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Abstract Most research on carbon content of trees has focused on temperate species,
with less information existing for tropical trees and very little for tropical plantations. This
study investigated factors affecting the carbon content of nineteen tropical plantation tree
species of ages seven to twelve and compared carbon content of Khaya species from two
ecozones in Ghana. For all sample trees, volume of the main stem, wood density, wood
carbon (C) concentration and C content were determined. Estimated stem volume for the
12-year-old trees varied widely among species, from 0.01 to 1.04 m?, with main stem C
content ranging from 3 to 205 kg. Wood density among species varied from 0.27 to
0.76 g cm™>, with faster growing species exhibiting lower density. Significant differences
in wood density also occurred with position along the main stem. Carbon concentration
also differed among tree species, ranging from 458 to 498 g kg™'. Differences among
species in main stem C content largely reflected differences among species in estimated
main stem volume, with values modified somewhat by wood density and C concentration.
The use of species-specific wood density values was more important for ensuring accurate
conversion of estimated stem volumes to C content than was the use of species-specific C
concentrations. Significant differences in wood density did exist between Khaya species
from the wet and moist semi-deciduous ecozones, suggesting climatic and site factors may
also need to be considered. Wood densities for these plantation grown trees were lower
than literature values reported for the same species in natural forests, suggesting that the
application of data derived from natural forests could result in overestimation of the
biomass and C content of trees of the same species grown in plantations.
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Introduction

Growing concerns about the climatic impacts of increased concentrations of atmospheric
greenhouse gases have stimulated discussions about the importance and potential of using
forests for carbon sequestration. Due to anthropogenic emissions, the concentration of the
major greenhouse gas carbon dioxide (CO,) has increased from around 280 uL L™" in the
late 1800s to the more than 390 pL L™" in 2013 (Schneider 1990; NOAA 2013). Mean
global temperatures increased by 0.74 °C over the same time period (Solomon et al. 2007),
and regional temperatures in West Africa may increase by an additional 2-5 °C over the
next century as atmospheric CO, concentration continues to rise (Christensen et al. 2007).

To offset a portion of the escalating CO, concentrations, afforestation and reforestation
systems have been encouraged as means to sequester CO, in biomass. This concept was
formally endorsed by the Kyoto Protocol, which allowed for the opportunity to offset CO,
emissions through collaboration between developed and developing nations in reforesta-
tion or afforestation projects (Desanker 2005; ITTO 2006; World Bank 2009). The pur-
poses for promoting plantation development in West African nations, such as Ghana,
include restoring degraded forests, providing raw materials for industry and bioenergy,
providing non-timber goods for local populations, and potentially creating extra income
from carbon credits as a means of value addition (FC 2006; Sandker et al. 2010; Kalame
et al. 2011). Under the United Nation’s REDD + program (Reducing Emissions from
Deforestation and Forest Degradation, with the “+4” adding conservation, sustainable
forest management and enhancement of forest carbon stocks), planting of trees for
reforestation or canopy shade cover can be eligible for carbon credits. Ghana is among the
REDD partner countries, and thus needs to be able to provide authenticated estimates of
the nation’s forest carbon stocks (Gibbs et al. 2007).

Quantifying carbon stocks in forests requires accurate estimation of aboveground bio-
mass (Brown et al. 1989; Ketterings et al. 2001; Chave et al. 2005), but many factors can
influence tree and forest biomass and C content, including tree species, climate, topog-
raphy, soil fertility, and water supply (Fearnside 1997; Luizdo et al. 2004; Sicard et al.
2006; Slik et al. 2008). Wood density can serve to integrate the effects of these factors and
thus is often viewed as a critical parameter needed for deriving biomass estimates from
volumes determined using forest inventory data (Brown et al. 1989; Fearnside 1997;
Preece et al. 2012). Note, however, that it has been suggested that species-specific wood
density may not be needed for estimating biomass of small diameter stems in tropical dry
forest (Chaturvedi and Raghumbanshi 2013).

