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Abstract

In order to determine the genetic variation among
populations of Pinus hartwegii along altitudinal gradi-
ents, and the possible adaptive decoupling due to climat-
ic change, a common garden test was set up with 13
provenances collected along an altitudinal transect
(3150 to 3750 masl; collection sites were every 50 m of
altitudinal difference) from Pico de Tancítaro,
Michoacán, west-central Mexico. The test evaluated

trees aged 4.5 to 5.5 years, and contemporary and future
(year 2030; six model-emission scenarios) climate vari-
ables were estimated. We found significant (P<0.005)
differences among populations in total elongation, final
seedling height, basal diameter, rate of elongation, dry
weight of needles, branches and stem, total dry weight
and first principal component. We found a significant
association between population performance, expressed
as first principal component values, and their climate,
where the best climatic predictor was the frost free peri-
od (r2=0.90, P<0.0001). This result indicates that the
patterning of genetic differentiation among populations
is strongly associated with a climatic and altitudinal
gradient. We propose a re-delineation of fixed climatic
and altitudinal seed zoning for seed and seedling move-
ment, based on intervals of 26 days of difference of frost
free period: Zone 1, from 240 to 214 days of frost free
period or 12 to 11°C or 3150 to 3350 masl; Zone 2, 214 to
188 days or 11 to 10°C or 3350 to 3550 masl; and Zone
3, 188 to 162 days or 10 to 9°C or 3550 a 3750 masl.
Projecting at what altitude will occur the same frost free
period values by year 2030, we suggested that popula-
tions should be shifted 400 m attitudinally upward,
through a program of assisted migration, aiming to
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realign the populations to the climate for which they are
adapted. Seedling deployment should use future (year
2030) fixed seed zones, with the same projected climatic
interval values than contemporary climate, although at
the following altitudinal limits: Zone 12030, from 3550 to
3750 masl; Zone 22030, 3750 to 3950 masl; and Zone 32030,
3950 to 4150 masl.

Key words: Pinus hartwegii, provenance, altitudinal genetic
variation, seedling height, shoot elongation, dry weight, climat-
ic change, zoning, assisted migration.

Introduction

Pinus hartwegii Lindl is a pine species from the tem-
perate-cold zones of Mexico and Central America that
grows at altitudes between 3000 to 4000 m, along tim-
berline (LAUER, 1978; PERRY, 1991). Its extreme altitudi-
nal distribution makes P. hartwegii a species highly vul-
nerable to global warming, which could reduce its exclu-
sive habitat (GOMEZ-MENDOZA and ARRIAGA, 2007). By
the end of the current century, suitable climates for the
conifer forests in the Trans-Mexican Volcanic Belt in
México, where P. hartwegii populations naturally occur,
may be reduced 92% (REHFELD et al., 2012). There is
mounting evidence that rear-end populations (those at
the lower altitudinal limit in the case of tree species dis-
tributed in mountain ranges) are entering a process of
decline, apparently due to drought and heat stress
linked to climatic change (ALLEN et al., 2010; MÁTYÁS,
2010).

Estimation of potential decoupling (due to climatic
change) between conifer populations and the climate for
which they are adapted and definition of management
actions aiming to realign genotypes to their suitable
environments require comprehension of (a) the pattern
of genetic variation along altitudinal gradients, (b) the
association between populations and the climate for
which they are adapted, and (c) an estimation of where
and when in the future a given climate suitable for a
given population will occur (TCHEBAKOVA et al., 2005;
SÁENZ-ROMERO et al., 2006; SÁENZ-ROMERO et al., 2012a).

The patterning of genetic variation among populations
for P. hartwegii quantitative traits was studied in 18-
month-old seedlings by VIVEROS-VIVEROS et al (2009). An
altitudinal cline was found, and 350 m wide altitudinal
seed zones were delineated. However, it is important to
confirm such patterning at older ages. There is also a
previous study of isoenzymatic variation among
P. hartwegii population (VIVEROS-VIVEROS et al., 2010),
but it does not provide answers about performance of
adaptive traits.

