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Expanding protected areas in a Neotropical hotspot
Jorge Antonio Gómez Díaz a,b, Andrés Lira-Noriega c and Fabricio Villalobos d

aCentro de Investigaciones Tropicales, Universidad Veracruzana, Xalapa, Mexico; bInstituto de Investigaciones Biológicas, Universidad 
Veracruzana, Xalapa, Mexico; cRed de Biología Evolutiva, Instituto de Ecología A.C, Xalapa, Mexico; dRed de Estudios Moleculares 
Avanzados, Instituto de Ecología A.C., Xalapa, Mexico

ABSTRACT
The region of central Veracruz is considered a biodiversity hotspot due to its high species 
richness and environmental heterogeneity, but only 2% of this region is currently protected. 
This study aimed to assess the current protected area system’s effectiveness and to identify 
priority conservation areas for expanding the existing protected area system. We used the 
distribution models of 1186 species from three kingdoms (Animalia, Plantae, and Fungi) 
together with ZONATION software, a conservation planning tool, to determine areas that 
could help expand the current network of protected areas. We applied three different para
metrizations (including only species, using the boundary quality penalty, and using corridor 
connectivity). We found that protecting an additional 15% of the area would increase, between 
16.2% and 19.3%, the protection of the distribution area of all species. We propose that the 
regions with a consensus of the three parametrizations should be declared as new protected 
areas to expand 374 km2 to the 216 km2 already protected. Doing so would double the 
protected surface in central Veracruz. The priority areas identified in this study have more 
species richness, carbon stock values, natural vegetation cover, and less human impact index 
than the existing protected areas. If our identified priority areas are declared protected, we 
could expect a future recovery of endangered species populations for Veracruz. The proposed 
new protected areas are planned and designed as corridors connecting currently isolated 
protected areas to promote biodiversity protection.
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Introduction

The region of central Veracruz includes relicts of 
two rare forest types within the Mesoamerica hot
spot: i) the humid montane forest with an area of 
about 4,069 km2, of which only 4% is covered by 
protected areas (Gillespie et al. 2012; Williams- 
Linera 2013; Gómez-Díaz 2016), and ii) the dry for
est with an area of about 372 km2 where only 2% is 
protected (Gillespie et al. 2012; López-Barrera et al.  
2014; Gómez-Díaz 2016). Increasing forest conver
sion into cattle pastures and agricultural fields in 
the region represents the main pressure on the 
natural forests of this area (Harvey et al. 2008; 
Gómez-Díaz 2016). In addition to tropical forest 
loss and transformation, additional stress on biodi
versity is exerted through landscape homogeniza
tion (Swift et al. 2004), mainly because of the land 
cover change (Benton et al. 2003; Gómez-Díaz  
2016). The extensive conversion of these forest 
cover types will eventually impact the quantity of 
stored carbon and their remarkably high species 
richness. Indeed, forest loss in Mesoamerican eco
systems can potentially promote severe worldwide 
consequences on species richness and climate (de 
Albuquerque et al. 2015; Gómez-Díaz 2016).

Veracruz has one of the highest forest loss rates in 
Mexico, and to date, most of the natural forest has 
been transformed into agriculture and cattle areas 
(Ellis et al. 2011; Muñiz-Castro et al. 2015; Gómez-Díaz  
2016). These forests have thus undergone substantial 
changes resulting in a highly fragmented landscape 
(Williams-Linera et al. 2007; Gómez-Díaz et al. 2018). It 
is estimated that if the current tendency continues by 
the next decade, only 1% of the natural forests of 
Veracruz will remain (Gómez-Díaz 2016). The study 
region of Central Veracruz is a highly biodiverse region 
due to its location in the transition zone between the 
Neotropical and the Nearctic region (Carvajal- 
Hernández et al. 2020). For this region, the estimated 
rate for annual forest cover change was −0.44% in the 
period from 1993 to 2000. However, this changed to 
a positive trend (+0.11%) of forest cover gain in 2000– 
2014 (Gómez-Díaz et al. 2018). Most of the species of 
Central Veracruz are affected by this recent conversion 
process (Halffter and Arellano 2002; Pineda and 
Halffter 2004; Aguirre et al. 2010).

While Central Veracruz is inhabited by many species 
with a wide distribution in Mexico, it also harbors at 
least 39 species whose distributions are mostly con
tained within Central Veracruz (Sosa et al. 1998; 
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Peterson et al. 2000b; Castillo-Campos et al. 2005). 
Species with a restricted and endemic distribution are 
known to be indicators of the conservation status of 
regions and other species (Manne et al. 1999; Jenkins 
et al. 2013). As such, and given the anthropogenic 
pressure on the state’s natural resources and the diffi
culty of conserving them (Ellis et al. 2011; Gómez-Díaz 
et al. 2018), the priority to conduct conservation 
actions should be focused on endemic and threatened 
species found in the area.

