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Executive Summary  
 

Agricultural activities such as oil palm and rubber production have the potential to grow the 

economies and increase employment in tropical nations, but measures must be taken to offset 

the negative environmental effects of converting forests into monocultures. One approach to 

reconciling agricultural development with environmental degradation is to direct agricultural 

expansion towards low carbon landscapes such as cleared lands and secondary forests. This 

approach is tested by estimating carbon stocks and flux in northeastern Gabon, Central Africa 

at the selectively logged ORG concession that is proposed to be converted to a rubber tree 

plantation. Gabon is in the process of developing its agricultural sector, thus understanding 

the implications of converting forest into plantations is critical for implementation of best 

practices for estimating carbon stocks and reducing carbon emissions.  

 

This study demonstrates that even within degraded secondary forests in Gabon the mean 

carbon density (123.8 Mg C ha-1) remains relatively high in comparison to degraded forest in 

other tropical countries. This value is lower than the mean carbon density in Gabon (160-167 

Mg C ha-1) (Bombelli et al., 2009; Saatchi et al., 2011), but substantially higher than the 75 

Mg C ha-1 carbon threshold recommended by the High Carbon Stock protocol (HCS; HCS 

Steering Group Committee, 2017). The carbon density distribution within the ORG 

concession is related to habitat type: forests on slopes had the highest mean carbon density 

compared to swamps, which were dominated by low-carbon palm species, and flat terra firma 

forest, the majority of which had been previously cleared for subsistence agriculture. In this 

study, we found that simple environmental parameters such as elevation and slope were 

sufficient to produce a habitat map that accurately represented the dominant landforms within 

the ORG concession and the carbon values for each habitat.  

 



In terms of field data collection protocols, square 1-ha plots implemented by the National 

Resources Inventory (NRI) and circular plots recommended by the HCS protocols led to 

significantly different carbon stock estimates, with carbon estimates from the HCS protocol 

tended to be higher. This contradicts recent research showing that square plots tend to 

overestimate carbon stock (Paul, Kimberley, & Beets, 2019). However, tree diameters in the 

HCS data were consistently higher than those of the NRI, suggesting that the higher estimates 

of the HCS protocol may be due to errors in measuring the diameter-at-breast-height (DBH), 

such as including buttress roots in the measurement of large trees. Additional studies need to 

be conducted to definitively determine which plot shape and field protocol are most 

appropriate for the country, but the importance of good field techniques cannot be 

underappreciated.  

 

Through growth and succession, secondary forest should attain carbon densities similar to 

primary forest, which means there are high environmental opportunity costs of converting 

secondary forest to plantations. The carbon stock of mature rubber trees at the end of a 40-

year extended rotation does not reach the carbon density of secondary forests in this study. 

Furthermore, clearing forests can lead to soil disturbance and increased respiration in soil, 

prolonging the time needed for the ORG concession to turn from a net carbon source to a 

carbon sink after conversion to a rubber plantation. Overall, converting the ORG concession 

into a rubber plantation will lead to net carbon emissions. If development of the area goes 

forward, measures should be taken to reduce emissions and prolong carbon retention, such as 

minimizing soil disturbance, extending harvest rotations, making rubber wood furniture, and 

setting aside high carbon areas, such as slopes, as offsets.  

  



Introduction 
 

With the human population projected to reach 11 billion this century (United Nations, 2013), 

one billion hectares of additional land will need to be converted to agriculture by 2050 given 

current yields (Tilman, 2001). Much of the agricultural expansion is expected to take place in 

the tropics, especially Sub-Saharan Africa and South America, leading to the loss of tropical 

old growth forests and woodlands (Laurance, Sayer, & Cassman, 2014). Loss of forest cover 

could have multiple negative environmental and social impacts, including loss of 

biodiversity, indigenous lands, and ecosystem services such as water and soil stabilization, 

climate regulation and carbon sequestration (Foley et al., 2007; Grace et al., 1995; Laurance, 

1999). Loss of forest also releases carbon emissions and reduces the residence time of 

carbon, compromising the function of tropical forests as a carbon sink (Gitz & Ciais, 2004).  

 

Currently, Africa accounts for just 5% of global rubber export (World Rainforest Movement, 

2008). In Central Africa, the rubber industry was prosperous from 1890 until the decline in 

rubber demand after the 1970s (Mathews, 2017); but in recent years, the demands of rubber 

from China and India have reignited investment in production among Central African 

countries, which is expected to steadily increase (Mathews, 2017). While agricultural 

activities like rubber plantations are important for national economic growth and job creation 

in developing countries (Linder & Palkovitz, 2016), improper management and lack of 

environmental regulation could have strong negative environmental consequences (Ahrends 

et al., 2015; de Blécourt, Brumme, Xu, Corre, & Veldkamp, 2013; Gerber, 2011; Lee et al., 

2014; World Rainforest Movement, 2008). Densely forested countries like Gabon act as 

important global carbon sinks, and thus measures should be taken to preserve high carbon 

forests and mitigate and offset the carbon emissions released with the conversion of forests to 

plantations (Burton et al., 2017; Laurance et al., 2014; Wich et al., 2014). One approach to 

reconciling agricultural development with environmental degradation is to direct agricultural 



expansion towards low carbon landscapes (Dinerstein et al., 2015). For example, developing 

plantations in degraded, low carbon forest areas would reduce carbon emissions compared to 

clearing high carbon forest areas.  