The objectives of the research were (a) to determine
whether genetic differences exist among populations for
seedling height, diameter, patterning of shoot elongation
and biomass accumulation for Pinus hartwegii seedlings
originating at different altitudes on Pico de Tancítaro,
Michoacán, central-west México, (b) to re-delineate an
altitudinal seed zoning developed previously by
VIVEROS-VIVEROS et al. (2009), and (c) to estimate the
altitudinal shift needed to realign contemporary popula-
tions to the sites where, by the year 2030, the climate
for which they are adapted will occur.

Materials and Methods

Seed collection and test establishment

Open-pollinated seeds were collected in January 2005
from 13 Pinus hartwegii populations in Pico de Tancí-
taro National Park, Michoacán, central-west Mexico.
Seed was collected along an altitudinal transect from
3150 masl to 3750 masl, with one population collected
every 50 m of altitudinal difference (Table 1, Figure 1).
Those populations are the same as those studied by
VIVEROS-VIVEROS (2009, 2010), although we verified and
corrected provenance altitudes (adding 150 m of altitude
to each provenance). The trees represented by these
samples are termed populations, while the location of a
population is called the provenance.

Seedlings were grown for 19 months under the nurs-
ery conditions described by VIVEROS-VIVEROS et al.
(2009). After the nursery stage, seedlings were trans-
planted to a common garden test, in which conditions
consisted of two raised rectangular wooden beds, each
12.3 m long x 1.5 m wide x 0.6 m high; the wooden
structures were filled with a 20-cm layer of coarse extru-
sive volcanic gravel to improve drainage (particle size:
28.4–37.3 mm), and on top of that, a 40 cm layer of a 4:1
mixture of local Andosol pine-oak forest top-soil and
commercial Creciroot® substrate. Seedlings were placed
in a randomized complete block design, with five blocks,
13 populations, plots of five-seedlings in a row, spaced
0.3 m within plots 0.3 m apart. The first and the last
plot of each wooden structure were flanked by a row of
randomly selected seedlings to control the edge effect.
The test was covered by a 35% shade net. Test was
located at the Universidad Michoacana de San Nicolás
de Hidalgo, Morelia, Michoacán (101°14'59''W,
19°41'20''N, 1955 masl, mean annual temperature
17.0°C, average annual precipitation 881 mm; see loca-

Table 1. – Geographic and altitudinal location of the Pinus
hartwegii Lindl. populations in Pico de Tancítaro National
Park, Michoacán, Mexico. 
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tion in Figure 1). Plants were irrigated as needed to cope
with much warmer conditions than those of natural
stands; no irrigation would have resulted in severe mor-
tality in the experiment; we preferred to avoid that,
although we know that growth might be different from
performance that could be obtained if the experiment
were placed near or inside natural stands.

When seedlings were four years and seven months old
(early February 2010), just before initiation of shoot
elongation, seedling height (mm) was evaluated every
two weeks for four months, and then every 3 weeks for
three months until growth ceased (end of August 2010,
five years and two months old). Height was measured
with a ruler supported by an aluminum bar to standard-
ize the measurements. Basal diameter (mm) was also
measured at the end of the growing season.

In December 2010, when seedlings were five years and
six months old, the aerial part of the seedlings was har-
vested to determine dry weight. Needles, branches and
stem were dried separately in an oven (Feliza®, México)
at 60°C for 72 hours. Large stems were fragmented to
facilitate drying. Dry weight was measured using a
scale (Ohaus®, Canada; 0.00 g). Dry weight of the aerial
part of the seedling was derived by adding dry weights
of needles, branches and stem; this will herein be
referred to as simply total dry weight.

Data analysis

Logistic growth function for total height was fit for
each individual seedling, using PROC NLIN of SAS
(2004) and the following model (SÁENZ-ROMERO et al.,
2012b):

Yi = 1 / (1 + e 
(�0 + �1 � + (�1 /X))) [1]

where Yi = observation on the i
th seedling (total height);

�0, �1 and �2 are regression parameters and X=mea-
surement date (Julian day).