Along the main stem of a tree, wood density varies from the base to the top of the stem,
and radially from pith to bark (Henry et al. 2010). Typically, wood density decreases from
the stump to half of the total height of the tree, and may increase afterwards towards the top
(Espinoza 2004). Wood density also varies with species, age and geographical location in
natural tropical forests (Fearnside 1997; Suzuki 1999; Slik et al. 2008; Henry et al. 2010).
However, little information exists on wood density for trees growing in plantations of the
species recommended for use in Ghana and other sub-Saharan African countries. Available
information on the volume, biomass and carbon content for tropical tree species is limited
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relative to the wide variety of species and regional environments that exist in the tropics,
making estimation of the value of many species as carbon sinks difficult to predict.
Available data has revealed significant differences among different tree species growing at
various sites (Elias and Potvin 2003; Lamlom and Savidge 2006; Bert and Danjon 2006).
In addition, many of the existing equations for estimating volume and biomass of tropical
trees were derived from native forests (Chave et al. 2005; Henry et al. 2010), potentially
limiting their applicability to plantations intended for afforestation or reforestation, which
will for many years involve smaller trees grown in full sunlight. This research seeks to help
fill the knowledge gaps regarding the carbon content of plantation tree species in the
tropics by providing information on wood density, stem volume and biomass, and carbon
concentration and content for those that are likely to be used in afforestation and refor-
estation efforts in the wet ecozone of Ghana and similar areas of West Africa. The study
also compared the wood density of mahogany (Khaya) species planted in the moist semi-
deciduous and wet evergreen forest ecozones of Ghana.

Specific objectives were to assess: (1) differences among species in volume growth and
main stem C content; (2) differences among species and stem locations in wood density
and C concentration and the potential errors that may result from using only lower-stem
density data to estimate stem biomass; (3) the relative importance of knowing species-
specific wood density and C concentration for accurately determining main stem C
content; (4) if wood density varies with tree age; (5) if wood density and C content for
Khaya species differ among ecozones; (6) if differences in growth rate, wood density or C
content are related to a species guild classification; and (7) if wood density values for
species growing in plantation are similar to those for the same species growing in a
natural forest. We hypothesized that there will be significant differences in carbon content
among trees species in the same ecozone and among Khaya planted in the moist semi-
deciduous and wet evergreen ecozones, due primarily to differences in wood density. We
also hypothesized that fast growing plantation trees will have lower wood density, and
thus C content for a given volume, than the same species are known to have in natural
forests.

Methods
Study areas

Two study areas were used, the first in the Oda-kotoamso Community Agroforestry Project
(OCAP), and the second at Bobiri forest reserve (Fig. 1). Oda-kotoamso is located in the
western region of Ghana, about 10 km from Asankraqwa, the district capital of the Wassa
Amenfi political district. Geographically, Oda-kotoamso lies between latitude 5°18’ and
5°45’' N and longitude 2°10" and 2°30' W. This area falls within the hot humid tropical
rainforest of the wet evergreen zone. There are two rainy seasons: a major season from
April to July, and a minor season from September to November. Average annual rainfall
ranges from 1,750 to 2,000 mm (Hall and Swaine 1981). Average monthly temperature
ranges from approximately 24-27 °C at the nearby (about 70 km) Ghana Rubber Estate
Plantation (Wauters et al. 2008). The landscape is characterised by undulating stretches of
land with hills and flattened mountains. Elevation ranges from about 90 to 400 m above sea
level. The soils are acidic with a pH of approximately 3—4 (Hall and Swaine 1981).

The plantation at OCAP was initiated in 1997 and has a total size of approximately
290 ha. To date, 20 native tropical and 3 exotic species have been successfully planted as
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Ghana

Bobiri

Fig. 1 Location of the OCAP and Bobiri study areas in Ghana, West Africa

either mixed or single species stands, with spacing ranging from 3 x 3 to 4 x 4 m. The
plantation was developed and is owned by over eighty outgrower farmers with technical
and financial support from Samartex Timber and Plywood company in Samreboi, Ghana.

The second site for the study was Bobiri (6°40' N, 1°19’ W), about 35 km from Kumasi
in the Ashanti region of Ghana. The Bobiri site falls within the moist semi-deciduous
forest, which is drier than the wet evergreen forest zone. Average annual rainfall for the
moist semi-deciduous forest ranges from 1,200 to 1,800 mm (Hall and Swaine 1981),
variation in monthly temperature is similar to that at Oda-kotoamso, and the daily high
temperature peaks at about 32 °C in March. Topography of the area is moderate, with
elevation ranging from 150 to 600 m (Hall and Swaine 1981). The soils are slightly acidic
with pH of approximately 5-6 (Hall and Swaine 1981). The Bobiri plantation consists of
single species stands of Khaya ivorensis and Khaya grandifoliola on one-hectare plots.

