
Supporting Information (SI) 1 
 2 
Model description______________________________________________________p. 1 3 
Details on methods ____________________________________________________p. 10 4 
Parameter and carbon values used in the model (S1)__________________________p. 20 5 
Land-cover change transition matrices (S2)_________________________________p. 23 6 
Data used in the Monte Carlo analysis (S3)_________________________________p. 25 7 
Maps linked to scenario analysis_________________________________________ p. 34 8 
ANAM/ITTO maps methodology from ANAM website (now unavailable online)__p. 35 9 

MODEL DESCRIPTION 10 

Here we provide the details on the land-cover transition model and the book-keeping 11 

carbon cycle model. The same model structure was repeated for the eight life zones with 12 

there respective parameters that can be found in [S1] and [S2].    13 

 14 

A1.  Land-cover transition model 15 

 16 

Let D(t), t = 1990, 1991, …, 2030 be the deforestation rates at time ‘t’ in ha yr–1.   17 
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τ  be the area of fallow (ha yr–1) at time ‘t’ , age-cohort ‘τ ’,  22 
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τ  be the area of other land (ha yr–1) at time ‘t’ , age-cohort ‘1 

τ ’. 2 

 3 

A first-order Markov model of transition probabilities between land-cover classes can be 4 

specified as follows: 5 

 6 

 7 

 , where 8 

 9 

the matrix αααα  contains the land-cover transition probabilities. The transition matrices can 10 

be found in S2. 11 

However, a transition from one land-cover class to another should reset the cohort age to 12 

1, and therefore the above form of the equation is applied as follows: 13 

 14 

First, the deforested land every year is partitioned into the 1-yr age classes as follows: 15 

AF(t, 1) = D(t) x KF  16 

ASF(t, 1) = D(t) x KSF 17 

AFA(t, 1) = D(t) x KFA 18 

AAG(t, 1) = D(t) x KAG 19 

AO(t, 1) = D(t) x KO                          ,                                                20 

Where K is the fraction of deforested land that goes into mature forest, secondary forest, 21 

fallow, agriculture or other land cover (S1) and where KF is equal to zero. 22 
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Next, to the 1-yr age cohorts, we add the area that results from the transition from other 1 

land-cover classes: 2 
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 4 

Finally, for age cohorts older than 1 year, we estimate the within-class transition of land-5 

cover classes: 6 

 7 
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, for τ  = 2, 3,,,, t. 8 

 9 

 10 

The initial conditions for this model are the 1990 land cover conditions which can be 11 

found in S1 per life zone under AF, ASF, AFA, AAG, and AO. We kept track of existing 12 

secondary forest in 1990 by averaging all their age classes and by specifying an average 13 

biomass value, as the age of this existing secondary forest was unknown.  14 

From the results of this model, we can also calculate the annual rate of re-clearing of 15 

secondary vegetation as: 16 

)()1,1(),( ,,,, OSFAGSFFASFSFclearSF tAtA αααττ ++−−= , 17 



This re-clearing of the secondary vegetation can be divided into two sub-categories: the 1 

clearing of secondary forest that was already present in 1990 ISF,clear (initial conditions) 2 

and the clearing of secondary forest newly created after 1990 SSF,clear, are given by : 3 

1) )),(()( ,, τtAdiagtI clearSFclearSF = , and 4 

2) ))((),(),( ,,, tIdiagtAtS clearSFclearSFclearSF −= ττ , where ))(( , tIdiag clearSF is the 5 

diagonal matrix with the vector ISF,clear as the main diagonal. 6 

The annual re-growth of secondary vegetation can be calculated as: 7 

1) For the secondary forest already present in 1990: 8 

)),(()(, τtAdiagtA SFinitialSF =  9 

2) Secondary forest created throughout the simulation: 10 

))),(((),(),(, τττ tAdiagdiagtAtA SFSFnewSF −=   , where ),(, τtA newSF  is the same 11 

matrix as ),( τtASF  without the elements in the diagonal. 12 

 13 

The annual rate of re-clearing of fallow land correspond to: 14 

)()1,1(),( ,,, OFAAGFAFAclearFA tAtA ααττ +−−= . 15 

The annual rate of agricultural conversion (permanent crop) to Other land. 16 

)()1,1(),( ,, OAGAGclearAG tAtA αττ −−=  . 17 

The vegetation re-growth in agriculture for permanent crop is given by: 18 

)),(((),(),(, τττ tAdiagdiagtAtA AGAGnewAG −=  , where ),(, τtA newAG  is the same matrix as 19 

),( τtAAG  without the elements in the diagonal. 20 

 21 

A2.  Book-keeping carbon cycle model 22 



As described in Ramankutty et al. (2007), the following estimates are based on a 1 

complete accounting of annual carbon balance.  2 

The carbon density of mature forest CF, the carbon density of secondary forest CSFi 3 

present in 1990 (initial conditions), the carbon density of fallow land CFA, and Cperm the 4 

carbon density in permanent crop agricultural land can be found in [S1]. 5 

 6 

Carbon release from cleared vegetation 7 

The biomass cleared every year is the sum of biomass from deforestation, cleared 8 

secondary vegetation, cleared fallow, and of permanent crop to Other land cover : 9 

 10 

)()()()()( tBiotBiotBiotBiotBio AGclearFAclearSFcleardeforeClear +++=   1−yrCt .              11 

 12 

The biomass cleared from deforestation is: 13 

)()( tDCtBio Fdefor =
   

1−yrCt , 14 

The biomass from re-cleared secondary vegetation is: 15 

)()),()1(()( ,
1

, tICtSCtBio clearSFSFi

t

clearSFSFSFclear +−= ∑
=τ

ττ
   

1−yrCt , where  16 

  CSF, the biomass in secondary vegetation created throughout of the simulation, is 17 

calculated as follows: 18 

)��(') = *)� (� + +(�.-�%.�%.('/.)⁄ )  1−yrCt , 23 ' < 70 6789: )� 1−yrCt , 23 ' ≥ -% <+=>? @ 
Note that this biomass is calculated for age-cohort   τ −1 because the cleared biomass has 19 

the biomass of the previous year. To be consequential with the fallow definition in vigor 20 



for Panama (regrowing vegetation from agricultural land abandonment with less than 1 

five years of age), the land classified as secondary forest is assumed to be more than five 2 

years of age, which are added to ' (i.e., ' = 1 for SF is a 5-year old forest). Csf is assumed 3 

to be equivalent to the biomass contain in the mature forest after 75 years. 4 

The biomass cleared from the fallow land is:  5 

)(tBioFAclear = CFA ∑
=

t

FAclear tA
1

),(
τ

τ
 
 1−yrCt . 6 

The biomass cleared from the agricultural conversion (permanent crop) to the Other land 7 

cover is expressed by: 8 

)(tBioAGclear = Cperm ∑
=

t

AGclear tA
1

),(
τ

τ Fperm  1−yrCt , where Fperm correspond to the fraction 9 

of agricultural land occupied by permanent crop. 10 

 11 

The fate of carbon after clearing 12 

The biomass cleared is partitioned into biomass burnt instantaneously (fburn), biomass left 13 

as slash on the site (fslash), and biomass transferred to product pools (fprod) as follows: 14 

