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Abstract: Relative densities of mahogany species vary across tropical Africa and correspond with changes in soil fertility
and moisture status. Seedling growth of four co-occurring African mahoganies (Entandrophragma spp.) was studied in
relation to soil nutrient and moisture status in a shade-house experiment. On naturally occurring forest soils, E. cylind-
ricum and E. utile exhibited increased relative growth rate (RGR) and decreased root mass ratio (RMR) with an increase
in soil fertility while E. angolense and E. candollei did not. Changes in leaf morphology with fertility did not correspond
to changes in species performance. On moist, fertile soils, E. angolense outperformed congeners but E. candollei per-
formed equally well on moist infertile soils. Entandrophragma cylindricum performed as well as E. angolense and E.
candollei on two of three soil moisture stress treatments but E. utile consistently performed poorly. Comparative seedling
performance fitted well with limited available data on the distribution of Entandrophragma spp. in relation to soil
fertility and moisture gradients and suggests that within-forest microsite heterogeneity may help explain the distribution
of Entandrophragma species within the Dzanga-Sangha Dense Forest Reserve, Central African Republic.
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INTRODUCTION

Over the past two decades, significant progress has been
made in understanding how tropical forests maintain
diversity. While methods and approaches have varied,
studies suggest that seedling and/or sapling response to
amount of light (Ashton 1995, Ashton et al. 1995, Brand-
ani et al. 1988, Brown et al. 1999, Denslow et al. 1990,
Schnitzer & Carson 2001), moisture availability (Ashton
et al. 1995, Poulsen 1996), and pathogens (Wills et al.
1997) all play roles in maintaining diversity. To a lesser
extent, species-specific adaptations to edaphic gradients
and/or habitat have also been invoked as an explanation
as to how tropical forests maintain diversity (Clark et al.
1998, Davies et al. 1998, Gartlan et al. 1986, Palmiotto
1998, Webb & Peart 2000, but see Harms et al. 2001). As
knowledge increases about tropical soils, it is becoming
increasingly clear that these soils can be every bit as het-
erogeneous as temperate soils (Richter & Babbar 1991,
Silver et al. 1994) and it stands to reason that habitat
classes and topographic position may not be sufficient to
describe the complexity of soil nutrient gradients (Clark
et al. 1999). Some evidence suggests that dipterocarp
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seedlings only respond by changes in growth at very low
nutrient levels (Turner et al. 1993) and that growth on
highly leached tropical soils may be limited by base cat-
ions (Burslem et al. 1994, 1995; Gunatilleke et al. 1997).
Thus it is possible that small-scale variation in the spatial
distribution of varied nutrients may help determine the
distribution of trees within tropical forests (Clark et al.
1999, Gunatilleke et al. 1996).

This study was undertaken to determine the extent to
which the distribution of four species of sympatric Entan-
drophragma within a Central African forest may be
explained by growth performance at the seedling stage.
Entandrophragma utile (Dawe & Sprague) Sprague and
Entandrophragma candollei Harms can be relatively
abundant within a particular forest or region but are often
found at much lower densities than either Entand-
rophragma angolense (Welw.) C. DC. or Entand-
rophragma cylindricum (Sprague) Sprague. For example
in Ghana, Hall & Swaine (1981) found E. utile to be larg-
ely restricted to their north-west moist semi-deciduous
forest type and they report E. candollei to be markedly
more frequent in their upland evergreen forest stratum
than elsewhere. In addition, while E. candollei is typically
reported at lower densities than congeners (CTFT 1985,
Eggelling 1947, Swaine & Hall 1988, van Rompaey 1993)
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it is more abundant than other Entandrophragma species
in Odzala National Park in Congo (Dowsett-Lemaire
1996). The Ghanaian forests where E. utile is concen-
trated are relatively fertile with high total exchangeable
bases (TEB, 9.2 meq 100 g-1), high per cent base satura-
tion of the cation exchange capacity (CEC; Hall & Swaine
1981) and approximately 15 ppm available phosphorus
(Hall & Swaine 1976). In contrast, upland evergreen
forest is reported by Hall & Swaine (1981) as one of the
poorest forest-stratum soils with respect to TEB and soils
of Odzala N. P. have both a low per cent base saturation
of the CEC and very low values of exchangeable cations
(FAO 1973). Both E. angolense and E. cylindricum are
found across tropical Africa. However, in Ghana, E. ango-
lense is relatively abundant in moist evergreen forest, a
forest type that is reported to be clearly poorer in soil
nutrients than those of semi-deciduous forest, while E.
cylindricum is rare here (Hall & Swaine 1981).

