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Abstract 
Citrus is one of the major fruit crops in Cuba. Its perennial nature, the planted area and the time of 
productive exploitation turn it into a potential sink of atmospheric carbon. The present study was 
focused on the obtainment of two models that allow the quantitative estimation of carbon reten- 
tion by citrus groves. The research was done in two commercial groves: orange [Citrus sinensis (L) 
Osbeck] cv. “Valencia Late” and grapefruit (Citrus paradisi Macf.) cv. “Marsh Seedless” both on sour 
orange (Citrus aurantium L.) and planted on a typical red ferralitic soil of Artemisa province. 
Groves are located at 22˚55' North and 82˚40' West. Cuba’s climate is tropical, seasonally humid, 
with sea influence and semicontinentality features. Three issues were dealt with: 1) Determina- 
tion of the total mean quantity of retained carbon by the aerial part of the trees using a destructive 
sampling method (Pattern Method) to estimate: the total volume of the tree, wood densities and 
green and dry biomass; 2) Determination of the total mean quantity of retained carbon by the 
aerial part of the trees using two Allometric Methods; and 3) Determination of the most effective 
Allometric Method to estimate the carbon retention by the aerial part of the trees. From the re- 
sults, it is concluded that the evaluated methods were effective to reach a first quantitative ap- 
proximation to carbon retention by citrus groves and under equal conditions, the Allometric Me-
thod 2 was more accurate to estimate the Total Carbon Content in “Valencia Late” orange, while 
for “Marsh Seedless” grapefruit the Allometric Method 1 provided the best estimate. 
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1. Introduction 
Citrus groves have the second place in production importance worldwide [1]. In Cuba, they occupy an extension 
of more than 22.000 ha, traditionally being the second culture in economical relevance (preceded by sugar cane). 
Since the beginning of the Cuban National Citrus Development Program in 1967, several research and technolo- 
gical innovations have been made in order to know the behavior of different physiological processes influencing 
yields under the edaphoclimatic conditions of the country, taking into account the peculiarities of climate asso- 
ciated to different citrus ecosystems [2]. 

On the other hand, since the early 90s, the country has been involved in actions related to global climate 
change, including the adoption of international commitments within the context of United Nations Frame Con- 
vention on Climate Change (UNFCCC); the evaluation of impacts and adaptation measures in order to reduce 
the negative effects and make good use of the positive ones; the establishment of the national balance for emis- 
sions of greenhouse gases (GHG) with the lowest possible uncertainty level and the identification of mitigation 
alternatives to improve it and the submission of National Communications to the Conference of the Parties. 

In this regard, the methodologies recommended by the UNFCCC between 1990 and 2002 to determine the 
corresponding emissions and removal of greenhouse gases, have been used. Such methodologies include the 
Revised Guides of the Intergovernmental Board for Climate Change (IPCC) of 1996; the Guides of the IPCC on 
Good Practices and Management of Uncertainties; some elements of the IPCC Guides on Good Practices in Use, 
Change in the Use of Land and Forestry and, the IPCC Guides from 2006 [3]. 

Since the year 2000, when the Forestry Research Institute took on the responsibility of supplying the national 
greenhouse gases balance report with the information on the use, Change of Land Use and Forestry, it was in- 
tended to include the largest possible variety of data using the calculation system established for that module by 
the IPCC [4], adding up everything relative to Non-Forest Trees, that initially had three categories: Citrus Groves; 
Other Fruit Crops and Royal Palm. 

For citrus and other fruit crops, the system asks for three basic values to perform estimates: grove area, annual 
average increase of dry mass per hectare and carbon fraction in wood. The grove area was requested to the 
Fruits Corporate Group and as there were no national estimates for the other two values, default data supplied by 
the IPCC methodology were considered for such cases (6.80 ktms∙ha−1a−1 and 0.45 ktms∙ha−1a−1, respectively). 

However, the uncertainty levels originated by the use of default data, estimated for environmental conditions 
—sometimes very different from Cuba’s—the usual absence of reports containing these indicators in the nation- 
al balances of other tropical countries and the existence of national actions to obtain their own estimates for 
these two values, caused that finally, the contribution of removing carbon emitted by existing fruit groves was 
not included in the Cuban national balances for the 1990-2004 period [3]. 

For similar reasons, evaluations aimed at identifying mitigation alternatives to be assessed by agricultural en- 
terprises from the Ministry of Agriculture (MINAG) and with private forms of production based on the estab- 
lishment and/or management of fruit groves, have not been implemented so far. 

These issues have caused, on one hand, an underestimation of the net national balance of greenhouse gases 
emissions by not deducting from the country’s emissions the removal carried out by fruit crops, and on the other 
hand, they have caused a limitation to assess the expected results from fruit groves at agricultural enterprises by 
not considering the carbon retention among those environmental services generating them. 

