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SUMMARY

Understanding the growth rate and the timing of conifer seedling bud
elongation can be useful in selecting tree species for commercial plantations
and ecological restoration, either under the current climate or to adapt to
climatic change. Shoot growth dynamics of three dominant Pinus species
of the pine-oak forest of the Nuevo San Juan Parangaricutiro indigenous
community in Western Mexico were inspected. Using a common garden trial
of three species and seven provenances, growth was related to contemporary
(1961-1990 period averages) and future (rcp6.0 ensemble and decade
centered on year 2060) climate. Significant differences between species
were found in two-year-old plants, P. pseudostrobus and P. leiophylla showed
greater shoot elongation and plant height, larger elongation period and plant
height, and later growth cessation than P. devoniana, P. pseudostrobus and
P. leiophylla, which begin their growth and elongate their shoots during the
warm, dry season (March to May). Pinus devoniana delays the start of growth
until the end of the dry season (end of May). This suggests that P. devoniana,
at least for the second year of growth, probably avoids drought stress by
delaying shoot elongation, which could partly explain why this species grows
at lower altitude than the other pines. Climate change projections for Mexico
indicate an increase in aridity conditions by the year 2060, particularly for the
lower altitudinal limit of the populations of P pseudostrobus and P. leiophylla.
Reforestation with P. devoniana might be required at the lower altitud limits of
these pines if forest decline continues.

Index words: Climatic change, drought stress, grass stage, shoot
elongation timing.

RESUMEN

La comprension de la tasa de crecimiento y el momento de la elongacion
de las yemas de las plantulas de coniferas puede ser (til para seleccionar
especies de arboles para plantaciones comerciales y restauracion ecoldgica,
ya sea en el clima actual o para adaptarse al cambio climatico. Se
inspecciono la dinamica de crecimiento de brotes de tres especies de Pinus
dominantes del bosque pino-encino de la comunidad indigena Nuevo San
Juan Parangaricutiro, Michoacan, en el occidente mexicano. Mediante un
ensayo de jardin comUn de tres especies y siete procedencias, se relacioné
el crecimiento con el clima contemporaneo (promedios del periodo 1961-
1990) y futuro (ensamble rcp6.0 y década centrada en el afio 2060). Se
encontraron diferencias significativas entre especies en plantas de dos afos;
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P pseudostrobus y P leiophylla mostraron mayor alargamiento de brote,
mayor periodo de elongacion y altura de planta y cese tardio del crecimiento
que P. devoniana. P. pseudostrobus y P. leiophylla, los cuales comienzan
su crecimiento y alargan sus brotes durante la temporada célida y seca
(marzo a mayo). P. devoniana retrasa el inicio de crecimiento hasta el fin de
la temporada de sequia (finales de mayo). Esto sugiere que P. devoniana, al
menos para el segundo afio de crecimiento, probablemente evita el estrés por
sequia al retrasar la elongacion de brotes, lo que podria explicar en parte la
razon por la que esta especie crece a menor altitud que los otros pinos. Las
proyecciones de cambio climatico para México indican un aumento de las
condiciones de aridez para el afio 2060, en particular para el limite altitudinal
inferior de las poblaciones de P. pseudostrobus y P. leiophylla. Reforestacion
con P. devoniana podria requerirse en los limites altitudinales bajos de esos
pinos de continuar la declinacién forestal.

Palabras clave: Cambio climético, estado cespitoso, estrés hidrico,
temporalidad de alargamiento de brotes.

INTRODUCTION

Differences in growth potential between species
are essential in selecting tree species for commercial
plantations and ecological restoration; however, in order
to select the appropriate species for a geographically and
ecologically complex and highly biodiverse country like
Mexico, it is very important to know why a tree species
has more growth potential and capabilities to adapt to
predicted climate scenarios that other species in a given
environment. This requires a more detailed approach
in the study of growth dynamics, e.g. growth rate, shoot
elongation rates and timing and duration of the growing
period, as well as a possible association to climatic
variables (Rehfeldt, 1988).

