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1. INTRODUCTION

Abstract

e Variation in wood basic density and its correlation with tree growth were investigated at 13 years
in a provenance/progeny test of Prosopis africana in Niger. The test included progeny from 256 trees
sampled from 24 provenances in the Sahelian ecozone of Burkina Faso and Niger.

e Variation in wood density was significant due to provenances and families within provenances.
Individual tree heritability was higher for wood density than for growth traits. Provenance means
for wood density increased from the more humid to the drier parts of the sample region. Phenotypic
correlations indicated that larger trees tended to have denser wood.

o Clines suggest that natural populations of P. africana from the drier parts of the sample region
have the genetic capacity to produce denser wood, compared with populations from the more humid
parts of the region. Correlations and heritability estimates suggest that selection of faster-growing
trees may produce a small gain in wood volume but little (if any) gain in density in the subsequent
generation. Multi-location provenance/tests are needed to confirm this tentative conclusion.

Résumé — Variation génétique de la densité du bois et corrélations avec la croissance de I’arbre
chez Prosopis africana provenant du Burkina Faso et du Niger.

e La variation de la densité du bois et sa corrélation avec la croissance de I’arbre ont été étudiées a
I’age de 13 ans dans un essai de provenances/descendances de Prosopis africana au Niger. L’essai a
inclus les descendances de 256 arbres meres provenant de 24 provenances de 1’écozone sahélienne
du Burkina Faso et du Niger.

e La variation de la densité du bois a été significative en relation avec les provenances et les familles
a I'intérieur des provenances. L’héritabilité a été plus élevée pour la densité que pour les caracteres
de croissance de I’arbre. La densité moyenne des provenances a augmenté des sites les plus humides
aux sites les plus secs de la région échantillonnée. Les corrélations phénotypiques ont montré que les
plus grands arbres ont eu tendance a avoir le bois le plus dense.

e Les clines suggerent que les populations naturelles de P. africana des sites les plus secs de la région
échantillonnée ont la capacité génétique de produire du bois plus dense que les populations des sites
les plus humides de la région. Les corrélations et les héritabilités estimées suggerent que la sélection
d’arbres a croissance rapide peut produire un faible gain en volume de bois et trés peu de gain en
densité du bois dans la génération suivante. Des essais de provenance/descendance dans plusieurs
sites sont nécessaires pour confirmer cette conclusion provisoire.

and the heritability of growth traits and wood density. Un-
derstanding the distribution of genetic variation is necessary

In order to enhance sustainable management and conserva-
tion of timber-tree species, tree improvement programs must
have information about the distribution of genetic variation in
commercially important traits among and within natural popu-
lations, the correlation between tree growth and wood density,

* Corresponding author: c.sotelo@cgiar.org

in order to develop the most effective strategy for selecting
provenances and families within provenances. Wood density
is a key trait because it is often correlated with other commer-
cially important, wood-quality traits (Panshin and de Zeeuw,
1980). In many species with diffuse-porous wood, there is no
significant correlation between growth rate and wood density,
suggesting that faster-growing trees could be selected without
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affecting wood quality (Zobel and Jett, 1995); but the corre-
lation may be positive in some species and negative in others,
and it may also vary among provenances within a species (e.g.,
Sotelo Montes et al., 2006; Weber and Sotelo Montes, 2008).
In addition, wood density and other wood properties tend to
be under stronger genetic control than growth traits (Zobel and
Jett, 1995), so selection based on wood density may be more
effective than selection based on tree growth rate.

Prosopis africana (Guill., Perrott. and Rich.) Taub. (Legu-
minosae, sub-family Mimosoideae) is very important for farm-
ing and pastoralist communities in the West African Sahel.
The species extends from the relatively humid Sudanian and
Guinean ecozones in the south to the drier Sahelian ecozone
in the north, but it is disappearing in many regions due to over-
exploitation and the increasingly hotter and drier climate in the
region (Weber et al., 2008). The wood is diffuse porous, mod-
erately dense (Nygard and Elving, 2000) and used for con-
struction poles, planks, mortars, pestles, artisan products, han-
dles for farm implements, firewood and charcoal (Pasiecznik
et al., 2001). Trees produce a deep taproot, grow slowly and
can be coppiced. The breeding system is assumed to be pri-
marily out-crossing (e.g., Bessega et al., 2000), and seeds are
dispersed by browsing animals (Tybirk, 1991) and humans
(A. Bationo, personnel communication).