Regression parameters (�0, �1 and �2) were used to
estimate a growth curve of predicted values for each
individual seedling, using the following model:

Pi = (1 / (1 + e 
(�0 + �1 � + �2(1 /X)))) Z [2]

where Pi =predicted growth (total height) for the ith

seedling; �0, �1 and �2 are regression parameters;
X=measurement date (Julian day) and Z=total elonga-
tion (mm).

Variables used in analyses of genetic variation include
total elongation (the difference between the final mea-
surement of five-year- and two-month-old-seedling
height and the initial seedling height obtained at four
years and seven months of age), and basal diameter. We
also used the regression models to estimate the day on
which 2 mm of growth had occurred for each seedling,
that is, the start of growth period in Julian days; the
day on which all but 2 mm of growth had occurred, that
is, the end or cessation of the growth period in Julian
days; the rate of elongation between 20% and 80% of
total elongation, that is, the maximum growth rate; and
the number of days between start of growth and end of
growth, or the duration of growth period. 

These variables were used in an analysis of variance
to test significance among populations, using PROC
GLM of SAS (SAS, 2004). Ratio of variance component
to total variance was estimated using PROC VARCOMP

Figure 1. – Geographic location of the Pinus hartwegii Lindl. populations in Pico de Tancítaro Nation-
al Park and of the Morelia test site in the State of Michoacán, Mexico. Population number in the
panel insert as coded in Table 1.
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METHOD=REML (SAS, 2004). These analyses used the
following statistical model:

µijk = µ + Bi + Pj + Bi*Pj + �ijk [3]

where Yijk = observation on the kth seedling of the jth
 population of the ith block, µ = overall mean, Bi = effect
of ith block, Pj effect of the j

th population, Bi*Pj = inter-
action of population by block, and �ijk = error term;
i=1, ...b, j=1, ... t, and k=1, ...n, where b=5, t=13, n=5,
which are the number of blocks, populations, and
seedlings per plot, respectively. 

In order to express the genetic differentiation among
populations across several traits in a single variable,
principal components were estimated from those quanti-
tative traits that were significantly different among pop-
ulations. Analysis was conducted using the PRINCOMP
procedure of SAS (SAS, 2004). Total dry weight was
eliminated from the principal component analysis to
prevent self-correlation (r>0.90) with other dry weight
variables (needles, branches and stem). 

The relationship between the environmental gradient
(along the altitudinal transect) of the seed sources and
genetic variation among populations was assessed by
regressing the first principal component (PRIN1)
against each one of 15 climatic variables representing
the environmental gradient: Mean annual temperature
(MAT, °C), mean annual precipitation (MAP, mm), total
precipitation in the growing season (April to September,
GSP, mm), degree-days above 5°C (DD5), negative
degree-days calculated from minimum temperature
(MINDD0), mean temperature in the coldest month
(MTCM, °C), mean minimum temperature in the coldest
month (MMIN, °C), mean temperature in the warmest
month (MTWM, °C), mean maximum temperature in
the warmest month (MMAX, °C), Julian date of last
spring frost (SDAY), Julian day of first fall frost (FDAY),
length of frost-free season (FFP, days), degree-days
above 5°C in the frost-free season (GSDD5), Julian day
on which DD5 sums to 100 (D100), and an annual aridi-
ty index (AAI=DD50.5/MAP). Those climatic variables
have demonstrated relevance as primary factors control-
ling the distribution of biomes and plant species (see
TUHKANEN, 1980; REHFELDT, 2006; REHFELDT et al.,
2006). Climatic values were estimated for the total of 13
Pinus hartwegii provenances for contemporary climate
(average 1961–1990). Climate estimations were
obtained from spline climate surfaces fitted from month-
ly average temperatures (mean, maximum and mini-
mum) and monthly precipitations from numerous
weather stations (see SÁENZ-ROMERO et al., 2010).
Regression analysis was conducted testing one climatic
variable at a time, because there was a strong correla-
tion among climatic variables. Regression used a linear
and a quadratic model with PROC REG (SAS, 2004).
The linear model was:

Yij = �0 + �1Xi + �ij [4]

where Yij = population mean of the first principal compo-
nent, �0= intercept, �1=slope, Xi=value of a climatic
variable of the ith population origin, �ij=error. 

