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Abstract: We examined the vulnerability of 34 species of oaks (Quercus) and pines (Pinus) to the effects of
global climate change in Mexico. We regionalized the HadCM2 model of climate change with local climatic data
(mean annual temperature and rainfall) and downscaled the model with the inverse distance-weighted
method. Databases of herbaria specimens, genetic algorithms (GARP), and digital covers of biophysical vari-
ables that affect oaks and pines were used to project geographic distributions of the species under a severe and
conservative scenario of climate change for the year 2050. Starting with the current average temperature of
20.2 ◦C and average precipitation of 793 mm, under the severe warming scenario mean temperature and
precipitation changed to 22.7 ◦C and 660 mm, respectively, in 2050. For the conservative warming
scenario, these variables shifted to 21.8 ◦C and 721 mm. Responses to the different scenarios of climate change
were predicted to be species-specific and related to each species climate affinity. The current geographic distribu-
tion of oaks and pines decreased 7–48% and 0.2–64%, respectively. The more vulnerable pines were Pinus rudis,
P. chihuahuana, P. oocarpa, and P. culminicola, and the most vulnerable oaks were Quercus crispipilis, Q. peduncu-
laris, Q. acutifolia, and Q. sideroxyla. In addition to habitat conservation, we think sensitive pine and oak species
should be looked at more closely to define ex situ strategies (i.e., seed preservation in germplasm banks) for their
long-term conservation. Modeling climatic-change scenarios is important to the development of conservation
strategies.

Keywords: climate-change scenarios, GARP, HadCM2, models, Pinus, Quercus, species distribution, temperate
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Modelando el Efecto del Cambio Climático sobre la Distribución de Especies de Encino y Pino de México

Resumen: Examinamos la vulnerabilidad de 34 especies de encinos (Quercus) y pinos (Pinus) a los efectos
del cambio climático global en México. Regionalizamos el modelo de cambio climático HadCM2 con datos
climáticos locales (temperatura y precipitación media anual) y redujimos la escala del modelo con el método
de distancia inversa. Utilizamos bases de datos de espećımenes de herbario, algoritmos genéticos (GARP)
y coberturas digitales de variables biof́ısicas que afectan a pinos y encinos para proyectar distribuciones
geográficas de las especies bajo un escenario de cambio climático severo al año 2050 y uno conservador. Par-
tiendo de la temperatura promedio actual de 22.2 ◦C y la precipitación promedio de 793 mm, la temperatura
y la precipitación cambiaron a 22.7 ◦C y 660 mm, respectivamente, en 2050 en el escenario severo. En el esce-
nario conservador, estas variables cambiaron a 21.8 ◦C y 721 mm. Se predijo que las respuestas a los diferentes
escenarios de cambio climático seŕıan espećıficas por especie y relacionadas con la afinidad climática de cada
especie. La distribución geográfica actual de encinos y pinos decreció 7–48% y 0.2–64% respectivamente. Las
especies más vulnerables de pino fueron Pinus rudis, P. chihuahuana, P. oocarpa y P. culminicola, y las especies
más vulnerables de encino fueron Quercus crispipilis, Q. peduncularis, Q. acutifolia y Q. sideroxyla. Adicional-
mente a la conservación del hábitat, pensamos que las especies sensibles de pino y encino debeŕıan ser vistas
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más de cerca para definir estrategias ex situ (i.e., preservación de semillas en bancos de germoplasma) para su
conservación a largo plazo. El modelado de escenarios de cambio climático es importante para el desarrollo
de estrategias de conservación.

Palabras Clave: bosques templados, distribución de especies, escenarios de cambio climático, GARP, HadCM2,
modelos, Pinus, Quercus

Introduction

The distributions of many species and communities are
determined to a large extent by climatic variables and
thus changes in climate will modify their distributions
and abundances (Parmesan 2006). For example, vegeta-
tion zones may move toward higher latitudes or elevations
in response to increasing average temperatures (Iverson
& Prasad 1998). Such range shifts are predicted to be more
pronounced at higher latitudes, where temperatures are
expected to rise more than near the equator (Bakkenes et
al. 2002). Nevertheless, impacts on distributions of trop-
ical Amazonian trees are predicted (Miles et al. 2004).

Some of the key climatic variables that stress forest
ecosystems are changes in precipitation, temperature,
evapotranspiration, and increased frequency of fires and
storms (Iverson & Prasad 1998; Ohlemüller et al. 2006).
Forests may disappear in certain areas at a faster rate than
they can migrate or regrow in new areas (Parmesan 2006).
Pine and oak forests in the Swiss Alps (Rebetez & Dob-
bertin 2004) and in northern Arizona (Mueller et al. 2005)
have already been affected by climatic warming, where
mortality and pathogens have increased and forest pro-
ductivity has declined.

In Mexico oak and pine forests occur mostly in moun-
tainous regions with temperate and semihumid climates
(Rzedowski 1998). These temperate forests cover 21%
of the country, include 24% of the recorded flora (Rze-
dowski 1998), and contain several species of the genera
Pinus and Quercus as dominant species. Mexico harbors
43 species of the 110 globally described species of the
genus Pinus (Farjon 1996; Farjon & Styles 1997) and 161
oak species of the 531 described species for Quercus (Go-
vaerts & Frodin 1998; Valencia 2004). Unfortunately, bio-
diversity losses from these forests have been severe, and
25% of the original temperate forests has been converted
to agriculture or is being used for livestock (Mas et al.
2004). These forests are also vulnerable to long-term cli-
mate changes. It is predicted that in Mexico an additional
13% of the temperate forests will be lost because of the
effects of climate change (Villers & Trejo 1998).

