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Abstract The objective of the present paper is to provide a holistic framework to delineate
“territories of opportunity” where agrarian communities can manage areas to enhance the
conservation of large vertebrates. The study was conducted Mexico, which is sociologi-
cally, culturally and ecologically complex, similar to other “megadiverse” countries. We
conducted ensemble niche modeling of endangered top predators to define a set of large
vertebrate species. Environmental attributes were used to perform three distance-based and
two artificial intelligence-based algorithms. Socio-cultural attributes were included to
depict agricultural communities with strong social government schemes and clear evidence
of well-managed natural resources. Other socio-economic attributes such as land acqui-
sition cost, human agglomeration and anthropogenic land use were included in the anal-
ysis. Scenarios were computed and displayed cartographically with the aid of a geographic
information system. Results showed that the largest concentration of biodiversity con-
verges on regions with large land cover persistence and high local governance, defined as
potential willingness to engage in conservation actions. The cartographic areas identified
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overlapped with current Mexican protected areas in only 2.7% of the country. Thus,
conservation law enforcement in most of the country seems to be ineffective. Here we
show that, in a number of territories, agrarian communities that have coexisted for mil-
lennia with umbrella species can be regarded as allies in biodiversity conservation. Results
are discussed in the light of their relevance for future niche modeling, environmental
policy design and implications for climate change.

Keywords Biodiversity - Conservation - Hot spots - Governance - Mexico

Introduction

Biodiversity depletion, as the first irrefutable indicator of the human footprint, gained
worldwide public attention during the 1980s (Griffith et al. 1989; Noble and Dirzo 1997).
Biodiversity loss is a local phenomenon with drastic global implications (Noss and Harris
1986). Unquestionably, biodiversity provides crucial goods and environmental services;
among these, it may contribute significantly to ameliorating climate change, if conserved
properly (Balmford 2002; Dirzo and Raven 2003; Balvanera et al. 2006). There have been
many actions aimed at biodiversity conservation, such as a substantial increase in programs
to protect species and habitat. Naughton-Treves et al. (2005a), for instance, clearly docu-
mented the significant increase in both number of protected areas (over 100,000 established)
and surface area set aside for biodiversity conservation purposes (over 20 million km?).
Nonetheless, biodiversity conservation efforts remain incomplete (Butchart et al. 2010).
Disputes and controversies demonstrate the inefficiency of efforts to create protected areas
(Bruner 2001; Rodrigues et al. 2004; Gaston et al. 2006). The need for greater protected
areas is especially critical within megadiverse countries, where most biodiversity is har-
bored (Dirzo and Raven 2003; Miles and Kapos 2008, Sarukhan et al. 2015). These countries
are also the most promising to buffer climate change in the long term (Skutsch et al. 2013).
In fact, biodiversity conservation and climate change should be regarded as linked issues.

In the 1980s, criteria to guide conservation actions were based purely upon ecological
principles (Shaffer 1981; Simberloff 1998). Data on population genetics, size and
dynamics (Gilpin and Soul 1986) as well as distribution patterns and habitat conditions
(Soulé 1985; Lande and Barrowclough 1987; Shaffer 1987; Guisan and Zimmerman 2000;
Fahrig 2001) remain among the most critical data to identify key species and hot spots for
specific habitats (http://www.iucnredlist.org/technical-documents/categories-and-criteria
consulted in February 6, 2014). For decades, biodiversity conservation was regarded as
a separate issue from culture (Tilman et al. 2001; Brechin et al. 2003). During the last two
decades, this vision has changed as ecology has been challenged to bridge with social
sciences (Berkes and Folke 1998). It is now clear that biodiversity conservation should be
regarded as a management modality (Berkes et al. 2000; Velazquez et al. 2001; Brechin
et al. 2003). The objective of management differs drastically among cultures (Loh and
Harmon 2005), but, put simply, humans groups chose species and spaces to obtain goods
and benefits that eventually lead to anthropogenic products via domestication (Diamond
2002) or territoriality (Jones and MacLeod 2004). As a consequence, for effective biodi-
versity conservation, research must unavoidably combine ecological, social and geo-
graphical frameworks (Bray and Velazquez 2009; Faleiro et al. 2013).