The plantations at both sites originated from degraded forest lands which were covered
largely by Chromolaena odorata (L.) R. King & H. Rob. and other vegetation. During
preparation for planting, the vegetation was cut down by manual weeding and the debris
was burnt. The next activity was pegging, which involved mapping the location for each
seedling before planting one-year old seedlings, from local seed sources, at 3 m x 3 m
spacing for 7- and 5-year-old plantations and 4 m x 4 m spacing for the 12-year-old
plantations. At both sites, no other silvicultural treatments were performed in the planta-
tions except weeding Chromolaena odorata and other competing vegetations three times
per year. An inventory of trees was done in these plantations and unique numbers were
marked on each tree. Selection of trees for this study was performed through random
selection from the pool of unique numbers for each species.
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Tree sampling

A total of sixty nine trees were randomly selected from the plantations for determination of
stem volume, wood density and carbon concentration. For the OCAP wet evergreen forest,
a total of 41 and 12 trees of ages twelve and seven, respectively, were sampled. Eighteen
species of age twelve were sampled at OCAP: Aningeria robusta A.Chev., Antiaris toxi-
caria Lesch., Cedrela odorata L., Ceiba pentandra (L.) Gaertn., Entandrophragma an-
golense (Welw.) C.DC., Guarea thompsonii Sprague & Hutch., Heritiera utilis (Sprague)
Sprague, Khaya ivorensis A.Chev., Lophira alata Banks ex P.Gaertn., Mammea africana
Sabine, Milicia excelsa (Welw.) C.C.Berg, Pycnanthus angolensis (Welw.) Warb., Tectona
grandis L.f., Terminalia ivorensis A.Chev., Terminalia superba Engl. & Diels, Tieghem-
ella heckelii (A.Chev.) Roberty, Triplochiton scleroxylon K.Schum., and Turraeanthus
africanus (Welw. ex C.DC.) Pellegr. Four species of age 7 were sampled: Antrocaryon
micraster A.Chev. & Guill., Heritiera utilis, Khaya ivorensis, and Turraeanthus africanus.
Two to three trees per species were sampled within an age class at a plantation. In addition,
four 5-year-old trees from each of two species, Khaya ivorensis and Khaya grandifoliola
C.DC., were selected from both the wet evergreen zone plantations at OCAP and the moist
semi-deciduous forest zone at Bobiri.

Sample trees were cut down and diameter at breast height (dbh, at 1.3 m) and the length
of the main stem (stump to first large canopy branch) were measured. The main stem was
divided into three sections, and volumes of the base (stump to 1.3 m), middle (1.3 m to
midpoint) and top (midpoint to top) portions were computed using Smalian’s model (Avery
and Burkhart 2002):

V =[(B+b)/2]L

where V is the estimated volume of a stem section in m>, B is the cross-sectional area (m?)
at the large end of the stem section, b is the cross-sectional area (mz) at the small end of the
section, and L is the length of the stem section in m. The values for b and B were calculated
from the diameters of the two ends of the stem section, assuming the log had a circular
cross section.

By dividing the main stem into several smaller-length sections for which we measured
end diameters and length, we were able to use Smalian’s model to estimate volume for
each section and then sum them to determine the total main stem volume. Given the
changing taper that can occur as one moves from the base to the top of the main stem,
especially in the lower section from the stump to breast height, our use of the three stem
sections should provide a better estimate for these trees than any existing diameter based
equation would do, applied over the entire length of the main stem.

Discs of about 2 cm in thickness were cut at the base, middle, and top portion of each
tree and their diameter outside the bark was measured. Wedge shaped sections of the field-
moist wood (i.e. green wood) extending from the center to the edge of the discs, including
bark, were removed and preserved by freezing for further analyses. Volumes of these sub-
samples were measured by water displacement via suspension in a vessel of water placed
on an electronic balance. Sample green volume (cm®) was determined as the increase in
balance reading (g) due to the suspended wood sample. These subsamples were soaked in
water for approximately 30 min before volume determination to minimize effects of short-
term water absorption during displacement measurement on estimated volume. Individual
wood samples were stored in plastic bags in a freezer (0 °C) at the Forestry Research
Institute of Ghana, until samples could be transported to Michigan Technological
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University. Wood samples were then oven dried at 70 °C for 48 h and weighed. The 70 °C
temperature was used because of the potential for increased loss of volatile organic
compounds at higher temperatures, such as 100 °C. Wood density (g/cm3) was calculated
as dry mass divided by green volume. This is the appropriate wood density value for
converting our estimated main stem green volume to biomass, but may differ slightly from
basic wood density, which would have required soaking the samples in water for several
days before volume measurement, to ensure they were at maximum volume. The samples
were ground to a fine powder using a ball mill (Spex certi-Prep 8000 M) and analyzed for
carbon concentration using an elemental analyzer (model NA 1500NC, CE Elantech,
Lakewood NJ, USA).

