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Abstract The shea tree, Vitellaria paradoxa, shields

people, crops and livestock in West African parkland

agroforestry systems from climate variability. Accurate

estimates of accumulated biomass of such key species

may support ways to secure financial incentives within

global climate policies. In this quest, variation in

allometric relations used for biomass (carbon stock)

estimates on the basis of stem diameter matters, but

parameters a and b of the standard format (AGB = aDb;

AGB = aboveground biomass, D = stem diameter) are

correlated and are directly related to tree shapes.

Functional branch analysis (FBA) allows non-destruc-

tive derivation of allometrics. For Koutiala and Yanfo-

lila shea populations empirical branching parameters

were scale-independent, matching FBA assumptions.

Allometry (AGB = 169 (D/20)2.64 and AGB = 146 (D/

20)2.65, kg tree-1) implied 22%, 16% and 11% larger

vegetative aboveground biomass in Koutiala than in

Yanfolila at stem diameters (D) of 10, 20 and 32 cm,

respectively.Below-groundbiomass predictions (BGBi-

= 8.73 (Di/10)
2.35 and BGBi = 8.16 (Di/10)

2.38, kg per

proximal root) differed - 6% and - 15% for root
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diameters Di of 10 and 32 cm, respectively. On a dry

weight basis, the shoot:root ratio was 2.7 and 2.9,

respectively for the two sites. Stand-level above-and

below-ground carbon stocks in Koutiala (2.16 ± 0.44

and 0.8 ± 0.15 Mg C ha-1) were not significantly

different from those in Yanfolila (3.21 ± 0.60 and

1.26 ± 0.21 Mg C ha-1), respectively. Further

research is required to include (potential) fruit produc-

tion to the plant architectural model.

Keywords Above-ground biomass � Below-ground
biomass � Allometric equations � Proximal root � Stem
diameter

Introduction

Parkland agroforestry systems are the dominantwoody

vegetation in much of the drier parts of West Africa,

including southern Mali. These systems are one of the

key resilience strategies for smallholder farmers to

reduce food insecurity and obtain income, alleviating

poverty, through ecosystem services from selectively

retained and managed trees. In these parklands Vitel-

laria paradoxa is the most selected and preserved tree

species because of its socio-economic importance (oil,

food, wood, fodder, medicine, charcoal, fuelwood,

etc.) for rural people (Tom-Dery et al. 2017). In west

Africa, the trade of shea nuts and butter contribute to

opportunities for industry expansion and the region

represents 99.8% of global exports of shea nuts

(Agúndez et al. 2020). Nowadays, climate change

and human population pressure are threatening tree

cover (including shea) in agroforestry systems in the

Sahel (Dimobe et al. 2020).

Expectations that the role of agroforestry in the

global carbon cycle can translate to financial incen-

tives for land users (in line with efforts for Reducing

Emissions from Deforestation and Forest Degradation

or REDD??, Minang et al. 2014) has led to increased

efforts in refiningmethods for quantifying the standing

biomass, both above and below-ground (Kuyah et al.

2014). The accuracy of biomass estimates with

common methods depends on errors in tree diameter

frequencies, uncertainty on wood density (Henry et al.

2011) and choice of an allometric equation. Generic

equations that use species-specific wood density

estimates can over- or underestimate biomass and

carbon storage of trees, by a factor of 2 or more

(Ekoungoulou et al. 2014).

Empirical data for testing and deriving allometric

equations generally require destructive sampling,

which involves costs and effort that need to be

weighed against the possible gains and benefits from

accuracy. In the absence of specific equations for

Vitellaria paradoxa, for example, a generic allometric

equation has been used to determine its above-ground

biomass in previous parkland studies (Saı̈dou et al.

