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1. Introduction

Pinus hartwegii Lindl. is a pine species of the temperate-cold
zones of Mexico, confined to the highest peaks and mountains of
Mexico and Central America, between altitudes of 3000 and
4000 m (Martı́nez, 1948; Lauer, 1973; Lauer and Klaus, 1975;
Perry, 1991). Its natural distribution is discontinuous at the sites of

highest altitude, from the State of Nuevo León in the northwest of
Mexico (approximately 258 LN) to sites near the border between
Guatemala and El Salvador (approximately 148 LN) (Perry, 1991).
The annual mean temperature of the sites, where this species is
found, varies between 7.5 and 10 8C, with annual precipitation
around 1000 mm (Lauer, 1973, 1978).

Pinus hartwegii is of great ecological importance for being
probably the most cold-tolerant tree in Mexico (Lauer, 1973, 1978;
Lauer and Klaus, 1975; Viveros-Viveros et al., 2007). This species
constitutes the altitudinal limit of tree vegetation in high mountains
and volcanoes which are also important National Parks of Mexico,
such as the Volcán of Colima, Pico de Tancı́taro, Nevado de Toluca,
Ajusco, Popocatépetl, Iztaccihuatl, Malinche, and Citlaltépetl (Pico
de Orizaba) on the Neovolcanic Axis (Lauer, 1973, 1978; Lauer and
Klaus, 1975; Vera-Vilchis and Rodrı́guez-Trejo, 2007).

Its unique and extreme altitudinal distribution makes P.

hartwegii a highly vulnerable species in view of global warming
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A B S T R A C T

The altitudinal pattern of genetic variation in Pinus hartwegii Lindl. populations was explored for

seedling height growth, frost damage, grass-stage, and phenological stage of the terminal shoot. A

provenance test was conducted with open-pollinated seed from 13 populations collected along an

altitudinal transect (3000–3600 m) at the National Park Pico de Tancı́taro, Michoacán, center-west

Mexico. Height growth of seedlings in a nursery was assessed at seven and 18 months of age. Frost

damage at �15 8C was evaluated in laboratory at 18 months of age; proportion of plants that had left

grass-stage and stage of shoot development was assessed at the age of 22 months. Significant

differences among provenances (P < 0.0001) were detected for all of the evaluated characters. The

variation among populations was structured as a moderate altitudinal cline, with populations from

lower altitudes showing larger height growth in seedlings, larger proportion of frost damages, fewer

seedlings in grass-stage and more seedlings with developed shoot, whereas in populations from higher

altitudes, seedlings exhibiting shorter plant height, lower percentages of frost damage, more seedlings

with unbroken grass-stage, and fewer seedlings with advanced shoot development were displayed.

Options for seed and seedling movement along the altitudinal gradient are discussed under the scope of

reforestation, aiming at ecological restoration, conservation of forest genetic resources, and assisted

migration considering global warming. We suggest delineation of two altitudinal seed zones (Zone I:

3000–3350 m; Zone II: 3350–3700 m).
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since its exclusive habitat could be reduced or even disappear. The
climates existing at present will in future occur at higher altitudes
and latitudes (Hughes, 2000; Rehfeldt et al., 2004, 2006a; Rehfeldt,
2006). For example, it has been estimated that the climate recently
occurring at the sites where Pinus oocarpa Schiede grows, in the
region of Uruapan, Michoacán, Mexico, will occur at an altitude
300 m higher by the year 2090 (Sáenz-Romero et al., 2006) or at
sites farther north, as far away as the low parts of the Sierra Nevada
of California (Rehfeldt et al., 2006b).

At a warmer climate coming up in future, the species will face
different scenarios: extinction, migration towards greater latitudes
in the north, or towards higher altitudes, or the adjustment of their
physiological processes to the new environmental conditions
through mechanisms of phenotypical plasticity or adaptation
(Ledig, 2004; Rehfeldt, 2004; Aiteken et al., 2008). Nevertheless, in
the case of P. hartwegii the possibilities of migration are limited,
since the high parts of the mountains are generally isolated among
themselves (there is no natural connection among them), which
might prevent the displacement of the populations. Furthermore, it
has been estimated that the increase of temperature by 0.6 8C in
the last 100 years has caused a diminution by 10.6% in its relative
growth (Ricker et al., 2007).