The relationship between the regional patterns in distri-
bution and relative abundance of Entandrophragma spp.
with those of soil fertility suggest that soil fertility may
be one factor important in determining the distribution of
these species. As Entandrophragma spp. are also found
along a gradient from wet to dry forest (Hall & Swaine
1981), adaptations to moisture stress may also be import-
ant in determining their distribution. Soil heterogeneity
within a forest may provide sufficient microsites to favour
regeneration of Entandrophragma spp. at different sites
within the same forest. We suggest that, given the scale
with which soils have been mapped within much of Cent-
ral Africa, this heterogeneity may have heretofore been
overlooked.

Because the seedling stage is critical to the establish-
ment and ability of a species to occupy a given microsite
(Grubb 1977), we used seedling performance at selected
soil fertility and moisture levels in shade-house experi-
ments to test the degree to which these resources may
explain adult tree distributions. We specifically looked for
differences in growth performance, biomass allocation
and plasticity as a gauge of the importance of these gradi-
ents.

We hypothesized that response to different soil fertility
conditions is a species-specific phenomenon within these
four Entandrophragma species and that this differential
performance will lead to a change in rank order in terms
of which species performs best under a particular soil fer-
tility and moisture combination. We first tested the hypo-
thesis that each species responds to changes in soil fertil-
ity, with respect to levels of base cations and phosphorus,
for soils found within the Dzanga-Sangha Dense Forest
Reserve (Central African Republic) and those observed at
a different site (Budongo Forest, Uganda) where Entand-
rophragma spp. are also found. We then tested the hypo-
thesis that a shift in species rank occurs under different
fertility conditions within a given moisture treatment.

Finally, we tested the hypothesis that shifts in biomass
allocation and leaf plasticity will reflect the abilities of
species to respond to increased nutrients and changes in
moisture regimes.

STUDY SITE AND SPECIES

This study was undertaken in Bayanga, within the
Dzanga-Sangha Dense Forest Reserve, Central African
Republic (2°55′0″N and 16°15′45″E), where the vegeta-
tion is a mosaic of mixed semi-deciduous and evergreen
forest with swamp clearings. There is a pronounced dry
season between early December and the end of March;
average annual precipitation over a 12-y period was 1365
mm (Carroll 1997). Soils of the region are broadly classed
as oxisols (Juo & Wilding 1996).

The four species chosen for this study are widely dis-
tributed across the semi-deciduous forest of West and
Central Africa. All four Entandrophragma species studied
are classified by Hawthorne (1995) as non-pioneer light
demanders (NPLD) or species whose seedlings require
shade for establishment and early growth but thereafter
require release to escape mortality and continue develop-
ment. They are canopy emergents with heights often
reaching 50 m and diameters at breast height recorded
well over 1.5 m in the Reserve (J. S. Hall, unpubl. data).
Seeds are winged and similar in size and mass (Aubréville
1959, J. S. Hall, unpubl. data) and dispersal is wind aided
(Medjibe & Hall 2003). Thus, they all apparently occupy
the same ecological guild (see Hawthorne 1995).

METHODS

Shelter construction and soil preparation

Four nursery shelters were constructed for the experiment
following the design of Ashton (1990) where shelters
were covered and wrapped in plastic and neutral shade
cloth to reduce light and exclude precipitation. An electric
fence was erected to enclose nursery shelters and exclude
elephants. Light was measured with Li 190S quantum
sensors (LiCor Lincoln, Nebraska, USA) and found to be
26.9% full sunlight (12.8 mol m-2 d-1) inside the shelters.
The limited available data suggested this to be close to
optimal light for growth of E. angolense (Riddoch et al.
1991), E. cylindricum (Pieters 1976), and E. utile
(Agyeman et al. 1999). The average daily temperature
inside the nursery shelters was 30.0 °C, slightly higher
than the mean daily temperature of 28.7 °C recorded out-
side in the shade.

