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Abstract Vitellaria paradoxa is one of the most

economically important trees in West Africa.

Although being a key component of most sub-Sahara

agroforestry systems, little information and argument

exist regarding its biomass and carbon potential. Here,

we developed biomass equations for V. paradoxa tree

components in Sudanian savannas. A destructive

sampling approach was applied, which was based on

measuring stem, branch and foliage biomass of thirty

individual trees selected from a wide spectrum of

diameter at breast height (dbh) and tree height (h).

Basal diameter (d20), dbh, h and crown diameter (cd)

were measured and used as predictors in biomass

equations. Carbon content was estimated using the ash

method. Variance explained in biomass allometric

equations ranged from 81 to 98%, and was lower for

foliage than for branch and stem biomass models,

suggesting that leaf allometries are less responsive to

tree size than branch and stem allometries. Stem

biomass was best predicted by d20, branch biomass by

dbh, and leaf biomass by crown diameter. For

aboveground biomass, adding height to dbh as com-

pound variable (dbh2 9 h) did not make any signif-

icant change, as compared with model based on dbh

alone. However, adding crown diameter to dbh and

height reduced the error by 15% and improved model

fits. Carbon contents in V. paradoxa foliage, branch

and stem were 55.29, 55.37 and 55.82%, respectively,

and higher than reference value suggested by the

IPCC. Established allometric equations can be used to

accurately predict aboveground biomass of the species

in the Sudanian savannas of West Africa.
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Introduction

Recent increases in atmospheric greenhouse gas

concentrations are presumed to alter global climate

(IPCC 2007). As global strategy to contribute to

mitigate the adverse effects of increased greenhouse

gas emissions, decisions on landscape management

should aim to increase their potential for carbon

sequestration (Paustian et al. 1998; Smith et al. 2008;

Thomson et al. 2010; Sharma et al. 2016). Biomass

and carbon accounting in natural and semi-natural

vegetation types has rapidly become the focus over the

last decades (Brown 2002; Chave et al. 2005; Chauhan

et al. 2010, 2012), as being paramount step towards the

implementation of the emerging carbon credit market

mechanism such as reducing emission from defor-

estation and forest degradation (REDD?).

Aboveground plant biomass (AGB) is defined as

the amount of organic matter in living and dead plant

material above the soil surface (Litton and Boone

Kauffman 2008), and serves as indicator for carbon

stock above the ground. The most accurate method of

tree biomass measurement is destructive sampling

(Basuki et al. 2009), whereby individual trees are

selected, cut down, packed, dried till constant mass

(Brown 1997). Biomass allometric models are an

essential tool to estimate individual tree biomass,

which further can be up-scaled to stand level, thus

contributing to accurate accounting of stock and flux

of biomass and carbon in terrestrial ecosystems

(Brown 1997; Chave et al. 2005; IPCC 2007).

Numerous AGB models were published over the last

two decades (Brown et al. 1989; Brown 1997;

Chambers et al. 2001; Baker et al. 2004; Chave et al.

2004, 2005; Návar 2009), and were based on predic-

tors such as dbh, height, wood density, crown diameter

and basal diameter. Some models were also developed

from combination of two or three parameters (e.g. dbh,

height and wood density) in order to improve their

predictive abilities (Chave et al. 2005, 2014; Fayolle

et al. 2013; Ngomanda et al. 2014; Ploton et al. 2016),

although the additional use of height for improvement

of regression fits can be species-sensitive (Xiang et al.

2016; Mensah et al. 2017). However, accurate esti-

mates of biomass in many tropical regions of Africa

are lacking, due to difficulties in obtaining field data

for establishing appropriate models for predicting

biomass of individual trees in species-rich ecosystems

(Chave et al. 2005). In addition, limited number of

studies targeted dryland environments and species.

Though recent studies (Chave et al. 2005; Shirima

et al. 2011; Kuyah et al. 2012) reported allometric

models that are specific to African ecosystems, very

few of them referred to Sudanian savanna ecosystems

of West Africa. Furthermore, recent reports showed

that the application of existing pantropical biomass

equations at fine scale does not always guarantee an

optimal precision of biomass estimation due to site-

and species-specific characteristics (Fayolle et al.

2013; Ngomanda et al. 2014; Djomo et al. 2016).

Therefore, pantropical equations or species-specific

equations from other sites should not be used without

validation with local field data.