The first provenance/progeny test of P. africana included
provenances and families from the Sahelian ecozone of
Burkina Faso and Niger, and was established at a relatively
dry site in Niger. Results from the test at 11 years indicate
that tree growth and survival vary significantly due to prove-
nances, and that provenance growth and survival increase from
the more humid to the drier parts of the sample region (Weber
et al., 2008). The cline with rainfall gradients support the the-
oretical expectation that provenances from the drier parts of
the sample region are better adapted to drought. In this paper,
additional results are presented from the test at 13 years. The
main objectives are to (a) determine if wood density varies
significantly due to provenances and families within prove-
nances, (b) assess whether the distribution of genetic variation
among and within provenances is similar for wood density and
tree growth traits, (c) compare the heritability of wood density
and tree growth traits, (d) determine if wood density increases
from the more humid to the drier parts of the sample region,
and (e) estimate phenotypic and genetic correlations between
wood density and tree growth traits. Results are compared with
those of other tropical hardwood species, and some practical
implications are discussed.

2. MATERIALS AND METHODS

2.1. Sample region, experimental design
and management of the provenance/progeny test

The sample region extends from central Burkina Faso to cen-
tral Niger, covering an area approximately 1200 km from west to
east, and 50-200 km from south to north (Fig. A available online
at www.afs-journal.org). Mean annual rainfall decreases from west
to east (~750-350 mm) and from south to north (~750-650 mm in
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the west, ~450-350 mm in the east); mean annual temperature is ap-
proximately 28-29 °C; and the soils are generally sandy and infer-
tile. Seeds were collected from mother trees in 28 natural stands in
1993, and the latitude, longitude and elevation were recorded for each
mother tree. The provenance/progeny test was established in 1994 at
the ICRISAT Sahelian Centre, located near Niamey, Niger. Mean an-
nual rainfall and temperature are 539 mm and 29 °C, respectively,
at the test site. The experimental design was a randomized complete
block, with eight blocks (replications) and 275 families. Each repli-
cation included one tree per family. Additional details about the sam-
ple region, seed collection, nursery production, experimental design
and management of the provenance/progeny test are given elsewhere
(Weber et al., 2008).

2.2. Data collection and statistical analyses

Tree growth and basic density of the wood were evaluated 13 years
after trial establishment. Growth traits included tree height (Height),
stem diameter over bark (DBHOB) and under bark (DBHUB) mea-
sured at breast height (1.3 m above ground level). One disk (2 cm
thick) was sampled from the stem at breast height, the bark was
removed, and basic density (BD) was determined using the water-
displacement method (ASTM, 1997).

Data from 24 provenances were analyzed (Tab. I): four prove-
nances were excluded because they had fewer than 20 living trees.
The SAS® statistical package (SAS Institute Inc., 2004) was used for
all analyses, and the significance level was o < 0.05 for all tests.

Data for each tree were adjusted for the number of living trees
(0-8) immediately surrounding the tree. The number of living trees
was included as a covariate in the analysis of variance (ANOVA)
model described below, and the covariate parameter estimate was
used to adjust the data.

ANOVA (MIXED procedure, restricted maximum likelihood
method) was used to determine if wood density varied significantly
due to provenances and families within provenances. The ANOVA
model was: Y,'jk[ =u+aq; +ﬁj + Y t a'ﬁ,«j + Eijkls where Yijkl = tree; in
treatment combination;y, 4 = the grand mean, «; = replication;, §; =
provenance;, yi;) = family; nested within provenance;, o/8;; = inter-
action between replication; and provenance;, and &;;; = residual er-
ror. All factors were considered random, and Z-tests were used to de-
termine if variance components were significantly greater than zero.
Each variance component was expressed as a percentage of the total
variance (VC%), defined as the sum of all variance components in the
model. A minimum sample size of 40 is recommended to obtain ac-
curate estimates of variance components (N. Mandel, personal com-
munication): the number was adequate for families but lower than
recommended for provenances.