Diverse models have been generated to predict how
climate change will affect biodiversity (Stocker 2004;
Thuiller et al. 2004; Visser 2004; Araujo et al. 2005;
Ohlemüller et al. 2006). Some of these use general cir-
culation models (GCMs) to generate scenarios of cli-

mate change. These models estimate climate conditions
through mathematical functions that define energy ex-
change among the atmosphere, lithosphere, and the
ocean. Nevertheless, some of the functions used to model
climate change fail to determine climatic conditions at re-
gional or local scales because of the complexity of the
climatic system. Therefore, the resolution of these mod-
els does not accurately predict the environmental con-
ditions that affect species distributions and thus have a
poor resolution in vulnerability analysis. For this purpose
GCMs need to be regionalized or downscaled so as to
better predict the changing values of temperature and
rainfall at a higher spatial resolution (Gyalistras & Fis-
chlin 1999; Huth & Kyselý 2000). To determine the ef-
fects of climate change in Mexican Cracidae, Peterson et
al. (2001) downscaled the Hadley Centre Coupled Model
(HadCM2 model; Johns et al. 1997) into the Genetic Algo-
rithm for Rule Set Production (GARP) model (Stockwell &
Peters 1999), which has a finer resolution (0.5◦ latitude ×
0.5◦ longitude) than HadCM2 (2.5◦ latitude × 3.75◦ longi-
tude). The GARP model assumes a temperature increase
for Mexico between 1.7 ◦C and 3 ◦C and a decrease in
annual rainfall between 10 and 365 mm.

We used a similar approach to analyze the effect of cli-
mate change on the distribution of the temperate oak and
pine species in Mexico and addressed the following ques-
tions: Are global models reliable to model the effects of
climate change at smaller scales in Mexico? What long-
term vegetation changes can be expected in the temper-
ate forests of Mexico in response to climate change? Are
the spatial distributions of the physiognomically domi-
nant species large enough to model the effect of climate
change in these forests? Which oak and pine species are
the most vulnerable to the effects of climate change?

We used a macroecological approach to predict distri-
bution changes of species under different climate-change
scenarios. We downscaled the climatic-change model
HadCM2 for Mexico based on normalized climatic data of
temperature and precipitation provided by local weather
stations. We used occurrence data from herbaria speci-
mens, the GARP model, and digital covers of biophysical
variables to project oak and pine distribution shifts under
two climatic-change scenarios. Finally, we considered the
importance of modeling climatic-change scenarios based
on the potential distributions of oaks and pines to the
development of conservation strategies.
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Methods

Model and Scenarios of Climate Change

The HadCM2 is a coupled ocean-atmosphere GCM de-
veloped by the Hadley Centre for Climate Prediction
and Research and was fully described by Johns et al.
(1997). The atmospheric and oceanic components have
a spatial horizontal resolution of 2.5◦ latitude (278 km)
and 3.75◦ longitude (417 km). The predicted increase in
global mean temperature as a response to a doubling of
atmospheric CO2 is about 2.5 ◦C. The model includes
32 meteorological variables such as total cloudiness, la-
tent surface heat, surface and soil humidity, wind speed,
atmospheric pressure, and insolation. Validation tests
show the HadCM2 model reasonably reproduces ob-
served regional averages of summer and winter tempera-
ture and precipitation (Giorgi & Francisco 2000).

We assessed species distribution under climate-change
scenarios with the HadCM2 model. We made a projec-
tion for the year 2050 that included two levels of cli-
mate change: severe warming and conservative warm-
ing. Severe warming, HHGGAX50, was scenario IS92a of
the Intergovernmental Panel on Climate Change (IPCC
Web site http://ipcc-ddc.cru.uea.ac.uk/). This scenario as-
sumes increases in temperature of 2.5 ◦C, in precipitation
of 3.3%, in mean sea level of 25 cm, and in atmospheric
CO2 of 1%/year. Conservative warming, HHGSDX50, was
scenario IS92b of the IPCC. This scenario assumes in-
creases in temperature of 1.3 ◦C, in precipitation of 2.4%,
in mean sea level of 16.8 cm, and in atmospheric CO2 of
0.5%/year.

Regionalization of the HadCM2 Model

The original grid fields of temperature and precipita-
tion handled by the HadCM2 model were obtained from
the HHGGAX50 and HHGSDX50 scenarios (http://ipcc-
ddc.cru.uea.ac.uk/). We delimited the grid fields between
the coordinates 118◦W, 86◦E, 33◦N, and 14◦S at the orig-
inal resolution of the GCM (2.5◦ latitude × 3.75◦ longi-
tude) so that country limits for Mexico were obtained.
The values included in each grid cell indicated the in-
crease in temperature and the change in precipitation
(increase or decrease) that were expected for the year
2050. These grids were exported to Arc Info (version 9.0,
ESRI 1998a).