Accurate estimations of tree biomass at fine scale

can be obtained through allometric regressions, which

were first developed using dbh as the sole explanatory

variable (Gower et al. 1999). Tree height can also be

incorporated as the second variable to improve the

precision of biomass estimates (Ketterings et al. 2001;

Cai et al. 2013). Incorporation of wood density or

crown diameter can further reduce the estimation

error, especially for multi-species biomass estimation

(Ploton et al. 2016; Mensah et al. 2016a).

Vitellaria paradoxa C.F. Gaertn., is a

mesopharenophyte that belongs to the family of

Sapotaceae. The species has a mean height of 7.5 m,

but can reach 12 m with a mean stem diameter of

50 cm (Arbonnier 2002). Also referred to as the shea

butter tree, V. paradoxa was reported three decades

ago by Poulsen (1981) as the second most important

oil crop in Africa. While the fruits are directly

consumed for their vitamins and energy contents, the

seeds are sold raw as kernels or processed to make the

shea butter, which can be used either for cooking,

skincare, medicine, or for many other benefits sup-

porting local development (Lovett 2004). Further-

more, almost all other organs are used; for example,

the leaves serve as fodder for livestock, and constitute

a good alkaline in the paint industry (Lovett and Haq

2000). As essential components of natural/semi-nat-

ural savannas and agroforestry systems, V. paradoxa

contributes to local households’ income and is impor-

tant as cash crop for exportation. It has also become

the most economically and culturally important tree

species in the Sudano-Sahelian regions where oil

palms do not grow (Boffa 2015). Vitellaria paradoxa

is an agro-managed crop, which grows in the wild and

parklands across the sub-Saharan African savannas
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(Lamien et al. 2004; Bayala et al. 2009). Shea butter

tree provides other regulation services such as wind

breaks and erosion control in agroforestry systems,

serves as habitat for other organisms (Jasaw et al.

2015), and contributes to local climate regulation

through carbon sequestration.

The present study is mainly guided by the lack of

allometric models for estimation of biomass of V.

paradoxa tree components in the Sudano-Sahelian

regions, despite its well-known socio-economic and

ecologic importance. The few available studies were

carried out in Nigeria (Jibrin and Abdulkadir 2015).

Secondly, as site- and species specific allometric

models differ with species, tree status, climate and soil

(Zianis and Mencuccini 2004), they are generally

preferred over generic allometric models (Montagu

et al. 2005). Hence, the aim of this study was to use a

destructive approach to develop specific models that

predict height and biomass of V. paradoxa tree

components. Specific objectives were to (1) develop

dbh–height equations for V. paradoxa; both linear and

non-linear equations were tested; we assumed that

growth in tree height would be amultiplicative process

through exponential scaling with diameter growth; (2)

establish allometric equations for estimation of V.

paradoxa tree biomass components (stem, branch,

leaf), using basal diameter d20 (diameter at 20 cm

above the ground), dbh and crown diameter (cd); we

assumed that d20 or dbh would be better predictors for

stem biomass, while crown diameter would better

predict the leaf biomass; (3) establish allometric

equation for aboveground biomass (foliage plus

woody structure) of V. paradoxa; we hypothesized

that dbh would be better predictor of AGB than

dendrometric parameters such as d20 and crown

diameter; and that combining height and crown

diameter to dbh would improve the regression fits of

the established equation; (4) determine the carbon

content in leaf, branch and stem components of V.

paradoxa trees; because foliage, branch and stem have

different physiological activities (Mensah et al.

2016b), we assumed that carbon content would vary

with species tree components.

Materials and methods

Study area

The study was carried out in different savannas types

(shrub savanna, tree savanna and woodland) within the

Dano basin (between latitudes 11�0402700N and

11�2105000N and longitudes 2�5001500 and

3�0803700W), the Total Wildlife Reserve of Bontioli

(latitudes 10�700 and 10�950N and longitudes 3�020
and 3�200W) and the Nazinga Game Ranch (latitudes

11�010 and 11�180N and longitudes 1�180 and 1�430W).

These sites are located in the southern Sudanian agro-

ecological zone of Burkina Faso in flat area with an

average altitude of 300 m a.s.l. They are situated

within the Sudanian regional centre of endemism

(White 1986; Fontès and Guinko 1995) (Fig. 1).