Growth traits were analyzed using the same ANOVA model de-
scribed above. VC% was used to assess whether the relative magni-
tude of variation among and within populations was similar for wood
density and growth traits.

Individual tree heritability (h?) of wood density and growth traits
was estimated only if there was significant variation due to fami-
lies. We assumed partial inbreeding and estimated additive genetic
variance as 30'?, as others have done (e.g., Sotelo Montes et al.,
2006). Standard errors were calculated using the formula provided
by Becker (1984). If the standard error was equal to or greater than
2, then h? was not considered to be significantly greater than zero.

Clinal variation in mean wood density of the provenances was
investigated using multiple linear regression (REG procedure). The
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Table I. Geographic location of 24 Prosopis africana provenances from Niger and Burkina Faso analyzed in a provenance/progeny test in

Niger. Provenances are ordered by longitude, from west to east®.

Code Provenance Latitude Longitude Elevation (m) Mother trees
28 Yiimigu 12° 53 38" N 1°17 32" W 316 11
26 Rapadama 12°19' 29” N 0° 57 13" W 275 13
27 Boukouin 12° 59’ 31” N 0° 14 6" E 268 11
24 Natoumpe 12° 12" 55" N 1°15" 23" E 217 8
9 Torodi 13°1"5” N 1°45 34" E 269 9
6 Kone-Beri 13° 45 38" N 2°4 31" E 223 12
10 Gueme 12°40' 12” N 2°24’ 39" E 232 11
1 Ngonga 13° 117 20" N 2°48 15" E 228 5
2 Beylande 12° 45 8" N 2°49" 56" E 217 12
7 Baleyara-Winditan 13° 45" 16” N 2°52" 0" E 228 8
5 Diambabade 13° 16’ 25" N 3°12' 55" E 253 12
4 Farey 12° 35" 31” N 3° 174" E 238 12
3 Sia 12° 00" 25” N 3°18 54" E 231 12
11 Tounga-Bouremi 1327 39" N 3°42" 13" E 260 12
12 Matankari 13° 49" 33" N 4° 0 18” E 224 15
13 Dankassari 13° 44" 44" N 4° 23 24" E 291 6
15 Bodossa 13° 57" 42" N 5°11"32” E 278 6
17 Guidan-Rou 13° 37" 36" N 6° 42" 33" E 293 7
18 Maradi 13° 277 9” N 7°2 51" E 304 11
19 Aguié 13° 32/ 28" N 7° 48 15" E 376 14
20 Kongome 13241 32" N 8° 16" 48" E 439 13
21 Matamaye 13° 25" 40" N 8°30' 1”E 462 12
22 Magaria 12° 58 53" N 8° 54" 10" E 396 12
23 Kassari 13° 32/ 37" N 9° 1054 E 404 12

2 Provenances 1-23 from Niger and 24-28 from Burkina Faso. Mean latitude, longitude and elevation of mother trees collected in each provenance.

model was selected using the backward technique: provenance lati-
tude, longitude and elevation were entered as independent variables
in a preliminary model, and this was reduced by eliminating variables
that were not significant. Mean latitude, longitude and elevation were
computed for each provenance using the location of the mother trees.
Accurate rainfall data were not available for most provenances, so
regressions could not be carried out directly with rainfall data.

Phenotypic correlations were calculated between wood density
and growth traits using data from all trees and separately for trees
in each provenance (Pearson r, CORR procedure). Genetic correla-
tions were estimated only if there was significant variation due to
families for both traits: values were standardized in order to eliminate
any effect due to different measurement scales, and approximate stan-
dard errors were calculated using the formula provided by Falconer
and Mackay (1996). Genetic correlations were not estimated within
provenances due to the small sample sizes.

3. RESULTS

There were relatively large differences in wood den-
sity among provenances and especially among families of
P. africana. Mean density was 606.3 kg/m?, and the range in
means was 54.5 kg/m?® among provenances and 178.3 kg/m?
among families (Tab. A gives provenance means, available on-
line at afsjournal.org).