Although Central Veracruz has been identified as 
needing urgent conservation actions (Toledo-Aceves 
et al. 2011), information about the biodiversity of this 
region needs to be more cohesive and unrestricted. 
Still, this limited information shows a worrying 
decrease in biodiversity. For example, populations of 
the Morelet’s crocodile (Crocodylus moreletii) living in 
Central Veracruz are fragmented with low genetic 
diversity, which may lead to further loss of genetic 
variation (González-Trujillo et al. 2012). Also, it has 
been found that the change in land use harms several 
taxa of central Veracruz, such as trees, amphibians, 
ferns, and epiphytes (Pineda et al. 2005; Flores- 
Palacios and Valencia-Díaz 2007; Williams-Linera and 
Lorea 2009; Carvajal-Hernández et al. 2018).

The cornerstone of biodiversity protection is 
Protected areas (PAs). Though, their effectiveness and 
coverage rely on being carefully selected (Lemes et al.  
2014). Therefore, it is imperative to identify remnants 
of habitat that can strategically expand the connectiv
ity and current representativeness of PAs in a region 
using the scarce information available efficiently. An 
efficient PA network must ensure the viability and 
survival of key species as well as evolutionary and 
ecological processes. Sadly, short-term economic inter
ests prevail over conservation objectives, historically 
relegating PAs to ‘residual places’ (Fuller et al. 2007; 
Nori et al. 2016), leaving as conservation areas those 
sites that are not suitable for human expansion and 
agriculture (Munthali 2007).

Systematic conservation planning provides a means 
to identify networks of protected areas that could help 
maintain biodiversity because they increase the repre
sentativeness of the processes that sustain it (Jantke  
2011). The approach and solutions of the systematic 
conservation planning tools are much better for sol
ving conflicts and, in that sense supporting decision- 
making and design of PAs compared with uninformed 
choice methods. The systematic planning of PAs can 
serve as an instrument that guides countries in the 
implementation of Programs in PA and in their efforts 
to conserve biodiversity effectively (Jantke 2011).

Systematic conservation planning can also benefit 
from including different variables to find more realistic 
solutions, such as carbon storage, an important eco
system function of tropical forests, concerning climate 
change adaptation and mitigation (Marshall et al.  

2012). Also, there is a strong association between car
bon storage and biodiversity conservation (Strassburg 
et al. 2010). Various areas with a high species richness 
correlate with sites with high carbon stores; these 
areas can also benefit from the payment of environ
mental services related to carbon storage and capture 
(Strassburg et al. 2010).

Despite the current PAs network in Mexico, at the 
national level, there are extensive gaps representing 
high-priority sites for conservation (Koleff et al. 2009). 
Recently, Mexico has begun to update and generate 
information relevant to planning the PA system and 
biological corridors. New efforts need to be conducted 
to identify these important sites and the best way to 
protect them, and in this way, contribute to Mexico’s 
commitment to conserving at least 17% of its terres
trial surface as a signatory of the Convention on 
Biological Diversity (UNEP 2010; Vergara-Tabares et al.  
2018). Indeed, in the case of Central Veracruz, there are 
gaps in the protection of biodiversity in the current PAs 
(Peterson et al. 2000a; Sánchez-Cordero et al. 2005; 
Valenzuela Galván and Vázquez 2008; Urbina-Cardona 
and Flores-Villela 2010; Ochoa-Ochoa et al. 2011).

As expected, major gaps are in those potentially 
productive areas, including the lowlands of Central 
Veracruz, for which forecasts of biodiversity conserva
tion are not optimistic (Ellis and Martínez Bello 2010; 
Prieto-Torres et al. 2016; Gómez-Díaz et al. 2018). 
Unfortunately, the PAs in the study area is immersed 
in a degraded or productive matrix, are isolated from 
each other, and are mostly ineffective, which has nega
tive consequences for the conservation of the area 
(Peterson et al. 2000a; Urbina-Cardona and Flores- 
Villela 2010; Ellis et al. 2011; Gillespie et al. 2012; Prieto- 
Torres et al. 2016; Gómez-Díaz et al. 2018).

On a national scale, the National Commission for 
the Knowledge and Use of Biodiversity (CONABIO, 
by its acronym in Spanish) identified Priority sites 
for the conservation of terrestrial biodiversity by 
integrating various biological criteria and informa
tion about main threats, a large group of specialists 
(Koleff et al. 2009). According to the prioritization of 
CONABIO, central Veracruz has been found as 
a region of priority for biodiversity. However, the 
previous prioritization attempt was at a gross scale 
(resolution) and based on a national process. At the 
regional scale, two assessments defined priority 
conservation areas for Central Veracruz consider
ing: 1) endemic birds and mammals (Peterson 
et al. 2000a) and 2) ecological criteria and socio- 
economic threats in the landscape context (Ellis 
et al. 2011). However, both studies had several 
flaws, like the absence of a standardized and accu
rate procedure for choosing species’ distributions 
and input species (Fu et al. 2021). Moreover, those 
analyses were performed between 10 and 21 years 
ago, and since then, there has been a tremendous 
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advance in deforestation and land-use change in 
the study area (Gómez-Díaz et al. 2018).