 

Rubber trees sequester more carbon at the end of the rotation cycle than other agricultural and 

tree crops (Kongsager, Napier, & Mertz, 2013; Sun et al., 2017). To incentivize corporations 

to develop rubber plantations in low-carbon landscapes, the Forest Stewardship Council 

(FSC) certifies rubber plantations that are not linked to forest degradation or deforestation 

(Forest Stewardship Council, 2017). However, in nations with high forest cover and carbon 

density, low carbon areas that meet the requirements of carbon neutral or near neutral 

agriculture may not exist. In addition to FSC, there are other voluntary sustainability 

initiatives for the rubber industry, such as the Sustainable Natural Rubber Initiative (SNR-i). 

 

Forest inventories, forest certifications and forest carbon policies all rely on robust estimates 

of aboveground carbon, but estimating biomass in tropical forest where tree density and 

diversity is high can be challenging (Sullivan et al., 2018). Following norms of the scientific 

community (Global Ecosystem Monitoring Network, 2014; Rainfor, 2016), Gabon adopted 

square, 1-ha plots distributed nationally for its National Resource Inventory to measure forest 

carbon (White & Gahouma, 2014). More recently, the High Carbon Stock (HCS) protocol 

recommended circular plots to measure forest carbon stock because they are deemed less 

biased on sloped areas and reduce human judgment error at plot boundaries on whether to 

include large trees in plots (HCS Steering Group Committee, 2017). 

 

Historically reliant on oil reserves and mining (Chambrier, 1990), the Gabonese Republic has 

taken steps to diversify its economy via agricultural activities while restricting degradation of 

intact forests (République Gabonaise, 2012, 2015). The cultivation of rubber trees (Hevea 



brasiliensis) in Gabon started during World War II and was reintroduced in the 1980s at a 

small scale (Chambrier, 1990; Ovono Edzang, 2008; Samba, 2002; Serier, 1985). In 2012, 

OLAM International engaged in a public-private partnership with the government to develop 

the ORG rubber concession in northeastern Gabon (Olam Rubber Gabon, 2017). The total 

concession area is 37,259 ha, of which 11,000 ha have been fully planted (Olam Rubber 

Gabon, 2017). Here, we use another 7004 ha of degraded forests at the northeast corner of the 

concession (the “ORG concession” hereafter) as a case study to determine how to best 

measure aboveground biomass in degraded forests and to estimate the impacts of further 

rubber production on carbon stocks and emissions (see Figure 1).  

 

In this study, we investigate carbon storage and dynamics of the ORG concession, with the 

goal of providing management recommendations to OLAM and the government on how to 

estimate forest carbon stocks and minimize the environmental impact of degraded land 

conversion to plantations. We aim to answer the following questions: (1) What are the plot- 

and site-level forest carbon stocks in northern Gabon using both the NRI and HCS protocols? 

(2) What environmental factors affect the distribution of aboveground carbon stocks? (3) 

Which areas of the study site can be developed under different thresholds of carbon 

emissions for rubber plantations? (4) What is the carbon balance in the concession area 

following different development scenarios (no development, rubber plantation with a 30 

year-rotation, rubber plantation with an extended rotation, oil palm with 30 years rotation)? 

Based on our results, we make management recommendations for reducing and offsetting 

carbon emissions from land conversion to rubber tree plantations. 

 

Materials and Methods 
 
ORG Concession 
 



Gabon is one of the most forested countries in the world with 22 million hectares of forest, 

88% forest cover and a deforestation rate near zero (Sannier, McRoberts, Fichet, & Makaga, 

2014; WCS Gabon, 2017). Gabon also boasts a mean carbon density between 160 to 167 Mg 

C ha-1, considerably higher than other Sub-Saharan Africa countries (Bombelli et al., 2009; 

Saatchi et al., 2011). The ORG concession (Figure 1), located in northeast Gabon, is largely 

characterized by secondary forest that was previously cultivated for subsistence use and 

abandoned, and is composed of three main habitat types: ‘swamp’, ‘terra firma’ and ‘slopes’. 

‘Swamp’ is comprised of low-elevation, seasonally inundated areas with a high abundance of 

palm species; ‘terra firma’ represents dry, flat grounds that were largely cleared for 

subsistence agriculture >40 years ago; and ‘slopes’ represents forest along hillsides and the 

least disturbed habitat as its topography is unsuitable for agriculture.  

 
Figure 1: The ORG concession (b) is located in northern Gabon (a) and measures 
approximately 7004 ha. Plantable areas previously designated as suitable for rubber tree 
production by OLAM are shown in green. 
 
Overview 
 
Here we compare existing field collection methods to estimate carbon stocks in Gabon, 

specifically the National Resource Inventory (NRI) and High Carbon Stock (HCS) protocols 

(Part 1a, 1b, 2). With the data, we produce a carbon map of the ORG concession and 

investigate whether habitat affects the distribution of carbon (Part 3) and evaluate the 



strengths and weaknesses of both sampling protocols for measuring carbon (Part 4). Finally, 

we conduct carbon balance analysis and provide management recommendations to Gabon 

and Olam International to offset carbon emissions released during land conversion to rubber 

plantations (Part 5). All data were analyzed in R and ArcGIS Pro. 

