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Abstract

Pinaceae is the most species rich conifer family in Mexico. Here we describe the diversity and geographic distribution of the family in the
state of Puebla based on revision of herbarium specimens and field exploration. 572 georeferenced records for 15 species and 1 variety were
mapped. These were included in potential distribution models to predict the most species-rich regions in the state and quantify the known species
distributions in 10’ x 10’ (latitudinal x longitudinal) cells. The conservation status of each taxon was evaluated by calculating its area of occupation
and conservation category within the state. A species—accumulation curve agreed with the number of taxa employed, suggesting that the family is
relatively well sampled. The resulting potential distribution models indicated that the regions of highest predicted diversity in the state correspond
well to the actual diversity estimates, although in some sites more species were predicted than were recorded. The Sierra Madre Oriental and the
Trans-Mexican Volcanic Belt were the biogeographic regions with the greatest known and potential richness. Finally, the regional evaluation of
conservation status provides relevant information for local conservationists and authorities, given that 12 of the 16 taxa were determined to be at
risk.
© 2017 Universidad Nacional Auténoma de México, Instituto de Biologfa. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Resumen

Pinaceae es la familia de coniferas de mayor riqueza en México. Aqui se describe la riqueza de las especies y la distribucién geogrifica de
la familia en el estado de Puebla basada en la revisién de ejemplares de herbario y trabajo de campo. Se emple6 un total de 572 registros de 16
taxones georreferenciados equivalentes a 15 especies y una variedad de Pinaceae para Puebla. Se utilizaron modelos de distribucién potencial para
predecir las regiones de mayor riqueza en el estado y conocer las estimaciones actuales dentro de celdas de 10" x 10" (longitud x latitud). Para
saber qué tan adecuado ha sido el muestreo de la familia, se emple6 una curva de acumulacion de especies. El estado de conservacién se obtuvo
reportando el drea de ocupacién de cada especie y su categoria de amenaza dentro del estado. El resultado obtenido con la curva de acumulacién
permite suponer que en Puebla ha habido una exploracién botdnica satisfactoria de la familia. Los modelos de distribucién potencial obtenidos
exponen de manera general un patrén similar al de la riqueza conocida, excepto que en algunos sitios se predice un mayor nimero de especies de
las que actualmente se tiene registrado. En ambos se aprecia que las regiones biogeograficas con la mayor riqueza de especies son el Eje Volcdnico
Transversal y la Sierra Madre Oriental. Finalmente, la evaluacién regional del estado de conservacion ofrece informacion relevante que pudiera
ser tomada en cuenta por conservacionistas locales y autoridades, puesto que dentro del territorio 12 taxones tuvieron una categoria de riesgo.
© 2017 Universidad Nacional Auténoma de México, Instituto de Biologia. Este es un articulo Open Access bajo la licencia CC BY-NC-ND
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

Conifers are the largest gymnosperm lineage, making
up approximately 64% of the group’s species richness
(Eckenwalder, 2009). Pinaceae is the largest conifer family,
comprising approximately 232 species classified in 11 genera
(Farjon & Filer, 2013). The family is distributed exclusively in
the Northern Hemisphere except for 1 equatorial species of Pinus
in Sumatra. Most species occur in montane habitats, particularly
in conifer forests in temperate to cold regions; less commonly
they occur in semi-arid regions and in tropical and subtropical
latitudes (Farjon & Filer, 2013).

In Mexico, Pinaceae is represented by 4 genera (Abies,
Picea, Pinus, and Pseudotsuga) and 61 species, 30 of which are
endemic (Gernandt & Pérez-de la Rosa, 2014). Pinaceae genera
are the defining components of Pinus forest, Pinus shrubland,
Abies forest, and Pseudotsuga and Picea forest; they also occur
in other vegetation types such as montane cloud forest, mixed
forest (most notably, Pinus-Quercus forest), and xeric shrub-
lands (Rzedowski, 1978). Pinus is the most species rich genus
in the family, and Mexico has a greater richness and diversity
of pines than any other country in the world (Farjon & Styles,
1997).