Currently available data and emerging tools provide an unprecedented platform to
conduct analytical initiatives from a holistic multidisciplinary approach (ecological, social
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and geographical) that may help to fil gaps on biodiversity conservation (Elith et al. 2006;
Phillips et al. 2006). In this contribution, we argue that hot spots (sensu Myers et al. 2000)
should be redefined based upon challenges and failures recognized to date (Brooks et al.
2002; Rodrigues et al. 2004; Foley et al. 2005). Species assemblages, rather single species,
sharing ecological constrains must be targeted (Simberloff 1998); underlying socio-cultural
attributes such as indicators of governance and socioeconomic and political attributes
(sensu Geist and Lambin 2002; Folke et al. 2005; Ostrom 2010), rather than only proxi-
mate ones such as roads and human population density, must be included in order to create
positive synergies and alliances among stake(space)holders (Velazquez et al. 2003;
Velazquez et al. 2009). Species assemblages and underlying socio-cultural attributes must
be analyzed together in order to define territories (sensu Raffestin and Butler 2012), rather
than habitats, that may best enhance biodiversity conservation in the medium and long
term (Walker et al. 2004; Brooks et al. 2006). With the aim of including these kind of
attributes, we analyzed trade-offs, to explore the costs of relaxing one attribute to achieve
increases in another (Moffett and Sarkar 2006). To our knowledge, little research has been
published using this approach to define territories for conservation purposes.

The objective of the present paper is to joint ecological, geographical and cultural
attributes to identify territories of opportunity for large vertebrates’ conservation in
Mekxico. Territories of opportunity are here defined as areas where legal and legitimate
jurisdiction is recognized by local, regional and national stake(space)holders; in conse-
quence agreements pacts and compromises aimed at implementing effective conservation
are more likely. Furthermore, we discuss this concept in contrast to previous conservation
actions and the likely implications of the outcomes in the light of current conservation
efforts. The research was based on Mexico as a representative of megadiverse regions, as it
is among the top five countries worldwide in terms of biodiversity richness (Naughton-
Treves et al., 2005b; Sarukhan et al. 2015), and it has a high level of socio-cultural
complexity (Avila-Blomberg 2008; Garcia-Frapolli et al. 2009). Furthermore, Mexico has
made substantial efforts to enhance biodiversity conservation, for instance, increasing the
number and surface area of established protected areas (Fuller et al. 2007), and it harbors
one of the most remarkable biodiversity databases in the world (Soberdn et al. 2007,
Sarukhan et al. 2008). Yet effective conservation has proved insufficient (Mas 2005;
Figueroa and Sanchez-Cordero 2008; Bray et al. 2008).

Methods
Ecological niche models

We targeted a set of large vertebrate species to build an assemblage of large vertebrate
species of Mexico (SEMARNAT 2010, www.iucnredlist.org). This means that: resulting
prioritization scenarios should be considered only for large vertebrate conservation. In
addition, complementary criteria in the selection of this species assemblage were the date
and number of available records and the state of the ecological knowledge about the
species. All species of this assemblage must share the following ecological attributes: low
reproduction rate, low population size, specific needs for mating behavior, habitat spe-
cialization, mid-to-large home range and long lifespan.

All distribution records from the set of large vertebrate species of Mexico were gath-
ered, filtered and compiled into a single database. Records were gathered from the
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following sources: CONABIO (www.conabio.gob.mx), GBIF (www.gbif.org), MANIS
(www.manisnet.org) and the scientific literature. Filtering included the following criteria:
only records from 1901 until 2012; exclusion of clearly incorrect geographic distribution
locations, records from unsuitable ecological locations and duplicate records from the same
year, from the same source, at the same site (only one record per 1 km” was included). The
compiled database was then randomly split into two groups. The first group comprised
70% of the records and was used to develop ecological niche models, whereas the second
group contained 30% of the records and was used to validate the outcomes.

The following environmental and anthropogenic attributes were used to develop eco-
logical niche models: land cover, human population density, elevation, slope, and biocli-
matic surfaces. The land cover database came from the National Institute of Statistics and
Geography, series V; original scale 1:250,000 (INEGI, 2005). Based on Pérez-Vega et al.
(2008), the original 77 cartographic categories of INEGI land cover types were combined
into 10 categories in order to relate them to land cover types (water bodies and anthro-
pogenic attributes were not considered; see file Table S1 at: http://www.ciga.unam.mx/
velazquez/HCMY/). We used population density as a proxy for anthropogenic disturbance as
described by Salvatore et al. (2005). Elevation was available through the USGS/NASA
Shuttle Radar Topography Mission (USGS 2007), and was used to calculate slope. The 19
bioclimatic surfaces were obtained from Téllez et al. (2011). These attributes were spa-
tially rescaled to fit within a pixel size of 10 km”. Collinearity among attributes was tested
using Pearson coefficients (Hirzel et al. 2002). When two or more attributes were highly
correlated (R > 0.5), only one was retained as independent attribute and the
other(s) eliminated.

