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Abstract

Allometric equations estimating carbon stock of Gardenia aqualla and Gardenia ternifolia stands in
Cameroon have been developed. The sample consists of 35 individuals of Gardenia aqualla and 35
individuals of Gardenia ternifolia. These individuals were cut, measured and weighed entirely and
the data acquired was used to build predictive models of biomass as a function of diameter at breast
height. Adjusted coefficients of determination, residual standard error, root mean square error and
Akaike's information criterion were used to choose the best models. Linear, power, exponential
and logarithmic functions were fitted for aboveground biomass using diameter at breast height as
the independent variable. The best fit model for estimation of total aboveground biomass (TAGB)
was in the form of a power function TAGB = 0.289D"'** (Gardenia aqualla) and TAGB= 0.279D'%>2
(Gardenia termifolia). This study indicated that, Gardenia aqualla showed higher AGC (59.98 Mg
C.ha') compared to Gardenia ternifolia (50.95 Mg C.ha™). Gardenia aqualla (220.12 Mg CO,.ha™")
sequestered CO, more than Gardenia ternifolia (186.98 Mg CO,.ha™"). These developed equations
will be useful tools to assess the potential for carbon sequestration in Gardenia aqualla and Gardenia
ternifolia stands and represent key information for scaling up biomass estimates for the REDD +
context. This study showed that the Gardenia genera plays a role as a carbon sink.
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Introduction

Forests play a specific and important role in the global carbon-cycle, absorbing carbon dioxide
during photosynthesis and storing it above and belowground [1]. The Reduction of Emissions
from Deforestation and Forest Degradation (REDD+) projects are a political-effective option for
the mitigation and adaptation to climate change. One of REDD+’s goals is to estimate the carbon
reserves stored in the forests [1-4]. The existence of local allometric models to estimate biomass in
different land uses is a fundamental part of the carbon inventories, and these are a basic requirement
to develop forest projects for greenhouse gases (GHG) mitigation [1-4]. Forest biomass have been
studied with different purposes, among which is the nutrient cycle, for energy purposes, in forest
growth assessment for forest management purposes, environmental impact mitigation [1].Obtaining
economic incentives for forest preservation and the reduction of such gases [1]. Since forest cover is
the main carbon sink [1]. These ecosystems are considered as a climate change mitigation strategy
at global level [1]. Allometric models make easy to estimate volume and AGB from measuring easily
measurable individual tree parameters such as diameter at breast height (Dbh) and total tree height
(ht) in forest inventories [1].

Gardenia aqualla Stapfand Hutch. and Gardenia ternifolia Schumach and Thonn. are species
belonging to the Rubiaceae families. The latter contains about 200 genera and is among the most
numerous families of flowering plants. Gardenia aqualla Stapf and Hutch., and Gardenia ternifolia
Schumach and Thonn. It is present from Senegal to Sudan via Mali, the Republic of Guinea, Guinea-
Bissau, Ghana, Togo, Cote d'Ivoire, Benin, Niger, Nigeria and Cameroon [5, 6]. It grows in the
Sahelo-Sudanese and Guinean savannas on compact, sandy clay soils with temporarily flooded
ferruginous crusts [5, 6].

The estimation of carbon sink or sequestration relies on biomass content and growth data.
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Biomass content can be measured by direct or indirect methods [7,
8]. Direct methods consist of felling trees, cutting them into sections,
and weighing them to obtain the actual biomass. Indirect methods are
based on developed equations to estimate tree biomass. The carbon
absorbed in plants can be estimated by using diameter at breast
height (Dbh) and height as predictors. There are many equations
for estimating biomass, and previous researchers have reported that
the allometric equation for a forest must be selected appropriately in
order to accurately estimate forest biomass because these equations
differ significantly between forest types [9-12].

