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Abstract

A WISDOM analysis was conducted in Mexico in order to: (1) identify fuelwood (FW) hot spots in terms of residential FW use and
availability of FW resources for the year 2000, and (2) estimate net CO, emissions from the non-renewable use of FW. WISDOM
(woodfuel integrated supply/demand overview mapping) is a spatially explicit method, based on geographic information system (GIS)
technology, which ranks a set of spatial units according to a group of indicators, in order to identify woodfuel priority areas or woodfuel
hot spots. A comprehensive analysis was conducted, integrating full coverage national data on land cover classes, land cover change maps
(1993-2000), geo-referenced population censuses (1990 and 2000), and a meticulous review of the international literature and Mexican
case studies. Following a spatial multi-criteria analysis, 2395 counties (out of a country total of 2424 in year 2000) were ranked based on
the number, density and annual growth rate of FW users; the percentage of households that use FW; the resilience of FW consumption,
and the magnitude and likely trends of FW forest resources. The WISDOM analysis allowed the identification of 304 high priority
counties (HPC), which showed a spatially aggregated pattern into 16 clusters. HPC cover 4% of Mexican territory and represent 27% of
total FW consumption. We estimated that 1.3 TgCO,y~! are released to the atmosphere by non-renewable FW burning, a value that
represents less than 1% of Mexican total annual CO, emissions in 2002. The results of the analysis show that WISDOM is a useful tool
for both focusing resources to critical areas where action is more needed and to obtain more accurate estimates of the impacts associated
to FW use.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

In developing countries, 80% of the wood removed is
used for cooking, heating, and boiling water by approxi-
mately 2.4 billion people [1,2]. On average, woodfuels
satisfy 15% of developing countries primary energy
consumption [1]. Although the indubitable role of wood-
fuels as a major energy source in these countries, its
patterns of supply and demand, and its associated social,
economic and environmental impacts are poorly under-
stood [3].
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The precise magnitude and likely trends of these impacts
has been a controversial issue since almost three decades
ago, when FW became a major item on the developing
countries energy agenda. In the 1970s, the gap approach
[4-7] predicted a severe woodfuel crisis by the year 2000.
Massive deforestation and acute woodfuel scarcity situa-
tions for some 2.4 billion people were expected as a
consequence of the crisis. By the mid-1980s, based on
revised assessments and new field data, it was argued that
the nature and impacts of the woodfuel crisis had been
significantly overestimated, and that there was less of a
problem than had been foreseen: woodfuel use seldom
posed a serious threat of deforestation and reduced access
to woodfuels was fairly easily managed by households
through a number of supply and demand substitution
possibilities [8,9]. The research conducted during the 1990s,
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including comprehensive field studies and projects, have
shown that woodfuels demand and supply patterns are
rather complex and very site specific [8-16]. Deficit
situations that severely affect woodfuel users and/or
negatively impact natural forests vary from place to place
[8,9,14,16]. Even in regions with an overall negative
woodfuel demand/supply balance, not all the places face
woodfuel scarcity, and similarly, regions with an overall
positive balance may include deficit areas [8,9,14,16-18].

Interest on potential FW deficits has grown recently due
to their contribution to global GHG emissions. Diverse
sources [19-21] indicate that the unsustainable harvest and
burning of biofuels by the residential sector may account
for about 4% of global CO, emissions. As with the gap
approach, these estimates come however from aggregated
estimates that do not incorporate the heterogeneity of local
situations.

In the need for approaches that help identifying critical
areas and focusing resources and/or actions on those places
that actually face more acute problems, Masera et al. [3,22]
developed the woodfuel integrated supply/demand over-
view mapping (WISDOM). WISDOM is a spatial-explicit
planning tool for highlighting and determining woodfuel
priority areas or woodfuel hot spots. To identify these
critical areas or hot spots, spatial units of analysis at any
one scale, are ranked into priority categories, by analyzing
relevant interactions over a set of socioeconomic and
environmental criteria and indicators, directly or indirectly
related to woodfuels supply and demand patterns. Wood-
fuel hot spots can be thus established according to a
number of criteria and indicators set by the users.

Following a hierarchical analysis through multiple spatial
scales, critical areas identified in the first step, can be
further analyzed based on more accurate data. In this
manner, resources can be used more efficiently and policies
can be more effectively directed and tailored to the specific
characteristics of the sites. WISDOM’s final objective is to
assess the sustainable potential use of woodfuels as a
renewable and widespread energy source, while supporting
strategic planning and policy formulation.

So far, WISDOM has been conducted in Slovenia [23],
Senegal [24], East Africa [25] and Southeast Asia [26].
Conducting a WISDOM analysis involves five main steps
(Fig. 1): (1) determining the minimum spatial unit (MSU)
of analysis; (2) development of the supply module; (3)
development of the demand module; (4) development of
the integration module; and (5) selection of the priority
areas or woodfuel /ot spots. For a complete description of
the methodology and for more details about its practical
implementation, existing databases, and other relevant
information please refer to [3,22].

Two main objectives were defined for the Mexico
WISDOM analysis: (1) Identify at a national scale, FW
hot spots in terms of residential FW use and availability of
FW resources for the year 2000, and (2) estimate net CO,
emissions from the non-renewable use of FW by the
residential sector for the same year. As mentioned above,
hot spots can be defined according to a number of different
criteria and indicators, depending on the objectives of the
assessment. In this article, hot spots were defined as areas
where: (a) insufficient FW resources could be negatively
affecting a major number of residential FW users and (b)
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FW extraction for residential use could be exerting
pressure on natural woody areas. Following hot spots
definition, a relevant set of indicators associated to FW
supply and demand patterns was selected.

