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ABSTRACT

Though Neotropical countries are the most species rich in the world, their biodiversity is
threatened by the loss of native vegetation. Land conversion in Mexico during the last 30
years has been extensive and is representative of that of other developing countries. How-
ever, the effects of land use change on the required size and configuration of an adequate bio-
logical conservation area network are largely unknown. It is shown here that endemic
mammals in Mexico could have been protected considerably more economically if a conser-
vation plan had been implemented in 1970 than is possible today due to extensive conversion
of primary habitats. Analysis of the distributions of 86 endemic mammal species in 1970,
1976, 1993, and 2000 indicates that the distributions of 90% of the species shrank during this
30-year period. At each time step, optimal conservation area networks were selected to rep-
resent all species. 90% more land must be protected after 2000 to protect adequate mammal
habitat than would have been required in 1970. In addition, under a realistic conservation
budget, 79% fewer species can be represented adequately in a conservation area network
after 2000 compared to 1970. This provides an incentive for rapid conservation action in Mex-
ico and other biodiversity hotspots with comparable deforestation rates, including Burma,
Ecuador, Indonesia, the Philippines, and Sri Lanka. Due to ongoing habitat degradation,
the efficiency of a conservation plan decreases with delays in its implementation.

© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

constraint that the selected sites protect sufficient habitat
for each species of conservation concern. The objective of

Planning problems that arise in the context of the design of
conservation areas are often formulated as constrained
optimization (minimization or maximization) problems
(Csuti et al, 1997; Ando et al., 1998; Sarkar et al., 2006).
The objective of the minimization is to pick as few sites
as possible to serve as conservation areas subject to the

the maximization is to protect as many species as possible
subject to the constraint that the cost of the selected sites
is less than a budgetary ceiling. The optimization problem
may also include constraints to ensure that the conserva-
tion areas have a suitable spatial configuration (Onal and
Briers, 2002).
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The selection of conservation areas via optimal or heuris-
tic methods is just one stage of systematic conservation plan-
ning (Margules and Pressey, 2000; Sarkar, 2005). Systematic
planning recognizes that species’ ranges change dynamically
in response to management policies or anthropogenic distur-
bance and stipulates that conservation areas be reassessed
periodically after their establishment to quantify whether
management goals are being satisfied within a suitable time
frame (for examples, see Dirzo and Garcia, 1992; Bojérquez-
Tapia et al., 2003; Bojorquez-Tapia et al., 2004). Species may
disperse away from conservation areas due to climate change
(Peters and Darling, 1985; Davis and Zabinski, 1992; Ruther-
ford et al., 1999; Davis et al., 2000; Peterson et al., 2002; Burns
et al., 2003), deforestation (Brooks et al., 1999; Fisher, 2000;
Benning et al., 2002; Koh et al., 2006), or the spread of agricul-
ture (Bomhard et al., 2005). If environmental changes destroy
suitable habitat of a species or significantly reduce habitat
quality inside the conservation areas, the conservation areas
established before the environment changed will no longer be
optimal (Halpin, 1997; Hannah et al.,, 2002; Midgley et al.,
2003). Thus, rather than assuming that species’ ranges are
fixed, biodiversity management should be an adaptive and
iterative process in which new sites are added to the conser-
vation area network as deemed necessary by the monitoring
plan.

This note analyzes the implication for biodiversity conser-
vation of distributional shifts of endemic mammals in Mexico
in the recent past. It is shown that the accelerating pace of
land conversion in Mexico since 1970 has reduced and frag-
mented mammal habitat in such a way that the amount of
land that must be placed under protection to represent mam-
malian biodiversity today is significantly greater than the
amount that would have been required to protect mammals
at equivalent levels 30 years ago. Thus, because of these land
cover changes, the cost of adequate conservation increases
during this period. (This assumes a positive correlation be-
tween the total area of a conservation area network and the
cost of implementing such a network.) Land conversion in
Mexico during the last 30 years has been extensive and is rep-
resentative of that of other developing countries. Tropical and
temperate forests in Mexico are disappearing at high annual
rates (Masera et al., 1997; Mendoza et al., 1999) accompanied
by an increase in agricultural lands, shrubs, and pastures for
cattle (Bocco et al., 2001). Some Mexican fauna such as butter-
flies can persist despite substantial reductions in forest cover,
but these reductions extirpate many vertebrates such as
mammals and birds (Sarukhéan et al., 1996; Peterson et al.,
2006). In addition, conversion to agricultural use creates hab-
itat unsuitable for threatened mammals (Ceballos et al., 2005;
Sanchez-Cordero et al., 2005; Stoleson et al., 2005). This is par-
ticularly critical because Mexico’s mammal fauna ranks sec-
ond worldwide and is 30% endemic (Fa and Morales, 1993).
Moreover, Mexican endemic mammals are of special conser-
vation concern because they are underrepresented in interna-
tional treaties about threatened species (Ceballos et al., 2002).

