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Abstract 
For the implementation of the REDD+ mechanism, the UNFCCC, through de-
cision 12/CP17, invites countries to develop certain tools to estimate refer-
ence emission levels for forests. With this in mind, reference emission and 
absorption levels were estimated in five protected areas in Benin. To achieve 
this, two different datasets were used, namely: in situ data from the field col-
lection campaign carried out in 2018, especially from the national forest in-
ventory of 2007 and land use data from 2000 to 2018. In accordance with the 
2006 IPCC Good Practice Guidance on Greenhouse Gas Inventories, the cal-
culation of historical emissions from deforestation and degradation is done 
by multiplying Activity Data (AD) by Emission Factors (EF). The analysis of the 
results shows that at the national level, the annual deforestation rate in pro-
tected areas is 0.34% (2091 ha/year), compared to 1.09% (3153 ha/year) for 
the annual degradation rate. Overall, carbon emissions amount to 166.65 Mt.eq- 
CO2/ha, or 16.67 Mt.eq-CO2/ha/year, compared to baseline removals of about 
1.14 Mt.eq-CO2/ha, or 0.11 Mt.eq-CO2/ha/year in the protected areas covered 
by this research. Annual emissions of 0.67 Mt.eq-CO2/ha/year from methane 
are also noted, compared to 0.056 Mt.eq-CO2/ha/year from nitrous oxide. There-
fore, It is clear that actions to mitigate GHG emissions must be undertaken di-
rectly in Benin’s protected areas in order to strengthen forest carbon stocks. 
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1. Introduction 

The impact of human activities on the environment has taken on an unprece-
dented magnitude for just over a century leading to significant changes in the 
biosphere. By 2050, a global warming estimated at about 2.5˚C and a significant 
change in climate parameters are expected (IPCC, 2019). The significant increase 
of greenhouse gases in the atmosphere, caused by industrial emissions and defore-
station, would be partly responsible for this global warming (Herzog, 2005). 

Forests are important in the global carbon cycle because they store large amounts 
of carbon in the vegetation and soil. They exchange carbon with the atmosphere 
through photosynthesis and respiration and are atmospheric carbon sinks (net 
absorption of CO2 from the atmosphere) when well conserved and managed, 
they become sources of atmospheric carbon when disturbed by human or natu-
ral causes (wildfires, logging under poor harvesting procedures, cultivation 
clearing and burning for conversion of the forest to other uses) (Issifou Mou-
mouni, 2020; Ago, 2016; Yabi et al., 2016). Tropical forests in particular are con-
sidered exceptional reservoirs of carbon and biodiversity and are at the heart of 
international issues on climate change (Marquant et al., 2015).  

Aware of the seriousness of the risk and its implications on people’s lives, the 
United Nations established an International Panel on Climate Change (IPCC) in 
1988 and 1992. The United Nations Framework Convention on Climate Change 
(UNFCCC) was adopted during the Earth Summit in Rio de Janeiro by 154 con-
tries. It was not until 2010, during the Conference of the Parties (COP-16) held 
in Cancún, that the legal act of the greenhouse gas emission reduction mechan-
ism (REDD) was formally born in its larger scale version (REDD+), which in-
tegrates sustainable forest management, plantations and forest conservation. 
This REDD+ program should help develop a “green economy” by making climate- 
friendly investments more attractive (Molto, 2012). It should also allow states 
that protect their forests to access the carbon market. The avoidance of forest 
destruction or degradation generates a “carbon credit” and the sale of this credit 
on the carbon market offsets the economic loss from protecting the forest. At the 
Paris Climate Change Conference (COP21) in December 2015, 195 countries adop- 
ted the first-ever international and universal climate agreement that set out a 
global action plan limiting the increase in global warming to below 2˚C. One of 
the key outcomes is the creation of an Enhanced Transparency Framework 
(ETF), which aimed to build confidence in countries’ contributions and progress 
(FAO, 2016). One of the elements that countries must develop to participate in 
REDD+ is the establishment of a forest reference emission level and/or forest 
reference level (FREL/FRL). The UNFCCC has defined the reference emission 
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level for forests as a benchmark for assessing each country’s performance in im-
plementing REDD+ activities. Also, for the implementation of the REDD+ me-
chanism, the UNFCCC, through decision 12/CP17, invites countries to develop 
certain tools, including reference levels for forests.  

The UNFCCC decisions on REDD+ encourage developing countries to con-
tribute to mitigation actions by undertaking voluntary activities that reduce 
Greenhouse Gas (GHG) emissions and enhance carbon sinks in the forest sector. 
The five activities included in the REDD+ mechanism are: reducing emissions 
from deforestation; reducing emissions from forest degradation; conserving car-
bon stocks; sustainable management of forests; and enhancing forest carbon stocks. 
In response to the challenges of deforestation and climate change, Benin has vo-
luntarily engaged in the process of reducing greenhouse gas emissions from de-
forestation and forest degradation for several years, in order to fully meet the 
objectives of the REDD+ mechanism. According to (Issifou Moumouni, 2020), 
despite these commendable efforts to reduce deforestation and forest degrada-
tion, the level of consideration of REDD+ in Benin is still low because it has not 
implemented its national REDD+ strategy (CEDEAO, 2015). In the sub-region, 
Benin is placed in the category of countries with high potential for REDD+ rea-
diness because it has sometimes separately developed policies, strategies and ap-
proaches that can be easily leveraged (CEDEAO, 2015). 