 

Part 1a: Field data collection – NRI protocol 
 
In March to April 2018, the Gabon Parks Agency (ANPN) team collected field data using the 

NRI protocol consisting of 1-ha sampling plots (100 m x 100 m) located randomly 

throughout the ORG concession and following standard RainFor methods (Figure 2) 

(Rainfor, 2016). Each plot was divided into 25 - 20 x 20 m subplots and delimited with string 

and flagging tape. Within each plot, all trees greater than 10 cm in diameter were measured at 

a height of 1.3 m from the ground or 50 cm above any buttresses, stilt roots or deformities, 

and the trees were identified by a botanist to the extent possible. The field teams also 

collected data on the length and diameter of lianas, habitat type and GPS coordinates of all 

plot corners. The field teams took three height readings per tree using a laser hypsometer to 

build DBH-height regression models. Trees were selected based on their DBH, with 10 trees 

measured in each of five subclasses (10-19 cm, 20-29 cm, 30-39 cm, 40-49 cm, and >50 cm) 

as well as the 5 largest trees in each plot. Three habitat types described above were recorded 

(terra firma, swamp and sloped areas).  



 

Figure 2: The location of the 19 NRI plots in the ORG concession. 4 circular HCS plots (not 

shown in map) were superimposed over the each NRI plots (Part 1b).  

 

Part 1b: Field data collection – High Carbon Stock (HCS) protocol 
 

The Tropical Ecology Research Institute (IRET) team adopted a modified HCS protocol, 

consisting of four circular plots of 30m radius superimposed over the 1-ha NRI plots (Figure 

3). In each plot, trees with DBH greater than or equal to 10cm were measured and identified. 

The IRET team also took wood samples from representative tree species to determine region-

specific wood densities. Tree heights were not measured. 



 

Figure 3: The IRET team collected data from four circular plots of 30m radius superimposed over the 1-ha NRI 

plots. 

 

Part 2: Plot-level height-diameter model development & biomass estimation  
 
Using the heights of measured trees in each NRI plot, we first developed site-wide height-

diameter models (HD model) using the BIOMASS package in R (Réjou-Méchain, Tanguy, 

Piponiot, Chave, & Hérault, 2017). We applied five height-diameter models (log1, log2, log3, 

Weibull and Michaelis) to the data (Figure 4). The ‘log2’ model fit the data best, with the 

lowest residual standard errors (RSE) and average biases (Table 1).  



 
 
Figure 4: Five height diameter models developed for the ORG concession. The log2 model 
was the best-fitting model.  
 
Model used 
for height 
prediction 

Equation  Residual 
Standard Error 

(RSE) 

Residual 
Standard Error of 

log model 
(RSElog) 

Average bias of 
method 

log1 log(H) = 1.26 + 0.53 ´ 
log(D) 

 

6.39 0.25 0.0024 

log2 log(H) = 0.18 + 1.16 ´ 
log(D) – 0.09 ´ log(D)2 

 

6.27 0.25 0.0006 

log3 log(H) = 2.51 + 0.9 ´ 
log(D) + 0.5 ´ log(D)2 

– 0.06 ´ log(D)3 
 

6.27 0.25 0.0007 

Weibull H = 83,32 ´ (1-exp(-
(D/211.55)0.54) 

 

6.65 NA 0.08 

Michaelis H = (59.37 ´ D)/(45.52 
+ D) 

6.40 NA 0.04 



Table 1: Comparison between RSE and average biases of the different height diameter 
models. The log2 model was the best-fitting model. 
 

The site-wide HD model is applicable across all 19 plots, where D = tree diameter-at-breast 

height (DBH) and H = tree height: 

log(𝐻) = 0.18 + 1.16 × log(𝐷) + 0.09 × (log(𝐷)1)	[1] 

We also developed HD models specific to each plot using the log2 model, deriving the 

height-diameter relationship for each of the 19 plots individually (Appendix 1). Using the 

BIOMASS package in R, we predicted tree height using both plot-specific and site-wide HD 

models and wood density information (locally derived where possible). With tree DBH, 

estimated tree height and wood density, we developed AGB estimates under six scenarios 

combining two allometric models and three types of height predictions: 

1) Fayolle regional model with site-wide HD predictions 

2) Fayolle regional model with plot-specific HD predictions 

3) Fayolle regional model with no height prediction 

4) Chave pantropical model with height prediction from site-wide HD model 

5) Chave pantropical model with height prediction from plot-specific HD model 

6) Chave pantropical model with no height prediction 

The Fayolle regional model (Fayolle et al., 2018) was developed for tropical forests in six 

Congo basin countries (Equatorial Guinea, Gabon, Cameroon, Central African Republic, 

Republic of Congo, Democratic Republic of Congo) and includes two equations depending 

on whether height data are available: 

 
𝐴𝐺𝐵678 = 	0.125 × r;.<=> × 𝐷1.1;< × 𝐻<.?<@ [2] 

 
𝐴𝐺𝐵678 = exp	(0.046 + 1.156 × log(r) + 1.123 × log(𝐷) + 0.436 × (log(𝐷))1 −

0.045 × (log	(𝐷))G [3] 
 

where r	= wood specific gravity, D = tree DBH, and H = tree height. 
 



Similarly, the Chave pantropical model (Chave et al., 2014) was developed for all tropical 

regions and includes different equations depending on availability of height data: 

 

𝐴𝐺𝐵 = 0.0673 ∗ (r	 ∗ 𝐻 ∗ 𝐷1)<.>=@ [4] 

𝐴𝐺𝐵 = 𝑒(K1.<1LK<.M>@∗NO<.>1∗PQR∗(r)O1.=>?∗STU(V)K<.<L@;∗WSTU(V)XY) [5] 

 
r	= wood specific gravity, D = tree DBH, H = tree height, E = environmental parameter 

( Chave et al., 2014) 

 

After we obtained means of estimated AGB under all scenarios, we estimated carbon stocks 

by multiplying mean AGB by 0.471 following Chave’s recommended AGB to carbon ratio 

(Chave et al., 2014). 