Dominant vegetation types are tree and shrub savan-

nas with a grass layer dominated by annual grasses

such as Andropogon pseudapricus Stapf. and Loudetia

togoensis (Pilger) C.E. Hubbard and perennial grasses

such as Andropogon gayanus Kunth. and Andropogon

ascinodis C.B.Cl. Most dominant families are Faba-

ceae-Mimosaceae and Combretaceae. Dominant

woody species are Detarium microcarpum Guill. &

Perr., Combretum nigricans Lepr. ex Guill. & Perr.,

Acacia macrostachya Reichenb. ex Benth., Entada

africana Guill. & Perr., Lannea acida A. Rich,

Anogeissus leiocarpa (DC.) Guill. & Perr. and Vitel-

laria paradoxa C.F. Gaertn. The climate is tropical

with a unimodal rainy season, lasting for about

6 months from May to October. The temperature

ranges from 16 to 32 �C in December–January and 26

to 40 �C in March–April. The most frequently

encountered soils are Lixisols (Driessen et al. 2001).

Forest inventory, destructive tree sampling

and laboratory procedures

Data were collected through two phase sampling. For

the first phase (April to May 2014), forest inventories

were carried out using 280 plots of 1000 m2

(50 m 9 20 m) to measure dendrometric data such

as stem dbh (diameter at breast height), total height,

crown diameter and basal diameter on all individual

trees of V. paradoxa. For the second phase (April to

May 2015), a destructive sampling of V. paradoxa

trees was conducted for quantification of tree biomass

stock potential. Based on previous studies (Mbow
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et al. 2013; Bayen et al. 2015), the establishment of

allometric models relies on dedicated field campaigns

where by economically feasible and statistically

acceptable number of trees of different size classes

must be selected, felled and then measured in detail.

Vitellaria paradoxa individuals were thus divided into

classes based on stem diameter and total height.

Sample individuals were selected from inventory plots

based on their abundance in a particular stem diameter

class, so that individuals from more abundantly

represented stem diameter classes could be more

frequently sampled. A destructive sampling of 30

individual trees (10 individuals in each study site) of

V. paradoxa was conducted. The individuals were

grouped into four stem diameter classes: 5–15 (17

individuals), 15–25 (6 individuals), 25–35 (4 individ-

uals) and C 35 cm (3 individuals) (Table 1).

Prior to the destructive sampling, total tree height

was measured using a height-measuring pole (for

stems B 6 m) or a clinometer (for stems[ 6 m); dbh

was measured using a tape graduated in cm, and crown

diameter was determined using a distance meter tape

(average of two perpendicular readings). These

Fig. 1 Location of Burkina Faso in Africa and of the study sites in Burkina Faso

Table 1 Statistical summary of sample tree characteristics and

biomass data

Mean SE Min Max

Items

Sample tree characteristics

Basal diameter (d20, cm) 20.55 1.80 9.30 41.80

Trunk diameter (dbh, cm) 16.92 1.64 7.50 36.60

Crown diameter (cd, m) 4.76 0.36 1.66 9.36

Tree height (h, m) 7.11 0.34 4.30 11.10

Sample tree biomass data

Stem (kg) 32.03 5.86 5.04 116.14

Branch (kg) 114.28 28.83 6.67 564.67

Foliage (kg) 7.56 1.33 0.65 36.07

Aboveground (kg) 153.86 35.72 13.88 716.89
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parameters were recorded for all the thirty individual

trees of V. paradoxa. To avoid bias and to account for

structural variety, the crown diameter was measured

twice, along the east–west direction and the north–

south one (Meyer et al. 2014). For trees forking below

1.3 m, the diameter of all ramifications was measured

and later the quadratic mean diameter (root-mean-

squared) was calculated using the formula below:

D ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

X

n

i¼1

dbh2i

s

ð1Þ

where D is the quadratic mean diameter, and dbhi is

the diameter of different measured stems.