Although the importance of Gardenia aqualla Stapf and
Hutch., and Gardenia ternifolia Schumach and Thonn are widely
documented, information on the potential for carbon storage is
scarce or nonexistent in Cameroon. Little or no effort has been made
to develop allometric equations to estimate the biomass of Gardenia
genera. Allowing the prediction of the above-ground biomass of
multispecies formations. Thus, knowledge of biomass would make
it possible to improve the management of the species in savannah
ecosystems, which can contribute to the resilience of rural populations
to climate change. Stands of Gardenia aqualla Stapf and Hutch., and
Gardenia ternifolia Schumach and Thonn can be used in carbon
sequestration programs such as the REDD + Mechanism. In order
to accomplish this, better information is needed on its carbon stock,
and therefore, there is a strong need to develop allometric models that
will be used to predict the available aboveground and belowground
biomass. This study emphasized the estimation of AGB and carbon
stock of Gardenia aqualla Stapf and Hutch and Gardenia ternifolia
Schumach and Thonn planted in the Sudano-Sahelian savannah of
North, Cameroon. The specific objective of this study was to develop
allometric models to estimate the AGB of Gardenia aqualla Stapf
and Hutch and Gardenia ternifolia Schumach and Thonn trees. The
models were then used to determine the amount of carbon stored
and sequestered by these two Gardenia variants in the savannah
ecosystems setting.

Material and Methods
Study Area

The study took place in Central Africa, more precisely in
Cameroon, in the North region of Cameroon, Benue department.
This region is located between 9° 18'N to 8° 10'N latitude and 13°
23'E to 12° 16'E longitude [13] (Figure 1). The relief is a vast pedi-
plain between the Mandara Mountains (1442 m) to the north and the
Adamawa Plateau to the south. The climate is Sudano-Sahelian with
two seasons: a dry season lasting six months (November-May) and
a rainy season lasting six months (June-October) [14]. The average
monthly temperature varied from 26°C in August to 40°C in March.
The soil is of the ferruginous type characterized by acidity (pH = 5.5 -
6) and low cation exchange capacity [15]. The vegetation is a shrubby
Sudanian savannah with a clear and degraded savannah appearance
around the villages [16] (Figure 1).

Data Collection

Sampling method was conducted from September 2019 to
September 2020. Gardenia aqualla and Gardenia ternifolia, were
selected. Five sampling plots of 50 m x 50 m each were established
randomly in each of the two stands [17]. The direct method was
employed to determine the biomass of each tree. 35 trees of Gardenia
aqualla and 35 trees of Gardenia ternifolia were harvested from the
sampling plots within the two stands. Trees were felled close to ground
level. The trees were selected to ensure a representative distribution of
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Figure 1: Geographic location of the study area in the North Cameroon
Region.

diameter classes within the sampling plots.

To conduct this study, the direct method based on the felling of
Gardenia aqualla and Gardenia ternifolia trees were used. Individuals
were selected on the basis of their availability and the absence of
human exploitation (traces of pruning or limping) or disease. Before
the trees were felled, the diameters of the individuals with bark were
determined using a tape and the height was determined using a
clinometer. The 35 trees of Gardenia aqualla and 35 trees of Gardenia
ternifolia individuals were then cut 10 cm from the ground using a
chainsaw and divided into compartments: the leaves; branches and
trunks. The trunks and large branches were cut into small pieces,
and bagged and weighed with a scale in the field. A sample from
each compartment was taken and driedin an oven for 48 hours at a
temperature of 70°C forthe leaves and 105°C for the trunk, branch
discs.

The water contents of the samples of leaves, branches and trunks
will be calculated according to the following formula:

WC (%) = ((WM-DM) / MS) * 100

Where: WC is the water content of the samples in percentage,
WM and DM are respectively the wet mass (Kg) and the dry mass
(Kg) of the sample.

From the water content of the samples, the total dry masses of the
fractions were calculated as follows:

TDM = 100 * TWM / (100 + WC)
Where: TDM is the total dry mass
TWM is the total wet mass (Kg).

The total dry masses are called biomass and expressed in
Kilograms (Kg).