 

For tree data collected using the HCS protocol, we estimated AGB under the two scenarios 

that did not require tree height measurements. To compare AGB estimates using the NRI and 

HCS protocols, we conducted a linear mixed model with plot-level AGB as the response 

variable, the dataset (NRI or HCS) as predictor variables, and plot as a random variable. 

 

Part 3: Stand-level carbon mapping and GIS analysis 
 
We obtained airborne LiDAR (collected in 2012) from OLAM and derived a 2m resolution 

tree-height raster by creating a Digital Surface Model (DSM) and Digital Elevation Model 

(DEM) and subtracting DEM from DSM. Using the zonal statistics in ArcGIS Pro with tree 

height raster as the value raster and plot shapefile as the feature zone, we calculated the 

median height in each of the 19 NRI plots. With the plot-level carbon stocks calculated above 

(Part 2) and the median height of each plot, we developed a linear model with carbon density 

as the dependent variable and median height as an explanatory variable. We created a median 



height raster with 1-ha resolution, and then used the regression model to derive a carbon map 

for the entire ORG concession.  

 

After producing the carbon map, we used the DEM to develop a localized habitat map, 

classifying habitats in the ORG concession using slope and elevation parameters (Table 2). 

We expected the swamp and terra firma forest types to have lower carbon densities than 

slopes because swamp is typically dominated by low-carbon palm species and terra firma 

was cleared for subsistence agriculture. Slopes are less suitable for agriculture and thus less 

likely to be disturbed.  

Habitat Type Environmental Parameters 
Swamp Slope ≤ 2 degrees & Elevation < 583m 
Slopes (associated with mixed habitat) Slope > 7.5 degrees 
Terra firma (flat plateau) Slope ≤ 2 degrees & Elevation ≥ 583m 
Terra firma (Others) Slope > 2 degrees & Slope < 7.5 degrees 

 
Table 2: This study used slope and elevation to classify habitats. Areas with more than 7.5 
degrees of slope are classified as slopes. Within the ORG concession, an elevation threshold 
of 583m generally determines whether a flat area is swamp or terra firma.  
 
Part 4: Evaluation of HCS and ANPN protocols 
 
To compare the NRI and HCS approaches, we compared the carbon stocks estimated from 

the two protocols at both the plot- and site-levels. We also compared the sampling methods in 

terms of logistical requirements. 

 

Part 5: Policy and management recommendations  
 
To evaluate the effects of land conversion from forest to rubber plantation, we estimated the 

carbon storage, losses and gains under different scenarios of concession development. The 

scenarios include: 

1) Forest is conserved and not cleared for rubber or other crops. 

2) Forest is cleared for rubber with a 30-year rotation. 



3) Forest is cleared for rubber with an extended rotation (i.e. 50% of the plantation is 

cleared after 30 years, with 50% extended for another 10 years and cleared after the 

replanted rubber trees establish). 

4) Forest is cleared for oil palm with a 30-year rotation. 

Results 
 
Optimal Height diameter model (HD model) for the ORG concession 
 
The site-wide HD model equation for the ORG concession was:  
 

log(𝐻) = 0.184688 + 1.15927563´ log(𝐷𝐵𝐻) − 0.08950132´	log(𝐷𝐵𝐻)1 
 
and explains 62% of the variance in the data. Based on this equation, the median tree height 

in the 19 NRI plots was 24.7m (95% CI = [12.4, 36.9 m]). Generally, the site-wide model 

represented the average of the 19 plot-specific models (Figure 5).  

 



Figure 5: HD models for all 19 plots (dashed lines) and the site-wide model (black line). 

 
Plot-level Aboveground biomass (AGB) estimates: NRI 
 
From the six scenarios, the mean estimated AGB of each plot was similar regardless of 

allometric equation or HD model employed, except that estimates were roughly 8% higher 

when no tree height data was included (Table 3); however the different scenarios did not 

differ significantly in AGB (ANOVA; F = 0.481, df = 5, 108, p = 0.79). 

 
 
Models 

Mean and SD of AGB  
Fayolle Regional Model  

(Mg AGB ha-1) 

Mean and SD AGB  
Chave Pantropical Model  

(Mg AGB ha-1) 
Site-wide HD model  238.7 (70.9) 238.1 (70.2) 
Plot-specific HD models 240.8 (72.6) 242.5 (74.9) 
No tree heights 261.2 (78.1) 263.7 (75.6) 

Table 3: The mean and standard deviation in AGB from the regional and pantropical 
allometric equations and at different scales (site-wide and plot-specific) and without tree 
height measurements. The mean AGB over all six scenarios was 247.5 Mg AGB ha-1.  
 
Plot-level AGB differed significantly among habitat types (terra firma: 221.5 Mg ha-1, mixed 

habitat: 331.2 Mg ha-1, swamp: 235.3 Mg ha-1), with plots containing slopes having 

significantly higher AGB than the other two habitats (ANOVA with Tukey post-hoc test; F = 

31.24, df = 2, 111, p < 0.001; swamp-sloped: p < 0.001; terra firma-sloped: p < 0.001; terra 

firma-swamp: p = 0.59). 

