem. These
environmental effects have a practical implication:
planting trees of Calycophyllum spruceanum in zones of
slower growth may produce denser wood with less varia-
tion between the lower and upper stem; whereas planti-
ng trees in zones of rapid growth may produce lower
wood density in the upper stem, and a larger difference
in density between the lower and upper stem. Larger
differences in density within the stem could result in

DOI:10.1515/sg-2005-0005
edited by Thinen Institute of Forest Genetics

Weber et.al.-Silvae Genetica (2005) 54-1, 31-41

less uniformity in physical and mechanical properties of
the wood (NIKLAS, 1997), and lower commercial value.

Clinal variation in stem-wood heat content

Stem-wood heat content varied clinally, increasing
slightly from the wetter, northeastern part of the sample
region to the relatively drier, southwestern part of the
sample region. A similar cline was observed in branch-
wood heat content at 18 months (SOTELO MONTES et al.,
2003), and the authors proposed an hypothesis that
related the wood’s heat content to its protective chemi-
cals. Heat content of the wood depends on its water con-
tent and chemical composition, especially the content of
lignin, resins, terpenes and essential oils (ELVIRA and
HERNANDO, 1989). Some of these chemicals may have a
secondary protective function (ZANGERL and BAZzAz,
1992). In theory, more protective chemicals in the wood
may be expected in populations that occur in more
stressful environments. The cline in stem-wood heat
content, therefore, may reflect an underlying cline in
protective chemicals from the wetter to the relatively
drier part of the sample region. The wood of Calycophyl-
lum spruceanum contains gums (JUNAc, 1981), but the
chemical composition of the wood has not been exten-
sively analyzed. However, other results of this study are
not consistent with this hypothesis. If the hypotheses
were correct, one would expect the stem-wood heat con-
tent to be higher in the lower watershed than in the
upper watershed, but this was not observed.

Correlations between stem growth and wood traits

Correlations between stem growth and wood density
in Calycophyllum spruceanum differed in sign among
planting zones, suggesting that selection of fast-growing
trees could indirectly reduce wood density on dry sites
(lower watershed) but not on moist sites (upper water-
shed). However, selection of fast-growing trees on moist
sites could indirectly increase the difference in wood
density between the lower and upper stem. In contrast,
correlations between stem growth and stem-wood heat
content were positive in all zones studied, suggesting
that selection of fast-growing trees would not reduce the
wood’s heat content. All the statistically significant cor-
relations were weak, however, suggesting that selection
of fast-growing trees would have a very small effect on
stem-wood density and heat content.

Correlations between growth and wood density have
been studied in many tree species, with contrasting
results that depend on the species (ZOBEL and JETT,
1995). For example, DVORAK and others (1998) reported
a weak, positive phenotypic correlation between stem
growth and wood density of Sterculia apetala in Colum-
bia, and BHAT (2000) reported that fast-growing prove-
nances of Tectona grandis L. could be selected without
reducing wood density. ROCHON (2004), however, found a
strong, negative phenotypic correlation between stem
growth and wood density of Guazuma crinita Mart. in
Peru.

Results from this study illustrate that the test envi-
ronment can also affect the correlation. These are
phenotypic correlations, which reflect both genetic and
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environmental effects, so the magnitude and even the
sign may vary among test environments (STEARNS, 1989;
FALCONER and MAcKAY, 1996). Phenotypic and genetic
correlations generally have the same sign, but they may
vary in magnitude. For example, in a progeny test of
FEucalyptus grandis Hill ex Maiden, the phenotypic cor-
relation between tree growth rate and wood density in
South Africa was not significant, suggesting that there
would be no correlated response in wood density if selec-
tion were based on growth rate; but the genetic correla-
tion was negative and significant, indicating that selec-
tion for growth rate would reduce stem wood density
(MALAN, 1991).

Conclusions

This is the first provenance trial of C. spruceanum,
and inference about variation among provenances can-
not be extrapolated beyond the sample region in the
Peruvian Amazon. Nevertheless, the expression of varia-
tion among provenances from a relatively limited geo-
graphical and environmental range, at an early age, and
despite “un-controlled” variation produced by farmers’
management practices, indicates that there is potential
to select fast-growing provenances in the Peruvian Ama-
zon. However, the effect of planting zone is much greater
than the effect due to these provenances. Moreover,
there may be a trade-off between stem growth and wood
density in some planting zones. A progeny test of C.
spruceanum is underway in different planting zones in
the Aguaytia watershed of Peru (SOTELO MONTES,
unpublished data): this test will provide estimates of
genetic correlations that are necessary to determine if
early selection based on growth rate will affect wood
quality traits.
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