2012). As previous estimates of biomass of this

species were not based on specific allometric equa-

tions (Takimoto et al. 2008) and did not attempt to

evaluate the below-ground part of the biomass (Saı̈dou

et al. 2012), we designed our study to test the influence

of site variation on allometric equations and resulting

biomass estimates. As it is not desirable to cut down

the trees of this valuable species, the non-destructive

method based on characterizing and reconstructing the

branching pattern of trees as basis for allometrics

called ‘functional branch analysis’ (FBA) was used

(Van Noordwijk et al. 2002). Its use depends on when

an independence relationship of parent diameters and

two branching parameters, p (transfer of cross-sec-

tional area) and q (relative size of largest branch) is

found (MacFarlane et al. 2014). Besides being non-

destructive, the FBA model separately estimates

biomass into different categories (twigs, branches

and wood) using standing tree measurements and

derives species-specific and mixed-species biomass

equations (MacFarlane et al. 2014). FBA can also be

applied to estimate root length and root biomass in

standing trees based on root diameters at stem base

(Van Noordwijk and Mulia 2002).

The objectives of this study were to (1) test the

validity of the assumptions of the FBAmodel as a non-

destructive method for deriving allometrics, and (2) to

use FBA to develop allometric equations of above and

below-ground V. paradoxa carbon stocks at two

locations of contrasting climate in the parkland zone.

Materials and methods

Site description and species

The study was carried out in two districts (Koutiala

and Yanfolila) in southern Mali (Fig. 1). Koutiala is

located at 12� 380 N and 5� 660 W in the Sudano-
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Sahelian zone and Yanfolila is located at 11� 100 N and

8� 090 W in the Sudano-Guinea zone. The rainfall

pattern at both sites is unimodal, with no important

difference in the length of the rainy season and

temperature (3–4 months and 28.0 ± 0.42 �C in

Koutiala and 4–5 months and 27.8 ± 0.48 �C in

Yanfolila) but the mean annual rainfalls differ with

889 ± 173 mm in Koutiala and 1126 ± 174 mm for

Yanfolila.

Soils at both study sites are characterized by an

average bulk density of 1.5 g cm-3 at 0–20 cm soil

horizon and by a weak water retention capacity

(Traore and Birhanu 2019).

Vitellaria paradoxa C.F Gaertn. (synonym of

Butyrospermum paradoxum or parkii) (Naughton

et al. 2015), is commonly known as shea butter tree

or karité (French), belonging to the Sapotaceae

family. The ecological zone of shea trees (V. para-

doxa) covers a 500–750 km wide area stretching

6000 km from Senegal/Guinea to South Sudan and

Uganda (Naughton et al. 2015).

Field sampling

A total of 70 trees of V. paradoxa were selected in

three land-use types (parklands, fallows and protected

area) in southern Mali with 30 trees in Koutiala and 40

trees from Yanfolila. As no protected area was found

in Koutiala, only parklands and fallows were consid-

ered whereas in Yanfolila samples were collected

from three land-use types (parklands, fallows and a

protected forest). The 70 sample trees were grouped

into six classes based on their diameter at breast height

(DBH) as following: 3 to 7;[ 7 to 10;[ 10 to 14;

[ 14 to 24; [ 24 to 32 and [ 32 cm. For each

individual tree, we aimed at a minimum of 50

measurements but this was not possible for trees with

diameter less than 3 cm. Thus, we considered only

trees with diameter C 3 cm. The different classes of

DBH were built at each 5 cm increment in diameter

but some classes presented few individuals and we

extended such classes to 10 cm increment. These six

classes of DBH have been identified based on data

Fig. 1 Location of the study sites in southern Mali, West Africa
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collected on individuals in 200 plots of 2500 m2

(50 m 9 50 m) in parklands and fallows, and 5 plots

of 1,000 m2 (50 m 9 20 m) in protected area in the

study sites. Within each plot we recorded the DBH

using diameter tape and height using hypsometer

(Nikon Forestry Pro). Then, the sample size for each

class of diameter was determined by prorating the total

sample size of each site to the total number of each

diameter class (Table 1).

Field data collection

The data on branching points required for the FBA

model calibration were collected in two steps for each

sample tree. For the above-ground part, the main stem

was considered as the first link and its diameter was

recorded at three levels, which are lower diameter

(Dproximal), the diameter in the middle of the link

(Dmiddle) and the diameter at the distal end of the link

(Ddistal). The length of each subsequent link (branch)

was recorded with a diameter tape in addition to its

link number as well as the parent number of each link.