Five niche modeling approaches were used to provide geographical context for the set
of large vertebrate species of Mexico (Franklin 2009), namely, BIOCLIM (Busby 1991),
Euclidian distance (Carpenter et al. 1993), Mahalanobis distance (Corsi et al. 1999),
MaxEnt (Phillips et al. 2006; Phillips and Dudik 2008) and Genetic Algorithm for Rule Set
Production (GARP, Stockwell and Noble 1992). The first three are based on distance
method algorithms, whereas the last two are artificial intelligence-based algorithms
(Rangel and Loyola 2012). Ten repetitions were applied for each approach with the aid of
the BioEnsembles platform (Diniz-Filho et al. 2009; Rangel et al. 2009). To assess the
performance of the approaches, the area under the ROC curve (AUC) was calculated as
suggested by Swets (1995). Two ensemble models were generated for each species, one
with the average output from the three distance models (distance ensemble model [here
after referred as DEM] generated with BIOCLIM, Euclidean Distance and Mahalanobis
distance) and the other with the average output from artificial intelligence models (artificial
intelligence ensemble model [here after referred as AIEM] generated with MaxEnt and
GARP; Roura-Pascual et al. 2008). The ensemble method(s) (in each case DEM separately
from AIEM?) used a weighted average, based on the values of the AUC (Marmion et al.
2009).

Species weighted value

An added weighted value based upon risk of extinction, rarity and body size was assigned
to all species as suggested by Loyola et al. (2008). Risk of extinction was extracted from
SEMARNAT (2010) and from the IUCN Red List (2012). Categories from both sources
were converted into a constant index as suggested by Purvis et al. (2000): insufficient data
and least concern = 0; near threatened = 1; endangered = 2; critically endangered = 3.
Rarity was assigned to all species following Gaston (2002), according to the following
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algorithm in which geographic range refers to the historical distribution area as reported by
IUCN (2012).

R = 1/geographic range in km

Species body size was obtained from Smith et al. (2004), Sunquist and Sunquist (2002),
Ferguson- Lees et al. (2001) and Hoyo et al. (2005). The mean value in grams was
transformed into logarithmic values. The weighted values for each of risk of extinction,
rarity and body size were normalized to fit into a gradient from zero (lowest value) to one
(highest value). The added weighted value of a given species was obtained by summing the
independent values of risk of extinction, rarity and body size, so that an added weighted
value of 3 (maximum) for a given species would imply the prime importance of a species.

Triggering conservation attributes

We obtained five attributes that can affect the implementation of biodiversity conservation
efforts in Mexico, namely, local governance (LG), land acquisition value (LAV), human
agglomeration (HA), anthropogenic land use (ALU) and land cover persistence (LCP) (see
Figure S1 at http://www.ciga.unam.mx/velazquez/HCM/).

Local governance (LG) is here referred to as the potential willingness of local com-
munal or indigenous groups to launch conservation efforts. According to Velazquez et al.
(2010) and Skutsch et al. (2013), around 43% (82,710,638 ha) of the total surface area of
Mexico consists of native forested ecosystems, of which 48,637,820 ha are under the legal
jurisdiction of 20,142 rural agrarian communities. Bray et al. (2007), Lopez-Feldman et al.
(2011) and Duran-Zuazo et al. (2013) demonstrated that Mexican agrarian communities
larger than 3000 ha with over 50% of surface area comprised of native forested ecosystems
have the potential to conduct sustainable management by themselves based upon strong
traditional community governments. We produced a map depicting agrarian communities
sharing these characteristics. Complementary areas successfully reforested through the
initiative of these local governments (SIMBAD-INEGI 2010, http://sc.inegi.org.mx/
sistemas/cobdem/) were added to this map to obtain a full cartographic expression of the
LG attribute.

Land acquisition value (LAV) was meant to capture areas that are affordable to pur-
chase for conservation purposes. This is important, since conservation on communal or
private lands should be based on land use acquisition rather than government expropria-
tion, which could lead to illegal extraction activities on the expropriated land. LAV was
inferred from gross annual income per capita INEGI 2011, http://sc.inegi.org.mx/sistemas/
cobdem/). The most affordable lands were those found in municipalities with the lowest
gross annual income per capita. LAV was calculated by transforming polygon data from
municipalities into raster format at pixel level (1 km? resolution).

Human agglomeration (HA) included delineating areas where more conflicts on con-
servation issues would likely occur as human density increases. The source was the FAO
database in raster format (Salvatore et al. 2005) with a pixel resolution of 1 km?.

