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I.	The	Bookkeeping	Model	
1.	Background	
The bookkeeping model accounts for all the carbon initially held in areas affected by land use, 

land use change and forestry (LULUCF), simulating changes in four pools (living above- and 

belowground biomass; dead biomass, including coarse woody debris; harvested wood products; 

and soil organic carbon). In the model, losses of carbon to the atmosphere occur both rapidly 

(fire) and slowly (decay), and recovering forests withdraw carbon from the atmosphere and 

accumulate it again in biomass and soil. The model tracks the lands and pools of carbon directly 

affected by human activity until they reach a new equilibrium in carbon density. That is, it 

follows cohorts, or age-classes, of land. The effects of environmental change (e.g., the 

concentration of CO2 in the atmosphere, changes in climate, and N deposition) are not included 

in the bookkeeping model. Rates of forest growth and rates of decay vary with type of ecosystem, 

type of land use, and region, but they do not vary through time in response to changing 

environmental conditions. Furthermore, ecosystems not affected by LULUCF are not modeled. 

The net and gross fluxes computed are thus attributable to the direct anthropogenic effects of 

LULUCF; they do not explicitly include the effects of environmental change. Rates of growth and 

decay are assumed to be the same in 1850 and 2000. A disadvantage of the approach is that the 

simulated fluxes of carbon may not correspond to fluxes or change in stocks measured in the 

field because those measurements do include the effects of environmental change. 

The model has been used for more than 30 years [Houghton et al., 1983] to calculate net and 

gross emissions of carbon from LULUCF. It can be used at any scale, from one hectare to the 

globe. The current version of the model is non-spatial. In this case it was applied to all of 

Mexico. 

2.	Data	
The data used in this analysis were compiled from data and assumptions similar to those used in 

previous analyses [see Houghton and Nassikas (2017) for the most recent update]. We updated 

rates of LULUCF to 2015 using rates of deforestation and reforestation from the UN’s Forest 

Resources Assessment (FRA) 2015 [FAO, 2015] and annual changes in the areas of croplands 

and pastures from FAOSTAT (2015). 
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Preparing data for the bookkeeping model consisted of two steps. The first step focuses on land 

areas; the second step focuses on carbon densities. “Areas” included both the starting areas of 

natural ecosystems (in 1700) and the rates of land use and land-cover change from 1700 to 2015. 

Assigning increased cropland and pasture areas to the appropriate ecosystem types was 

challenging because national land-use statistics are neither mapped nor linked to ecosystems. 

We overlaid the MODIS IGBP global land-cover product [Friedl et al., 2010] with the FAO 

[2001] map of ecosystem types (ecozones) to determine the distribution of croplands and 

pastures among ecosystems. Unless data suggested otherwise, we assumed that pastures were 

converted from non-forest ecosystems, largely grasslands. 

The areas of croplands, pastures, and forests in 2015 are better known than the areas in 1700 or 

1850. Furthermore, changes in agricultural lands over the period 1850 to 2015 are reasonably 

constrained from historical narratives and national statistics. As a consequence, we defined the 

initial areas of croplands, pastures, and forests (in 1700) to yield the reported areas (in 2015) 

after changes in land use were simulated. 

Although areas in croplands and pastures are given annually in FAOSTAT, we smoothed the 

data (5-year running mean) to avoid large, alternating “changes” between cropland and pasture 

areas. Because croplands and pastures have different soil carbon densities, and because these 

differences take a few years to equilibrate, smoothing reduces the calculations of carbon change. 

Whether the annual changes back and forth are real or not, we capture the longer-term changes 

in area.  

Rates of gain or loss in forest area between 1990 and 2015 were obtained from the FRA2015 

[FAO, 2015]. Note that the changes are net changes in forest area. Gross rates of clearing and 

abandonment may have been higher. We treated natural forests and planted forests separately 

with data from the FRA2015, but the changes reported in each category were, nevertheless, net 

changes in area. 

The areas of croplands and pastures were obtained from FAOSTAT for the years 1961 through 

2015. Before 1961 areas in croplands and pastures were taken from Houghton et. al. (1991a) in 
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one simulation, but we used Mexico’s Emissions Reduction Initiative (IRE) Report (2016) to the 

UNFCCC to estimate changes in a second simulation.  

If the areas of croplands and pastures grew more rapidly than forest area was lost, the additional 

agricultural lands were taken from non-forest ecosystems (e.g., grasslands or shrublands). As a 

rule, we expanded pastures into non-forested ecosystems unless the loss of forests was greater 

than the expansion of croplands. If the loss of forest area was greater than the increase in 

croplands and pastures, we assumed (1) that the “excess” forest loss was for new croplands, and 

(2) that an equivalent area of old croplands was abandoned. The net change in cropland area 

was, thus, little changed, although new lands were added and old lands abandoned. The 

abandoned croplands were assumed to return to forests after 10 years. 

Annual volumes of wood harvested for industrial wood and for fuelwood were obtained from 

FAOSTAT for the years 1961-2015. Rates before 1961 were obtained from Zon and Sparhawk 

[1923] and extrapolated as a function of population growth [McEvedy and Jones, 1978]. 

Estimates of harvest intensity (wood removals per hectare) from the literature were used to 

convert annual volumes of wood harvested to areas harvested. We used wood densities of 0.6 

Mg/m3 and assumed dry biomass was 50% carbon. 

End uses of harvested wood (e.g., fuelwood, pulp and paper, lumber) from FAOSTAT enabled us 

to assign harvested wood to products with different lifetimes. Forests were harvested selectively 

for industrial wood (only a few trees per hectare removed). 

Annual estimates of the areas under different types of use, annual rates of wood removal, and 

annual net fluxes of carbon from LULUCF are included in the accompanying spreadsheet. 