2. Fuelwood supply and demand patterns in Mexico

In Mexico, approximately one fourth of the population
cooks with fuelwood (FW), either alone or in combination
with LPG [17,27]. The residential FW demand for the year
2000 was 320 PJ [28], equivalent to 32 million m* of wood, a
volume three times higher to the total commercial timber
legally harvested in the country per year [29]. FW
consumption accounts for half of total residential energy
demand in Mexico. Therefore, assessing the country’s
sustainable wood energy potential and viable options for
the use of woodfuels deserve urgent attention. FW use in
Mexico responds mostly to the so called ‘“‘traditional
pattern”, characterized by: (a) its spatial heterogeneity, (b)
being focused on the rural and household sector, (c) the
widespread use of traditional technologies such as open
fires, and (d) a very diverse array of extraction practices.
FW in Mexico is mostly collected or bought from local
markets. Although diverse sources of FW exist, it is
estimated that most of it comes from forest commercial
and non-commercial areas, abandoned farming plots under
re-growth, and arid regions with shrub cover [30,31].
Preferred species for FW are not necessary the same as
those of commercial value [28,31,32]. This represents a key
problem when trying to assess the potential production of
biomass as the majority of research on this area has
concentrated on establishing the amounts of usable timber
produced by commercial tree species (i.e. annual increment
of stems) [33].

3. Methods: conducting a WISDOM analysis in Mexico
3.1. Data acquisition and integration into a geo-database

The data sources used for this analysis were: (a) the latest
Mexican National Forest Inventory (MNFI) published in
the year 2000 (1:250,000) [34], with 69 land cover classes
(when considering agriculture sub-divisions, this number
rises to 74); (b) the National Population Censuses for the
years 1990 and 2000, in which data about number and
distribution of FW users is available [27,35]; (c) a geo-
referenced map of Mexican counties [36]; (d) a national
land cover change map (1993-2000), obtained from cross-
ing the MNFI, with a 1993 land use, land cover and
vegetation map from INEGI (Series II), also in 1:250.000;
and (e) a meticulous review of the literature [26,37-53], and
Mexican case studies [28,30-32,54-58] in order to estimate
FW productivities by land cover class and per capita FW
consumption by macro ecological zone.

Relevant spatial and statistical information from data
sources were combined into an “attribute table” linked to a
GIS platform (i.e. geo-database). The development of a

geo-database is a key tool to relate woody biomass supplies
to population distribution [59-61].

3.2. Determining the minimum spatial unit (MSU) of
analysis

Environmental, social and economic parameters with
full nation-wide coverage are mostly available at the state
or municipal sub-national administrative level of territorial
division. The sub-national administrative base map deter-
mines the spatial resolution of the demand and supply
modules and, consequently, the WISDOM level of analysis
and priority zoning. For the Mexican WISDOM analysis,
the MSU selected was the county or ““‘municipio’’, which is
the second sub-national administrative level of territorial
division. Disaggregated census data by county is available
for Mexico at the Mexican National Bureau of Statistics
(INEGI) web page [62]. The Mexican geo-referenced
county map was published in 1995 and is available from
INEGI for the 2424 counties existing in 1995, excluding
insular territory. Due to geo-statistical changes at the
bureaucratic level (counties are merged, divided, created
and deleted frequently [63]), only those counties that could
be tracked all the way during the ten year period
(1990-2000) were incorporated into this analysis (2395
counties).

3.3. Supply module

3.3.1. Assumptions

The fuelwood supply capacity (FSC) of an area is a
function of: (a) FW stocking and productivity of land
cover classes (natural formations and anthropic land-
scapes); (b) land cover relative changes; and (c) accessibility
[3,61,64]. Assumptions for these variables were set in order
to calculate indicators values. Although wood residues
from commercial logging, sawmills and construction
activities may represent an important source of FW in
specific areas, they were not considered in the analysis as
census data on these activities is only available at the
country level.

3.3.1.1. Fuelwood productivity by land cover class. The
FW productivity of an area is a function of the above-
ground woody biomass productivity of trees, shrub and
herbaceous species by land cover class, including the rate of
coarse dead wood accumulation, less the fraction of wood
with alternative potential uses (e.g. commercial logging of
stems with DBH >30cm [7,64]. Within the scope of
identifying priority areas where the supply/demand balance
indicates a possible deficit, the supply module may use
indicative biomass productivity indices based on ecological
characteristics [3].

FW productivities of different land cover classes were
assigned using the latest MNFI [34] plus a meticulous
review of the literature [26,37-53]. The MNFI was
conducted over a period of a year and was based upon
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data from INEGI and Landsat ETM-7 imagery. The
procedure followed the interdependent interpretation
method [65], which chiefly includes visual up-dating of the
classes modified between the reference data base (Series II)
and the current image (Landsat ETM-7 from 2000).

Table 1
Aggregated land cover classes linked to fuelwood productivity estimates

Land cover class FW increment Range® References
in
(Mgha™'y!)?
Tropical evergreen primary 3.1 1.1-5.1 [37]
forest
Tropical evergreen secondary 2.8 0.7-4.9 [38]
forest
Tropical deciduous primary 1.5 1.2-1.8 [39]
forest
Tropical deciduous secondary 1.2 0.6-1.8 [39]
forest
Primary coniferous forest 2.1 0.6-3.6 [40-45]
Primary coniferous and 2.4 0.7-4.1 [40-45]
broadleaved forest
Primary broadleaved forest 2.6 0.8-4.4 [40-45]
Secondary coniferous forest 1.7 0.5-2.9 [40-45]
Secondary coniferous and 2.0 0.6-3.4 [40-45]
broadleaved forest
Secondary broadleaved forest 2.3 0.7-3.9 [40-45]
Primary scrubland 1.6 1.0-2.2 [46-48]
Secondary scrubland 1.3 0.7-2.0 [46-48]
Mangroves 5.1 3.4-6.8 [49-52]
Agriculture/pasture® 0.8 0.0-1.5 [26,53]

Notes: In spite of the fact that most authors agree on the important role of
non-forest sources in supplying FW for households, the studies providing
objective measurement are extremely rare [26]. The value assumed for this
land cover class should be regarded as a first approximation.
#Aboveground woody biomass suitable as FW in dry weight.
®Based on minimum and maximum values reported in the literature.
“Non-forest sources of woody biomass (anthropic landscapes): agricul-
ture and pasture lands.

Table 2
Variation in fuelwood increments due to land cover changes

The legend is hierarchical with four levels, namely,
vegetation formations, vegetation types, vegetation com-
munities and vegetation sub-communities, giving a total of
74 classes (69 when merging agricultural land covers). The
inventory was subjected to a reliability assessment with the
aid of digital aerial photography (scale 1:15,000) [66]. For
the purpose of the present work, an aggregated legend was
derived from de MNFI. Table 1 summarizes the informa-
tion gathered through the literature review and shows FW
productivity assumptions for each aggregated land cover
class (13 classes) in the supply module.