We used the Gyalistras and Fischlin (1999) methodol-
ogy to regionalize the HadCM2 model for Mexico and
the normalized values of mean temperature and precipi-
tation (Garćıa 1998a, 1998b) from 3036 weather stations
of Mexico to determine the current climatic scenario. The
normalized climatic data were for a 46-year period (1950–
1996). Based on the original grid of the HadCM2 model,
we estimated changes in current precipitation and tem-
perature values for each weather station. Subsequently,
we used the interpolation technique Inverse Distance

Weight of the Spatial Analyst module of ArcView 3.2 (ESRI
1998b) to draw the ranks for the changes in tempera-
ture and precipitation for each scenario (HHGGAX50 and
HHGSDX50). The new limits of the temperature and pre-
cipitation ranks for each scenario for the year 2050 were
drawn at a 1:250,000 scale. We obtained four digital maps
with this procedure in raster format at a final resolution of
0.04◦ latitude × 0.04◦ longitude, equivalent to a surface
cover of 4.4 × 4.4 km and jointly constituting the new
scenarios HHGGAX50Mex and HHGSDX50Mex.

Vegetation Types and Occurrence Records for Pines and Oaks

Vegetation types that included oak and pine species grow-
ing in temperate forests were selected based on the IN-
EGI (2002) digital map of land use and vegetation types of
Mexico. These classes included fir forests, pine, pine-oak,
oak-pine, oak, juniper, and tropical montane cloud forests
growing at elevations of 1500–3000 m asl and in south-
ern regions above 4000 m asl. These vegetation types
occur at diverse thermal zones, between 10 ◦C and 29 ◦C
mean annual temperature and total annual rainfall of 600–
1000 mm (Perry 1991; Rzedowski 1998). Pinus devel-
ops in regions with semicold subhumid climates (mean
annual temperatures between 5 ◦C and 12 ◦C, with fre-
quent winter frosts) and semiwarm subhumid climates
(mean annual temperatures >18 ◦C, total annual rainfall
of 500–1800 mm, and few winter frosts). Quercus grows
in temperate subhumid climates (mean annual tempera-
tures between 12 ◦C and 18 ◦C and total annual rainfall
of 500–1800 mm) and in semiwarm subhumid ones (De
Lourdes Luna et al. 2003).

To select the pine and oak species growing in these
vegetation classes, we used the following criteria. First,
we consulted the literature and expert taxonomists to
generate a preliminary list of the physiognomically dom-
inant species (Farjon & Styles 1997; INEGI 2002; S. Va-
lencia, personal communication). Second, those species
that occurred in both subhumid semicold and in tem-
perate subhumid climates were selected. This way rep-
resentative species of the climatic gradient where these
forest classes are distributed in Mexico were chosen. Data
for locations where these species have been documented
in Mexico were based on 1336 and 1398 georeferenced
voucher-specimen records for pines and oaks, respec-
tively, from the vascular plant databases compiled in the
Mexican National Biodiversity Information System by Na-
tional Commission for the Knowledge and Use of Bio-
diversity (CONABIO http://www.conabio.gob.mx). The
geographical references of the records were validated bib-
liographically for pines (Perry 1991; Farjon & Styles 1997)
and by consulting expert taxonomists for oaks (S. Valen-
cia, personal communication). Based on the previous cri-
teria, we selected the species with more than 30 sampled
locations from the herbarium records. The final selection
included 17 species of pines (Table 1) and 17 species of
oaks (Table 2).
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Table 1. Changes in potential distribution of pines under severe (HHGGA50) and conservative (HHGSDX50) climate-change scenarios.a

Potential distribution (km2) Surface decrease (%)

regionalized regionalized regionalized regionalized
No. of scenario scenario scenario scenario Kappa
sites present HHGGA50Mex HHGSDX50Mex HHGGA50Mex HHGSDX50Mex scored

Speciesb sampled scenario severe conservative severe conservative χ2c (K)