In forest tree species, it is common to estimate the tree volume by different methods among which Smalian’s 
[5] is very popular. The multiplication of the volume by the wood basic density permits to calculate the dry 
biomass of the trunk and this one, multiplied by the carbon coefficient of the species, makes easier the estima- 
tion of the carbon retained by the stem. This value is later on complemented with the use of the biomass expan- 
sion factor to estimate the total carbon retained by the aerial biomass of the tree [6].  

In other cases, the dimensional analysis or allometry is used. It consists in studying the change in the size of 
some parts of an organism as the result of the growth of relating components or variables difficult to be meas- 
ured (biomass and foliar area), with easier variables to be measured: height, diameter and basal area [7]. These 
methods’ equations are widely used to quantify biomass and carbon content in coniferous species [8]. In some 
fruit species such as mango (Mangifera indica L.) and cacao (Theobroma cacao L.) the allometric equations 
have been generated by destructive sampling of the plant material to asses biomass content and carbon dioxide 
retention [9]. 
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However, commercial citrus groves do not match what is said before, because firstly the volume is not regular 
since it does not matter for fruit production, so a not recognized standard method exists; secondly, trees belong 
to two species: the rootstock on which the scion that makes up the aerial part of the tree is grafted; and thirdly, 
the shape of the tree responds to productive and commercial interests like small-size trees, with a main trunk and 
a height of 50 cm - 80 cm (the rootstock and the scion), where main thick branches are inserted (first branching 
level) that support a large and low canopy [10].  

The above-mentioned elements were the basis leading to this research aimed at obtaining models that allow 
the first quantitative estimation of carbon retention of citrus groves under Cuba’s conditions. 

2. Materials and Methods 
The trial was done in commercial citrus groves of Artemisa province, Cuba, located at 22˚55' North and 82˚40' 
West. Cuba’s climate is tropical, seasonally humid, with sea influence and semicontinentality features [11] [12]. 
It has a rainy summer season, suitable to grow citrus from the agrobioclimatic point of view [13]. 

Ten sweet orange “Valencia Late” [Citrus sinensis (L) Osbeck] adult trees, 35 years old, spaced at 5 m × 8 m 
(40 m2 of vital area per tree) were randomly selected and also 10 “Marsh Seedless” grapefruit trees (Citrus pa- 
radisi Macf.), 30 years old, spaced at 5 m × 10 m (50 m2 of vital area per tree). Both species were grafted on 
sour orange (Citrus aurantium L.) and planted on a typical red ferralitic soil [14] in unirrigated conditions with a 
nitrogen NO3 carrier (34% purity, 250 - 280 Kg∙ha−1), a phosphorus P2O5 carrier (60 Kg∙ha−1), a potassium K2O 
carrier (160 Kg∙ha−1) and a magnesium MgO carrier (35 Kg∙ha−1). 

Quantitative Determinations of Carbon Retention by Groves of “Valencia Late” Orange 
and “Marsh Seedless” Grapefruit 
In order to determine the carbon retention by the aerial parts of orange and grapefruit trees, the following issues 
were considered: 

Determination of the total mean quantity of carbon retained by the aerial part of the tree using a destructive 
sampling method (Pattern Method). 

Determination of the total mean quantity of carbon retained by the aerial part of the tree using two Allometric 
Methods. 

Determination of the most effective Allometric Method to estimate the carbon retention in the aerial part of 
orange and grapefruit trees.  

a) Determination of the total mean quantity of carbon retained by the aerial part of the tree using a de- 
structive sampling method (Pattern Method) 

Determinations were done through a destructive sampling method. The total tree volume, wood densities, 
green and dry biomass were calculated, a necessary information to formulate evaluated methods.  

1) Volume estimation 
Each tree was cut and sectioned in four pieces that were separated and identified: 
The trunk, cut down at the base-end at a height of 10 cm - 15 cm above the soil and the higher limit, below 

the insertion point of main branches.  
Main branches, understood from the insertion point of the trunk to the point with a diameter of 3 cm; in case 

of branching, the thickest branch was followed. 
Secondary branches, those with a diameter of up to 3 cm. 
Foliage included all woody material with a diameter below 3 cm in the thickest end plus all foliar materi- 

al.  
In trunk and main branches both ends circumference (precision of ± 0.001 m) and the length (precision of ± 

0.01 m) were measured. Trunk volume and main branches was estimated using the expression of the truncated 
cone: 

( )2 2 1
1 2 1 2π 3V r r r r h − = ∗ + + ∗ ∗   

where: V—volumen (m3) 
r1—one end radius (m) 
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r2—another end radius (m) 
h—length between both ends (m) 
π—constant (3.141592654) 

The total volume of main branches was calculated as the sum of the volume of each of them. 
2) Wood density estimation 
Green wood samples were taken at the trunk base and main branches of 3 cm × 3 cm (length by width), which 

were transferred to the lab where the green density was estimated (the ratio between green mass and green vo- 
lume in kg∙m−3). After this determination, samples were heat-dried at 110˚C till obtaining three consecutive val- 
ues equal to dry mass. From this value, the basic density of each component was estimated (the ratio between 
anhidric mass and green volume in kg∙m−3). 