Climate change represents a challenge to match
genotypes to new environments (Ledig and Kitzmiller,
1992; Saenz-Romero et al., 2016), since the appropriate
climatic habitat will become a "moving target" (Harris et
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al., 2006). Mexico will have an increase in the mean annual
temperature of 2.3 °C and a decrease in precipitation of 9
% by the year 2060 compared to the average of 1961-1990
(Saenz-Romero et al, 2010). This will cause mismatches
between the populations of forest species and the climate
to which they are adapted, inducing a gradual decay in
populations, particularly in the lower limits of their natural
altitudinal distribution (Allen et al., 2010; Breshears et al.,
2005; Jump et al., 2006; Pefiuelas et al., 2007; Rehfeldt et
al., 2009). This phenomenon will cause a decline in forest
cover and a decrease in productivity in Mexico (Lépez-
Toledo et al.,, 2017; Sdenz-Romero et al., 2020).

The forest of the Nuevo San Juan Parangaricutiro (NSJP)
indigenous community, state of Michoacan, Mexico is
dominated by P pseudostrobus Lindl., P leiophylla Schiede
ex Schltdl. & Cham. and P devoniana Lindl. (Medina et
al., 2000) distributed in a sequential and overlapping
altitudinal range, from the high altitude populations of
P pseudostrobus (upper limit at 2900 masl) to the lower
altitude populations of P devoniana at 1900 masl inside
the NSJP forest (Castellanos-Acufia et al., 2015), but the
species can be found as low as 1650 m of altitude outside
the community (Sdenz-Romero et al.,, 2012a). These three
species are of great importance in the region due to their
wide distribution, high quality of wood and resin production;
however, P pseudostrobus is by far the most abundant in
the NSJP region, and the most valuable economically for
its faster growth rate, straight stem form and wood quality
(Lépez-Upton, 2002).

Estimations of the impacts of climatic change on the
NSJP forest indicate that suitable climatic habitat of P
pseudostrobus will move to higher altitude due to climate
change, leaving low-lying populations in the rear exposed
to an unsuitable warmer and drier climate (Sdenz-Romero
et al,, 2012b), at what is called the “xeric limit" (Méatyas,
2010). Forest declination (widespread tree defoliation
followed by pest attacks leading to sudden tree death) has
recently been observed in populations of P pseudostrobus
in their lower altitudinal limit of the NSJP forest, specifically
on sites with shallow soils, which induces more drought
stress during the dry season (Lépez-Toledo et al., 2017;
Sédenz, 2015). Thus, such low-altitude populations
might need to be replaced, with human assistance, by P
devoniana, the next species distributed at lower altitudes,
occupying drier sites than P pseudostrobus (Castellanos-
Acufa et al., 2015; Gdmez-Pineda et al., 2020).

Pinus devoniana is distributed in drier and warmer sites
than P pseudostrobus (Gémez-Pineda et al., 2020), so it
is likely that the first specie has more drought resistance.
It seems that P devoniana is an alternative to replace P
pseudostrobus at the xeric limit. We asked the question:

136

Rev. Fitotec. Mex. Vol. 45 (1) 2022

What characteristics could make P. devoniana more drought
resistant than P pseudostrobus? Therefore, the aim of the
present study was to inspect the growth dynamics of Pinus
pseudostrobus, P devoniana and P, leiophylla shoots, and
relate it to contemporary and future climate projections of
the sites where they distribute, in order to understand why
those species could occupy overlapping but differentiated
altitudinal range distributions along the mountains of the
Mexican Neovolcanic Belt, and then use that knowledge
to design management plans that reduce the risk of forest
decline under climate change scenarios.