Data Analysis

Biomass equations using Dbh as the independent variable
were developed and were regressed against the total AGB of the
combined tree components (leaves, branches and trunk). Total AGB
allometric model of individual trees were derived from 35 trees for
Gardenia aquallaand 35 for Gardenia ternifolia. Four forms of the
model, namely linear (Eq. 1), power (Eq. 2), exponential (Eq. 3), and
logarithmic (Eq. 4), were fitted for total AGB. The following models
were considered for estimating AGB (B, kg dry weight) from DBH
(D), where aand b are coeficients [11, 18, 19]:

B=aD+b Eq. (1)
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B=aDb Eq. (2)
Eq. (3)

B=aln(D) - b Eq. (4)

B = ae?

Four criteria were used to measure the robustness and precision
of the models in the estimation of above-ground biomass. They are
in order of importance: i) Adjusted coefficient of determination
(adjusted R*) where STS: Sum of Total Squares and SRS: Sum of
Residual Squares. ii) AIC or Akaike Information Criterion obtained
by the following formula: AIC = - 2In (L) + 2p where L “Likelihood”
or Probability at which the predicted model is correct to the unknown
true and p: Total number of parameters of the model. iii) RSE or
Residual standard error: RSE = In (AGB obs) - In (AGB pred) where
RSE: Residual standard error; AGB obs: Measured above-ground
biomass; AGB pred: Predicted above-ground biomass. iv) RMSE or
Root mean squared error:

JE(In(AGBobs)-In(AGBpréd))?

Vn—k

RMSE =

Where:

n: total number of observations used in the model;
AGB obs: Measured above-ground biomass;

AGB pred: Predicted above-ground biomass;

K: number of parameters included in the model.

The selection of the best allometrics developed for the prediction
ofthe above ground biomass (AGB) of Gardenia aqualla and Gardenia
ternifolia was made on the basis of several statistical parameters. Thus,
the lower the residual standard error (RSE), Akaike information
criterion (AIC), mean square error (RMSE) and the strong adjusted
R?, the better the model will be [20-22].

The allometric equations were subjected to a series of statistical
tests in order to meet all the validation conditions [19]. Thus, each
model is subject, at the probability threshold of 5%, respectively to:

Normality test (Shapiro-Wilk test) to check the normality of the
residuals;

Test of the zero mean (One Sample Test) to check the nullity of
the residuals;

Heteroscedasticity test (Studentized Breusch-Pagan) to check the
heterogeneity of the residues; Autocorrelation test (Durbin-Watson
test) for the independence of the residues.

The statistical analyzes were carried out with Excel 2020 and R
386 3.1.2 software.

Table 1: Distribution of diameter and height.

Estimation of Carbon Stock

The carbon (C) stocks were obtained by converting AGB to
stored carbon fractions (CF) by multiplying by 0.47 [23] expressed
in biomass per hectare. The amount of (CO,)- equivalent sequestered
was calculated by multiplying by the ratio of CO, to C, which is 3.667
to obtain the amount of CO, sequestered by the two stands.

Results

Measurable Parameters Dendrometric and Pearson’s
Correlation between Diameters, Height with Total
Aboveground Biomass

The analysis of Table 1 shows that the populations of Gardenia
aqualla and Gardenia ternifolia inventoried in the Sudano-Sahelian
savannah of North, Cameroon are morphologically different. Indeed,
the standard deviation observed in Gardenia aqualla is much more
terms of the height (H) from the ground compared to Gardenia
ternifolia. And much greater variability is noted with the diameter
at breast height (Dbh) in Gardenia aqualla compared to Gardenia
ternifolia. Thus, the high standard deviations show that there is a large
difference between the sampled individuals, reflecting a large intra-
site variability.

A correlation matrix made it possible to see the relationship
which exists between the calculated dry biomass and the various
dendrometric parameters measured: height (H) and diameters
at breast height (Dbh). The results of the correlation showed that
the dendrometric parameter of Dbh more measured than height.
This parameter for each species was tested on four (04) models of
equations (polynomial, linear, power, exponential andlogarithmic)
fora possible prediction of the biomass (Table 2).