The thirty sample trees were felled with a hand-

saw. Once felled, the tree total height and stem lengths

were measured. Branches were cut off from the stem

and all foliar material was collected and packed in

labeled bags. The fresh weights of the three compo-

nents of each individual tree (i.e. stem, branches and

leaves) were recorded in the field using a standard

100 kg hanging scale balance, which was regularly re-

calibrated to minimize bias. Small samples from

leaves, stem and branches were extracted and weighed

for determination of the dry to green weight ratio (DG-

ratio) using an electronic balance (range 0–5 kg,

precision 0.5 g). The samples of branches and stem

were taken as a pie shape or cylinder (discs of 5 cm

thickness). The fresh weight of each disc was recorded

in the field at the time when they were cut off from the

stem and taken to the laboratory for drying. All

collected aboveground samples were oven dried to a

constant weight at 105 �C (samples of branches and

stems) or 75 �C (samples of leaves). Sample dry

weight was recorded immediately after drying. All

mean DG-ratios for each tree component were com-

puted. The dry weight of each component was

obtained by multiplying the mean DG-ratio by the

green weight of the respective tree component. Total

aboveground dry weight was computed as the sum of

all component weights (kg).

Estimation of carbon content and stock

The organic carbon content in selected individuals of

V. paradoxawas estimated by ash method as described

elsewhere (Allen et al. 1986; Jana et al. 2009). The

leaves, branches and stems of each individual were

separated in order to estimate the amount of carbon

content. Composite samples were formed from the dry

matter samples of the stems, branches and leaves in

order to determine their total carbon content. These

samples were crushed in a cutting mill. Five 2-g

samples of each component were then collected and

submitted for analysis to the Laboratory of Plants and

Soils at the University Ouaga1 Pr Joseph Ki-Zerbo

(Burkina Faso). Each 2-g sample was placed in a

lidless porcelain crucible and placed for 2 h inside a

muffle furnace set at 550 �C, until calcination was

completed. The samples were then removed and

cooled in a desiccator to be weighed later. After

cooling, the crucible with ash was weighed and the

percentage of organic carbon was calculated accord-

ing to the formula given by Allen et al. (1986).

%Ash ¼ ðW3 �W1Þ=ðW2 �W1Þ � 100 ð2Þ

%Carbon ¼ ð100%�%AshÞ � 0:58 ð3Þ

whereW1 is weight of crucibles, W2 is weight of oven-

dried grind samples with crucibles, and W3 the weight

of ash with crucibles; 0.58 is the content of carbon in

dry organic matter (Allen et al. 1986).

The carbon stock in leaves, branches and stems of

each individual tree was calculated separately, and

summed up to determine the total organic carbon stock

for each individual tree.

Data analysis

Estimation of tree height

We examined the relationship between tree dbh and

height using linear, logarithmic, exponential and

power models. Scatter plots were set to identify the

theoretical distribution that fitted well with the data

(Supplementary Information). As a result, the power

law model (Eq. 4) outperformed the linear, logarith-

mic and exponential models; and therefore was used to

develop the tree dbh–height allometry.

h ¼ a� dbhð Þb�e ð4Þ

In Eq. (4), h is height in meter, dbh the diameter at

breast height in cm, a and b the parameters, and e is the
random error. Natural logarithm was applied to h and

dbh in Eq. (4) to obtain the following linearized form

(Eq. 5), where e0 is the additive error.
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Ln hð Þ ¼ LnðaÞ þ bLnðdbhÞ þ e0 ð5Þ

Developing biomass allometric equations

Similar to dbh–h allometry, we used scatter plots to

identify the theoretical distribution that fitted best with

tree biomass. For the basal diameter d20 (diameter at

20 cm above the ground), the diameter at breast height

(dbh) and the crown diameter (cd), the power law

model was revealed to be the most plausible theoret-

ical equation that could be used to fit the biomass data

(Supplementary Information). We therefore built for

each of the tree biomass components (leaf, branch and

stem), an allometric equation using the following

linearized form of the power law model.

Ln Yð Þ ¼ LnðaÞ þ bLnðXÞ þ e0 ð6Þ

where Y denotes the leaf biomass (LB), branch

biomass (BB) or stem biomass (SB); X stands for

d20, dbh or cd; Ln(a) and b are regression coefficients,

and e0 denotes the residual variance.
We used the same equation (Eq. 6) to estimate the

parameters for the aboveground biomass (leaf plus

branch plus stem) allometric models. Predictors for the

models were d20, dbh or cd. The best fitted model was

selected using adjusted determination coefficient (R2),

residual standard error (RSE), root mean squared error

(RMSE), and Akaike information criterion (AIC)

(Burnham and Anderson 2002; Zeng et al. 2011;

Vahedi et al. 2014). AIC is a likelihood-based measure

of model fit that accounts for the number of parameters

estimated in a model (i.e. models with large numbers

of parameters are penalized more heavily than those

with smaller numbers of parameters), such that the

model with the lowest AIC has the best fit, given the

number of parameters included. AIC takes into

account the number of parameters in the models and

penalize them accordingly (Burnham and Anderson

2002; Chave et al. 2005).