For each stem section from a tree, we multiplied its estimated volume by its wood
density to determine the biomass of the stem section. The biomass of each stem section
was then multiplied by the stem section’s C concentration to determine its C content. The
total biomass (or C content) for the main stem of each sample tree was then estimated by
summing the respective values for the tree’s bottom, middle and top stem sections.

Data analysis

Statistical significance for all analyses was accepted at the 0.05 level of probability.
Differences among species in estimated main stem volume and carbon content were
determined using one-factor analysis of variance (ANOVA), with separate analyses con-
ducted for the age twelve and age seven species. Significant species effects for the age
twelve trees in these analyses were further examined through mean separation using Tu-
key’s HSD test. Two-factor ANOVAs were used to test for significance of the effects of
stem position and species on wood density and carbon concentration. Separate analyses
were conducted for the seven- and twelve-year old trees. Differences among species and
stem positions in the analyses for the age 12 trees were further examined through mean
separation using Tukey’s HSD test. For the three species for which both age 7 and age 12
data were available, a three-factor ANOV A was used to test for the effects of species, stem
section and age on wood density. For the two Khaya species at age 5, the effect of growth
in different ecozones (wet evergreen vs. moist semi-deciduous) on wood density was
examined by three-factor (species, stem position, ecozone) ANOVA. Differences in esti-
mated main stem C content between ecozones for the two Khaya species were tested with a
two-factor (species, ecozone) ANOVA. For the age 12 trees, we also used a one-factor
ANOVA to determine if estimated main stem volume, mean wood density or C content
differed among guild classifications for the sixteen indigenous species. Guild classifica-
tions used were pioneer, shade bearer, and non-pioneer light demander.

To determine if wood density was related to growth rate, correlation analyses were used
to test for linear relationships between average tree wood density and three indicators of
main stem growth rate: dbh, main stem height, and estimated main stem volume. This
examination was performed across all 53 trees of either age 7 or age 12, regardless of
species; the number of trees within species was too small (2 or 3) to allow similar analyses
by species.

We used linear regression with a zero intercept to determine if the average wood density
we found for a species growing in plantation was similar to that for the same species
growing in natural forests. The mean density for a species in our data set was used as the
dependent variable, and the average value in the literature for the species as the inde-
pendent variable. A slope whose 95 % confidence limits did not include 1 would indicate a
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significant difference in wood density for plantation grown trees compared to those
growing in natural forests.

Because dbh data is much more likely be available to those wishing to estimate a tree’s
woody volume than are the diameters of several individual stem sections, we felt it was
important to also develop relationships between dbh and main stem volume. We used non-
linear regression to assess relationships between estimated total main stem volume (V) and
dbh using a power relationship:

V = adbh®

where a and b are regression coefficients. A similar allometric power function was
developed using D”H (dbh squared x stem height) as the predictor variable.

Results
Stem volume and wood density

Average tree main stem volume for species in the 12-year-old plantation ranged from a
minimum of 0.01 m® to a maximum of 1.04 m® (Fig. 2). The species with the greatest
estimated stem volume at age 12 were Ceiba pentandra and Cedrela Odorata, while
Guarea thompsonii had the lowest volume. Strong predictive relationships for total main
stem volume existed for both dbh and D*H for the combined data from the 12- and 7-year
old trees.

Volume = 7.22 x 1073(dbh)*>"  (R? = 0.943; P <0.001; n = 53; SEE = 1.34)

Volume = 8.23 x 105 (D*H)*”  (R? = 0.980; P<0.001; n = 53; SEE = 1.19)

Wood density differed significantly among species within the 12-year-old plantation
(P < 0.001; Table 1; Fig. 3), but not for the four species in the 7-year-old plantation
(Antrocaryon micraster, Heritiera uitlis, Khaya ivorensis, and Turraeanthus africanus)
(Table 2). For the 12-year-old trees, mean density ranged from 0.27 to 0.76 g/cm’
(Table 2). Ceiba pentandra had the lowest density, while Lophira alata had the highest
density. Comparison of wood density for the same species from 12- and 7-year-old
plantations in the wet ecozone indicated no differences among the ages (P = 0.923 for age
effect in 3 factor ANOVA). There was a significant difference in wood density of Khaya
spp. of the same age (5 years) planted in different ecozones (Fig. 4), with wood density in
trees from the wet evergreen zone being higher than that found in trees of the same species
from the moist semi-deciduous zone.