P. arizonica∗ 105 4,901 3,858 3,940 21.3 19.6 539.83 0.77+

P. ayacahuite∗ 31 4,490 3,283 3,659 26.9 18.5 147.00 0.89++

P. cembroides∗ 114 8,528 7,700 7,883 9.7 7.6 273.14 0.67+

P. culminicola∗∗ 93 217 127 177 41.5 18.4 399.10 0.85++

P. chihuahuana∗∗ 58 1,737 758 883 56.4 49.2 336.88 0.89++

P. douglasiana∗ 29 5,439 5,430 5,431 0.2 0.1 270.90 0.88++

P. durangensis ∗ 62 7,889 7,300 6,332 7.5 19.7 349.23 0.89++

P. hartwegii ∗∗ 126 1,461 1,397 1,418 4.4 2.9 394.89 0.85++

P. herrerae∗∗ 31 2,359 2,090 2,085 11.4 11.6 167.29 0.86++

P. leiophylla∗ 89 6,987 5,462 6,040 21.8 13.6 233.20 0.83++

P. montezumae∗∗ 83 3,197 2,198 2,730 31.2 14.6 185.51 0.80++

P. oocarpa∗ 68 6,614 3,305 3,278 50.0 50.4 231.03 0.87++

P. patula∗∗ 45 1,588 1,021 1,217 35.7 23.4 111.34 0.84++

P. pseudostrobus∗∗ 174 4,293 3,337 3,745 22.3 12.8 253.22 0.75++

P. rudis∗∗ 45 1,368 498 783 63.6 42.8 132.87 0.87++

P. strobiformis∗∗ 33 3,166 3,115 3,301 1.6 4.3 118.32 0.88++

P. teocote∗ 150 14,277 10,100 11,630 29.3 18.5 405.00 0.80++

aChi-square tests and Kappa scores are included for each selected map. Results include statistics for the best model obtained after running 100
models with GARP for each species.
bCurrent range of distribution: ∗, broad; ∗∗, restricted.
cSignificance for chi-square tests: all p < 0.001.
dRange of agreement for Kappa statistics were obtained with the Altmann Kappa benchmark (Landis & Koch 1977): ++, very good; +, good.

Table 2. Changes in potential distribution of oaks under severe and conservative climate-change scenarios.a

Potential distribution (km2) Surface decrease (%)

regionalized regionalized regionalized regionalized
No. of scenario scenario scenario scenario Kappa
sites present HHGGA50Mex HHGSDX50Mex HHGGA50Mex HHGSDX50Mex scored

Speciesb sampled scenario severe conservative severe conservative χ2c (K)

Q. acutifolia∗ 53 95,885 56,404 73,070 41.2 23.8 75.90 0.72+

Q. castanea∗ 139 144,558 108,518 125,856 24.9 12.9 308.76 0.75+

Q. crassifolia∗ 53 106,679 87,403 94,066 18.1 11.8 180.23 0.84++

Q. crispipilis∗∗ 32 5,437 2,807 4,725 48.4 13.1 352.71 0.89++

Q. durifolia∗∗ 32 63,264 54,486 58,124 13.9 8.1 117.35 0.81++

Q. eduardii∗ 69 137,243 100,570 112,926 26.7 17.7 132.09 0.80++

Q. elliptica∗ 40 127,932 112,412 118,363 12.1 7.5 125.12 0.88++

Q. laeta∗ 93 137,560 122,831 127,892 10.7 7.0 176.00 0.74+

Q. laurina∗ 197 44,265 34,894 40,212 21.2 9.2 579.07 0.81++

Q. magnoliifolia∗ 51 152,249 122,455 132,637 19.6 12.9 98.31 0.80++

Q. mexicana∗∗ 50 12,079 8,442 9,964 30.1 17.5 234.26 0.84++

Q. obtusata∗ 119 141,435 120,419 128,367 14.9 9.2 229.17 0.77+

Q. peduncularis∗∗ 63 65,972 36,140 49,504 45.2 25.0 208.93 0.82++

Q. rugosa∗ 191 103,318 81,749 87,403 20.9 15.4 481.90 0.76+

Q. scytophylla 51 119,174 105,216 110,139 11.7 7.6 158.85 0.81++

Q. segoviensis∗∗ 35 25,227 22,162 23,507 12.1 6.8 102.00 0.87++

Q. sideroxyla∗ 130 98,929 63,205 72,002 36.1 27.2 314.71 0.84++

aChi-square tests and Kappa scores are included for each selected map. Results include statistics for the best model obtained after running 100
models with GARP for each species.
bCurrent range of distribution: ∗, broad; ∗∗, restricted.
cSignificance for chi-square tests: all p < 0.001.
dRange of agreement for Kappa statistics were obtained with the Altmann Kappa benchmark (Landis & Koch 1977): ++, very good; +, good.
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Environmental Variables and GARP Application

We modeled potential habitat distributions with georef-
erenced specimen information and the GARP software.
This methodology combined georeferenced records of
voucher specimens described earlier and environmental
variables included as digitized computer maps. The com-
bination of these components generated the potential
habitat distributions of species. The GARP model involves
genetic algorithms in an iterative approach based on ar-
tificial intelligence (Stockwell & Peters 1999). Individual
algorithms (e.g., BIOCLIM, logistic regression) are used
to produce component rules so that portions of a species
distribution can be determined as inside or outside of its
range of ecological requirements based on that set of rules
(Stockwell & Peters 1999). The GARP model does not es-
timate standard errors (Elith et al. 2006); validation of the
habitat distribution is obtained by dividing records of oc-
currence randomly into training and intrinsic testing of
data sets. The GARP model works in an iterative process
of rule selection, evaluation, testing, and incorporation or
rejection. A method is chosen from a set of possibilities
(e.g., logistic regression, bioclimatic rules) and applied to
the training data, and this step is followed by the devel-
opment or evolution of a rule. Subsequently, predictive
accuracy is evaluated, through chi-square tests, on the ba-
sis of resampled records from the test data and randomly
sampled records from the study region as a whole (Stock-
well & Peters 1999).

We used GARP in two processes, to obtain the cur-
rent potential distribution of each analyzed species and
to project the potential distribution of each species
under the two climate-change scenarios. We used
DesktopGarp (version 1.1.0, http://www.lifemapper.org/
desktopgarp/) in the analyses. Expected current distribu-
tions were generated from the environmental variables
of current mean temperature (Garćıa 1998a); current
mean precipitation (Garćıa 1998b); land use and vegeta-
tion types (INEGI 2002); and a digital land model (INEGI
1998) at a spatial resolution of 0.04◦ latitude × 0.04◦ lon-
gitude.