 
Comparison between HCS and ANPN: Plot-level AGB estimates 

The HCS protocol resulted in significantly higher plot-level AGB estimates than the NRI 

protocol (χ2 = 11.74, p < 0.001); the mean AGB estimated using field data from the HCS 

protocol was 291.2 Mg (95% CI = [274.2, 308.2]), while the mean AGB estimated using field 

data from NRI protocol was 247.5 Mg (95% CI = [238.0, 257.0]).  

 
Site-level carbon map and carbon summary using NRI field data 

The derived regression model between plot-level AGB and the LiDAR-derived median tree 

height raster was: 



𝐴𝐺𝐵 = 0.4488 + 13.0603 ∗ 𝐻 

 

With this equation, we estimated total carbon across the site as 0.87 Tg C (Figure 6A), with 

an overall mean carbon density of 123.8 Mg C ha-1 [95% CI = 74.2, 173.5] and a mean 

carbon density in the plantable area of 125.9 Mg C ha-1 [95% CI = 75.4, 176.5]. 

 
 



 
Figure 6: Each cell within the carbon density map is 1 ha, with NRI-derived carbon density 
varying from 0.2 to 313.3 Mg ha-1 (A) HCS-derived carbon density varying from 16.99 to 
341.12 Mg ha-1 (B). The ORG concession can be divided into three different habitats using 
combinations of elevation and slope (C); sloped areas have higher carbon density than other 
habitats.  
 
Site-level carbon map and carbon summary using HCS data  

The derived regression model between plot-level AGB and the LiDAR-derived tree median 

height raster (H) was: 



𝐴𝐺𝐵 = 36.082 + 13.52 ∗ 𝐻 

With this equation, we estimated total carbon across the site at 1.02 Tg C, with an overall 

mean carbon density of 145.0 Mg C ha-2 [95% CI = 77.7, 212.2] (Figure 6B) and a mean 

carbon density in the plantable area of 147.2 Mg ha-1 [95% CI = 78.7, 215.6]. 

 
Comparison between HCS and NRI: Site-level carbon estimates  
 
Consistent with our findings at the plot-level, the HCS data led to higher site-level estimates 

of carbon stocks than the of NRI data, exceeding NRI estimations by 148,027 Mg C.  

 
Habitat and site-level carbon density 

Similar to plot-level results, we found that at site-level slopes contained the highest mean 

carbon density (134.2 Mg ha-1, 95% CI = [80.4, 188]), followed by terra firma (124.5 Mg ha-

1, 95% CI = [73.4, 171.6]) and swamp (117.2 Mg ha-1, 95% CI = [70.2, 164.2]) (Figure 6C).  

 
 
Developable area under different carbon thresholds 
 
To determine the areas that could be converted to rubber agriculture under different carbon 

thresholds, we applied two carbon thresholds (mean NRI carbon density and ± 1 standard 

error) to three scenarios. Within the designated planting zones, the developable areas under 

75 Mg C ha-1 range from 1% to 15% of plantable area, with a mean of 5% of the plantable 

area. Developable areas under a threshold of 118 Mg C ha-1 ranged from 17% to 78% of 

plantable area, with a mean of 36.7% of the plantable area. (Figure 7, 8, 9).  

 

We only conducted the scenario analysis using the NRI-derived carbon map, but expect that 

the estimates from the HCS data would result in smaller developable areas due to its higher 

average carbon density than the NRI data. 

 
 



 
Figure 7: In the original carbon map, 5.1% of the ORG concession are developable under the 
HCS threshold of 75 Mg C ha-1 (A), while 36.7% of the concession are developable under 
Burton et al.’s (2016) threshold of 118 Mg C ha-1 (B).  
 



 
Figure 8: Allowing rubber agriculture in all areas within one standard error of the thresholds, 
1.4% of ORG concession are developable under the HCS threshold (75 Mg C ha-1) (A), while 
17.8% of ORG concession are developable under Burton et al.’s threshold (118 Mg C ha-1) 
(B).  
 



 
Figure 9: In carbon map plus one standard error, 15.5% of ORG concession are developable 
under the HCS threshold (75 Mg C ha-1) (A), while 78.3% of ORG concession are 
developable under Burton et al.’s threshold (118 Mg C ha-1) (B).  
 

 

Discussion 
 
 
Using field data from the NRI and HCS protocols, the mean carbon density of the ORG 

concession was 123.8 Mg C ha-1 and 145 Mg C ha-1. Both carbon density estimates are close 

to those from other studies: fallow fields 23 years after cultivation in Cameroon had an 

average carbon density of 131 ± 37 Mg C ha-1 (Palm et al., 2000); secondary forests in 

Cameroon had a mean carbon density of about 125 Mg C ha-1 (Bombelli et al., 2009; Kotto-



Same, Woomer, Appolinaire, & Louis, 1997). Secondary forest in Ghana retained 146.9±5.9 

Mg C ha-1, (Grieco, 2011), whereas secondary forests in Costa Rica stored 103 Mg C ha-1, 

though their estimates are limited by the young age of forests (Fonseca, Rey Benayas, & 

Alice, 2011). 

 
Comparing HCS and NRI carbon density estimation 
 
HCS carbon estimates are significantly higher than NRI carbon estimates. This contradicts a 

recent finding in which square plots tend to overestimate carbon stock compared to circular 

plots (Paul et al., 2019). The field teams for the NRI and HCS were composed of different 

technicians and employed slightly different tree measurement techniques. Tree measurements 

for HCS had significantly higher median DBH compared to the NRI (Figure 10) (χ2= 16.4, p 

< 0.001). The systematically larger DBH readings for HCS are likely caused by the fact that 

large trees were measured around the buttress roots, rather than being measured 50 cm above 

the roots as is standard, and smaller trees might not have been measured at 1.3m from 

ground. While circular plots from HCS might be easier to set up logistically, currently there 

is no clear evidence favoring the NRI or HCS designs in terms of plot shape or dimensions. 

