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z\e'x K;O; t: Mexican humid lowland tropical forests have seen extensive perturbation and
B.a‘g .ores ’ deforestation in recent decades, and, as such, effective conservation planning is
P‘T S.’t. tion: crucial. We developed ecological niche models and predicted geographic distribu-
B;:)(:iri]v;srziilzgn, tions for 89 species of birds ecologically restricted to Mexican rain forests, and used

heuristic complementarity algorithms to identify priority areas for conservation. Our
results focused on a single contiguous region of northern Chiapas as a key area — all
species except three were predicted to co-occur in this area, which is made up of
three highly complementary sub-areas. The relationship between this area and
existing protected areas was explored, and concrete recommendations made for
modification of existing protected areas.

© 2008 Published by Elsevier GmbH.

conservation

Introduction

Lowland rain forest consistently ranks among the
most species-rich habitats in Mexico (Ramamoorthy
et al., 1993). Although endemism in Mexican rain
forests is generally low (Escalante-Pliego et al.,
1993), many efforts have nevertheless focused on
effective biodiversity conservation in this habitat
(Gomez-Pompa and Dirzo, 1995; Vales et al., 2000).
This focus is important given that vast areas of this
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habitat have already been disturbed — much of
southern Veracruz, Tabasco, northern Oaxaca, and
northern Chiapas has already been completely
denuded of rain forest, reducing the habitat’s
extent in Mexico to a small fraction of its original
extent (Ramamoorthy et al., 1993).

In the present investigation, we provide a worked
example of melding two approaches — species’
geographic distributions are interpolated and
summarised using ecological niche modelling, and
areas are prioritised for conservation using place
prioritisation algorithms (Peterson et al., 2000;
Sanchez-Cordero et al., 2005). We bring these
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relatively new tools from biodiversity informatics
and quantitative geography to bear on the challenge
of prioritising lowland areas in southeastern Mexico
for conservation action. Species’ geographic distri-
butions are modelled based on data associated with
natural history museum specimens, and priority
areas identified based on the principle of comple-
mentarity among areas. This approach produces
objective, quantitative prioritisations, and offers a
unique perspective on conservation strategies in the
region.

Methods

This study concentrates on the 89 bird species
that are ecologically restricted to lowland rain
forests and that occur in Mexico. We chose species
for inclusion based on previous literature (AOU,
1998; Howell & Webb, 1995) and personal experi-
ence (A. Townsend Peterson), limiting the study to
those species geographically and ecologically re-
stricted to lowland rain forest (i.e., not occurring
in tropical dry forest, tropical semi-deciduous
forest, etc.) and associated habitats (e.g., swampy
areas, second growth). We assembled sets of
occurrence points from natural history museum
specimen records already organised in a large-scale
database Atlas of the Distribution of Mexican Birds
(Navarro-Siguenza et al., 2002, 2003; Peterson
et al., 1998) (museums contributing data are listed
in the Acknowledgements), and extracted latitu-
de-longitude co-ordinates for further analysis.

Ecological/environmental maps used to develop
distributional models in this study consisted of
raster grids with 243,200 grid squares (pixels) of
0.05° x 0.05°. The four thematic coverages were
provided by the Comision Nacional para el Uso y
Conocimiento de la Biodiversidad (http://www.
conabio.gob.mx), and included elevation, mean
annual precipitation, mean annual temperature,
and potential vegetation type (Rzedowski, 1978).
Developed originally at a spatial resolution of
0.01°, these coverages were generalised 25-fold
to permit more rapid analysis.

The ecological niche of a species — defined
here as the conjunction of ecological conditions
within which it is able to maintain populations
without immigration (Grinnell, 1917, 1924) - can
be depicted as a polyhedron or polyhedrons in
multidimensional ecological/environmental space
(MacArthur, 1972). Several approaches have been
used to approximate species’ ecological niches,
including range-based rules, logistic multiple re-
gression, and generalised linear modelling (Austin
et al., 1990; Carpenter et al., 1993; Nix, 1986). We

used the Genetic Algorithm for Rule-set Prediction
(GARP), which includes several such methods
(range rules, logistic multiple regression, etc.)
in an iterative, machine-learning approach (Stock-
well, 1999; Stockwell & Noble, 1992; Stockwell &
Peters, 1999). Individual algorithms are used to
produce component ‘rules’ in a broader rule-set,
and hence portions of the landscape may be
identified as inside or outside of the niche based
on different algorithms. Extensive testing of GARP
has indicated excellent predictive ability for
species’ geographic distributions (Anderson et al.,
2003; Anderson et al., 2002; Feria & Peterson,
2002; Peterson, 2003; Peterson et al., 1999;
Peterson et al., 2004a; Peterson et al., 2004b;
Peterson et al., 2002). Recent sensitivity analyses
of precisely the same data sets used here indicate
that GARP is able to provide statistically robust
distributional predictions based on 10-20 occur-
rence points, which are generally sufficient to
achieve 90% of maximum predictive accuracy
(Stockwell & Peterson, 2002a, 2002b, 2003).