 15 

fburn = 0.6; fslash = 0.339; fprod = 0.061    from Gutierrez, R. (1999). 16 

 17 

The various carbon fluxes include flux from instantaneous burning (Cf, burn), flux from 18 

decay of product and slash pools (Cf, decay), and flux due to carbon uptake by regrowing 19 

vegetation (C regrowth).  20 

 21 

The burnt flux is calculated as follows: 22 



 1 

burnclearburnf ftBiotC )()(, =
  

1−yrCt . 2 

 3 

Annual transfers of carbon to the slash and product carbon pools are: 4 

 5 

slashclearslashin ftBiotC )()(, =
 

1−yrCt , and 6 

prodclearprodin ftBiotC )()(, =  1−yrCt  7 

 8 

The slash and product pools experience exponential decay.  Thus, the carbon flux 9 

dynamics of the slash and product can be expressed using the differential equation: 10 

  

dC

dt
= Cin − λC,  11 

 12 

where Cin is the transfer of carbon from deforestation, and λ  is the decay rate.  Thus, the 13 

carbon dynamics for the various pools can be calculated using:  14 

 15 

)()1)(1()( , tCtCtC slashinslashslashslash +−−= λ    Ct , and 16 

)()1)(1()( , tCtCtC prodinprodprodprod +−−= λ   Ct , and 17 

and the fluxes of carbon from the decay of these pools is calculated as 18 

 19 

)1()1()(, −+−= tCtCtC prodprodslashslashdecayf λλ
   

1−yrCt ,  20 

 21 



where   λslash = 0.1 and  λprod = 0.1. 1 

Carbon uptake from re-growing vegetation 2 

The carbon flux from uptake by regrowing secondary forests created after 1990 is: 3 

)��,>+A>BC�D(�)
=

EFG
FH− J ���,K+C(�, ') L)� (� + +(�.-�%.�%.('/.)⁄ ) − )� (� + +(�.-�%.�%.(('��)/.)⁄ )M �)<>���

'N� , 23 ' < 70 69: 
% 1−yrCt , 23 ' ≥ -% <>? 

@ 
The secondary forest present before 1990 as well as newly formed mature forest were 4 

accounted to sequester carbon as follow: 5 

  )��,>+A>BC�DO)(�) = − L���,2K2�2=P(�)Q�� + ∑ ���'=� (�, ')QSM    �)<>−�, where RSF is the 6 

growth rate in �)D=��<>�� of secondary forest that were already present in 1990 and RP is 7 

the growth rate in �)D=��<>�� of newly classified mature forests, including plantations 8 

(according to ANAM land cover classification) [S1].    9 

 10 

The carbon uptake resulting from the net fallow re-growth is calculated as: 11 

)��,TU�=V+(�) = −)��W∑ ����'N� (�, ') − ∑ ����'N� (� − �, ' − �)X  �)<>−�  12 

 13 

On agricultural land, annual (temporary) crops are assumed to have an annual balance 14 

equal to zero (rice, maize, sugarcane). For permanent crops (banana, plantains, coffee, 15 

cocoa), the carbon uptake was only considered on newly created agricultural land and 16 

calculated as follow: 17 



)��,U+>Y(�) = Z− ∑ ���,K+C�'N� (�, ')�U+>Y)S+>YQ=�+   �)<>−�, 23 ' ≤ . <+=>?% �)<>−�, 23 ' > 5 6789: @, where 1 

Fperm correspond to the fraction of agricultural land occupied by permanent crop and 2 

CPermRate is the growth rate of permanent crops in tCha-1yr-1  [S1]. 3 

For pasture land, the carbon uptake by the vegetation was only considered on newly 4 

created agricultural land, and the vegetation was assumed to be burned every three years. 5 

)��,U=?�(�) = −L���,K+C(�, �)�U=?�)U=?�(� − Q^T>K)   �)<>−�M , where Fpast is the 6 

fraction of agricultural land going to pasture, Cpast correspond to the carbon contained in 7 

the pasture biomass and Rburn is the burning frequency ratio.   8 

 9 

The total uptake by growing vegetation is than calculated: 10 

)>+A>BC�D(�) = )��,>+A>BC�D(�) + )��,>+A>BC�DO)(�) + )��,TU�=V+(�) + )��,U+>Y(�)
+ )��,U=?�(�)  �)<>�� 

 11 

Finally, converted in CO2e (by multiplying the C emissions by 44/12) and expressed in M 12 

tons (1 megaton=1,000,000 tons), the total net emissions from land-cover change are 13 

calculated as: 14 

_`a = _b,cde`(f) + _b,gahij(f) + _eakelmn(f) f_69−1. 
 15 

 16 
17 



DETAILS ON METHODS 1 

In order to evaluate net carbon emissions from land-use change in Panama, we 2 

adapted a model from Ramankutty et al. (2007) (Ramankutty et al., 2007) which 3 

includes: a Markov-based model of land-use change and a bookkeeping carbon cycle 4 

model. This model was used to project net annual emissions based on historical 5 

information from 1990 and 2000. The simulations were performed using MatLab, version 6 

6.1 and 7.6. 7 

Markov model of land-use change 8 
 9 

This first-order Markov model served in asserting the land-cover dynamic 10 

following deforestation of mature forest (Fearnside and Guimaraes, 1996, Flamm and 11 

Turner, 1994, Lambin, 1997, Ramankutty et al., 2007, Wood et al., 1997). This model 12 

was constructed using two GIS maps of land use for 1992 and 2000, made available by 13 

the National Environment Authority of Panama (ANAM). These maps were based on 14 

Landsat TM5 and TM7 images and made in 2002. For the year 1992, a mosaic of eight 15 

images was used dating from 1988 to 1992 and from 1998 to 2001 for the year 2000. 16 

They constituted the most recent land use analysis for Panama at the time of the study. A 17 

life zone map following Holridge’s classification (1967) and produced by the Tommy 18 

Guardia Geographic Institute of Panama, was used to stratify the country in 8 life zones. 19 

Five of the 12 life zones found in Panama were aggregated as they covered small and 20 

geographically clustered mountainous areas. The model includes Premontane Moist 21 

Forest, Moist Tropical forest, Premontane Wet Forest, Tropical Wet Forest, Premontane 22 

Rainforest, Premontane Dry Forest, Tropical Dry Forest, and the aggregated life zones. 23 

Only the vector-format of these maps was conserved by ANAM. Only the vector-format 24 



was conserved by ANAM. So, the three maps were initially converted from vector to 1 

raster with a pixel size of 100 m by 100 m (one hectare) with the Lambert-Azimuthal 2 