Prior to transplanting seedlings, two sites were identi-
fied with different levels of soil fertility (Table 1).
Exchangeable base cations were determined by the barium
chloride method following Sumner & Miller (1996) and
available phosphorus was determined by the Bray (P-1)
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Table 1. Nutrient status, pH and texture of soils used in nursery experiment (n = 4 for each soil). K, exchangeable potassium; Mg, exchangeable
magnesium; Ca, exchangeable calcium; P, available phosphorus; SL, sandy loam. Superscript letters denote significant differences at P < 0.05;
significance base on LS means in one-way ANOVA.

Soil Texture pH K Mg Ca P
(meq 100 g-1 soil) (meq 100 g-1 soil) (meq 100 g-1 soil) (mg P kg-1 soil)

Time 0
Kongana SL 3.95a 0.13a 0.19b 0.45a 5.88a

Massapoula SL 4.33a 0.14a 0.46a 0.93a 13.2a

1 year
Dry

Kongana SL – 0.09b 0.16b 0.24bc 4.64c

Massapoula SL – 0.12b 0.43b 1.17ab 8.90b

Nutrient SL – 0.63a 1.14a 2.08a 22.3a

Moist
Kongana SL – 0.06ab 0.15b 0.20b 4.15b

Massapoula SL – 0.04b 0.21ab 0.71a 4.32b

Nutrient SL – 0.10a 0.23a 0.82a 8.76a

method (Bray & Kurtz 1954). Soils from Kongana,
approximately 30 km south-east of Bayanga, and Massa-
poula, 3 km north of Bayanga, were used. Soil was taken
from mixed forest, where large Entandrophragma spp.
were found, from the upper 15 cm of the mineral soil and
transported to Bayanga where it was sieved to remove
coarse organic material.

Experimental design

The study was carried out between February 1999 and
February 2000. Seedlings of E. angolense, E. candollei,
E. cylindricum and E. utile were collected from the forest
understorey and transplanted in a nursery between June
and October 1998. Seedlings were collected below a min-
imum of three adult trees of each species, mixed together,
and kept in approximately 5% full sunlight until enough
seedlings of each species were available for the experi-
ment. All seedlings were less than 1 y old and only indi-
viduals of one species, E. utile, had begun to put out com-
pound leaves at the beginning of the experiment. All
individuals were subsequently bare-root transplanted into
sieved soil and given 6 wk to acclimate prior to the begin-
ning of the experiment. Seedling sacks were each 20 litres
in volume.

Seedlings were divided into three soil-fertility and two
moisture treatments: infertile (Kongana soil), interme-
diate-fertility (Massapoula soil), and high-fertility
(Massapoula soil with nutrient additions) treatments
(Table 1). The level of nutrient addition was calculated to
elevate soil fertility levels to those reported by Synnott
(1975) for soil taken from mixed forest in Uganda where
he undertook experiments with E. utile (exchangeable cat-
ions: K = 4.2 meq 100 g-1 soil, Mg = 2.7 meq 100 g-1 soil
and Ca = 9.7 meq 100 g-1 soil). Nutrient additions of
0.144 g Ca (added as CaCl2), 0.041 g Mg (added as
MgCl2), and 1.5 g 20-10-10 N-P-K added in aqueous solu-
tion were made monthly. The two moisture treatments
applied were designed to replicate continually moist soils

(moist) and those subjected to intermediate moisture stress
(dry). In forests with similar precipitation patterns where
Entandrophragma spp. occur in Ghana, Veenendaal et al.
(1996a) measured soil matric potentials of −2 MPa during
the dry season. Moisture treatments in this experiment
were −0.05 MPa and −0.7 MPa for moist and dry treat-
ments respectively. In moist treatments plants were
watered every other day so that soil was saturated and
allowed to drain freely. In dry treatments, 200 ml of water
was added per sack twice a week. Moisture was monitored
daily in each soil × moisture combination on four seed-
lings with gypsum blocks placed at 20 cm depth. Seed-
lings followed for moisture were mixed among blocks but
were excluded from harvests. No significant differences
between matric potentials were found within either moist
or dry soils between fertility treatments.

Ten seedlings of each species were grown together in
a randomized arrangement within each treatment (a total
of 24 sub-blocks in the experiment). Each shelter or block
contained one sub-block of each treatment (six sub-blocks
per shelter). Thus, each shelter contained a moist and dry
sub-block of each of three fertility treatments, with 40
seedlings (10 of each species) randomly arranged within
each sub-block. Seedlings were spaced at approximately
50 cm between each nursery sack (90 cm between stems).
Blocks were re-randomized after 6 mo to avoid possible
effects of side shading by larger individuals.