Based on the selected aboveground biomass model,

we further developed two allometric Eqs. (7) and (8)

using total height as additional independent variable.

We tested whether additional use of total height or/and

crown diameter as predictor (Ploton et al. 2016) would

improve the precision of the estimates. Because

separate use of potentially correlated independent

variables in regression equations could give rise to

collinearity (Sileshi 2014), we only considered the

allometric equation that combined dbh (or d20) with

two additional variables (tree height and crown

diameter) as single predictor variable:

LnðAGBÞ ¼ LnðaÞ þ bLnðdbh2 � hÞ þ e1 ð7Þ

LnðAGBÞ ¼ LnðaÞ þ bLnðcd � dbh2 � hÞ þ e1 ð8Þ

The use of natural logarithmic transformations in

Eqs. (5), (6), (7) and (8) helped to normalize the

response variable, and thus to meet the prerequisites of

linear regression for simple estimation of the param-

eters. Since logarithmic transformation equations

induced systematic bias in the estimation of the

response (in the original values), a correction factor

(CF) was computed to adjust the bias using the

following equation (Baskerville 1972).

CF ¼ exp RSE2=2
� �

ð9Þ

where RSE is the residual standard error of the

regression.

Total carbon stock of a tree has been evaluated by

the sum of all the carbon contents of leaves, branches

and stem of the tree. The percentage of carbon in fresh

biomass and in each component of the tree, as well as

in the whole tree were calculated based on carbon

content percentage in the dry biomass of leaves,

branches and stem. All statistical analyses were

performed using the statistical software R 3.2.2 (R

Development Core Team 2016).

Results and discussion

Vitellaria paradoxa tree height–diameter

and biomass component equations

Vitellaria paradoxa tree height and dbh fitted well

with the power law model (Supplementary Informa-

tion). Thus our first hypothesis is accepted. The

indicators for goodness of fit and correction factors

obtained from the linearised form of the power law

model (Eq. 5), are summarized in Table 2. The dbh-h

model coefficients were significant (P\ 0.001), with

78.45% of variance explained. In addition, the plots of

the observed versus predicted values of height showed

a 1:1 linear trend (Fig. 2). Allometric dbh-h models

(linear and non-linear) are often used to describe the

relationship between tree diameter and height (Fang
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and Bailey 1998; Chave et al. 2005); and linearized

power law model (log–log) described as the most

parsimonious (Nogueira et al. 2008; Feldpausch et al.

2010; Mensah et al. 2017). The good fit of the log–log

model to the dbh-height data is consistent with

previous reports (Chave et al. 2005; Feldpausch

et al. 2010; Mensah et al. 2016a, 2017), confirming

the suitability of log–log model for species-specific

dbh–h relationships. The value of the dbh-h explained

variance suggests some variation in height for

relatively similar values of dbh, and that both dbh

and height would be important for tree biomass

estimation.

Leaf biomass, branch biomass and stem biomass

were estimated from basal diameter, diameter at breast

height and crown diameter, again using the power law

model (Xiang et al. 2016). The results of the fitted

allometric equations showed for all the biomass

components higher explained variance

(80.9–97.4%). The explained variance was however,

Table 2 Fitted allometric equations (based on independent variables: d20 in cm; dbh in cm and cd in m) for estimation of height and

biomass of tree components

Model Predictor Parameter Est. SE P value R2 (%) RSE RMSE AIC CF

Height Equation 5 Intercept ln(a) 0.64 0.12 \ 0.001 78.45 0.117 0.113 - 38.12 1.007

dbh b 0.47 0.05 \ 0.001

Stem biomass Equation 6 Intercept ln(a) - 2.87 0.21 \ 0.001 96.63 0.167 0.161 - 17.57 1.014