The quadratic model was:

Yij = �0 + �1Xi + �2Xi
2 + �ij [5]

We explored also selection of the best climatic vari-
ables conducting stepwise multiple regression analysis,
using PROC REG (SAS, 2004).

Seed zoning

Differentiation along the cline was interpreted rela-
tive to the least significant difference (LSD, �=0.20) for
the first principal component. Then, climatic seed fixed
zones were delimited by translating the LSD into an
interval of climatic values that must separate popula-
tions before there can be reasonable certainty of genetic
differentiation. (REHFELDT, 1991; SÁENZ-ROMERO et al.,
2006; SÁENZ-ROMERO et al., 2012b). The equivalence of
the LSD for the first principal component to climatic
values were obtained from the regression models fitted.

The association between climatic variables and alti-
tude (masl) was explored by conducting a regression
analysis of the climatic variables against provenance
altitude. Because there was a strong association
between climatic values and altitude, climatic fixed seed
zones were translated also to altitude, considering that
forest managers find it easier to use altitude as a guide-
line for seed and seedling movement than climatic val-
ues. That is in part because topographic maps are wide-
ly available in México at different scales, but that is not
the case of detailed climatic maps. Thus, altitudinal zon-
ing done previously by VIVEROS-VIVEROS et al. (2009)
was revisited.

Estimation of future climatic variables

Forecasted climate change estimates for the prove-
nances for the decade centered in year 2030 (herein
called year 2030) were obtained after refitting the spline
climate surfaces with outputs of three global circulation
models (GCMs) and two emission scenarios for each
GCM: (1) Canadian Center for Climate Modeling and
Analysis (CCCMA), using the CGCM3 (T63 resolution)
model, SRES A2 and B1 scenarios; (2) Met Office, Hadley
Centre (UKMO), using the HadCM3 model, SRES A2
and B2 scenarios; and (3) Geophysical Fluid Dynamics
Laboratory (GFDL), using the CM2.1 model, SRES A2
and B1 scenarios. Data, their descriptions and an expla-
nation of the scenarios are available from the Intergov-
ernmental Panel on Climate Change Data  Distribution
Center (http://www.ipcc-data.org/). In general, the A2
scenario reflects unrestrained carbon emissions (the
“pessimistic” scenario), while the B1 and B2 scenarios
incorporate social and economic restraints (the “opti-
mistic” scenarios) (IPCC 2000). See REHFELDT (2006) for
a description of downscaling techniques and grid devel-
opment and SÁENZ-ROMERO et al., (2010) for the Mexico
extension. Point estimates for all climatic variables for
each provenance were obtained by interrogating the
spline climatic surfaces (contemporary and year 2030) by
using a web-based interface (http://forest.moscowfsl.
wsu.edu/climate/; CROOKSTON and REHFELDT, 2011), and
then for the year 2030 estimation the six model-scenario
estimates were averaged by provenance.

Estimation of future seed zones

To produce a simple guideline that can be applied in
land-use management to realign contemporary popula-
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tions to inhabit in 2030 the same climate they inhabit
today, we delineated year 2030 altitudinal seed zones
that should be used to deploy at present seedlings origi-
nated from seed collected at the contemporary seed
zones. The climate average 1961–1990 is the best repre-
sentation that we have available of contemporary cli-
mate and is built in a spline climatic model (SÁENZ-
ROMERO et al., 2010). It is very important that the con-
temporary climate of reference does not continue shift-
ing (to say for example 2000–2010 instead of
1961–1990), since the underlying assumption is that
contemporary climate is that to which natural popula-
tions have adapted in an evolutionary process. Today’s
climate (average 2000–2010 or so) has already been
affected by global warming. We chose the time horizon
of the decade centered in year 2030 as the future cli-
mate target, because realigning the contemporary geno-
types to a climate expected by year 2060 in a given site
could expose the seedlings to frost damage today (SÁENZ-
ROMERO et al., 2012a). 