Equal Area projection, using ArcGIS 9.3 ESRI®. Land use change, including annual 3 

deforestation, was evaluated per life zone with matrix calculation on the overlaid maps. 4 

Eight contingency tables were built, and transformed into transition probabilities 5 

(Equation 1, Appendix 1) (Pastor et al., 1993).  6 

The matrices included five land use classes: Mature forest, Secondary forest, 7 

Fallow, Agriculture, and Other (ANAM/ITTO, 2003). Under this classification, the 8 

mature forest category includes all forests with more than 80% tree cover as well as 9 

plantations. The secondary forest category covers re-growing, previously cleared, and 10 

degraded forest having between 60% and 80% tree cover. The fallow category includes 11 

re-growing vegetation as part of a shifting cultivation cycle or following agricultural land 12 

abandonment, with less than five years of age. The agriculture category was sub-divided 13 

into the average percentage area cover with annual crop, permanent crop, and pasture 14 

found in Panama's agricultural census (Contraloría, 2001). The "Other" category joined 15 

urban areas, inland water (such as lakes or reservoirs), and lowland vegetation liable to 16 

flooding (such as albinas). Deforestation was assumed to be zero prior to 1992 for the 17 

sake of this modeling exercise.   18 

In order to obtain annual transition probabilities, the eight-root of the matrices 19 

were taken when possible. If not, a formula for annualization of matrices was applied 20 

(Equation 2, Appendix 1) (Urban and Wallin, 2002). The model was verified using 21 

eigenanalysis and bootstrap techniques on the determination of transition matrices (see 22 

Equation 3, Appendix 1).   23 



Bookkeeping carbon cycle model 1 
 2 

 To estimate the flux of carbon related to land-use dynamics, we used a simple 3 

bookkeeping carbon cycle model (Houghton, 1999, Houghton, 2003, Houghton et al., 4 

2000, Ramankutty et al., 2007). This model tracks the annual emissions and uptake 5 

following reclearing and regrowth of fallow and secondary forest as well as carbon fluxes 6 

from permanent cultivation growth and clearing. Only changes in land use/cover are 7 

considered here; changes in land use management or the effect of natural or human 8 

disturbances (e.g. fire, insect outbreak) possibly affecting carbon fluxes were not 9 

considered. Emissions released following clearing events were partitioned into three 10 

pools: 1) a fraction burned whose carbon emissions were considered as immediately lost 11 

into the atmosphere,2) a fraction accounting for the decay of residues left on site that are 12 

released at slower rate, and 3) a fraction including the carbon temporarily stored in wood 13 

products (Gutierrez, 1999). We assumed the same rates of decay for the dead material left 14 

on site and for woody material removed from site as were estimated for the Brazilian 15 

Amazon (Houghton et al., 2000) because no information is currently available for 16 

Panama. Non-CO2 gases (e.g. methane, nitrous oxide) liberated during the burning 17 

process that depend on burning efficiency were not accounted for. Soil carbon changes 18 

following land-use change were also ignored in this analysis. It was decided not to 19 

account for SOC changes in the model is mainly because of the lack of data availability 20 

in Panama. The emissions on soil reported in the greenhouse gases inventory of Panama 21 

were basically based on default values and more recent studies showed no statistical 22 

differences between forest and pasture, subsistence agriculture, agroforestry systems and 23 

plantations (Kirby and Potvin, 2007, Potvin et al., 2004, Tschakert et al., 2007, 24 



Schwendenmann and Pendall, 2006). However, none of these studies tracked changes in 1 

SOC at the same site through time, which would provide more reliable estimates of 2 

changes in SOC with land-use/cover change. Yet, not all transitions have been examined 3 

to date (e.g. forest to annual crops). 4 

Average total forest carbon content for the mature forest (including living and 5 

dead aboveground and belowground biomass) and the reclearing of secondary forest 6 

already present in 1990 was obtained per life zone from Panama’s national report to the 7 

Forest Resource Assessment of Panama (Gutierrez, 2005) available online at 8 

:http://www.fao.org/forestry/fra/50896/en/pan/ (click on Panama). The regrowth and 9 

reclearing of secondary forest formed since 1990 were accounted as following a logistic 10 

function in proportion to the mature forest mean carbon stock relative to the age of the 11 

forest, where exponential growth in trees is considered in the first years (Potvin and 12 

Gotelli, 2008) and where we assumed the carbon to be recovered completely after 75 yrs 13 

(Alves et al., 1997, Brown and Lugo, 1990) (Equation 4, Appendix 1). Secondary forest 14 

regrowth was simulated starting at the age of 5 years in order to correspond to the land 15 

use classification, and in particular to distinguish it from the fallow category. Only net 16 

changes in annual fallow areas were accounted for; using  values from (Gutierrez, 2005). 17 

For the reverting mature forest class was assigned a plantation growth rate (Gutierrez, 18 

2005). Mean carbon stock value for the different types of agriculture were used in order 19 

to account for the net changes from forest lands to agriculture, without accounting for the 20 

changes between the different agricultural land uses themselves. Finally, the annual 21 

emissions were obtained per life zone and then summed up to obtain the total national 22 



annual emissions. All the equations to the model can be found in SI Model Equations and 1 

in Appendix 1 of this document. The variables and parameters used are available in S1. 2 

Sensitivity analysis 3 

We used sensitivity analysis to identify the key parameters having the greatest impact on 4 

the overall results by testing specific changes on each parameter. The key results are 5 

reported in the main text. For the sensitivity test performed on the land-cover 6 

classification accuracy in determining deforested area, the range of value tested comes 7 

from (Grassi et al., 2008) which report a range of error of 5 to 20% for mid-resolution 8 

imagery and (Foody, 2002) where the commonly recommended overall accuracy is 85% 9 

(or less then 15% error). For the quality of the land-cover maps, all the matrices of the 10 

Markov model were modified to account for the fact that the time interval between 11 

individual images are generally greater than 8 years (Sloan, 2008).The REL was then set 12 

to 10-year difference but the model was tested for sensitivity using a 9-year or 8-year 13 

time interval. For the snapshot effect, a proportional compensation on four transition 14 

probabilities of the Markov matrix was applied, with changes made to the transition from 15 

fallow to agriculture and from agriculture to fallow, with proportional change on the 16 

transition of fallow to fallow and agriculture to agriculture so that the column would sum 17 

up to 1 (Caswell, 2001).  18 

Uncertainty Analysis 19 

Correction of the original data used in the FRA (2005) 20 

The original forest inventory data used for Panama’s national report to the FRA (2005) 21 

was expressed for the most part in merchantable volume. The data reported in the FRA 22 

(2005) were first converted to aboveground living biomass using Brown (1997). Then, 23 



different adjustments were performed to account for roots, litter and woody debris 1 

depending on the forest class.  The belowground biomass was calculated as a fraction of 2 

the aboveground living biomass according to default values detailed in the IPCC GPG 3 