In order to mitigate the potential negative effects of global
warming on P. hartwegii it would be an alternative to carry out
assisted migration, consistent in establishing reforestation using
seeds of populations with better adaptation potential for future
global warming than the local ones for a given site (St. Clair and
Howe, 2007). This would be feasible if there were significant
genetic variation among populations. Therefore, it is indispensable
to know the genetic variation pattern among P. hartwegii

populations.
It has been demonstrated that coniferous populations differ-

entiate genetically in response to differential selection pressure
occurring along the altitudinal gradient. The populations of lower
altitudes have lower cold tolerance and higher growth potential
(earlier shoot elongation, later growth cessation, and larger total
shoot elongation) than those of higher altitude, in species like Abies

sachalinensis (Schmidt) Mast. (Eiga and Sakai, 1984), Pinus contorta

(Dougl. Ex Loud.) (Rehfeldt, 1985, 1988, 1989b), Picea engelmannii

Carr. (Rehfeldt, 2004), Pinus ponderosa (Dougl.) Laws (Rehfeldt,
1991), Pseudotsuga menziesii (Mirb.) Franco (Rehfeldt, 1989a; St.
Clair et al., 2005), Tsuga heterophylla (Raf.) Sarg. (Kuser and Ching,
1980), and Podocarpus totara (Benn. ex Don.) (Hawkins et al., 1991).
Similar patterns have been described for Mexican coniferous
populations distributed along the altitudinal gradients, such as
Pinus devoniana Lindl. (also called Pinus michoacana Martı́nez)
(Sáenz-Romero and Tapia-Olivares, 2008), and P. oocarpa (Sáenz-
Romero et al., 2006).

The objectives of this study were: (a) to quantify the genetic
variation existing among P. hartwegii populations along an
altitudinal transect, with respect to plant growth potential, frost
damage, plants that had left grass stage, and phenological stage of
terminal shoot, (b) to delineate seed zones and seed transfer
guidelines required for matching genotypes with the appropriate
planting site environments, and (c) to suggest potential locations
for establishing Forest Genetic Resources Conservation Units.

2. Materials and methods

2.1. Biological material and altitudinal transect

Seed samples were collected in the forests of the National Park
Pico de Tancı́taro, Michoacán, along a transect covering the natural
altitudinal distribution of the species in the region, from 3000 to
3600 m of altitude. In the transect 13 sampling sites were

established, one every 50 m of altitudinal difference (Table 1).
At each site 11 healthy trees with cones were randomly selected, at
a distance of at least 30 m from each other, to avoid possible effects
of relatedness. Ten cones of each selected tree were taken and their
altitudinal position was registered. Due to the very steep slopes at
Pico de Tancı́taro, the distances between sampled populations are
short: between the highest and the lowest population there is
about 1.85 km, and between the two most distant populations
there is only 1.95 km.

Considering the discussion about the differences between P.

hartwegii and P. rudis Endl. (Matos, 1995; Farjon and Styles, 1997),
at the sites of lowest altitudes (3000 and 3050 m) it was avoided to
include atypical individuals having longer cones and aciculae, than
could reasonably be expected by the environmental effect of lower
altitude. It was believed that such atypical individuals could
probably be considered by many taxonomists as a taxon different
from P. hartwegii (Martı́nez, 1948; Perry, 1991) or as a product of
the hybridization between P. hartwegii and P. montzumae Lamb.
(Matos and Schaal, 2000).