Anthropogenic land use (ALU) was meant to distinguish areas where current productive
activities such as agriculture and livestock production would likely lead to resistance of
conservation efforts. The source to depict agriculture came from INEGI (Series III, scale
1:250,000; year 2005). This layer was overlaid in raster format on the database of livestock
density from FAO (2007). A pixel value was assigned as: pixels comprising agriculture and
livestock production = 2; one of the two land uses = 1; and none of the land uses = 0.
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Land cover persistence (LCP) was obtained by projecting land cover types based on
land cover change analysis from two sources, namely, INEGI series I (1976) and National
Forest Inventory 2000 (SEMARNAT 2001). These two databases were made compatible
and comparable and were overlaid to depict changes, following Velazquez et al. (2002) and
Mas et al. (2004). The land cover changes were overlaid on a road distribution map (http://
conabioweb.conabio.gob.mx/metacarto/metadatos.pl.) and on the digital elevation model
produced by using the “land change modeller module” in Eastman and IDRISI (2012).
From these overlays, land cover persistence was expressed in a Markov chain system and
projected until 2024.

These triggering conservation attributes were subsequently stretched to enhance inter-
pretation with the aid of Eastman and IDRISI (2012).

Scenario construction

We used Zonation software (Version 3.1.1, Moilanen et al. 2011) to develop two different
prioritization scenarios through trade-off analysis. The first scenario considered only the
ecological niche models of each species and the species weight value (we called this the
“biological scenario”). The second considered the output of the first scenario plus the six
trigging conservation attributes previously described (we called this the “integral scenar-
i0”). These scenarios were developed for the two kinds of ensemble models derived from
the distance and artificial intelligence algorithms.

The triggering conservation attributes were considered either beneficial or constraints
for conservation purposes. Local governance (LG) and land cover persistence (LCP) were
beneficial, whereas land acquisition value (LAV), human agglomeration (HA) and
anthropogenic land use (ALU) were regarded as constraints. Following Moilanen et al.
(2011), beneficial attributes were assigned a value of 1, while constraints were assigned a
value of —0.5, so that bias was prevented as much as possible.

Scenarios were smoothed for each species using the smoothing function in the Zonation
software, so that isolated scattered pixels are regarded as less relevant than scattered
neighboring pixels of polygons, in order to avoid the so-called “salt and paper effect.” The
amplitude of the smoothing process was based on dispersion capacity, estimated from the
home range of the species. These values per species were obtained from the available
literature (Madrid et al. 1991; Snyder 1993; Don-Crider 1995; De Oliveira 1998; Sunquist
and Sunquist 2002; Scognamillo et al. 2003; Ariano-Sanchez 2006; Carvajal et al. 2007,
Dillon and Kelly 2008; Muiiiz-Lopéz 2008; CONABIO 2011). Core areas were delineated
and displayed in black, whereas buffer areas were shown in light grey. Core areas were
regarded as territory with more opportunity to enhance large vertebrate conservation in
Mexico.

“Territories of opportunity” were delineated by identifying legitimate agrarian com-
munities (“ejidos” and indigenous communities, sensu Velazquez 2012) within the core
areas. Agrarian community boundaries were obtained from the Registro Agrdrio Nacional
(http://fanar.ran.gob.mx/cgi-bin/nucleos1?). We finally compared the obtained territories
of opportunity with the current protected areas. Polygons of protected areas were down-
loaded from CONABIO (http://www.conabio.gob.mx/ informacion/gis/). Maps were
overlaid in ArcGIS (Version 10.1).
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Results
Ecological niche models

Twenty vertebrates fulfilled the ecological criteria to form the set of large vertebrate
species of Mexico (Table 1). This assemblage includes four reptiles, nine birds and seven
mammals in 16 genera and seven families. Out of 3235 species records, 2123 fulfilled
quality criteria to provide reliable species distribution patterns. Records were unevenly
distributed among species, so that the species with most records was the Jaguar (Panthera
onca) with 510, whereas the Harpy Eagle (Harpia harpyja) had the least number of records
(12).

The added weighted value pinpointed five species as outstanding conservation targets,
namely, the Black Bear (Ursus americanus), the American Crocodile (Crocodylus acutus),
the Harpy Eagle (Harpia harpyja), the Jaguar (Panthera onca) and the Solitary Eagle
(Harpyhaliaetus solitarius). Seven other species had values above 1.7, whereas only one
(Lynx rufus) had a significantly low value (Table 1).