Despite the above problems and the urgency to 
reinforce the current PAs network, it has yet to be 
known which are the priority sites for conserving 
Central Veracruz and much less if the PA network of 
this vulnerable region is efficient in favoring the con
servation of species. Thus, it is necessary to update and 
provide accurate information to help guide the effec
tive conservation of the threatened species of central 
Veracruz using the PA network of the region. 
Therefore, this study had as objectives: (1) to assess 
the effectiveness of the current PA system in Central 
Veracruz and (2) to identify priority conservation areas 
for the biodiversity of this region. To do so, we used 
revised information on the geographic distribution of 
species for three taxa from different kingdoms 
(Animalia, Plantae, and Fungi) and identified areas 
that could efficiently expand the current network of 
PAs using systematic conservation planning tools.

Materials and methods

Study area

The study area is at 95° 54’ to 97° 18’ W and 18° 42’ to 
19° 42’ N, covering about 9797 km2 in the central 
region of the state of Veracruz, Mexico (Figure 1). The 
study area is situated at the intersection of the Sierra 
Madre Oriental and the Trans-Mexican volcanic belt 

(Gómez-Díaz et al. 2017), showing high topographic 
heterogeneity with an elevation gradient (0 to 4,600  
m), with five climatic areas (Lauer 1973); from warm at 
the lower part, over temperate at the mountainous 
mid-elevations to cold in the higher regions (Soto- 
Esparza and Giddings 2011).

The orographic and climatic differences within the 
area allow the presence of six vegetation types follow
ing Miranda and Hernández-Xolocotzi (Miranda and 
Hernández-Xolocotzi 1963), from the dry environ
ments with elevated temperatures (tropical semi- 
deciduous forest and tropical oak) over the humid- 
temperate (humid montane forest, pine-oak forest) to 
cold and dry at the higher parts of the gradient (pine 
and fir forest; Gómez-Díaz 2016). In addition, from 
a biogeographic perspective, this area is at the con
fluence between the Nearctic and Neotropical regions, 
which is why it has a biogeographic value as a scene of 
even greater diversity (Gómez-Díaz 2016).

This area was selected due to its inclusion in the 
main sub-hydrological region of Veracruz (CONABIO  
1970; Gómez-Díaz et al. 2018), which is part of the 
Actopan-La Antigua River watersheds. Also, the area 
is considered a national priority for restoration to main
tain ecosystem services like water supply and quality 
(Cotler Avalos and Garrido Pérez 2010). Additionally, 
our study area was chosen due to the outstanding 
biodiversity within Veracruz, with approximately 1894 
animals, 1695 plants, and 26 fungi, representing almost 
20% of the biodiversity of Veracruz and 9.6% of Mexico 

Figure 1. The study area in Central Veracruz, Mexico, shows different land cover classes (CONABIO 2017).
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(CONABIO 2008; Cruz-Angón 2011; Villaseñor 2016). 
More than 80% of Veracruz’s primary vegetation has 
been converted to pastures, plantations, and second
ary vegetation. The remaining forest or vegetation is 
highly fragmented, especially in the central part of the 
state (Ellis et al. 2011). The study area is therefore 
recognized as a priority region for conservation within 
Mexico (Ellis et al. 2011).

Selected species and geographic distributions

In our study area, we compiled a list of those species 
from the three main kingdoms (Animalia, Plantae, and 
Fungi). This list was created using several sources of 
information (Sosa and Gómez-Pompa 1994; CONABIO  
2012; González and Arroyo-Cabrales 2013) and was 
carefully curated, removing taxonomical and distribu
tional issues, resulting in a list of 3631 species. Then, 
we used range maps provided by the Mexican 
Commission for the Knowledge and Use of 
Biodiversity (CONABIO 2018a). From this source, we 
obtained 1134 species’ ranges (948 animals and 186 
plants) generated by experts in each taxonomic group 
using species distribution modeling techniques. In 
addition, we created 52 distribution models for 39 
plants, 12 animals, and one fungus species that are 
considered critically endangered according to the 
IUCN but were not included in CONABIO’s database. 
To create these models, we gathered records from the 
XAL Herbarium (in the case of plants) and the GBIF 
(2019). We only consider one point of presence for 
each pixel of 1 km2 to minimize spatial autocorrelation 
(Benítez-Badillo et al. 2018). We used Maxent v.3.4.1 
(Phillips et al. 2006) to build a potential distribution 
model for each species. The algorithm formulates geo
graphic predictions utilizing a method called maxi
mum entropy, with the occurrence records of the 
species as inputs and their corresponding environmen
tal conditions as predictors, to estimate potential dis
tributions (Phillips et al. 2006; Benítez-Badillo et al.  
2018); we used ten thousand of pseudo-absence 
records according to Benítez-Badillo et al. (2018).

