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Abstract 
The topic of carbon sequestration in forest ecosystems has recently taken a lot 
of attention due to concerns about global climate change. As a spontaneous 
species of the Central Middle Atlas, the Atlas Cedar was the subject of our 
study. Thus, a total of 30 sample trees were subjected to the weight measure-
ments for the estimation of biomass and organic carbon stock in a logging lot 
in the Azrou forest. The amount of sequestered carbon was then extrapolated 
in all stand forests studied from the developed carbomass models. The results 
obtained show that the largest allocation of carbon stock (93%) is in the stem, 
followed by branches (5%) and foliage (2%). The average carbon storage in 
this cedar forest is 99.42 tC/ha (aboveground and belowground), or 364.58 
t/ha of CO2, a value significantly higher than that found in other Moroccan 
forest ecosystems. 
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1. Introduction 

The increase in greenhouse gas (GHG) concentrations in the atmosphere is cur-
rently recognized as the main cause of climate change, which, according to sev-
eral studies, will result in an increase in global temperature and the frequency of 
extreme weather events, as well as a rise in sea level (Boer et al., 2000). This real-
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ity is generating growing interest in carbon sequestration projects, based on 
woody species that store a considerable amount of this element in their biomass 
through photosynthesis (Mcghee et al., 2016). The most significant increases in 
catchment occur when moving from a low biomass system (annual crops, grass-
lands, fallows) to a tree-based system (Palm et al., 2000). Indeed, the forest is the 
most important terrestrial carbon reservoir. It sequesters 9.2 gigatonnes of net 
CO2 emissions per year, equivalent to 33% of global GHG emissions (IPCC, 
2014). 

The Atlas Cedar (Cedrus atlantica Manetti) is a species found in mountainous 
areas and grows between 1500 and 2500 m of altitude (Emberger, 1939; Pujos, 
1964). It is a much more majestic and imposing looking tree than other species 
(Lepoutre & Pujos, 1964; M’hirit, 1994a; M’hirit, 1994b). It easily exceeds 40 m 
in height and 2 to 3 m in circumference. It covers more than 116,000 ha in the 
Middle and High Atlas and 15,000 ha in the Rif (IFN, 2003). Outside Morocco, 
its natural area occupies about 50,000 ha in the mountains of Algeria (Damnati 
et al., 2014). It covers a wide range of climates, from sub-humid, humid to the 
Mediterranean mountainous region. Its optimal bioclimatic environment, which 
is located at the Mediterranean mountain level between 1,600 m and 2,000 m, 
specifies the good forest stands, mainly in a humid bioclimatic environment 
with a cold to very cold variant (Achehboune, 2006). 

The drought of recent years and especially a decrease in density, following the 
phenomenon of depressant and various cuts in these stand forests, have reduced 
its area of distribution (HCEFLCD, 2006). It is a traditional element of Moroc-
can culture and landscape; it is also an important economic resource for Mo-
rocco, accounting for 90% of the country’s timber resources and providing about 
90,000 m3 of firewood each year (El Abid, 1993). 

According to our investigations, no work has so far targeted carbon sequestra-
tion in Moroccan cedar ecosystems. The objective of this study is to evaluate the 
organic carbon stock sequestered in cedar stands in the Central Middle Atlas 
using new adjustment and modelling approaches and techniques. The developed 
carbomasses are necessary and essential tools for sustainable and rational man-
agement of the Atlas Cedar ecosystem. 

2. Material and Methods 
2.1. Presentation of the Studied Area 

The study was carried out in the Azrou forest, located on the northern edge of 
the Middle Atlas Plateau during 2018 (Figure 1), characterized by contrasting 
relief with very variable elevations ranging from 1250 m to 2103 m. Rainfall is 
relatively high, averaging around 982 mm/year over a 30-year cycle and occur-
ring as rain or snow. As for the thermal regime, January is the coldest month 
with a minimum monthly average value of −1.31˚C over a 30-year cycle followed 
by February and December. The highest maximum monthly average tempera-
tures are observed in July (29.50˚C) and August (29.51˚C) (Achehboune, 2006;  
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Figure 1. The map of studied area. 