Recently, a database with remote-sensed data were cre-
ated for the extent and rate of land use/land cover change
in Mexico since the 1970s (Sorani and Alvarez, 1996; Mas
et al., 2004). The database includes nationwide land use and
vegetation maps for 1976, 1993, and 2000; the last three dates

correspond to the time slices in the land cover database for
the Inventario Nacional Forestal (2000). However, such data
do not indicate how land conversion affects strategies for
the conservation of mammals (Kinnair et al., 2003). In partic-
ular, the effects of land use change on the required size of an
adequate biological conservation area network are largely
unknown.

To quantify these effects, the present analysis combined
the database on land conversion with ecological niche model-
ing of 86 endemic mammals projected as species’ distribu-
tions using the 1970, 1976, 1993, and 2000 land use and
vegetation maps (see below). The ecological niche of endemic
mammals was modeled using a computer genetic algorithm
(GARP, genetic algorithm for rule set-prediction; Stockwell
and Peters, 1999), a machine-learning algorithm that has pro-
vided accurate coarse-grained distributional predictions for
Mexican mammals (Illoldi-Rangel et al., 2004; Sanchez-Cor-
dero et al., 2005). The 1970 vegetation map was selected as a
starting point because it pre-dates the most recent phase of
extensive deforestation in Mexico (Rzedowski, 1986; Carabrias
et al., 1994). This study analyzes distributional shifts of ende-
mic mammals in Mexico in the recent past by quantifying the
impact of land use patterns on species’ distributions from
1970 to 2000 and assessing how distributional shifts affect
optimal conservation area networks.

2. Methods

Mexico was divided into 71 248 rectangular sites at the 0.05°
scale (hereafter “sites”). The mean area (+SD) of each site
was 3091.1 (£2.1) ha. A multi-date database on land cover in
Mexico (Sorani and Alvarez, 1996; Mas et al., 2004) with seven
classes (primary temperate forest, secondary temperate for-
est, primary tropical forest, secondary tropical forest, scrub-
land, other vegetation covers, and human-made covers;
scale 1:250,000) was generated by digitization of aerial pho-
tography (average date: 1976), and visual interpretation of
Landsat TM color composites (1993), and Landsat ETM +
(2000). Accuracy assessment of the database indicated digiti-
zation accuracy of 96% and accuracy of class identification of
>90% (Mas et al., 2004).

2.1.  Ecological niche modeling and species’ distributions

Mammal distributions were modeled using point occurrence
data from museum voucher specimens, environmental cov-
erages and a GIS platform. The mammal database was com-
piled from national and international museum scientific
collections (see Acknowledgements), following Villa and
Cervantes (2003) for taxonomic nomenclature. The environ-
mental coverages (raster GIS layers at 0.04° x 0.04° pixel res-
olution) summarized potential vegetation types, elevation,
slope, and aspect, according to the Hydro 1K data set (Uni-
ted States Geological Survey, 1998), and climatic parameters
including mean annual precipitation, mean daily precipita-
tion, maximum daily precipitation, minimum and maxi-
mum daily temperature, and mean annual temperature
obtained from Comisién Nacional para el Conocimiento y
Uso de la Biodiversidad (hereafter “CONABIO”) (CONABIO,
1998).
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To model the ecological niche of each species, occur-
rence points for the species were divided evenly into train-
ing and testing data sets. GARP works in an iterative
process of rule selection, evaluation, testing, and incorpora-
tion or rejection: a method is chosen from a set of possibil-
ities (e.g., logistic regression, bioclimatic rules) and applied
to the training data to evolve a rule. Predictive accuracy is
evaluated based on the testing data. Change in predictive
accuracy between iterations is used to evaluate whether
particular rules should be incorporated into the model; the
algorithm runs 1000 iterations or until convergence (Stock-
well and Peters, 1999).