The number zero was attributed to the parent of the

main stem with the link number 1, whereas its

offspring was 2 and 3 and so on. From the first branch

point, the largest branch was selected and followed to

a terminal branching point. The measures were

repeated on each successive link in the path by

climbing on the sample tree (Fig. 2). When 100

measurements were not obtained, this process was

repeated on a second or third branch until the target

number is reached (Van Noordwijk et al. 2002). The

DBH, height of each sample tree and land-use types

were recorded. For the below-ground part the root

system was excavated and exposed for the sample

trees. Thereafter the diameters, link lengths and link

number of the roots were measured as for the above-

ground part. Data for at least 100 branching points

were recorded for each sample tree in above as well as

in below-ground parts as recommended by van

Noordwijk and Mulia (Van Noordwijk et al. 2002).

However, it was not possible to record 100 measures

on some sample trees with a small diameter, as a result

at least 50 branching points were recorded. On average

2 trees could be measured per day (of 8 h) by a field

team of 10 persons.

Functional branching analysis model calibration

Our first objective is to test the before applicability of

the FBA model by testing for statistical independence

of parent diameters and two branching parameters, p

(transfer of cross-sectional area) and q (relative size of

largest branch). The two parameters can be derived

from diameters before and after branching (Van

Noordwijk et al. 2002) as:

p ¼ D2
before=

X
D2

after ð1Þ

and

q ¼ maxD2
after

.X
D2

after ð2Þ

A mean p value should be centered around 1 and

explains a wide range of values of cross-sectional area.

A q value of 0.5 indicates a perfect fork and higher

values that one branch was larger than the others. The

value of q is at least 1/n where there are more than 2

links after a branching point. The Eqs. 1 and 2

mentioned above were applied to above-ground as

well as for below-ground data. The analysis of

variance did not show statistically significant differ-

ence between the values of p and q for land-use types

Table 1 Characteristics of

sample trees of Vitellaria
paradoxa for FBA model

application in Southern

Mali, West Africa

N sample number per class

of diameter

Class of diameter Koutiala Yanfolila

N DBH (cm)

Mean ± SD

Height (m)

Mean ± SD

N DBH (cm)

Mean ± SD

Height (m)

Mean ± SD

3–7 cm 4 4.64 ± 1.14 1.84 ± 0.18 5 5.47 ± 1.43 2.67 ± 0.77

[ 7–10 cm 4 8.03 ± 1.17 2.61 ± 0.48 4 8.57 ± 0.49 3.36 ± 0.51

[ 10–14 cm 3 11.70 ± 1.63 3.46 ± 0.34 4 13.00 ± 1.06 3.79 ± 0.45

[ 14–24 cm 10 20.57 ± 3.76 4.47 ± 0.64 14 18.83 ± 2.89 4.74 ± 0.45

[ 24–32 cm 4 28.84 ± 3.12 6.60 ± 1.75 7 28.78 ± 1.67 6.11 ± 0.71

[ 32 cm 5 36.54 ± 2.04 9.09 ± 0.81 6 37.95 ± 4.05 10.46 ± 1.32

Total 30 40
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Fig. 2 Measurements for above and belowground biomass of

Vitellaria paradoxa in southern Mali, West Africa. a Above-

ground biomass measurements of V. paradoxa, b, c exposed

roots of V. paradoxa, d below-ground biomass measurements of

V. paradoxa, e, f covering of exposed roots
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within sites, we combined them into a single group in

each site to increase sample size. The woody part of

the tree was stratified into three diameter categories:

twig (link with diameter of less than 2 cm), branch

(link between 2 and 10 cm) and wood (link above

10 cm diameter) (MacFarlane et al. 2014). Thus, the

FBA model was parametrized for above and below-

ground parts of a tree with the following inputs:

• Average number of branches at each branching

point;

• Link length–diameter relationships;

• The scaling factor (p);

• The allocation parameter (q);

• Tapering coefficient (D2
distal/D

2
prox)/L; where L is

the length of link diameter

• Twigs length (cm);

• Branch length (cm);

• Wood length (cm);

• Wood density (g cm-3).