The seed was extracted from the cones manually, maintaining
the identity per tree. In the month of July, 2005, the seed was put to
germinate at environmental temperature. Germinated seeds were
placed in rigid containers of 380 cm3 (Broadway Plastics de
Mexico1), with commercial Creci-root1 substratum in a nursery of
the Instituto de Investigaciones Agropecuarias y Forestales of the
Universidad Michoacana de San Nicolás de Hidalgo (IIAF-UMSNH)
in Morelia, Michoacán. In the nursery assay a randomized
complete block design was used, with eight blocks, 13 populations,
and nine plants per plot (experimental unit) in a row. In every plot,
each of the nine plants originated from a different mother tree; in
other words, the provenances were represented in the plots by
nine half-sib families, and each half-sib family was represented by
one single seedling per population per block. Additionally, a row of
plants from families randomly taken was placed in the surround-
ings of the experiment in order to control the border effect.

Watering was provided as needed. Nitrogen fertilization (urea)
was supplied twice (46-00-00, 0.2 g per seedling). Aphids Pineus sp.
were controlled by two applications of systemic insecticide
Confidor1 (20 ml/1 of water).

2.2. Characteristics evaluated in the plants

At seven (February, 2006) and 18 months of age (December,
2006), beginning with seed germination, total plant height was
measured (mm). In the months of December 2006 and January
2007, frost damage in plants was assessed through artificial
induction of low temperatures under laboratory conditions, based
on the technique used by Rehfeldt (1980, 1985) and modified by

Table 1
Geographical and altitudinal localization of the Pinus hartwegii Lindl. populations in

National Park Pico de Tancı́taro, Michoacán, Mexico.

Population Latitude (N) Longitude (W) Altitude (masl)

1 198 25.1200 1028 18.7500 3600

2 198 25.1110 1028 18.5990 3550

3 198 25.1790 1028 18.5890 3500

4 198 25.0460 1028 18.3310 3450

5 198 25.1280 1028 18.3990 3400

6 198 25.3270 1028 18.3250 3350

7 198 25.4160 1028 18.1870 3300

8 198 25.7220 1028 18.1230 3250

9 198 26.0360 1028 17.9980 3200

10 198 26.0940 1028 17.7860 3150

11 198 26.2210 1028 17.4540 3100

12 198 26.2920 1028 17.2520 3050

13 198 25.9670 1028 16.9720 3000
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Sáenz-Romero and Tapia-Olivares (2008). Due to the limited space
of the freezer, the evaluations were conducted separately for each
of the test blocks (in other words, the test was conducted in eight
runs, one run by each block); thus, in each frost damage run all the
populations were represented (117 seedlings per run, from 13
populations and 9 families per population, when no previous
mortality occurred), and the variation among the runs remained
assigned to the blocks. In order to avoid effects of water stress, the
tests were initiated one day after watering the plants. Five sound
fascicles from the upper part of the shoot were taken, 5 cm below
the terminal bud. These were put into hermetically sealed plastic
bags and kept in refrigeration (4 8C) for 12 h. Afterwards, the bags
were placed in cardboard boxes, in a freezer at 1 8C during 12 h,
and immediately, the temperature was reduced at a rate of 2 8C per
hour, until reaching�15 8C. In previous assays, at this temperature,
damages varying from 30 to 70% appeared in plants of different P.

hartwegii populations; within these damage levels, it is more
feasible to distinguish differences among populations or genotypes
(Anekonda and Adams, 2000). After reaching �15 8C, the tem-
perature gradually increased at a rate of 2 8C per hour until
reaching 0 8C. Then the samples were removed from the freezer
and taken out of the bags, keeping them at environmental
temperature (approximately 20 8C) during 72 h, until the damage
symptoms became evident. The damages were evaluated visually,
establishing the damage percentage in foliage according to its
severity in categories at intervals of 10%. Zero percent corre-
sponded to fascicles without damage (intense green color, turgent,
and flexible), whereas 100% corresponded to the completely
damaged fascicles (brown color, dehydrated, and rigid) (Sáenz-
Romero and Tapia-Olivares, 2008).