The 19 bioclimatic variables of CHELSA v.1.2 
were used at a resolution of ~1 km2 (Karger et al.  
2017) which is more suitable than the WorldClim 
dataset for tropical and mountainous zones 
(Benítez-Badillo et al. 2018). We used the climate 
data set for each species with the least-correlated 
variables (Spearman’s rank correlation rs ≤0.7) since 
high collinearity might lead to over-parameterized 
models affecting their interpretation. We eliminate 
highly correlated variables to avoid multicollinear
ity and reduce the number of bioclimatic variables. 
Lastly, to assess the predictive accuracy and per
formance of each model, the AUC metric was used 
(Benítez-Badillo et al. 2018).

In total, 1186 out of the 3631 species in the study 
area were included in the analyses (Figure 2). The 
remaining species were not considered, given the 
absence or the small number of occurrence records. 
We assigned a conservation weight to each species 
(Nori et al. 2016) based on their conservation status 
according to the IUCN red list (DD = 0.2, LC = 0.5, NT =  
1, LR/cd = 2, VU = 3, EN = 4, CR = 5), endemicity to the 
state of Veracruz (Gómez-Pompa et al. 2010; no = 0, 
yes = 1), considered priority by the CONABIO (no = 0, 
yes = 1), the Mexican list of protected species 
(SEMARNAT 2010; Subject to special protection = 1, 
threatened = 2, in danger of extinction = 3) and the 
appendices of the CITES (III = 1, II = 2, I = 3; Pouzols 
et al. 2014). We used the R software v.3.5.3 (R Core 
Team 2020) to perform all the analyzes.

Priority conservation areas

We used ZONATION 4.0.0rc1 (Moilanen et al. 2005; di 
Minin et al. 2014) to identify priority conservation 
areas. This software establishes a hierarchical prioriti
zation of areas of the study region in terms of conser
vation importance (or zones to increase the network of 
protected areas) based on the distribution of species 
and additional spatially explicit information, such as 
the economic value of the land (Nori et al. 2016; Prieto- 
Torres et al. 2018). The prioritization ensures the max
imization of species’ occurrence levels while consider
ing the complementarity of species composition 
among areas (Nori et al. 2016). We implemented the 
Core Area Zonation (CAZ) removal rule, which priori
tizes those areas with endemic or rare species 
(Moilanen et al. 2014; Nori et al. 2016). Additionally, 
we selected the parameter of elimination of cells (edge 
removal) to aid in eliminating parts of the landscape 
(Moilanen et al. 2014).

In searching for priority areas for conservation, the 
parameterization and parameter adjustment will influ
ence the final solution (Tan et al. 2008), so selecting the 
best model a priori is not easy (Elith and Graham 2009). 
Therefore, we used three parametrizations (including 
only species, SPP; the boundary quality penalty, BQP; 
and corridor connectivity, COR) to represent parameter 
heterogeneity and its influence on prioritization. The 
first parametrization (SPP) only gives importance to the 
species to select priority cells; this algorithm was cho
sen because it is the simplest (relatively) and provides 
a basis for comparison with other parameterizations. In 
addition, this parameterization aims to prioritize the 
representation of a set of species with greater conser
vation weight without considering the condition of the 
habitat (Lehtomäki and Moilanen 2013).

The second one (BQP) describes how the local 
occurrence level of a feature (species) in a site is influ
enced by the loss of surrounding habitat; this algo
rithm was chosen because it considers the species- 
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specific response to habitat loss around the focal cell 
(Moilanen and Wintle 2007), that is, how sensitive 
species are to fragmentation (Lehtomäki and 
Moilanen 2013). The third one (COR) is an approach 
to building corridors based on a penalty mechanism 
that is embedded in the prioritization (or ranking) 
process (Pickens et al. 2017); this algorithm was chosen 
because it serves to design solutions that increase 
connectivity when there are several types of partially 
similar environments (such as forest types) that help 
create biological corridors (Lehtomäki et al. 2009; 
Lehtomäki and Moilanen 2013).

The variability between parameterizations can pro
vide an estimate of an important source of uncertainty. 
Using such information in reserve selection could 
result in more reliable identification of conservation 
priorities (Meller et al. 2014). Therefore, the results 
from these different parametrizations were compared, 
and areas of consensus among them were delimited.