The wood density used to parametrize this model

was derived from twenty trees of V. paradoxa in a

previous study at the same sites (Sanogo et al. 2016).

Generation of biomass equation coefficients

and carbon stocks estimation

The allometric model derived from FBA based on

diameter and allometric scaling used to assess biomass

and carbon stocks of the trees is:

B ¼ aðD=Dref Þb ð3Þ

where B is biomass (kg tree-1) of the stem or root, D is

diameter (cm) at breast height for above and proximal

root diameter for below-ground and Dref is a reference

diameter used to center the data prior to regression

analysis (Tjeuw et al. 2015). Normalization by the

mean prior to regression analysis is advised in

statistical textbooks to reduce correlation between

the parameter estimates and to obtain more meaning-

ful parameter values for a, reflecting the Y value for a

tree with D equal Dref. Please note that the default

choice of Dref = 1 refers to a tree with diameter of

1 cm, which is generally outside the calibration range.

The parameter b is the allometric exponent. Both

parameters a and b were generated with input data for

p, q and link lengths through FBA (Van Noordwijk

et al. 2002) rules using some stochastic variation

within measured parameter ranges. A mean Carbon

(C) concentration of dry woody biomass of 0.50 was

used for above and below-ground biomass (Basuki

et al. 2014). The mean biomass per diameter class was

multiplied by the density (ha-1) of trees in this class to

obtain its biomass. Biomass per diameter classes was

summed up to obtain total biomass per hectare.

Statistical analysis

A pair-wise test was used to compare the carbon stocks

between sites using STATA (version 14.1.0). The site-

specific allometric equations were evaluated based on

the coefficient of determination (R2), standard error of

the estimate (SEE), F-values and the root mean square

error (RMSE) generated from linear regression

analysis.

Results

Tree frequency and empirical diameter–height

relationship

The mean DBH and standard deviation of sample trees

ranged from 4.6 ± 1.1 to 36.5 ± 2.0 cm in Koutiala

whereas the range for Yanfolila was from 5.5 ± 1.4 to

38.0 ± 4.1 cm (Table 1). As a convenient reference

diameter Dref for the allometrics a value of 20 cm was

selected. Tree height for a given stem diameter was

lower in the drier Koutiala site but converged for

larger stem diameters (Fig. 3). The allometric rela-

tionship for tree height (m) was 5.10 (D/20)0.72

(R2 = 0.96) and 5.58 (D/20)0.61 (R2 = 0.90), for

Koutiala and Yanfolila, respectively.

Applicability of FBA for Vitellaria paradoxa

In total, 3075 and 2857 branching points were

observed on 30 trees in above- and below-ground in

Koutiala, respectively whereas 3986 and 3761 branch-

ing points on 40 trees in above- and below-ground in

Yanfolila, respectively. The p and q derived from each

branching point were plotted against parent diameters

(Figs. 4, 5). The results revealed a very low R2 values

(ranging from 0.01 to 0.06 for p and from 0.001 to 0.02

for q) of the relationship between p and q in above and

below-ground at both sites and showed that the null-

hypothesis of independence could not be rejected. This
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Fig. 3 Shea tree diameter-height relationships in Koutiala (a) and Yanfolila (b) in southern Mali, West Africa
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Fig. 4 Relationship between parent diameter and p and q values in Koutiala (a, c) and Yanfolila (b, d) for Vitellaria paradoxa in above-
ground in southern Mali, West Africa
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implies that the FBA model is applicable for our

studied species (V. paradoxa) as it suggests self-

similarity across multiple scales.

Branching parameters inputs for FBA model

Table 2 shows the tree parameters for above as well as

below-ground biomass in the study sites revealing

some similarities in the values between parameters of

these two compartments. In both Koutiala and Yan-

folila, the average number of branches per branching

point in above-ground (2.2 vs 2.5) and below-ground

parts of trees (2.3 vs 2.65) are of the same order of

magnitude. The p value is lower for above than below-

ground, which indicated the link cross-sectional area

before branching was smaller than the sum of the

cross-sectional areas of links after branching point.