Density differed significantly with position along the stem of the trees (Fig. 3), with the
bottom positions having greater mean wood density (0.526 g cm™>) than the middle and
the top (0.444 and 0.439 g cm >, respectively). No interactions were found between
species and the three stem positions for wood density (Table 1), indicating that greater
wood density for the bottom stem position occurred consistently for the species studied.
Across species, wood density was negatively correlated with indicators of growth rate for
12-year-old trees planted in the wet forest ecozone, with negative linear correlations
existing within the 41-tree data set between average tree wood density and dbh at age 12
(r = —0.51, P <0.001), stem length (r = —0.63, P < 0.001) and estimated main stem
volume (r = —0.54, P < 0.001).
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Fig. 2 Mean main stem volumes of species in a 12 year-old plantation at Oda-kotoamso Community
Agroforestry Project in the wet evergreen forest ecozone of Ghana. Mean main stem volume was
significantly different for species without common letters (Tukey’s HSD, P < 0.05)

Table 1 ANOVA results for the effects of stem location and tree species on wood density (g cm—>) and C
concentration (g kg™ ') in 12-year-old planted trees from eighteen species growing in the wet evergreen
ecozone of Ghana

Wood characteristic ~ Source Sum-of- squares df Mean-square F-ratio P

Density Species 1.555 17 0.0915 28.5 <0.001
Stem location 0.182 2 0.0910 28.4 <0.001
Species x stem location 0.168 34 0.0049 1.54 0.066
Error 0.215 67 0.0032

C concentration Species 9,439 17 555 13.7 <0.001
Stem location 1,790 2 895 22.1 <0.001
Species x stem location 1,286 34 38 0.9 0.577
Error 2,794 69 40

? The degrees-of-freedom for wood density are two lower than would be expected for 41 trees with 3 stem
locations, due to the loss of mass data for two of the 123 samples

Carbon concentration and content

Carbon (C) concentration also differed significantly among species and with position along
the stem of the trees (Table 1, Fig. 5). The bottom positions of trees had lower C con-
centration (470 g kg~ ") than the middle and the top, which had mean C concentrations of
478 and 477 g kg™ ", respectively (Fig. 5). Species by stem position interactions did not
occur for wood C concentration (Table 1, P = 0.066), indicating that lower C
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Fig. 3 Wood density estimates of trees species from a 12-year-old plantation at Oda-kotoamso Community
Agroforestry Project in the wet evergreen forest ecozone of Ghana. Wood density differed significantly
(P < 0.001) among tree species and among stem positions. Error bars indicate one standard deviation for a
stem zone within a species. Mean wood density was significantly different for species without common
letters (Tukey’s HSD, P < 0.05). Across species, mean wood density for the bottom stem position was
significantly greater than that for the middle and top stem positions (Tukey’s HSD, P < 0.05)

concentration in the bottom stem position was generally consistent across species, but that
some variability in the pattern occurred (Fig. 5).

The mean stem C content across species was 55 kg C. Guarea thompsoni had the
lowest average stem carbon content of 2 kg C per tree whereas Ceiba pentandra
sequestered the greatest stem C at age 12 of 179 kg per tree (Fig. 6). There was sig-
nificant variation in average main stem C content among species in the 12- year-old
plantation (P < 0.001). However, there were no C content differences among the more
limited set of species from the 7-year-old plantation (P = 0.834). Similarly, stem C
content of five-year-old Khaya spp. did not differ between the wet evergreen and moist
semi-decidous ecozones.

Relationships to guilds classification

Apart from Tectona grandis and Cedrela robusta, which are exotic species, all other (i.e.
indigenous) tree species were classified into three guilds: pioneers, non-pioneer light
demanders, and shade bearers (Hawthorne 1995). Using this classification enabled us to
determine if inherent ecological strategies were related to wood density, growth rate or
C content of these tropical tree species when grown in plantations. At age 12, the three
guild classifications did not differ in wood density. Pioneers and shade bearers had
significantly higher main stem volume, biomass and carbon content than non-pioneer
light demanders, but significant differences between pioneers and shade bearers did not
exist.
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Table 2 Mean values (+ standard error) of wood density for 12- and 7-year-old trees from Oda-kotoamso
Community Agroforestry Project plantation in the wet evergreen forest ecozone of Ghana and selected
published values for the same species