One hundred predictions were obtained with the GARP
program for each species. In addition to the chi-square
tests estimated by the program, Kappa scores were ob-
tained to determine whether test points fell into regions
of predicted presence more often than expected by
chance, given the proportion of map pixels predicted
by the model (Landis & Koch 1977; Fleiss 1981; Field-
ing & Bell 1997). The model with the most significant
chi-square test and bearing the highest Kappa score was
selected as the best model generated for the country
for each species. We reviewed the resulting maps biblio-
graphically for pines (Perry 1991; Farjon & Styles 1997)
and in consultation with experts for oaks (S. Valencia,
personal communication).

To project the potential habitat distribution of each
species under the climate-change scenarios, the digital
maps obtained for Mexico and described earlier (HHG-
GAX50Mex and HHGGSDX50Mex) were included in the
Projection Layer module of DesktopGarp. The GARP
model used the same rule-decision procedure defined pre-
viously and verified the new scenarios. The reliability of
the spatial analyses was evaluated with the same statis-
tical procedures described earlier (χ2 tests and Kappa
scores). Model outputs were processed in ASCII format
(ESRI 1998a) and visualized in ArcView (version 3.2, ESRI
1998b).

Based on their current distributions in Mexico, pine
and oak species were classified as having either a broad
or a restricted range (Table 1 & 2). From the scenarios of
species response to climate change, pine and oak species
were also classified as sensitive (loss of 40% of current
range), intermediate (15–40%), and tolerant (0–15%).

Results

HadCM2 Downscaled Scenarios

A current average temperature of 20.2 ◦C and average pre-
cipitation of 793 mm for Mexico was obtained with the
downscaling procedure. Forecasts for the year 2050 un-
der the severe scenario (HHGGAX50Mex) shifted to 22.7
◦C and 660 mm in average temperature and precipitation,
respectively (Figs. 1a & 1b). In this scenario temperatures
increased between 1.5 ◦C (southern portion of the Baja
California Peninsula) and 3.5 ◦C (central parts of the coun-
try). The largest increases in temperature occurred in the
upland plateaus of northern and central Mexico (Distrito
Federal, Morelos, Tlaxcala, Hidalgo, north of Veracruz,
Estado de México, and Querétaro) and lesser increases
occurred in the coastal regions surrounding the Sea of
Cortez (Fig. 1a).

In the severe scenario precipitation decreased be-
tween –1.5% (central portion of Baja California Sur) and
−35% (northern upland plateau [Mesa del Norte], includ-
ing Chihuahua, Coahuila, and Durango) (Fig. 1b). Along
the Sierra Madre Occidental, temperatures increased
between 1 ◦C and 2 ◦C, and precipitation decreased be-
tween 1% and 13%. Along the Sierra Madre Oriental
temperatures increased between 2 ◦C and 3 ◦C and pre-
cipitation decreased between 10% and 25%. Along the
Eje Neovolcánico, temperatures rose between 2 ◦C and
2.8 ◦C and precipitation decreased 25% on average. Along
the Sierra Madre del Sur temperatures increased 2 ◦C and
precipitation fell 12%.

In the conservative scenario (HHGGSDX50Mex), fore-
casts for the year 2050 included shifts to 21.8 ◦C and
721 mm in average temperature and precipitation, re-
spectively (Figs. 1c & 1d). Temperatures increased by
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Figure 1. Downscaling of the HadCM2 climate-warming model for Mexico for the year 2050: severe climate-change
scenario (HHGGAX50Mex), (a) mean temperature and (b) annual precipitation; conservative climate-change
scenario (HHGGSDX50Mex), (c) mean temperature and (d) annual precipitation.

1.1 ◦C in the southern portion of the Baja California
Peninsula and by 1.9 ◦C in the northern and northeast-
ern regions of Mexico. The greater increases in tem-
perature occurred in central Mexico (Distrito Federal,
Tlaxcala, Morelos, Estado de México, Querétaro, Hidalgo)
and along the coastal regions of the Gulf of Mexico (Ve-
racruz and north of Campeche), and lesser increases oc-
curred in northwestern Mexico (Fig. 1c). Precipitation
decreased between 1% (central portion of the Baja Califor-
nia Peninsula) and 27% (Mesa del Norte). Increases in pre-
cipitation (20%) occurred in central Mexico and along the
central plateau of the Gulf of Mexico in Veracruz, Puebla,
Morelos, Tlaxcala, Hidalgo, and Distrito Federal (Fig. 1d).
Along the Sierra Madre Occidental, temperatures rose be-
tween 1 ◦C and 1.8 ◦C and precipitation decreased by
5% on average. Along the Sierra Madre Oriental temper-
atures increased 1.6 ◦C and precipitation decreased be-
tween 8% and 10%. Along the Eje Neovolcánico and the
Sierra Madre del Sur, temperatures rose 1.6 ◦C and 1.4 ◦C
and precipitation decreased 12% and 5% on average,
respectively.