(2003) corresponding to 0.24 for moist and 0.27 for dry mature forest (Premontane Dry 4 

and Tropical Dry Forests), and 0.42 for secondary and fallow classes. The woody debris 5 

was calculated as a fraction of the total living biomass according to default value detailed 6 

in the IPCC GPG (2003) corresponding to 0.11 for all classes. The biomass data was 7 

converted to carbon stock information by multiplying by 0.5. The values presented in 8 

table S3 are expressed in terms of tons of C per hectare. Then, as applied in the FRA 9 

(2005), the litter was accounted by adding 2.1 for mature forest, 1.7 for secondary forest 10 

and, 0.9 for fallow, which was derived from expert knowledge and default factor obtained 11 

from the IPCC GPG (2003) (Gutierrez, 2005).  12 

We performed a quantitative analysis of uncertainty using Monte Carlo techniques to 13 

propagate uncertainty in the components of the model. It allows us to generate an 14 

assessment of uncertainty in the overall results by using key parameters and input 15 

variables identified with the sensitivity analysis and to calculate confidence intervals 16 

(Verbeeck et al., 2006). For the input parameters uncertainties were given by uniform, 17 

normal, lognormal and gamma distributions (S3). A normal distribution was used when 18 

suitable for the estimation of symmetrical uncertainties that is where the specified mean 19 

value can be assumed more probable than the other values in the range (IPCC, 2000). In 20 

this case, the mean and variance was used to generate the normal distribution for mature 21 

forest. The lognormal distribution was used for secondary forest; otherwise the high SD 22 

relative to the mean would have generated negative values. The gamma distribution was 23 



preferred for the fallow carbon stock and was determined with two parameters calculated 1 

from (Granger Morgan and Henrion, 1990). Uniform distribution was used when all 2 

values in a given range have equal probability, such as the transition matrices and the 3 

value used for the fate of carbon. In this case minimum and maximum values were used. 4 

For the Markov model, as each column of the matrix has to sum up to one, the main 5 

diagonal was defined as the difference of 1 with the sum of the other randomly defined 6 

transition probabilities. The ranges of uncertainty around the input parameters was 7 

obtained from a thorough review of the literature of Panama (and elsewhere when 8 

unavailable in Panama), from the IPCC Good Practice Guidance and, from expert 9 

knowledge when no data were available. We simulated the model per life zone by 10 

running 10,000 iterations using a Simple Random Sampling (SRS) of parameter values 11 

within defined ranges. While in other studies, correlations between parameters emerged 12 

as very influential component of uncertainty (Smith and Heath, 2001, Peltoniemi et al., 13 

2006), for this model key parameters and input variables are assumed to be correlated 14 

through time but independent between the different iterations of the Monte Carlo 15 

analysis. We made no distinction between the uncertainty due to lack of knowledge and 16 

the uncertainty caused by natural variability. In order to make this distinction, a second-17 

order Monte Carlo analysis should be applied (Hoffman and Hammonds, 1994, Verbeeck 18 

et al., 2006). However, we recognize our inability to partition these two components 19 

because of the lack information currently available.   20 

We evaluated the 95% confidence intervals per life zone. To propagate the error on the 21 

overall results, we added the mean and the variance obtained for each life zone and 22 

calculated the total mean and the 95% confidence intervals (Hammonds et al., 1994, 23 



Granger Morgan and Henrion, 1990). We did not address possible additional uncertainty 1 

due to the model structure as this uncertainty should be examined by alternative models 2 

or by the addition of parameters that were not included in the model (Hammonds et al., 3 

1994).  4 

Scenario Analysis 5 

We used this model to see the effect of different possible strategies to reduce emissions 6 

from deforestation that could be of interest to the government of Panama. After ample 7 

discussions with civil servants and assisting to different workshops given on REDD in 8 

Panama, five scenarios of deforestation reduction were selected. These scenarios include 9 

1) the Mesoamerican Biological Corridor of Atlantic Panama phase II conservation 10 

project (CBMAP II scenario), 2) the National System of Protected Areas including 54 11 

protected areas (SINAP scenario), 3) the Palo Seco forest reserve, a priority protected 12 

area for ANAM and the Darien biogeographical region where high level of deforestation 13 

are in effect (Palo Seco & Darién scenario, 4) the replication of Ipetí-Emberá REDD 14 

community project in other communities of Darien region (Replication of Ipetí-Emberá 15 

scenario), and 5) a reduction of 50% of the annual deforestation (Stern Review). We 16 

tested the different scenarios from the year 2000 to 2030, starting the reduction of 17 

deforestation in 2010.  18 

Appendix 1. Equations  19 
 20 
Equation 1. Obtention of transition probabilities 21 
 22 
Eight contingency tables were built, and transformed into transition probabilities (Pastor 23 

et al., 1993).  24 

1)  25 



pq,r,� =   sq,r J sq,r
t

rN�u  

 1 

where pij,t is the probability of one hectare to change from land use i to j during the time t 2 

Equation 2. Annualization of matrices 3 

2)                     pq,r =  pqr,� f⁄   4 

                                 where pi,j is the off-diagonal probability, 5 

                            pq,q =  1 − :vw( pq,r ) for j=1 to n,  6 

                                 where pi,i is the diagonal probability 7 

 8 

 9 
Validation of the annualization of the transition matrices 10 
 11 
The validity of the annualization of the transition matrices using Equation 2 described 12 

above, was verified by running the model starting in 1990 to compare the value from the 13 

simulations with the area cover by each land use in 2000. An eigenanalysis was 14 

performed between the annual matrices and the ten-year matrices to verify the effect of 15 

annualizing the matrices (Tanner et al., 1994). The eigenvalues, right and left 16 

eigenvectors as well as the Damping ratio sensitivity of the transition probability matrices 17 

were calculated (Caswell, 2001, Wootton, 2001) (Equation 3 below) , and were consistent 18 

between the annual and the ten-year matrices. 19 

Equation 3. 20 

xyxprz =  1||}| ~ x|�xprz −  y||}| �� x�xprz + 6 x6xprz��  �ℎ797 x|�xprz =  �r�z(��, ��)  
 21 x�xprz  8sx x6xprz  897 fℎ7 978� 8sx �w8��s896 p89f: �� x|}xprz  97:p7�f��7�6  
 22 



(��, ��)  is the inner product of the right and left eigenvectors. 1 
 2 
 3 
Equation 4. Logistic equation 4 
 5 
The function used to calculate the standing stock of the secondary forest is 6 