On April 3rd, 2007 (at 22 months of age), the percentage of
plants per population that had left grass stage was assessed
assigning the values of 1 to plants having already left the grass
stage (that is, with elongated buds or finishing this process, and
with >6 cm stem height), and values of 0 to plants that had not yet
left grass stage (without elongated buds, and with �6 cm stem
height). The phenological stage of the terminal shoot was assessed
only with those seedlings having already left grass stage, using a
variable denominated stage of shoot development, assigning
values of 1 to the plants at advanced stage of terminal shoot
development (stem height �10 cm and elongated needles on the
shoot), or values of 0 to the plants at an early stage of shoot
development (6 cm > stem height < 10 cm, and without needles
on the shoot). With these data, the proportion of plants with
advanced shoot development per population was estimated for
each experimental unit.

2.3. Statistical analysis

For total plant height at seven and 18 months of age as well as
for the frost damage, an analysis of variance was conducted by

means of the following complete model:

Yi jk ¼ mþ bi þ t j þ bi � t j þ Fkðt jÞ þ Ei jk (1)

where: Yijk = value of the ijk-th observation, m = general mean,
bi = effect of the i-th block, tj = effect of the j-th population
(altitude above sea level), bi � tj = interaction of the i-th block with
the j-th population, Fk (tj) = effect of the k-th family nested in the j-
th population, and Eijk = experimental error. All effects were
assumed to be random.

For the percentage of plants that had left grass stage and
percentage of plants at advanced stage of shoot development, a
variance analysis was carried out, utilizing the mean values per
experimental unit by means of GLM of SAS procedure (SAS
Institute, 1988), based on the following incomplete statistical
model:

Yi j ¼ mþ bi þ t j þ Ei j (2)

where: Yij, value of the ij-th experimental unit; m, general mean; bI,
effect of the i-th block; t, effect of the j-th population (altitude);
and Eij, experimental error.

In order to determine the altitudinal pattern of genetic
variation, the relationship existing among the mean values per
population of the assessed characteristics with altitude above sea
level of the sites was modeled, using the procedure REG of SAS (SAS
Institute, 1988) with the following statistic model:

Yi j ¼ b0 þ b1Xi þ ei j (3)

where: Yi, population mean; b0, intercept; b1, regression para-
meter; Xi, altitude (m) of i-th provenance; and eij, error.

Least significant difference (LSD) of population means was used
to estimate the altitudinal intervals that must separate populations
before one can be reasonably certain of genetic differentiation
(Rehfeldt, 1991, 1994). LSD (a = 0.20) of those variables with high
correlation against altitude, were translated to an altitudinal
interval, which was used as limit for delineating altitudinal seed
zones for seed guideline and seedling transfers (Rehfeldt, 1983,
1991; Sáenz-Romero and Tapia-Olivares, 2008).

The degree of association among the variables was evaluated by
analysis of correlation among the means per population of all the
variables using CORR of SAS procedure (SAS Institute, 1988).

3. Results and discussion

3.1. Genetic differences among populations

Significant differences (P < 0.0001) were found among P.

hartwegii populations in all the evaluated characteristics
(Table 2). Despite the short geographical distances between
populations (only up to 1.95 km), the differential selective forces
apparently are strong enough to promote genetic differentiation

Table 2
Mean square, percentage of contribution to total variance (%) and significance level (P) of plant characteristics of 13 Pinus hartwegii Lindl. populations.