3) Biomass estimation (green and dry) 
Green biomass was determined by weighing each section separately from the aerial part of the tree (precision 

of ±0.1 kg). Dry biomass from the trunk and main branches of each tree was estimated as the result of green vo- 
lume by the basic density (kg). 

In order to estimate the dry biomass of secondary branches, the ratio of the water contained in main branches 
was first estimated from the ratio between the difference of the green mass and the dry mass, with respect to 
green mass. The resulting value was assumed to be the same for secondary branches. The dry biomass from 
secondary branches was calculated through the expression: 

( )rs rs rsMS MV MV PA= − ∗  

where: MSrs—dry mass of secondary branches (kg) 
MVrs—green mass of secondary branches (kg) 
PA—water rate 
In order to determine the dry biomass of the foliage, a leaf sample from each tree was taken (including wood 

and leaves), they were weighed at the lab while green; then they were heat-dried at 110˚C till reaching equal 
consecutive values. The ratio between both masses was calculated. 

Root biomass was excluded from field measurements. The value reported by [15] was taken for orange, where 
the total weight of the aerial part and the root is a 70/30 ratio of the total biomass of the tree. This ratio was used 
for the two evaluated species.  

The carbon content of each section of the aerial part of the tree was estimated as the result of the dry bio-
mass by the corresponding carbon coefficient and the total carbon retention. For the trunk, branches (main 
and secondary) and the root, the coefficient used was 0.4413, while for the foliage the value used was 
0.4080 [16].  

The accumulated values by canopy section and the total for the group of trees from each species were calcu- 
lated taking as 100% the total accumulated. The corresponding ratio of retained carbon by every section of each 
studied species was also estimated. 

The result of each section was evaluated as to the mean (X), standard deviation (DEx), the confidence interval 
(P ≤ 0.05), the variation coefficient (VC) and sample size (random sampling without replacement; (P ≤ 0.05). 
The mean of each section for both species was compared by the Student Test (P ≤ 0.05). 

From the results, 23 variables were identified as shown in Table 1, whose ratios were established by the sim- 
ple correlation analysis; all correlations with r ≥ 0.80 were identified as “relations of interest”. 

These relations of interest were separated and submitted to an analysis that took into consideration the mag- 
nitude of the correlation (r value) with the total carbon content, on the one hand, and the possibility of measuring 
the independent variable in the aerial part of the tree without cutting it, on the other hand. Once the best ratios 
were selected, a simple lineal regression analysis was applied to theoretically estimate the total carbon content of 
the aerial part of the tree. 

b) Determinations of the total mean quantity of carbon retained by the aerial part of the tree by two 
Allometric Methods 

By using the evaluated allometric methods, work was done to reach estimates of the mean carbon quantity re- 
tained by the aerial part of the tree without affecting trees and reducing expenses of field work as much as possi- 
ble. 

1) Allometric Method 1. It looks forward to reduce field work by measuring the circumference at the trunk  
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Table 1. Identified variables for the evaluation of the Allometric Methods 1 and 2.                                    

No Symbol Variables of tree’s aerial portion 

1 CRP Amount of main branches 

2 VP Volume of rootstock (m3) 

3 VRP Volume of main branches (m3) 

4 MVP Trunk fresh mass (kg) 

5 MVRP Main branches fresh mass (kg) 

6 MVRS Secondary branches fresh mass (kg) 

7 MVF Foliage fresh mass (kg) 

8 DVP Trunk fresh density (kg∙m−3) 

9 DVRP Main branches fresh density (kg∙m−3) 

10 DBP Trunk basic density (kg∙m−3) 

11 DBRP Main branches basic density (kg∙m−3) 

12 MSP Trunk dry mass (kg) 

13 MSRP Main branches dry mass (kg) 

14 MSRS Secondary branches dry mass (kg) 

15 MSF Foliage dry mass (kg) 

16 PARP Main branches water proportion (%) 

17 CCP Trunk carbon content (kg) 

18 CCRP Main branches carbon content (kg) 

19 CCRS Secondary branches carbon content (kg) 

20 CCF Foliage carbon content (kg) 

21 CCA Carbon content of aerial part (kg) 

22 CCR Carbon content of root part (kg) 

23 CCT Total carbon content (kg) 

 
base and on the ends of each main branch representative of the canopy as a whole, selected by visual observa- 
tion and the count of all branches to estimate the total carbon content for an average tree once the estimated total 
volume was transformed to dry mass.  

The circumference of higher average and the mean length of main branches were determined for each tree. By 
graphically representing the circumference vs. length, the branch located at the shortest distance from average 
values was identified and it was chosen as the representative main branch. With the values of the quantity of 
main branches (CR), the circumferences of the main branch chosen (r1 and r2), the length (h), the mean basic 
density of the branches (BDSB) and data obtained in a), it was possible to reach the Allometric Method 1 with 
the following values: 
 Volume estimation of the representative main branch: ( )2 2 1

1 2 1 2VRP π 3r r r r h − = ∗ + + ∗ ∗  . 