Additional variables

In the case of BQP and COR, we included carbon stock as 
another conservation feature along with the species. For 
this, we used a detailed national map of forest above
ground carbon stocks in Mexico (Cartus et al. 2014). We 
also included a variable that reflects the history of the 

ecosystems of the study area. This variable was created 
using all the Landsat images of the study area. We 
created an algorithm on the Google Earth Engine plat
form (Gorelick et al. 2017) that allowed us to calculate 
the mean NDVI of each year (from 1973 to 2018) of the 
study area and sum it across years. If there is a negative 
change in NDVI in one year, the count starts again, so we 
can know how old the forests of each pixel are. This 
variable was included as an additional feature along 
with species and carbon stock in the case of BQP and 
as a condition file in the case of COR.

In the case of BQP and COR, we used the boundary 
quality penalty as a connectivity parameter in mode 1. 
We used a negative linear response curve (negative 
effect of fragmentation on species) for all the species. 
This parametrization was chosen because boundary 
quality penalty is a quantitative feature-specific way 
of inducing aggregation in Zonation solutions (Pickens 
et al. 2017). Using species as features can be seen as 
a way of approximating nonlinear effects of connectiv
ity that may be present in species distribution models. 
In species distribution modeling techniques, the abun
dance of a species at a location is influenced by the 
local habitat quality, as well as the habitat of the site. 
Such a neighborhood influence states that the species 
somehow depends on connectivity, edge effects, or 
both (Pickens et al. 2017).

Figure 2. Species richness map for all species (a), Animalia (b), Plantae (c), and Fungi (d) kingdom. Blue represents low species 
richness, and red represents high species richness.
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In the case of COR, we used the parameter corridor 
loss penalty (CLP), which maintains structural connec
tions guided by species or feature-specific spatial pat
terns (Pickens et al. 2017). The CLP prevents the loss of 
structural relationships in networks of patches. The CLP 
requires adjusting two key parameters: i) penalty 
strength which is a real number that regulates the trade- 
off between increased connectivity via corridors and any 
other considerations relevant to conservation, we used 
a penalty strength of 0.055, and ii) corridor width, which 
defines the minimum width of corridors (number of 
cells; Pickens et al. 2017). The method will try to keep 
patches connected by corridors of at least this width 
(Pickens et al. 2017). Connections narrower than this 
parameter are not considered corridors (Pickens et al.  
2017). We established a corridor width of 1 pixel (1 km) 
for the corridors and the use of a domain layer where 
only the areas with forest can be used as corridors. For 
this, we reclassified a land cover map of Mexico 
(CONABIO 2017) into a continuous map where we 
gave the maximum value to the forest or natural vege
tation cover (native grasslands = 0.5, scrubs = 0.8, water 
bodies, and forests = 1). The most significant difference 
among parametrizations is summarized in Table 1.

Algorithm parameterization

PAs that currently exist were included in the analysis to 
find areas that could be used to increase the network 
of PAs (Nori et al. 2016; Prieto-Torres et al. 2016). PAs 
were downloaded from the CONABIO database 
(CONABIO 2018a) and assumed that several species 
could not be effectively protected in built-up areas or 
crop fields within farm fields or highly urbanized areas 
(Nori et al. 2016). Also, most endemic or rare species 
are sensitive to elevated landscape fragmentation 
(Thompson et al. 2017); we masked the areas that 
contained urbanized areas or crops (Nori et al. 2016). 
For this, we reclassified a land cover map of Mexico 
(CONABIO 2017) on a map where all pixels that had 
100% urbanization or crops were removed (Nori et al.  
2016). Thus, we excluded urban areas and crops (Nori 
et al. 2016). Finally, given that the quality of ecosys
tems decreases due to anthropic effects and therefore 
its conservation value, we used the Human impact 
index on Mexican biodiversity (CONABIO 2018b) as 

a negative variable, ‘penalizing’ those pixels with 
strong human influence (Andrade-Díaz et al. 2019).

After prioritization analysis, we used performance 
curves that estimate the percentage of original species’ 
incidences retained at each top fraction of the land
scape chosen for conservation (Nori et al. 2016; Prieto- 
Torres et al. 2016). Performance curves describe the 
representativeness and performance of the solution at 
a given level of cell conservation (proportion of land
scape under protection). They show the relationship 
between the conservation of the average species dis
tribution range (y-axis) and the balance of protected 
landscape (x-axis). In this way, multiple parameteriza
tions can be compared to determine the conservation 
cost of each one from the difference between the yield 
curves (Moilanen et al. 2014.). With this, we were able 
to quantify the area protected by the current network 
of PAs and identify the 17% of the highest priority that 
should be protected (according to the Convention on 
Biological Diversity; Pouzols et al. 2014; Nori et al. 2016) 
using the three parametrizations (SPP, BQP, and COR; 
Figure 3).