There was significant variation in wood density due to both
provenances and families within provenances (Tab. II). The
distribution of variation differed between wood density and

the growth traits: provenances accounted for relatively more
variation than families in growth, whereas families accounted
for relatively more variation than provenances in density.

Wood density had a higher hl2 (0.34, standard error = 0.15)
than tree height (0.22, standard error = 0.14). The hi2 for
DBHOB (0.14, standard error = 0.14) was not significantly
greater than zero, based on the large standard error. Estimates
were based on 256 families (N = 1062, 1063 and 1078 trees
for density, DBHOB and height, respectively).

Linear regression indicated that mean wood density of
provenances increased with latitude, i.e. from the more hu-
mid to the drier parts of the sample region (regression equa-
tion: 440.1636 + 12.5753 x latitude; model R? = 0.316; P and
standard error of regression coefficient = 0.004 and 3.9461,
respectively; N = 24).

Phenotypic correlations indicated that larger trees tended
to have denser wood, but genetic correlations were not sig-
nificantly greater than zero (Tab. III). The magnitude of the
phenotypic correlations between wood density and growth
traits varied among provenances (not tabled). For example,
the correlation between density and height ranged from 0.226
(N =43, P> 0.05)t00.575 (N = 36, P < 0.001).

4. DISCUSSION
To our knowledge, this is the first published report of ge-

netic variation in wood density and its correlation with tree
growth in a native African hardwood species. This study
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Table II. Analysis of variance of wood density and growth of Prosopis africana trees evaluated at 13 years in a provenance/progeny test in

Niger>ed,

Source of variation BD (N = 1062) Height (N = 1078) DBHOB (N = 1063) DBHUB (N = 1063)
PZ VC% Pz VC% PZ VC% PZ VC%

Rep 0.084 2.3 0.064 3.0 0.076 2.0 0.088 1.6

Prov 0.032 4.7 0.003 13.8 0.004 11.2 0.004 11.4

Fam(Prov) < 0.001 10.0 0.007 6.0 0.048 3.9 0.062 3.7

Rep x Prov 0.046 3.6 0.038 34 0.318 0.8 0.304 0.9

Residual < 0.001 79.4 < 0.001 73.8 < 0.001 82.1 < 0.001 82.4

* Source of variation: Rep = replications, Prov = provenances, Fam(Prov) = families nested in provenances, Rep x Prov = Rep by Prov interaction,

Residual = Rep by Fam(Prov) interaction.

b Variables: BD = basic wood density at 1.3 m; Height = tree height; DBHOB and DBHUB = stem diameter at 1.3 m over bark and under bark,

respectively.
¢ PZ = probability of Z to test significance of variance component.

4VC% = variance component expressed as a percentage of the total variance.

Table III. Phenotypic and genetic correlations between wood den-
sity and growth of Prosopis africana trees evaluated at 13 years in a
provenance/progeny test in Niger®®.

Correlation type Height DBHOB DBHUB
Phenotypic 0.38 (< 0.001) 0.36 (<0.001) 0.34 (<0.001)
Genetic 0.09 (0.36) 0.09 (0.41) NE

* Height = tree height; DBHOB and DBHUB = stem diameter at 1.3 m
over bark and under bark, respectively; BD = wood basic density at 1.3 m.
® Value in parenthesis = probability of Pearson r coefficient (N = 1060—
1063 trees), and standard error of genetic correlation (N = 1060 trees,
253 families). NE = not estimated with DBHUB because variation due to
families within provenances was not significant.

may have important practical implications for management of
P. africana genetic resources in the West African Sahel, but
the results and conclusions from this test cannot be extrapo-
lated beyond the sample region in Burkina Faso and Niger.
Furthermore, results are based on a single test at one relatively
dry site in Niger, and sample sizes were small for provenances
and especially for families. The major results are discussed be-
low, followed by a discussion of some practical implications
for conservation and tree improvement programs, and sugges-
tions for future research.