We delineated future seed zones using as limits the
same values of the frost free period that were used to
define the contemporary seed zone limits. We chose that
climatic variable in particular because it was the one
that, under contemporary climate, best predicted the
population average of the growth performance first prin-
cipal component. However, in order to find the future
equivalence in altitude of those frost free period values,
we fit a regression (using Proc REG of SAS, 2004) using
as dependent variable the average frost free period
value averaging across six model-scenario projections,
against altitude of each population (as the independent
variable). 

Results and Discussion
Differences among populations

There is a strong indication of genetic differentiation
among populations for quantitative traits. Differences
among populations were significant for total elongation,
(P=0.0008), rate of elongation (P=0.0014), final
seedling height (P=0.0150), basal diameter (P<0.0001),
dry weight of needles (P=0.0001), branches (P=0.0045),
stem (P=0.0027), and total dry weight (P=0.0003)
(Table 2). Differences among populations were as large
as 23.3% of the contribution to total variance for basal
diameter.

Apparently, what caused differences among popula-
tions was the rate of elongation, rather than the dura-
tion of the growth period since there were no significant
differences among populations for start, end or duration
of the growth period.

There were no significant differences among blocks or
for the interaction block by population for any of the
studied variables, except for duration of the growth peri-
od (P=0.0437) for the interaction block by population.
The lack of significance among blocks indicates that the
common garden test had relatively homogeneous envi-
ronmental conditions (substrate, shade, irrigation regi-
men, weeding, etc.) across blocks.

Principal component analysis was conducted including
total elongation, rate of elongation, final seedling
height, basal diameter and dry weight for needles,
branches and stem. It resulted in a first principal com-
ponent (PRIN1) with an eigenvalue of 5.1 containing
73.1% of the total variation. The second principal com-
ponent had an eigenvalue of only 0.7 contributing 10.6%

Table 2. – Analysis of variance for 5.5-year-old seedlings from 13 Pinus
hartwegii populations. Percent of contribution to total variance (%) and sig-
nificance values (P).
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of the total variation. Thus, further analyses were con-
ducted using only PRIN1 as a variable representing the
variation across the traits. Contribution of individual
traits to PRIN1 was very even, with eigenvector values
from 0.31 for rate of growth to 0.41 for stem dry weight.
Positive and larger values of PRIN1 corresponded to
larger seedlings, with larger values of seedling height,
total elongation, basal diameter, and rate of elongation,
and more dry weight for needles, branches and stem. In
contrast, more negative values corresponded to smaller
seedlings with lower seedling height, total elongation,
basal diameter, and rate of elongation, and less dry
weight for needles, branches and stem.

There were highly significant differences among popu-
lations for PRIN1 (P=0.0006, Table 2), confirming a
strong genetic differentiation among populations for the
quantitative traits. 

The average per population of first principal compo-
nent values had a strong and significant association, as
indicated by the regression analysis, with all climatic
variables. The best fit was when regressing against frost
free period, using a quadratic model (r2=0.90,
P=0.0001, Figure 2), although a linear model yielded
also a significant fit (r2=0.87, P=0.0001). An stepwise
multiple regression analysis confirmed that the best
predictor of the average per population of first principal
component values was frost free period (P=0.0001); no
other climatic variable remained in the multiple regres-
sion model after frost free period was in (threshold:
P=0.15). Other climatic variables were also highly sig-
nificant when they were individually regressed, using
either a linear or a quadratic model; for example: mean
annual temperature (linear model: r2=0.81, P=0.0001;
quadratic: r2=0.86, P=0.0001), mean annual precipita-
tion (linear model: r2=0.82, P=0.0001; quadratic:
r2=0.88, P=0.0001), degree days (linear model: r2=0.81,
P=0.0001; quadratic: r2=0.86, P=0.0001), and annual
aridity index (linear model: r2=0.82, P=0.0001; qua-
dratic: r2=0.87, P=0.0001) of the provenances. Those
variables usually have demonstrated relevance as pri-
mary factors controlling the distribution of biomes and

plant species (TUHKANEN, 1980; REHFELDT, 2006;
REHFELDT et al., 2006). All this suggests a strong climat-
ic cline, where populations originating in warmer
(longer frost free periods), dryer sites, in general, had
larger seedlings (larger positive values of first principal
component) than populations from colder (shorter frost
free periods), more humid sites (populations with more
negative values of PRIN1) (Figure 2). 