Regardless of the protocols chosen, data collection should include measurement of tree 

heights and correct measurements of the diameters of large trees. 

 



 
 
Figure 10: DBH distribution in NRI (depicted in red) and HCS field data (depicted in blue). 
Compared to NRI field data, HCS field data has height distribution skewed slightly more to 
the right (Appendix 3). 
 
 
Habitat type affects carbon density 
 
The carbon stock distribution within the study site is not random but associated with habitat 

type. The high carbon density of slopes is explained by the fact that these areas are less 

disturbed due to their relative inaccessibility, while the lower carbon density in swamps and 

terra firma are explained by the fact that most swamps close to streams are dominated by low 

carbon palm species and flat terra firma areas were often cleared for subsistence agriculture. 

In this study, the combination of elevation and slope was sufficient to produce an accurate 

habitat map that corresponded to the habitat types recorded during field data collection.  

 

Implications of conversion to rubber plantation: carbon balance and other concerns 
 
The average carbon density of the study area is higher than both HCS and Burton et al.’s 

(2017) carbon thresholds of 75 and 118 Mg C ha-1 (HCS Steering Group Committee, 2017). 



Despite being a degraded forest, the study area has high carbon storage value and thus 

converting the study area to rubber plantation without appropriate mitigations is likely to 

accrue a sizable carbon deficit.  

 

The growth rates of rubber trees vary widely across different tropical regions (Choudhary, 

Majumdar, & Datta, 2016; Kongsager et al., 2013; Liu, Pang, Jepsen, Lü, & Tang, 2017; 

Maggiotto et al., 2014) due to different climate patterns, altitudes and soil types. In Ghana, a 

14-year old rubber plantation had an aboveground carbon stock of 121.5 ± 25.3 Mg C ha-1, 

whereas a 49-year old plantation stored 214.5 ± 47.7 Mg C ha-1 (Kongsager et al., 2013), 

which is higher than the 123.8 Mg C ha-1 estimated here for the existing secondary forest. 

Given similar climate and region, rubber cultivation has the potential to sequester similar 

amounts of carbon and be a significant carbon sink for degraded, secondary forest and 

degraded fallow lands in Gabon.  

 

We developed four scenarios of forest management and calculated the expected carbon 

dynamics for each, assuming a linear carbon sequestration rate due to lack of longitudinal 

data on rates of carbon sequestration for rubber trees in Central Africa. 



 

Figure 11: Carbon balance of ORG concession under four scenarios. 

(a) Scenario 1: Forest is conserved and not cleared for rubber or other crops 

With a starting carbon density of 123.8 Mg ha-1 and employing the generic carbon 

sequestration rate of secondary forests between 20 to 80 years old (2.9 Mg AGB or 

1.4 Mg C ha-1 yr-1; (Silver, Ostertag, & Lugo, 2000)), we estimate that after 40 years, 

the study area will hold 178.4 Mg C ha-1, a forecasted carbon density that is 44% 

higher than the starting carbon density and approximately 9% higher that of mean 

forest carbon density in Gabon (Figure 11a). 

 
(b) Scenario 2: Forest is cleared for rubber with a 30-year rotation 

When the land is cleared for the rubber plantation, the aboveground carbon stock will 

drop to zero following clearance. Using an interpolated rubber tree carbon 

sequestration rate of 2.65 Mg C ha-1 yr-1(Grieco et al. 2011), obtained from the 



formula (AGBt1 – AGBt2)/(t1-t2) where t1=49 and t2=14, we estimate that in 30 

years, the rubber tree plantation will sequester 163.4 Mg C ha-1 (Figure 11b).  

 

 
(c) Scenario 3: Forest is cleared for rubber with an extended rotation (i.e. 50% of the 

plantation is cleared after 30 years, with 50% extended for another 10 years and 

cleared after the replanted rubber trees establish) 

Using assumptions from Grieco et al. (2011), we estimate that in 40 years the rubber 

tree plantation will have sequestered 82 Mg C ha-1 at year 30 when half of the trees 

are cleared. The plantation will sequester 132.9 Mg C ha-1 at the end of 40 years, 

falling to 39 Mg C ha-1 when the remaining older trees are cleared. Scenario 3 is the 

only scenario in which the carbon stock never falls to zero (Figure 11c). 

 
 

(d) Scenario 4: Forest is cleared for oil palm with a 30-year rotation 

The usual rotation length of oil palm is between 25 to 30 years (FAO, 2001). If palm 

was planted instead of rubber, we estimate an accumulation of 45 Mg C ha-1 after 23 

years with a sequestration rate of 2 Mg C ha-1 year-1 based on research in Ghana 

(Kongsager et al., 2013). We estimate that after 30 years, the oil palm plantation 

would hold 58.9 Mg C ha-1 (Figure 11d). 

 
 

Scenario 1 demonstrates the opportunity cost of developing the study area. If the area was 

conserved it would act as a carbon sink for at least four more decades and accumulate carbon 

density comparable to the mean carbon density in Gabon. In the other three scenarios, the 

plantation would not reach such high levels of carbon density, and thus rubber production 

would lead to net carbon emissions.  