As GARP produces different models in each iteration,
model performance was optimized by developing 100 repli-
cate models of ecological niches for each endemic mammal.
A ‘best subset’ of these models was chosen based on optimal
error distributions for individual replicate models (see Ander-
son et al., 2003). This consisted of finding the 20 models with
the lowest omission error and retaining the 10 with predicted
area closest to the median area of the 20 models with the
lowest commission error. The spatial predictions of these 10
models were summed to provide a summary of potential geo-
graphic distributions; methodological details of model refine-
ment used in the GARP runs are described elsewhere
(Sanchez-Cordero et al., 2005). For 1976, 1993, and 2000, GARP
predictions were further refined by clipping to areas with pri-
mary or secondary vegetation as defined by the land cover
database. Habitats transformed into agriculture or other
anthropogenically transformed areas (for example, urban
areas) are unsuitable for the long-term population persis-
tence of threatened mammal species (Ortega-Huerta and
Medley, 1999; Ceballos et al., 2005; Sanchez-Cordero et al.,
2005; Stoleson et al., 2005) and were therefore excluded from
the analysis.

2.2. Conservation area network selection

At each time step optimal conservation area networks were
selected to represent all species. Optimal solutions to the
minimization and maximization problems were obtained
using a branch-and-bound algorithm (see “Place Prioritization
for Biodiversity Representation” in the Supplementary mate-
rial). The target level for each species is the percentage of the
species’ distribution to be represented in the selected sites.
Targets were generated from the 1970 distribution because
the distributions of 90% of the species’ contracted after
1970. Setting targets based on the contracted distributions
would give the false impression that the selected sites con-
tain adequate habitat for the species even when the size of
the distribution has decreased significantly.

As an initial test, the minimum amount of land required to
represent a targeted percentage of the habitat of each species
at each of the four times was determined. The rationale for
the minimization is to make the economic impact of the plan
as low as possible, which is important because rural human
populations in Mexico are concentrated in areas of mammal
endemism (Sdnchez-Cordero et al., 2005; Stoleson et al.,
2005). First, at each time, all sites in the decreed natural pro-
tected areas of Mexico were selected (hereafter “natural pro-
tected areas”) then sites were added to satisfy the species’

targets. Several target levels were examined beginning with
the 10% target conventionally used in conservation planning
(International Union for the Conservation of Nature, 1994).
This quantifies the economy with which the natural pro-
tected areas represent mammal fauna. Second, the optimiza-
tion was started from scratch and sites were selected without
taking the natural protected areas into consideration. In this
paper, the term “conservation area network” is used to refer
to the set of sites selected to represent all species at their tar-
get levels either with or without including the natural pro-
tected areas.

As a more realistic test, budgetary constraints were incor-
porated in the site-selection to model the limited funds avail-
able to conservation planners for acquiring and managing
land. Here, the optimization problem was to maximize the
number of species represented at their target levels in the se-
lected sites, subject to a budgetary ceiling on the amount of
land that could be protected. Estimates of the percent of Mex-
ico’s land in actively managed natural protected areas range
from 6.9% (Brandon et al., 2005) to 10% (Gémez-Pampa and
Kaus, 1999). Both of these percentages were used as budgets
in the optimization.

Finally, to quantify the effects of land conversion on the
size the species’ distributions, the total number of sites
occupied by each species in 1970, 1976, 1993, and 2000 was
calculated and a spatial point process model was developed
to explain the shape of each species’ distribution. The inho-
mogeneous Poisson process with intensity function
A(x,y) = exp(a + b - x) provided a highly significant fit to the dis-
tributions of most species (n=48) at all four times (Supple-
mentary material Table 3). The intensity function represents
the expected number of occurrences of the species per site
(Schabenberger and Gotway, 2005). The coefficients a and b
were estimated via maximum likelihood and x represents
longitude.

