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Abstract. Many studies are based on the assumption that an area and its surrounding (buffer) area
present similar environmental conditions and can be compared. For example, in order to assess the
effectiveness of a protected area, the land use/cover changes are compared inside the park with its
surroundings. However, the heterogeneity in spatial variables can bias this assessment: we have shown
that most of the protected areas in Mexico present significant environmental differences between their
interior and their surroundings. Therefore, a comparison that aims at assessing the effectiveness of
conservation strategies, must be cautioned. In this paper, a simple method which allows the generation
of a buffer area that presents similar conditions with respect to a set of environmental variables is
presented. The method was used in order to assess the effectiveness of the Calakmul Biosphere
Reserve, a protected area located in the south-eastern part of Mexico. The annual rate of deforestation
inside the protected area, the standard buffer area (based upon distance from the protected area only)
and the similar buffer area (taking into account distance along with some environmental variables)
were 0.3, 1.3 and 0.6%, respectively. These results showed that the protected area was effective in
preventing land clearing, but that the comparison with the standard buffer area gave an over-optimistic
vision of its effectiveness.
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1. Introduction

Spatial information technology is used increasingly for the evaluation of govern-
mental programs and policies (East and Wood, 1998; Loomis and Echohawk, 1999;
El-Raey et al., 2000; Ozcan et al., 2003). Many GIS-based studies involve the use
of buffer areas in order to generate a surrounding zone for comparative purposes
with the target area (Sánchez-Azofeifa et al., 1999, 2003; Bruner et al., 2001; Caro,
2001, 2003; Liu et al., 2001; Samways and Kreuzinger, 2001). The assumption
that an area and its surrounding (buffer) area present similar environmental con-
ditions is done, although not always explicitly. Nevertheless, the heterogeneity in
spatial variables can violate this assumption and bias the assessment. For exam-
ple, in order to assess the effectiveness of protected areas, Bruner et al. (2001)
compared land clearing within the park boundaries and a belt (buffer) surrounding
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the parks. They found that land clearing is lower inside the parks and attributed it
to the effectiveness of the parks. However, these differences may be the effect of
other factors such as the differences between the environmental characteristics of
the two compared areas (Vanclay, 2001).

The aims of this study are to evaluate how heterogeneous spatially-explicit
environmental variables influence change assessment and to develop a method to
deal with this heterogeneity when generating buffer areas. This article presents
(a) an evaluation of the assumption of the comparability between the protected
areas and their surroundings, (b) a simple method aimed at generating a buffer
area similar to the target area with regard to several spatial variables and, (c) an
application in order to asses a tropical protected area.

2. Study Area

Mexico encompasses a continental territory of near two million square kilometres
and is one of the five biologically richest countries, therefore considered as megadi-
verse (Groombridge and Jenkings, 2000). However, it has been undergoing rapid
processes of land use/cover changes with an average rate of deforestation of 0.5%
per year during the last 25 yr (Mas et al., 2004). During the past 40 yr, Mexico
has moved actively to identify lands to include in a system of protected areas.
Nowadays, Mexico has 148 protected areas, including national parks, biosphere
reserves, sanctuaries and marine parks, which cover 7% of the territory and 17%
of the territorial sea (CONANP, 2003).

In order to illustrate this method, the deforestation was analyzed in a region in
the south-eastern part of Mexico where an important reserve, the Calakmul park,
is located. This protected area, which extends over 722 000 ha of lowland tropical
forests, was declared in 1989 and accepted as a UN Biosphere Reserve in 1993
(Figure 1). It protects many endangered species, provides an important refuge for
migratory birds and forms a biological corridor to reserves in Belize, Guatemala
and Mexico. Nevertheless, expansion of shifting agriculture and logging in and
around the Reserve are threatening the conservation of the forest ecosystems (Wood
et al., 2000).