d20 b 2.03 0.07 \ 0.001

Intercept ln(a) - 2.01 0.24 \ 0.001 94.39 0.216 0.208 - 2.79 1.023

dbh b 1.87 0.09 \ 0.001

Branch biomass Equation 6 Intercept ln(a) - 4.59 0.33 \ 0.001 95.93 0.264 0.255 9.06 1.036

d20 b 2.91 0.11 \ 0.001

Intercept ln(a) - 3.49 0.23 \ 0.001 97.36 0.213 0.205 - 3.46 1.023

dbh b 2.73 0.08 \ 0.001

Intercept ln(a) - 0.52 0.39 0.187 83.39 0.534 0.516 49.88 1.153

cd b 2.99 0.25 \ 0.001

Leaf biomass Equation 6 Intercept ln(a) - 3.53 0.47 \ 0.001 81.96 0.367 0.355 28.15 1.069

d20 b 1.78 0.16 \ 0.001

Intercept ln(a) - 2.79 0.41 \ 0.001 80.90 0.378 0.365 29.81 1.074

dbh b 1.65 0.15 \ 0.001

Intercept ln(a) - 1.26 0.25 \ 0.001 83.68 0.349 0.337 25.25 1.063

cd b 1.97 0.16 \ 0.001

SE standard error, R2 adjusted R square, RSE residual standard error, RMSE root mean squared error, AIC akaike information

criterion, CF correction factors
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Fig. 2 Residuals versus

predicted values and

observed versus predicted

values of total height.

Predicted values are

obtained from Eq. 5

(Table 2)
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lower for leaf biomass models than for branch and

stem biomass models, as also reported in previous

studies (Morote et al. 2012;Mensah et al. 2017). These

results suggest that foliage allometries are less

responsive to tree size than branch and stem allome-

tries. This is probably because leaves are more

sensitive to light exposure that branches and stem

(Antin et al. 2013). For stem biomass models, Eq. (6)

including basal diameter as single predictor, i.e.

SB = 1.014 9 exp (- 2.87 ? 2.03 Ln (d20)) pro-

vided higher R2 (96.63%), lower RSE 0.167, lower

RMSE 0.161 and lower AIC- 17.57 and was the best

fitting (Table 2). For branch biomass, the best statistic

fits (higher R2, lower RSE, lower RMSE, lower AIC

and lower CF) were obtained with the Eq. (6) based on

dbh as predictor. As for the leaf biomass, the results

showed that model with crown diameter had the

highest R2, the lowest RSE, the lowest RMSE, the

lowest AIC and the lowest CF (Table 2), and was

therefore considered as the best fit. These results

confirm our second hypothesis and indicate that the

predictors are specific to biomass components, with

basal diameter, dbh and crown diameter alone appear-

ing as good predictor for stem biomass, branch

biomass and leaf biomass respectively. The predictive

abilities and accuracy of these models are demon-

strated by the homoscedastic trend and good coinci-

dence to the y = x linear equation shown in the

diagnostic plots of residuals (and observed values)

versus predicted values of stem biomass (Fig. 3),

branch biomass (Fig. 4) and leaf biomass (Fig. 5).

Vitellaria paradoxa aboveground biomass

equations

There is an increasing and urgent need for reliable

estimates of biomass and carbon stocks in tropical

forests and savannas, in particular in West Africa

where the information is lacking (UNFCCC 2006).

The Kyoto protocol requires transparent reporting of

vegetation and tree biomass changes, which implies

the use of a precise procedure of quantifying tree

biomass and its uncertainty. Five allometric tree

biomass models were fitted for their relative perfor-

mance in predicting aboveground biomass. The coef-

ficients of regression, indicators for goodness of fit and

correction factors for these allometric tree biomass

equations are shown in Table 3. Adjusted coefficients

of determination varied from 83 to 98%. Among

models with single predictor (Eq. 6), the one with

crown diameter showed the poorest fits (Table 3).

Diameter at breast height was a better predictor of

aboveground biomass than basal diameter, confirming

our third hypothesis. Compared with model based on

dbh alone, addition of height to dbh as compound

variable (dbh2 9 h) did not significantly improve the

statistical fits (R2: 97.86 and 97.84%; RSE: 0.170 and

0.171; RMSE: 0.164 and 0.165; AIC: - 16.47 and

- 16.17; Table 3). However, as hypothesized, adding

crown diameter to dbh and height as compound

predictor (cd 9 dbh2 9 h) reduced the RSE by 15%

and made further significant change: R2: 98.47%;

RSE: 0.144; RMSE: 0.139; AIC: - 26.23. Based on

the selected model, the plots of residuals (and

observed values) versus predicted values of AGB

(Fig. 6), suggested homogeneity of residuals and

y = x linear trend. These results indicate that the

selected model (with cd and dbh2 9 h as predictors)

appeared to be the most suitable, and can be used to

predict AGB of V. paradoxa in the studied environ-

ment. Previous studies showed that dbh is the most

commonly used independent variable (Henry et al.