Species® Guild® Wood density (g cm™?)
This study Published values
12 years 7 years Reyes et al. Henry et al. Bolza and
(1992)° (2010 Keating (1972)¢

Aningeria robusta NPLD 0.50 £+ 0.03
(2)

Antiaris toxicaria NPLD 0.36 £ 0.02 0.38 0.37-0.40
(2)

Antrocaryon 0.50 £ 0.05
micraster (3)

Cedrela odorata (2) 0.38 + 0.03 0.43-0.45 0.37-0.40

Ceiba pentandra P 0.27 £ 0.01 0.26 0.26-0.54 0.27-0.32
(3)

Entandrophragma NPLD 0.44 £ 0.04 0.45 0.51-0.57
angolense (2)

Guarea thompsonii ~ SB 0.53 + 0.03 0.55 0.58-0.64
(2)

Heritiera utilis NPLD 046 £ 0.03 0.45+£0.03 0.56 0.58-0.78 0.58-0.64
(3,3)

Khaya ivorensis NPLD 0.52 £0.03 048 £ 0.03 0.44 0.46-0.50
(2,3)

Lophira alata (2) P 0.76 + 0.03 0.87 1.02-1.14

Mammea africana  SB 0.62 £ 0.01 0.62 0.65-0.72
(2)

Milicia excels (2) P 0.46 £+ 0.05

Pycnanthus NPLD 0.35 £ 0.03 0.40 0.41-0.45
angolensis (3)

Tectona grandis (3) 0.57 + 0.02 0.50-0.55 0.58-0.64

Terminalia P 0.38 + 0.02 0.51-0.57
ivorensis (2)

Terminalia superba P 0.42 £+ 0.03 0.45 0.41-0.45
)

Tieghemella NPLD 0.58 £ 0.05 0.55 0.62-0.78 0.58-0.64
heckelii (2)

Triplochiton P 0.43 + 0.05 0.32 0.37-0.40
scleroxylon(2)

Turraeanthus SB 0.44 £ 0.01 049 £+ 0.02 0.46-0.50

africanus (3,3)

? Values in parentheses are the number of individuals sampled for the species. Where a pair of numbers is
shown, the first value is the number of age 12 trees, and the second value is for age 7

® Guild classification codes are for: pioneers (P), shade bearers (SB), and non-pioneer light demanders
(NPLD). Guild classifications are not given for Tectona grandis and Cedrela odorata, which are non-native
species

¢ Summary of 1,280 density values for tropical species (24 % from Africa)

4 Density data from forest grown (non-plantation) species in the wet evergreen ecozone of Ghana

¢ Summary of properties of 700 African timber species
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Fig. 4 Comparison of wood density in 5-year-old Khaya from the wet evergreen and moist semi-deciduous
ecozones of Ghana. Error bars are one standard deviation. Wood density is significantly lower in the moist
semi-deciduous ecozone (P = 0.026)
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Fig. 5 Wood C concentration by stem position for trees species from a 12-year-old plantation at OCAP in
the wet evergreen forest ecozone of Ghana. Carbon concentration differed significantly among tree species
and among stem positions (P < 0.001). Error bars indicate standard deviation for a stem zone within a
species. Mean wood C concentration was significantly different for species without common letters (Tukey’s
HSD, P < 0.05). Across species, mean wood C concentration for the bottom stem position was significantly
lower than that for the middle and top stem positions (Tukey’s HSD, P < 0.05)

Discussion

Due to the relatively small sample size within species, we remind readers that values for
individual species in the study should be viewed with caution, and additional data in the
literature for the species should be considered if available. In addition, the estimated main
stem volume and biomass for our trees at ages seven and twelve may be specific to the area
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Fig. 6 Mean main stem C content per tree for species growing in a 12-year-old plantation at OCAP in the
wet evergreen forest ecozone of Ghana. Mean main stem C content was significantly different for species
without common letters (Tukey’s HSD, P < 0.05)

studied. The fairly low variability within species for many parameters is likely due at least
in part to the sampling only a few trees of a species from a small area. Greater variability
would be expected for a broader sampling across a range of locations and site conditions.
Our strongest findings are those that occurred consistently across all species studied, such
as greater wood density and lower C concentration at the bottom stem position, lower wood
density for plantation grown trees than for the same species growing in natural forests, and
C concentrations that are consistently below 500 g kg™ .