The pattern of genetic differentiation among
 populations also follows an altitudinal cline, with low-
altitude populations producing larger seedlings (larger
positive values of PRIN1), and high-altitude populations
with smaller seedlings (more negative PRIN1 values;
linear model r2=0.82, P=0.0001; quadratic: r2=0.86,
P=0.0001; Figure 3). This can be explained by the very
strong association between altitude of the provenances
and the climate values. Altitude was always highly
 significant when regressed against frost free period
(r2=0.97, P=0.0001), mean annual temperature
(r2=0.99, P=0.0001), mean annual precipitation
(r2=0.99, P=0.0001), degree days (r2=0.98, P=0.0001),
and annual aridity index (r2=0.99, P=0.0001).

This climatic and altitudinal pattern apparently
results from differential selection pressures along the
climatic gradient (THOMAS, 2011). It was more pro-
nounced than the one found for the same provenances
with 7- and 18-month-old seedlings in a nursery test
conducted by VIVEROS-VIVEROS et al. (2009). The results
coincide also with a pronounced altitudinal pattern
found for P. pseudostrobus populations originating along
an altitudinal gradient and grown in a common garden
test (SÁENZ-ROMERO et al., 2012b).

Re-delineation and use of climatic and altitudinal fixed
seed zones without considering climatic change

Altitudinal seed zones proposed by VIVEROS-VIVEROS et
al. (2009) were re-delineated using the least significant
differences among populations (LSD, �=0.2) for the first
principal component. The value of LSD (1.26) was trans-
lated to the climatic difference that makes two popula-
tions statistically different for frost free period (FFP),

Figure 2. – Population averages for first principal component (larger posi-
tive values indicate larger seedlings, lower negative values indicate smaller
seedlings) fitted against provenance frost free period. Vertical lines indicate
standard error. Different letters indicate mean grouping according to least
significant differences (�=0.05) test.
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because it was the climatic variable that best predicted
the principal component values for growth traits. The
resulting equivalence of the LSD, using for simplicity a
linear regression model [PRIN1 = –9.76 + (0.04663
FFP)], was 27 days of frost free period. Then, by using
the linear regression between FFP and altitude [altitude
= 5009.93 + (–7.74309 FFP)], we found the altitudinal
difference that makes two populations statistically dif-
ferent, resulting in 209.2 m of altitudinal difference.
That value was rounded to 200 m, aiming for maximum
simplicity for forest managers when using altitudinal
seed zones. Such interval is equivalent to 26 days of dif-
ference in frost free period.
Seed zones where then re-delineated, aiming to cover

all the altitudinal distribution of the species in the stud-
ied area. We started on the frost free period value pre-
dicted for the population that occurs at the lowest alti-
tude (240 days), and delimited the fixed zone climatic

interval limits every 26 days of difference in frost free
period, resulting three fixed zones: Zone 1, 240 to 214
days of frost free period; Zone 2, 214 to 188 days; and
Zone 3, 188 to 162 days. Then, we found their equiva-
lence in altitudinal limits: Zone 1, 3150 to 3350 masl;
Zone 2, 3350 to 3550 masl; and Zone 3, 3550 to 3750
masl. Finally, in order to have the equivalence of the
zoning on other climatic variables (more commonly used
and more familiar for field foresters), we translated-
back fixed zone climatic interval limits on annual tem-
perature, precipitation, degree days and annual aridity
index, using the respective regression parameters of the
association between altitude and each of the other cli-
matic variables. The results are summarized in Table 3,
where the fixed zone climatic intervals are defined by
interval widths of 1.0°C of mean annual temperature,
45.2 mm of mean annual precipitation, 335 degree days
and 0.0043 index value of annual aridity index (Table 3).

Figure 3. – Population averages for first principal component (larger posi-
tive values indicate larger seedlings, lower negative values indicate smaller
seedlings) fitted against provenance altitude (masl). Vertical lines indicate
standard error. Different letters indicate mean grouping according to least
significant differences (�=0.05) test.