MATERIALS AND METHODS
Seed collection

Cones were collected from P devoniana (two populations),
P, leiophylla (three populations) and P pseudostrobus (two
populations) along an altitudinal transect, from 2110 (mean
natural distribution of P devoniana) to 2520 masl (middle
part of the altitudinal distribution of P pseudostrobus and
close to the upper limit of P leiophylla in NSJP) (Table 1).
All sites had the same exposure (Southeast). At each site,
five cones with open-pollinated seed were obtained from
each of the 11 trees of each species. Trees were randomly
selected from those with mature cones spaced 50 m apart
to reduce relatedness. Hereafter, population is a group of
trees represented by the samples, and the location of each
population is the provenance.

Experimental design

Seeds were removed from the cone and germinated in
a growth chamber (Lumina ICP-18, Mexico) at a constant
temperature (25 °C), alternating light and darkness in
periods of 12 h. The germinated seeds were transplanted
into 20-cm long rigid plastic containers of 350 cm? (Beaver
Plastics®, Mexico), containing a mixture of peat moss,
perlite and vermiculite (2:1:1) and a slow release fertilizer
(Osmocote, Scotts, USA), 1 L m™= of mixed substrate.

At eight months of age, the plants were established
in a raised rectangular wooden bed filled with a 40 cm
layer of a 4:1 mixture of Andosol forest soil and Creciroot®
commercial substrate. The mixture was placed on a 20
cm layer of small extrusive volcanic stones to improve
drainage. The raised nursery bed was built inside a
shade house (35 % shade) in the facilities of the Instituto
de Investigaciones sobre los Recursos Naturales,
Universidad Michoacana de San Nicolds de Hidalgo,
Morelia, Michoacan, Mexico (19° 41' 23.02" LN, 101° 15’
0.87" LW; altitude 1900 masl).

A randomized complete blocks experimental design
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Table 1. Collection sites of cones from three species of pines in the region of Nuevo San Juan Parangaricutiro, State of

Michoacan, Mexico.

Site Latitude N Longitude W Altitude (masl)  Species (Pinus)

1 19°27'34.4" 102°11'43.6" 2520 P pseudostrobus

3 19°26'24.6" 102°10'29.6" 2310 P pseudostrobus, P leiophylla, P devoniana
4 19°26'05.1" 102°10'08.3" 2217 P leiophylla

5 19°25'42.1" 102°09'34.6" 2110 P leiophylla, P devoniana

with four replications was used. In each block three
species were placed in large plots and within them the
provenances in small plots of five seedlings in a row.
Seedlings were spaced at 17 x 17 cm. The first and the last
plots were flanked by a protective row of randomly chosen
seedlings. Seedlings were watered as needed to measure
the full expression of the seedlings growth under favorable
environmental conditions, but little irrigation was required
during the rainy season from June to October 2012.

Data recording and statistical analyses

Starting in January 2012 (12 months of age) and until
the end of the year (23 months of age), plant height
measurements were made every 15 days. Height
measurements were made in great detail, to the millimeter,
using an aluminum bar as a support for the rule in order to
avoid variation in the substrate surface. A modified logistic
growth function was fitted for each individual seedling
height using PROC NLIN of SAS Ver. 9.4 (SAS Institute,
2014):

Y, = 1/{1 +e Byt X6,/
[Eq. 1]

where Y, is the observation on the " seedling (total
height); B, B, and B, are regression parameters and X is
the measurement date (Julian day).

Regression parameters (8, B, and B,) were used to
estimate a growth curve of predicted values for each
individual seedling, using the following model:

Pi=1/{1+eBy e xB,0/x1}7
[Eq. 2]

where Pi is the predicted growth (total height) for the
" seedling; B, B, and [, are regression parameters, X
is the measurement date (Julian day) and Z is the total
elongation (mm).

From these regression models, it was possible to obtain
several growth variables for use in analyses of genetic
variation, providing the ability to compare the timing
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of the shoot elongation between species, regardless of
the amount of total shoot elongation during the growing
season, which was expected to be very different between
species. The growth variables were: total elongation, the
difference between the final and the initial seedling height
(TElongation); day during the growing season on which 2
mm of height growth had occurred for each seedling, i.e,
the start of growth period in Julian days (Start); day on
which all the growth has occurred, except the last 2mm,
i.e., the end or cessation of growing period in Julian days
(End); the elongation rate between 20 and 80 % of the total
elongation, i.e., the maximum growth rate (Rate); and the
number of days between the start and the end of growth,
the duration of growth (Duration).