3. Results and discussion

When site selection is initiated with the natural protected
areas, significantly more land is required to represent mam-
mal habitat in 2000 than when sites are selected with the
1970 distribution (41.19-88.91% more depending on the target
level; Figs. 1 and 2, Table 1, and Supplementary material
Fig. 1). 60.79% of the optimal conservation areas selected in
1970 had neither primary nor secondary vegetation by 2000.
The diseconomy of the 2000 conservation plan compared
with the 1970 plan can be attributed to spatial thinning of
the species’ distributions caused by land conversion (Fig. 3).
Of the endemic mammals considered here, 78 species’ distri-
butions showed areal reductions from 1970 to 2000 (Supple-
mentary material Table 1). The mean (+SE) number of
species per site was 4.59 (+0.019) in 1970 but 4.07 (+0.017) in
2000 (median: 3 species/site in 1970, 2 species/site in 2000).
At the national scale, the mean number of occurrences of
each species predicted by the spatial model declined from
167.95 (x7.8) in 1970 to 152.18 (+7.89) in 2000 (Fig. 4 and Sup-
plementary material Table 4). For this reason, if a conserva-
tion area network had been implemented even as late as
1970, mammal habitat could have been protected in a consid-
erably smaller set of sites than what is required today owing

(2006), doi:10.1016/j.biocon.2006.08.028

Please cite this article in press as: Fuller, T. et al, The cost of postponing biodiversity conservation in Mexico, Biol. Conserv.




4 BIOLOGICAL CONSERVATION XXX (2006) XXX-XXX

103°W 96°W 89°W

ATW

110°W

15°N  18°30'N  22°N  25°30'N  29°N  32°30'N

15°N  18°30'N 22°N 25°30'N 29°N 32°30'N

15°N  18°30'N  22°N 25°30'N  29°N 32°30'N

L e P

+ + +

15°N  18°30'N 22°N  25°30'N  29°N  32°30°'N

n7w 110°W 103°W 96°W 89°W

1M7°W

110°W 103°W 96°W

Fig. 1 - Optimal conservation areas for Mexican endemic mammals (black sites) obtained by solving the minimization
problem with a target of 10% of each species’ distribution. Sites in gray have primary or secondary vegetation. The

optimizations were initialized with the natural protected areas.
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Fig. 2 - Increasing diseconomy of Mexican conservation area

networks (1970-2000). The minimum amount of land

required to represent mammal habitat at each time step is

shown. Inset: minimization results without incorporating

the natural protected areas.

to land degradation and concomitant thinning of species’ dis-
tributions. The natural protected areas also performed poorly
when sites were selected to represent as many species as pos-
sible subject to budgetary constraints (Fig. 5 and Table 2). At
the higher budget, 32.53% fewer species are represented at
their target levels in 2000 compared to 1970. At the lower bud-
get, 79.45% fewer species are so represented. This is because

the natural protected areas take up 97.8% of the land that
can be selected under the lower budget. Consequently, if the
conservation area network had been implemented in 1970,
substantially more species could have been represented than
can be represented today.

The diseconomy of conservation plans selected after 1970
appears to be correlated with the loss of forest cover docu-
mented in the vegetation database. In particular, across all
target levels, the percent increase in the minimum amount
of land required to represent the species was greatest be-
tween 1993 and 2000 (Table 1). Loss of tropical forest cover
and the increase in pasture and cropland habitat unsuitable
for wildlife were also greatest between 1993 and 2000. This
may be due to a 1992 Mexican law that relaxed regulations
on the timber industry (Stoleson et al., 2005).

When site selection (minimization) does not incorporate
the natural protected areas, only slightly more land is re-
quired to represent mammal habitat in 2000 than when sites
are selected with the 1970 distribution (5.79-7.77% more
depending on the target level; Fig. 2 and Table 1). This means
the natural protected areas do not represent biodiversity as
economically as would a conservation area network started
from scratch, presumably because they contain many sites
unsuitable for endemic mammals. The amount of land in nat-
ural protected areas has increased from 1970 to 2000 (Supple-
mentary material Table 2), as has the diseconomy of
conservation plans that include the protected areas. Impor-
tantly, the cost of postponing biodiversity conservation is
much lower if the optimal conservation plan does not incor-
porate the natural protected areas. For example, the optimal
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Fig. 3 - The effect of land conversion on the size of mammal distributions in Mexico. Sites in black are the habitat of the
Mexican agouti (Dasyprocta mexicana), a charismatic and economically important mammal that typically inhabits rainforest.
Gray sites have primary or secondary vegetation. The modeled distribution of D. mexicana shrank 33.5% from 1970 to 2000
(Supplementary material Table 1).

Table 1 - Percent increase in the minimum number of hectares required to represent endemic mammal habitat in Mexico

(1970-2000)?