Table 3. – Climatic and elevation limits of three fixed seed zones for P. hartwegii for contemporary  climate. 
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In this way, forest managers can chose to use either alti-
tude or climatic values to decide their seed and seedling
movements. 

This zoning has narrower fixed zone elevation inter-
vals than that delimited by VIVEROS-VIVEROS et al.
(2009), which had altitudinal bands of 350 m based on
18-month-old seedling characteristics. It is possible that
if we had had more than one test site established at
locations nearer or inside the P. hartwegii natural
stands, the magnitude of the expressed genetic variation
among populations might have been different, due to
possible genotype x environment interaction effects, and
therefore, the seed zone elevation intervals might have
resulted in a different width. 

Suitable guidelines for reforestation for ecological
restoration and conservation, without taking into
account the potential effects of climatic change, would
be (a) reforestation of a given fixed seed zone using
seedlings originating from the same fixed seed zone, or
alternatively, (b) to reforest a site at a given altitude
using seedlings originating from seed collected from
±100 m in altitude or ± 13 days of frost free period or
±0.5 of mean annual temperature or ± 167.5 degree
days or ± 22.5 mm of precipitation or ± 0.0021 of annual
aridity index value from the site to be reforested (half
the width of a climatic interval or altitudinal interval).

The second approach is known also as focal point zones.
However, those recommendations to use local seed are
given ignoring the potential effects of the climatic
change.

Realigning genotypes to match year 2030 climate and
dilemmas to face

Future fixed zone altitudinal intervals limits were
estimated based on the prediction of the altitude at
which will occur for year 2030 (averaging the six model-
scenarios projections) the frost free days values that
defined the contemporary (Table 3) fixed zone intervals
limits. The estimated limits of three fixed seed zones
were: 3542, 3740, 3939 and 4137 masl. That indicated a
consisted interval width of 198 m of altitudinal differ-
ence in average. For simplification, we rounded the
interval width to 200 m, and re-delineated the future
fixed zone altitudinal intervals limits as: Zone 12030,
3550 to 3750 masl; Zone 22030, 3750 to 3950 masl; and
Zone 32030, 3950 to 4150 masl (Table 4). 

Notice on the future fixed seed zones (Table 4) that: (a)
Altitudinal intervals limits will mean an altitudinal
shift upwards of 400 m of altitude, as result of the dis-
placement of the frost free period that we know on our
contemporary climate to higher altitudes on year 2030
(Figure 4). (b) Part of the Zone 22030 and all the Zone

Table 4. – Climatic and elevation limits of three fixed seed zones for P. hartwegii for
 climate projected for year 2030. 

Figure 4. – Provenance frost free period of contemporary and year 2030 climate
(average among six model-scenarios projections) plotted against provenance alti-
tude. Arrow indicates upward altitudinal movement needed (400 m) to match a
given frost free period value for which a population is adapted at present but
will occur at higher elevation in year 2030.
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32030 exceeds the maximum altitude of Pico of Tancítaro,
that is of 3840 m (we discuss this issue later), and (c)
The frost free period values that define the zone interval
limits are the same one than for contemporary zones
showed on Table 3.

Thus, assuming that frost free period is a reliable
indicator of the climate suitable for a given population
(Figure 2), in order to realign the genotypes to the cli-
mate for which they are adapted and that will occur by
year 2030, it will be need the simultaneous use of the
contemporary and future fixed zones as the following
example: to collect seeds from contemporary seed Zone 1
(Table 3), produce seedlings in the nursery, and plant on
the corresponding future Zone 12030 (Table 4). That will
mean a shift upwards of 400 m in average. 

However, a movement of more than 200 m of altitude
at present, the width of the proposed fixed seed zone ele-
vation intervals, might implicate running the risk of
frost damage (SÁENZ-ROMERO and TAPIA-OLIVARES, 2008).
Unfortunately, Pinus hartwegii has a very slow growth
rate, compared to other Mexican pines (leaving aside the
pinyon pines), to conduct the assisted migration in two
steps (e.g. move 200 m upwards and then another 200
m) to match the climate projected for year 2030. 