The state of Puebla is located in central Mexico between
20°50’ N and 17°52’ N, 96°43’ W and 99°04’ W. It has an area of
34,290 km?2, which represents 1.7% of the total area of the coun-
try (Inegi, 2004). In the state 7 biogeographical regions converge,
of which, the 4 most extensive are the Sierra Madre Oriental, the
Northern Gulf Coastal Plain, the Trans-Mexican Volcanic Belt,
and the Balsas River Basin (Inegi, 2004). The state possesses
a great diversity of climates and vegetation types, due funda-
mentally to striking altitudinal changes and its relief. Temperate
climates predominate, with forests having the greatest exten-
sion, and conifer forests being exceptionally widespread (Inegi,
2000). For Puebla, 15 species of Pinaceae are reported, cor-
responding to 24.6% species diversity of Pinaceae for Mexico
(Ramos-Dorantes, 2015; Table 1). These belong to 3 genera:
Abies (2 species), Pinus (the most diverse with 12 species and
4 varieties), and Pseudotsuga (1 species). Their distributions
are known from herbarium specimens and databases. How-
ever, it is uncertain in quantitative terms how adequately the
state has been explored. With the help of computational tools
and geographic information systems (GIS) it has been possible
to evaluate different aspects of conifers, for example to esti-
mate the distribution of species individually (Garcia-Aranda,
Canti-Ayala, Estrada-Castillon, Pando-Moreno, & Moreno-
Talamantes, 2012; Leal-Nares et al., 2012) or collectively (Evans
& Cushman, 2009). They have also served to evaluate the dis-
tribution of species in the past (Gugger, Gonzdlez-Rodriguez,
Rodriguez-Correa, Sugita, & Cavender-Bares, 2011) and under
climate change scenarios (Gémez-Mendoza & Arriaga, 2007), to
estimate niche divergence between species (Aguirre-Gutiérrez,
Serna-Chavez, Villalobos-Arambula, Pérez-de 1a Rosa, & Raes,
2015; Lopez-Reyes, Pérez-de la Rosa, Ortiz, & Gernandt,
2015), to assess conservation strategies either in the present
or in the future (Aguirre-Gutiérrez & Duivenvoorden, 2010;
Ogawa-Onishi, Berry, & Tanaka, 2010), and even to model the

Table 1
Pinaceae taxa recorded for the state of Puebla.

Abies Abies hickelii Flous & Gaussen,

Abies religiosa (Kunth) Schitdl. & Cham.

Pinus ayacahuite Ehrenb. ex Schitdl.

Pinus ayacahuite var. veitchii (Roezl) Shaw”

Pinus chiapensis (Martinez) Andersen

Pinus cembroides Zucc.

Pinus cembroides subsp. orizabensis (D.K. Bailey)”
Pinus douglasiana Martinez

Pinus greggii Engelm. ex. Parl.

Pinus hartwegii Lindl.

Pinus leiophylla Schiede ex. Schltdl. & Cham.
Pinus montezumae Lamb.

Pinus oocarpa Schiede ex Schitdl.

Pinus patula Schiede ex Schldtl. & Cham.

Pinus pseudostrobus Lindl.

Pinus pseudostrobus fo. protuberans Martinez”
Pinus pseudostrobus var. apulcensis (Lindl.) Shaw
Pinus teocote Schiede ex Schldtl. & Cham.
Pseudotsuga menziesii var. glauca (Beissn.) Franco

Pinus

Pseudotsuga

* Infraspecific taxa not analyzed in this work.

distribution of their parasites (Evangelista, Kumar, Stohlgren,
& Young, 2011). Similar strategies have been applied in other
groups of plants (Cruz-Cardenas, Villasefior, Lopez-Mata, &
Ortiz, 2013; Cruz-Cardenas, Lopez-Mata, Ortiz-Solorio, et al.,
2014; Cruz-Cérdenas, Lopez-Mata, Villasefior, & Ortiz, 2014;
Delgadillo, Villasefior, Cardenas, & Ortiz, 2014; Villaseior,
Ortiz, Cadena, & Estrada, 2013). The objective of the present
study is to evaluate the distribution, species richness, and con-
servation status of Pinaceae in the state of Puebla by analyzing
data from natural history collections, through field exploration,
and by generating potential distribution models.