2011; Mbow et al. 2013; Vahedi et al. 2014) since it is

the easiest tree parameter to measure. However,
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Fig. 3 Residuals versus

predicted values and

observed versus predicted

values of stem biomass

(SB). Predicted values are

obtained from Eq. 6 using

d20 as best predictor

(Table 2)
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according to Alvarez et al. (2012), models based upon

dbh only may underestimate AGB especially in

mature trees andmay show uncertainty. The additional

use of height and crown diameter in this study is

expected to account for variation in biomass of trees

having the same diameter. The inclusion of tree height

as a predictor in allometric models was studied by

many authors (Chave et al. 2005; Ngomanda et al.
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Fig. 4 Residuals versus predicted values and observed versus predicted values of branch biomass (BB). Predicted values are obtained

from Eq. 6 using dbh as best predictor (Table 2)
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Fig. 5 Residuals versus predicted values and observed versus predicted values of leaf biomass (LB). Predicted values are obtained

from Eq. 6 using cd as best predictor (Table 2)

Table 3 Aboveground biomass (in Kg) allometric equations (based on independent variables: d20 in cm; dbh in cm and cd in m) with

coefficient estimates and statistic fits

Model Predictor Parameter Est. SE P value R2 (%) RSE RMSE AIC CF

AGB Equation 6 Intercept ln(a) - 3.22 0.25 \ 0.001 97.04 0.199 0.193 - 7.14 1.020

d20 b 2.59 0.09 \ 0.001

Intercept ln(a) - 2.22 0.17 \ 0.001 97.86 0.170 0.164 - 16.47 1.015

dbh b 2.43 0.07 \ 0.001

Intercept ln(a) 0.44 0.34 0.216 83.16 0.477 0.460 43.32 1.121

cd b 2.65 0.22 \ 0.001

Equation 7 Intercept ln (a) - 2.81 0.20 \ 0.001 97.84 0.171 0.165 - 16.17 1.015

dbh2 9 h b 0.98 0.03 \ 0.001

Equation 8 Intercept ln(a) - 2.24 0.16 \ 0.001 98.47 0.144 0.139 - 26.23 1.010

cd 9 dbh2 9 h b 0.75 0.02 \ 0.001
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2014; Picard et al. 2015; Preece et al. 2015; Mensah

et al. 2017). Mensah et al. (2017) and Ngomanda et al.

(2014) reported improved biomass equations due to

inclusion of tree height. In addition, the use of highly

correlated variables such as dbh and height as a

compound variable (dbh2 9 h) helps avoiding

collinearity issues while accounting for within species

variation of height for a given value of dbh (Mensah

et al. 2017). Yet, some authors found that tree height

might be undesirable variable due to the difficulties in

accurate measurements (Peichl and Arain 2006). This

would be mostly the case in complex and closed-

canopy forest environments, in contrast to savannas

and woodlands where tree height and crown diameter

can be determined with more relative precision.

Averaged carbon content, biomass and carbon

stock of V. paradoxa tree components

The percentage of carbon in leaves, branches and stem

of V. paradoxa was 55.29, 55.37 and 55.82%,

respectively (Table 4), and did not vary significantly

between tree components (P value = 0.218), although

it decreased slightly from the stem to the leaves

(Fig. 7). Thus, our fourth hypothesis was not con-

firmed. Altogether, the average carbon content of V.

paradoxa in the aboveground compartment was

55.49%. Carbon content of 0.5 was recognized as an

acceptable average to be used as conversion factor

(Hoen and Solberg 1994; Redondo-Brenes 2007;

Sarmiento et al. 2005). The obtained values of carbon

content suggest that leaf biomass, branch biomass,

stem biomass and AGB would be underestimated

when applying the recommended value. Fonseca et al.