The tapering coefficient of V. paradoxa was higher in

above-ground at each site compared to that of the

below-ground.

The average link lengths derived from each tree

components (twig, branch and wood) for above and

below-ground with length values of the same magni-

tude were used in FBA. These link lengths increase

from the twigs to the wood in above-ground for V.

paradoxa. The length–diameter relationship for tree

components (twig, branch and wood) was not linear

(Table 3). Therefore, the parametrization did not use

an average value for link length for all components but

used an average link length for each component for

above and below-ground. The wood density was

included for all components and this value was 0.72

(± 0.03) in Yanfolila and 0.74 (± 0.01) in Koutiala

(Sanogo et al. 2016).
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Fig. 5 Relationship between root diameter and p and q values in Koutiala (a, c) and Yanfolila (b, d) for Vitellaria paradoxa in below-
ground in southern Mali, West Africa
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Ratio of cross-sectional area of the stem and sum

of proximal roots

The ratios of cross-sectional area of the stem and sum

of proximal roots varied little according to site. In the

Sudano-Sahelian zone (Koutiala) with lower rainfall,

the value of the ratio of cross-sectional area (CSA) of

the stem and sum of proximal roots was 0.68 whereas

for the Sudano-Guinean zone (Yanfolila) the value

was 0.70. Figure 6 shows that the sum of proximal

Table 2 Average of Vitellaria paradoxa main branching parameters for FBA model in southern Mali, West Africa

Parameters Koutiala Yanfolila

Above-ground Below-ground Above-ground Below-ground

Ave SD Ave SD Ave SD Ave SD

Number of branches per branching point (n) 2.3 0.27 2.6 0.50 2.2 0.34 2.5 0.43

p (change in cross section area) 1.01 0.83 1.17 1.13 1.05 1.03 1.27 1.10

q (relative allocation to largest offspring) 0.50 0.25 0.53 0.22 0.53 0.23 0.59 0.21

Tapering coefficient 0.15 0.16 0.06 0.03 0.11 0.19 0.04 0.07

Twig (D above and below-ground B 1.99 cm) length (cm) 13.24 9.20 26.85 23.79 14.07 9.99 35.14 31.07

Branch (D above and below-ground = 2–10 cm) length (cm) 22.88 20.85 61.81 55.44 20.25 14.29 65.68 60.95

Wood (D above and belowground[ 10 cm) length (cm) 66.78 54.73 31.17 28.77 70.65 60.45 48.70 44.15

Wood density (g cm-1) 0.74 0.01 0.74 0.01 0.72 0.03 0.72 0.03

SD standard deviation, D diameter

Table 3 Parameters of

linear regression models

relating link length (cm) to

link diameter for Vitellaria
paradoxa in southern Mali,

West Africa

Koutiala Yanfolila

Above-ground Below-ground Above-ground Below-ground

Twig (D above and below-ground B 1.99 cm) length (cm)

Intercept 1.11 0.77 1.33 0.89

Slope 0.01 0.03 0.01 0.14

R2 0.04 0.20 0.004 0.21

P 0.001 0.0001 0.36 0.0001

Branch (D above and below-ground = 2–10 cm) length (cm)

Intercept 2.86 4.41 2.31 4.36

Slope 0.12 0.07 0.08 0.07

R2 0.15 0.0002 0.2 0.001

P 0.001 0.57 0.0001 0.18

Wood (D above and below-ground[ 10 cm) length (cm)

Intercept 14.22 16.01 13.39 16.53

Slope 0.97 1.01 0.69 0.61

R2 0.18 0.005 0.23 0.01

P 0.0001 0.45 0.001 0.96

All links

Intercept 0.18 2.75 0.54 2.95

Slope 0.07 0.09 0.06 0.09

R2 0.40 0.002 0.42 0.01

P 0.0001 0.0001 0.0001 0.0001
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roots explained 92% (R2 = 0.92) of the variations in

the CSA of the stem in Koutiala and 91% (R2 = 0.91)

in Yanfolila.