Trait Block Population Block � Population Family (Population) Error

MS % P MS % P MS % P MS % P MS %

Height at 7 months 0.7 6.0 0.0001 1.9 3.0 0.0001 0.7 7.9 0.0001 0.5 3.0 0.0311 0.4 80.1

Height at 18 months 61.9 3.7 0.0001 47.3 3.0 0.0001 12.0 3.5 0.0121 21.7 14.9 0.0001 8.5 74.9

Frost damage 15590.0 13.6 0.0001 3024.1 2.4 0.0001 1346.2 7.8 0.0001 1152.8 6.2 0.0001 688.6 70.0

Plants that had left grass stage 801.4 12.1 0.0012 1183.5 32.2 0.0001 210.5 55.7

Stage of shoot development 334.7 3.5 0.0966 1275.3 40.9 0.0001 185.3 55.6

Error terms used for F test for seedling height and frost damage were for block: MSBlock � Population; for populations: MSBlock � Population + MSfamily (population) �MSError; for

interaction block � population and for family (population): MSError. For plants that had left grass stage and for the stage of shoot development, the error term for block and

populations was: MSError.
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among populations, even under the likely presence of an active
gene flow (mainly thought pollen) among populations (Bradshaw,
1972).

The percentage of contribution of the populations to total
variance for total seedling height at seven and 18 months of age
was 3%; in frost damage the populations contributed with 2.4%
(Table 2). These values are close to those reported on plant height
at 30 months of age (3.3%) in P. oocarpa (Sáenz-Romero et al.,
2006). The contribution of populations to total variance for the
percentage of plants that had left grass stage and for the
percentage of plants with advanced stage of shoot development
was very high: 32.2% and 40.9%, respectively. This indicates
important genetic differentiation among populations for shoot
elongation dynamics. However, the comparison among traits for
population contribution to total variance needs to be taken with
caution, because for percentage of plants with breakage of the
grass stage and stage of shoot development, there was no
estimation of the variation among families within populations,
as there was for seedling height and frost damage.

3.2. Altitudinal pattern of genetic variation

The correlation between the population mean and the altitude
of their origin was negative for all the variables, but the importance
of correlation was variable for the different characters, and in the
case of plant height it was different according to plant age.

Plant height showed negative association with the altitude of
the site of origin; the plants of populations from lower altitudes
grew taller than those of higher altitude (Fig. 1). This pattern was
more pronounced at 7 months of age (r = �0.71, P = 0.0065, Fig. 1a)
than at 18 months (r = �0.53, P = 0.0630, Fig. 1b). This pattern of
altitudinal genetic differentiation is common in several conifer
species, but the magnitude of negative association between plant
height growth and altitude of the population can be variable in
each species. For example, a highly pronounced altitudinal pattern
has been found in Pseudotsuga menziesii [Mirb.] Franco var. glauca

Beissn. at 3 years of age (r = �0.81), when populations from lower
altitude grow taller (Rehfeldt, 1989a), but the correlation is less
marked in Larix occidentalis Nutt.(r = �0.47) (Rehfeldt, 1982). Also,
the patterning can vary among species. In some cases, populations
from middle elevation grow taller than those from lower or higher
elevation (Ohsawa and Ide, 2007), as for example, in the case of
Pinus brutia (Isik and Kara, 1997), and for basal diameter of 6-
month-old P. oocarpa seedlings (Sáenz-Romero et al., 2004).

Maternal effects like seed size could have accentuated
altitudinal differentiation in plant height at 7 month of age in
the present study. Since seed size was not evaluated, we cannot
estimate the magnitude of the possible maternal effect nor rule it
out. In Pinus taeda L. and Pseudotsuga menziesii [Mirb.] Franco var.
menziesii, for example, it has been found that seed size influences
total plant height during the first months of age and generates
confusion with the growth potential associated to genetic factors
(Dunlap and Barnett, 1983; Sorensen and Campbell, 1985; St. Clair
and Adams, 1993). However, there is also evidence that it is not
recommended to adjust nursery results to seed weight for two-
year-old Pseudotsuga menziesii seedlings, because maternal effects
seem to have also a genetic component (Sorensen and Campbell,
1993).