Comparison between existing protected areas and 
new priority conservation areas

To compare the differences and advantages between 
the existing PAs and the priority areas identified in this 
study, we clipped with the mask of the current PAs and 
the priority areas identified in this study the following 
variables in raster format: i) total species richness (sum 
of the species distribution models), ii) carbon stock, iii) 
mean NDVI, iv) natural vegetation cover, and v) human 
impact index. Then, we compared the median of each 
variable between the existing PAs and the priority 
areas identified in this study using the nonparametric 
Mann-Whitney U test using the function ‘wilcox.test’ of 
the R software because neither of these distributions 
was statistically normal, and the areas were different.

Results

Out of our 1186 studied species, there 83 species were 
categorized as threatened (VU, EN, CR), seven were 
classified as DD by the IUCN, 40 are endemic to the 
state of Veracruz, and 90 are considered a priority for 

Table 1. Parametrizations of the Zonation software.

Parameter
Species 

(SPP) Boundary quality penalty (BQP) Corridor connectivity (COR)

Connectivity No Boundary quality penalty, mode 1, linear 
decreasing

Boundary quality penalty, mode 1, linear decreasing

Corridor No No Yes, strength = 0.055, minimum width = 1, use of 
domain layer (land cover)

Condition file No No Yes (NDVI accumulated)
Additional features to species 

distribution models
No Yes (carbon stock and NDVI 

accumulated)
Yes (carbon stock)
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the country. Also, 44 species are in danger of extinc
tion, 119 are threatened, and 142 are subject to special 
protection, according to the Mexican risk categories. 
Moreover, 19 are listed in Appendix I, 136 in Appendix 
II, and 16 in Appendix III of the CITES (Table 2).

The PAs represented 2% of the study area, protect
ing an average of 2.5% of the total distribution of the 
1,186 species studied. We find that if 15% more of the 
entire territory is protected (17% of central Veracruz; 
orange areas in Figure 4), the representativeness of the 

PA network will increase, protecting between 16.2% 
(COR) and 19.3% (SPP) of the distribution area of the 
studied species (Figure 5). The curves show that the 
average proportions (lines) of the species distributions 
increase linearly in the three parameterizations as 
a greater proportion of the landscape is protected 
(Figure 5).

The main differences among the three parametriza
tions are the selection of pixels at mid-elevations of the 
study area; for example, in SPP, there are more pixels 

Figure 3. A conceptual framework diagram represents the stages of the spatial conservation prioritization process in central 
Veracruz, Mexico.

Table 2. Summary of the species included in the prioritization analysis arranged in a taxonomic category, with species 
number, species included in the IUCN in any risk category (threatened), endemic to the state of Veracruz (Endemic), priority 
for Mexico (Priority), included in the red list of Mexico (Mexican risk) and CITES.

Taxonomic category Species Threatened Endemic Priority Mexican risk CITES

Animalia 960 801 24 74 259 129
Amphibia 67 40 8 4 26 1
Aves 590 510 5 52 136 104
Branchiopoda 1 1
Malacostraca 1 1
Mammalia 155 143 8 6 27 16
Reptilia 146 106 3 12 70 8
Fungi 1 1
Agaricomycetes 1 1
Plantae 225 85 15 15 46 42
Cycadopsida 7 6 4 5 6 7
Liliopsida 39 12 10 4 13 15
Magnoliopsida 165 59 1 4 22 18
Pinopsida 8 8 1 2
Polypodiopsida 6 1 3 2
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distributed in the study area’s southern and central 
regions of the study area. Also, there is a cluster of 
pixels near Veracruz city (Figure 4a). In the case of BQP, 
priority pixels are compacted around the protected 
areas with some pixels in the central region of the 
study area; there is also a cluster between the cities 

of Huatusco and Coscomatepec (Figure 4b). Finally, in 
the case of COR, most of the pixels are connecting the 
protected areas with high clustering among them, this 
is the most compact parametrization with just a few 
pixels selected in the central region of the study area 
(Figure 4c).

The algorithms show similar spatial patterns with 
the consensus area (Figure 6) if 17% of the study area is 
protected. Our identified priority conservation site cov
ered large areas close to existing PAs (Figures. 4 and 6). 
Mountain forests (west of the study area) are of higher 
conservation value, with little surrounding urbaniza
tion, than the lowland forest (central and east of the 
study area) in all parametrization scenarios. High- 
priority areas identified west of central Veracruz are 
attributed to their proximity to Protected regions, the 
high species richness, and the low values of the human 
impact index (good forest quality). In addition to 
places of high conservation value near the mountain 
cloud forest (e.g. Xalapa), wetlands throughout east 
central Veracruz (near the coast) are also prioritized. 
Lower priority areas for conservation are concentrated 
in the middle area of the study area (Figure 6).