3.3.1.2. Fuelwood production changes between years 1993
and 2000. Land cover changes associated with deforesta-
tion, negatively affect FW supply in the medium and long
term. The annual rate of change of FW production by
county, between years 1993 and 2000, was estimated.
A simplified legend was derived from de MNFI, with six
land cover classes. A matrix resuming increments and
decrement in FW productivities due to land cover changes
that occurred between years 1993 and 2000 was con-
structed (Table 2). Values in Table 2 were then multiplied
by the area that undergo ecach land cover transition
between years 1993 and 2000, in order to obtain positive
and negative variations in FW production by county due to
land cover changes.

3.3.1.3. Accessibility. Fuelwood, either for household
self-consumption or for commercialization in local mar-
kets, comes mostly from areas within limited distances
from localities [30-32,58,64]. The main scope of accessi-
bility analyses is to relate woody biomass supply to
population distribution [59,64]. Distance to FW sources
is a variable commonly reported in the literature. Based on
a review of case studies for Mexico [30-32,58], buffers
around main roads and localities were set to define

1993 2000

Agriculture/pasture  Other® Primary temperate  Secondary Primary Secondary

and tropical forests temperate and scrublands scrublands
tropical forests

Agriculture/pasture 0.0 —-0.3 1.5 1.2 0.8 0.5
Other® 0.3 0.0 1.8 1.6 1.2 0.9
Primary temperate and —1.5 —1.8 0.0 —-0.2 —0.6 —0.9
tropical forests
Secondary temperate and —-1.2 —-1.6 0.2 0.0 —-0.4 -0.7
tropical forests
Primary scrublands -0.8 —-1.2 0.6 0.4 0.0 -0.3
Secondary scrublands -0.5 -0.9 0.9 0.7 0.3 1.0

Notes: Variations in FW increments were obtained as the difference between average increments by land cover class: (e.g. from primary scrubland in 1993
(1.6Mgha~'y=!) to secondary scrubland in 2000 (1.3Mgha™'y=!),= (—0.3Mgha~' y!)). Average increments by land cover class were obtained from
Table 1, by weighting FW increments assumptions with accessible land cover areas: (1) agriculture/pasture = 0.8 Mg ha”'y™!; (2)
other = 0.4Mgha™'y~'; (3) primary temperate and tropical forests = 2.2Mgha™'y~!; (4) secondary temperate and tropical forests = 2.0 Mgha™'y~!;

(5) primary scrublands = 1.6 Mgha™'y~!

; and (6) secondary scrublands = 1.3Mgha™!'y='.

#Urban areas, lakes, mangroves, and areas with no woody vegetation or no vegetation at all.
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accessible areas at the national scale. Only those localities
with at least 20 houses that use FW as the only fuel source
were considered (41,014 localities in year 2000, where 91%
of total FW users live [27]). Accessible areas (i.e. accessible
buffers) were calculated considering circles of 10 km radius
around localities and 3km at each side of main roads.
Accessible areas cover almost 70% of total Mexican
territory.

3.3.2. Indicators used in the supply module

Two poorly correlated indicators (Pearson correlation)
related to FW supply were incorporated into the thematic
attribute table of the supply module. Indicators’ values,
disaggregated by county, were calculated through the
spatial integration of basic data using ArcView (version 8.2).
The indicators are

13
S= (4P, (1)
J=1

where S is the FW supply per county in Mgy~ (dry

733

matter); A4; is the county accessible area by land cover *‘j
in ha and P; is the FW productivity by land cover */” in
Mgha=!y~!
6

Le =) (A APY)/T, )

k=1
where Lc is the annual variation in aboveground woody
biomass production per county in Mgy~!, due to land
cover changes that occurred between years 1993 and 2000
in Mexico; Ay is the county accessible area by land cover
transition “k” in ha (e.g. from primary scrubland to
secondary scrubland); and AP, is the FW productivity
change (positive or negative) by land cover transition “k”
in Mgha='y~! (Table 2).

3.4. Demand module

3.4.1. Assumptions

Significant variations in per capita FW consumption
have been reported in the literature according to areas with
varying supply of woody resources (i.e. eco-regions)
[67-69]. We assumed average per capita FW consumption
by major ecological zone (temperate, tropical, dry, wet-
lands and other) based on a comprehensive review of case
studies and surveys in Mexico [28,30-32,54-58] (Table 3).

3.4.2. Indicators used in the demand module

Six poorly correlated indicators (Pearson correlation)
related to FW demand, were incorporated into the
thematic attribute table of the demand module. These
indicators are

T=U+ M, (3)
where T represents total users per county; U are exclusive

FW users per county and M represents mixed users per
county (people that use both FW and LPG). U is a variable

Table 3
Average per capita fuelwood consumption in Mexico
Major ecological zone Per capita FW Range®
consumption in
(kgday ' cap™")
Tropical humid 2.0 1.5-2.5
Tropical dry 2.5 1.9-3.1
Temperate 3.0 2.2-3.7
Semi-arid L.5 1.1-1.9
Wetlands 2.5 1.9-3.1
Other 1.5 1.1-1.9

Notes: Own estimates based on a review of existing studies. Consumption
values are in dry weight. cap = per capita.
See also Diaz [28] for a comprehensive review of case studies and surveys
in Mexico.

“Based on minimum and maximum values reported in the literature for
Mexico.

reported by INEGI while M is estimated adjusting U
through a coefficient (0.25) based from Diaz [28]. The
accuracy of the coefficient was tested using local surveys,
where exclusive and mixed users are reported [28], vs.
INEGI census data by locality, were only exclusive users
are reported [27].

D= (U+M=x05)/4, @)

where D is the FW users’ density per county in users’ ha™';
A is the county accessible area in ha. Mixed users were
multiplied by 0.5 as per capita FW consumption is half of
that assumed for exclusive users. Only FW users within
accessible areas were considered (see Section 3.3.1.3).