 Csf= Cveg / (1+e1.7-0.105(t))  7 

where t is time in years,  8 

Cveg is the standing stock in mature forest,  9 

Csf the standing stock in secondary forest 10 

 The reverting rate is calculated as ∆Csf=f(t)-f(t-1). 11 



S1. Parameter and carbon values used in the model 
 
  Value Unit 

Premontane Moist Forest     
Mature forest  164.4 tC/ha 
Secondary forest 117.5 tC/ha 
Fallow 51.9 tC/ha 
Area deforested 491 ha 
Fraction of the deforested land to secondary forest 0.310 - 
Fraction of the deforested land to fallow 0.216 - 
Fraction of the deforested land to agriculture 0.195 - 
Fraction of the deforested land to other  0.279 - 
Initial condition AF 17574 - 
Initial condition ASF  7872 - 
Initial condition AFA 34458 - 
Initial condition AAG 170415 - 
Initial condition AO 7515 - 

Moist Tropical forest     
Mature forest  177.5 tC/ha 
Secondary forest 128.4 tC/ha 
Fallow 56.7 tC/ha 
Area deforested 21700 ha 
Fraction of the deforested land to secondary forest 0.312 - 
Fraction of the deforested land to fallow 0.307 - 
Fraction of the deforested land to agriculture 0.353 - 
Fraction of the deforested land to other  0.028 - 
Initial condition AF 1221316 - 
Initial condition ASF  224564 - 
Initial condition AFA 407206 - 
Initial condition AAG 1070153 - 
Initial condition AO 40704 - 

Premontane Wet Forest     
Mature forest  176.8 tC/ha 
Secondary forest 138.2 tC/ha 
Fallow 61.1 tC/ha 
Area deforested 5597 ha 
Fraction of the deforested land to secondary forest 0.258 - 
Fraction of the deforested land to fallow 0.309 - 
Fraction of the deforested land to agriculture 0.427 - 
Fraction of the deforested land to other  0.006 - 
Initial condition AF 637773 - 
Initial condition ASF  162373 - 
Initial condition AFA 215423 - 
Initial condition AAG 344750 - 
Initial condition AO 556 - 

Tropical Wet Forest     
Mature forest  178.6 tC/ha 
Secondary forest 126.4 tC/ha 



Fallow 55.9 tC/ha 
Area deforested 11544 ha 
Fraction of the deforested land to secondary forest 0.489 - 
Fraction of the deforested land to fallow 0.103 - 
Fraction of the deforested land to agriculture 0.406 - 
Fraction of the deforested land to other  0.002 - 
Initial condition AF 1069260 - 
Initial condition ASF  186597 - 
Initial condition AFA 185863 - 
Initial condition AAG 164522 - 
Initial condition AO 1358 - 

Premontane Rainforest     
Mature forest  171.8 tC/ha 
Secondary forest 121.6 tC/ha 
Fallow 53.8 tC/ha 
Area deforested 3135 ha 
Fraction of the deforested land to secondary forest 0.459 - 
Fraction of the deforested land to fallow 0.161 - 
Fraction of the deforested land to agriculture 0.378 - 
Fraction of the deforested land to other  0.002 - 
Initial condition AF 532993 - 
Initial condition ASF  53129 - 
Initial condition AFA 33067 - 
Initial condition AAG 51911 - 
Initial condition AO 326 - 

Premontane Dry Forest     
Mature forest  169.1 tC/ha 
Secondary forest 114.0 tC/ha 
Fallow 50.4 tC/ha 
Area deforested 10 ha 
Fraction of the deforested land to secondary forest 0.141 - 
Fraction of the deforested land to fallow 0.129 - 
Fraction of the deforested land to agriculture 0.149 - 
Fraction of the deforested land to other  0.580 - 
Initial condition AF 12212 - 
Initial condition ASF  134 - 
Initial condition AFA 2097 - 
Initial condition AAG 35817 - 
Initial condition AO 8941 - 

Tropical Dry Forest     
Mature forest  165.6 tC/ha 
Secondary forest 114.0 tC/ha 
Fallow 50.4 tC/ha 
Area deforested 67 ha 
Fraction of the deforested land to secondary forest 0.363 - 
Fraction of the deforested land to fallow 0.152 - 
Fraction of the deforested land to agriculture 0.227 - 
Fraction of the deforested land to other  0.258 - 



Initial condition AF 5076 - 
Initial condition ASF  3110 - 
Initial condition AFA 22670 - 
Initial condition AAG 236178 - 
Initial condition AO 7518 - 

Mountainous life zones     
Mature forest  163.8 tC/ha 
Secondary forest 116.0 tC/ha 
Fallow 49.1 tC/ha 
Area deforested 418 ha 
Fraction of the deforested land to secondary forest 0.369 - 
Fraction of the deforested land to fallow 0.198 - 
Fraction of the deforested land to agriculture 0.417 - 
Fraction of the deforested land to other  0.016 - 
Initial condition AF 184522 - 
Initial condition ASF  7737 - 
Initial condition AFA 7854 - 
Initial condition AAG 14022 - 
Initial condition AO 0 - 

Parameter used for all life zones     
Rate of accumulation for mature forest (here representing plantations) 4.3 tC/ha/yr 
Rate of accumulation for secondary forest 3.4 tC/ha/yr 
Pasture 4.8 tC/ha 
Permanent crops (for all Moist and Wet life zones)* 50 tC/ha 
Rate of accumulation for permanent crop (for all Moist and Wet life 
zones) 10 tC/ha/yr 
Permanent crops (for Dry Tropical Forest and Dry Premontane 
Forest)**  21 tC/ha 
Rate of accumulation for permanent crop (for Dry Tropical Forest and 
Dry Premontane Forest)   2.6 tC/ha/yr 
Fraction of the carbon that is emitted through burning 0.6 - 
Fraction of the carbon that goes in the slash pool 0.34 - 
Fraction of the carbon that goes in the product pool 0.06 - 

* Assumes a five-year harvest cycle/maturity (Table 3.3.2, IPCC Good Practice 
Guidance from Schroeder (1994)). 
** Assumes an eight-year harvest cycle/maturity (Table 3.3.2, IPCC Good Practice 
Guidance from Schroeder (1994)). 



S2. The land-cover change transition matrices 

Premontane Moist Forest    
   1992 
    forest secondary fallow agriculture other 

20
00

 

forest 0.967134 0.003631 0.000445 0.000202 0.002480 
secondary 0.010529 0.965731 0.030695 0.002212 0.000639 
fallow 0.010150 0.021784 0.866151 0.036966 0.002456 
agriculture 0.002362 0.005690 0.099860 0.960112 0.017421 
other 0.009823 0.003164 0.002848 0.000508 0.977004 

       

Moist Tropical forest     
   1992 
    forest secondary fallow agriculture other 

20
00

 

forest 0.976649 0.017081 0.007086 0.000442 0.005424 
secondary 0.008015 0.932271 0.039189 0.001931 0.003213 
fallow 0.006863 0.034633 0.901479 0.053949 0.004955 
agriculture 0.007930 0.015849 0.049009 0.942816 0.006391 
other 0.000543 0.000167 0.003237 0.000863 0.980017 

       

Premontane Wet Forest     
   1992 
    forest secondary fallow agriculture other 