Stem volume and wood density

Knowledge of wood density is needed to convert the volume of forest trees to biomass
(Brown et al. 1989; Fearnside 1997), which can then be used to estimate carbon content
(Brown and Lugo 1982; Zianis and Mencuccini 2004). Wood density can vary greatly
among species (Redondo-Brenes and Montagnini 2006; Henry et al. 2010; Sotelo Montes
et al. 2012), as was observed in this study (Table 1; Fig. 3). Wood density was significantly
different among the stem positions used in this study and generally increased from top to
bottom in the main stem. This observation has been noted in similar studies elsewhere
(Espinoza 2004; Nogueira et al. 2005; Weber and Sotelo Montes 2005, 2008). In particular,
mean density of trees in Amazon forests is known to decrease from breast height to the top
of the bole (Nogueira et al. 2005). The variation in densities of the three positions for the
main stem reported here, needs to be taken into account in biomass estimation of tropical
trees because these differences could lead to potential errors. Across species, bottom stem
density was on average 12 % greater than average wood density across all stem positions,
which would cause corresponding overestimates of main stem biomass if only the bottom
stem density was used for converting volumes into biomass.
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For several species, wood density was similar to previously published results (Table 2).
For example, Reyes et al. (1992) reported average densities of 0.26 g cm™> for Ceiba
pentandra and 0.45 g cm > for Entandrogma angolense. These values are quite close to
the mean values of 0.27 and 0.44 g cm >, respectively, reported in this study. For other
species, we often found slightly lower wood density in the plantation grown trees of this
study than previously reported for the same species growing in natural stands (Table 2).
Elias and Potvin (2003) similarly found that wood from natural forest individuals had
higher C concentrations than that from plantation grown trees of the same species. Overall,
a regression of our wood density values versus average values in the literature produces a
highly significant linear relationship (r = 0.89, P < 0.001), with a slope of 0.92 (Fig. 7),
indicating the tendency for the young plantation grown trees in this study to have lower
wood density than trees of the same species growing in natural forests.

There is often an inverse relationship between wood density and rate of volume growth
(Thomas 1996; Redondo-Brenes and Montagnini 2006, Weber and Sotelo Montes 2008),
especially when comparisons are made across species that vary greatly in growth rate.
Within species, relationships can be much more variable, with inverse relationships
common but neutral and positive relationships also occurring (de Castro et al. 1993; Weber
and Sotelo Montes 2005, 2008). In West Africa, a positive within-species relationship was
observed between tree growth and density for both Balanites aegyptiaca (L.) Delile and
Prosopis africana (Guill. & Perr.) Taub (Sotelo Montes and Weber 2009; Weber and
Sotelo Montes 2010).

Across species in our study, we found that negative relationships existed between wood
density and measures of growth rate. It is possible that a similar effect of greater growth
rate leading to lower wood density may have contributed to our tendency to find slightly
lower wood density than reported in the literature for a given species. Individuals in the
plantations are not light limited to the degree that similar small trees in a natural forest
would be. This could allow for higher growth rates, which might contribute to lower
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Fig. 7 Relationship between densities found in this study for plantation grown trees and published values
for the same species from native forests. The dark solid line indicates the linear regression, with a zero
intercept, for predicting plantation density from literature values from natural forests. The 95 % confidence
limits for the slope of this line are lower than 1 (0.862-0.975). The thin solid line is a 1:1 relationship.
Published values were not available for two of the eighteen species studied, hence there are only sixteen data
points
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density. Henry et al. (2010) examined several of the same species used in this study in a
natural forest, also in the wet evergreen ecozone in Ghana, and found higher wood density
values. In their study, the smallest Tieghemella heckelii and Heritiera utilis examined were
similar in diameter to the plantation trees we studied, and had densities of
0.58-0.78 g cm ™, which are 34-47 % greater than densities we measured for the same
species growing in plantations. The age of the trees in Henry et al.’s study is not known,
but it is likely that they are older than the trees in our study, as it would typically take
individuals a longer time to achieve a given size when grown under an existing canopy
than when grown in the open. In trees from natural forests, there is a tendency for the
smallest trees of these species to have the highest density (Henry et al. 2010). This may
reflect slower growth rate experienced by shaded individuals in the understory, leading to
higher wood density than we found in similar sized, but faster growing trees in the high
light environment of a young plantation. Overall, it appears that the wood density of small
trees from natural tropical forests is not indicative of the wood density that would occur in
similar sized trees of the same species in plantations. In fact, the published values for larger
trees in natural forests (e.g. Henry et al. 2010) seem more suitable.