SAT = F/H, (5)

where SAT is the saturation per county, F are the number
of households that use FW per county, and H are the total
number of households per county.

2= (U, U, (©)

where A is the discrete rate of FW users’ growth between
years 1990 and 2000 per county; U, are FW users per
county in year 2000; U, are FW users per county in year
1990 and ¢ is 10 years.

I=1Iy/Pr, (7

where [ is the percentage of people belonging to an ethnic
group per county; I is the number of people over 5 years
old that speaks an indigenous language per county and Pr
is total population per county. This variable is linked to
FW use patterns as a proxy measure of the resilience of
consumption, as FW use is a cultural characteristic of most
ethnic groups in Mexico.

5
C=)» (CU;xf;xCl)*x(U+ M %0.5), 8)
i=1

where C is the FW consumption per county in Mgy~!

(dry matter); CU; is the per capita FW consumption per
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county by major ecological zone i in Mgy~ (dry
matter); f; is the percentage of total county area covered
by major ecological zone ““/’; and Cl is a coefficient that
adjusts per capita FW consumption by minimum average
annual temperatures per county (ranging from 1 in mild
cold regions to 1.7 in cold areas). Mixed users were
multiplied by 0.5 as per capita FW consumption is half of
that assumed for exclusive users.

3.5. Integration module

The information gathered in the supply and demand
modules was combined to estimate a FW supply-demand
balance (B), disaggregated by county, that was used to
complete the integration module.

B=S-C, ©)

where B is the balance between FW supply and demand per
county in Mgy~! (dry matter). Consumption (C) in this
equation was adjusted for those FW users within accessible
areas (see Section 3.3.1.3).

3.6. Identification of Mexican fuelwood hot spots

In order to identify Mexican FW hotspots, the metho-
dological approach described by Geneletti [70] was
followed. This approach uses a geographical information
system (GIS) and a spatially explicit Multi-criteria analysis
(MCA) to identify priorities among spatial units, repre-
sented by Mexican counties in this article. Counties are
assessed by means of selected FW supply and demand
indicators, and then ranked by using MCA techniques.
Four steps were followed: (1) standardization of indicators,
(2) weight assignment, (3) aggregation procedure, and (4)
construction of a fuelwood priority index (FPI).

3.6.1. Standardization of indicators
Indicators in the supply, demand and integration
modules were standardized by generating a linear value

Table 4
Indicators and weights used in the priorization analysis

function (i.e. a function that expresses the relation between
the variable or indicator real value and the corresponding
value score (between 0 and 1) [70,71]. Maximum and
minimum thresholds were set to eliminate extreme real
values from the wvalue function. Indicator’s extreme
maximum and minimum values were set to 1 and O,
respectively. See Appendix.

3.6.2. Weight assignment and aggregation procedure

Following Geneletti [70], three different weight sets were
assigned to indicators in order to include different
perspectives into the priorization analysis (Table 4). In
the first set, equal weights were assigned to all indicators
(70% of the overall weight distributed within five demand
indicators and 30% within two supply/integration indica-
tors). In the second set, 90% of the overall weight was
distributed between FW supply/integration indicators,
such as balance and land cover change, while in the third
set, 90% of the overall weight was distributed between
demand indicators. From the aggregation techniques
available in environmental MCA [72], and given the high
number of spatial units to be compared and the quantita-
tive nature of indicators, the weighted summation techni-
que is the most appropriate for this study, and consists in
adding all weighted standardized scores from all indicators
used.

The weighted summation output (WSO) per county by

weight set ““s” is given by the equation:

;
WSO, = ZRd * Was,
d=1

(10)

where R is the standardized score per county for each
indicator “d”; and W is the weight assigned for each

indicator “d”” and weight set “s”. As standardized scores
are used, values of WSO vary between 0 and 1.

3.6.3. Construction of a FPI
The final step in the priorization analysis was to select the
top-scoring counties within the three weighted summation

Indicator Abbrev. Equation Unit Module of Weight Set 1 Weight Set 2 Weight Set 3
origin
FW users T 3) number of Demand 0.14 0.02 0.20
users
FW density D 4) number of Demand 0.14 0.02 0.20
users ha™!
Saturation (households) SAT 5) % Demand 0.14 0.02 0.20
FW users’ growth (1990-2000) 4 (6) % Demand 0.14 0.02 0.20
Percentage of people belonging [ (7) % Demand 0.14 0.01 0.10
to an ethnic group
FW balance B ©9) Mgy~! Integration 0.14 0.50 0.05
Land cover change Lc 2) Mgy~! Supply 0.14 0.40 0.04
(1993-2000)
Total 1.00 1.00 1.00

Notes: Totals do not match because of round up. Note that FW supply (S) and consumption (C) indicators were replaced by FW balance (B).
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Table 5
WSO thresholds and number of counties in each category

FPI group WSO threshold value
High priority >0.5

Mid-high priority 0.4-0.5

Mid-priority 0.3-0.4

Mid-low priority 0.15-0.3

Low priority <0.15

Notes: Mid-high priority counties include counties in which each value of
the three WSO is higher than 0.4 and at least one value is between 0.5 and
0.4; mid priority counties are those in which each value of the three WSO
is higher than 0.3 and at least one value is between 0.4 and 0.3; mid-low
priority counties are those in which each value of the three WSO is higher
than 0.15 and at least one value is between 0.3 and 0.15. The FPI
priorization rationale is that counties can be ranked consistently with all
the three weight sets assumptions (i.e. equal weighted, demand indicators
weighted more, supply and integration indicators weighted more, see
Table 4). For example, counties with low balance (B) and land cover
change (L¢) values but high demand indicators values (i.e. 7, D,SAT, A
and 7), will not be ranked as top scoring as the WSO,, in which B and L¢
are given higher weights, will be low. If no weights were assigned and a
simple summation was done, high value demand indicators could bias the
overall county score.

outputs (WSQOy). This selection was done by a FPI that
ranks counties in five groups of priority according to four
WSO thresholds (Table 5).