Once the ending (2015) land areas in the model were consistent with those reported by the FAO 

[2015], we focused on carbon densities. As a first step, we determined the types of native 

ecosystems in Mexico [FAO, 2001] and assigned starting biomass and soil carbon densities to 

each. Seven types of ecosystems were considered (Table 1). The starting biomass density (1700) 

was assigned so that the ending (2015) density (country average) matched that reported by the 

FAO [2015]. This use of FAO data as a target is problematic because countries reporting to the 

FAO often do not distinguish between the types of forests measured (natural, managed, 
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plantation, secondary, primary) [Federici et al., 2015]. Indeed, an independent satellite-based 

estimate of the carbon stored in aboveground biomass was 21% greater than the total reported 

by the FAO [Baccini et al., 2012].   The median values of biomass density for each ecosystem 

type are given in Table 1. They agree, in general, with values reported in the literature. 

Table	1.		Biomass	Values	Per	Ecozone	

	 Tropical	
rain	
forest	

Tropical	
moist	

deciduous	
forest	

Tropical	
dry	

forest	

Tropical	
mountain	
system	

Subtropical	
steppe	

Subtropical	
desert	

Subtropical	
mountain	
system	

Primary	forest	

(tC/ha)	
113	 45	 23	 36	 11	 5	 36	

Undisturbed	soils	

(tC/ha)	
120	 100	 40	 75	 50	 58	 120	

 

Average soil carbon densities for the top meter of soil were assigned to each natural ecosystem 

type (Table 1) so as to give regional averages that were consistent with regional variation as 

described by Schlesinger [1984] and Zinke et al. [1986] for major types of vegetation and by 

Brown and Lugo [1982], Post et al. [1982] and Zinke et al. [1986] for life-zones. 

We documented from the literature, where possible, the changes in carbon density brought 

about by management. For wood harvest, for example, we determined the fractions of initial 

biomass harvested, left living, and killed (left as woody debris). Similarly, for harvested wood 

products, we used the volumes of wood reported in different forest products (from FAOSTAT) to 

estimate the proportion of wood removals distributed among pools with exponential decay rates 

of 1 yr-1 (fuelwood and charcoal), 0.1 yr-1 (pulp and paper products); and 0.01 yr-1 (lumber). 

Average biomass density could change over a simulation as a result of two processes. First, 

biomass density could decrease if the proportion of young forests increased, e.g., as a result of 

wood harvest and agricultural abandonment. Second, average biomass density for a region could 

either increase or decrease depending on whether the forests converted to other uses had carbon 

densities lower or higher than the national average. For example, a disproportionate loss of 
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tropical moist forests (with higher than average biomass density) would reduce the average 

biomass density of the remaining forests in the region. 

We distinguished primary from secondary forests, and assumed that new agricultural lands 

were generally cleared from primary forests. Nevertheless, our simulations ended in 2015 with a 

greater proportion of primary forests than reported by the FAO [2015]. Large areas of primary 

forest suggest that we underestimated rates of LULCC. However, we did not track natural 

disturbances, and some of the differences between observed and modeled areas of primary 

forest may be attributed to those disturbances. Another explanation is that the changes in 

agricultural area (from FAOSTAT) were net rates of land-cover change. They underestimated 

the simultaneous clearing and abandonment of agricultural lands, or turnover of lands. One 

consequence was an overestimation of primary forest area and an underestimation of secondary 

forest area. 

II.	Results	and	Discussion	
The annual net fluxes of carbon from LULUCF in Mexico are shown in Figure 1. Two estimates 

are shown: one based on population growth and one based on qualitative data given in Mexico’s 

BUR (2015).  The latter described rapid increases in agricultural areas in the 1940s and 1960s. 

The largest differences between the two estimates were for the years 1940 to 1980, and there 

was little difference after 1990. 

Figure 2 shows the net emissions of carbon from different changes in land use: conversion of 

forests to croplands and pastures, conversion of non-forests, wood harvest (industrial and 

fuelwood), and plantations. The net emissions from wood harvest include both the emissions 

from the products and the removals by forests recovering from harvest. 

Emissions were dominated by the conversion of forests to pastures, especially in the mid-

twentieth century. Recent net emissions were dominated by agricultural expansion and 

fuelwood harvest. 

The annual emissions estimated with the bookkeeping model are similar to the estimate of 

emissions from LULUCF reported in Mexico’s 2015 Biennual Update Report to the UNFCCC.  
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For the 5-year period 2010 to 2015, the net flux averaged 9.5 TgC/yr for the bookkeeping model 

and 8.6 TgC/yr for the BUR’s LULUCF estimate for the year 2013. The agreement is impressive. 

 
 
 
 
 

 
 
 

Figure 1.  Net flux according to two histories of agricultural expansion. 
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Figure 2. Net flux from each land-use process 
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III.	Next	Steps	
Historical uncertainties in land-use change account for the largest differences in flux estimates 

and could probably be improved with existing historical data. However, the effects are minor for 

recent estimates of flux. In recent years the largest uncertainties come from (1) changes in forest 

area and (2) changes in forest biomass density as a result of degradation and growth. Part of the 

uncertainty results from the non-spatial nature of this analysis; that is, assigning the correct 

biomass density to the forests converted to other uses. A spatial version of the bookkeeping 

model would improve both estimates of biomass density associated with deforestation and 

changes in biomass as a result of degradation. A spatial version would be consistent with using 

satellite data on biomass change [Baccini et al., 2012]. Spatializing historical data on LULUCF 

would not be trivial, but the most important changes are those happening in recent decades, and 

the changes from the 1980s to the present would be captured by satellite. 
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