Preliminary Tests for the Selection of Equations

Table 3 presents the results of the various statistical tests of
the four allometric equations. It emerges from this table that only
equation 2 (Power) answers the various statistical tests mentioned
above with a p-value for each test greater than 0.05. For Eq. 2 (Power),
the residuals are normal, their mean is zero, their variance is constant
and independent. We denote for each of the other three equations 1;
3 and 4 (Linear, Exponential and Logarithm) that the residuals are
abnormal and that their mean is not zero. These results give a first
indication for the most acceptable equation selection sequence.

Modelling Allometric Equations Tests

Table 4 shows the analysis of variance confirms that all the
regression coeflicients of the models tested are statistically significant
(p <0.001). These coefficients differ between the aboveground
biomass of the two species for the same model, with RSE, AIC and

Gardenia aqualla Gardenia ternifolia
Variables
Minimum Maximum Mean (sd) Minimum maximum Mean (sd)
Dbh (cm) 4.96 48.87 26.91+2.92 4.75 48.04 26.39+2.18
H (m) 2.95 12.54 7.74£0.98 3.54 11.85 7.69 £0.94
Dbh: Diameter at Breast height, H: Height, sd: standard deviation
Table 2: Relationship between dry biomass and dendrometric parameters.
Species Dbh (cm) Height (m)
Gardenia aqualla 0.96*** 0.28ns
Gardenia ternifolia 0.90*** 0.35ns

Dbh: Diameter at Breast height, H: Height
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Table 3: Results of the various statistical tests of the four allometric equations.

Species Form Shapiro-Wilk One Sample Breusch-Pagan Durbin-Watson
Linear 0.005 0.0134 0.886 0.634
Gardenia aqualla Power 0.694 0.789 0.782 0.559
Exponential 0.014 0.0208 0.955 0.668
Logarithm 0.012 0.008 0.984 0.691
Linear 0.045 0.014 0.996 0.702
Power 0.649 0.701 0.711 0.517
Gardenia ternifolia
Exponential 0.027 0.020 0.995 0.611
Logarithm 0.022 0.006 0.974 0.631
Table 4: Allometric equations developed from the different models for Gardenia aqualla (n = 35) and Gardenia ternifolia (n = 35).
Regression coefficient
Species Form s ) AdjustedR? RSE RMSE AIC P-value
Linear 1.852 -23.862 0.96 1.88 1.59 21.08 <0.001
Gardenia aqualla Power 0.289 1.168 0.98 1.72 1.39 17.60 <0.001
Exponential 11.022 0.203 0.90 2.85 2.66 24.8 <0.001
Logarithm 22.952 57.025 0.88 4.14 4.01 25.90 <0.001
Linear 33.327 24.818 0.95 1.78 1.47 22.80 <0.001
Power 0.279 1.052 0.97 1.64 1.29 19.54 <0.001
Gardenia ternifolia
Exponential 12.085 0.287 0.93 2.63 2.43 26.71 <0.001
Logarithm 21.026 79.531 0.87 4.10 3.97 27.12 <0.001

Coefficient of regression model (a and b), Height (H), Biomass (B), adjusted coefficient of determination (adj. R?), residual standard error (RSE), Root mean squared

error (RMSE) and Akaike information criteria (AIC)

Table 5: Selection of the Best Models for Gardenia aqualla (n = 35) and Gardenia ternifolia (n = 35).

Species Model AdjustedR? RSE RMSE AlIC
Gardenia aqualla B = 0.289D* 168 0.98 1.72 1.39 17.6
Gardenia ternifolia B=0.279D*0%2 0.97 1.64 1.29 19.54

Biomass (B), Diameter at breast height (D), Height (H), Biomass (B), adjusted coefficient of determination (adj. R?), residual standard error (RSE), Root mean squared

error (RMSE) and Akaike information criteria (AIC)

Table 6:Total Aboveground Biomass (AGB), C-stock content of Aboveground Biomass (AGC), and CO,Sequestered (VCO eq) and Density in Gardenia aqualla and

Gardenia ternifolia stands.