3.7. Uncertainty in basic data assumptions

Although WISDOM is meant to provide relative/
qualitative values rather than absolute/quantitative data,
incorporating uncertainties in the analysis gives a better
idea of FW hot spots spatial ranges. The same methodo-
logical approach described above for identifying FW hot
spots was conducted using maximum and minimum
assumptions. Uncertainties in basic data were incorporated
into the analysis for: (1) land cover productivity, (2)
accessibility, (3) number of mixed users, and (4) per capita
consumption. Table 1 shows uncertainties for each land
cover class FW productivity estimate, based on reported
ranges. Accessibility assumptions set in the priorization
analysis were considered maximum (almost 70% of total
territory) (see Section 3.3.1.3). For the minimum accessible
area, those assumptions were set to 5km radius around
localities and 0.5km at each side of roads. Minimum
accessible areas cover almost 45% of Mexican total
territory. Based on Diaz [28], maximum mixed users
estimation was done using a coefficient of 0.50, instead of
0.25 (see Eq. (3)). Minimum FW users were set as only
those users reported by INEGI (see Eq. (3)). Uncertainty in
per capita FW consumption was set to 25% according to a
review of reported values in the literature for Mexico
[28,30-32,54-58].

Two new categorizations, based on the FPI, were
developed: a permissive one using: (1) maximum FW
productivities, (2) maximum accessible areas, (3) only

exclusive users reported by INEGI (i.e. mixed users were
not considered), and (4) minimum per capita consumption;
and a restrictive one using: (1) minimum FW productiv-
ities, (2) minimum accessible areas, (3) maximum mixed
users estimation based on Diaz [28] and (4) maximum per
capita consumption.

3.8. Net CO> emissions estimation methods

Non renewable use of FW (i.e. when the amount
extracted and burned exceeds the growth rate of the living
biomass sources) contributes to net CO, emissions. On the
contrary, when harvested and used sustainably, woodfuels
are CO, neutral [21]. Tt should be noted that, due to the
poor efficiencies of traditional biomass burning devices
(e.g. three stone fires), FW burning (even renewably
harvested) contributes with substantial GHG emissions
through products of incomplete combustion (PIC) as CHy,
N,O, CO, and NMHC [73]. Quantifying the emissions of
these non-CO, gases associated to FW burning is difficult
because few field studies are currently available that
estimate their emission factors. Because of this problem,
in this study we only estimated net CO, emissions.

Based on our WISDOM geo-database for Mexico, we
quantified the net CO, emissions from non-renewable FW
use at the national level using the following equation:

E=Bx%0.5x3.67, (11)

where E are net CO, emissions per county for B<0 and
E =0 for B=0; 0.5 is the carbon density of dry wood and
3.67 the ratio between the molecular weight of carbon
dioxide (CO,) and carbon (C).

4. Results
4.1. Averages values for Mexico

As shown in Table 6, accessible FW supply for Mexico
was estimated in 182 Tgy~!, with a mean value per county
of 75kty~!. On average, FW supply in Mexico is more
than enough to satisfy FW demand (19 or 17Tgy™!
considering only FW wusers within accessible areas). In
terms of a national average balance, this surplus corre-
sponds to 165Tgy~!. Fuelwood supply partially depends
on counties accessible area. Maximum values of FW
production per county (2.3Tgy~!') correspond to two
Quintana Roo State counties in Southern Mexico, with
accessible areas of about one million ha each. The
maximum value of FW consumption (180kty~') corre-
sponds to a county of Estado de Mexico State, located
within an identified FW hot spot (see below). Annual FW
losses because of land cover change within accessible areas
were estimated in 1.8 Tgy~!, and represent 1% of total FW
supply per year and 10% of annual FW consumption
coming from accessible areas (17 Tgy~!). Fuelwood users’
growth annual rate (1990-2000) in Mexico is slightly
negative. In the 10 year period between national censuses,
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Table 6
Descriptive statistics of indicators aggregated at the national level

Indicator Total Mean (by county)  Standard error ~ Minimum value = Maximum value
FW supply (S), Tgy™! 182.487 0.075 0.003 0.000 2.256

Land cover change (1993-2000) (Lc), Tgy™! —1.802 —0.001 0.000 —0.035 0.012

FW users (7) in number of users 21,755,561 8975 258 0 162,543

FW users’ density (D) in users ha™' - 0.36 0.01 0.00 8.47

Saturation (SAT) in percentages - 48% 1% 0% 100%

FW users’ annual growth (1990-2000) (4) in percentages  — —1.5% 0.1% —16.2% 12.4%

People belonging to an ethnic group (/) in percentages - 18% 1% 0% 90%

FW consumption (C) in Tgy™! 19.278 0.008 0.000 0.000 0.180

FW balance (B) in Tgy~! 165.003 0.068 0.003 —0.088 2.186

Notes: National FW consumption was estimated in 17.484 Tgy~! when considering only those FW users living in accessible areas (i.e. localities with 20 or

more houses that use fuelwood).

exclusive FW users decreased from 28% to 22% of Mexico
total population. These values are congruent with global
trends in FW consumption [74]. Although the percentage
of total fuelwood users in Mexico is decreasing, its absolute
value, as well as FW consumption, has changed very little
(from 22.5 to 21.8 million users and 19.8 to 19.3Tgy ™! in
2000 and 1990, respectively), particularly because of the
increase of mixed users. Table 6 shows Mexican national
totals, mean values, and range of indicators.

Following De Montalembert and Clement [7], per capita
FW supply in Latin America ranged between 0.1 and
1.3m?cap~' y~! in the 1980s. Using a mean wood density
of 0.6, we estimated that per capita FW supply in Mexico
for year 2000 was approximately 14m’cap~'y~! or
23kgcap~!day~!. This difference is not surprising since
one of the main criticisms of the gap approach was that it
under-estimated FW supplies (e.g. not considering trees in
anthropic landscapes).

Using a different approach, our estimate of FW
consumption (321PJ), is very similar to the one reported
by Diaz [28] (320 PJ), while is considerably higher than the
Mexican Energy Agency [75] estimation (252PJ) for the
year 2000.