Materials and methods

We used 572 georeferenced specimen records of 15 species
reported by Ramos-Dorantes (2015) as occurring naturally in
Puebla (Table 1). P. pseudostrobus was separated into 2 varieties
(vars. pseudostrobus and apulcensis), but the same distinction
was not made for 3 other infraspecific taxa recorded for the
state. Records were obtained from field collections and from 6
herbaria (MEXU, INIF, ENCB, CHAP, CHAPA, and HUAP).
We also consulted online collections (The New York Botanical
Garden, 2014; The United States National Herbarium, 2014) and
databases (SEInet, 2014), and the Global Biodiversity Informa-
tion Facility (GBIF, 2014).

Most studies of distribution patterns have focused on measur-
ing the number of species in equivalent areas within the study
area. For that reason, they have used a constant cell size and
counted the number of species whose distribution intersects a
given cell (Arita-Watanabe, 2001). This strategy initially identi-
fies cells with high species richness. To estimate the appropriate
cell size for the present study, information from the records
was used to calculate the area of occupation (AOO) of each
species. To define this area, we followed the recommendation by
the International Union for the Conservation of Nature (IUCN,
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Table 2
Taxon distribution data.
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Species Number Cells with  AUC Threshold  Training Test AOO AQOO category Area of potential
of records records description  omission omission (km?) (IUCN, 2001) distribution
training/test rate rate (km?)

Abies hickelii 4/1 2 0.999 0.000 1.000 108.02  Endangered (EN) 204.908

A. religiosa 30/10 19 0.970 0.100 0.100 4,340.71  Possible Near 2,610.782

Threatened (NT)
Pinus ayacahuite 14/4 11 0.938 - 0.143 0.250 2,896.90  Possible Near 6,553.203
Threatened (NT)

P. cembroides 24/8 14 0.986 0.000 0.125 2,954.43  Possible Near 1,830.553

threatened (NT)

P. chiapensis 16/5 10 0.993 0.000 0.800 596.08  Vulnerable (VU) 1,051.474

P. douglasiana 4/1 2 0.999 0.000 0.000 18.31  Endangered (EN) 392.54

P. greggii 4/1 2 0.954 0.000 1.000 322 Critically 1,207.562

Endangered (CR)

P. hartwegii 22/7 15 0.974 0.045 0.429 4,778.75  Possible Near 2,897.903

threatened (NT)
P. leiophylla 33/11 19 0.969 0.000 0.182 6,262.64  Possible Near 5,902.206
Threatened (NT)

P. montezumae 30/10 21 0.977 0.000 0.300 6,118.50  Possible Near 3,488.706
Threatened (NT)

P. oocarpa 4/1 1 0.995 0.000 1.000 0.11  Critically 503.447
Endangered (CR)

P. patula 33/11 22 0.963 0.030 0.455 10,327.20  Least Concern 4,131.744
(LO)

P. pseudostrobus 36/12 30 0.936 0.056 0.167 14,760.70  Least Concern 6,919.601
(LO)

P. pseudostrobus var. 35/11 30 0.943 0.086 0.364 11,488.30  Least Concern 9,897

apulcensis (LO)

P. teocote 52/17 35 0938 0.115 0.235 14,7423 Least Concern 8,971.177

(LO)
Pseudotsuga 12/3 8 0.995 0.000 0.000 738.73  Vulnerable (VU) 751.853
menziesii var.
glauca

* Maximum training sensitivity plus specificity.
° 10 percentile training presence.

~ Equal training sensitivity and specificity.

" Maximum test sensitivity plus specificity.

" Equal test sensitivity and specificity.

2001) to set the cell size to 10% of the distance separating the 2
most distant collection points (Sudrez-Mota & Villasefor, 2011).
This was done with the “Conservation Assessment Tools” exten-
sion for ArcView (Moat, 2007). The optimal width of the cell
was the mean of the values of the cell of each species, and the
result was a cell of 14.8 km per side. These were transformed to
arcminutes, giving a measurement of 10 min. This measurement
was used to form a quadrant over the state of Puebla. The geo-
referenced Pinaceae collection records were placed over this
quadrant to obtain the number of species in each geographic
unit (cell) and a map of known richness was generated with this
information.

We used the geographic coordinates of the collection records
to construct a species—accumulation curve (Gotelli & Colwell,
2001). The sampling units were 70 cells of 10 min per side.
The asymptote of the accumulation curve theoretically predicts
the number of species that should be found in the study area
(Jiménez-Valverde & Hortal, 2003). The number of cells in
which a taxon appeared was used as a measurement of the
collection effort. Its order was randomized 100 times using

EstimateS version 9.1.0 (Colwell, 2009), with the aim of con-
structing a smoothed curve. The asymptote of the curve was
estimated by adjusting the Clench equation to the accumulation
curve (Colwell & Coddington, 1994; Soberén & Llorente, 1993)
using the Simplex and Quasi-Newton method in STATISTICA
(StatSoft, 2011).