20
00

 

forest 0.987180 0.012279 0.004157 0.002287 0.037590 
secondary 0.003303 0.952479 0.029267 0.010406 0.002518 
fallow 0.003959 0.022488 0.941115 0.024752 0.002518 
agriculture 0.005479 0.012633 0.025038 0.962206 0.026619 
other 0.000080 0.000122 0.000423 0.000350 0.930755 

       

Tropical Wet Forest     
   1992 
    forest secondary fallow agriculture other 

20
00

 

forest 0.988332 0.006412 0.006245 0.005035 0.041016 
secondary 0.005702 0.962927 0.031197 0.016539 0.013476 
fallow 0.001207 0.020696 0.938911 0.026491 0.004050 
agriculture 0.004736 0.009903 0.023484 0.951596 0.021649 
other 0.000023 0.000062 0.000162 0.000339 0.919809 

       

Premontane Rainforest     
   1992 
    forest secondary fallow agriculture other 

20
00

 

forest 0.993634 0.007636 0.007173 0.004643 0.004601 
secondary 0.002925 0.949103 0.025739 0.013292 0.000613 
fallow 0.001024 0.025984 0.931488 0.019928 0 
agriculture 0.002404 0.017190 0.035434 0.962018 0 
other 0.000013 0.000087 0.000166 0.000119 0.994785 

       

Premontane Dry Forest     
   1992 



    forest secondary fallow agriculture other 
20

00
 

forest 0.990182 0.011194 0.005198 0.001617 0.004653 
secondary 0.001384 0.913433 0.014497 0.003401 0 
fallow 0.001269 0.014179 0.922413 0.023327 0.001398 
agriculture 0.001466 0.020896 0.038674 0.959687 0.002863 
other 0.005699 0.040299 0.019218 0.011969 0.991086 

       

Tropical Dry Forest     
   1992 
    forest secondary fallow agriculture other 

20
00

 

forest 0.970173 0.004534 0.001610 0.000124 0.002368 
secondary 0.010816 0.960193 0.018734 0.003080 0.001955 
fallow 0.004531 0.011961 0.922894 0.013609 0.010335 
agriculture 0.006777 0.021704 0.054905 0.981456 0.036113 
other 0.007703 0.001608 0.001857 0.001730 0.949229 

       

Aggregated life zones     
   1992 
    forest secondary fallow agriculture other 

20
00

 

forest 0.995792 0.040158 0.010810 0.003330 0 
secondary 0.001552 0.929546 0.021861 0.016274 0 
fallow 0.000833 0.017991 0.927769 0.009100 0 
agriculture 0.001756 0.011167 0.034899 0.961339 0 
other 0.000068 0.001137 0.004660 0.009956 1 

 



S3. Data used in the Monte Carlo analysis. 
  

Premontane Moist Forest 
Mature forest   

 
Source 

Total C 
stock (in 
tC/ha)  

 PNUD/FAO, 1972 207.0  
 PNUD/FAO, 1972 163.2  
 PNUD/FAO, 1972 180.2  
 PNUD/FAO, 1972 160.3  
 NA 141.3  
 NA 138.2  
 Mean 165.0 
 SD 25.7 
 Probability distribution function Normal 
Secondary forest      
  Mean*  115.6 
  SD† 18.0 
 Probability distribution function Lognormal 
Rastrojo‡   
 Mean (parameter A for scale) 38.6 2.8 
 SD (parameter B for the shape) 23.0 13.7 
 Probability distribution function Gamma 

Moist Tropical forest 
Mature forest 

 
Source 

Total C 
stock (in 
tC/ha)  

 PNUD/FAO, 1972 207.9  
 PNUD/FAO, 1972 163.2  
 PNUD/FAO, 1972 159.4  
 PNUD/FAO, 1972 134.6  
 PNUD/FAO, 1972 138.2  
 PNUD/FAO, 1972 192.2  
 PNUD/FAO, 1972 167.2  
 PNUD/FAO, 1972 150.3  
 PNUD/FAO, 1972 132.2  
 PNUD/FAO, 1972 193.2  
 PNUD/FAO, 1972 146.6  
 PNUD/FAO, 1972 303.6  
 PNUD/FAO, 1972 175.3  
 PNUD/FAO, 1972 242.2  
 PNUD/FAO, 1972 254.6  
 PNUD/FAO, 1972 182.5  
 Aserradero Los Cuatro Hermanos, 1998 161.9  
 EXTRAFORSA, 1992 133.9  
 Maderas Pacaro, S. A., 1991 192.5  
 Corporación Síntesis, S. A., 1996 200.4  
 Castillo, A., 1991 213.4  



 Aserradero Chagres, S. A., 1991 190.9  
 Pegui, S. A., 1992 197.9  
 Mederas del Tesca, S. A., 199_? 200.7  
 Aserradero Los Cuatro Hermanos, S. A., 1992 157.2  
 Madera de Subcurtí, S. A., 1992 186.0  
 ANCON, 1998 161.7  
 Grupo Melo, S. A., 199_? 156.7  
 Maderas del Darién, S. A., 199_? 165.5  
 Laminados Mon, S. A., 1993 180.8  
 Yaviza en Marcha, S. A., 199_? 176.5  
 Kirby & Potvin (2007)  317.0  
 Magallon, F. Master Thesis (2002) 181.0  
 Mean 185.4 
 SD 43.0 
 Probability distribution function Normal  
Secondary forest  

 
Source 

Total C 
stock (in 
tC/ha)  

 ANAM, 1998 161.1  
 ANAM, 1998 161.1  
 ANAM, 1998 172.2  
 ANAM, 1998 171.4  
 INRENARE, 1998 148.2  
 PNUD/FAO, 1972 147.1  
 PNUD/FAO, 1972 103.0  
 PNUD/FAO, 1972 109.8  
 PNUD/FAO, 1972 97.5  
 PNUD/FAO, 1972 74.3  
 PNUD/FAO, 1972 83.1  
 Mean 129.9 
 SD 36.8 
 Probability distribution function Lognormal 
Rastrojo‡ 

 
Source 

Total C 
stock (in 
tC/ha)  

 PNUD/FAO, 1972 60.2 not used 
 Mean (parameter A for scale) 38.6 2.8 
 SD (parameter B for the shape) 23.0 13.7 
 Probability distribution function Gamma 

Premontane Wet Forest 
Mature forest 

 
Source 

Total C 
stock (in 
tC/ha)  

 PNUD/FAO, 1972 212.8  
 PNUD/FAO, 1972 169.8  
 NA 74.1  
 Centro Científico Tropical, 1995 135.5  



 Inversiones Hope, 199_ 305.7  
 Mean 179.6 
 SD 86.8 
 Probability distribution function Lognormal 
Secondary forest  

 
Source 

Total C 
stock (in 
tC/ha)  