4.2. Priorization analysis

Indicators’ real values (prior to standardization) were
spatialized into thematic maps to illustrate the diverse
aspects of FW use patterns in Mexico. Table 7 summarizes,
for each indicator, the distribution of counties into five
categories which were set according to thresholds values.
Fig. 2 shows the spatial distribution of high priority
counties (HPC) for nine indicators. It is interesting to note
the uneven spatial distribution of these HPC regarding
different indicators. For example, different spatial distribu-
tions exist between HPC regarding FW losses due to land
cover change and FW users (Fig. 2B vs. C). This result is
congruent with most of the literature (reviewed in Arnold
et al. [8,9]), suggesting that FW depletion is linked to land
cover changes not necessary related to the extraction of

wood for fuel. Fig. 3 shows the FW balance between FW
supply and demand in Mexico for the year 2000, in which
all five categories are shown.

Conducting a WISDOM analysis for Mexico allowed the
categorization, in five groups of priority, of 2395 counties.
Following a priority ranking approach (i.e. FPI) based on
seven indicators, the WISDOM analysis for Mexico
allowed the identification of 304 HPC, which represent
13% of the total number of counties analyzed (2395), and
4% of the Mexican territory. Fig. 4 shows the number of
counties in each FPI category.

Tables 8 and 9 show the average and standard error
values of indicators and selected variables of interest
according to the five groups of counties defined by the
FPI ranking. For most indicators, mean values for HPC
differ considerably from national averages shown in
Table 6. This responds to the WISDOM'’s priorization
procedure, in which the FPI is constructed selecting those
counties where indicators real values are more critical in
terms of fuelwood use and resource availability. For
example, average FW supplies for Mexico were estimated
in 75Ggy~! per county, but when considering only those
304 HPC, this value decreases to 37Ggy~! per county.
HPC represent 27% of total FW consumption (5 Tg out of
a country total of 19 Tg) and 27% of FW users (6 million
users out of a country total of 22 million). FW user’s
average annual growth regarding HPC is 1.5%, in contrast
with the negative national average of —1.5%. HPC are
characterized by a high ratio of rural/urban popula-
tion (2.4) and a very low welfare index (2 in a scale from
1 to 7). These results corroborate that FW in Mexico
is mostly used by the rural poor (note that these two
variables where not included in the priorization analysis).
As seen by standard error values, significant differences
exist between indicators’ mean values, regarding different
FPI groups.

The five most critical states according to the percentage
of their area covered by HPC are Yucatan (33% of its area;
37 HPC); Guerrero (18% of its area; 16 HPC); Puebla
(17% of its area; 47 HPC); Chiapas (16% of its area;
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Table 7
Thresholds values for the construction of thematic maps
Indicator’s real value Number of Indicator’s real value Number of Indicator’s real value Number of
thresholds counties thresholds counties thresholds counties
FW supply (S) (Ggy™!) Land cover change (1993-2000) (Lc¢) FW users (7) in number of users
(Ggy™)
High priority <5 339 <(=2.0) 232 >20,000 286
Mid-high 5-20 666 (—2.0)~(—0.5) 454 20,000-10,000 388
priority
Mid priority ~ 20-50 617 (=0.5)—(—=0.1) 583 10,000-5000 457
Mid-low 50-100 349 (=0.1)-0 571 5000-2,500 471
priority
Low priority > 100 452 >0 583 <2500 822
2423 2423 2424
FW users’ density (D) in users ha™! Saturation (SAT) in percentages FW users’ growth (1990-2000) (4) in
percentages
High priority >0.75 313 100-90 381 >1.5 329
Mid-high 0.75-0.25 704 90-70 448 1.5-0.5 317
priority
Mid priority  0.25-0.10 581 70-50 322 0.5-0.0 158
Mid-low 0.10-0.05 268 50-30 343 0.0 to =2.5 826
priority
Low priority  <0.05 557 30-0 930 <-=2.5 766
2423 2424 2396
People belonging to an ethnic group (I) in  FW consumption (C) (Ggy~') FW balance (B) (Ggy™)
percentages
High priority 90-70 256 >20 241 <0 186
Mid-high 70-50 156 20-10 362 0-10 648
priority
Mid priority  50-10 360 10-5 400 10-25 483
Mid-low 10-1 575 5-1 971 25-50 398
priority
Low priority 1-0 1077 <1 450 >50 708
2424 2424 2423

Notes: Fuelwood supply (S) and demand (C) indicators were not used in the construction of the FPI as separate indicators but as FW balance (B), being C
adjusted for users living in accessible areas. Total counties for 4 (2396) differ from the rest of indicators (2424) because administrative inconsistencies exist
between 1990 and 2000. Total counties for S, Lc, D and B (2423) differ from the rest of indicators (2424) because of an error in spatial data of one county

in the state of Yucatan.

35 HPC); and Veracruz (16% of its area; 55 HPC). The
number of HPC in Oaxaca rises to 72, but they represent
only 8% of the state total area. On the contrary, only two
HPC in Campeche account for 6% of this state total area
(Table 10).

An interesting result of the FPI ranking is the aggregated
spatial pattern of most HPC within larger clusters. Based
on these counties number and distribution (considering
both, permissive and restrictive perspectives), 16 clusters
were preliminary identified (Fig. 5). Many of these clusters
coincide with ethnic groups distributions, although this
indicator has a minor weight in the analysis. This result is
congruent with the fact that in Mexico, the rural poor
population sector is often represented by people belonging
to ethnic groups.

As mentioned in Section 3.7, two additional rankings of
Mexican counties were conducted, following both a

permissive and restrictive perspectives. Fig. 6 show the
national averages standardized scores and real values of
four indicators subject to uncertainties in basic assump-
tions, as compared with the variation in HPC following the
three FPI rankings (i.e. permissive assumptions, mean
assumptions and restrictive assumptions). The variation
between HPC based on the FPI (439 — 174 = 265)
represent 11% of total counties ranked (2395). This result
shows that the WISDOM priorization methodology is
robust enough for identifying relatively circumscribed
areas, since maximum and minimum basic assumptions
were set based on extreme values cited in the literature. For
example, an uncertainty of almost 100% was set to FW
productivity assigned to agriculture areas (which cover
41% of maximum accessible areas), ranging from a
minimum value of 0.04 Mgha™'y~', to a maximum value
of 1.47Mgha~'y~!. It is expected that very few real
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A. Fuelwood supply

B. Land cover change (1993-2000)
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E Saturation
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Fig. 2. Spatial distribution of high priority counties (HPC) regarding different indicators’ real values, Mexico 2000.