Seedling processing

At time zero seedling height and root collar diameter of
all seedlings were measured (Table 2) and 16 individuals
of each species were harvested. Seedling stems and roots
were air dried in the field and leaves were dried in plant
presses over kerosene stoves at low heat. All harvested
seedlings were subsequently transported to the United
States where they were oven dried at 80 °C. Dry weights
were taken for stems and leaves as well as fine and coarse
roots. At the end of 1 y, seedling heights and root collar
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Table 2. Initial height and root collar diameters of Entandrophragma
spp. used in nursery experiment in Bayanga, Central African Republic
(mean values and standard deviations presented; n = 40 individuals per
species).

Species Height Root collar
(cm) (mm)

E. angolense 9.8 ± 2.9 3.1 ± 0.7
E. candollei 14.2 ± 4.0 3.2 ± 0.7
E. cylindricum 8.9 ± 2.8 2.1 ± 0.7
E. utile 18.4 ± 6.1 4.7 ± 1.3

diameters were measured. Four individuals of each spe-
cies were harvested from each treatment within each
block. Fresh and dry weights were taken for plant parts
as above. Leaf area was measured for all leaves and
leaflets of each from the 16 individuals harvested per spe-
cies per treatment using a Li 3100 Area Meter (LiCor
Lincoln, Nebraska).

Data analysis

The moisture treatments were designed to assess growth
under conditions that seedlings would be expected to
experience during different seasons and not at different
places within the forest during the same season. The
marked differences in moisture resulted in the error vari-
ance not being constant across moisture treatments thus
prohibiting analysis of moist and dry treatments in the
same analysis of variance (ANOVA). Within moisture
treatments, data were analysed as a randomized complete
block design with a two-way factorial structure and with
sub-sampling. An analysis of variance where fertility and
species were factors was completed in SAS 6.12 (SAS
Institute, Cary, North Carolina, USA). F ratios were calcu-
lated by dividing the treatment mean square by the three-
way interaction term mean square (Soil × Species ×
Block; Sokal & Rohlf 1995, Steel & Torrie 1960).
Because no block × factor interactions were significant,
they were excluded from the model to increase the power
of tests of treatment effects.

Statistically significant interactions between factors
make comparisons where both species and soil vary of
questionable value. However, in terms of plant perform-
ance in this experiment, the primary interest is to assess
differences in plant growth among species within a given
soil type and/or among soils for a given species. These
are termed simple main effects and, in experiments with
factorial structure, are appropriately assessed by unfolding
the design and expressing main and interaction effects as
sets of contrasts of cell means (Schabenberger et al.
2000). Simple main effects were compared using the Slice
command in SAS to determine significant interactions and
subsequently using the LS means command in the two-
way ANOVA model for pairwise comparisons of simple
main effects (Schabenberger et al. 2000).

Analyses were completed for relative growth rates
(RGR) of total mass, relative height and root-collar
growth rates, Leaf Area Ratio (LAR), Specific Leaf Area
(SLA), Leaf Mass Ratio (LMR), Root Mass Ratio (RMR)
and Stem Mass Ratio (SMR). RGR was calculated follow-
ing Fisher (1921) where

RGR = logW2 − logW1

t2 − t1

and where W1 and W2 represent mass, height or diameter
at time t1 and t2 respectively.

RESULTS

Relative growth rates

In moist soils, significant differences were found within
soil fertility treatments and between species for RGR;
however, only E. cylindricum and E. utile exhibited signi-
ficant differences between moist soil treatments (Table 3).
Similar patterns emerged for relative height and diameter
growth rates and are not discussed further. Entand-
rophragma angolense performed significantly better than
congeners on high-fertility-status soils (Massapoula and
Massapoula soil with nutrient addition; Figure 1). On
infertile (Kongana) soil, E. candollei performed as well
as E. angolense and both of these species performed signi-
ficantly better than E. cylindricum and E. utile.

On moisture-stressed soils, only E. utile did not exhibit
significantly higher RGR between Kongana and nutrient-
addition soils (Table 4). Entandrophragma angolense
ranked consistently among the species with the highest
RGR while E. utile consistently performed poorly in rela-
tion to congeners here (Figure 1).