 Volume estimation of all main branches of the tree: VTRP = CR * VRP 
 Estimation of the dry biomass of all main branches of the tree: DMSB = VTRP * DBRP (average values by 

specie: DBRPOrange = 670.8 kg∙m−3; 
 DBRPGrapefruit = 664.0 kg∙m−3) 
 Estimation of the total carbon content (TCC; kg) of the aerial part of the tree, for which a simple lineal re- 

gression between dry biomass of main branches (independent variable) and the total carbon content (depen-
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dent variable), was used as well as data from field determinations as the pattern model. 
2) Allometric Method 2. It looks forward to reduce field work by measuring the circumference at the trunk 

base and on the ends of each main branch as well as the length, so from the volume of main branches and using 
the relationship among controlled variables, it estimates the total carbon content of an average tree. 

c) Determinations of the most effective Allometric Method to calculate carbon retention by the aerial 
part of orange and grapefruit trees  

The results of the total average carbon (kg), the standard deviation (kg), confidence intervals, the mean (kg) 
and the variation coefficient (%) of each method were included in a table. In addition, the relative difference 
between the mean of the Pattern Method and the Allometric Methods 1 and 2. The range of expected values for 
the mean carbon retention per tree in each model was graphically represented. 

The null hypothesis: 
Ho: PMP = PM1 = PM2 

Where PMP, PM1 and PM2 are the averages (P) of each method. It was confirmed through an analysis of va- 
riance of double classification, (P ≤ 0.05), using the model: 

ijk i j ijkY eµ τ β= + + +  

where: Yijk—value of the retained carbon  
µ—general mean 
τi—effect of the method 
βj—effect of the aerial part of the tree 
eijk—experimental error 

In order to graphically represent the results of both allometric methods as compared to the pattern model, 
three simple linear regression analyses were done, using all of them the independent variable of the total dry 
biomass (aerial + roots) of the tree, while as dependent variable the first analysis used the carbon retention of the 
Pattern Method; the second one used the carbon retention of the Allometric Method 1 and the third one, the car- 
bon retention of the Allometric Method 2. 

3. Results 
Quantitative Determinations of Carbon Retained by Groves of “Valencia Late” Orange and 
“Marsh Seedless” Grapefruit 

a) Determination of the total mean quantity of carbon retained by the aerial part of the tree using a de- 
structive sampling method (Pattern Method) 

The results of both species are shown in Table 2 where “Marsh Seedless” grapefruit retains an average quan- 
tity of carbon (C) from 10.6 tC∙ha−1 - 16.6 tC∙ha−1, while “Valencia Late” orange does it from 12.9 tC∙ha−1 - 19.7 
tC∙ha−1, with a slight difference between both species that varies from 2.3 tC∙ha−1 to 3.1 tC∙ha−1. 

In both species the highest quantity of carbon is concentrated in the branches which contain from 46% to 53% 
of total carbon, and the lowest quantity is retained in the trunk, from 6.2% to 6.4% of the total carbon in the tree. 
The quantity retained by the foliage is also similar for both species, 23.9%, while the content in secondary 
branches shows the highest difference ranging from 16.9% - 23.4%, according to the specie. 

In “Valencia Late” orange, out of every kilogram of carbon present in secondary branches, 3.14 kg is accu- 
mulated in main branches, while in “Marsh Seedless” grapefruit this ratio is only 1.98 kg, which might be re- 
lated to physiology, anatomy, management and other features distinguishing both species.  

The variability inherent to variables of the aerial part is in the range of low to medium in both species (orange: 
23% - 46%, grapefruit: 22% - 43%), which permits to suppose that for these evaluations is convenient to use a 
sample size higher than the one allowed for destructive sampling, in order to reach more accurate results. It was 
confirmed by the theoretical sample sizes estimated for each section of the aerial part of the tree shown in Table 
2 (in general, it should be between 35 and 45 trees). 

Relative to the comparison of carbon retention values estimated for each section and for the total, both values 
of secondary branches, the aerial part and the total, were statistically different between species and the grapefruit 
trees exceeded orange trees. 

b) Determinations of the total mean quantity of carbon retained by the aerial part of the tree by two 
Allometric Methods 
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Table 2. Mean carbon retention by section and tree’s aerial portion “Valencia Late” orange and “Marsh Seedless” grapefruit 
according to the Pattern Method. Stadigraphs determination results, n = 10 trees per species.                             