At 30 months of age (July 2013), the plants were
harvested for assessment of aerial biomass. This consisted
in the separation of stem, branches and needles and oven
drying (Model FE-290, Felisa Technologies, Wyckoff, New
Jersey, USA) for 72 hours at a temperature of 75 °C. Later,
they were weighed on an analytical balance (Scout, Model
RS232, Parsippany, New Jersey, USA), and the proportions
of each part in relation to the total biomass were calculated.

All growth and biomass variables were subjected to
analysis of variance to test for differences between species
and between populations within species using PROC GLM
of SAS (SAS Institute, 2014). Ratio of variance component
to total variance was estimated by using PROC VARCOMP
METHOD = REML (SAS Institute, 2014). These analyses
used the following statistical model:

Y =H+B+S+ P(S)+BxS +BxP(S)+e,
qun. 3]

where Y, is the observation on the [ seedling of the k™
population of the j" species in the /™ block, u is the overall
mean, B, is the effect of the " block, S, is the effect of the j*
species, Pk(Sj) is the effect of the k™ population nested into
the j" species; B.x S is the interaction of blocks by species,
B x P, (S) is the interaction of blocks by populations nested
into species, and €, is the error term; i =1,..b,j=1, ... s,
andk=1,..tand/=1,..n whereb=4,s=3t=2forP
devoniana and P pseudostrobus and t = 3 for P, leiophylla;
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n =5, which are the number of species, blocks, populations,
and seedlings-per-plot, respectively.

Estimation of climatic variables

Mean monthly temperature and precipitation, monthly
degree days (> 5 °C), a monthly aridity index (ratio of
monthly degree days to monthly precipitation), and length
of the frost-free period were estimated for all provenances
for the contemporary climate (period 1961-1990). Climate
estimations were obtained from spline climate surfaces
fitted to monthly average temperatures (mean, maximum
and minimum) and monthly precipitation from numerous
meteorological stations (Sdenz-Romero et al., 2010); point
estimations are available at http://charcoal.cnre.vt.edu/
climate/.

In order to visualize how climate change will affect the
growth dynamics of these species, climate projections
were made for the year 2060 using an ensemble of
General Circulation Models (GCMs) for the rcp60 scenario,
which projects greenhouse-effect gas concentrations on
medium to high pathways (van Vuuren et al., 2011). Using
only one GCM implies some uncertainty in the projections
for the future, since not all GCMs use the same weight
for climate variables; however, this can be corrected by
using an ensemble of these, which in this case calculates
the mean of 17 GCMs, and has been shown to work
better for modeling with plants (Fordham et al., 2012).

RESULTS
Differences between species

Statistically significant differences were found between
species for total elongation, end, duration, rate and plant
height (Table 2). Pinus pseudostrobus and P leiophylla
showed greater elongation, longer period of elongation, and
later growth cessation, compared to P. devoniana (Figure
1). The growth dynamics as absolute values of growth, and
also as a proportion of the total growth is shown in Figures
2 and 3, respectively. It is shown that at the second year of
age, P pseudostrobus grew about 25 cm, P. leiophylla 23
cm and P, devoniana only 8 cm (Figure 2).

For biomass distribution, significant differences (P =
0.05) were found between species for branch dry weight
and also for biomass allocation to branches, needles and
stem as a percentage of total biomass. Pinus leiophylla
was the species that allocated the most biomass to
branches (16 %), while P devoniana allocated very little
(2.8 %). In contrast, P devoniana was the species that
allocated the most biomass to stem (42.3 %) and needles
(54.8 %), while P, leiophylla (stem 38 %, needles 46 %) and
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P. pseudostrobus (stem 36.1 %, needles 49.9 %) had similar
percentages of allocation in these traits.