Changes in Species Habitat Distribution
under Climate Change

Under the severe climate-change scenario (HHGGAX50-
Mex), effects on pines included species-specific and het-

erogeneous decreases in ranges of 0.2–64% (Table 1).
Sensitive pine species were P. rudis (Fig. 2a), P. chi-
huahuana, P. oocarpa, and P. culminicola. Moder-
ately sensitive species were P. patula, P. montezumae
(Fig. 2b), P. teocote, P. ayacahuite, P. pseudostrobus, P.
leiophylla, and P. arizonica. P. herrerae (Fig. 2c), P. cem-
broides, P. durangensis, P. douglasiana, P. hartwegii, and
P. strobiformis were tolerant of severe climate change.
Compared with pines changes in oak distributions un-
der the severe climate-change scenario (HHGGAX50Mex)
were less extreme and ranged between 11% and 48% (Ta-
ble 2). The sensitive species were Q. crispipilis (Fig. 2d),
Q. peduncularis, and Q. acutifolia. The moderately sen-
sitive species were Q. sideroxyla, Q. mexicana (Fig. 2e),
Q. eduardii, Q. castanea, Q. laurina, Q. rugosa, Q. mag-
noliifolia, and Q. crassifolia. The tolerant oak species
were Q. obtusata (Fig. 2f), Q. durifolia, Q. segoviensis,
Q. elliptica, Q. scytophylla, and Q. laeta.

In the conservative climatic-change scenario (HHGSD-
X50Mex), the geographic distribution of pines changed
less than under the severe scenario (Table 1). Species
responses were diverse. Loss range was from 0.1% to
50% (Table 1). Sensitive pines species were P. oocarpa,
P. chihuahuana, and P. rudis (Fig. 3a). The moderately
sensitive species in this scenario were P. patula, P. du-
rangensis, P. arizonica, P. teocote (Fig. 3b), P. ayacahuite,
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Figure 2. Changes in species distribution in Mexico under the severe climate-change scenario (HHGGAX50Mex):
(a) Pinus rudis, (b) P. montezumae, (c) P. herrerae, (d) Quercus crispipilis, (e) Q. mexicana, and ( f ) Q. obtusata.
Areas in gray indicate the potential current distribution of the species, and areas in black indicate predicted
changes under the severe climate-change scenario.

and P. culminicola. The remaining species were tolerant
of the climate change in this scenario, including P. cem-
broides (8% of its current area of distribution was lost
with climate change; Fig. 3c). Only one species, P. strob-
iformis, increased its current range of distribution in a
favorable response to this climate-change scenario (Ta-
ble 1). Oaks had the smallest predicted changes in ranges
under the conservative climatic-change scenario (HHG-
GAX50Mex), with decreases between 6% and 27% (Table
2). The more vulnerable species were Q. sideroxyla (Fig.
3d), Q. peduncularis, and Q. acutifolia. The remainder
of the species showed predicted changes between 6.8%
and 17.7%. Range contractions occurred for Q. castanea
(Fig. 3e) and Q. laeta (Fig. 3f).

Discussion

Forecasts and Model Performance

The simulation of regional-scale climatic changes is crit-
ical for the assessment of their regional impacts. The
HadCM2 model performed well in reproducing historical

regionally and seasonally averaged surface air temperature
and precipitation (Giorgi & Francisco 2000). Our results
for Mexico (Fig. 1) showed the GCM performance could
be improved with normalized climatic data from weather
stations collected over a relatively long time frame (1950–
1996). The number of weather stations included in the
downscaling or regionalized projection corresponded to
one weather station for each 500 km2, which resulted
in a more appropriate resolution for applications nation-
wide. The elevational distribution of precipitation and
temperature in the climate-change model coincided with
topography and improved the spatial representation of
the climatic changes along the temperature and rainfall
gradients of extended regions. The regionalization we ob-
tained had a better resolution because it included data of
a denser network of weather stations compared with the
simple spatial interpolations used by other researchers
(Peterson et al. 2001). Our results agreed with those ob-
tained by others regarding the improvement of spatial
resolution of GCM through regionalization of the model
(Gyalistras & Fischlin 1999; Huth & Kyselý 2000; Khan et
al. 2006).
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Figure 3. Changes in species distribution in Mexico under the conservative climate-change scenario
(HHGGSDX50Mex): (a) Pinus rudis, (b) P. teocote, (c) P. cembroides, (d) Q. sideroxyla, (e) Q. castanea, and ( f ) Q.
laeta. Areas in gray indicate the potential current distribution of the species, and areas in black indicate predicted
changes under the conservative climate-change scenario.

Several authors have discussed the limitations of the
use of occurrence data from scientific collections and of
species–climate envelope models to project species dis-
tributions (Araujo et al. 2005; Barry & Elith 2006; Elith et
al. 2006). Other authors have used these tools to explore
relevant questions regarding climate change (Peterson et
al. 2002; Mart́ınez-Meyer et al. 2004; Thomas et al. 2004;
Parra-Olea et al. 2005). Records from herbarium collec-
tions were particularly useful when no other community
variables were available. The GARP model predicts future
scenarios in which areas might become suitable or unsuit-
able for a particular species. No other inference can be
derived from this approach because neither biotic inter-
actions nor species physiological adaptations to climate
change are taken into account (Stockwell & Peters 1999).
Despite these limitations, we consider the joint use of the
climatic downscaling and the GARP program good tools
with which to anticipate the effects of climate change on
habitat shifts of individual species.