Fractional branch analysis outputs and allometric

equations

The power coefficient b of allometrics for above-

ground biomass (2.64 and 2.65) was greater than that

for root biomass (2.35 and 2.38) in Koutiala and

Yanfolila, respectively (Table 4). The full equations

for above-ground biomass (kg tree-1) of V. paradoxa

were AGB = 169 (D/20)2.64 and AGB = 146 (D/

20)2.65 and below-ground biomass (kg root-1) were

BGBi = 8.73 (Di/10)
2.35 and BGBi = 8.16 (Di/10)

2.38

in Koutiala and Yanfolila, respectively.

Based on the allometric equations developed

above, the carbon stocks of below-ground biomass

estimates were depicted against the stem diameter

(Fig. 7). The relationship between below-ground

carbon stocks and stem diameter was strong and

accounted for 96% of the variance (Y = 34.7 (D/

20)2.1212; R2 = 0.96; n = 30, p\ 0.0001) and 94%

(Y = 33.8 (D/20)2.1426; R2 = 0.94; n = 40,

p\ 0.0001) of the variation in the below-ground

carbon stocks in Koutiala and Yanfolila, respectively

(Fig. 7). Therefore, the stem diameter could be a good

predictor for below-ground carbon stocks for V.

paradoxa in the study sites. Table 5 displays the

carbon stocks derived from the allometric equations

developed for above and below-ground. A pair-wise

test revealed no significant difference (p[ 0.05)

between the two sites for carbon stock in above-

CSA = 0.6489X + 22.374
R² = 0.92
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Table 4 Allometric equations (B = a (D/Dref)
b) for Vitellaria paradoxa generated through FBA model in southern Mali, West

Africa

Koutiala Yanfolila

Scaling Coefficients Scaling Coefficients

a
kg/tree

b
[]

a
kg/tree

b
[]

Above-ground (DBH, Dref = 20 cm)

Total above-ground biomass

168.7 2.64 145.8 2.65

Branch biomass 8.30 2.90 59.91 3.17

Twig biomass 1.87 1.50 13.06 2.10

Below-ground kg/root kg/root

Root biomass (Proximal root diameter; Dref = 10 cm) 8.73 2.35 8.40 2.38

BGB = 0.0604DBH2.1212

R² = 0.96
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carbon stocks and stem
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ground of V. paradoxa as well as for the below-ground

(Table 5).

Ratio of below- to above-ground carbon stocks

of Vitellaria paradoxa

The root to shoot ratio (R:S) for below-ground

biomass and carbon stocks were 0.36 and 0.39 in

Koutiala and Yanfolila, respectively. The above-

ground carbon stocks accounted for 90% (R2 = 0.90)

of the variation in the below-ground carbon stocks in

Koutiala and 89% (R2 = 0.89) in Yanfolila (Fig. 8).

Fractional branching analysis model validation

The regression coefficient was used to examine the

strength and significance of the models. The linear

model of the data for the above and below-ground

carbon stocks against the diameter at breast height/

proximal root diameter has yield R2 values (Table 6)

ranging from 0.87 to 0.93 between the carbon stocks

and the diameters at both sites indicating that the

carbon prediction model provides a good fit to the

data. Moreover, the standard error of the estimate

(SEE) was 0.051 (5.1%) in Koutiala and 0.014 (1.4%)

in Yanfolila for above-ground carbon stocks. The

results showed that the F-value for the regression

model is significantly different from zero F (1,

28) = 217.17, p\0.0001 in Koutiala and F (1,

38) = 355.57, p\0.0001 in Yanfolila for above-

ground carbon stocks which indicated a positive linear

relationship between the carbon and diameter. Similar

results (high value of R2, low standard error of the

estimate and F different from zero) were observed for

the below-ground carbon stocks and the Root Mean

Square Error (RMSE) values are low which validate

the models at both sites (Table 6). Moreover, the high

R2 of all the regressions (Table 6) suggested that the

stem diameter could be used as a predictor variable for

carbon stocks.