 
Laaribya, 2016). Emberger’s rainfall coefficient at the level of this forest varies 
between 101 and 114, thus defining a humid Mediterranean bioclimate with a 
cold and sub-humid variant with a temperate variant. The climate is also cha-
racterized by severe storms, particularly in summer, making it more favorable to 
the establishment and development of the cedar forest. 

The composition of forest formations in the Azrou Forest (Table 1) includes 
pure atlas cedar stands, cedar mixed mainly with green oak, pure green oak 
stands and reforestation with cedar, Arizona cypress and poplar (HCEFLCD, 
2007). 

2.2. Methodological Approach 

Estimating the carbon stock of the trees as well as in their components (stem, 
branches and foliage) requires an assessment of their biomass. Indeed, the trees’ 
wood contains a significant fraction of carbon contained in the biomass and 
considered as a carbon reservoir. Thus, knowing the relationship between bio-
mass and tree carbon content in the studied area, it is relatively simple to esti-
mate the amount of carbon sequestered by this forest. Estimating biomass is a  
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Table 1. The vegetal composition of the Azrou forest. 

 Azrou forest 

Vegetation Area on ha Percentage in the total forest (%) 

Pure Cedar 1˚497.41 8.41 

Mixture of cedar and green oak forest 7˚182.03 40.33 

Pure green oak 4419.77 24.82 

Reforestation (Cedar + Cypress + Poplar) 315.12 1.78 

Other (Asylvatic empties + secondary species) 4392.45 24.67 

 
difficult operation and often faces two difficulties: one strictly material relating 
to the amount of work required to establish individual biomasses, the other 
concerns the extrapolation of individual results to the entire stand forest, which 
involves cutting down a significant number of trees (Belghazi & Ezzahiri, 2002). 

In order to calculate the individual biomass, we took the opportunity of the 
current operations of the wood exploitation in a cedar stand forest plot. Thus, a 
sample of 30 trees based on circumference classes was selected to carry out the 
following measurements: 
- Measurements of the circumferences at 1.30 m from the ground of standing 

trees using an electronic compass and the total lengths of these trees cut 
down using a tape measure; 

- Separation of the different parts of each tree and weighing of the: 
- The branches (in kg) using a Poket Balance with an accuracy of one kilo-

gram; 
- The foliage using an electronic scale with an accuracy of one gram; 
- and calculating the weight of the stem by multiplying the volume by the den-

sity of the cedar wood. 
- At the end of these weighings, we took a sample: 
- On the stem, three 5 cm thick washers: one at the base, one at mid-length 

and one at the cut-out 5 cm in diameter; 
- At the level of the average branch of each tree, a 3 cm thick washer at 

mid-length; 
- On the foliage, a sample of about 100 grams of each tree. 

The washers and foliage sample were placed in polyethylene pouches for oven 
drying for 24 hours at 105˚C for wood and 65˚C for foliage respectively to de-
termine their dry weight (Riedacker, 1978 in Belghazi et al., 2001). In order to 
determine the organic carbon concentration in each component of the tree, 
wooden aliquots and foliage were collected from each tree sample. These ali-
quots were then placed in a muffle furnace for calcination at 600˚C for 24 hours. 

In order to extrapolate the carbon stock estimate to all the studied stand fo-
rests, we carried out an exhaustive inventory of the circumferences at 1.30 m 
from the ground of all trees within plot 4, the subject of this study. 
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3. Allometric Models Used 

The method commonly used for estimating the carbon stock in the epigeal part 
is based on allometric (carbomass models) equations that express the relation-
ship between tree dimensions and the organic carbon stock. This method most 
often uses the circumference at 1.30 m from the ground and the total height as 
explicative variables. Thus, we estimated according to each compartment of the 
tree (Table 2), the general equations, widely used and mostly adopted in forest 
biomass studies (Boulmane, 2013; FAO, 2012; Mcghee et al., 2016; He et al., 
2018). After their linearization, these equations were estimated by the linear re-
gression method using the R program. 