We used 58 environmental variables for Puebla with a resolu-
tion of 30 arcseconds (L6pez-Mata, Villasefior, Cruz-Cardenas,
Ortiz, & Ortiz-Solorio, 2012). At this resolution, we performed a
principal component analysis (PCA) to select variables for use in
modeling (Cruz-Cardenas, Lopez-Mata, Villasefior, et al., 2014;
Janzekovi¢ & Novak, 2012). PCA is one of the most commonly
used methods for removing correlation from a set of variables
and reducing collinearity (Dormann et al., 2013). We chose the
components that accumulated 85% of the variance, and for each
component the 5 variables with the greatest absolute load value.
The analysis was performed with R (R Development Core Team,
2015).

The potential distribution map was generated with Maxent
v. 3.3.3k (Phillips, Anderson, & Schapire, 2006) using the
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default settings. For training the model 75% of the records
were used and the remaining 25% for testing. The full state’s
surface was considered as the mobility area (M of the BAM
schedule of Soberén & Peterson, 2005) for all the species ana-
lyzed. The contribution of the variables was estimated using the
jackknife. To implement the jackknife, variables were excluded
1 at a time and the model was re-run to compare its perfor-
mance in describing the species distribution in the absence of
the variable (Baldwin, 2009; Phillips et al., 2006). The mini-
mum number of records used to perform the modeling was 5 per
species; for those with fewer records, models were generated
using georeferenced records from the adjacent states of Hidalgo
and Veracruz. Each distribution model was transformed to a
Boolean (presence—absence) layer (Peterson et al., 2011) using
ArcMap 10 with a different threshold for each species with the
aim of minimizing the error or omission rate (Table 2). The
potential distribution map obtained for each species indicated
the areas in the state where the model predicted its presence
(Graham & Hijmans, 2006). Subsequently, the Boolean mod-
els were overlayed to generate a potential distribution map for
Pinaceae in Puebla.

To estimate the conservation status of each species we fol-
lowed the categories and criteria of the [IUCN Red List (IUCN,
2001). We again used the “Conservation Assessment Tools”
extension for Arcview (Moat, 2007) to calculate the area of
occupancy (AOO) of each taxon and its risk category within
the state of Puebla.

Results

The distribution of Pinaceae is heterogeneous in the state of
Puebla. The majority of the cells with records had more than
3 taxa. The cells with the greatest number of species (7 or 8)
had 12, and 30 cells had only 1 or 2 (Fig. 1). The most widely
distributed species in the state was P. teocote (35 cells), followed
by P. pseudostrobus and P. pseudostrobus var. apulcensis, both
occurring in 30 cells. Abies hickelii, P. douglasiana, P. greggii,
and P. oocarpa are the rarest species in the state, occurring in
only 1 or 2 cells (Table 2).

The species—accumulation curve had an asymptote of 16
(Fig. 2). This estimate coincides with the number of Pinaceae
taxa included in the present study.

The PCA of the 58 variables recovered 7 components that
accumulated 85% of the variance. The 5 variables with the
greatest absolute load values were identified from each of these
components, resulting in the selection of 28 variables (Table 3).
These variables were used for modeling.

Based on the jackknife test, the variables with the great-
est contribution to modeling the distribution in the majority
of species were Biol (mean=13.39, standard deviation =2.95;
10 species), CE (mean=0.16, standard deviation=0.10; 8
species), and MO (mean=2.48, standard deviation=0.86; 7
species). The remaining variables differed among the species.
In some cases, only 1 variable contributed (Table 4). More-
over, Bio9 and Biol8 had almost a null contribution to the
modeling.

Species richness

Number of species

20°N

19°N

18°N

99°W 98°W 97°W

Figure 1. Known richness of Pinaceae in Puebla (N = 16 taxa). The tones indicate
the number of species registered in each cell (10 arcminutes per side).