In addition to the mentioned above, Fig. 9 com-

pares above-ground biomass estimation by equation

AGB = 168.7 (D/20)2.64 in the site of Koutiala (a) and

AGB = 145.8 (D/20)2.65 in the site of Yanfolila

(Table 6) to existing equation (Chave et al. 2005) for

dry forest. The equation (Chave et al. 2005) of

AGB = 0.112 9 (q DBH2 H)0.916 in Fig. 9 consis-

tently underestimated the biomass of V. paradoxa.

Discussion

The lack of relationship between p and q with parent

diameter/root diameter confirmed scale independence

of branching and hence the applicability of FBA

model to V. paradoxa. Similar results were found for

Acacia mearnsii, Eucalyptus saligna and Mangifera

indica in Kenya (Macfarlane et al. 2014). The average

of p in above-ground was 1.01 ± 0.83 and

1.05 ± 1.03 against 1.17 ± 1.13 and 1.27 ± 1.10 in

below-ground in Koutiala and Yanfolila, respectively.

Values of similar magnitude of p (1.7 ± 0.4;

1.8 ± 0.4 and 1.8 ± 0.4) were found in Acacia

angustissima, Gliricidia sepium and Leucaena collin-

sii, respectively (Koanga 2012). The value of q in

below-ground in Koutiala is less than that of Yanfolila,

which could be related to soil characteristics, rainfall

and land-use management practices. This result is in

accordance with the findings of previous studies

(MacFarlane et al. 2014). Furthermore, the mean link

length in above-ground increases with link diameter

class for different components (twig, branch and

wood) of V. paradoxa agreeing with MacFarlane et al.

(2014) and Tjeuw et al. (2015).

The values of the scaling coefficient b for above-

ground biomass (2.65 and 2.64) were close to the

supposedly universal value 8/3 (= 2.67) (Enquist

2002), and match the expectation of Ketterings et al.

(2000) that they equal 2? the power of the diameter–

height relationship (0.72 and 0.61 for the two sites).

The results also revealed variation of b factor among

the tree components (twig, branch and wood). Allo-

metric equations for branch biomass had a higher

value of b than those for total biomass and twig

biomass. This result agrees with the FBA findings of

Tjeuw et al. (2015). Our results revealed that the ratio

Table 5 Carbon stocks (Mg C ha-1) in above and below-

ground biomass of Vitellaria paradoxa in southern Mali, West

Africa

Sites Above-ground Below-ground

Ave Standard Error Ave Standard Error

Koutiala 2.16a 0.44 0.80a 0.15

Yanfolila 3.21a 0.60 1.26a 0.21

Data followed by the same letter in the same column are not

statistically different at 95%
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of above-ground and below-ground carbon stocks

increase with increasing stem diameter, corroborating

results of Jibrin and Abdulkadir (2015).

Given the uncertainty in tree diameter frequency

data, the stand-level above-ground carbon stock

(3.21 ± 0.60 Mg C ha-1) in Yanfolila could not be
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Fig. 8 Relationship

between above-ground and

below-ground carbon stocks

of Vitellaria paradoxa in

Koutiala (a) and Yanfolila

(b) in southern Mali, West

Africa

Table 6 Parameter estimates and performance of developed models of Vitellaria paradoxa in southern Mali, West Africa

Sites N Fractal model R2 SEE F value Sig

Koutiala

Above-ground 30 AGB = 168.7 (D/20)2.64 0.89 0.051 217.17 p\ 0.0001

Below-ground 30 BGBi = 8.73 (Di/10)
2.35 0.93 0.014 355.57 p\ 0.0001

Yanfolila

Above-ground 40 AGB = 145.8 (D/20)2.65 0.87 0.052 245.92 p\ 0.0001

Below-ground 40 BGBi = 8.16 (Di/10)
2.38 0.90 0.016 336.74 p\ 0.0001

N sample number; R2 coefficient of determination, SEE Standard error of the estimate, Sig level of significance

123

Agroforest Syst (2021) 95:135–150 147



statistically differentiated (p[ 0.05) from that of the

value (2.16 ± 0.44 Mg C ha-1) recorded in Koutiala.