3. Materials and Methods

In order to assess land use/cover changes, a multidate digital GIS database was used.
This database was obtained by the integration of land use/cover maps of 1976, 1993
and 2000 at the scale of 1:250 000 (Mas et al., 2004). A digital elevation model
along with soil, road network, settlements digital maps with a scale of 1:250 000,
was obtained from the National Institute of Geography, Statistics and Informatics
(INEGI). The digital elevation model was used to create a slope map. Digital maps
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Figure 1. Location of the Calakmul Biosphere Reserve. Forest areas and deforested areas between
1993 and 2000 are respectively grey and black shaded.

of the shortest distance to the nearest road and to the nearest settlement were also
produced. A digital map of protected areas was obtained from the National Institute
of Ecology (INE). The softwares Arc/info and Access were used respectively to
manage GIS and tabular databases.

As a first step, we compared some environmental characteristics of the protected
areas in Mexico with their surroundings (buffer of 10 km around the areas). The dis-
tance of ten kilometres was chosen because (a) it creates buffer area large enough
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to obtain reliable statistics on land cover change based upon the multidate GIS
database and, (b) it allows the obtaining of results comparable with Bruner et al.
(2001), Sánchez-Azofeifa et al. (2003) and Kinnaird et al. (2003). We discarded
protected areas with continental buffer area less than 250 ha (small protected areas
located on an island or along the coast) because of the limitations of the dataset
at scale 1:250 000. The five environmental variables used here were elevation,
slope, soils, distance from roads, and distance from settlements. Slope categories
were defined according to their suitability for irrigated agriculture (0–3◦), rain-fed
agriculture (3–8◦) and forest conservation (slope >30◦) (Lugo Hubp, 1988). These
variables were chosen, because many studies have shown their relationship with
land use/cover changes (Sader and Joyce, 1988; Apan and Peterson, 1998; Ochoa-
Gaona and González-Espinosa, 2000; Mas and Puig, 2001; Soares-Filho et al.,
2001). The comparison was based upon a Chi-Square test. This test procedure
tabulates a variable into categories and compares the observed and expected fre-
quencies in each category to test that all categories contain the same proportion
of values. In this case, the test responded to the question “Are the environmental
conditions significantly different inside the protected area when compared to their
surroundings?”

As a follow-up step, a method aimed at generating a buffer area environmentally
similar to the target area was developed and applied to assess the effectiveness of
the Calakmul Biosphere Reserve. This method was designed for raster maps and
was based upon the search of pixels surrounding the target area, which would con-
stitute a buffer area that presents the same proportion of some categorical variables.
Hereafter, such buffer area will be referred to as similar buffer area in contrast with
the standard buffer area based only upon the distance from the target. First, the
spatial variables that are important with regard to the topic of the study must be
identified. For example, in the case of land clearing, the impact of factors such
as the slope, the type of soil, the distance from road must be evaluated in order to
select a subset of the more important variables. The selection of non-correlated
variables is recommended in order to select variables, which better explain the
variance of the dependent variable (land clearing). The identification of such vari-
ables can be done by means of graphics or through statistical approaches such
as correlation, linear regression or logistic regression (Apan and Peterson, 1998;
Ochoa-Gaona and González-Espinosa, 2000; Mas and Puig, 2001; Soares-Filho
et al., 2001). In the case study of Calakmul, the relationships between the defor-
estation and five spatial variables (the type of soils, the elevation, the slope, the
distance from human settlements and from roads) were assessed using a chi-square
test and a logistic regression in order to select the more important variables influ-
encing the deforestation process in the region. Cramer’s V allowed the assessment
of the strength of the association between the deforestation and the spatial vari-
ables. It ranges between 0 (no relation between factors) and 1 (perfect relations
between the two factors). A backward logistic regression was used to describe
the relationship of the environmental independent variables to the dichotomous
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dependent variable (deforestation/no-deforestation). In order to assess the relative
importance of the independent variables, we interpreted the partial difference of
log-likelihood (−2 Log LR) for the model with a given variable dropped from the
equation.

Continuous variables were recoded into ranks in order to simplify the procedure.
The target area is characterized by calculating the proportion of area, or the number
of pixels, belonging to each combination of the categories of each variable. These
proportions concerning the target area constitute the requirements that the algorithm
will use when exploring the surroundings of the target area. The number of variables
and the number of ranks used for each variable must be low, because the number of
combinations increases exponentially with the number of variables and the number
of categories for each variable. A maximum search distance is set, based upon
expert’s knowledge, to delineate a surrounding zone, which contains the candidate
pixels that constitute the buffer area. These candidate pixels are ranked using the
distance from the boundary of the target area and compared with the statistics
of the target area. If the pixel fulfils the statistical requirements (e.g., presents a
combination of variables which exists in the target area), it is selected, if not, it
is discarded. This iterative process is carried out until the buffer area is totally
constituted or the pool of candidate pixels is finished.