Most of these priority sites were located connecting 
the ‘Cofre de Perote’ National Park, the Multifunctional 
Biological Corridor ‘Archipiélago de Bosques y Selvas 
de Xalapa’ and the state reserve ‘San Juan del Monte’ 
(25% considering SPP prioritization, 37% considering 
BQP, and 52% considering COR) and around the 
National Park ‘Pico de Orizaba’ (18% considering SPP, 
26% considering COR and 29% feeling BQP). Areas of 
consensus among the three prioritization algorithms 

Figure 4. Map showing priority sites (orange) for conservation to increase to 17% of the network of existing natural areas (green) 
of central Veracruz, Mexico, with different parametrization (a: SPP; b: BQP, c: COR).

Figure 5. Performance curves of the prioritization models, on the 
x-axis, the percentage of protected pixels is shown. On the y-axis, 
the average distribution area of protected species is displayed 
using the parameterization that only considers the species (SPP), 
boundary quality penalty (BQP), and corridor (COR).
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were located connecting the National Park ‘Cofre de 
Perote,’ the Multifunctional Biological Corridor 

‘Archipiélago de Bosques y Selvas de Xalapa’ and the 
state reserve ‘San Juan del Monte’ (38%) (Figure 6).

Figure 6. Comparison among all parametrizations.

Figure 7. Differences in a) total species richness, b) carbon stock values, c) mean NDVI, d) natural vegetation cover, and e) human 
impact index between existing protected areas (PAs) and proposed priority areas (Priority) for expansion of PAs in central Veracruz, 
Mexico.
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We propose that the areas with a consensus of the 
three algorithms should be declared as new protected 
areas to achieve an expansion of 374 km2 to the 216  
km2 already protected, thus creating a PA network that 
would cover 590 km2 in total (6% of the region and 
0.8% of the state). Doing so would double the pro
tected surface in central Veracruz. The priority areas 
identified in this study have more species richness (W  
= 20127, p-value <0.001), carbon stock values (W =  
34600, p-value <0.001), mean NDVI (W = 31246, 
p-value <0.001), natural vegetation cover (W = 22976, 
p-value <0.001), and less human impact index (W =  
26571, p-value <0.001) than the existing PAs (Figure 7).

Discussion

In this study, we examined the effectiveness of the 
current PA network in Central Veracruz, and priority 
sites for the conservation of species of the region were 
identified. Currently, the PA network of Central 
Veracruz does not fulfill its important function of pro
tecting biodiversity, and, unfortunately, only a few spe
cies have their distributions guaranteed by this 
protection scheme. There are 19 protected areas in 
our study area (four federal and 15 state areas) that 
comprise only about 2% of the total surface (about 
216 km2; Figure 1), with almost no additions to the 
system of protected natural areas in recent times 
(Gómez-Díaz 2016).

As an exception, in 2015, a new reserve was 
declared, increasing by 56 km2 in the PA system of 
central Veracruz in the mountainous areas where 
cloud forests are found (Gómez-Díaz et al. 2018). This 
new reserve felt a precedent of organization among 
civil organizations, academia, and government for con
serving Central Veracruz. Nevertheless, protection 
actions are an urgent task, as indicated by the gross 
forest loss in the study area (Gómez-Díaz et al. 2018). 
Fortunately, some local projects are considering the 
creation of better implementation of existing PAs. 
Hence, cooperation between NGOs, decision-makers, 
and researchers is necessary to face increasingly 
urgent ecological problems (Nori et al. 2016).

The immediate effects of deforestation (WWF 2015) 
and the problems in the ecosystems it generates can 
be reduced if quick decisions are taken to favor con
servation (Spash and Aslaksen 2015; Nori et al. 2016). 
Considering that our study region has one of the high
est rates of habitat loss in the tropics (Ellis et al. 2011; 
López-Barrera et al. 2014; Gómez-Díaz et al. 2018), the 
exposure of Central Veracruz species to these fast, 
large and continuous alterations (Pineda et al. 2005; 
Gómez-Pompa et al. 2010; Krömer et al. 2014; 
Armenta-Montero et al. 2015; Vergara-Rodríguez et al.  
2017; Carvajal-Hernández et al. 2018; Gómez-Díaz et al.  
2018; Benítez-Badillo et al. 2018), the need for well- 
informed decisions is crucial.

Nevertheless, there is still hope for improving this 
situation. Using species distribution models across the 
study area and applying a systematic conservation 
planning scheme, which is based on complementarity 
to prioritize sites for conservation, we identified prior
ity sites that could be considered to increase 374 km2 

to the current PAs and more than double the protected 
distributional area of our studied species. This high
lights the fantastic opportunity to find new places for 
species conservation and support decision-making 
(Veach et al. 2017). Other comparable spatial prioritiza
tion studies using species distributions of indicator 
groups and ecosystem services will be necessary to 
support conservation decisions in Mesoamerican eco
systems, one of the world’s most threatened regions 
(Ramírez-Albores et al. 2021).