Biomass allocation

Both E. cylindricum and E. utile had significantly higher
root mass ratios (RMR) on moist Kongana soil than on
the Massapoula soil but all four species had significantly
lower RMR on nutrient-addition soil as compared with
Kongana soil (Figure 2, Table 3). Entandrophragma cyl-
indricum and E. utile exhibited significantly higher RMR
on Kongana soil than E. angolense and E. candollei. How-
ever, on Massapoula and nutrient addition soils, E. cylind-
ricum had significantly lower allocation to roots than con-
geners.

Entandrophragma candollei and E. cylindricum exhib-
ited significant increase in LMR between moist soils
(Figure 2, Table 3). Three of the four species showed sig-
nificant differences in stem mass ratio (SMR) between
soils but only E. cylindricum and E. utile showed signi-
ficant changes in pair-wise comparisons between soils
where the former had significantly lower stem allocation
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Table 3. F values and significance (* P < 0.05; ** P < 0.01; *** P < 0.001; ns, not significant) for analysis of variance of Total Mass Relative Growth
Rate (RGR), Root Mass Ratio, Stem Mass Ratio, Leaf Mass Ratio, Specific Leaf Area (SLA), and Leaf Area Ratio (LAR) in nursery experiments
with Entandrophragma spp. in Bayanga, Central African Republic. Analysis was completed as a two-factor, random block design in moist soil for
soil and species.

Degrees of Total Mass Root Mass Stem Mass Leaf Mass SLA LAR
freedom RGR Ratio Ratio Ratio

Block 3 0.24ns 0.56ns 2.07ns 1.23ns 1.55ns 0.31ns
Soil 2 7.37** 59.80*** 0.25ns 24.50*** 5.15* 24.59***
Species 3 23.78*** 11.41*** 1.14ns 5.02** 20.83*** 4.37*
Soil × Species 6 2.77* 7.14*** 5.67*** 5.45*** 2.05ns 6.33***

Simple Main Effects
Soil × Species
E. angolense 2 2.48ns 20.95*** 3.97* 2.83ns 0.77ns 1.00ns
E. candollei 2 1.03ns 3.72* 0.64ns 4.54* 4.60* 9.02***
E. cylindricum 2 9.84*** 53.55*** 8.53** 35.24*** 4.78* 34.19***
E. utile 2 4.31* 13.04*** 4.13* 0.56ns 0.15ns 0.90ns
Kongana 3 12.61*** 6.25** 1.70ns 2.20ns 5.91** 1.44ns
Massapoula 3 5.43** 10.37*** 2.54ns 1.64ns 7.86*** 2.88ns
Nutrient Addition 3 11.67*** 9.36*** 8.32*** 12.13*** 12.14*** 13.57***
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Figure 1. Total mass relative growth rates (RGR) for Entandrophragma spp. within soil fertility and moisture treatments (Ea, E. angolense; Eca, E.
candollei; Ecy, E. cylindricum; Eu, E. utile; letters denote significant differences between species and within soil-fertility/moisture treatment; signific-
ance determined by LS means in SAS and significant at P < 0.05, df = 33).

on nutrient-addition soil and the latter had significantly
higher allocation (Figure 2).

In pair-wise comparisons on moist soils, both E. can-
dollei and E. cylindricum had significantly higher Leaf
Area Ratios (LAR) in the nutrient-addition treatment than
in Kongana soil and both of these species had significantly
higher LARs than the other two species on nutrient-
addition soils (Figure 3). Within species, a similar pattern
was observed in Specific Leaf Area (SLA) as the pattern
detected for change in LAR. Within the Kongana soil
treatment, E. cylindricum and E. utile had significantly
higher SLA than E. angolense and E. candollei (Figure 3,
Table 3). This trend remained consistent with increased
fertility with the exception being that E. candollei was

among the species with the highest SLA on nutrient-
addition soils.

Few differences were observed within species and
between soil treatments for RMR on dry soils; however,
E. utile was always among the species with the highest
allocation to roots when species were compared within
soils (Figure 2, Table 4). As with moist soils, LMR was
the inverse to RMR; however, E. angolense allocated sig-
nificantly less biomass to leaves on both Kongana and
nutrient-addition soils than on Massapoula soil while E.
cylindricum significantly increased allocation to leaves at
the expense of stem allocation on nutrient-addition soils
(Figure 2).