Species Responses to Climate-Change Scenarios

Our results indicated that long-term vegetation changes
can be expected in the temperate forests of Mexico as a
consequence of climate change. The effect of modifica-
tions in temperature and precipitation modeled under the
severe and conservative climate-change scenarios (Fig. 1)
will reduce the current ranges of distribution of almost all
species of oaks and pines (Tables 1 & 2; Figs. 2 & 3). Al-
though we expected that species with restricted ranges of
distribution would be the most affected ones, this was not
generally the case. Sensitive species also included oaks
and pines with broad ranges of distribution. The species
having broad ranges of distribution were not always the
tolerant ones (Tables 1 & 2). Therefore, our results imply
that responses to climate change are species-specific
and related to species climate affinities.

The pines predicted to be most affected under the se-
vere and conservative climate-change scenarios were not
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only species with restricted geographical ranges (P. rudis
[Figs. 2a & 3a], P. chihuahuana, and P. culminicola) but
also wide-ranging species such as P. oocarpa (Table 1).
The most affected species, P. rudis (range contraction
of 64% and 43%, respectively), grows in cold climates at
high elevations (2200–3300 m asl) in the volcanic region
of central Mexico (Perry 1991) and has a patchy distribu-
tion with small populations (Figs. 2a & 3a). It is also threat-
ened by human activities and wildfires. Another species
predicted to have a considerable range contraction was
P. chihuahuana (56% and 49%, respectively; Table 1),
which grows on lower slopes of the Sierra Madre Occiden-
tal in Chihuahua, Sonora, Durango, and Zacatecas and has
small populations in Nayarit and Jalisco at middle eleva-
tions (1600–2600 m asl) in temperate subhumid and semi-
cold subhumid climates (Perry 1991). Another sensitive
species was P. culminicola, an endemic dwarf pine that
only grows on four high peaks of the Sierra Madre Orien-
tal at high elevation (3000–3500 m asl) in areas with high
relative humidity and low temperature. Under the conser-
vative climate-change scenario, range contraction in this
species (18%) was not predicted to be as drastic as that ob-
tained for the severe scenario (42%; Table 1), but climate
change is not the only threat to this species. Low seedling
recruitment has been recorded for the dwarf pine pop-
ulations that are also threatened by pressure from graz-
ing, wildfires, and human activities (Jiménez et al. 2005).
These three most-affected pine species grow in semicold
subhumid climates that will change considerably under
both climate-change scenarios (Table 1).

The only sensitive species with a broad range of distri-
bution that was predicted to have major range contrac-
tions under both climate-change scenarios (50%) was P.
oocarpa (Table 1). This species occurs at low and middle
elevations (200–2500 m asl) along the Sierra Madre Occi-
dental and Sierra Madre del Sur at numerous locations in
Chihuahua, Durango, Guerrero, Jalisco, Michoacán, and
Oaxaca. Because this species grows under diverse envi-
ronmental conditions (semicold to semiwarm subhumid
climates), we expected but did not find a greater tolerance
to climate change. We may have found this because the
species grows in areas where more climate modifications
are predicted, particularly in the southwestern states of
Guerrero, Jalisco, Michoacán, and Oaxaca (Fig. 1). Only P.
strobiformis had a favorable response to climate change
(Table 1). Although this species is distributed along the
northwestern highlands of the Sierra Madre Occidental
and has isolated populations in the Mesa Central, it more
often grows in semiarid climates, where annual precipita-
tion is of 450–1150 mm, which could be the reason why
its geographic range was predicted to expand.

The lack of experimental data to assess impacts of
climate-induced changes for pines limits further interpre-
tations of our results. High temperatures and low rainfall
may constrain growth during certain periods in Mediter-
ranean pines, but if rainfall increases in the future, a pos-

itive effect on growth is likely (Sabaté et al. 2002). In
Arizona local humidity is the environmental factor that
determines elongation of needle cells in P. arizonica
(Wright & Leavitt 2006). Still, no additional information
is available about the specific adaptations to drought con-
ditions of Mexican pines, but there is some information
about the adaptations of some of these species to for-
est fires. Almost all species have thick bark that isolates
the cambium from lethal temperatures (Rodŕıguez-Trejo
& Fulé 2003). Species such as P. leiophylla, P. oocarpa,
and P. patula have serotinous cones, and P. arizonica, P.
cembroides, P. douglasiana, P. hartwegii, P. leiophylla,
P. montezumae, P. oocarpa, P. patula, and P. teocote re-
generate well in fire-created seed beds (Rodŕıguez-Trejo
& Fulé 2003). Nevertheless, no physiological studies have
been done to test whether these features also confer adap-
tations to climate change.