Most of the potential areas for protection that we 
identified in our prioritization are close to current PAs, 
which would simplify the expansion and creation of 
new PAs and further improve the connectivity of the 
existing PA network. For example, the areas around the 
established PAs are viable to be protected since they 
are in common lands (ejidos). In addition, most of 
these priority sites harbor mature forests of excellent 
quality surrounded by secondary forests that can be 
used as buffers. Importantly, our identified priority 
sites are planned and designed as corridors that can 
connect the isolated protected areas to promote the 
protection and development of biodiversity.

To balance regional development with environmen
tal protection, the owners and inhabitants of the iden
tified priority sites for conservation can obtain 
monetary resources through diverse options. The first 
is through the Payment for Environmental Services in 
Protected Natural Areas, a payment scheme to pro
mote recognition of the value of environmental ser
vices provided by the forest, agroforestry, and natural 
resource ecosystems (CONANP 2010). Also, each year 
the government of the state of Veracruz issues a call to 
support those initiatives for financially conserving pro
tected areas (SEDEMA 2022). Likewise, the owners and 
inhabitants of the identified priority sites for protection 
could use the secondary forests through sustainable 
practices such as the establishment and management 
of agroforestry systems with native species, beekeep
ing with an emphasis on native species, the establish
ment of barriers and live fences with fruit and forest 
species of native origin, the sustainable use of local 
forest resources and ecotourism activities.

Our prioritization results based on the three para
metrizations (SPP, BQP, and COR) reached the same 
conclusions, ensuring that the identified priority sites 
have a high priority for conserving species of central 
Veracruz. Our results are consistent with previous find
ings by a conservation assessment of Veracruz that 
identified priority sites for the state (Ellis et al. 2011). 
We used three different parametrizations to explore 
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a range of solutions, the first one (SPP) was used as 
a ‘control’ parameter giving only importance to the 
cells that protect most of the species’ ranges without 
a connectivity criterion. The second one (BQP) was 
used due to its property of inducing spatial aggrega
tion in the solutions (Moilanen and Wintle 2007). The 
third one (COR) was used to add path-like connectivity 
among the priority fragments creating corridors 
(Pouzols and Moilanen 2014). However, to verify the 
advantages and accuracy of the results of our conser
vation effectiveness assessment and previous studies, 
it is necessary to validate the model with field work 
and consider the opinions of the inhabitants and the 
authorities (Whitehead et al. 2014). This process would 
be the next step in seeking to decree the priority sites 
as new protected areas and may lead to an update of 
the analysis.

Thinking about the low protection currently 
offered by the PA network, it is noteworthy to stress 
that 1.4% of our studied species are presently cate
gorized as critically endangered by the IUCN (2020), 
and 10% are categorized as threatened by Mexican 
laws (SEMARNAT 2010) and 1.6% are listed in 
appendix I of CITES (CITES 2020). Because of this, 
it is necessary to monitor the conservation status of 
the priority species of the region (Nori et al. 2016). 
It is also required to obtain information on the 
species found in the DD classification of the IUCN 
(Howard and Bickford 2014; Nori and Loyola 2015). 
Also, since there needs to be updated information 
regarding the biodiversity of the area, prioritization 
of sites for conservation in central Veracruz must be 
conducted repeatedly using the added information 
generated (Nori et al. 2016).

Even though our results show those priority sites 
where the PA network should be expanded in Central 
Veracruz, we should also mention that our analysis 
was limited by fragmented and limited information 
regarding the spatial distribution of species in the 
area. Our study was based on two taxa kingdoms 
(Animalia and Plantae), well-known globally and 
nationally (CONABIO 2018a). Conserving these taxa 
is a global priority (Kier et al. 2005; Kreft and Jetz  
2007; Thuiller et al. 2015; Roll et al. 2017) and con
sidering that we focus on species that have a higher 
priority for conservation, we still cannot know how 
well other taxa would be represented, especially 
those without enough information to create species 
distribution models. Consequently, more studies must 
be conducted to add data from different species and 
taxonomic groups. Furthermore, given the high 
deforestation rates in Central Veracruz (Gómez-Díaz 
et al. 2018), information on the current state of vege
tation and land use on the scale used is constantly 
changing (CONABIO 2017). It is necessary to use addi
tional information on the economic value of the land 

and the ecosystem services to refine the algorithm’s 
results; unfortunately, for our study area, this informa
tion is unavailable.

Conclusion

Better planning for expanding protected areas is 
necessary for biologically diverse regions like 
Central Veracruz. In this study, we found that our 
site urgently needs to implement conservation 
actions since only 2% of its coverage is protected 
by some PA. After all, the types of vegetation most 
threatened in Veracruz must be protected, and work 
must be done to reduce and control the causes that 
promote deforestation at the regional level. Our 
results can help favor the conservation and manage
ment of forest remnants in the Center of Veracruz 
since the priority sites we have identified could 
become PAs increasing the protection to 6% of the 
region’s surface. Ideally, if our identified priority areas 
are declared protected, we could expect a future 
recovery of endangered species populations for 
Veracruz.
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