The variables are not considered independently because many processes such
as erosion, landslide or forest clearing are dependant upon the interaction (combi-
nation) of various variables. For example, different rates of deforestation can be
expected in an area covered by fertile and non-fertile soils, or located near or far
away from a road. Nevertheless, an area with very low accessibility will present a
low rate of deforestation that is independent from the fertility of the soil.

The standard buffer area and the similar buffer area were generated around
the Calakmul Biosphere Reserve using, respectively, only the distance from the
protected area boundaries and, this distance along with the selected environmental
variables. The rates of deforestation were assessed inside the protected areas and
the two buffer areas.

4. Results

The comparison of environmental characteristics inside the protected areas and
in their surroundings was carried out over 118 protected areas. More than 60%
of the protected areas have significant differences amongst the five environmental
conditions included in this study (Table I). Table II shows the number of protected
areas, which present differences concerning each of the environmental variables.

In Figures 2–6 a comparison is made between the protected and surrounding
areas with reference to the five environmental variables. Protected areas are located
in remote places, are less represented above 500 m altitude (where over 60% of crop
and pasture lands and 71% of the population are found in Mexico), and comprise
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TABLE I
Number of environmental variables which present significant difference
inside the protected areas and their surroundings (p = 0.05)

Numbers of variables Number of protected areas %

5 74 62.7

4 16 13.6

3 15 12.7

2 12 10.2

1 1 0.8

TABLE II
Number of protected areas which present different environmental
conditions with regards to 5 variables (p = 0.05)

Variables Number of protected areas %

Distance from roads 113 95.8

Soil type 108 91.5

Distance from settlements 105 89.0

Elevation 90 76.3

Slope 88 74.6

Figure 2. Comparison between protected areas and their surroundings with regard to accessibility
(Distance from roads). The graph expresses the proportion (%) of land in the different ranks of
distance buffer zones from roads (kilometres).

more unsuitable soils for agriculture and livestock production, such as regosol,
lithosol, gleysol and solonchak. No significant difference with regard to slope
was found. However, a more detailed analysis shows that gentle slopes are well
represented in protected areas located in arid regions and wetlands meanly. This
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Figure 3. Comparison between protected areas and their surroundings with regard to accessibility
(Distance from settlements). The graph expresses the proportion (%) of land in the different ranks of
distance buffer zones from settlements (kilometres).

Figure 4. Comparison between protected areas and their surroundings with regard to the relief (Ele-
vation). The graph expresses the proportion (%) of land in the different elevation zones (meters above
sea level).

bias of protected areas towards remote places with least potential for commercial
or subsistence use has been documented elsewhere (Margules and Pressey, 2000;
Pressey et al., 2002). The large environmental differences between the interior
and the surrounding of the protected areas are understandable because the areas
declared as protected areas generally present a higher grade of conservation, due
to their inaccessibility and unsuitability for agricultural development. Therefore,
comparisons between a protected area and its surrounding aimed at assessing its
effectiveness must be cautioned.
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Figure 5. Comparison between protected areas and their surroundings with regard to the relief (Slope).
The graph expresses the proportion (%) of land in the different slope angle classes (degree).

Figure 6. Comparison between protected areas and their surroundings with regard to the soil. The
graph expresses the proportion (%) of land in the different type of soils.

In the Calakmul region, it was found that the main factors controlling defor-
estation were the type of soil and the distance from settlements and from roads
(Tables III and IV). A similar buffer area around the protected area was generated
based upon these three variables. A standard buffer area (based upon distance from
the target area only) was also generated (Figure 7).