Species Variable Trunk Main Branches Secondary 
Branches Foliage Aerial Part Root 

Part Total 

“Valencia Late” 
Orange 

Mean Carbon Retention (kg) 4.06 34.53 10.99 15.59 65.18 26.74 91.91 

Proportion (%) 6.23 52.98 16.86 23.93 70.92 29.08 100.00 

Standard Deviation (kg) 1.12 15.77 4.46 3.58 21.92 9.11 31.03 

Mean Trust Interval (kg) ±0.69 ±9.77 ±2.76 ±2.22 ±13.59 ±5.65 ±19.23 

V. C. (%) 27.47 45.67 40.59 22.98 33.63 34.07 33.76 

Theoretical Sample Size 17 47 37 12 26 26 26 

 Mean Carbon Retention (kg) 4.32 31.46 15.90 16.23 65.40 28.54 93.94 

 Proportion (%) 6.36 46.33 23.41 23.89 69.62 30.38 100.00 

“Marsh Seedless” 
Grapefruit Standard Deviation (kg) 1.84 9.69 5.74 4.45 14.53 6.28 20.81 

 Mean Trust Interval (kg) ±1.14 ±6.01 ±3.56 ±2.76 ±9.01 ±3.89 ±12.89 

 V. C. (%) 42.65 30.82 36.12 27.43 22.22 21.99 22.15 

 Theoretical Sample Size 41 22 30 17 11 11 11 

 
Allometric Method 1 
The results of estimating the Dry Biomass of Main Branches and the Total Carbon Content (TCCM1 = 25.7500 

+ 0.8620 DMSB; R2 = 0.9478) are shown in Table 3 for “Valencia Late” orange and in Table 4 for “Marsh 
Seedless” grapefruit (TCCM1 = 30.3700 + 0.7860 DMSB; R2 = 0.8019). 

The regression for the first species (TCCMP = ƒ [TCCM1]) is given by: ƒ (TCCM1) = ƒ(x) y TCCMP = y, having 
the function y = 0.7330x + 21.22. For grapefruit, the regression (TCCMP = ƒ [TCCM1]) is y = 0.3920x + 38.4800. 

The Allometric Method 1 underestimated an 8% of the average value of total carbon retained by the aerial 
part of the tree (orange) while the rest of the stadigraphs indicate an increase of the magnitudes in relation to the 
values of the pattern method which means an adjustment of 73.8% (R2 = 0.738) between both methods. 

For grapefruit, this method was practically the same to the mean value of retained carbon by the aerial part of 
the tree estimated by the Pattern Method. Stadigraphs show an increase in the magnitude in relation to values 
derived from the Pattern Model, with an adjustment of only 32.7% (R2 = 0.327) among estimates. 

Allometric Method 2 
For orange trees, a total of 24 pairs of variables reached or exceeded the minimum limit of interest (r ≥ 0.80); 

while in grapefruit trees 26 pairs of variables reached these conditions (Table 5 and Table 6). In orange trees, 
five ratios were used and six in grapefruit. All ratios included the variable Total Carbon Content (TCC), for be- 
ing the one estimated. 

The ratio of major interest was between Dry Mass of Main Branches (DMSB) and the Total Carbon Content 
(TCC) (variables 13 and 23). In orange trees this ratio is TCC = y; DMSB = x, function y= 0.7860x + 30.3700 
which is a ƒ(x), while for grapefruit trees ƒ(x) it is y = 0.8620x + 25.7500. 

As the DMSB variable cannot be measured under field conditions without destroying the aerial part of the tree, 
it was necessary to make an indirect estimate. The ratio between Main Branch Volume (SBV) and Dry Mass of 
Main Branches (DMSB) (variables 3 and 13) showed a high coefficient of determination, 92.09% in orange 
(Figure 1) and 82.15% in grapefruit, though in this species the adjustment was lower (Figure 2) in relation to 
orange’s. 

Models were integrated by field measures of the circumferences and length of each main branch of the canopy, 
the calculation of the VRP variable y and the development of allometric ratios for each studied species: 

“Valencia Late” orange:  

( )2DMSB 649.8057 VRP 1.7774 R 0.9209= + =  
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Table 3. Results of tree top Main Branches Dry Mass (MSRP) calculations and the Total Carbon Content (CCT) assessed by 
the Pattern Method (CCTMP) and the Allometric Method 1 (CCTM1) for “Valencia Late” orange tree’s aerial portion. Stadi- 
graphs determination results, n = 10 trees per species.                                                            

Trees No MSRP CCTMP CCTM1 

1 50.8 84.62 55.84 

2 161.4 164.54 176.69 

3 52.5 70.98 90.18 

4 107.4 125.31 92.49 

5 56.9 69.60 81.82 

6 73.6 93.05 98.15 

7 70.4 84.34 74.94 

8 87.8 91.99 67.79 

9 50.3 64.04 52.80 

10 56.4 70.64 54.04 

Mean (kg) 91.91 84.48 

S.Dx (kg) 31.03 36.38 

Mean’s Confidence Interval (kg) ±19.23 ±22.55 

V. C. (%) 33.76 43.07 
 

Table 4. Results of tree top Main Branches Dry Mass (MSRP) calculations and the Total Carbon Content (CCT) assessed by 
the Pattern Method (CCTMP) and the Allometric Method 1 (CCTM1) for “Marsh Seedless” grapefruit tree’s aerial portion. 
Stadigraphs determination results, n = 10 trees per species.                                                       