From the 30 environmental attributes originally included into the analysis, only 15
were selected for generating ecological niche models. Originally, over 80 correlation
values higher than 0.50 (positive or negative) were obtained among the 30 attributes (see
Table S2 at http://www.ciga.unam.mx/velazquez/HCMY/). Statistically, this suggests high
probability of covariance; by selecting 15 attributes, statistical noise was reduced and
modeling certainty was improved. Nonetheless, there remained a few (seven) correlation
values higher than 0.50 (positive or negative) among the selected 15 attributes (see
Table S3 at: http://www.ciga.unam.mx/velazquez/HCM/). Elevation and mean annual
temperature, in particular, were significantly correlated (R = —0.88). These 15 attri-
butes, here referred to as “explanatory,” have been used by other authors in niche
modeling in spite of their high correlation. Implications of this are discussed further,
below.

The values obtained from species niche modeling for each algorithm differed slightly.
On the whole, values from artificial intelligence algorithms (mean AUC value of the two
methods used = 0.87) were substantially higher that those obtained by distance methods
algorithms (mean AUC value of the three methods used = 0.76). The ensemble model,
however, was equally effective for both types of algorithms (mean AUC = 0.91). The
ensemble model, as expressed by the mean AUC value of all algorithms, varied for each
species (Table 2). Equal mean AUCs ensemble values do not imply similar distribution
patterns. Regardless the algorithm used, prediction of species’ distributions patterns
showed that seven of the 20 species occurred predominantly in Neotropical conditions
(Cathartes burrovianus, Crocodylus acutus, Harpia harpyja, Leopardus wiedii, Sarco-
ramphus papa and Spizaetus tyrannus). Eight species extended their Neotropical ranges
along the coasts towards areas with northern conditions (Boa constrictor, Harpyhaliaetus
solitarius, Heloderma horridum, Leopardus pardalis, Panthera onca, Puma yagouar-
oundi, Spizaetus ornatus and Spizastur melanoleucus). The remaining five species
(Aquila chrysaetos, Haliaeetus leucocephalus, Lynx rufus, Puma concolor and Ursus
americanus) predicted distribution was mainly restricted to Nearctic conditions. A
comprehensive spatial distribution pattern of all ecological niches predicted for each of
the 20 species can be seen in Figures S2 and S3 at: http://www.ciga.unam.mx/velazquez/
HCM/.
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Table 2 Area under the curve (AUC) obtained for species in the assemblage of the set of large vertebrate

species of Mexico

Specie Type of algorithm; specific algorithm used
Distance Artificial intelligence
BioClim Ecuclidean Mahalanobis Ensemble® GARP MaxEnt Ensemble
Distance Distance

Crocodylus 0.97 0.85 0.95 0.86 0.95 0.98 0.88
acutus

Crocodylus 0.98 0.79 0.71 0.76 0.91 0.97 0.84
moreletii

Boa constrictor  0.81 0.77 0.83 0.98 0.82 0.91 0.9

Heloderma 0.76 0.54 0.66 0.9 0.74 0.9 0.98
horridum

Aquila 0.65 0.53 0.61 0.95 0.67 0.88 0.94
chrysaetos

Haliaeetus 0.95 0.92 0.9 0.96 0.88 0.95 0.73
leucocephalus

Harpia harpyja  0.99 0.5 0.81 0.8 0.93 0.93 0.94

Harpyhaliaetus 0.74 0.52 0.69 0.93 0.82 0.86 0.9
solitarius

Spizaetus 0.89 0.5 0.84 0.96 0.83 0.92 0.96
ornatus

Spizaetus 0.91 0.69 0.91 0.96 0.91 0.96 0.95
tyrannus

Spizastur 0.96 0.5 0.77 0.8 0.91 0.88 0.97
melanoleucus

Cathartes 0.93 0.68 0.94 0.93 0.94 0.97 0.78
burrovianus

Sarcoramphus 0.93 0.76 091 0.92 0.91 0.94 0.94
papa

Leopardus 0.79 0.65 0.77 0.97 0.78 0.89 0.92
pardalis

Leopardus 0.86 0.71 0.87 0.98 0.84 0.9 0.91
wiedii

Lynx rufus 0.65 0.57 0.61 0.97 0.74 0.84 0.97

Panthera onca 0.77 0.54 0.77 0.98 0.77 0.83 0.92

Puma concolor  0.61 0.5 0.52 0.9 0.67 0.81 0.9

Puma 0.81 0.54 0.82 0.82 0.81 0.93 0.92
yagouaroundi

Ursus 0.85 0.76 0.78 0.97 0.81 0.93 0.97
americanus

Min 0.61 0.5 0.52 0.76 0.67 0.81 0.73

Max 0.99 0.92 0.95 0.98 0.95 0.98 0.98

Mean 0.84 0.65 0.78 0.91 0.83 0.91 0.91

? Ensemble of algorithm methods; see text for calculation of ensemble
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Triggering conservation attributes