4.1. Variation, clines and correlations in wood density

Mean wood density of P. africana at 13 years in this test
(606.3 kg/m?) was within the range of values observed in other
Prosopis species (Goel and Behl, 1995; Cuevas et al., 2008).
Wood density was lower than that observed among trees of
similar age in a natural stand in Burkina Faso (687 kg/m?,
Nygard and Elving, 2000).

There was significant variation in wood density due to
provenances and families within provenances at 13 years.
Genetic variation in wood density due to provenances and/or
families has also been reported in other tropical hardwood
species at relatively young ages (e.g., Arnold et al., 2004;
Dvorak et al., 1998; Lauridsen and Kjaer, 2002; Miranda et al.,

2001; Santos et al., 2004; Sotelo Montes et al., 2006; Weber
and Sotelo Montes, 2008).

Provenances accounted for relatively greater variation in
tree growth than in wood density, based on the variance com-
ponents. This suggests that environmental differences among
provenance locations have produced relatively stronger selec-
tion pressures on tree growth (specifically on taproot growth
which in turn affects above-ground growth, Weber et al.,
2008), than on wood density. This is a hypothesis, however,
and there is no direct evidence to confirm that the variation is
primarily due to natural selection.

Density and other wood properties of tropical hardwoods
typically have higher heritability than growth traits (e.g.,
Arnold et al., 2004; Raymond, 2002; Sotelo Montes et al.,
2006; 2007a; 2007b; 2008; Wei and Borralho, 1997). Results
from this test are consistent with this general trend.

Mean wood density of P. africana provenances appears to
be related to rainfall gradients in the sample region. Prove-
nances from drier parts of the region had denser wood than
provenances from more humid parts of the region, when tested
at a relatively dry site in Niger. The same clines were observed
in tree growth and survival of P. africana at 11 years (Weber
et al., 2008). To our knowledge, this is the first reported cline
in wood density of a hardwood species from the West African
Sahel.

The positive correlation between wood density and tree
growth, and the cline in wood density may be an adaptive re-
sponse to bending stress produced by wind in natural stands. In
discussing the mechanical design of trees, Mosbrugger (1990)
notes that the base of the tree has the highest bending stress
and this can be reduced by increasing the strength of support-
ing tissue at the base of the tree. Strength can be increased by
producing denser wood, which has a greater Young’s modulus
of elasticity. In general, larger trees require greater strength
at the base of the stem, compared with smaller trees, in order
to reduce the bending stress. This may be particularly impor-
tant for trees growing in more open stands that are potentially
exposed to higher wind velocities. In general, the number of
species and trees per unit area (i.e. stand density) are greater in
zones with higher rainfall, such as the southern part of the sam-
ple region in this study. In these zones, root systems and tree
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crowns of neighboring trees may become interwoven to vary-
ing degrees over time, and allow the stand to “collectively” re-
duce the bending stress produced by wind. This “collective”
response to bending stress would be less apparent in zones
with lower rainfall and lower stand density, such as the north-
ern part of the sample region in this study. Trees in these zones
might require a relatively greater investment in increasing their
strength at the base of the tree (i.e. greater wood density) com-
pared with trees in stands that can “collectively” respond to
bending stress. This hypothesis requires testing.

4.2. Practical implications and future research needs

Assuming that the clines reported in this paper and in an
earlier paper (Weber et al., 2008) reflect adaptive variation,
and considering the fact that some computer models predict a
drier climate in the Sahel during the 21st century (Held et al.,
2005), it would be prudent for tree improvement and conserva-
tion programs to conserve and collect P. africana germplasm
from the drier parts of the region for planting in the West
African Sahel. Specifically, we recommend that transfers of
germplasm should only be made from the drier to the more
humid parts of the region.