In Benin, 58 forest massifs have been classified, representing nearly 25% of the 
national territory. This statistic has remained unchanged since the last report on 
Benin’s biodiversity in 2016. However, depending on their richness in wildlife 
and valuable forest species, it must be admitted that the various protected areas 
thus classified have been assigned to specific development modes. The national 
parks benefit from a good conservation program. The classified forests and re-
forestation perimeters (except for the classified forest of Lama) undergo a very 
high degree of fragmentation that does not favor the conservation of biodiversi-
ty. However, it should be noted that the successes achieved in the management 
of protected areas in Benin are explained by the fact that these areas have parti-
cipatory management plans implemented by specific management units, many 
of which are currently being updated in the country. As recommended by the 
World Commission on Protected Areas (WCPA) of the International Union for 
Conservation of Nature (IUCN), all of a country’s protected areas or network of 
national protected areas should be representative of all existing ecosystems. 
While the savannahs are well represented in Benin’s protected area system, the 
dense forests of southern Benin are poorly represented and other remarkable 
ecosystems such as the vast majority of inselbergs in central Benin and the Ata-
cora chain are absent. An important fraction of the biodiversity is thus unpro-
tected by the network of state protected areas of Benin. 

Mitigating climate change will be both costly and difficult, but the costs and 
complexity associated with this challenge pale in comparison to the risks and 
costs that will inevitably accompany failure to take decisive action. In order to 

https://doi.org/10.4236/lce.2021.123006


I. Toko Imourou et al. 
 

 

DOI: 10.4236/lce.2021.123006 120 Low Carbon Economy 
 

fully understand the mitigation potential of the agriculture, forestry and other 
land use (AFOLU) sector, it is necessary to estimate the greenhouse gases 
from deforestation and forest degradation in Benin’s protected areas (Figure 
1). 

The estimation of reference emission and absorption levels in Benin’s pro-
tected areas could serve as a basis for evaluating its efforts under REDD+. This 
article thus constitutes a contribution to results-based payments and especially 
to ensuring the coherence of sectoral policies and good governance of forest re-
sources. 
 

 
Figure 1. Location of protected areas studied. 
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2. Methodological Approach 
2.1. Data Used 

Two different datasets were used to estimate the baseline emission level from fo-
rests due to deforestation:  
 In situ data (forest inventory), which allowed the estimation of emission fac-

tors (carbon stock in CO2 equivalent). 
 The land use maps of 2000 and 2018 from which activity data were calcu-

lated. 
The data collected in situ come from the field collection campaign conducted 

in 2018 for all protected areas in the period from November to December and 
especially from the national forest inventory of 2007. It is from these data that 
the emission factors were determined. 

Speaking of the land use data of 2000 and 2018 from which the activity data 
were calculated, they come from the digital processing work of Landsat TM sa-
tellite images of 2000 and OLI-TIRS, 2018. 

2.2. Choice of Reference Period 

Numerous cartographic data on land use have existed in Benin since 1975. Un-
fortunately, these data are often fragmented.  

The year 2000 was chosen as the reference year because it is a point of con-
vergence for the vast majority of cartographic products (CENATEL, 2013; IFN, 
2007), etc. relating to forest area and land use in Benin. The year 2018 was cho-
sen because it is very close to the reference year chosen by Benin for its Nation-
ally Determined Expected Contribution (NDEF-2015) under the United Nations 
Framework Convention on Climate Change (UNFCCC). In September 2015, Be-
nin submitted its INDC in advance of COP21 (21st Conference of the Parties, 
Paris, 2015). Then, in accordance with paragraph 22 of decision 1/COP.21 of the 
Paris Agreement, on October 31, 2016, Benin submitted its Nationally Determined 
Contribution (NDC) by updating its NDC.  

This choice is also justified by the availability and consistency of satellite data 
and also in order to be in harmony with REDD+ investment projects at the sub-re- 
gional level that consider the period (2000-2030) a reference period (Issifou Mou-
mouni, 2020). It is also appropriate to analyze historical data over a period that 
will better justify future deforestation trends with perceptible arguments on the 
ground. 

2.3. Method of Data Processing and Analysis 

The methods for determining activity data and emission factors are the primary 
approach to data processing and analysis. 

2.3.1. Method for Determining Activity Data (AD) 
The thresholds chosen to establish the national definition of forest may influence 
the assessment of forest area, the estimation of forest change, and the identifica-
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tion of contextually appropriate REDD+ activities for implementation. In this re-
search, forest is defined as land between 0.05 and 1.0 hectare with trees that cover 
more than 10 - 30 percent of the area (or have an equivalent stand density) and 
that can reach a minimum height of 2 - 5 meters in situ at maturity (GIEC, 2006).  

The (GIEC, 2006) guidelines describe three different approaches to representing 
activity data, i.e., the change in area of different land categories.  

Approach 3 provides spatially explicit observations of land use categories and 
conversions, which can detect trends occurring at specific locations and/or using 
gridded maps, such as those obtained from satellite imagery, derived from wall-to- 
wall interpretation mapping techniques. Under a REDD mechanism, land-use chan- 
ge will need to be identifiable and traceable in the future. Thus, Approach 3 is 
the only approach that meets this objective. This approach was therefore used in 
this research. 

The activity data correspond to the areas (ha/year) transiting from one land 
use class to another during the period of interest. The transitions of interest for 
the assessment of GHG emissions are those related to deforestation and forest 
degradation. In contrast, transitions related to natural recovery and land cover 
improvements are considered for the estimation of GHG removals. 