LG, as defined in Methods, covered an area of 16 million ha, 7.9% of the surface area of
Mexico. Native land cover, as a surrogate for natural ecosystems, still covers 83 million ha,
43% of the surface area of Mexico. LCP indicated that the most resilient ecosystems,
expressed by the annual rate of change, were hydro vegetation series (* = 0.32) followed
closely by scrubland (¢* = 0.40). In contrasts, tropical forests (¥ = 1.95) and natural
grassland (* = 1.55) experienced the most dramatic losses (see further details of land cover
change in Sanchez-Colon et al., 2009). HA showed a rather compact pattern, in which
56.82% of the present Mexican population is found in only 8.74% of the country (see
SEDESOL et al. 2010). Human settlements, however, demand resources from distant
places, and among these resources, ALU are found in about 28.8% of the country; in these
areas, the opportunity for species conservation is less favorable. In addition, areas where
ALU and HA overlapped also coincided with elevated cost of the land (LAV), allowing us
to distinguish between areas suitable for land use and for conservation (see Figure S4 at
http://www.ciga.unam.mx/velazquez/HCM/). Hence, HA, ALU and LAV were regarded as
negative triggering conservation attributes. In short, LCP coupled with areas with LG
identified regions where conservation is most likely to occur. In contrast, regions where
HA, ALU and LAV overlapped were regarded as unsuitable areas from a conservation
viewpoint.

Relationship between biological and integral scenarios

The distribution pattern of the set of large vertebrate species of Mexico (biological sce-
nario), resulting from the artificial intelligence and distance algorithms, were displayed
(Fig. 1a, b) and compared. The comparison showed that outputs differed slightly. Buffer
zones from the two types of algorithms overlapped 56.97%, whereas core areas overlapped
only 31.71%. Actual net discrepancies between artificial intelligence and distance methods
outputs amounted to 7.4% of the surface area of Mexico (14.6 million ha).

We compared, geographically, the overlap of all triggering conservation attributes and
showed that the largest concentration of the set of large vertebrate species under the
biological scenario converges on regions with high LCP and LG. Conversely, regions with
high human population and agricultural and livestock production activities, in addition to
expensive land acquisition, are also areas where the assemblage of the set of large ver-
tebrate species of Mexico is limited.

In the integral scenarios, slight differences were found between artificial intelligence
and distance methods algorithms (Fig. 2a, b). In the integral scenarios, buffer zones
overlapped 60.08%, whereas core areas overlapped 40.24%. Actual net discrepancies
between artificial intelligence and distance methods outputs amounted to 8.99% of the
surface area of Mexico (17.6 million ha) (Fig. 2a, b). However, both methods coincided to
pinpoint the most relevant areas: the eastern slopes of the Sierra Madre Occidental, chiefly
in Chihuahua state; the Pacific coast including large portions of Oaxaca and Chiapas states;
and the southern region of the Gulf of Mexico, including the Yucatan Peninsula, and parts
of the Petén basin in Campeche state and the Soconusco region in Chiapas state. Con-
versely, the greatest differences between outputs of the two methods were found in the
Mexican Plateau, mainly restricted to Coahuila and San Luis states. It is worthwhile
mentioning that some already known regions of high importance for its ecosystem
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Fig. 1 Map of the outputs obtained from the assemblage of the set of large vertebrate species of Mexico.
a Areas identified by performing three distance method algorithms (BIOCLIM, Euclidian distance and
Mahalanobis distance). b Areas identified by performing two artificial intelligence algorithms (MaxEnt and
GARP)

diversity were not depicted by these set of species. This is the case of upper hills of the
Western and East Sierra Madre ranges and The Sonoran desert to mention a few.

The overlap between the outputs from the artificial intelligence and distance methods
(Fig. 3a, b) was more specific in identifying hot spots (Fig. 3b). This joint map showed that
areas predicted by artificial intelligence and distance methods overlapped in 9.56% of the
country (18.8 million ha). In addition to the joint areas, artificial intelligence methods
predicted areas of 14.3 million ha (amounting to 7.3% of the surface area of Mexico),
whereas distance algorithms predicted areas of 14.6 million ha (7.4% of the country)
outside the overlapping areas. Hence, the total of area predicted by both types of methods
covered 24.3% of the surface area of Mexico (47.9 million ha). Four continuous regions
turned out to be remarkably relevant: north of Mexican Plateau (mainly within Chihuahua
state), western slopes of the Sierra Madre Occidental; northern region of the Sierra Madre
Oriental, and most of the Yucatan Peninsula. One additional scattered area is outstanding:
the Pacific coast from Jalisco southwards, including large parts of Oaxaca and Chiapas
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Fig. 2 Map of the outputs obtained from the assemblage of the set of large vertebrate species of Mexico
and the five triggering anthropogenic attributes. a Areas identified by performing three distance method
algorithms (BIOCLIM, Euclidian distance and Mahalanobis distance). b Areas depicted by performing two
artificial intelligence algorithms (MaxEnt and GARP)

states. It is worthwhile mentioning that biological scenarios derived from the two types of
algorithms depicted other relevant areas, such as the Balsas Depression and portions of the
Transversal Neovolcanic Axis, where HA, ALU and LAV anthropogenic attributes exclude
them as potential targets for short-term conservation.