Species Density AGB AGC VCO2¢eq
P (stems/ha) (Mg.ha?) (MgC.ha?) (MgCO,.ha?)
Gardenia aqualla 185 + 12.65b 127.63 +8.73b 59.98+ 3.32b 220.12+ 14.68b
Gardenia ternifolia 154 + 10.21a 108.41+ 5.93a 50.95+ 2.94a 186.98+ 12.85a

The values assigned the same letter are not statistically different (p> 0.05; Duncan test)

RMSE ranging from 1.64 - 4.14 kg; 17.60 - 27.12 kg and 1.29 - 4.01
kg, respectively. The equation 2 (Eq. 2) has residual standard error
(RSE), Akaike information criterion (AIC), mean square error
(RMSE) weaker and the strong adjusted R* compared to the other
three equations (Table 4 et 5). This means that the power model is the
most explanatory of the aboveground biomass of Gardenia aqualla
and Gardenia ternifolia in the Sudano-Sahelian savannas of North
Cameroon. The other three equations each have a high residual
standard error (RSE), Akaike information criterion (AIC), high mean
square error (RMSE) and low adjusted R>. Which disqualifies them
from selection. These best equations are shown in Table 5 and Figure
2 show their adjustments.

Aboveground Biomass and Carbon Stock Estimation

The power functions B = 0.289D"'®* and B= 0.279D' %2 were used
to estimate AGB of each tree in all five plots (Table 1) of Gardenia
aqualla and Gardenia ternifolia, respectively. Total AGB were

expressed in megagram (Mg) and converted into Mg per hectare
(Mg. ha') (Table 6). The estimates showed that AGB of Gardenia
aqualla was higher (127.63 Mg. ha) than that of Gardenia ternifolia
(108.41 Mg. ha') (Table 6). Gardenia aqualla showed higher AGC
(59.98 MgC.ha!') compared to Gardenia ternifolia (50.95 MgC.ha!).
Gardenia aqualla (220.12 MgCO,.ha") sequestered CO, more than
Gardenia ternifolia(186.98 MgCO,.ha™") (Table 6).

Discussion

This study made it possible to develop allometric equations for
estimating the above-ground biomass of the species Gardenia aqualla
and Gardenia ternifolia. The DBH of felled Gardenia aqualla and
Gardenia ternifolia ranged from 4.96 - 48.87 cm and 4.75 - 48.04
cm, respectively. And also with a strong coefficient of determination
(R?) varying between 0.95-0.96; 0.97-0.98; 0.90-0.93 and 0.87-0.88
respectively for the linear (Eq. 1), power (Eq. 2), exponential (Eq. 3)
equations, and logarithmic (Eq. 4). The sample size was 35 individuals

WebLog Open Access Publications

wjets.2025.i1701


http://www.weblogoa.com

Awé Djongmo Victor, et al.,

WebLog Journal of Environmental Sciences

1600
[ ]
1400 ® Gardenia agqualla ’:
1200 | . - L]
=5 ® Gardenia ternifolia
E, ” ¢
- 1000 | 'Y
G %
g 800 | .
S e,
£ 600 | >
E‘ . ﬂ'
Q 00 } e 4
e,
[ 1]
200 | 1)
o9
0 [ LA L
0 10 20 30 40 50 60
Dbh (cm)
Figure 2: Gardenia aqualla and Gardenia ternifolia for allometric equations
obtain.

of Gardenia aqualla and 35 individuals of Gardenia ternifolia. In
fact, the size of the sample in the development of allometric models
varies in the literature and takes into account the resources and time
allocated to the study [20].

Allometric models have been developed with a number of trees
greater than 100 [7, 18]. However, other models focused on a number
of trees less than 20 [3, 19, 24, 25] and others higher or equal to 20 [4,
26,27,28]. Others integrate very few large diameter trees, from 1 to 79
cm in diameter [29]. In contrast, [27] used trees with diameters of less
than 17.509 cm and 41.5 cm, respectively, to determine the allometric
equations. Indeed, the size of the sample in the literature can in fact be
variable for the development of allometric models. However, it takes
into account the resources and time allocated to the study [30].