Trees No MSRP CCTMP CCTM1 

1 63.0 73.69 64.84 

2 97.6 110.18 90.12 

3 84.4 104.66 109.52 

4 34.3 65.37 57.29 

5 88.7 106.83 78.48 

6 37.7 68.83 41.91 

7 87.7 118.51 102.70 

8 78.6 120.86 53.59 

9 66.7 87.99 82.74 

10 60.4 82.50 69.00 

Mean (kg) 93.94 94.37 

S.Dx (kg) 20.81 27.71 

Mean’s Confidence Interval (kg) ±12.89 ±17.18 

V. C. (%) 22.15 29.37 
 

Table 5. Correlation coefficients of the variable pairs which surpassed the established limit (r ≥ 0.80) “Valencia Late” 
orange trees.                                                                                                  

Variable Pair Variable 1 Variable 2 r R² (%) 

1 - 23: CRP CCT 0.827 68.46 

3 - 23: VRP CCT 0.924 85.46 

13 - 23: MSRP CCT 0.974 94.78 

18 - 23: CCRP CCT 0.974 94.78 

22 - 23: CCR CCT 1.000 99.99 
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Table 6. Correlation coefficients of the variable pairs which surpassed the established limit (r ≥ 0.80) “Marsh Seedless” gra- 
pefruit trees.                                                                                             

Variable Pair Variable 1 Variable 2 r R² (%) 

13 - 23 MSRP CCT 0.8955 80.19 

14 - 21 MSRS CCT 0.8233 67.78 

14 - 23 MSRS CCT 0.8223 67.61 

18 - 23 CCRP CCT 0.8955 80.19 

19 - 23 CCRS CCT 0.8223 67.61 

22 - 23 CCR CCT 1.0000 99.98 

r: Correlation coefficient; R2: Determination coefficient. 
 

 
Figure 1. Relation between Main Branches Volume (VRP) and Main 
Branches Dry Mass (MSRP) in “Valencia Late” orange trees (variables 3 
and 13), n = 10 trees.                                             

 

 
Figure 2. Relation between Main Branches Volume (VRP) and Main 
Branches Dry Mass (MSRP) “Marsh Seedless” grapefruit trees (variables 3 
and 13), n = 10 trees.                                               

  

( )2TCC 0.8620 DMSB 25.7500 R 0.9478= + =  

“Marsh Seedless” grapefruit: 
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( )2DMSB 673.3757 VRP 0.7648 R 0.8215= − =  

( )2TCC 0.7860 DMSB 30.3700 R 0.8019= + =  

The results of the volume calculation and the dry biomass of the main branches are shown in Table 7 and 
Table 8, while the regression (TCC = ƒ [DMSB]) indicates a high control of the variable Total Carbon Content, 
favorable to estimate: orange y = 0.9896x + 0.9700 and grapefruit y = 0.9550x + 3.0340. 
 
Table 7. Results of tree top Main Branches Volume (VRP) and Main Branches Dry Mass (MSRP) calculations. The Total 
Carbon Content (CCT) was assessed by the Pattern Method (CCTM.P.) and the Allometric Method 2 (CCTM2) for “Valencia 
Late” orange tree’s aerial portion. Stadigraphs determination results, n = 10 trees per species.                           

Trees No VRP MSRP CCTM.P CCTM2 

1 0.070004 50.8 84.62 66.49 

2 0.245669 161.4 164.54 164.89 

3 0.096751 52.5 70.98 81.48 

4 0.146387 107.4 125.31 109.28 

5 0.086544 56.9 69.60 75.76 

6 0.105114 73.6 93.05 86.16 

7 0.107133 70.4 84.34 87.29 

8 0.117003 87.8 91.99 92.82 

9 0.062912 50.3 64.04 62.52 

10 0.116042 56.4 70.64 92.28 

Mean (kg) 91.91 91.90 

S.Dx (kg) 31.03 28.99 

Mean’s Confidence Interval (kg) ±19.23 ±17.97 

V. C. (%) 33.76 31.54 
 

Table 8. Results of tree top Main Branches Volume (VRP) and Main Branches Dry Mass (MSRP) calculations. The Total 
Carbon Content (CCT) was assessed by the Pattern Method (CCTMP) and the Allometric Method 2 (CCTM2) for “Marsh 
Seedless” grapefruit tree’s aerial portion. Stadigraphs determination results, n = 10 trees per species.                       

Trees VRP MSRP CCTMP CCTM2 

1 0.094555 63.04 53.09 63.58 

2 0.146448 97.63 79.42 85.16 

3 0.124059 84.36 75.68 75.85 

4 0.051455 34.30 47.84 45.66 

5 0.104386 88.73 76.91 67.67 

6 0.067243 37.66 49.75 52.23 

7 0.137032 87.70 85.67 81.25 

8 0.103475 78.64 87.38 67.29 

9 0.111090 66.65 63.77 70.46 

10 0.109903 60.45 59.61 69.97 

Mean (kg) 93.94 85.32 

S.Dx (kg) 20.81 15.35 

Mean’s Confidence Interval (kg) ±12.9 ±9.55 

V. C. (%) 22.15 17.99 
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In orange, with the Allometric Method 2 the average value is practically the same of the Pattern Method, 
while the rest of the variables reduce magnitudes which indicates an adjustment of R2 = 0.855 (85.5%) between 
both methods. 