The choice of the best model was based on the analysis of a number of statis-
tical parameters, namely: 
- The coefficient of determination (R²) which reflects the part of the varia-

tion explained by the model that must be high. This parameter is calculated 
as follows: 2 1R SCR SCT= − . 

With SCR: The total of the residue squares and SCT = The sum of the total 
squares. 
- Durbin-Watson statistics (D) which reflect the independence of the resi-

dues; 
According to the Durbin-Watson table, a value of less than 2 indicates the ex-

istence of a positive correlation between successive residues and a value of more 
than 2 corresponds to a negative correlation between these same hazards. On the 
other hand, a value close to 2 does not reject the hypothesis of the independence 
of the residues (Tranchefort, 1984). The calculation formula is as follows: 
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 with: e means residue. 

- Akaike Information Criterion (AIC), based on the principle of likelihood, 
it allows models to be penalized according to the number of parameters in 
order to satisfy the parsimony criterion. The model with the weakest Akaike 
information criterion is then chosen (Akaike, 1974). AIC is calculated as fol-
lows: ( )2ln 2AIC l qθ= − +  with ( )l θ  is the vraisemblance of the model 
and q is the number of estimated free parameters. 

 
Table 2. Models of equations adopted for estimating the carbon stock per tree compart-

ment. 

Tree compartment Adopted equations 

Total tree and stem 
SCOT = a(C2H)b 
SCOT = aCbHd 

Branches 
SCOBr = a(C2H)b 

SCOBr = a + b(C2H) 

Foliage 
SCOF = a + b(C2H) 
SCOF = a + b(CH) 

C: tree circumference at 1.30 cm (m); H: total tree height (m); a, b and d: regression coefficients to be es-
timated; SCOT: total organic carbon stock; SCOBr: branch organic carbon stock; SCOF: organic carbon 
stock of the foliage. 
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- The Standard Mean Square Error (RMSE) is the square root of the MSE 
(mean square error), it is the arithmetic mean of the squares of the differenc-
es between forecasts and observations, a value to be minimized in a simple or 
multiple regression. The method is based on the nullity of the average of the 
residues. The best model is the one with a lower RMSE. it is calculated as fol-
lows: 

( )2

1

ˆln lni in
nRMS

Y
E

Y

n=

−
= ∑  where Yi and îY  are observed and predicted 

values of the model, n is the number of sample tree. 
- Residue analysis to verify the equality of variances, the normality of the re-

sidues and the absence of their self-correlation. As part of this study, we veri-
fied these assumptions using the graphical method. 

4. Results 

Dendrometric description of the forest stands studied: 
The results of the inventory of the forest stands studied are summarized in 

Table 3. The average age of the stands in this forest was determined by counting 
the rings in the felling section. 

Height-Circumference relationship: 
Establishing the height-circumference relationship at 1.30 m allows the results 

of individual carbomass to be extrapolated to all stand forest. The relationship 
obtained is of a linear type that is better adapted to this type of observations, 
whose statistical characteristics and graphical residue analysis are presented in 
Table 4 and Figure 2. 

This relationship makes it possible to estimate the total height of all trees in 
the stand, knowing their circumference at 1.30 m; this will then make it possible 
to estimate the carbomass per hectare which is correlated to both the circumfe-
rence at 1.30 m and the total height of the tree. 

Fitting of carbomass models: 
The determination of the carbomass of the different compartments of the 

sample trees requires knowledge of their biomasses and carbon contents. The 
results of the average carbon concentration for each compartment calculated 
from the aliquots analyzed in the laboratory are presented in Table 5. 

Table 5 shows that the average carbon concentration per tree remains slightly 
higher than those used by the IPCC (2007), which ranged from 0.47 to 0.55, that 
are often used as default C concentrations in forest biomass studies (Mcghee et 
al., 2016). 
 
Table 3. Dendrometric characteristics of the Azrou forest. 

Forest 
Average 

age (years) 
Area (ha) 

Density  
(nb of tree/ha) 

Basal area 
(m2/ha) 

Volume 
(m3/ha) 

Azrou 105 127.68 107 28.48 349.86 
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Table 4. Statistical characteristics of the height-circumference model. 