Our parkland values, considering only V. paradoxa

and not including other species in the same vegetation,

are lower than those of Kuyah et al. (2012) who

reported 17 ± 0.02 Mg C ha-1 in above-ground of

plantations (Dorstenia panamensis) in agricultural

landscapes in Kenya. Other estimates in the literature

for southern Mali are 22.2 to 70.8 Mg C ha-1

(Luedeling and Neufeldt 2012), 22.4 to

54.0 Mg C ha-1 (Takimoto et al. 2008), and

24 Mg C ha-1 (Traoré et al. 2004). Furthermore,

carbon stocks in these studies were estimated using

generic allometric equations, which are prone to

overestimation. Our figures are close to those reported

by Peltier et al. (2007) in Cameroon (5.05 Mg C ha-1

above-ground biomass for V. paradoxa) whereas they

are smaller than those of Saı̈dou et al. (2012) in Benin

(20.17 Mg C ha-1 for V. paradoxa). As for below-

ground carbon stocks of V. paradoxa there was also no

significant difference (p[ 0.05) between Yanfolila

(1.26 ± 0.21 Mg C ha-1) and Koutiala

(0.80 ± 0.15 Mg C ha-1). These values are lower

than the value recorded (4.25 ± 0.74 Mg C ha-1) by

Saı̈dou et al. (2012). These differences of values with

the current studymay be explained by the difference of

allometric equations used, tree diameter, tree density

per hectare and climatic conditions.

The ratio of below- to above-ground biomass of

0.36 in Koutiala and 0.39 in Yanfolila were higher

than those (0.26–0.28) reported by Henry et al. (2011)

and Kuyah et al. (2014). They are within the range of

root to shoot (R:S) recommended by IPCC (2006) for

subtropical dry forests and comparable to the range

from 0.35 to 0.5 for woodland of Mozambique (Ryan

et al. 2011) and Jatropha curcas in Indonesia (Tjeuw

et al. 2015).

Conclusions

The present study provides new insights into the

biomass estimation in above and below-ground by

developing site-specific allometric equations for V.

paradoxa. The established allometric models can

significantly improve the accuracy of carbon stocks

estimation of V. paradoxa in West Africa Savanna for

REDD?? activities. In addition, our models can be

applied to V. paradoxa on sites with similar environ-

mental conditions. The carbon stocks in both above-

ground and below-ground did not vary with sites in

southern Mali in the range of climatic conditions

sampled by our study.

Strong linear relationships were observed between

carbon stock (above and below-ground) and stem

diameter or proximal root diameter with a low SEE as

well as the low RMSE and F-values significantly

different from zero, which indicates that the models

are valid. Fruit biomass was not included in the model

so further research is required on fruit to fine-tune the

model. For the many other species with no specific

allometric equations, we recommend the elaboration

of site-specific equations using FBA, with increased

understanding of where and how species differ in

allometry.
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Dimobe K, Ouédraogo A, Ouédraogo K et al (2020) (2020)

Climate change reduces the distribution area of the shea

tree (Vitellaria paradoxa C.F. Gaertn.) in Burkina Faso.

J Arid Environ 181:104237. https://doi.org/10.1016/j.

jaridenv.2020.104237

Ekoungoulou R, Liu X, Loumeto JJ, Ifo SA (2014) Tree above

and belowground biomass allometrics for carbon stocks

estimation in secondary forest of Congo. JSTFT 8:9–20

Enquist BJ (2002) Universal scaling in tree and vascular plant

allometry: towards a general quantitative theory linking

plant form and function from cells to ecosystems. Tree

Physiol 22: 1045–1064

Henry M, Picard N, Trotta C, Manlay RJ, Valentini R, Bernoux
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forestiers à karité (Vitellaria paradoxa C.F. Gaertn.) et à
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