Model: V2=(a*V1)/(1+(b*v1))
y=((4.3083853429643)*X)/(1+((.25978625609719)"x))

Number of species

0 10 20 30 40 50 60 70
Cells

Figure 2. Accumulation curve. The circles represent the sampling units (cells
of 10 arcminutes per side). The asymptote reaches 16 species. The parameters
of the curve are indicated in the equation in the upper part of the figure.

The species with the smallest potential distribution was
A. hickelii, whereas that with the largest was P. teocote (Table 1;
Fig. 3). The potential distribution models of the 16 taxa allowed
us to generate a map (Fig. 5). The maximum potential number
of taxa predicted for a cell was 10.
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Figure 3. Species of Pinaceae with smallest (Abies hickelii; left) and largest (Pinus teocote; right) potential distributions in Puebla.

The categories of conservation according to the area of occu-
pation ranged from Least Concern to Seriously Threatened
(Table 2).

Discussion

The cells with the greatest concentration of known species
of Pinaceae in the state of Puebla are concentrated in the
principal elevations of the Trans-Mexican Volcanic Belt, specif-
ically Popocatépetl, Iztaccthuatl, Malinche, and Pico de Orizaba
(Fig. 1). This is where temperate climatic conditions favor the
distribution of the family (Inegi, 2004). Cells in the Sierra
Norte de Puebla also stand out. Generally, species richness
of Pinaceae is concentrated along the mountain chains of the
Trans-Mexican Volcanic Belt and the Sierra Madre Oriental.
These 2 large biogeographic regions harbor the greatest num-
ber of gymnosperms, particularly conifers (Contreras-Medina,
Castafieda-Aguado, & Gonzdlez-Zamora, 2007; Contreras-
Medina & Luna-Vega, 2007). Pinaceae is the best represented
in both regions, as the family accounts for more than half of
the gymnosperm species distributed there. This agrees with the
principal types of vegetation in the state. The greatest percent-
age of species is found in pine—oak forest, pine forest, and
cloud forest. The latter forest type is better represented in the
Sierra Madre Oriental (Contreras-Medina & Luna-Vega, 2007;
Contreras-Medina et al., 2007). These forests are considered
important areas of diversity for gymnosperms, particularly the
genus Pinus (Contreras-Medina & Luna-Vega, 2007; Contreras-
Medina et al., 2007; Farjon & Styles, 1997; Sdnchez, 2008).

The cells with the lowest species richness occur adjacent to
the coastal region of the Gulf of Mexico, and in the central and
southern parts of the state belonging to the Balsas Basin. The
Gulf of Mexico is dominated by perennial rainforests or low-
land deciduous rainforests, and the Balsas Basin by shrublands
(Inegi, 2000). Some cells lacked recorded species, even when
nearby cells did have records. This could be explained by the
lack of sampling in these areas, by the cells lacking favorable
environments for the growth of Pinaceae, or by anthropogenic
factors such as change in soil use or deforestation.

The species with the most widespread distribution in the
state were P. teocote and P. pseudostrobus. These were recorded
in the greatest number of cells, and had the AOO of greatest
extension (between 10,000 and 14,000 kmz). P, teocote is
widespread not only in Puebla, but throughout the country,
occurring in 23 states (Contreras-Medina & Luna-Vega, 2007).
In contrast, A. hickelii had an AOO of 108 km?, and P. greggii
and P. oocarpa less than 20 km?, which makes these species
rare in the state. Consequently, their records are very scarce,
with only 2 localities recorded for these latter 2 pine species
(Ramos-Dorantes, 2015). A. hickelii and P. greggii are endemic
to Mexico (Farjon, 2010). The latter is restricted to the Sierra
Madre Oriental (Contreras-Medina, 2004).

The species—accumulation curve predicts 16 Pinaceae taxa
in the state of Puebla, which corresponds to the total number
used to perform the analysis. Thus, the analysis indicates that
there has been a satisfactory botanical exploration of the family
in the state. Farjon (2010) reported other species as distributed
in Puebla, namely P. devoniana, and P. maximinoi, and possibly
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List of variables selected with PCA for the potential distribution models.