The performance of the grapefruit is different. With this method the average value 9.18% is underestimated in 
relation to the mean obtained with the estimation of the Pattern Method. The rest of the evaluated variables show 
a reduction of the magnitudes with an adjustment of R2 = 0.595 (59.5%) between estimated values per tree by 
both methods. 

c) Determination of the most effective Allometric Method to calculate the carbon retention by the aerial 
part of the tree 

a) “Valencia Late” orange 
Table 9 shows the results of the three methods and Figure 3 the range of expected values for the sampling 

mean by method, taking confidence intervals into consideration.  
The comparison of the means in the three methods by the analysis of variance, permitted to accept the equali-

ty between them. Figure 4 shows the tendency followed by the Allometric Methods as compared to the Pattern  
 

 
Figure 3. Range of expected values for the Total Carbon Content sample 
means by the three developed methods: Pattern (MP), Allometric 1 (M1) and 
Allometric 2 (M2) in “Valencia Late” orange trees. Student’s test results (P ≤ 
0.05).                                                             

 

 
Figure 4. Relation between Total Carbon Content estimates by the three de-
veloped methods: Pattern (MP), Allometric 1 (M1) and Allometric 2 (M2) and 
the increase in Total Dry Mass of “Valencia Late” orange trees, n = 10 datas 
for each regression.                                                
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Table 9. Total Carbon Content estimation by the three developed methods: Pattern, Allometric 1 and Allometric 2 for “Va- 
lencia Late” orange trees. Stadigraphs determination results, n = 10 trees per species.                                  

Variable Pattern Method Alometric Method 1 Alometric Method 2 

Mean (kg) 91.91 84.48 91.90 

S.Dx (kg) 31.03 31.03 28.97 

Mean’s Confidence Interval (kg) ±19.23 ±19.23 ±17.97 

V. C. (%) 33.76 33.76 31.54 

Difference with Pattern Method’s Mean (%)  −7.43 −0.01 

Adjustment to Pattern Method (%)  73.80 85.46 

 
Method. As Total Dry Biomass of the aerial part of the tree increases, the estimation of the Total Carbon Con- 
tent by the Allometric Method 2 has a lower deviation regarding estimations done by the Pattern Method as 
compared to the Allometric Method 1. 

2) “Marsh Seedless” grapefruit 
Table 10 shows the results of the three methods and Figure 5 shows the range of the expected values for the 

sampling mean by the methods, taking confidence intervals into consideration.  
The comparison of the means in the three methods by the analysis of variance, permitted to accept the equali- 

ty between them. Figure 6 shows the trend followed by the Allometric Methods as compared to the Pattern 
Method, the increase Total Dry Biomass of the aerial part of the tree has a lineal positive relation with the Total 
Carbon Content estimated by the Allometric Method 1, which recorded less than the Pattern Method. When it is 
estimated by the Allometric Method 2, deviations are higher. 

4. Discussion 
Quantitative Determinations of Carbon Retention by Groves of “Valencia Late” Orange 
and “Marsh Seedless” Grapefruit 
According to the characteristics of the area where this research was done, “Valencia Late” orange trees retained 
an accumulated carbon at 35 years old of around 73 kg and 111 kg of carbon by the aerial part of the tree. Thus, 
a planting density of 250 trees ha−1 would be equivalent to 18.25 tC∙ha−1 - 27.75 tC∙ha−1, for a mean annual car- 
bon increase of 0.52 tC ha−1a−1 to 0.79 tC ha−1a−1, while “Marsh Seedless” grapefruit trees retain an accumulated 
carbon at 30 years old of 81 kg to 106 kg of carbon. For a planting density of 200 trees ha−1 the equivalent 
would be 16.21 tC∙ha−1 - 21.37 tC∙ha−1, with a mean annual carbon increase of 0.69 tC∙ha−1a−1 and 0.91 tC 
ha−1a−1. 

Mota et al. [16], from the Plant Nutrition Department of the Higher Council of Scientific Research from Mur- 
cia, Spain, has made similar research to this one. They used 15 years old lemon trees with 280 trees ha−1, orange 
and mandarin 420 trees ha−1, located at the South East of Spain, near 37˚58' North and 1˚07' West. In this loca- 
tion, climate is typically Mediterranean, modified by the influence of the land marked by aridity, scarce rains, 
with annual averages in coastal areas of 300 mm, concentrated mainly in autumn, when heavy showers can bring 
about rains of up to 200 mm in a few hours. Annual temperature reaches an average of 18˚C in areas closer to 
the coast, so there is practically no winter [17]. 