Thus, forester will face the dilemma of what risk to
run: (a) to move upwards 400 m of altitude and likely to
have risk of frost damage occurring earlier after the
plantation were established, although if seedlings sur-
vive, to have later the genotypes matched to the project-
ed climate for 2030, or, (b) to move upwards only 200 m
of altitude, to have minimized the risk of frost damage
occurring earlier after plantation and consequently to
have more probabilities of seedling survivorship,
although to have later a partial decoupling between the
genotypes and the climate projected for year 2030. 

Perhaps the best approach is to move 400 m upwards
and find the way to minimize the frost damage right
after plantation, using nurse plants that could protect
the P. hartwegii plants of frost damage. Lupinus elegans
was successfully used as nurse plants protecting of
extreme temperatures planted seedlings of Abies reli-
giosa in a site near of Pico de Tancítaro, although at
lower elevation (2800 m of altitude) (BLANCO-GARCÍA et
al., 2011). Nurse plants might need to be planted at
least one year in advance, and probably to use a nurse
plant species adapted to higher altitudes than Lupinus
elegans, like Lupinus montanus. 

In practice, when procuring seed 400 m below the tar-
get site, it would be reasonable to apply the ± 100 m
focal point zones criterion; in other words, seeds from
locations that are 500 to 300 m lower than the planta-
tion site could be used.

The suggested upward shift would require a massive
reforestation program. However, if the shift is not con-
ducted, the forests will likely begin a gradual process of
decline due to the increasing mismatch between the
populations and the climate for which they are adapted
(ALLEN et al., 2010; MÁTYÁS, 2010; MÁTYÁS et al., 2010).
There is evidence that for some tree species upward alti-
tudinal migration is occurring already, but at a speed far
below what is needed to maintain the match between

tree populations and their suitable climatic habitat
(PEÑUELAS al., 2007; LENOIR et al., 2008). In fact, a
growth decline for P. hartwegii populations in Mexican
mountains has been detected, apparently due to the cli-
matic change that has already occurred (RICKER et al.,
2007).

The upward altitudinal shift of P. hartwegii popula-
tions would have as an absolute limit the summit of
their respective mountains. Thus, the upward shift of
populations that are near or at the summits would
require establishing populations on different mountain
ranges to match the climate of 2030. In the case of Pico
de Tancítaro, Michoacán, the populations near the 3840
masl summit might need to be moved to elsewhere, for
example to the flanks of the highest volcanoes in Méxi-
co, such as Nevado de Toluca, Popocatépetl, Iztaccíhuatl,
La Malinche and Citlaltépetl, in a similar fashion as
was suggested that the Abies religiosa populations near
the summits of the Monarch Butterfly Biosphere
Reserve be moved to different mountains and flanks of
high volcanoes (SÁENZ-ROMERO et al., 2012a).

Conclusions

There is genetic differentiation among populations for
total elongation, rate of elongation, final seedling
height, basal diameter, dry weight of needles, branches,
stem, total dry weight and first principal component of
five-year-old seedlings. 

Genetic differentiation among populations follows a
pronounced climatic and altitudinal cline, where popula-
tions originating in warmer, dryer and lower altitudes in
general have larger seedlings (larger total elongation,
rate of elongation, final seedling height, and basal diam-
eter) and accumulate more dry weight in needles,
branches and stem than populations originating in cold-
er, more humid and higher altitude sites.

Three climatic and altitudinal zones of 26 days of frost
free period or 1°C of mean average temperature or 200
m of altitudinal difference as width were re-delineated:
Zone 1, from 240 to 214 days of frost free period or 12 to
11°C or 3150 to 3350 masl; Zone 2, 214 to 188 days or 11
to 10°C or 3350 to 3550 masl; and Zone 3, 188 to 162
days or 10 to 9°C or 3550 a 3750 masl. Reforestation
programs should use seedlings originating in the same
seed zone where they will be planted, if they are not con-
sidering effects of climatic change.

A 400 m upward shift of seed sources is suggested, to
match the genotypes and the climate for which they are
adapted and that will occur at higher altitude sites by
year 2030. 
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