Before proceeding with the actual analysis, the nomenclature used underwent 
a rearrangement by aggregating the land use units into three broad land use cat-
egories that are: forest land (FGFR, FD, FCSB, SASa, FSM), cropland (PT, CJ), 
and other land (PE, HA, SR, SED) to remain consistent with the IPCC recom-
mendations for deforestation emissions inventory.  

The different gross values of deforestation, degradation, natural recovery and 
improvements are derived from the analysis matrix in Table 1 based on (FAO, 
2016). 

Indeed, deforestation is defined by the change from “forest land” to “non-forest 
land”. Its raw value is obtained by summing the conversions from the “forest 
land” category to the “cropland, other land” categories of the cells colored red in 
Table 1. A natural recovery class was distinguished, which made it possible to 
calculate a net deforestation rate by subtracting natural recovery from gross de-
forestation (Issifou Moumouni, 2020). 

The natural recovery rate is obtained by summing the conversions of the 
categories “cropland” and “other land” to “forest land” colored blue in Table 
1. 

Gross degradation (colored yellow in Table 1), on the other hand, is obtained 
by the sum of transitions from the “forest land” category to the sparse (more 
open) “forest land” category, decreasing its capacity to produce goods and ser-
vices and especially to sequester carbon (Issifou Moumouni, 2020). The transi-
tion from dense to sparse forest can sometimes involve deciduous species that 
lose leaf density in the dry season; this type of natural degradation is not the fo-
cus of this research because all satellite images used were taken in the dry season. 

Enhancement is the conversion (colored green in Table 1) of open “forest  
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Table 1. Analysis matrix for deforestation, degradation, natural recovery, and improvements. 

Units 
Forest Land (TF) Cropland (TC) Other Land (AT) 

FGFR FD FCSB SASa FSM PT CJ PE HA SR SED 

FGFR S Dg Dg Dg Dg Re Def Def Def Def Def 

FD Am S Dg Dg Dg Re Def Def Def Def Def 

FCSB Am Am S Dg Dg Re Def Def Def Def Def 

SASa Am Am Am S Dg Re Def Def Def Def Def 

FSM Am Am Am Am S Re Def Def Def Def Def 

PT Rn Rn Rn Rn Rn S bBa bBa bBa bBa bBa 

CJ Rn Rn Rn Rn Rn Re S bBa bBa bBa bBa 

PE Rn Rn Rn Rn Rn Re aBa S bBa bBa bBa 

HA Rn Rn Rn Rn Rn Re aBa aBa S bBa bBa 

SR Rn Rn Rn Rn Rn Re aBa aBa aBa S bBa 

SED Rn Rn Rn Rn Rn Re aBa aBa aBa aBa S 

FD: Dense dry forest; FGFR: Gallery forest and riparian formation; FCSB: Woodland and wooded savannah; SASa: Tree and shrub savannah; FSM: 
Swamp forest and savannah; PT: Plantation (forest, fruit); CJ: Crop and fallow; PE: Water body; HA: Urban area; SR: Rocky surface; SED: Eroded 
and denuded soil. 

Def_gross Gross deforestation: Conversion of TF to TC and AT 

Dg_gross Gross Degradation: Conversion of dense or closed TF to less dense or open TF 

Am Improvement: Conversion of open TF to more closed or dense TF 

Rn Natural recovery: Conversion of CT and AT to FT 

Re Reforestation: Conversion of TF, TC(CJ) and AT to Plantations 

bBa Decrease in TA biomass 

aBa Increase in TA biomass 

S Stability 

Def_net Net deforestation = Gross deforestation—Natural recovery 

Dg_net Net Degradation = Degradation—Improvement 

Source: FAO (2016). 

 
land” categories to more closed or dense “forest land” (Issifou Moumouni, 
2020). 

In the Benin context, afforestation refers to the establishment of forest and 
fruit plantations, improvement of vegetation cover and natural recovery. 

Annual rates were obtained by dividing the overall deforestation rates by the 
number of years of study. 

The overall deforestation rate Tg(Def) is calculated by the following formula: 

( ) ( ); 100
1

Def b n
Tg Def

S
×

=                     (1) 

Def(b; n) is gross (b) or net (n) deforestation and S1 is the area of natural for-
est land in year t1. 
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The overall degradation rate Tg(Dg) is calculated by the following formula: 

( ) ( ); 100
1

Dg b n
Tg Dg

S
×

=                       (2) 

Dg(b; n) is gross (b) or net (n) degradation and S1 is the area of natural forest 
land in year t1. 

Total uncertainty on activity data 
Activity Data (AD) are the product of the deforestation estimate (ha) from the 

proportions of transitions between 2000 and 2018. They combine two types of 
estimates: deforested areas (ha) and proportions of transition between land use 
classes. Both estimates are subject to various sources of error that propagate into 
a total error on each activity data. The error associated with each AD is esti-
mated by following the classical error propagation rule for the product of uncer-
tain quantities. The formula chosen in the present work is the one used by 
(Issifou Moumouni & Toko Imorou, 2019) and is in the form: 

( )
( ) ( )

22ˆ

ˆ
S A S prop

S AD AD
FCA

      = × +         

             (3) 

with (AD): the standard error on the AD of interest, ( Â ): the standard error on 
the deforestation estimate, Â  the deforestation estimate, S(prop): the standard 
error on the proportion of the transition of interest and prop the proportion of 
the transition of interest. A 95% confidence interval is calculated by multiplying 
(DA) by the coast Z = 1.96. 

2.3.2. Methods for Determining Emission Factors (EF) 
The IPCC provides three tiers for the classification of Greenhouse Gas (GHG) 
emissions and removals. The tiers represent an increasing degree of expected 
accuracy of emission factors. The choice of which tier to use depends on the 
availability of data and the capacity of a country. 