Oaks also had species-specific responses to climate
change that were related to their climate affinities (Ta-
ble 2). Sensitive species included oaks with a broad range
of distribution, such as Q. acutifolia (range contraction of
41% [severe] and 24% [conservative]), and oaks with a re-
stricted range, such as Q. crispipilis (48% and 13%) and Q.
peduncularis (45% and 25%; Table 2). Q. acutifolia grows
at middle elevations (1000–2500 m asl) along the Sierra
Madre Occidental from Nayarit to Oaxaca in oak, pine-
oak, and mixed forests (Valencia 2004), but it is usually
found in gullies growing with more mesic genera such as
Fagus, Magnolia, and Podocarpus. Of the species we an-
alyzed, Q. crispipilis has the most restricted distribution
(Fig. 2d). It grows at few locations in the highlands of
Chiapas and Guatemala (1800–2420 m asl) in moist tem-
perate forests. The least sensitive species was Q. pedun-
cularis, which has a broad distribution and grows at low
and middle elevations (340–1940 m asl) along the south-
ern portion of the Sierra Madre Occidental and Sierra
Madre del Sur (Valencia 2004). This oak grows along tran-
sitional zones, between the tropical dry forest and the
tropical montane cloud forests, and is frequently associ-
ated with P. oocarpa, which was a sensitive pine species
(Table 1).

The ranges of distribution are broader for oak species
because most of the species grow in temperate subhu-
mid and semiwarm subhumid climates and fewer grow
in semicold subhumid climates. The oaks growing in
semicold subhumid climates associated with humid pine
forests (Q. peduncularis, Q. sideroxyla) and species
of temperate climates (Q. acutifolia, Q. peduncularis,
and Q. mexicana; Rzedowski, 1998) showed major re-
ductions in geographical ranges (30–45% for the severe
climate-change scenario and 18–27% for the conservative
scenario; Table 2). Those oaks growing in semiwarm and
temperate subhumid climates (Q. castanea, Q. magno-
liifolia, Q. elliptica, Q. scytophylla, and Q. segoviensis)
and those growing only in temperate subhumid climates
(Q. laeta, Q. laurina, and Q. crassifolia) showed less of a
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decrease in their distribution ranges. Range contractions
were between 11% and 25% under the severe climate-
change scenarios and between 7% and 13% under the
conservative scenario (Table 2).

Drought effects on the growth of these oak species
have not been documented. The only available studies are
those related to seedling development under disturbed
versus undisturbed forest conditions. Reportedly Q. lau-
rina and Q. rugosa seedlings need a closed canopy to
grow in upland forests of Jalisco, whereas Q. castanea
can be found in plots with open canopies (Figueroa-
Rangel & Olvera-Vargas 2000). Adaptation to disturbed
environmental conditions has also been documented for
Q. crispipilis (Quintana-Ascencio et al. 1992). Ecophysi-
ological information for other oak species is also limited.
Lee et al. (2005) found that acclimation of leaf respira-
tion rates in Q. alba and Q. rubra fall 62% after exposure
to warm temperatures under experimental conditions.
Likewise, at a community scale, Wullschleger and Hanson
(2006) observed reductions in seasonal rates of canopy
transpiration when precipitation decreased in frequency
and intensity in experimental plots of upland oak forests
of Tennessee (U.S.A.).

Climate Change and Conservation Strategies

Assessing the effect of climate change on pine and oak dis-
tributions is particularly important for the development
of conservation programs. Mexico is a global center of
diversity for pines, harboring 39% of pine species (Far-
jon 1996; Farjon & Styles 1997). Likewise, Mexico is also
a global center of diversity for Quercus, harboring 30%
of oak species, 21% of which are endemic (Govaerts &
Frodin 1998; Valencia 2004). Nevertheless, the Mexican
National Council on Natural Protected Areas has not con-
sidered species vulnerability to climate change as part of
its conservation priorities.

Modifications in temperature and precipitation will sig-
nificantly reduce the current ranges of distribution in
Mexico of almost all the species of oaks and pines we
studied. Although our modeling approach did not con-
sider the gradual adaptation of species to climate modifi-
cations, the huge geographic range shifts recorded under
the severe and conservative scenarios for these species
constitute a major threat (Tables 1 & 2). Gradual adap-
tation to climate change has been documented for some
animal species (Bradshaw & Holzapfel 2006), but adap-
tation is expected to be slower in perennial plants with
long life spans. Some studies in Eurasia and North Amer-
ica estimate that adaptation to climate change will take up
to 13 generations for P. sylvestris (Rehfeldt et al. 2002),
but there are no similar reports for the Mexican species.

Habitat loss and fragmentation currently affect the dis-
tribution of pine and oak species even though some of
these species grow in protected areas. At the present time
none of the sensitive species with a restricted range of

distribution, except for P. culminicola, are protected by
Mexican regulations (NOM-ECOL-059–2001). We believe
that sensitive species should be looked at more closely to
define ex situ conservation strategies for their long-term
conservation. At present neither governmental authori-
ties nor nongovernmental agencies have set or promoted
ex situ conservation as a priority to protect pine and oak
biodiversity in Mexico. In addition to habitat conservation
we think seed preservation in germplasm banks would
help protect biodiversity of the sensitive pine and oak
species. Finally, we consider it is urgent to address spe-
cific physiological studies related to species adaptation to
drought conditions to assess impacts of climate-induced
changes in these species.
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de Ecoloǵıa, A.C., Instituto Nacional de Estad́ıstica,
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Modelo digital del terreno. Escala 1:250,000. INEGI, México, D.F.
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