Both E. angolense and E. cylindricum exhibited
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Table 4. F values and significance (* P < 0.05; ** P < 0.01; *** P < 0.001; ns, not significant) for analysis of variance of Total Mass Relative Growth
Rate (RGR), Root Mass Ratio, Stem Mass Ratio, Leaf Mass Ratio, Specific Leaf Area (SLA) and Leaf Area Ratio (LAR) in nursery experiments
with Entandrophragma spp. in Bayanga, Central African Republic. Analysis was completed as a two-factor, random block design in dry soil for soil
and species.

Degrees of Total Mass Root Mass Stem Mass Leaf Mass SLA LAR
freedom RGR Ratio Ratio Ratio

Block 3 0.15ns 0.20ns 0.32ns 1.93ns 1.56ns 1.43ns
Soil 2 13.26*** 1.08ns 1.47ns 0.10ns 2.38ns 0.20ns
Species 3 25.35*** 7.86*** 11.91*** 21.49*** 9.98*** 23.78***
Soil × Species 6 3.09* 1.58ns 2.08ns 5.11*** 4.59** 6.39***

Simple Main Effect
Soil × Species
E. angolense 2 10.22*** 3.72* 1.70ns 5.96** 1.08ns 4.20*
E. candollei 2 3.97* 0.96ns 2.54ns 0.66ns 1.07ns 1.61ns
E. cylindricum 2 6.83** 0.44ns 8.32*** 5.95** 1.14ns 10.72***
E. utile 2 1.89ns 0.53ns 3.97* 3.10ns 13.47*** 3.38*
Kongana 3 1.80ns 1.26ns 0.64ns 1.23ns 0.94ns 1.21ns
Massapoula 3 21.00*** 7.57*** 8.53** 15.86*** 15.15*** 14.74***
Nutrient Addition 3 9.09*** 2.49ns 4.13* 14.35*** 4.05* 20.42***

significantly lower LARs on Kongana soil than more fer-
tile soil for pairwise comparisons of simple main effects
on dry soils. While no significant differences were
observed for E. candollei here, E. utile exhibited signific-
antly lower LAR on Massapoula than on Kongana soil.
Few significant differences were observed in SLA on dry
soil (Figure 3, Table 4).

DISCUSSION

Soil fertility

This study found important differences in RGR and pat-
terns of allocation between Entandrophragma spp. seed-
lings grown on different fertility-status soils under both
moist and dry conditions. In a strict sense, differences in
soil fertility between Kongana and Massapoula soil
amounted to differences in exchangeable magnesium
(Table 1). Therefore, these data are consistent with asser-
tions by Burslem et al. (1994, 1995) that, for mycorrhizal
and/or shade-tolerant plants, limitations to growth by
major base cations may prove more significant than lim-
itation by phosphorus in tropical forests. It is important to
note that even the relatively fertile Massapoula soil repres-
ents a soil with low levels of exchangeable calcium and
magnesium, even within this region (J. S. Hall, unpubl.
data). The less-pronounced response of RGR between
Massapoula soil and Massapoula soil with nutrient addi-
tion is similar to those findings of Turner et al. (1993)
who found dipterocarp seedlings only respond to fertilizer
addition when grown under very low nutrient availabil-
ities. While it is possible that the general lack of response
to nutrient addition could be due to leaching of nutrients,
given that the moist nutrient-addition soils had signific-
antly higher levels of exchangeable potassium and avail-
able phosphorus at the end of the experiment, this seems
unlikely (Table 1).

RGR and biomass allocation in moist treatments

Two of the four Entandrophragma species studied exhib-
ited significant responses in RGR to soil fertility under
moist conditions. All four species had significantly higher
RMRs on Kongana soil than on nutrient-addition soil.
High allocation to roots under low soil-fertility conditions
follow descriptions of Chapin (1980) and predictions of
Tilman (1988) and has also been found by Kolb et al.
(1990) for northern red oak (Quercus rubra L.) and Min-
otta & Pinzauti (1996) for beech (Fagus sylvatica L.)
seedling growth. Entandrophragma angolense signific-
antly outperformed congeners on Massapoula and nutri-
ent-addition soils. However, E. candollei performed as
well as E. angolense on Kongana soil (Figures 1 and 2).