Fitted model R2 RMSE D AIC 

H = −6.809 + 28.356C − 6.781C2 80.87 7.595 2.011 138.11 

R2: The Coefficient of Determination; RMSE: The Standard Mean Square Error; D: Durbin-Watson Statis-
tics; AIC: Akaike Information Criterion; C: Tree Circumference at 1.30 cm (m); H: Total Height of the 
Tree (m). 

 
Table 5. Carbon concentration in the tree component. 

Compartment Stem Branches Foliage Average 

% carbon 57.41 57.30 54.60 56.43 

 

 
Figure 2. Graphical analysis of the residues of the height-circumference model. 

 
The results of the estimation of the carbomass models by the linear regression 

technique with logarithmic transformation of the tree samples and their statis-
tical analysis are reported in Table 6 and Figure 3. However, the logarithmic 
transformation introduced a systematic bias, which can generally be corrected 
with the correction factor (CF) calculated as follows: 

( )2exp 2CF SEE=  (He et al., 2018) 
With SEE is the standard error of the estimate. 
By comparing the statistical criteria presented in the previous table and the 

graphical analysis of the residues of the fitted models (Figures 3-6), we have se-
lected the following best performing models: 

2.09897 0.406353.05SCOT C H− =  for total tree, whose initial expression is: 
( ) ( ) ( )ln 1.378 2.09897 ln 0.40631lnSCOT C H= + +  

- 2.19062 0.3641853.624SCOTr C H=  for stem; 
- 1.03640 0.8917SCOBr C H=  for the branches; 
- ( )0.671045 0.024967SC CHOF +=  for the foliage. 

Organic carbon stock in the above-ground part: 
The application of the carbomass tariffs used for each part of the tree and for 

the entire tree allowed us to estimate the organic carbon stock per hectare at the  
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Table 6. Statistical characteristics of the fitted models. 

Components Fitted models R2 RMSE D AIC CF 

Total tree 
( ) ( )2ln 1.033 0.86057 lnSCOT C H= +  98.51 1.57 1.46 −26.42 1.009 

( ) ( ) ( )ln 1.378 2.09897 ln 0.40631lnSCOT C H= + +  99.42 1.57 2.45 −50.64 1.004 

Stem 
( ) ( )2ln 0.970 0.88865lnSCOTr C H= +  98.21 1.65 1.34 −19.09 1.013 

( ) ( ) ( )ln 1.380 2.19062ln 0.36418lnSCOTr C H= + +  99.33 1.65 2.38 −45.64 1.005 

Branches 

( ) ( )2ln 0.476 0.6386lnSCOBr C H= − +  80.27 1.27 1.85 37.08 1.10 

( )211.82779 0.19125SCOBr C H= +  66.78 16.95 1.52 198.78 - 

( ) ( ) ( )ln 1.03640ln 0.89171lnSCOBr C H= +  98.25 1.26 2.03 34.83 1.09 

Foliage 
( )21.0523186 0.0062839SCOF C H= +  63.65 0.89 1.26 36.01 - 

( )0.671045 0.024967SCOF CH= +  69.02 0.90 1.56 31.70 - 

R2: The Coefficient of Determination; RMSE: The Standard Mean Square Error; D: Durbin-Watson Statis-
tics; AIC: Akaike Information Criterion; CF: Correction Factor; SCOT: Total Organic Carbon Stock of the 
Tree (kg); SCOTr: Total Organic Carbon Stock of the Stem (kg); SCOBr: Total Organic Carbon Stock of 
the Branches (kg); SCOF: Total Organic Carbon Stock of the Foliage (kg); C: Tree Circumference at 1.30 
cm (m); H: Total Height of the Tree (m). 

 

 
Figure 3. Graphical analysis of the residues of the model selected for the total tree. 

 

 
Figure 4. Graphical analysis of the residues of the model selected for stem. 
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Figure 5. Graphical analysis of the residues of the model selected for the branches. 

 

 
Figure 6. Graphical analysis of the residues of the model selected for the foliage. 
 
level of the studied forest stands. The average storage rate is 77.07 tC/ha. The 
contributions of stem, branches and foliage in this storage are 93%, 5% and 2% 
respectively. 