Tier 3 methods were adopted for estimating emission factors in this research, 
as their application provides estimates with greater certainty than the lower tiers 
(1 and 2) (Issifou Moumouni, 2020). The choice of Tier 3 requires the use of 
more advanced methods including models and inventory measurement systems 
designed for the national context, repeated over time, driven by high resolution 
activity data, and disaggregated at sub-national to local scales. 

Emission factors are derived from assessments of carbon stock changes in the 
various forest carbon compartments before and after deforestation and degrada-
tion. The IPCC recognizes five carbon storage compartments: aboveground bio-
mass, belowground biomass, litter, dead wood, and soil organic carbon. Among 
these compartments, aboveground woody biomass is the most studied because it 
is the most accessible. According to Molto (2012), it remains “the reference va-
riable for describing the carbon stored in a forest”. This is why in the context of 
this work it is the woody above-ground biomass that is used for the estimation of 

https://doi.org/10.4236/lce.2021.123006


I. Toko Imourou et al. 
 

 

DOI: 10.4236/lce.2021.123006 125 Low Carbon Economy 
 

emission factors. 
Estimation of forest biomass 
Paragraph 8 of decision 12/CP.17 requires that reference emission levels be 

consistent with anthropogenic greenhouse gas emissions from forests. This con-
sistency is achieved by a stratifying forest land into three phytogeographical 
zones for differentiation of emission factors. 

Total biomass (B) is the sum of aboveground (Ba) and belowground (Br) bio-
mass of all inventoried individuals.  

( )1

a r

a

B B
B ou

B R

 +


= 
 +

 with r aB B R= ∗                   (4) 

R: conversion factor of aboveground biomass to belowground biomass. This 
factor is equal to 0.24 (Mokany et al., 2006). 

Total biomass was determined by summing the total amounts of biomass ob-
tained for each vegetation unit within each protected area. Results were pre-
sented in tons per hectare according to (GIEC, 2006) guidelines. Considering the 
climatic specificities of the protected areas, different allometric equations were 
used according to the phytogeographical zones according to the subdivision of 
(White, 1986). 

Guineo-Congolese region 
For the Lama Classified Forest, the generic pantropical model of Chave et al. 

(2014) was used for aboveground biomass estimation. The model has the for-
mula: 

( )20.0673Ba D Hρ= ×                       (5) 

with Ba: Aboveground biomass in kg, D: Diameter measured at breast height 
(cm), H: Total height (m), and ρ: Specific gravity (g/cm3).  

Sudano-Guinean transition zone 
The classified forests of Monts Kouffé, Wari-Maro and Ouémé Supérieur are 

located in the transition zone. As a result, there is a diversity of vegetation units 
according to the humidity gradient. To account for this specificity in the deter-
mination of biomass, the allometric equation of Nakou (2014) was used. It is ex-
pressed by the following formula:  

5 2.1949 0.5317 1.355310.1859 10Ba D H ρ−= × × × ×              (6) 

Bottom: aboveground biomass (ton); D: diameter (cm) measured at 1.3 m 
above ground; H: total height (m); ρ: average species specific gravity (t/m3). 

Sudanian region 
The generic model of (Mbow et al., 2014) adapted for dry regions was used for 

the W Transboundary Biosphere Reserve. 
This model has the formula: 

2 31.929 0.116 0.013Ba D D D= × + × + ×               (7) 

with Ba: Aboveground biomass in kg, D: Diameter measured at breast height 
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(cm). 
Above-ground biomass of plantation species such as Tectona grandis L. and 

Anacardium occidentale L. was calculated by multiplying the bole biomass by 
the Biomass Expansion Factor (BEF). 

For Tectona grandis L 
The equation proposed by (Guendehou et al., 2012) was used to estimate the 

aboveground biomass of individuals of the species. The equation chosen is of the 
form: 

( )exp 2.1209 0.0409 2.4871 lnBf D= − + + ×               (8) 

Ba Bf BEF= ×                         (9) 

with BEF = 1.38.  
Ba: aboveground biomass (kg); B: Bole biomass (kg); D: Diameter (cm) meas-

ured at 1.3 m above ground level; BEF = Biomass of expansion factors (kg). 
For Anacardium occidentale L 
The equation of (Biah et al., 2018) was used for the estimation of aboveground 

biomass. The chosen equation is of the form: 

( )exp 1.85645 0.01656 2.02288 lnBf D= − + + ×           (10) 

Ba Bf BEF= ×                        (11) 

with BEF = 1.61.  
B: aboveground biomass (kg); B: bole biomass (kg); D: diameter (cm) meas-

ured at 1.3 m aboveground. 
Estimation of CO2 Emission Factors (EF)  
To calculate aboveground biomass losses due to deforestation, CO2 equivalent 

emission factors are calculated according to the recommendations of Chapter 
2.2.1 of “GFOI Methods Guidance” for the application of the GIEC (2006) in-
structions in the context of REDD+ from the following equation used by (Issifou 
Moumouni & Toko Imorou, 2019): 

( ) ( ) ( )2-2005, -2015,a j a j Ba eqCOEF B B FC FCC= − × ×            (12) 

EF: emission factors t.eq CO2/ha; 
Ba: aboveground biomass in t.MS;  
j: Transition of interest; 
CF(Ba): Carbon fraction of dry biomass equal to 0.487 proposed by (Gendehou 

et al., 2012).  