Based on these results, the most realistic conservation scenarios are those involving by
agrarian communities capable of implementing conservation actions. Capability to
implement conservation was here deduced from the level of organization and the amount
of natural resources managed sustainably. A critical selection of these agrarian commu-
nities was made within the 24.3% of the country predicted as suitable for conservation by
the two methods. According to Fig. 3b, 12% of the country (23.5 million ha) currently
under the jurisdiction and management of agrarian communities, would be sufficient to
ensure the survival of the assemblage of the set of large vertebrate species of Mexico. By
comparing, geographically, these particular results with the present area under the juris-
diction of the National Commission of Protected Areas in Mexico (CONANP, from its
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Fig. 3 Map of the outputs obtained from the assemblage of the set of large vertebrate species of Mexico
and the five triggering anthropogenic attributes, showing overlapping and unique areas from various models.
b Areas identified by performing three distance methods algorithms (BIOCLIM, Euclidian distance and
Mahalanobis distance), by performing two artificial intelligence algorithms (MaxEnt and GARP), and
overlap between these areas. b Areas as in A where agrarian communities were selected as likely allies
because of their governance structures. In a, b established protected areas are denoted by the hatched pattern

acronym in Spanish), we find that only 2.7% (54.1 million ha) of the area predicted
overlaps with CONANP-protected areas (Fig. 3b). Thus, the conservation policies cur-
rently established are not targeted towards ensuring the survival of the set of large ver-
tebrate species by means of engagement of local stakeholders.

Discussion

The present paper departs from the concept of territory: an orderly, humanized place where
nature and culture are treated as inseparable by clearly defined social institutions in charge
of creating and implementing rules targeted at pursuing stakeholders’ actions (Raffestin
and Butler 2012). Delineation of territories to enhance biodiversity conservation has been
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largely neglected, since most academic efforts for species conservation consider only the
relationship between species and environmental attributes (Fahrig 2001; Pressey and
Bottrill 2008; Kearney and Porter 2009; Moilanen et al. 2009; Peterson and Nakazawa
2008). From the results presented here, we joint ecological, geographical and cultural
attributes to identify territories of opportunity for large vertebrates’ conservation in
Mexico. Local stake(space)holders, such as agrarian communities (“ejidos” in the Mexi-
can context), do not hold government platforms evenly powerful so that certain criteria
must be fulfilled to consider an agrarian community as likely conservation allies. Similarly,
species need to be selected as priority targets for conservation, based on a number of
criteria (www.iucnredlist.org/). Few academic efforts have been made to assess local
stakeholders’ governance systems for conservation purposes, and criteria may differ
drastically from one place to another (Ostrom 2010; Lopez-Feldman et al. 2011; Eklund
et al. 2011). The strength of our approach lies in the simultaneous analysis of ecological,
geographical and cultural criteria in order to identify territories of opportunity for
conservation.

By contrast, criteria for ranking species for conservation are clearly established and
applied to all species worldwide (Myers et al. 2000). It is yet to be ascertained whether the
present outputs applied to set conservation priorities to all Mexican large vertebrate spe-
cies. Ongoing research and previous studies provide coincidences pointing towards valid
conclusions for birds (Escalante-Pliego et al. 1993; Peterson and Nakazawa 2008), ende-
mic terrestrial mammals Escalante et al. 2007), and species richness analyses by ecoregion
(Urquiza-Haas et al. 2011a, b). Nonetheless, meanwhile more comprehensive studies are
conducted, the present results may guide conservation priorities for large vertebrates,
regarding than time, financial and human resources are limited.

The present research, in order to be considered holistic, must be enriched by including
other endangered, endemic, rare, poorly know species such as plants and insects (Sim-
berloff 1998; Bonn et al. 2002; Bode et al. 2008). In this sense, emerging methodological
data analysis to help shrinking present limitations to set conservation priorities are the
uppermost priority. Taking into account that jointly including ecological, geographical
and cultural data analyses are scanty; this contribution may serve to shorten current
limitations.