Organic carbon stock in the below-ground part: 
If the below-ground biomass is considered a carbon reservoir, it can be calcu-

lated using the roots shoot ratio, which is the ratio of below-ground biomass to 
above-ground biomass. The below-ground biomass had been estimated by 
Mcghee et al. (2016) to be 25% of above-ground biomass. However, the same ra-
tio is estimated at 0.29 of the above-ground biomass for conifers by IPCC (2006). 

The stand forests understudied sequestered a significant amount of carbon in 
the below-ground portion estimated at 22.35 tC/ha in this forest. 

Conversion of carbon to carbon dioxide: 
To date, the carbon stock has been described in terms of biomass and carbon. 

Climate change refers to emissions from changes in land use patterns in terms of 
carbon dioxide (CO2). To convert the amount of carbon to carbon dioxide, the 
amount of carbon must be multiplied by 3.667 (derived from the ratio of mole-
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cular weights of CO2/C. i.e. 44/12 or 3.67) (IPCC, 2006; Mcghee et al., 2016). 
Using this coefficient, the quantity of CO2 sequestered in the Azrou forest 
amounts to 364.58 t/ha. 

5. Discussion 

Mitigating the effects of climate change is now one of the strategies being consi-
dered to address global warming. This strategy aims to mitigate greenhouse gas 
(GHG) emissions by reducing their sources and consolidating their sinks (Nad-
hem, 2011). In view of the global GHG emissions balance on a global scale, the 
“plant matter compartment” plays an important regulatory role through organic 
carbon sequestration. Indeed, the studied forest contributes positively to this 
mechanism through the sequestration of a considerable amount of organic car-
bon. This stock records the value of 99.42 tC/ha in the Azrou forest. This im-
portant storage in the Azrou cedar forest can be explained by the dendrometric 
characteristics of these stands (density: 107 tree/ha; basal area: 28.48 m2/ha). 
This finding is consistent with that of Le Clec’h et al. (2013), who concluded that 
the highest carbon stocks are found in the most forested areas (dense forests). To 
our knowledge, this work is the first of its kind in the Mediterranean region to 
estimate carbon stocks in cedar forests in the Atlas Mountains. The values found 
in this forest are still higher than those found in other forest ecosystems in Mo-
rocco. The study carried out by Oubrahim et al. (2015) estimated the carbon 
stock in Maâmora cork oak stands in Morocco at 40.84 and 77.70 tC/ha de-
pending on afforestation density. Carbon sequestration in the green oak forests 
of the Middle Atlas was estimated by Boulmane et al. (2010) at 58 tC/ha in the 
Reggada forest and 64 tC/ha in the Tafchna forest. The superiority of the pro-
portion of carbon sequestered by cedar can be explained by the fact that the vo-
lume increase of the species is 5 to 6 times higher than that of the green oak 
mentioned above. 

6. Conclusion 

Understanding the carbon balance and dynamics in plant matter for sustainable 
management of forest ecosystem resources and functions requires the quantifi-
cation of biomass and tree carbon stock. It is with this in mind that our study 
aimed at estimating carbon sequestration in the Azrou cedar forest through the 
development of carbomass models, using regression techniques is part of this 
approach. This work shows that multiple linear regression models by logarith-
mic transformation are most efficient for the whole tree, trunk and branches. 
The simple linear regression model without logarithmic transformation is best 
suited for adjusting the carbon stock in needles. The largest allocation of this 
stock is included in stem (93%), followed by branches (5%) and foliage (2%). By 
extrapolating the carbon stock in all stands of the studied forest, which covers a 
total area of 17,806 ha, the quantity sequestered in this cedar forest is 99.42 
tC/ha (overhead and underground), or 364.58 t/ha of CO2 value significantly 
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higher than that found in other Moroccan forest ecosystems. 

Conflicts of Interest 

The authors declare no conflicts of interest regarding the publication of this pa-
per. 