Notes: (A) Fuelwood supply (S) = 339 HPC; (B) land cover change (LC) = 232 HPC; (C) fuelwood users (7') = 286 HPC; (D) fuelwood users density
(D) = 313 HPC; (E) Saturation (S) = 381 HPC; (F) fuelwood users’ growth annual rate (1) = 329 HPC; people belonging to an ethnic group (/) = 256
HPC; (G) fuelwood consumption (C) = 241 HPC; fuelwood balance (B) = 186 HPC. Fuelwood balance = supply-consumption (see Eq. (9)). Indicators
(A), (B), (D) and (I) are shown over accessible counties areas only. Indicators (C), (E), (F), (G) and (H) are shown over total counties areas.

situations could be outside this range, as the maximum
assumed value of 1.47Mgha~! is close to the average
productivity set for tropical deciduous primary forests
(see Table 1).

4.3. Net CO, emissions from non-renewable fuelwood use by
the residential sector

We estimated that approximately 0.7 Tgy~' of FW,
which represent 4% of total consumption, are burned in a
non-renewable way in Mexico, releasing 1.3 Tg of CO, to
the atmosphere (Fig. 7). When considering maximum per
capita FW consumption and minimum accessible areas,
this value rises to 3.2TgCO,y~!' (9% of FW consump-
tion). Our estimates represent from 0.3% to 0.6% of total
CO, emissions for Mexico in 2002 (493 TgCO,y~! [76])
and from 1.3% to 3.2% of CO, emissions reported from
land wuse, land use change and forestry (LULUCF)
activities (100 TgCO, y~! [76]).

Preliminary in field estimates of greenhouse gas emis-
sions in the Purhepecha region of Michoacan State
(Johnson et al., 2007 comm. pers.), would suggest that
including additional Kyoto gases methane and nitrous
oxide would result in approximately 8-fold increase in

emission estimates relative to net-CO,, based on mean non-
renewability estimates from WISDOM. Inclusion of other
greenhouse species carbon monoxide and non-methane
hydrocarbons would result in a factor 12.5 increase in
emissions based on mean renewability estimates. Esti-
mating non-renewability of residential fuel wood is of
critical importance, therefore, in assessment of emissions
from this sector, since the differences in emissions esti-
mates between non-renewable and renewable are of such
magnitude that they frequently outweigh differences in
stove type [77].

5. Discussion

Before conducting the present analysis, Mexican data
about FW consumption and supply was scattered through
the forestry, energy and census agencies. Following the
WISDOM methodology allowed to consistently integrate
this information into a flexible and updatable GIS platform
(i.e. geo-database), and to show results in a spatially-
explicit way.

It has been recognized that FW supply and demand
assessments must deal with spatially heterogeneous pat-
terns (i.e. site-specificity) to avoid mistaken conclusions
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Fig. 3. Fuelwood balance between fuelwood supply and demand, Mexico 2000.
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Fig. 4. Priority counties in terms of fuelwood use and availability of fuelwood resources, Mexico 2000.
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Main characteristics (mean and standard error) of priority groups according to indicators used in the FPI

FPI group Land cover FW users (7) in FW users’ density Saturation (SAT) FW users’ growth People belonging FW balance (B)
change number of users (D) in users ha~!  in percentages (1990-2000) (/) in to an ethnic group (Ggy~')
(1993-2000) (L¢) percentages (/) in percentages
(Ggy™)
High priority —0.6 0.08 18,994 1166 1.03 0.05 84% 0.9% 1.5% 0.1% 54.7% 1.7% 20.0 2.0
Mid-high priority  —1.6 0.24 15,361 909 0.47 0.02  75% 1.3%  0.8% 0.1% 36.8% 1.8% 97.0 13.8
Mid-priority —0.6 0.11 10,292 555 0.42 0.02  62% 1.3% —0.3% 0.1% 23.1% 1.4% 60.1 8.0
Mid-low priority -0.7 0.08 6554 261 0.23 0.01 46% 1.0% —19% 0.1%  5.0% 0.4% 68.0 4.9
Low priority —0.5 0.06 3015 227 0.06 0.00 12% 0.5% —4.3% 0.1%  0.9% 0.1% 83.4 5.3

Notes: Standard errors in italics.

Table 9

Main characteristics (mean and standard error) of priority groups according to selected variables of interest

FPI group INEGI welfare FW consumption FW supply Net CO, emissions Ratio between rural/urban
index! (Gey™) (Ggy™) (GgCOxy~) population

High priority 1.96 0.07 17.2 1.1 36.7 2.5 3.0 0.7 2.36 0.24

Mid-high priority 2.45 0.08 13.8 0.9 109.6 14.1 0.6 0.3 1.85 0.19

Mid-priority 3.11 0.08 9.0 0.5 69.0 8.2 0.3 0.1 1.25 0.11

Mid-low priority 3.64 0.06 5.7 0.2 72.5 5.0 0.1 0.0 1.19 0.07

Low priority 5.43 0.05 2.6 0.2 85.2 54 0.0 0.0 0.64 0.04

Notes: Standard errors in italics. “This variable, from the INEGI census, summarizes more than 20 socioeconomic variables and gives an average measure
by county of the population welfare. The lower level of welfare is ““1”, while the highest is “7”.

Table 10
States ranked according to the percentage of their area covered by high
priority counties (HPC)

States State’s area covered by high Number of counties
priority counties (ha and
percentages)

Yucatan 1,300,812 33% 37

Guerrero 1,121,196 18% 16

Puebla 574,512 17% 47

Chiapas 1,193,200 16% 35

Veracruz 1,114,144 16% 55

Hidalgo 292,952 14% 13

Estado de Mexico 282,792 13% 8

Oaxaca 745,744 8% 72

Tabasco 203,176 8% 4

San Luis Potosi 338,112 6% 12

Campeche 354,276 6% 2

Michoacan 96,132 2% 3

Total 7,617,048 4% 304

based on aggregated averages [3,22,59,61,64]. For example,
we estimated that the national FW balance in Mexico
for the year 2000 was very positive (165Tgy~"), however,
186 counties mostly distributed within the Central-
East region of Mexico, have negative balances (13 of
them with a deficit of more than 10Ggy~!) (Fig. 3 and
Table 7).