The damages caused by low temperatures showed a marked
pattern of genetic altitudinal differentiation. The plants with
provenance from populations of lower altitude presented more
frost damage than those from higher altitude (r = �0.71,
P = 0.0061, Fig. 2). Based on the statistical model (3), the regression
equation (r2 = 0.5098, P = 0.0061) was obtained (Fig. 2), which
indicates that for every 100 m less altitude of population, the frost

damages increase by approximately 2.6%. For example, it is
expected that the plants from sites at an altitude of 3600 m
(highest altitudinal limit of their distribution) may present mean
damage of 53%, while the plants from an altitude of 3000 m (lowest
limit) would have damages of 69%. A similar pattern was found in
P. devoniana, where for every 100 m of altitudinal difference there
was a differential of 5.2% of frost damage (Sáenz-Romero and
Tapia-Olivares, 2008).

Fig. 1. Relationship among means of plant height per population at 7 (a) and 18 (b)

months of age, against altitude of origin of 13 Pinus hartwegi Lindl. populations. The

vertical bars represent standard deviation and different letters indicate different

mean grouping according to Duncan (a = 0.05) test.

Fig. 2. Relationship between the percentage of frost damage per population and

altitude of origin of 13 Pinus hartwegii Lindl. populations. The vertical bars represent

standard deviation and different letters indicate different mean grouping after

Duncan (a = 0.05) test.

H. Viveros-Viveros et al. / Forest Ecology and Management 257 (2009) 836–842 839
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A negative relationship between frost damage and altitude has
also been found for Pseudotsuga menziesii var. glauca (r = �0.66;
Rehfeldt, 1989a), Pseudotsuga menziesii var. menziesii (r = �0.75;
Martı́nez-Mier et al., 2005), and Pinus contorta Dougl. spp. latifolia

Engelm. ex Watson (r = �0.46, Wei et al., 2001 and r = �0.65,
Rehfeldt, 1985). However, it is notorious that within the
populations there is an important source of variation in this
characteristic, which is reflected in standard deviation of the
population mean as well as in the contribution of the families to
total variance (6.2%, P = 0.0011, Table 2). This genetic variability
among and within populations can be important for plant
adaptation facing the new conditions generated by the climatic
change.

The percentage of plants which at the age of 22 months had
already left grass stage, presented negative correlation with the
altitude of the site of origin (Fig. 3), though relatively weak
(r = �0.45) and not significant (P = 0.1181). Nevertheless, the
results show important variability among populations with
respect to the proportion of individuals having broken grass stage
at this age. There are no previously published studies that show the
dynamics of grass stage with respect to population altitude in this
species, as far as we know.

The stage of terminal shoot development at the age of 22
months (by April 3rd, 2007, taking into account only those plants
that had left grass stage), also showed a marked pattern of genetic
differentiation among the populations negatively associated to
altitude (r = �0.73, P = 0.0046), where the populations of lower
elevation had shoots with higher degree of development compared
to populations of higher altitude (Fig. 4). Globally, this indicates
that the plants of lower altitude initiate shoot development earlier
or at more accelerated growth rate than the plants originally
coming from higher altitudes. Analyzing the data in detail, such
pattern actually is differentiated in two population groups: one
group made up of three populations originated from an altitude
between 3000 and 3100 m, with earlier or quicker development,

and a second larger group composed by the remaining populations
(from an altitude of 3150–3600 m) with later or slower develop-
ment. Similarly, in Pinus contorta var. latifolia populations, a
negative association has been demonstrated, between the degree
of shoot development and the altitude of the populations
(r = �0.69, Rehfeldt, 1985). The same relationship becomes evident
in the moment when the period of seasonal growth finishes, in the
plants of Pseudotsuga menziesii var. menziesii (r = �0.4, Griffin and
Ching, 1977).

However, there is a significant association between the fact that
plants had left grass stage or not, and their height growth and the
stage of shoot development. This is reflected in the magnitude of
correlation between the percentage of individuals having left grass
stage, and the variables plant height at 18 months of age (r = 0.821,
P = 0.001) and stage of shoot development (r = 0.704, P = 0.007)
(Table 3). In other words, the populations which had the largest
proportion of individuals having left grass stage at 22 months, had
the greatest mean values of height at 18 months, and the largest
percentage of individuals with further advanced stage of shoot
development at the age of 22 months. It is not possible to
completely separate the effect of continuance or not from grass
stage and growth potential, due to the fact that shoots of the plants,
having not yet left grass stage, could not have developed more than
6 cm by the month of April (22 months of age). Based on the
aforesaid, it is convenient to carry out studies similar to the present
one in a longer term, which allows assessing the growth potential
once all the plants surpass the grass stage.