Densities of Khaya species at age five grown in the moist semi-deciduous ecozone were
lower than those for Khaya grown in the wet evergreen forest area. It is known that wood
density can vary from one geographic location to another (Wiemann and Williamson 2002;
Baker et al. 2004) and may be positively associated with precipitation (Maharjan et al.
2011). This could be responsible for higher density for the wetter forest zone (Wiemann
and Williamson 2002). However, in contrast to these findings, Steege and Hammond
(2001) reported that wood density is not correlated with precipitation or soil fertility, and
Sotelo Montes and Weber (2009) found a negative relationship between wood density and
precipitation. Additional research on this topic is needed, as the 23 % lower density we
found for Khaya in the moist semi-deciduous ecozone indicates that the application of wet
evergreen ecozone values to plantations planned for nearby ecozones in Ghana (both moist
semi-deciduous and dry semidecidous) might lead to substantial overestimations of bio-
mass and C sequestration.

Carbon content and guilds classification

Tree carbon content was significantly different among species in the 12-year-old plantation
but did not differ among the guilds classification (pioneers, non- pioneer light demanders, and
shade bearers) in relationship to the light environment each is presumed to prefer. Ceiba
pentandra had the greatest carbon content, belonged to the pioneer category, and had the
highest volume growth rate and lowest density. However, other pioneer species such as
Lophira alata and Triplochiton scleroxylon had fairly low volume, biomass and carbon
content at age 12, and mean values for pioneers did not differ from mean values for shade
bearers. These results are thus only in partial agreement with Henry et al. (2010), who did find
significantly lower wood density for pioneers than shadebearers, and Redondo-Brenes and
Montagnini (2006) who showed that fast growing trees contain extremely high aboveground
biomass, despite often having lower density. In natural forests, the shadebearers may have
spent their entire lifespan in a low light environment, leading to slow growth and higher wood
density. As stated earlier, the high light environment experienced by shadebearers in the
young plantations of our study may have led to faster growth and lower wood density,
eliminating the differences among guilds found in natural forests.

The faster growing species in this study (Ceiba pentandra, Cedrela odorata, and
Turraeanthus africanus) accumulated the highest biomass and C content despite their
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tendency to have lower wood density. Estimated stem volume at age 12 was the greatest
contributor to C content in this study, but species differences in wood density and C
concentration also were important factors. Of these factors, wood density was much more
variable among the tree species (0.27-0.76 g cm™>), and thus had a greater influence on
the C content differences among species than did C concentration. Carbon concentration
for all species was less than the commonly assumed value of 50 % (500 g C kg™"), and
thus it is important that species-specific values be used when available. Our samples were
oven-dried, and Martin and Thomas (2011) have recently reported that oven drying can
cause the loss of volatile carbon compounds from tropical wood samples. Based on their
results, our estimates may be low by as much as 12 g C kgfl. Even with this adjustment,
our values are virtually all still less than 500 g C kg’l.

Plantation development in Ghana has focused on promoting mixtures of fast growing
species primarily to provide raw material for industry. The development of these planta-
tions also can play a useful environmental role in C sequestration and storage (Winjum and
Schroeder 1997; Schroeder 1992; Nair et al. 2009). However, as shown here, some slower
growing species also might have good potential to contribute to carbon sequestration, due
to high wood density.

Conclusions

This research was undertaken to provide information needed to aid the assessment of the C
content of tropical trees grown in forest plantations in Ghana and the surrounding region,
as well as other areas of the world having similar tropical climates. Species differences in the
parameters necessary for estimating C content, such as wood density, C concentration and
volume were investigated. The results of this study revealed significant differences among
tree species in wood density and carbon concentration, with both also varying significantly
among the bottom, middle and top positions of the main stem. The common assumption of
half of wood biomass being C did not hold, as an average value of 476 g C kg*1 was
observed across species, with no individual species having an average value of 500 g Ckg™ g
There was wide variability in wood density among species, and it had a stronger influence on
species differences in stem C content than did C concentration. In addition, it appears that
wood density for young plantation grown trees is often lower than that for the same species
growing in natural forests. Densities of Khaya spp. grown in the moist semi-deciduous
ecozone were lower than those of trees grown in wet evergreen forest area. To clarify the
cause of the differences related to ecozone, further research is needed to examine the
environmental and edaphic factors influencing wood density in Ghana and similar tropical
areas with widely varying ecozones. In particular, efforts should be geared towards scruti-
nizing the effects of soil fertility, rainfall and elevation on wood density. We feel general
values for wood density should not be applied across all species when calculated volumes are
converted to biomass.
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