Target
10% 12% 15% 20%
NPA No NPA NPA No NPA NPA No NPA NPA No NPA
1970-1976 1.46 0.45 1.01 0.82 0.71 0.65 0.77 1.02
1976-1993 21.28 0.6 16.15 0.44 11.5 0.28 6.77 —0.06
1993-2000 53.51 4.69 45.97 4.99 38.91 5.62 31.24 6.75
1970-2000 88.91 5.79 71.25 6.31 55.98 6.61 41.19 7.77

a "NPA” means the site selection algorithm was forced to select all cells in the decreed natural protected areas. “No NPA” means the natural
protected areas were not taken into consideration during the site selection.

conservation plan selected with the 2000 data represents
2.74% fewer species than the optimal plan selected with the
1970 data. However, the conservation plan selected with the
2000 data that includes the natural protected areas represents
79.45% fewer species than the plan selected with the 1970
data (Table 2).

The comparison of Mexico’s natural protected areas with
conservation area networks constructed from scratch sup-
ports previous work indicating that the former do not repre-

sent biodiversity effectively. Neither the existing natural
protected areas nor the expanded set recently proposed by
CONABIO represent floristic diversity adequately (Villasefior
et al., 1998; Cantu et al., 2004a). In northeastern Mexico, the
existing Biosphere Reserves contain habitat for three-quar-
ters of the region’s bird and mammal species (Ortega-Huerta
and Peterson, 2004), but the Biosphere Reserves and other
natural protected areas in this part of the country do not rep-
resent floristic, herpetofaunal, or physiographic diversity at
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Fig. 4 - Thinning of the distributions of Mexican mammals
(1970-2000). A spatial point process model was developed to
explain the shape of each species’ distribution in
1970,1976,1993, and 2000. The expected number of
occurrences of each species in each 0.05° x 0.05° site was
derived from the model (see Supplementary material). The
data are for the 78 species whose distributions contracted
from 1970 to 2000 (+SE).

sufficient levels (Cantd et al., 2003; Canti et al., 2004b). Never-
theless, the natural protected areas have been important for
biodiversity conservation in Mexico since the 1970s to the ex-
tent that deforestation rates are lower inside the protected
areas (Alcérreca et al., 1989; Mendoza et al., 1999). Due to
the significant resources invested in the natural protected
areas, particularly the 21 Biosphere Reserves, it would not
be practical to discard these protected areas and start from
scratch.

The most recent data presented here is from 2000, but
these results are probably representative of the effects of land
conversion on mammal fauna as well as birds in Mexico today
(Fuller et al., 2006; Peterson et al., 2006). Projections based on
the 1976-2000 time series predict continued declines in pri-
mary temperate forests and increases in human-made covers
from 2000 to 2020 (Mas et al., 2004). Proposed remedies for the
ongoing loss of forest cover include training in sustainable
agro-forestry for indigenous communities and liberalization
of maize subsidies, among others (Deinninger and Minten,
1999; Castillo et al., 2005).

Though multidate data on land cover change are not avail-
able for most developing countries, the results presented here
probably also apply to other biodiversity hotspots with defor-

%
et
% 75
= 65 -
o
] 8 1
ﬁ,
$ %
2
75 |
f_’ 35 (R
5 || T G-
et MTU T T T T m
§ O] o e
il 3
g 15 4 Target: 20% -
z . _ . :
1970 1078 1098 2000

Time

Fig. 5 — Declining representativeness of Mexican
conservation area networks (1970-2000). At each time step,
the maximum number of mammals that can be represented
under a limited budget (6.9% of the land in Mexico) is
shown. Inset: maximization results without incorporating
the decreed natural protected areas.

estation rates as high as Mexico’s, including Burma, Ecuador,
Indonesia, the Phillipines, and Sri Lanka (Myers et al., 2000;
United Nations Food and Agriculture Association, 2005). Like
Mexico, the natural protected areas of many biodiversity hot-
spots are known to have been selected in an ad hoc manner,
without consideration for biodiversity contents (Pressey,
1994). The results presented here underscore the importance
of promptly implementing a conservation area network be-
cause the cost of the network, measured by the (absolute)
amount of land required for representing targeted percent-
ages of the species’ habitat, increases with the delays in
implementation due to continued land conversion. In addi-
tion, the number of species that cannot be represented at
their target levels in the set of selected sites increases as land
conversion continues.
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