The differentiation among populations associated to the
altitudinal gradient found in all the analyzed variables, indicates
that along the altitudinal gradient where P. hartwegii is distributed,
on the Pico of Tancı́taro, Michoacán, there is a differential selection,
probably due to differences of temperature and precipitation,
associated to altitude, strong enough to promote genetic differ-
entiation among the populations, as an adaptive mechanism
(Endler, 1977; Rehfeldt, 1988, 1989a, 1989b).

Fig. 3. Relationship between the percentage of plants having left grass stage at 22

months of age per population and altitude of origin of 13 Pinus hartwegii Lindl.

populations. The vertical bars represent standard deviation and different letters

indicate different mean grouping after Duncan (a = 0.05) test.

Fig. 4. Relationship between percentage of plants at an advanced stage of shoot

development per population and altitude of 13 Pinus hartwegii Lindl. populations.

The vertical bars represent standard deviation and different letters indicate

different mean grouping after Duncan (a = 0.05) test.

Table 3
Pearson’s correlation coefficient (r) and significance (P, in parenthesis) of variables evaluated in plants of 13 Pinus hartwegii Lindl. populations.

Traits Height at 18 months Frost damage Plants that had left grass stage Stage of shoot development

Height at 7 months 0.619 (0.024) 0.372 (0.211) 0.769 (0.002) 0.632 (0.020)

Height at 18 months 0.407 (0.167) 0.821 (0.001) 0.750 (0.003)

Frost damage 0.245 (0.421) 0.465 (0.109)

Plants that had left grass stage 0.704 (0.007)

H. Viveros-Viveros et al. / Forest Ecology and Management 257 (2009) 836–842840



Author's personal copy

3.3. Seed zoning and implications of the study

Due to the fact that there are significant differences among
populations in total plant height at seven and 18 months of age, in
frost damage, and in proportion of plants that have left grass stage
and reached an advanced stage of shoot development at 22 months
of age, it is important to delineate altitudinal seed zones and to
establish criteria for moving seed according to altitude, with the
purpose of conducting ecological restoration, commercial planta-
tions, and defining strategies of genetic conservation.

For frost damages, the least significant difference (a = 0.2)
indicates that two populations are significantly different if they
differ by 9.12% or more in average frost damage. Therefore, the LSD
ratio with respect to the regression coefficient suggests that
populations separated by 346 m are likely to be genetically
different. The breadth of a seed zone was defined rounding up such
altitudinal difference to 350 m. A similar result was found for 7-
month-old seedling height (another variable with large association
to altitude).

For practical purposes, we suggest the delimitation of two seed
zones, the first zone delimited between 3000 and 3350 m of
altitude, and the second zone between 3350 and 3700 m (Table 4).
The first zone has its lower limit at the lowest altitudinal
distribution of the populations in the studied area, and also aims
at capturing the variability of a set of lower altitude populations
that seems to behave distinctively: they have the largest values of
frost damage (populations between 3000 and 3200 m, Fig. 2) and
also the largest and most distinctive shoot development (between
3000 and 3100 m, Fig. 4). The second seed zone aims at capturing
the variability of most of the remaining populations, from 3350 m
to the upper altitudinal limit.

For ecological restoration, the seeds collected in a given seed
zone must be used within the same zone, or within an interval of
�175 m from the place where it was collected, which corresponds to
half of the breadth of an altitudinal seed zone (Table 4). This way, it
would be expected that the frost damage of the plant at the planted
site will not be significantly different from the expected frost damage
if the plants were from local origin. If plants of the populations from
lower elevation are utilized to reforest the highest seed zones, the risk
of high mortality because of frost damages has been run. On the
contrary, if seed of populations from higher altitude is used to reforest
areas of lower altitude, inferior mean growth will be obtained than at
utilizing local seeds.