( )2CO eqFCC : Carbon to CO2 equivalent conversion factor equal to 44/12. 
Total uncertainty on emission factors 
The standard error associated with the carbon fraction in dry biomass (FC) is 

0.206 (Réjou-Méchain et al., 2017). The 95% confidence interval around FC is 
therefore ± 0.03. Since the emission factor is the product of biomass (Ba) by FC 
and FCC, the uncertainty related to EFs estimated following the classical error 
propagation rule in the case of a product of uncertain quantities. The chosen for-
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mula is the one used by (Issifou Moumouni & Toko Imorou, 2019) and is in the 
form: 

2 2 2EBa EFC EFCCFc Ba
Ba FC FCC

      = × + +             
           (13) 

with EFC: error on CO2 emission factors (t.eq-CO2/ha), EBa: error on above-
ground biomass Ba (tMS/ha), EFC: error on carbon fraction in dry biomass 
(tMS/ha), and EFCC: error on conversion factor to CO2 equivalent (t.eq-CO2/ha). 

2.3.3. Methods for Assessing Historical Emissions (EH) from  
Deforestation and Forest Degradation 

In accordance with the GIEC (2006) Good Practice Guidance on Greenhouse 
Gas Inventories, the calculation of historical emissions from deforestation and 
degradation is done by multiplying activity data (AD) by emission factors (EF). 

The formula proposed by the GIEC (2006) was used to estimate historical 
emissions: 

classe i
HE ADi EFi

−

= ×∑                        (14) 

HE: Historical Emissions in t.eq-CO2; AD: activity data in ha; EF: emission 
factors in t.eq-CO2/ha. 

2.3.4. Methods for Estimating Historical Absorptions (EH) from  
Afforestation 

Historical absorptions are estimated by multiplying activity data with Absorption 
Factors (AF). AF are the amount of carbon absorbed during natural recovery 
(transition from cropland to forest land), improvements (forest land remaining 
forest land), and reforestation. 

classe i
HA ADi EFi

−

= ×∑                        (15) 

AH: Historical absorptions in t.eq-CO2; AD: activity data in ha; AF: absorp-
tion factors in t.eq-CO2/ha. 

GHG emissions from the Agriculture, Forestry, and Other Land Use (AFOLU) 
sector consist of gases other than CO2, namely methane (CH4) and nitrous oxide 
(N2O), generated by agricultural production, livestock, and land management 
activities (Issifou Moumouni & Toko Imorou, 2019). Emissions from energy 
used in agriculture consist mainly of CO2 and, to a lesser extent, CH4 and N2O. 
All emissions are expressed, for convenience and to facilitate comparison across 
domains, in tons of CO2 equivalents (CO2e). 

The estimation of methane (CH4) and nitrous oxide (N2O) emissions was 
done using CO2 equivalent. The advantage of the CO2 equivalent is that it takes 
into account an average of all the greenhouse gases (GHG) involved in global 
warming. Thus, the use of the Global Warming Potential of carbon dioxide 
(GWP of CO2 = 1) over a period of 100 years allowed the conversion of the 
amount of CO2 emitted annually into CH4 and N2O. For the 100-year GWP, the 
ton of CO2 equivalent (t.eq-CO2) is equal to 1 for CO2, 25 for CH4 and 298 for 
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N2O (IPCC, 2007). 

( ) ( )
( )

2
4

4

t.eq-CO
CH

CH
EH

E
PRG

 
=   
 

                 (16) 

( ) ( )
( )

2
2

2

t.eq-CO
N O

N O
EH

E
PRG

 
=   
 

                 (17) 

E(CH4): historical methane emissions, GWP: Global Warming Potential; 
E(N2O): historical emissions of nitrous oxide; 
EH: historical emissions in t.eq-CO2. 

3. Results 
3.1. Activity Data in the Studied Protected Areas 

The Activity Data (AD) resulting from the product of the estimate of deforesta-
tion, degradation, natural recovery of forest improvement and reforestation (in 
ha) from the proportions of transitions between 2000 and 2018 are recorded in 
Table 2. 

The figures in Table 2 show that the Sudano-Guinean Transition zone has a 
CO2 emission potential of approximately 4991.11 t.eq-CO2/ha for an absorption 
potential of 574.93 t.eq-CO2/ha. The Guineo-Congolese region has a potential of 
360.79 t.eq-CO2/ha of CO2 emissions, with an absorption capacity of 401.42 t.eq- 
CO2/ha. Finally, the Sudanian region can emit about 125.71 t.eq-CO2/ha of CO2. 
The global potential of emission for all the protected areas studied is estimated at 
5477.61 t.eq-CO2/ha, against a possible absorption of 976.35 t.eq-CO2/ha.  

As a result, the CO2 emission potential is greater than the absorption potential 
in the Benin protected areas studied. 

 
Table 2. Summary of activity data in protected areas by phytogeographical regions of Benin. 

Phytogeographical subdivisions Protected areas Activity Data Total (ha) 
±95% 

IC 
Annual Annual rate 

(%) (ha) 

Sudanian region RBTW 

Net deforestation 8262 125.97 826.25 0.12 

Net degradation 11,132 146.22 1113.20 0.17 

Afforestation 1272 21.43 127.22 0.02 

Sudano-Guinean 
transition zone 

FCMK Net deforestation 12,665 155.97 1266.52 0.26 

FCWM Net degradation 20,224 197.09 2022.42 0.42 

FCOS Afforestation 1686 24.33 168.63 0.04 

Guineo-Congolese region FCL 

Net deforestation −17 - −1.72 −0.05 

Net degradation 179 18.53 17.88 0.50 

Afforestation 18 1.66 1.81 0.05 

All five protected areas - 

Net deforestation 20,911 282 2091 0.34 

Net degradation 31,535 18.53 3153 1.09 

Afforestation 2976 1.66 298 0.11 

RBTW: W Transboundary Biosphere Reserve; FCWM: Monts Kouffé classified forest; FCWM: Wari-Maro classified forest; FCOS: Ouémé Supérieur classi-
fied forest; IC: uncertainty. 
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3.2. CO2 Emission and Absorption Factors in Protected Areas by  
Phytogeographic Subdivision 

The results of the analysis of CO2 emission and absorption factors in protected 
areas are summarized in Table 3. 