GARP results were output as binary predictions of
presence and absence across the southeastern
Mexican landscape. In a few cases (four species),
areas of over prediction apparently resulting from
historical effects limiting species’ geographic dis-
tributions (Peterson et al., 1999), were eliminated
by intersecting the crude GARP prediction with a
polygon developed by hand based on the known
geographic distribution of the species (AOU, 1998;
Howell & Webb, 1995).

To seek optimal combinations of areas for species
representation on a pixel-by-pixel basis, we used a
heuristic complementarity approach based on
maximising species richness. Because the results
were exceedingly simple, use of complex computer
algorithms (Csuti et al., 1997; Kelley et al., 2002;
Margules & Pressey, 2000; Pressey, 1994; Williams
et al., 1996a; Williams et al., 1996b) to achieve
these prioritisations proved unnecessary (Chen &
Peterson, 2002). We summed predicted distribu-
tions across species to create a surface of predicted
species richness, and chose a first priority area by
identifying pixels with highest nhumbers of species
co-occurring in this summed map. After eliminating
species represented in this first area, we summed
the remaining species, and chose a second area as
the area of maximum species richness based on this
reduced set of species. We continued this proce-
dure of summing distributional maps of remaining
species until the maximum species richness across
the region was of single species.

We considered the position of six existing pro-
tected areas in southeastern Mexico, to place our
‘optimal’ areas in a more practical context: Cascadas
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de Agua Azul; Montes Azules; Bonampak; Lacan-
Tun; Chan-kin; and, Yaxchilan (size range 2580-
331,200ha) (Goémez-Pompa & Dirzo, 1995; Vales
et al., 2000). We evaluated them similarly to the
pixel-based analyses to determine their effective-
ness; after tallying species predicted to occur in
each area in ArcView, we chose the protected
area richest in bird species as the first one to enter
the heuristic system, eliminated those species
from consideration, and identified further priority
areas based on the species that they added to the
overall total.

Results

The 89 species in this study (listed in Table 1)
showed a diversity of distributional patterns, ranging
from broadly to narrowly distributed (Figure 1). For
example, Pipra mentalis was predicted to be broadly
distributed across much of the study region, and
likely would occur in any significant forest patch in
the region. In contrast, Myrmotherula schisticolor
was predicted to occur in a few restricted areas only,
a conclusion borne out by its minuscule distribution in
Mexico. Two species presented special situations
distributionally, both apparently restricted to karstic
areas (Gomez de Silva Garza, 1997a, 1997b):
Hylorchilus sumichrasti was predicted as restricted
to central Veracruz and northern Oaxaca; and,
H. navai was predicted to be distributed in extreme
western Chiapas and eastern Oaxaca, although it also
occurs in extreme southern Veracruz (Howell &
Webb, 1995).

Distributional data were in general too scarce to
permit model validation (Peterson, 2001, 2002).
Therefore, we used published inventory informa-
tion for two areas [Montes Azules (Gonzalez-Garcia,
1993) and Yaxchilan (Puebla-Olivares et al., 2002)
to assess the biological reality of our models. Of the
89 species that were the focus of this study, five
(Hylorchilus navai, H. sumichrasti, Terenotriccus
erythrurus, Falco deiroleucus, and Caprimulgus
maculicaudus) were predicted absent from the
entirety of Montes Azules in our models, and
the remaining 84 were predicted present; in the
published inventory (Gonzalez-Garcia, 1993), 77 of
the 84 predicted present were detected, and three
of the five predicted absences were not detected.
Hence, most of our model predictions were borne
out by available information. For Yaxchilan, 10 of
14 predicted absences were supported, but only 44
of 75 predicted presences were supported, but
predictions were significantly better than random
(42 = 4.30, df = 1, P<0.05); overall, the indication
is that the inventory remains incomplete or that

model results include some error (Puebla-Olivares
et al., 2002). More generally, we checked all
predictions of presence and absence for general
correspondence with known distributional patterns
(Howell & Webb, 1995), and found good general
agreement.