 



Several factors can complicate carbon balance estimations. First, given the uncertainty in soil 

carbon disruption which is typical following forest clearance, it might take longer than 

estimated for a rubber plantation to transition from a net carbon source to net carbon sink 

because soil releases carbon for several years after disturbance (de Blécourt et al., 2013). 

Second, latex and plant parts harvested from rubber tree can make up 13-20% of carbon 

sequestered (Kotowska, Leuschner, Triadiati, Meriem, & Hertel, 2015), therefore tapping 

latex can periodically lower the carbon stock on site. Third, the end-of-life use of rubber 

wood will affect the carbon balance; for example, turning rubber wood into furniture extends 

the carbon storage. If a portion of rubber aboveground biomass is used for furniture at the end 

of harvest, the aboveground carbon stock of scenario 2 would never reach zero and both 

scenario 2 and 3 would demonstrate increasing sequestration following each harvesting, with 

the potential of surpassing the mean carbon density for the country. However, soil can lose up 

to half of its soil organic carbon following rubber plantation development and harvesting (de 

Blécourt et al., 2013; van Straaten et al., 2015), potentially discounting the net carbon 

sequestration.  

 
Methods to mitigate negative impacts of rubber plantation conversion 
 
Should the study area be converted to rubber plantation, the measures detailed below can 

reduce the negative environmental impacts of forest conversion and potentially retain carbon 

in the ecosystem. 

 
Extended rotation 

Extended harvest rotations keep the plantation carbon density from reaching zero (Scenario 

3). An extended rotation has been recommended in Cameroon because a 10-year shunt gap 

(the gap between 30 year and 40 year plants) allows newly planted trees to become mature 

before the other half of the plantation is cleared (Egbe, 2012). The extended rotation also 



allows plantation owners to acquire income at all times and is arguably more ecologically 

sound (Egbe, 2012). 

 
Soil management 

While this study focuses on aboveground biomass, there are also substantial belowground 

carbon stocks (Wade et al., 2019), and thus it is important to minimize soil disturbance to 

reduce carbon emission from soils. When forests are disturbed, both aboveground and 

belowground carbon gets released, and this prolongs the time needed for an ecosystem to 

regain carbon neutrality and turn from a net carbon source into a sink (Bashkin & Binkley, 

1998; de Blécourt et al., 2013; van Straaten et al., 2015). Previous studies on soil carbon in 

rubber plantations proposed keeping leaf litter on site as it significantly increased soil carbon 

storage (Cheng, Wang, & Jiang, 2007).  

 
End-of-life use of Rubber wood  

Rubber trees not only produce latex, but the wood can also be made into veneer or furniture 

(Kusdiana, 2015). Rubberwood has become a major timber product in Malaysia and 

Thailand, accounting for 35% of exported wood products in Malaysia and 60% of exported 

wood products in Thailand (Balsiger, Bahdon, & Whiteman, 2000; Shigematsu, Mizoue, 

Kajisa, & Yoshida, 2011). The recovery rate of rubberwood ranges from 21 to 47% (Balsiger 

et al., 2000). When made into tools or furniture, the carbon stored inside the wood can be 

preserved instead of released into atmosphere. Encouraging the production of rubber wood 

furniture or products would reduce carbon emissions and grow employment. Branches or 

byproducts of the trees might also be able to be used as firewood by local communities, 

potentially reducing cutting of forest trees for firewood. 

 
Offsetting carbon emissions 

Emissions from plantation conversion can be offset by setting aside other lands to prevent 

immediate net emissions on a landscape level and to sequester carbon under proper 



management (Burton et al., 2017). For Gabon, a general ratio of 2.4 conserved hectares to 

each converted hectare of forest should be set aside for oil palm plantation if 118 Mg C ha-1 

carbon threshold is applied (Burton et al., 2017). Using Burton et al.’s (2017) methods, this 

study shows that a ratio of 0.82 hectares to each converted hectare of forest should be set 

aside for rubber tree planting (Appendix 4), given the higher carbon sequestration rate of 

rubber trees compared to palm trees. 

Conclusion 
 
When left undisturbed, a secondary forest is expected to reach carbon densities comparable to 

primary forest through succession, which means there are high environmental opportunity 

costs of developing a secondary forest. In this study, the predicted carbon stocks of a mature 

rubber plantation at the end of a 40-year extended rotation cycle does not reach the carbon 

density of secondary forests. Should the study area be developed, measures should be taken 

to prolong the carbon retention such as making rubber wood into furniture and employing 

extended harvest rotation. Other methods could include minimizing soil disturbance to 

prevent the loss of belowground carbon and setting aside offsets of 0.82 hectare for each 

hectare converted into rubber plantation.  
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Appendix 
 
Appendix 1: Plot-specific height diameter model coefficients 
The equations of plot-specific HD models and the RSEs follow the format of log(H) = 
a+b*log(D)+c*(log(D))2. The coefficients are unique to each plot (Table A1).  

Plot a b c RSE Median 
predicted 
height 

2.5% 
quantile of 
predicted 
height 

97.5% 
quantile of 
predicted 
height 

1 0.40 1.15 -0.10 5.32 25.9 13.8 38.2 
2 0.30 1.17 -0.10 6.28 25.1 14.0 33.0 



 
 
Table A1: Equation coefficients of 19 plot-specific model using log2 formula.  
 