The patterns in change in RGR and root allocation sug-
gest a threshold below which two of the species perform
extremely poorly with respect to congeners. For example,
both E. cylindricum and E. utile almost doubled their
RGR between Kongana and Massapoula soil. They exhib-
ited similarly pronounced changes in allocation to roots.
In contrast, E. angolense and E. candollei did not exhibit
significant changes in RGR or root allocation patterns
with this increase in fertility. However, neither E. cylind-
ricum nor E. utile maintained a continued increase in
growth rate with nutrient addition, even though fertilizer
addition represented a ten-fold increase in total exchange-
able bases and an approximately three-fold increase in
available phosphorus. In fact, E. utile actually showed a
significant decline in RGR, perhaps reflecting a narrow
range within which this species is able to respond to
changes in fertility.

RGR and biomass allocation in dry treatments

Overall, there were fewer statistically significant differ-
ences within dry soils than moist soils; however, this may
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Figure 2. Leaf, stem, and root mass ratios for Entandrophragma spp. within soil fertility and moisture treatments (Ea, E. angolense; Eca, E. candollei;
Ecy, E. cylindricum; Eu, E. utile; letters denote significant differences between species and within soil-fertility/moisture treatment; significance
determined by LS means in SAS and significant at P < 0.05, df = 33).
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Figure 3. Specific leaf area (cm2 g-1) and leaf area ratios for Entandrophragma spp. within soil fertility and moisture treatments (Ea, E. angolense;
Eca, E. candollei; Ecy, E. cylindricum; Eu, E. utile; letters denote significant differences between species and within soil-fertility/moisture treatment;
significance determined by LS means in SAS and significant at P < 0.05, df = 33).

be an artifact of both small sample size and very low RGR
under these conditions (Figure 1). Nevertheless, three of
the four species exhibited significantly higher RGR on
nutrient-addition than on Kongana soil. Within soils on
both Kongana and nutrient-addition soils, E. angolense, E.
candollei and E. cylindricum had indistinguishable RGRs
suggesting that no one species gains a marked advantage
over the other two at this level of moisture stress on these
soils.

Leaf plasticity as a predictor of RGR under varied fertility
conditions

LAR is a significant component of RGR and can be
broken down into SLA and LMR (Hunt 1982, Lambers et
al. 1998). Both SLA and LMR have been linked to
declines in RGR with nutrient limitation (Poorter et al.
1995, Van Arendonk et al. 1997). On moist soils, there
were significant increases in LAR with increased soil fer-
tility for two of the four species studied here. These same
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two species, E. candollei and E. cylindricum, also showed
significant increase in both SLA and LMR with increased
fertility (Figure 3, Table 3). Entandrophragma angolense
E. cylindricum and E. utile all showed significant
responses in LAR to increased soil fertility on dry soils
(Figure 3, Table 4); however, the response of E. angolense
and E. utile are difficult to interpret and E. cylindricum
only responded with addition of fertilizer.

Veenendaal et al. (1996b) report a reduction in LAR
and SLA on infertile soils for a non-pioneer light
demander (NPLD) showing significant differences in
RGR between fertility treatments. Our results are there-
fore consistent with those of Veenendaal et al. (1996b)
for species exhibiting leaf plasticity with respect to soil
fertility. However, E. candollei did not show a significant
response in RGR to changes in soil fertility in moist treat-
ments while E. utile, a species that did exhibit significant
differences in RGR on moist soils with changes in soil
fertility, did not show changes in either SLA or LAR. The
lack of a consistent response in leaf morphology on both
moist and dry soils to increased fertility suggests that this
parameter is not a good indicator of species response to
changes in fertility within the NPLD guild. However, it is
possible that these results reflect inconsistencies due to
measuring leaf area on leaves dried in the field.

Relative performance and the distribution of
Entandrophragma spp.

Results from our nursery trials are consistent with the lim-
ited data available from other nursery trials and the distri-
bution of these Entandrophragma species. Swaine et al.
(1997) found a similar trend to ours for E. utile planted
within gaps created in forest reserves of apparently differ-
ent soil fertility status. However, Synnott (1975) was
unable to show a response to growth with fertilizer addi-
tion to E. utile in a nursery experiment conducted in
Budongo Forest, Uganda. In that study, nutrients were
added to soil that had almost twice the level of TEB than
the higher fertility site of Swaine et al. (1997, Hall &
Swaine 1981). Thus, it is conceivable that our nutrient-
addition treatment and both the control and nutrient-
addition treatments reported by Synnott (1975) were
beyond the range of fertility where E. utile responds with
increased RGR. Both our Massapoula and the higher-
fertility site of Swaine et al. (1997) appear to be within
the optimum range of performance of E. utile. Finally, the
site of relatively high growth of E. utile in the experiment
discussed by Swaine et al. (1997) is within the zone where
E. utile is concentrated (Hall & Swaine 1981).