With this set of 89 predicted geographic distribu-
tions, we used the heuristic complementarity
approach to identify key areas as conservation
priorities. Among existing protected areas, Montes
Azules was predicted to hold 84 of the 89 species;
Lacan-Tun followed with 81 species, of which 80
were included in the list from Montes Azules. Next,
Bonampak held 80 species, and Chan-kin and
Yaxchilan 75 species each, but all were already
included in Montes Azules and Lacan-Tun; Cascadas
de Agua Azul, however, with only 71 species,
contributed one additional species to the system.
Therefore, the optimised reserve system based
on existing protected areas held 86 species in
three reserves, leaving three species unprotected
(Figures 2 and 3).

Assessing the region’s avifauna without consider-
ing existing protected areas (Figure 2), a first area
between northeastern Chiapas and southeastern
Tabasco was predicted to hold 79 of the 89 species.
A second area, in east-central Chiapas, held four
additional species, and a third area, in eastern
Chiapas, added three more. The optimisation
ended in the third iteration, in which the three
remaining species did not co-occur (Falco deiro-
leucus, Hylorchilus navai, and Hylorchilus sumi-
chrasti). Hence, six areas were identified that
included all 89 species, the first three of which
equalled the ability of existing reserves to protect
species.

Discussion

Obviously, the conclusions of this study are only
as good as the distributional predictions on which
they are based - for lack of better information, this
study used older distributional information to
characterise distributions of rain forest bird spe-
cies, and so distributional predictions may be
somewhat crude. However, the ecological niche
modelling approach has seen considerable testing
(see citations in Methods), and indeed tests in
Mexico with exactly the same distributional and
environmental data sets have indicated excellent
predictive ability (Peterson et al., 1999; Peterson
et al., 1999; Peterson et al., 1999, 2002; Stockwell
& Peterson, 2002a). We therefore expect that most
of the models developed and used herein would be
highly predictive.
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Figure 1. Example distributional models for four species developed in this study: (A) Pipra mentalis; (B) Myrmotherula
schisticolor; (C) Hylorchilus sumichrasti; and (D) H. navai. Shown with black lines are the priority areas detected in this
study.

Hylorchilus sumichrasti .
Falco deiroleucus

Area 1

Area 3

Hylorchilus navai

Figure 2. First three areas identified by the pixel-based prioritisation analyses, which added 79, 4, and 3 species to the
system, as well as the predicted distributions of the three species (Falco deiroleucus, Hylorchilus sumichrasti, H. navai)
that did not fall in any of the three areas.
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Cascadas de Agua Azul D

Montes Azules

™ Chan-Kin

= Lacan-Tun

Mexico

/ Guatemala

Figure 3. Areas identified in the prioritisation analyses in relation to existing protected areas in northern Chiapas.

The application of complementarity methods to
predictive models is also subject to a number of
concerns and limitations. Complementarity can
introduce undesirable qualities (e.g., selecting
peripheral or extreme areas) into prioritisations
because of its clear emphasis on the most different
faunal compositions; for that reason, several
alternative and improved procedures have been
developed (Csuti et al., 1997; Freitag et al., 1997;
Lomolino, 1994; Williams et al., 1996a, 1996b).
Application of those more complex methodologies
in the present example, however, is made quite
difficult by the enormous number of pixels under
consideration in our analyses, in contrast to the
usual applications of such methods; what is more,
the very simple structure and distribution of the
species under study made complex algorithms
unnecessary.

Our comparison of pixel-based optimisations with
optimisations of existing protected areas suffers
somewhat from differences of scale. The protected
areas range as large as 3 x 10°ha, whereas the
individual pixels are 4900 ha each, two orders of
magnitude smaller. Hence, although both prioriti-
sations arrive at 86 species in three areas, the
pixel-based optimisation does it much more effi-
ciently per unit area. Clearly, though, reserve areas
must be developed with a view towards species’
persistence, and not just representation, and so
larger areas in reserves can be very important
(Cowling et al., 1999).

The coincidence between our ‘optimal,’ pixel-
based areas and the set of protected areas existing
in the region is quite striking (Figure 3). In fact, the

existing protected areas form a cluster that is
almost continuous and contiguous. Most of the area
remaining unprotected in this area constitutes the
three ‘optimal’ areas identified in this study.
Hence, a clear recommendation emerging from
our analyses is that of integrating the six protected
areas in northeastern Chiapas (Cascadas de Agua
Azul, Montes Azules, Bonampak, Lacan-Tun,
Chan-Kin, and Yaxchilan) into a more inclusive
reserve, and including the intervening area as part
of land management efforts (Figure 3). In combina-
tion with protected areas more specific to the two
karst-specific Hylorchilus wrens, and possibly the
falcon Falco deiroleucus (which has a spotty, but
broad, range south of Mexico), this system would be
near-optimal for Mexican rain forest avifaunas.
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