Inside the protected area, the rate of deforestation was low (0.3%/yr). This rate
was higher within the standard buffer area (1.3%/yr), which could be interpreted as
an effective impact of the protected area. However, when taking into account the soil
and the distance from settlements and from roads (that is comparing with the similar
buffer area) the difference of the deforestation rate between protected area and
surrounding area is lower. This indicates that the status of protection plays a certain
role (the deforestation rate in the similar buffer area is twice the rate inside the
protected area), but that the comparison with the standard buffer area gave an over-
optimistic vision of the effectiveness of the protected area (Table V). Another way
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TABLE III
Results of Pearson chi-square test and Cramer’s V calculations between land
clearing and environmental variables (N = 439871)

Land clearing X χ2 df Significance Cramer’s V

Distance from roads 36385.7 9 0.0000 0.288

Distance from settlements 36073.4 9 0.0000 0.286

Soil type 17238.4 15 0.0000 0.198

Elevation 12468.1 5 0.0000 0.168

Slope 307.5 3 0.0000 0.026

TABLE IV
Summary of bivariate logistic regression statistics

Model if term removed

Term removed Log likelihood −2 log LR df Significance of log LR

Distance from settlements −33126.4 2177.082 1 0.0000

Distance from roads −32767.9 1459.973 1 0.0000

Soil type −32657.6 1239.501 13 0.0000

Slope −32123.9 172.051 1 0.0000

Elevation −32042.5 9.326 1 0.0023

Figure 7. Standard and “similar” buffer areas of the Reserve of Calakmul. Note that the similar buffer
area is generally non-continuous.

to show the reduced, but significant, role played by the protected area in preventing
land clearing is by introducing the status of protection (protected/no protected)
as an independent variable into the logistic model. As showed in Table VI, this
status is related significantly (and negatively) with deforestation, but the other
environmental variables (Distance from settlements, distance from roads, soil type
and slope), except the elevation, are more important.



78 JEAN-FRANÇOIS MAS

TABLE V
Rates of deforestation inside the protected areas and the two buffer areas (1993–2000)

Target area
(protected area) Standard buffer area “Similar” buffer area

Deforested area as a proportion 1.9 8.7 4.4
of forested area in 1993

Rate of deforestation (%/yr) 0.3 1.3 0.6

TABLE VI
Summary of bivariate logistic regression statistics with the status of protection as an independent
variable (N = 116383)

Model if term removed

Term removed Log likelihood −2 log LR df Significance of log LR

Distance from settlements −32963.13 1936.437 1 0.0000

Distance from roads −32692.12 1394.416 1 0.0000

Soil type −32611.3 1232.775 13 0.0000

Slope −32088.76 187.688 1 0.0000

Protection status −32037.87 85.901 1 0.0000

Elevation −32006.95 24.075 1 0.0000

5. Conclusion

In many studies, the assumption that the buffer area can be compared with the target
area is made regardless of their respective characteristics. However, as shown in
the illustration given above, this assumption is often erroneous and misleading
conclusions can be obtained. The use of statistical tests to ensure the comparability
between the target and the buffer area is recommended and, in case that the standard
buffer area shows significant differences from the target area, an approach as the
similar buffer area should be carried out.

In tropical countries such as Mexico, one of the problems faced in the studies
aimed at assessing protected areas effectiveness is the lack of hard data on biodi-
versity. Land cover changes, which can be monitored easily by remote sensing,
have direct impacts on biodiversity levels and therefore provide a useful proxy for
biodiversity loss. In the case of Mexico, multidate remotely-sensed imagery such
as Landsat, SPOT or MODIS, could be used in order to assess land cover changes
inside and in the surrounding of the protected areas (Ibáñez et al., 2002). The com-
parison of the rate of both land clearing and recovering between each protected area
and its similar buffer area could be a way to carry out a rapid, cost-effective and
homogeneous assessment of the effectiveness of the protected areas. Based upon
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this assessment, poorly effective protected areas could be identified and submitted
to deeper analyses.

Finally, the approach of the similar buffer area can be applied as a tool for the
selection of additional reserves (Margules and Pressey, 2000). It can allow the
location of enlarged protected area or new, separate ones, taking into account a
set of spatial variables such as land cover, tenure or acquisition costs, allowing the
analysis of various policy options and providing the basis for refinement of the
conservation plan by local experts.
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