 
 
  

3 -0.10 1.23 -0.08 7.54 22.2 10.7 44.6 
4 -0.51 1.40 -0.11 7.30 24.5 10.6 38.6 
5 -2.00 2.35 -0.23 4.19 28.4 9.9 48.3 
6 -0.36 1.44 -0.12 5.62 25.6 11.4 44.8 
7 1.28 0.46 0.011 6.95 23.0 12.9 40.7 
8 0.47 1.14 -0.11 5.18 24.2 14.7 30.3 
9 -0.59 1.64 -0.17 4.95 23.4 11.6 29.1 
10 0.83 0.87 -0.065 4.57 23.0 13.7 31.0 
11 -1.29 2.06 -0.21 5.04 27.9 15.6 45.7 
12 -0.46 1.40 -0.11 4.62 22.5 9.3 38.6 
13 1.68 0.19 0.044 5.29 18.5 11.7 34.8 
14 1.79 0.18 0.055 5.76 21.9 14.1 46.5 
15 -0.28 1.50 -0.14 4.66 26.1 12.7 34.4 
16 0.78 0.69 -0.003 5.78 25.9 11.4 46.6 
17 -0.20 1.40 -0.12 5.57 25.9 13.8 42.1 
18 2.25 0.04 0.067 5.05 26.0 15.9 38.8 
19 0.083 1.25 -0.10 6.28 26.3 13.1 37.9 



Appendix 2: Plot-level AGB estimates for NRI plots 
 
The summary information of each plot and the resultant AGB count are listed below (Table 
A2). 
Habitat Tree 

Count 
Median 
DBH 
(cm) 

Median 
Height 

(m) 

Total AGB 
(Mg ha-1) using 

plot-specific 
predicted 

height 

Total AGB 
(Mg ha-1) 
using site-

wide 
predicted 

height 

Total AGB 
(Mg ha-1) 
with no 

height data 

Terra firma 500 17.65 25.1 359.7 357.5 393.1 
Terra firm 442 14.8 14.5 204.2 193.5 202.1 
Mixed 355 21.5 22.1 353.7 360.1 405.4 
Terra firm 302 17.45 13 116.0 114.7 120.1 
Terra firm 397 16.8 19.5 238.9 236.5 247.5 
Mixed 456 20.1 21.3 358.6 348.2 380.7 
Terra firm 419 16.3 16.7 224.9 229.2 251.9 
Mixed 450 17.5 15.7 289.3 275.5 286.5 
Swamp 130 18.4 19.5 232.2 230.3 246.5 
Terra firm 418 18.3 20.1 252.4 257.8 285.6 
Swamp 328 19.05 20.1 245.8 250.7 285.5 
Swamp 435 17 17.3 212.2 205.7 223.6 
Terra firm 394 17.3 21.1 182.2 186.8 210.9 
Terra firm 365 16.3 20.1 195.4 197.6 230.6 
Terra firm 331 17.7 26.7 299.1 281.7 296.1 
Mixed 406 20 23.4 293.2 289.4 320.4 
Terra firm 428 16.85 13.6 187.3 187.9 205.1 
Terra firm 325 15.6 9.8 103.2 106.6 124.7 
Swamp 406 16.1 19.8 226.6 225.1 247.1 

Table A2: Summary of each plot, including number of trees, median height and median 
DBH. 
 
 
Appendix 3: Height distribution of NRI and HCS data 
 
While NRI measured the largest tree, HCS data are consistently larger at different quartile 
range (Table A3):  
 
Field Data Min (cm) 1st Quartile (cm) Median (cm) 3rd Quartile (cm) Max (cm) 
NRI 10 13 17.3 25.6 185 
HCS 10 13.3 18 26.7 168 

Table A3: The height distribution of NRI and HCS field data.  
 
Appendix 4: Offset calculation for rubber tree plantation conversion 
  
Following methods described in Burton et al 2017, the set-aside ratio is calculated using 
following modified formula: 



 
𝐶𝑎𝑟𝑏𝑜𝑛	𝐷𝑒𝑛𝑠𝑖𝑡𝑦 + 𝐹𝑜𝑟𝑒𝑔𝑜𝑛𝑒	𝑠𝑒𝑞𝑢𝑒𝑠𝑡𝑟𝑎𝑡𝑖𝑜𝑛 − 𝑅𝑢𝑏𝑏𝑒𝑟	𝑡𝑟𝑒𝑒	𝑠𝑒𝑞𝑢𝑒𝑠𝑡𝑟𝑎𝑡𝑖𝑜𝑛

𝑈𝑛𝑑𝑒𝑣𝑒𝑙𝑜𝑝𝑒𝑑	𝑓𝑜𝑟𝑒𝑠𝑡	𝑠𝑒𝑞𝑢𝑒𝑠𝑡𝑟𝑎𝑡𝑖𝑜𝑛  

 
The carbon density in this study using NRI field data is 123.8 Mg ha-1. The foregone 
sequestration is 1.4 Mg C ha-1 yr -1 * 40 yr = 56 Mg C ha-1. The rubber tree sequestration at 
end of 40-year extended rotation is 132.9 Mg ha-1, while the undeveloped forest sequestration 
is the same with foregone sequestration of 56 Mg C ha-1. Using formula above, we get 
 
(123.8 Mg C ha-1 + 50.6 Mg C ha-1 – 132.9 Mg C ha-1):(50.6 Mg C ha-1) = 0.82 : 1 
 
Therefore, for each hectare of forest developed into rubber plantation, we need to set aside 
0.82 ha as offsets. 