(2012) made similar observation in Costa Rica,

detecting underestimations of AGB between 4 and

6%. Our findings are also consistent with the one by

Elias and Potvin (2003) who reported that the use of

carbon fractions in the range of 0.45 and 0.50 might

account for 10% negative difference when applied to

the same site and the same set of data. Our results

further showed that the average carbon content varied

slightly among tree components. Ganeshaiah et al.

(2003) found that carbon content of tree components

was dependent on the ash content which in turn,

depends on the amount of structural components. In
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Fig. 6 Residuals versus predicted values and observed versus predicted values of AGB. Predicted values are obtained from Eq. 8 using

cd 9 dbh2 9 h as best predictor

Table 4 Averaged carbon content, biomass and carbon stock in V. paradoxa tree components. Averaged values are based on the

sampled individuals

Tree components Mean carbon content (%) (from 5 samples) Biomass (kg) Carbon stock (kg)

Leaves 55.29 (0.26) 219.16 121.17

Branches 55.37 (0.61) 3314.00 1834.96

Stem 55.82 (0.34) 928.74 518.42

AGB 55.49 (0.49) 4461.95 2475.94

Data in parentheses represent standard deviation
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this study, the carbon content was found to be slightly

higher in stems of V. paradoxa, followed by branches

and leaves. Accordingly, Kraenzel et al. (2003)

reported that woody tissues of trunk, roots, branches

and twigs were higher carbon content pools than soft

tissues of leaves, flowers and fine roots. The results are

also in conformity with findings by Chauhan et al.

(2009), Wani and Qaisar (2014), Fonseca et al. (2012)

and Bayen et al. (2015). Specifically, Bayen et al.

(2015) determined the average carbon content to be

48% in leaves and 54% in the wood of Jatropha curcas

in Burkina Faso. Wani and Qaisar (2014) recorded an

average carbon content of 46.39% in the stem wood of

Cedrus deodara against 46.05 and 42.81% in its

branches and leaves, respectively; 43.21% in the stem

wood of Fraxinus floribunda against 42.42 and

36.70% in its branches and leaves, respectively; and

43.66% in the stem wood of Ulmus wallichiana

against 43.03 and 36.41% in its branches and leaves,

respectively. Fonseca et al. (2012) recorded an aver-

age carbon content of 48.11, 46.46 and 42.95%

respectively for the stem wood, branches and leaves

of Vochysia guatemalensis in Costa Rica. The esti-

mated biomass and carbon stock varied with tree

components (Table 4), branch biomass being the

major component of AGB. The carbon stock followed

the same trend as observed for the biomass, and was

higher in the branches than in the leaves and stem

(Table 4).

Conclusion

The choice of an appropriate allometric model is

critical for reducing uncertainties in tree biomass and

carbon stock estimates. This study is among the first to

develop allometric relationships for estimating AGB

for socio-economically important species like V.

paradoxa in West Africa sudanian savannahs. The

power law model applied showed strong dbh-height

allometry, which supports the need for incorporating

tree height in V. paradoxa biomass allometric equa-

tions. Stem biomass and branch biomass were better

predicted by stem characteristics (dbh and basal

diameter) while crown diameter was the best predictor

for foliage biomass. Tree crown has been largely

ignored in both allometric theory and practical

attempts to improve biomass estimates for regions

where little or no directly measured biomass data

exist. This study suggests that both tree height and

crown diameter should be incorporated in biomass

equations, and provides a detailed contribution for

accurate estimation of aboveground biomass of V.

paradoxa in savanna ecosystems. Estimating tree

component biomass is useful for carbon stock and fire

dynamic studies, as stem, branches and foliage have

different physiological activities and fuel characteris-

tics. The established models can be used to accurately

predict the biomass of V. paradoxa tree components in

dry areas or similar environments. However, the use of

these allometric models to other sites would require

knowledge of tree size structures, and a thorough

review of their applicability to the studied plant

community.
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Návar J (2009) Biomass component equations for Latin Amer-

ican species and groups of species. Ann For Sci 66:1–21

Ngomanda A, Engone Obiang N, Lebamba J, Moundounga

Mavouroulou Q, Gomat H, Mankou GS, Loumeto J,

Midoko Iponga D, Kossi Ditsouga F, Zinga Koumba R,

Botsika Bobé KH, Mikala Okouyi C, Nyangadouma R,
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