Category

Variables

(a) Climatic variables
(Hijmans, Cameron,
Parra, Jones, & Jarvis,
2005; http://www.
worldclim.org/)

(b) Seasonality climatic
variables (Lopez-Mata
etal., 2012)

(c) Soil properties
(Cruz-Cardenas,
Lépez-Mata,
Ortiz-Solorio, et al.,
2014)

(d) Topographic attributes
(GTOPO web)

(e) Normalized vegetation

biol = annual mean temperature

bio4 =temperature seasonality (standard
deviation x 100)

bio5 = maximum temperature of warmest
month

bio9 = mean temperature of driest quarter
biol 1 =mean temperature of coldest quarter
bio12 =annual precipitation

biol6 = precipitation of wettest quarter
bio18 =precipitation of warmest quarter
PPH = precipitation of the humid months
(May—October)

TS =mean temperature of the dry months
(November—April)

CE =electric conductivity

CO = organic carbon

K =potassium

Mg = magnesium

MO = organic material

Na=sodium

pH=hydrogen potential

Aspect

DAH = anisotropic heating

Convrgln = convergence index

Runoff

Slope

TRI =terrain rugosity index

TWI =topographic humidity index
IVNFEB = February normalized index

P. pringlei. Each of these is reported from 1 or more of the
adjacent states of Mexico, Hidalgo, or Veracruz (Farjon, 2010;
Martinez, 1992). Except for 1 cultivated specimen of P. devo-
niana, we have not located collections of these species from
Puebla (Ramos-Dorantes, 2015).

The jackknife analysis did not identify any of the 28 variables
used in modeling as making a particularly strong contribution
for all the species of Pinaceae. Instead, each model used a par-
ticular combination of variables. Average annual temperature
(Bio01) was the most important variable for many species. For
7 it accounted for the greatest contribution (Table 4). The combi-
nation of variables that contributed to each model was so specific
that we decided to treat P. pseudostrobus and P. pseudostrobus
var. apulcenis independently because in addition to morpho-
logical differences, the 2 taxa occur in different environments,
with P. pseudostrobus var. apulcensis tending to occur in more
semi-arid areas. The jackknife analysis showed that the informa-
tive variables differed between the 2 taxa. In P. pseudostrobus
var. pseudostrobus, mean temperature of the dry months (TS)
contributed most to modeling its distribution, whereas in P. pseu-
dostrobus var. apulcensis the most important variable was mean
temperature of coldest quarter (Bioll). Because the environ-
mental conditions that influence the distribution of these taxa
are different, their potential ranges are different, with P. pseu-
dostrobus var. apulcensis more widespread in central areas of the
state, and P. pseudostrobus var. pseudostrobus more widespread
in the north and southeast (Fig. 4).

The results have a pattern generally similar to the known rich-

indices for 2009 IVNMAR =March normalized index ness, except that in some sites more species are predicted than

IVNAPR = April normalized index ’ P . p P .

IVNS =dry months of year normalized index are currently recorded. The regions with the greatest richness
are predicted to potentially contain 7-10 species, and areas with
fewer species coincide with those of lesser known richness. The
models predict suitable areas for Pinaceae where no records were

Table 4
Environmental variables that were informative in the modeling of potential distributions based on jackknife results.
o ¥ = m £
- T o © < 8 o T I Q 2 wes <z ¢ P Q -
Species 5 329 << v 2T 5SS 38 52?5 Q8L =P 822
P 8°238z2 %8z 288c"8%°0wggFa §*z2F
Abies hickelii *
A. religiosa *
Pinus ayacahuite *

P. cembroides
P. chiapensis
P. douglasiana
P. greggii

P. hartwegii

P. leiophylla

P. montezumae

P. oocarpa
P. patula

P. pseudostrobus
P. pseudostrobus var.

apulcensis
P. teocote

Pseudotsuga menziesii var.

glauca

The shaded cells indicate the variables that together contributed 85% of the importance per taxon.
* Variable with the greatest contribution in each taxon.
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Figure 4. Potential distribution of Pinus pseudostrobus (left) and P. pseudostrobus var. apulcensis (right) in Puebla.