The figures in Table 3 show that the Sudano-Guinean Transition zone has a 
CO2 emission potential of approximately 4991.11 t.eq-CO2/ha for an absorption 
potential of 574.93 t.eq-CO2/ha. The Guineo-Congolese region has a potential of 
360.79 t.eq-CO2/ha of CO2 emissions, with an absorption capacity of 401.42 
t.eq-CO2/ha. Finally, the Sudanian region can emit about 125.71 t.eq-CO2/ha of 
CO2. The global potential of emission for all the protected areas studied is esti-
mated at 5477.61 t.eq-CO2/ha, against a possible absorption of 976.35 t.eq-CO2/ha.  

As a result, the CO2 emission potential is greater than the absorption potential 
in the Benin protected areas studied. 

3.3. Historical Emissions (HE) Due to Deforestation and  
Forest Degradation by Phytogeographical Subdivision 

Table 4 presents the historical emissions from deforestation and forest degrada-
tion in the Benin protected areas studied. 

Examination of Table 4 indicates that total CO2 emissions from deforestation 
are 64.25 Mt.eq-CO2/ha, or 6.42 Mt.eq-CO2/ha/year. In contrast, emissions from 
degradation are estimated at 102.41 Mt.eq-CO2/ha, or 10.24 Mt.eq-CO2/ha/yr. 
These values contain disparities at the scale of the phytogeographical subdivisions. 

Indeed, at the scale of the phytogeographical subdivisions, the highest emis-
sions due to deforestation (63.21 Mt.eq-CO2/ha) and degradation (100.94 
Mt.eq-CO2/ha) are noted in the Sudano-Guinean transition zone. In contrast, 
the Guineo-Congolese region has the lowest emissions from deforestation (−0.01 
Mt.eq-CO2/ha) and degradation (0.06 Mt.eq-CO2/ha). 

Overall, historical emissions from degradation are higher than those from 
 

Table 3. Summary of CO2 emission and absorption factors by phytogeographical subdivi-
sions. 

Phytogeographical 
subdivisions 

Protected 
areas 

EF  
(t.éqCO2/ha) 

±95% IC 
AF  

(t.éqCO2/ha) 
±95% IC 

Sudanian region RBTW 125.71 7.34 NE NE 

Sudano-Guinean 
transition zone 

FCMK 

4991.11 43.48 574.93 27.38 FCWM 

FCOS 

Guineo-Congolese  
region 

FCL 360.79 12.35 401.42 14.69 

All five protected areas  5477.61 63.17 976.35 42.07 

t.eq-CO2: ton of CO2 equivalent; ha: hectare; ±95 IC: uncertainty; NE: not evaluated; RBTW: W Trans-
boundary Biosphere Reserve; FCWM: Monts Kouffé classified forest; FCWM: Wari-Maro classified forest; 
FCOS: Ouémé Supérieur classified forest; EF = Emission factors; AF = Absorption factors. 
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Table 4. Historical net emissions from deforestation and forest degradation by phyto-
geographical subdivisions. 

Phytogeographical subdivisions 
Protected 

areas 

Historical emission (M.teq-CO2/ha) 

Linked to  
deforestation 

Linked to  
degradation 

Sudanian region RBTW 1.04 1.40 

Sudano-Guinean 
transition zone 

FCMK 

63.21 100.94 FCWM 

FCOS 

Guineo-Congolese region FCL −0.01 0.06 

All five protected areas  64.25 102.41 

Annual value for all five protected areas  6.42 10.24 

Mt.eq-CO2: Megatonne CO2 equivalent; ha: hectare; yr: year; ±95 CI: uncertainty; RBTW: W Transboun-
dary Biosphere Reserve; FCWM: Monts Kouffé classified forest; FCWM: Wari-Maro classified forest; 
FCOS: Ouémé Supérieur classified forest. 

 
deforestation in the Benin protected areas studied. 

3.4. Baseline GHG Emissions and Absorption in the Studied  
Protected Areas 

Figure 2 shows the baseline emissions and absorption in the Benin protected 
areas studied. 

The analysis of Figure 2 shows that the overall reference CO2 emissions amount 
to 166.65 Mt.eq-CO2/ha, or 16.67 Mt.eq-CO2/ha/year, against reference absorp-
tions of about 1.14 Mt.eq-CO2/ha, or 0.11 Mt.eq-CO2/ha/year. 

At the level of the phytogeographical subdivisions, in terms of emissions, the 
Sudano-Guinean transition zone has the highest values with approximately 164.15 
Mt.eq-CO2/ha, followed by the Sudanian region with 2.44 Mt.eq-CO2/ha and fi-
nally the Guineo-Congolese region, which emits only 0.06 Mt.eq-CO2/ha. The 

 

 
Figure 2. Baseline net emissions and absorption in the studied protected areas. 
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same trends are observed for the baseline removals. 