Iglesias et al. [18], from the Citriculture and Plant Production Department of the Valencian Institute of Agri- 
cultural Research in Spain, have made similar research using 2 to 12 years old orange trees with 500 trees ha−1, 
located in the Southeast of Spain, close to 39˚28' North and 0˚21' West. In this site, climate is typically Mediter- 
ranean, with short and mild winters—as a result of the sea influence—and long hot summers; the annual mean 
temperature is 17˚C, with absolute maximum around 36˚C and minimum of −1˚C. Rainfall is scarce and heavy 
though they do not exceed 450 mm per year; the rainiest season in autumn [17]. 

The comparison of the results of the three research, indicates that in the case of Mota et al. [16], only tange- 
rine trees reported a carbon annual mean increase in the results range of sweet orange and grapefruit in Cuba, 
while sweet orange and lemon trees showed much higher increase; however, in the case of Iglesias et al. [18], 
the reported value for orange trees matches the results of this research. 
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Figure 5. Range of expected values for the Total Carbon Content sample 
means by the three developed methods: Pattern (MP), Allometric 1 (M1) and 
Allometric 2 (M2) in “Marsh Seedless” grapefruit trees. Student’s test results 
(P ≤ 0.05).                                                       

 

 
Figure 6. Relation between Total Carbon Content estimates by the three de- 
veloped methods: Pattern (MP), Allometric 1 (M1) and Allometric 2 (M2) and 
the increase in Total Dry Mass of “Marsh Seedless” grapefruit trees, n = 10 
datas for each regression.                                            

 
The differences found among these trials should be caused, among other issues, by those related to soil cha- 

racteristics and the use of different irrigation techniques for both conditions. According to Iglesias et al. [18] the 
use of drip irrigation in groves not only damage the capture of CO2, but also improves the net balance by keep- 
ing soil moisture and weeds from increasing the CO2 emissions to the atmosphere. Another difference can be 
related to the age of the evaluated groves. 

This last indicator has an important influence on the value of the mean annual growth since it changes with 
the tree age and according to the three growth periods: the initial or establishment, the intermediate or growth 
and the final or maturity. This whole set generates the classic sigmoid curve, for the behavior of this variable in 
time. The results of Iglesias et al. [18] fully match with the intermediate period, where growth reach maximum 
values, while in the case of the results of this research; such growth matches the final period. 

However, the marked difference of orange trees in two not-too-distant regions among themselves (180 aerial 
km) within the same country, with quite similar climates, using similar planting densities and with groves of 
similar age, it is not easy to explain with the available arguments which reinforces the convenience of repeating 
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Table 10. Total Carbon Content estimation by the three developed methods: Pattern, Allometric 1 and Allometric 2 for “Marsh 
Seedless” grapefruit trees. Stadigraphs determination results, n = 10 trees per species.                                   

Variable Pattern Method Alometric Method 1 Alometric Method 2 

Mean (kg) 93.94 94.37 85.32 

S.Dx (kg) 20.816 27.71 15.35 

Mean’s Confidence Interval (kg) ±12.90 ±17.18 ±9.52 

V. C. (%) 22.15 29.37 17.99 

Difference with Pattern Method’s Mean (%)  +0.46 −9.18 

Adjustment to Pattern Method (%)  32.70 59.50 

 
these evaluations, both in orange and grapefruit groves under other different environments within Cuba in order 
to validate the attained results with more certainty.  

This is a very important aspect since among all components making up the grove; soil is the only one whose 
carbon content can indefinitely increase, thus turning soil into its main deposit.  

Iglesias et al. [18] dealt with this issue in their research considering them as grove components that contri- 
buted carbon to the soil with the organs drop (flowers, fruits and leaves), as well as pruning wastes. A single two 
years old orange tree can contribute with 17.1 gCa−1, reaching up to 5 thousand 242.4 gCa−1 at 12 years old, so 
with a planting density of 200 - 250 trees ha−1 it would be a contribution from 3.42 kgC∙ha−1 a−1 - 4.28 kgC∙ha−1 
a-1 at the second year and between 1.05 kgC∙ha−1 a−1 - 1.31 tC∙ha−1a−1 at the 12th year. 

In this way, these authors determined that under the conditions their research was done, at the 12th year, an 
orange tree accumulated 38.66 kgC in its structures and additionally, that very year delivered 10.21 kgC for fruit 
formation and provided the soil with 5.24 kgC, for a general total of 54.10 kgC, equivalent to the removal of 
198.36 kg of atmospheric CO2 per tree that year. 

Regarding the development of allometric methods to estimate the carbon retained by fruit trees, including ci- 
trus, it was not possible to find references, probably because this topic is not of interest to the targets of tradi- 
tional fruit growing. 

5. Conclusions 
The methods used (Pattern and Allometric Methods 1 and 2) were effective to obtain a first quantitative ap- 
proximation of carbon retention in groves of “Valencia Late” orange and “Marsh Seedless” grapefruit under 
Cuba’s edaphoclimatic conditions. 

Under equal conditions, the Allometric Method 2 is more accurate to estimate the Total Carbon Content in 
groves of “Valencia Late” orange, while in groves of “Marsh Seedless” grapefruit, the Allometric Method 1 
provided the best estimate. 
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