The four allometric equations each have a coefficient of
determination close to 1, but three of them including linear,
exponential, and logarithmic equations do not pass all of the
preliminary statistical tests. A model may have a high coefficient of
determination and be subsequently rejected by the assessment of
certain validation criteria, in particular the various statistical tests,
the residual standard error (RSE), the Akaike information criterion
(AIC), the mean square error (RMSE) [20]. Among the four equations
developed for Gardenia aqualla and Gardenia ternifolia, the power
equation (B = 0.289D"'*®and B = 0.279D'%?) presents respectively
the weakest AIC (17.6 and 19.54), a weak RSE (1.72 and 1.64), a low
RMSE (1.39 and 1.29) and mostly responds to all preliminary tests
(p-value> 0.05). Thus, within the framework of this study, it emerged
that whatever the criterion retained for the validation of the equations
thus developed, the power model, with the equation B = 0.289D™!¢
(Gardenia aqualla) and B = 0.279D"%*?) (Gardenia ternifolia), is best
indicated.

The power functions B = 0.289D"'®* and B= 0.279D' %2 were used
to estimate AGB of each tree in all five plots (Table 1) of Gardenia
aqualla and Gardenia ternifolia, respectively. The estimates showed
that AGB of Gardenia aqualla was higher (127.63 Mg. ha') than that
of Gardenia ternifolia (108.41 Mg. ha'). The biomass and carbon
content of the Gardenia aqualla and Gardenia ternifolia stands was
very low compared to the average of 202 Mg ha™ in tropical Africa
[31]. The low carbon content of the two stands can be attributed to
the low tree density, only 185 and 154 individuals/ha compared to
426 individuals/ha in African lowland forest [32]. Although Biomass
are not based on the number of trees, but rather related to diameter

at breast height [33, 34], emphasize the influence of soil type on the
spatial variability of biomass stocks, and therefore of their carbon in
tropical areas. Gardenia aqualla showed higher AGC (59.98 MgC.
ha') compared to Gardenia ternifolia (50.95 MgC.ha'). Our results
are not contained in the intervals 12-33 MgC.ha'given by [17] in
an agroecosystem to cashew tree, 11-26 MgC.ha! obtained by [35]
in an agrosystem to Eucalyptus but contained in the intervals 10-
60 MgC.ha' obtained by [36] and 11-63 MgC.ha" obtained by [37]
in an agroecosystem to coconut. The CO, equivalent range 220.12
MgCO,.ha" (Gardenia aqualla) and 186.98 MgCO,.ha"* (Gardenia
ternifolia). The ecological values of Gardnia aqualla and Gardenia
ternifolia stands are very encouraging. It is necessary that the services
in charge of rural development sensitize the populations for a better
management of this species in the perspective of the reduction of
greenhouse gases. This result does not similar by the results found by
[17] in cashew plantations (146.88 MgCO,/ha) and savannah (48.28
MgCO,/ha) in the North Region Cameroon. From these savanna
ecosystems studied value can offset the CO, emissions resulting from
human activities.

Conclusion

The study tested four mathematical models; linear (Eq. 1),
power (Eq. 2), exponential (Eq. 3), and logarithmic (Eq. 4); in the
development of the allometric equation two species, Gardenia
aqualla and Gardenia ternifolia. The results of various statistical
validation tests made it possible to select the power model was
determined as the most appropriate model for estimating total AGB
of Gardenia aqualla and Gardenia ternifolia in the Sudano-Sahelian
savannah of North, Cameroon. Application of the developed model
yielded total aboveground biomass of Gardenia ternifolia and
Gardenia aqualla of 108.41 Mg.ha'and 127.63 Mg.ha™, respectively.
Gardenia aqualla showed higher AGC (59.98 MgC.ha') compared
to Gardenia ternifolia (50.95 MgC.ha'). Gardenia aqualla were
shown to be capable of sequestering 220.12 MgCO,.ha" compared to
Gardenia ternifolia, which were shown to be capable of sequestering
only 186.98 MgCO,.ha". This makes of the Gardenia aqualla and
Gardenia ternifolia contributory lungs to mitigate the mitigations
of climatic disturbances. Finally, these results are also an important
economic, ecological and dynamic informative value to serve as a
basis for guiding any program of action aimed at the conservation
and sustainable management of this species.
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