References 
Achehboune, J. (2006). Current State of Cedar Decline from the Atlas in the Central Mid-

dle Atlas in Relation to the Station and Forestry (Case of Forests: JbelAoua South and 
Ait Youssi of Amekla) (78 p + appendices). Master’s Thesis, Sale, Morocco: ENFI. (In 
French) 

Akaike, H. (1974). A New Look at the Statistical Model Identification. IEEE Transactions 
on Automatic Control, 19, 716-723. https://doi.org/10.1109/TAC.1974.1100705 

Belghazi, B., & Ezzahiri, M. (2002). Foliar Biomass of Green Oak (Quercus rotundifolia 
Lam.) as a Fodder Resource: Example of Oak Forests in the Middle Atlas. Central Pla-
teau and Eastern Morocco, Drought: 13. 

Belghazi, B., Ezzahiri, M., Aoid, S., & El-Tobi, M. (2001) Estimation of Green Oak Bio-
mass in the Aït Hatem Forest (Oulmes). Annals of Forest Research, 34, 9-16. (In 
french) 

Boer, G. J., Flato, G., & Ramsden, D. (2000). A Transient Climate Change Simulation with 
Greenhouse Gas and Aerosol Forcing: Projected Climate to the Twenty-First Century. 
Climate Dynamics, 16, 427-450. https://doi.org/10.1007/s003820050338 

Boulmane, M. (2013). Biomass, Mineral Oil and Nutrients Returning to the Soil in the 
Quercus Ilex of the Middle Moroccan Atlas. Rabat, Morocco: Forest Research Center.  

Boulmane, M., Makhloufi, M., Bouillet, J. P., Saint-Andre, L., Satrani, B., Halim, M., & El 
Antry, S. (2010). Estimated Organic Carbon Stock in the Quercus ilex Moroccan Mid-
dle Atlas. Acta Botanica Gallica, 157, 451-467. (In French)  
https://doi.org/10.1080/12538078.2010.10516222 

Damnati, B., Ben Hardouze, H., Guibal, F., & Hoffsu, P. (2014). Climate Reconstruction 
Based on Dendroclimatology: Preliminary Study of the Atlas Cedar Case. Resear-
chGate. (In French) 

El Abid, A. (1993). Review of Research in Morocco on the Exploitation and Valorization 
of Cedar. Annals of Forest Research, 27, 628-637. (In French) 

Emberger, L. (1939). General Overview of the Vegetation of Morocco. Commentary on 
the Phyto-Geographical Map of Morocco, 1/500 000˚. Bern: Hans Huber. 

FAO (2012). Manual for the Construction of Allometric Equations for the Estimation of 
Tree Volume and Biomass: From Field Measurement to Prediction. Food and Agricul-
ture Organization of the United Nations, and Centre for International Cooperation in 
Agronomic Research for Development (220 p). Rome, Montpellier. (In French) 

HCEFLCD (2006). Study of the Causes of Decline of the Cedar Grove of the Middle Atlas 
(118 p). (In French) 

HCEFLCD (2007). Concerted Forest Management Studies and Collective Rangelands in 
the Province of Ifrane: Azrou Forest, Management Plan (66 p). (In French) 

He, H. J. et al. (2018). Allometric Biomass Equations for 12 Tree Species in Coniferous 
and Broadleaved Mixed Forests, Northeastern China. PLoS ONE, 13, e0186226.  
https://doi.org/10.1371/journal.pone.0186226 

IFN (2003). National Forest Inventory. (In French) 

https://doi.org/10.4236/ojf.2019.93011
https://doi.org/10.1109/TAC.1974.1100705
https://doi.org/10.1007/s003820050338
https://doi.org/10.1080/12538078.2010.10516222
https://doi.org/10.1371/journal.pone.0186226


M. El Mderssa et al. 
 

 

DOI: 10.4236/ojf.2019.93011 225 Open Journal of Forestry 
 

IPCC (2006). Guidelines for National Greenhouse Gas Inventories. Vol. 4, Agriculture, 
Forestry and Other Land Use. 

IPCC (2007). Climate Change: Climate Change Assessment: Report of the Synthesis. Pub-
lished for Decision-Makers, 114 p.  