found, such as the border with the state of Veracruz, northeast of
Pico de Orizaba, and the mountainous region west of Tehuacén.
Botanical exploration in these areas is needed to improve our
understanding of the patterns of distribution of the family in the
state. The potential distribution area for species with fewer than
7 records, such as A. hickelii, for which the models included
records from neighboring states, had small ranges (204 km?)
within the state (Fig. 3). By contrast, taxa such as P. pseu-
dostrobus var. apulcensis, with 46 records exclusive to Puebla,
had a wide potential distributional area (9,897 km?) (Table 2).
The AOO of each species was only estimated for the state of
Puebla. This regional focus offers relevant information for the
conservation of these species that could be taken into account
by local conservationists and authorities. Of all taxa, 4 had
an AOO greater than 10,000 km? (P. patula, P. pseudostrobus,
P. pseudostrobus var. apulcensis, and P. teocote), placing them in
the category of Least Concern, whereas the remaining species
were placed in a risk category. Six species are Near Threat-
ened (A. religiosa, P. ayacahuite, P. cembroides, P. hartwegii,
P. leiophylla, and P. montezumae), 2 species are in the cate-
gory of Vulnerable (P. chiapensis and Pseudotsuga menziesii
var. glauca), 2 species are Endangered (A. hickelii and P. dou-
glasiana), and 2 species are Critically Endangered (P. greggii
and P. oocarpa). Records for P. greggii and P. oocarpa in the
state are scarce (Ramos-Dorantes, 2015) and their current AOO
is very restricted (<5km?). These regional categories agree in
some cases with the [IUCN Red List (IUCN, 2014) at the global
level, as is the case of P. greggii and A. hickelli, because within the

country their distribution is restricted to only a few states (Farjon
& Filer, 2013). By contrast, the evaluation of the regional level
of risk for species in Puebla differs from the global evaluation in
the cases of P. oocarpa and P. douglasiana, categorized as Least
Concern because they have wide distributions at the national
level (Farjon & Filer, 2013). One reason why P. greggii and
P. oocarpa are categorized as Critically Endangered for Puebla
is that in this study the only collections recorded were from
montane cloud forest (Farjon, 2010; Ramos-Dorantes, 2015).
This vegetation type is restricted in the state, making up approx-
imately 2.1% of its area (Inegi, 2000). Fortunately, the models
predict a larger potential AOO for these species with few records.
For most of them the AOO is double, although more botanical
exploration is needed to confirm their presence in these areas.
Unfortunately, a substantial loss of natural vegetation is appar-
ent in the soil use and vegetation maps (Inegi, 2000), which
indicate that 78% of the state’s area has been converted to crops,
pastures, and urban areas.

Climate change and population growth are also expected
to bring as a consequence the destruction of natural habitats
and thus the potential distribution could diminish for all these
species, not only for those with a restricted distribution. Conser-
vative climate change scenarios predict a temperature increase
of up to 1.7°C, whereas the most severe scenarios predict up
to 4.8°C (IPCC, 2014). This, coupled with an increase in the
human population, which could reach between 9 and 13.2 bil-
lion people by 2100 (Gerland et al., 2014), could bring losses
in biodiversity. The various possible effects of climate change
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Figure 5. Potential distribution of Pinaceae in Puebla (N =16 taxa). The tones
indicate the number of potential species.

may operate at different scales, from biomes, ecosystems, com-
munities, species, populations or individuals, affecting their
current distribution (Bellard, Bertelsmeier, Leadley, Thuiller, &
Courchamp, 2012). An estimated 60-70% of temperate forests
and other vegetation types in Mexico are predicted to be affected
by climate change, with the tendency of species with temper-
ate climate affinities to reduce their distribution (Villers-Ruiz &
Trejo-Vazquez, 1998, 2004). As such, distribution models under
climate change scenarios would be useful for predicting how the
distribution of the family in the state would change. Conabio has
recognized several terrestrial regions of priority (RTP’s) for con-
servation within Puebla, such as the montane cloud forests of the
Sierra Madre Oriental, Malinche, Cuetzalan, and Pico de Oriz-
aba (Arriaga et al., 2000). These regions coincide with the areas
of highest known species richness (Fig. 1) and potential rich-
ness (Fig. 5) of Pinaceae. Thus, conserving these regions would
protect the species richness of the family in Puebla. However, it
is also important to create individual conservation programs for
the species with restricted distributions in the state.

Forests are the natural vegetation type of greatest coverage in
Puebla (17.5%), and of these, conifer forests have the greatest
extension, with 9.7% (Inegi, 2000). Although the status of other
conifer families is unknown for the state, the present study sug-
gests that botanical exploration of Pinaceae has been relatively
satisfactory. It is possible that our knowledge of the taxa present
in Puebla is nearly complete.
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