 Centro Científico Tropical, 1995 82.0  
 Centro Científico Tropical, 1995 113.4  
 PNUD/FAO, 1972 84.2  
 Mean 93.2 
 SD 17.5 
 Probability distribution function Lognormal 
Rastrojo‡ 
 Mean (parameter A for scale) 38.6 2.8 
 SD (parameter B for the shape) 23.0 13.7 
 Probability distribution function Gamma 

Tropical Wet Forest 
Mature forest   

 
Source 

Total C 
stock (in 
tC/ha)  

 PNUD/FAO, 1972 207.0  
 PNUD/FAO, 1972 180.2  
 PNUD/FAO, 1972 160.3  
 PNUD/FAO, 1972 151.8  
 PNUD/FAO, 1972 184.3  
 PNUD/FAO, 1972 132.9  
 PNUD/FAO, 1972 216.5  
 PNUD/FAO, 1972 161.5  
 Reforestadora el Zapallal, S. A., 1998 188.8  
 JICA, 1995 176.5  
 Naturaleza y Desarrollo, S. A., 1998 188.9  
 INRENARE/OIMT, 1997 187.0  
 Mean 178.0 
 SD 23.3 
 Probability distribution function Normal 
Secondary forest  

 
Source 

Total C 
stock (in 
tC/ha)  

 JICA, 1985 125.1  
 JICA, 1985 106.7  
 JICA, 1985 124.4  
 JICA, 1985 132.3  
 PNUD/FAO, 1972 145.0  
 PNUD/FAO, 1972 119.2  
 JICA, 1985 98.2  
 Mean 121.5 



 SD 15.6 
 Probability distribution function Lognormal 
Rastrojo 

 
Source 

Total C 
stock (in 
tC/ha)  

 PNUD/FAO, 1972 40.3  
 PNUD/FAO, 1972 5.1  
 Mean (parameter A for scale) 22.7 0.8 
 SD (parameter B for the shape) 24.9 27.3 
 Probability distribution function Gamma 

Premontane Rainforest 
Mature forest   

 
Source 

Total C 
stock (in 
tC/ha)  

 PNUD/FAO, 1972 159.9  
 PNUD/FAO, 1972 133.2  
 PNUD/FAO, 1972 192.3  
 PNUD/FAO, 1972 214.1  
 PNUD/FAO, 1972 150.4  
 PNUD/FAO, 1972 141.0  
 Mean 165.1 
 SD 31.6 
 Probability distribution function Normal 
Secondary forest  

 
Source 

Total C 
stock (in 
tC/ha)  

 PNUD/FAO, 1972 102.7  
 PNUD/FAO, 1972 82.5  
 PNUD/FAO, 1972 82.9  
 PNUD/FAO, 1972 147.2  
 Mean 103.8 
 SD 30.4 
 Probability distribution function Lognormal 
Rastrojo 

 
Source 

Total C 
stock (in 
tC/ha)  

 PNUD/FAO, 1972 48.4  
 PNUD/FAO, 1972 17.0  
 Mean (parameter A for scale) 32.7 2.2 
 SD (parameter B for the shape) 22.1 15.0 
 Probability distribution function Gamma 

Premontane Dry Forest 
Mature forest   
 Mean§ 147.3 
 SD¶ 1.8 
 Probability distribution function Normal 



Secondary forest   
  Mean||   115.7 
  SD**    36.6 
  Probability distribution function Lognormal 
Rastrojo‡ 
 Mean (parameter A for scale) 38.6 2.8 
 SD (parameter B for the shape) 23.0 13.7 
 Probability distribution function Gamma 

Tropical Dry Forest 
Mature forest   

 
Source 

Total C 
stock (in 
tC/ha)  

 PNUD/FAO, 1972 167.1  
 PNUD/FAO, 1972 163.2  
 PNUD/FAO, 1972 166.4  
 Mean 165.6 
 SD 2.1 
 Probability distribution function Normal 
Secondary forest  

 
Source 

Total C 
stock (in 
tC/ha)  

 ANAM/USAID/STRI, 1999 169.5  
 PNUD/FAO, 1972 87.3  
 PNUD/FAO, 1972 133.4  
 Mean 130.1 
 SD 41.2 
 Probability distribution function Lognormal 
Rastrojo‡ 
 Mean (parameter A for scale) 38.6 2.8 
 SD (parameter B for the shape) 23.0 13.7 
 Probability distribution function Gamma 

Mountainous life zones 
Mature forest   

 
Source 

Total C 
stock (in 
tC/ha)  

 PNUD/FAO, 1972 192.3  
 PNUD/FAO, 1972 129.1  
 PNUD/FAO, 1972 189.1  
 PNUD/FAO, 1972 140.3  
 PNUD/FAO, 1972 189.1  
 PNUD/FAO, 1972 140.3  
 PNUD/FAO, 1972 108.1  
 Mean 155.5 
 SD 34.2 
 Probability distribution function Normal 
Secondary forest  



 
Source 

Total C 
stock (in 
tC/ha)  

  PNUD/FAO, 1972 123.1   
  Mean 123.1 
  SD† 27.1 
  Probability distribution function Lognormal 
Rastrojo‡ 
 PNUD/FAO, 1972 60.8 not used 
 Mean (parameter A for scale) 38.6 2.8 
 SD (parameter B for the shape) 23.0 13.7 
 Probability distribution function Gamma 

Parameter used for all life zones 
  Minimum Maximum 
Fate of carbon   
 fburn 0.2 0.6 
 fslash 0.339 0.7 

 fprod 0.061 0.1 

Premontane Moist Forest 
 f,sf * † 0.010529 0.013102 
 f,fa 0.01015 0.012468 
 f,ag 0.002362 0.003128 
 f,o 0.009823 0.012203 
 sf,f 0.003631 0.004503 
 sf,fa 0.021784 0.026674 
 sf.ag 0.00569 0.007413 
 sf,o 0.003164 0.003943 
 fa,f 0.000445 0.000567 
 fa,sf 0.030695 0.037563 
 fa,ag 0.09986 0.204721 
 fa,o 0.002848 0.003512 
 ag,f 0.000202 0.000254 
 ag,sf 0.002212 0.002926 
 ag,fa 0.036966 0.064931 
 ag,o 0.000508 0.000649 
 o,f 0.00248 0.00308 
 o,sf 0.000639 0.000815 
 o,fa 0.002456 0.00312 
 o,ag 0.017421 0.021641 

Moist Tropical forest 
 f,sf 0.008015 0.009948 
 f,fa 0.006863 0.008558 
 f,ag 0.00793 0.009886 
 f,o 0.000543 0.00068 
 sf,f 0.017081 0.021144 
 sf,fa 0.034633 0.042516 
 sf.ag 0.015849 0.019794 
 sf,o 0.000167 0.000228 
 fa,f 0.007086 0.008834 



 fa,sf 0.039189 0.047954 
 fa,ag 0.049009 0.065669 
 fa,o 0.003237 0.003993 
 ag,f 0.000442 0.000614 
 ag,sf 0.001931 0.002725 
 ag,fa 0.053949 0.064698 
 ag,o 0.000863 0.001096 
 o,f 0.005424 0.006757 
 o,sf 0.003213 0.004011 
 o,fa 0.004955 0.006179 
 o,ag 0.006391 0.007964 