3.5. Estimated Annual Emissions of CH4 and N2O in CO2 Equivalent 

The estimated Greenhouse Gas (GHG) emissions, namely carbon dioxide (CO2), 
methane (CH4) and nitrous oxide (N2O) are shown in Table 5. Table 5 presents 
the CH4 and N2O emissions in CO2 equivalent. 

Apart from CO2, which is the main gas emitted in the Agriculture, Forestry 
and Land Use (AFOLU) sector, methane (CH4) and nitrous oxide (N2O) are also 
counted as CO2 equivalents in the GHG emissions balance.  

The figures in Table 5 show that the annual quantity of CH4 (0.66 Mt.eq- 
CO2/ha/yr) and N2O (0.055 Mt.eq-CO2/ha/yr) emitted is greater in the transition 
zone than in the other phytogeographical regions of Benin. In total, the Benin 
protected areas studied emit 0.67 Mt.eq-CO2/ha/yr of methane annually, com-
pared to 0.056 Mt.eq-CO2/ha/yr of nitrous oxide. 
 

Table 5. CH4 and N2O emissions in CO2 equivalent. 

Greenhouse gas PRG 
Sudanian 

region 
Transition zone 
Sudano-Guinean 

Guinean-Congolian  
region 

All five protected 
areas 

CH4 (Mt.éq-CO2/ha/yr) 25 0.01 0.66 0.002 0.67 

N2O (Mt.éq-CO2/ha/yr) 298 0.001 0.055 0.0002 0.056 

GWP: Global Warming Potential; CO2: Carbon Dioxide; CH4: Methane; N2O: Nitrous oxide; Mt.eq-CO2: Megatonne of CO2 equivalent. 

4. Discussion 

Activity data are the areas (ha/year) moving from one land use class to another 
during a period of interest. In the five protected areas studied, the annual rate of 
deforestation is about 0.34% (or 2091 ha/year), while the annual rate of degrada-
tion is 1.09% (3153 ha). Nevertheless, we note an annual afforestation rate of 
0.11% for all the protected areas studied, or 298 ha/year. Overall, it can be de-
duced that the rate of degradation is greater than that of deforestation in the 
protected areas studied. The deforestation rate is estimated at 0.66% in the pro-
tected areas of the Benin cotton basin (Toko Imorou et al., 2018). In the Ouénou- 
Bénou classified forest in northern Benin, the annual deforestation rate is 0.9% 
(1314.4 ha) while the degradation rate is 0.1% or 26.5 ha of the total classified 
forest area (Biaou et al., 2019). In Benin, in general, deforestation, which was es-
timated at 150,000 ha/year between 1960 and 1980, decreased from 70,000 
ha/year between 1990 and 2000 to 50,000 ha/year from 2000 onwards (FAO, 
2015) to 1.51% between 2005 and 2015 (Ahononga et al., 2021). It should be 
noted that these different values are derived from various methods of image in-
terpretation, in this case computer-assisted visual interpretation (Ahononga et 
al., 2021; Issifou Moumouni, 2020) and digital interpretation (pixel-by-pixel 
image classification), as is the case in this research but also in the studies by  
(Toko Imorou et al., 2018), (Biaou et al., 2019) and FAO (2015).  

In accordance with the recommendations of Chapter 2.2.1 of “GFOI Methods 
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Guidance” for the application of IPCC instructions in the context of REDD+, the 
emission factors calculated at the scale of the protected areas studied in Benin 
indicate that the overall CO2 emission potential is estimated at 5477.61 t.eq-CO2, 
against a possible absorption of 976.35 t.eq-CO2. Overall, the CO2 emission po-
tential is greater than the absorption potential in the protected areas studied in 
Benin. (Toko Imorou et al., 2018) obtained 2566.35 t.eq-CO2/ha in the protected 
areas, 21,391.72 t.eq-CO2/ha of the Benin cotton basin. In contrast, in the Democrat-
ic Republic of Congo, the national forest monitoring system obtained about 1222.97 
t.eq-CO2/ha by assessing the baseline emission level of forests in the country (Kosa & 
Muamba, 2018). These same authors in 2018 obtain 320.94 t.eq-CO2/ha. Based on 
phytogeographical zones, the emission factors for dense tropical forest, dense deci-
duous forest and dry tropical forest zones are 534.23; 448.067 and 206.8 t.eq-CO2/ha 
in Côte d’Ivoire, respectively (SEP-REDD/RCI, 2017). In the Brazilian Amazon, 
emission factors by vegetation type have a weighted average of 151.6 tC/ha. 