The results from these growth trials for E. angolense,
E. candollei and E. cylindricum are also consistent with
the limited distribution data available for these species.
Entandrophragma angolense performed as well or better

than congeners over a range of fertility and moisture con-
ditions. This species is widely distributed throughout the
forests of Ghana (Hall & Swaine 1981), with peaks of
abundance in moist evergreen and moist semi-deciduous
forest. These forests also span a broad range of soil fertil-
ity and moisture conditions (Hall & Swaine 1981). Entan-
drophragma candollei performed particularly well in rela-
tion to congeners on moist Kongana soil. This too is
consistent with the fact that its peak abundance in Ghana
is within a forest type (upland evergreen) of particularly
low TEB (Hall & Swaine 1981) and that it is more abund-
ant than congeners on soils with low TEB in Odzala N.P.,
Congo (Dowsett-Lemaire 1996, FAO 1973). The peak
abundance of E. cylindricum in Ghana is within moist
semi-deciduous forest, a stratum with soils of high values
for TEB (Hall & Swaine 1981). This fits with its pro-
nounced growth response to changes in fertility between
Kongana and Massapoula soil on moist treatments. If
deciduosity is linked to moisture availability, this may
also reflect its ability to perform well relative to congeners
on drier sites.

Work linking the distribution of these species to soil
fertility and moisture gradients on a 100-ha plot is cur-
rently under way at our study site, but the naturally occur-
ring forest soils used in this experiment are well within
the fertility ranges found on our plot (J. S. Hall, unpubl.
data). In the absence of these results, we can only draw
tentative conclusions as to how seedling response to soil
moisture and fertility regimes relates to adult tree distribu-
tion within our forest. However, several points are unequi-
vocal. Under moist conditions, both E. cylindricum and
E. utile respond with increased RGR to increased soil fer-
tility between Kongana and Massapoula soil while E. ang-
olense and E. candollei do not. Entandrophragma ango-
lense outperforms congeners on both Massapoula and
nutrient-addition moist soils in our shade-house experi-
ments. Entandrophragma candollei performs as well as
E. angolense and both perform significantly better than
E. cylindricum and E. utile on Kongana moist soils. On
drought-stressed soils, there are fewer significant differ-
ences in growth parameters between species. Here E. cyl-
indricum performed as well as both E. angolense and E.
candollei on both Kongana and nutrient-addition soils.

Soil fertility within an area of tropical forest can be
highly variable, as evidenced by Silver et al. (1994) in
Puerto Rico, Gunatilleke et al. (1996) in Sri Lanka, Palmi-
otto (1998) in Sarawak, Clark et al. (1998) in Costa Rica,
and our study site (J. S. Hall, unpubl. data). We did not
observe a shift in performance rank in RGR as soil fertil-
ity changed within a moisture treatment as might be
expected should soil fertility and/or moisture be exclus-
ively responsible for the distributions of species within the
forest. However, the relationship suggested by the limited
available data on the distribution and abundance of
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Entandrophragma spp. in relation to soil fertility and/or
moisture status was reinforced by seedling performance
in this study and therefore may be an important factor in
helping to maintain a diversity of Entandrophragma spe-
cies within the forest of our study site.

Little distinction has heretofore been made in separat-
ing Entandrophragma spp. along resource gradients (see
Hawthorne 1995 for summary of silvics). Coomes &
Grubb (2000) have highlighted the need to better under-
stand the importance of below-ground competition for
moisture and nutrients and how regeneration niches of
species may be influenced by their rooting systems. This
study provides compelling evidence linking seedling per-
formance of Entandrophragma to soil fertility and mois-
ture gradients. Given the emerging picture of increased
heterogeneity of soil moisture and fertility at relatively
small scales, we suggest that the availability of these
below-ground resources may be an important factor in
maintaining species diversity within tropical forests.
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