Premontane Wet Forest 
 f,sf 0.003303 0.004128 
 f,fa 0.003959 0.004949 
 f,ag 0.005479 0.006848 
 f,o 7.98E-05 9.98E-05 
 sf,f 0.012279 0.015349 
 sf,fa 0.022488 0.02811 
 sf.ag 0.012633 0.015791 
 sf,o 0.000122 0.000152 
 fa,f 0.004157 0.005196 
 fa,sf 0.029267 0.036584 
 fa,ag 0.025038 0.050076 
 fa,o 0.000423 0.000529 
 ag,f 0.002287 0.002858 
 ag,sf 0.010406 0.013007 
 ag,fa 0.024752 0.040397 
 ag,o 0.00035 0.000438 
 o,f 0.03759 0.046987 
 o,sf 0.002518 0.003147 
 o,fa 0.002518 0.003147 
 o,ag 0.026619 0.033273 

Tropical Wet Forest 
 f,sf 0.005702 0.007128 
 f,fa 0.001207 0.001508 
 f,ag 0.004736 0.005921 
 f,o 2.29E-05 2.86E-05 
 sf,f 0.006412 0.008015 
 sf,fa 0.020696 0.02587 
 sf.ag 0.009903 0.012379 
 sf,o 6.22E-05 7.77E-05 
 fa,f 0.006245 0.007807 
 fa,sf 0.031197 0.038996 
 fa,ag 0.023484 0.04294 
 fa,o 0.000162 0.000202 
 ag,f 0.005035 0.006293 
 ag,sf 0.016539 0.020674 
 ag,fa 0.026491 0.04847 
 ag,o 0.000339 0.000424 
 o,f 0.041016 0.05127 



 o,sf 0.013476 0.016845 
 o,fa 0.00405 0.005063 
 o,ag 0.021649 0.027062 

Premontane Rainforest 
 f,sf 0.002925 0.003656 
 f,fa 0.001024 0.00128 
 f,ag 0.002404 0.003005 
 f,o 1.29E-05 1.62E-05 
 sf,f 0.007636 0.009545 
 sf,fa 0.025984 0.03248 
 sf.ag 0.01719 0.021488 
 sf,o 8.66E-05 0.000108 
 fa,f 0.007173 0.008967 
 fa,sf 0.025739 0.032173 
 fa,ag 0.035434 0.051178 
 fa,o 0.000166 0.000208 
 ag,f 0.004643 0.005803 
 ag,sf 0.013292 0.016615 
 ag,fa 0.019928 0.029957 
 ag,o 0.000119 0.000149 
 o,f 0.004601 0.005752 
 o,sf 0.000613 0.000767 
 o,fa 0 0 
 o,ag 0 0 

Premontane Dry Forest 
 f,sf 0.001384 0.00173 
 f,fa 0.001269 0.001587 
 f,ag 0.001466 0.001832 
 f,o 0.005699 0.007124 
 sf,f 0.011194 0.013993 
 sf,fa 0.014179 0.017724 
 sf.ag 0.020896 0.026119 
 sf,o 0.040299 0.050373 
 fa,f 0.005198 0.006497 
 fa,sf 0.014497 0.018121 
 fa,ag 0.038674 0.049881 
 fa,o 0.019218 0.024022 
 ag,f 0.001617 0.002021 
 ag,sf 0.003401 0.004251 
 ag,fa 0.023327 0.029159 
 ag,o 0.011969 0.014961 
 o,f 0.004653 0.005816 
 o,sf 0 0 
 o,fa 0.001398 0.001748 
 o,ag 0.002863 0.003579 

Tropical Dry Forest 
 f,sf 0.010816 0.01352 
 f,fa 0.004531 0.005664 
 f,ag 0.006777 0.008471 
 f,o 0.007703 0.009629 



 sf,f 0.004534 0.005667 
 sf,fa 0.011961 0.014952 
 sf.ag 0.021704 0.02713 
 sf,o 0.001608 0.00201 
 fa,f 0.00161 0.002013 
 fa,sf 0.018734 0.023418 
 fa,ag 0.054905 0.08294 
 fa,o 0.001857 0.002321 
 ag,f 0.000124 0.000156 
 ag,sf 0.00308 0.00385 
 ag,fa 0.013609 0.018384 
 ag,o 0.00173 0.002163 
 o,f 0.002368 0.00296 
 o,sf 0.001955 0.002444 
 o,fa 0.010335 0.012919 
 o,ag 0.036113 0.045142 

Mountainous life zones 
 f,sf 0.001552 0.001939 
 f,fa 0.000833 0.001041 
 f,ag 0.001756 0.002195 
 f,o 6.77E-05 8.47E-05 
 sf,f 0.040158 0.050197 
 sf,fa 0.017991 0.022489 
 sf.ag 0.011167 0.013959 
 sf,o 0.001137 0.001422 
 fa,f 0.01081 0.013512 
 fa,sf 0.021861 0.027327 
 fa,ag 0.034899 0 
 fa,o 0.00466 0.005825 
 ag,f 0.00333 0.004163 
 ag,sf 0.016274 0.020343 
 ag,fa 0.0091 0 
 ag,o 0.009956 0.012445 
 o,f 0 0 
 o,sf 0 0 
 o,fa 0 0 
 o,ag 0 0 
* Mean was scaled relative to the difference observed between Mature forest and secondary 
forest in the Moist Tropical Forest, in proportion to the mean obtained for the mature forest of 
the same life zone. 

† SD is calculated as proportional to the SD in mature forest for the same life zone. 
‡ The mean and SD used was calculated from all available fallow inventory data from the 
FRA (2005).  
§Mean was estimated according to the difference observed between Moist Tropical forest and 
Premontane Moist forest, in proportion to the mean obtained for the mature forest in the 
Tropical Dry Forest 

¶ SD was calculated in proportion to SD found in mature tropical dry forest. 
|| Mean was estimated relative to difference observed between mature and secondary forest in 
the tropical dry life zone, in proportion to the mean obtained for the mature forest of the same 
life zone. . 

** SD was calculated in proportion to SD found in secondary tropical dry forest 

 



 

 
S4. Area covered by the scenarios of deforestation reduction CBMAP II, Palo Seco & 
Darien, and SINAP scenarios. The Palo Seco & Darien scenario covers the same area as 
the CBMAP II, though the area was selected randomly on a per pixel basis in the Darién 
biogeographical region (pixel of 100 m per 100 m). 
 



 
S5. Population centroids located in the Darién biogeographical region in proximity of 
mature forests in 2000 and accounted for in the Replication of Ipetí-Emberá project 
scenario.  
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