IPCC (2014). Climate Change 2014: Synthesis Report. Contribution of Working Groups I, 
II and III to the Fifth Assessment Report of the Intergovernmental Panel on Climate 
Change (Under the leadership of the main drafting team, R.K. Pachauri and L.A. Mey-
er, 161 p). Geneva, Switzerland: IPCC. (In French) 

Laaribya, S. (2016). Dynamics and Radial Growth of the Atlas Cedar (Cedrus atlantica) 
Case of the Azrou Forest (Morocco), Nature and Technology, B-Agronomic and Bio-
logical Sciences: 23 to 36. (In French) 

Le Clec’h, S., Oszwald, J., Jégou, N., Dufour, S., Cornillon, P. A., Miranda, I. D. S., Gon-
zaga, L., Grimaldi, M., Gond, V., & Arnauld de Sartre, X. (2013). Mapping Carbon 
Stored in Vegetation: Prospects for Spatialization of an Ecosystem Service. Bois et Fo-
rets des Tropiques, 316, 35-48. (In French)  
https://doi.org/10.19182/bft2013.316.a20529 

Lepoutre, B., & Pujos, A. (1964). Climatic Factors Determining the Degermination Con-
ditions of Cedar Seedlings. Annales de la Recherche Forestière au Maroc, 7, 23-54. (In 
French) 

M’hirit, O. (1994a). Atlas Cedar (Cedrus atlantica Manetti). General Presentation and 
State of Knowledge through the Silva Mediterranea Network “CEDRE”. Annals of For-
est Research in Morocco, 27, 3-21. (In French) 

M’hirit, O. (1994b). Cedar Growth and Productivity: Multidimensional Approach to the 
Study of Production Station Links. Annals of Forest Research in Morocco, 27, 295-312. 

Mcghee, W., Saigle, W., Padonou, E. A., & Lykke, A. M. (2016). Methods for Calculating 
Tree Biomass and Carbon in West Africa. Annals of Agronomic Sciences, 20, 79-98. 
(In French) 

Nadhem (2011). Global Warming and Vulnerability of Mediterranean Soils: Spatializa-
tion and Carbon Sequestration in Tunisia. Doctoral Thesis. (In French) 

Oubrahim, H. et al. (2015). Carbon Storage in Degraded Cork Oak (Quercus suber) Fo-
rests on Flatlowlands in Morocco. iForest-Biogeosciences and Forestry, 9, e1-e13.  
https://doi.org/10.3832/ifor1364-008 

Palm, C. A., Woomer, P. L., Alegre, J., Arevalo, L., Castilla, C., Cordeiro, D. G., Feigl, B., 
Hairiah, K., Kotto-Same, J., Mendes, A., Moukam, A., Murdiyarso, D., Njomgang, R., 
Parton, W. J., Ricse, A., Rodrigues, V., Sitompul, S. M., & Van Noordwijk, M. (2000). 
Carbon Sequestration and Trace Gas Emissions in Slash-and-Burn and Alternative 
Land Uses in the Humid Tropics. Final Report, Nairobi, Kenya: Alternatives to Slash 
and Burn (ABS), Climate Change Working Group, Phase II, ICRAF, 29 p. 

Pujos, A. (1964). The Cedar Forest of Morocco. Annals of Forest Research, 8, 1-283. 

Riedacker R. (1978). Indirect Methods for Estimating Tree and Forest Biomass. France: 
INRA and CNRF, 24 p. (In French)  

Tranchefort, J. (1984). Regression: Application to Agronomy. Paris: ITCF.  

 
 
 

https://doi.org/10.4236/ojf.2019.93011
https://doi.org/10.19182/bft2013.316.a20529
https://doi.org/10.3832/ifor1364-008

	Estimation of Carbon Sequestration; Using Allometric Equations; in Azrou Cedar Forests (Cedrus atlantica Manetti) in the Central Middle Atlas of Morocco under Climate Change
	Abstract
	Keywords
	1. Introduction
	2. Material and Methods
	2.1. Presentation of the Studied Area
	2.2. Methodological Approach

	3. Allometric Models Used
	4. Results
	5. Discussion
	6. Conclusion
	Conflicts of Interest
	References