The phenotypic correlations between tree growth and wood
density of P. africana were positive but relatively low, and the
genetic correlations were not significant in this test. In gen-
eral, the genetic correlation between growth and density is low
for diffuse-porous hardwoods (Zobel and Jett, 1995). This, to-
gether with the relatively low heritability for growth traits,
suggests that selecting faster-growing trees of P. africana at
~13 y would result in only a modest gain in wood volume
and little (if any) gain in wood density in the subsequent
generation. This must be considered as a tentative conclusion
pending future research, since trait heritability and genetic cor-
relations among traits may change over time, and they also de-
pend on the specific test environment and the genetic popula-
tion or populations in the test (Zobel and Jett, 1995; Falconner
and Mackay, 1996). In this test, phenotypic correlations be-
tween density and growth varied among provenances, but ge-
netic correlations were not estimated within provenances due
to the small number of families per provenance. If future re-
search demonstrates that genetic correlations also vary among
provenances, then greater gains in wood volume and density
could be realized by first selecting provenances from the drier
parts of the region that have greater growth, wood density and
survival, and a stronger genetic correlation between growth
and density. Since wood density has a higher heritability than
growth traits, this could be followed by selection of families
within these provenances based primarily on density, but also
considering survival.

Relationships need to be investigated between tree growth,
wood density and other wood properties in P. africana. Larger
trees tend to have denser wood, and studies of other species
demonstrate that denser wood tends to be stronger and stiffer
but has greater volumetric shrinkage (e.g., Sotelo Montes
et al., 2007a; 2007b). Greater strength and stiffness are desir-
able for construction purposes, and wood with less shrinkage

Ann. For. Sci. 66 (2009) 713

is generally preferred in order to minimize waste due to poorly
oriented boards. Denser wood also tends to have a darker hue
(e.g., Sotelo Montes et al., 2008), which is an important aes-
thetic quality for furniture, walls, floors, carvings, etc.
Multi-location provenance/progeny tests, with larger sam-
ple sizes for provenances and families, are needed to inves-
tigate genetic variation in wood properties, tree growth and
survival of P. africana and other important native timber-tree
species in the West African Sahel (Weber et al., 2008). The
West African Sahel is a transitional ecozone between the rel-
atively humid savannah woodlands and the Sahara Desert, so
one would expect clinal variation in tree growth and correlated
wood traits in relation to the rainfall gradients in the region.
These studies are needed in order to develop appropriate con-
servation and improvement strategies: this is particularly im-
portant for species that are under intensive extraction pressure
and whose habitats are disappearing due to climate change.
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Table A. Mean wood density and growth of Prosopis africana eval-
uated at 13 years in a provenance/progeny test in Niger. Means are
given for all trees and separately for each provenance. Provenances
are ordered by longitude, from west to east*><.

Code BD Height DBHOB DBHUB N
(kg/m*) ~ (m) (cm) (cm)

All trees  606.3 3.79 54 4.1 1062-1078
28 608.3 3.18 4.2 32 28-31
26 589.7 2.87 3.7 2.7 24-28
27 577.9 3.09 39 2.8 36
24 590.7 3.11 4.1 3.1 21-23
9 605.3 3.55 4.6 3.5 35-36
6 614.9 3.97 5.8 4.5 62
10 609.7 3.73 5.1 39 37-39
1 609.3 4.13 6.5 5.0 26
2 610.4 3.87 54 4.2 59
7 618.0 4.24 6.4 5.0 43

5 607.3 3.95 5.6 4.3 55
4 609.4 4.01 5.7 4.4 60
3 598.2 3.45 4.6 35 37
11 596.9 3.83 5.2 4.0 64
12 610.1 4.07 6.1 4.6 66
13 632.4 3.96 5.7 4.4 30
15 612.7 3.61 5.1 39 27
17 622.8 4.08 5.8 4.4 36
18 606.5 3.81 55 43 49-50
19 598.0 3.92 5.8 4.5 52-53
20 620.8 4.03 5.9 4.5 61-62
21 605.2 3.86 55 43 49
22 586.4 3.62 54 4.1 50-51
23 601.3 3.69 5.1 39 54-55

4 Provenances 1-23 from Niger and 24-28 from Burkina Faso. Four
provenances in Figure 1 (8, 14, 16 and 25) not analyzed due to small
sample size (< 20 trees).

b Variables: BD = basic wood density at 1.3 m; Height = tree height;
DBHOB and DBHUB = stem diameter at 1.3 m over bark and under
bark, respectively.

¢ Standard deviations among all trees: BD = 40.0 kg/m?, Height = 0.85 m,
DBHOB = 1.9 cm, DBHUB = 1.6 cm.
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