CO2 emissions due to deforestation amount to 64.25 Mt.eq-CO2/ha, or 6.42 
Mt.eq-CO2/ha/year in the Benin protected areas studied. On the other hand, 
emissions due to degradation are estimated at 102.41 Mt.eq-CO2/ha, or 10.24 
Mt.eq-CO2/ha/year. Overall, historical emissions from degradation are higher 
than those from deforestation in the studied protected areas. In Ghana, emis-
sions from deforestation in dense forests are 15,306,408 t.eq-CO2/yr, while open 
forests emit nearly 17,640,520 t.eq-CO2/yr (FAO, 2016). Historical emissions for 
dense tropical forests, dense deciduous forests, and dry tropical forests are 
430,885,573.36 t.eq-CO2/ha, 460,836,752.05 t.eq-CO2/ha, and 32,628,325.16 t.eq- 
CO2/ha, respectively, in Côte d’Ivoire (SEP-REDD/RCI, 2017). Historical CO2 
emissions are estimated in the protected areas of the Middle Sota Basin between 
2005 and 2015 at 2.23 Mt.eq-CO2/ha, or 0.02 Mt.eq-CO2/ha/year. The CO2 emis-
sion trajectory is an indicator for measuring the degree of disturbance of an en-
vironment. (FAO, 2016) obtains in Ghana total emissions due to deforestation of 
28,487,942 t.eq-CO2/year. In contrast, in the DRC between 2010-2014, these 
emissions were estimated at 827.80 Mt.eqCO2/ha/year, or 2.74 t.eqCO2/ha/year. 
The Kyoto Protocol provision on natural disturbances sets the default baseline at 
about 800 t.eqCO2. Historical CO2 emissions are 23,304.17 t.eqCO2/ha/yr in the 
cotton basin of Benin (Toko Imorou et al., 2018). In Côte d’Ivoire, average an-
nual emissions are 95,330,436 t.eq-CO2/ha (SEP-REDD/RCI, 2017). From the 
GHG inventory in Benin, it appears that emissions are about 7035.71 Gg.eq.-CO2 
for a carbon sequestration potential estimated at 5594.62 Gg.eq.-CO2 in 2000, 
i.e., a net emission of 1441.09 Gg.eq-CO2 (Satoguina, 2011). While Côte d’Ivoire 
estimates removals at 3,859,808 t.eq-CO2/year during the period 2000-2015, in the 
middle Sota basin, removals due to natural recovery are of the order of 494.95 
t.eq-CO2/ha/year and those related to improvements are of the order of 13,628 
t.eq-CO2/ha/year. The historical average gross emissions from forests over the 
period 2000-2015 in the Méau Region of southern Côte d’Ivoire are estimated to 
be 3,268,931 t.eq-CO2/yr ± 531,654 t.eq-CO2/yr (Ouattara, 2017). 
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Overall, the studied protected areas emit 0.67 Mt.eq-CO2/ha/yr of methane an-
nually, compared to 0.056 Mt.eq-CO2/ha/yr of nitrous oxide. In the middle Sota ba-
sin, according to (Issifou Moumouni & Toko Imorou, 2019) the amount of CH4 as 
well as N2O is 795.34 t.eq-CO2/ha/yr and 84.04 t.eq-CO2/ha/yr in protected areas. 
(Toko Imorou et al., 2018) estimated these two gases at 59,026.03 t.eq-CO2/ha/yr and 
795,568.16 t.eq-CO2/ha/yr respectively in protected areas in northeast Benin. 

5. Conclusion 

The estimation of baseline emissions and removals due to deforestation and de-
gradation in the protected areas studied in Benin has made it possible to high-
light the impacts of deforestation and forest degradation phenomena on the cli-
mate in the context of global change. The direct impact of deforestation and de-
gradation is the high rate of CO2 emission recorded in the 18-year interval. Over-
all, the rate of degradation is greater than that of deforestation in the five pro-
tected areas in the study. It is also noted that the potential for GHG emissions is 
greater than that of absorption. The consequence of these results is that histori-
cal emissions due to degradation are greater than those due to deforestation in 
Benin’s protected areas. To make matters worse, GHG emissions are higher than 
GHG removals in the protected areas studied.  

It is therefore clear that actions to mitigate GHG emissions must be undertaken 
directly in Benin’s protected areas to safeguard what can still be safeguarded in 
order to achieve the 2025 vision of the national forest policy, which aims to make 
Benin a green country where forest, wildlife and natural resources are managed 
sustainably to meet the ecological, economic and socio-cultural needs of the pop-
ulation and contribute to poverty reduction, food security and the fight against 
climate change. 

The main contribution of this research is the knowledge of the reference emis-
sion and absorption levels of greenhouse gases in the protected areas of Benin. 

The innovation of the research is expressed here in terms of technical achieve-
ments resulting from the study. The technical achievements resulting from this 
work are: 

1) New approaches for estimating baseline emission and absorption levels for 
forests;  

2) Forest biomass and carbon estimation techniques; 
3) Forest biomass spatialization techniques;  
4) Carbon spatialization techniques. 

Recommendations 

At the end of this research, it is appropriate to make some recommendations to 
the various actors to enable Benin to fully meet its international commitments in 
order to contribute effectively to the mitigation of global warming. 

In view of the interesting results obtained in the framework of this work, it is 
appropriate to: 
- Extend the estimation of the reference emission level of forests to all pro-
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tected areas of the country with the same approach; 
- Conduct another large-scale forest inventory to obtain reliable data. These 

data on above-ground biomass and dead wood will make it possible to refine 
the FREL/FRL in the short term; 

- Work towards the availability of national scale mapping data over a period of 
10 years, using satellite data (e.g. MODIS data: burn area; LiDAR) on a na-
tional scale could allow the consideration of gases other than CO2. This in-
cludes CH4 from vegetation fires that are very recurrent in the northern half 
of the country during the dry season. 

To reduce the pressure on forests within protected areas, several recommen-
dations were made by the populations to the communal authorities and the gov-
ernment, including: 
- Supporting young people in the creation of micro-projects and businesses; 
- Strengthening the promotion of income-generating activities other than agri-

culture; 
- Financing studies on the search for innovative solutions to land degradation 

problems; 
- Promoting village nurseries to support reforestation; 
- Promoting communal and community plantations and forests as well as pri-

vate plantations; 
- Promoting renewable energies, especially solar and biogas, to reduce pressure 

on wood energy; 
- Promoting sustainable land management techniques and adaptation to cli-

mate change; 
- Regulating forestry exploitation; 
- Promoting climate-smart agriculture. 
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