From the pure statistical view, a number of the species included here do not fulfill
criteria to apply sound niche modeling (Table 2). Marmion et al. (2009) for instance,
recommend that species with AUC values lower than 0.5 (e.g., Harpia harpyja, Harpy-
haliaetus solitarius and Spizaetus ornatus) may not provide enough certainty for niche
modeling. However, AUC values change drastically between algorithms; hence, we
computed five different niche models. The output obtained by the ensemble model of the
three distances methods-based approaches and the ensemble model of the two artificial
intelligence-based approaches proved identical; statistical power was comparable (Table 2)
and statistical differences were negligible. In addition, niche modeling is strongly based
upon environmental attributes that are strongly correlated (Busby 1991; Franklin 2009). It
is widely held that covariance enhances error propagation, thus affecting uncertainty in the
final output. Research to date shows that environmental attributes such as climatic and
geographical features influence species distribution patterns as a whole. Niche modeling,
however, splits climatic and geographical features into layers in order to consider the role
of the different components of these features (Peterson and Nakazawa 2008; Franklin
2009; Diniz-Filho et al. 2009; Téllez et al. 2011). Consequently, covariance among layers
is likely and must be taken into account to diminish error propagation (Hirzel and Gwe-
naé€lle 2008). In short, uncertainty in niche modeling resulting from statistical and data
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quality and availability remains an issue. However, our results document the methods to
proceed with enhancing species conservation, in spite of incomplete ecological and geo-
graphical knowledge about the set of large vertebrate species. This approach thus addresses
the theoretical component of niche modelling and the practical component of conservation
actions.

There are a number of implications for the Mexican context. First, Mexico’s network
of protected areas has increased significantly in surface area (over 25 million ha) and
number of areas (176) established within a century of time (www.conanp.gob.mx). As is
the case for most conservation efforts in similar developing countries, the intention to
protect these areas collapses because of a lack of enforcement; evidence shows that
effective conservation within protected areas is limited (Brechin et al. 2003; Figueroa
and Sanchez-Cordero 2008). The role of Mexican agrarian communities in effective
biodiversity conservation have been highlighted repeatedly (Velazquez et al. 2001, 2003;
Ellis and Porter-Bolland 2008). However, despite the evidence, this paper demonstrates
that the current Mexican network of protected areas has largely neglected territories of
opportunity where local allies and the set of large vertebrate species coexist. Second, a
large number of efforts have aimed to delineate the most likely areas for enhancing
Mexican biodiversity conservation (Ceballos et al. 2009; Mittermeier et al. 1999; Ortega-
Huerta and Peterson 2004; Illoldi-Rangel et al. 2008; Navarro-Sigiienza et al. 2011;
Ochoa-Ochoa et al. 2011; Urquiza-Haas et al. 2011a, b; Koleff et al. 2011; Tobon et al.
2012). Naughton-Treves et al. (2005b), for instance, conducted a thorough analysis to
identify areas where biodiversity could be conserved with minimal social conflict; they
identified “socially empty” areas, since local stakeholders were regarded as the main
threat to maintaining biodiversity. The present paper proves that a number of agrarian
communities have coexisted for millennia with outstanding biodiversity assemblages;
identifying these communities can help us gain allies in biodiversity conservation. This
conceptual framework of local stake(space)holders as allies is consistent with other
contributions related to forest conservation (Bray and Merino-Perez 2003), watershed-
forest management (Duran-Zuazo et al. 2013), and carbon sequestration (Klooster and
Masera 2000). Long-term sound management conducted by local agrarian communities
also seems promising to ameliorate current global change effects (Skutsch et al. 2013),
since biodiversity is unequivocally a good indicator of ecosystem integrity (Sarukhan
et al. 2015). However, the effective role of these territories of opportunity in climate
change is yet to be ascertained.

To conclude, countries harbouring large biodiversity stocks should strengthen local
stake(space)holders, turning potential threats into conservation allies (Bray and Velaz-
quez 2009). These likely allies govern territories that hold large potential for climate
change mitigation. The global extent of the role of agrarian communities in enhancing
sound management of natural capital has yet to be ascertained. However, our results
suggest that policy-makers need to be engaged to harness potential willingness to act for
environmental conservation (sensu Faleiro and Loyola 2013). Emerging innovative
conceptual frameworks also need to be incorporated in the sound management of natural
capital (Knight et al. 2009; Sarukhén et al. 2015). In spite of the uncertainty due to lack
of data availability and statistical limitations of tools, engagement of well-governed
agrarian communities may play a key role in ameliorating current environmental dete-
rioration worldwide.
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