However, for commercial plantations (purposes at present not
made in the studied area, but that could eventually be done in
future, or in other P. hartwegii natural distribution areas), it might
be worth moving seeds from the first to the second seed zone, and
to run the risk of having some frost damage if such loss is surpassed
by the gains in growth potential.

Nevertheless, the aforementioned will be modified because of
global warming, since it is foreseen that the risk of frost damages
will diminish in the near future. It is also reasonable to assume that
if only local seed is used for reforestation, in future the populations
will be gradually more stressed by the higher temperature without
increase of precipitation (Sáenz-Romero et al., 2006). Therefore, to
mitigate the potential negative effects of global warming, it may be

preferable to move the seed upwards according to altitude than to
use local seed. To what extent would altitudinal displacement
upwards have to be made? The response to such question requires
estimates of the global warming for the region at different
altitudes.

For genetic conservation of the natural populations, one
desirable first step is to establish Forest Genetic Resources
Conservation Units (FGRCUs) (Sáenz-Romero and Tapia-Olivares,
2003; Sáenz-Romero et al., 2003). A FGRCU is a representative
natural stand of any species with a management priority to
maintain genetic diversity, as well as to allow natural evolutionary
forces to mold the genetic structure of the population (Ledig, 1988,
1992; Millar and Libby, 1991; Sáenz-Romero et al., 2003). We
propose to establish at least one FGRCU in each seed zone. The
FGRCU also can be used as seed source for restoring natural
populations. Guidelines for using seed originated from a FGRCU
would be basically the same as for ecological restoration.

Seed zone delimitation might be needed for other areas of
México were P. hartwegii occurs at even higher altitudes than at
Pico de Tancı́taro; for example, on the volcanoes Volcán de Colima,
Nevado de Toluca, Popocatépetl, Iztaccı́huatl, and Citlaltépetl,
where populations distribute between altitudes of 3000 and
4000 m (Perry, 1991). Lacking results of provenance tests of
populations collected on those volcanoes, perhaps an acceptable
management decision could be to use temporarily seed zones with
basically the same criteria as in this report, delineating for those
volcanoes one additional seed zone for the upper part of P.

hartwegii distribution. Thus, seed zones could have limits at: 3000,
3350, 3700, and 4050 m.

On the other hand, given that the variation within populations
was higher than that among populations (Table 2), the possibility
arises that plants of each population naturally achieve certain
adaptation to the new environmental conditions, generated in
view of the climatic change, thanks to survival of certain families
within every population.

4. Conclusion

Significant differences among populations were found for total
plant height at 7 and 18 months of age, damages due to low
temperatures, breakage of the grass stage, and percentages of
plants with well-developed shoots in P. hartwegii. The differentia-
tion pattern found was moderately clinal, associated to altitude
above sea level of the site of origin of each population. The
population from lower elevation had taller plants, larger percen-
tages of frost damage, higher proportion of plants that had left
grass stage, and higher percentage of plants with advanced shoot
development.

We suggest to delineate two seed zones within the altitudinal
distribution of P. hartwegii, each zone of 350 m of altitudinal
breadth. The genetic differentiation shown among populations
suggests, for management purposes, to transfer seeds and plants in
intervals of �175 m, but preferably to use local seed. In order to
lessen the potential effects of global warming, it is suggested to
transfer seeds or plants from lower to higher altitude, though it still
must be determined to what extent altitudinal transfer should be
carried out.
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Recursos Genéticos Forestales. CONAFOR-Comisión Forestal de América del
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Sáenz-Romero, C., Guzmán-Reyna, R., Rehfeldt, G.E., 2006. Altitudinal genetic
variation among Pinus oocarpa populations in Michoacán, México; implications
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