As seen from Fig. 4, spatially heterogeneous patterns
not only are a characteristic of each indicator’s dis-
tribution, but to the FPI categorization as well. Identi-
fying FW hot spots from a national perspective allows
focusing on target areas that deserve further attention.
Similar approaches are been developed by WISDOM
case studies in selected European, Asian and African
countries [23-26], and by other relevant woodfuels spatial
analyses as the ones developed by Top et al. in Cambodia
[61,64].

Further analyses should be conducted over identified
FW hot spots, based on more accurate and region-oriented
basic data assumptions. Multi-scale analyses are a promis-
ing option for developing WISDOM beyond national-wide
analyses. Scarce financial and human resources for the
design and implementation of appropriate policies and
measures to promote a sustainable use of woodfuels should
be mostly directed over FW hot spots, identified from
multi-scale approaches.

The applicability of WISDOM is not restricted to the
present analysis, as it allows ranking counties according to
any set of predefined criteria concerning environmental,
social or economic issues. For example, it can be used to
develop future scenarios of the FW situation in the country
[24], to help identify population at risk from indoor air
pollution by FW burning within households, or to establish
target areas for forest management or restoration efforts
oriented to FW production.
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Fig. 5. Clusters of high priority counties (HPC), Mexico 2000.

Projection ALBERS / NAD27 - INEGI 1995

Notes: Ethnic groups names in italics. (1) Huasteca Potosina/Veracruzana and counties from northern Hidalgo (majority of population belonging to
Nahuas and Huastecos ethnic groups); (2) Nahua area at the northern sierra of Puebla and Totonaca counties from Veracruz gulf coasts; (3) Veracruz
center counties; (4) Nahua area at “Orizaba—Cordoba” ravine in the Oaxaca—Puebla border, Mazateco area at northern Puebla and Tehuacan valley;
(5) Los Tuxlas Biosphere Reserve; (6) Chontal area of Tabasco and Villahermosa city northern counties; (7) Yucatan north and center counties;
(8) Chiapas highlands (7zotzil area); (9) Soconusco Region (Mam area); (10) Mixe area at Oaxaca; (11) Zapoteca area at southern Oaxaca; (12) Mixteca
area at Guerrero y Oaxaca; (13) Puebla center counties; (14) South Guerrero counties (pacific coast), (15) Otomi and Mazahua area at Estado de Mexico;

(16) Purhepecha Region in Michoacan State.

6. Conclusions and future research directions

The analysis conducted in Mexico confirmed that the
FW situation is very heterogeneous within the country;
therefore broad generalizations about the impacts of FW
use are wrong. The WISDOM analysis for Mexico
established a comprehensive, flexible and updatable GIS
platform that allowed ranking counties, according to a set
of seven indicators concerning environmental, social and
economic issues.

More accurate spatial analyses over priority areas
identified at the national scale are needed in order to
articulate the national/regional heterogeneity of FW
supply/demand patterns, with local situations. These
results will help in designing woodfuel planning strategies,
as local-oriented projects (e.g. woodstoves, re-growth
management, multi-purpose plantations, etc.) can be
soundly established according to each specific situation.
At present, a detailed spatial analysis is been conducted
over four hot spots identified in the WISDOM analysis for
Mexico at the national scale.

Based on our WISDOM results for Mexico, we
can now get a more precise and spatial-explicit estimate
of the net CO, emissions from non-renewable FW
use at the country level, which is a key step in esti-
mating the actual impacts of this fuel on total country
emissions. Once emission factors from non-CO, gases
associated to FW burning are available for Mexico,
estimates of the overall impact on GHG emissions at
the national level could be obtained. In addition, identify-
ing those places where fuelwood is harvested re-
newably and not renewably will help deriving regional
baselines on clean development mechanisms (CDM)
projects.

Further WISDOM analyses for Mexico should include
both FW demand coming from small industries and
charcoal demand coming from peri-urban centers.
Although there are no national statistics about these
sectors, as they belong to the informal economy, assump-
tions on consumption amounts and extraction patterns
could possibly be derived from case studies developed in
the country.
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A. Ghilardi et al. | Biomass and Bioenergy 31 (2007) 475-491 489

Acknowledgments

The authors are grateful to Rudi Drigo for his comments
and suggestions on the first manuscript of the paper; Rufus
Edwards and Michael Johnson for their valuable com-
ments during the revision process. We also extend our
appreciation to Mr. Rene Martinez for his kind coopera-
tion and assistance during the research process and the
preparation of the manuscript. This study was supported
through a grant from the Research and Technology
Innovation Support Program (PAPIIT) (No. IN230405-2),
of the National Autonomous University of Mexico
(UNAM), and by funds of the National Council on Science
and Technology (CONACYT) and the Mexican Secretary

1
/ L 0.8
L 0.6
L 0.4

- 0.2

: . . . . " 0
-5000 -4000 -3000 -2000 -1000 0 1000

Land cover change (1993-2000)
(LO)inty!

0.8 \

0.6 -
04

0.2

0 T T ]
0.0 0.5 1.0 1.5

FW users' density (D)
in users ha!

0.8 A

0.6 4

0.4

0.2

0 T T T T )
0% 20% 40% 60%  80%  100%

People belonging to an ethnic group
(I) in percentages

of Environment and Natural Resources (SEMARNAT)
(No. C01253).

Appendix A

Fig. 8 shows linear value functions for six of the seven
indicators used in the construction of the FPI. Saturation
was not included as real values of this indicator vary
between 0 and 1. Linear value functions express the
relation between the indicator real value (X axis) and the
corresponding value score between 0-1 (Y axis). Break
points (arrows) were set to avoid non representative value
functions due to wide ranges in indicators’ real values
(Table 6). Indicators’ real values beyond break points
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accounts for 5% of counties analyzed. A. Land cover
change positive values were all scored as 0. F. Break point
was set for positive values, as balance negative real values
were all scored as 1 (186 counties, accounting for 8% of
counties analyzed).
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