Differences between populations within species

When performing the ANOVA by species, significant
differences were found between populations only in
P. devoniana for needles biomass (P = 0.0306) and total
biomass (P = 0.0341), and nearly significant for stem
biomass (P = 0.0569) and plant height (P = 0.0527). The
population originated at an altitude of 2310 masl, showed
a larger growth and biomass; however, no differences were
found in biomass allocation percentages between this
population and the one from 2110 m of altitude, which
shows that the architecture of these populations is similar.

Relationship with climatic variables and potential
impacts of climatic change

The onset of growth, recognized as shoot elongation on
the second year after germination for P devoniana occurs
mainly after the dry season ends, in late May (Julian day
150; Figure 3), as the dry season in the area occurs mainly
from November to May. The onset of shoot elongation for
P pseudostrobus and P leiophylla occurs in early March
and April, as soon as the frost season ends (45-50 Julian
days; left arrows in Figure 3). Considering the climate of
1961-1990, P pseudostrobus and P, leiophylla are exposed
to a less arid climate during the dry season (the value of
the monthly aridity index reaches a maximum value of 1.60
and 1.8, respectively) than P devoniana with a monthly
aridity index with a peak reaching 1.86 (larger values of the
aridity index mean a warmer and drier climate), because
the latter species is distributed at lower altitudes.

Projected climate estimates centered on the year 2060
indicate a substantial increase in aridity during the dry
season for all three species (Figure 3). The increase in
aridity is notable when P pseudostrobus and P. leiophylla
would be starting the elongation of their shoots at this
sensitive stage (Figure 3).

DISCUSSION

Pinus pseudostrobus and P leiophylla exhibited during
the second year of growth approximately three times more
growth in plant height (Total elongation) than P. devoniana.
This is an indicator that P devoniana exhibits a moderate
grass stage during the second year of age. It is referred to
as "moderate” because 8.0 cm is too much for a full grass
stage (for example, P devoniana has been reported to
elongate shoots by 2.5-2.6 cm in 11-month-old plants, for
the best provenance (Musédlem and Sanchez-Cruz, 2003),
but too few for a normal growth pattern. The higer growth
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Table 2. P-values of the analysis of variance for growth traits related to shoot elongation from a species/provenance
common nursery tests of Pinus pseudostrobus, P. leiophylla and P. devoniana.

Source of Variation Degrees of Total elongation Start End Duration Rate Height
freedom

Species 2 0.0062 0.1148 0.0361 0.0547 0.0444 0.0003
Block 3 0.1701 0.6017 0.0727 0.0995 0.4583 0.2549
Population/Species 4 0.1811 0.8959 0.4053 0.6023 0.3653 0.0138
Species x Block 6 0.0095 0.0689 0.4285 0.3591 0.2087 0.0054
Pop/Species x Block 12 0.4323 0.4456 0.8443 0.7641 0.1121 0.7999
Error 110
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B P. pseudostrobus
O P. leiophylla
B P. devoniana
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Seedling growth (mm or days)

Figure 1. Mean by species of date of growth start (“Start”, Julian day), date of growth end (“End", Julian day), duration
of shoot growth (“Duration”, days), total elongation (“T. Elongation”, mm) and final height (“Height”, mm) of Pinus

pseudostrobus, P. leiophylla and P. devoniana.

potential of P pseudostrobus and P leiophylla was also
shown on the previous nursery stage (Castellanos-Acufia
etal,2013).

The very small biomass allocation to branches and larger
allocation to stem and foliage in P devoniana, compared to
other two species, is another characteristic that confirms
its grass-stage type seedling architecture.

The growth patterns of these three species seem to be
genetically related to the timing of the dry season and the
frost-free period, but under different adaptive strategies.
Pinus devoniana seems to delay its growth start until
after the dry season ends, while P pseudostrobus and P
leiophylla start their growth just after the end of the frost
period, which occurs much earlier in the year than the
end of the dry season. This does not necessarily mean
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that P pseudostrobus or P leiophylla are more resistant
to drought stress than P. devoniana, because the first two
species are found at higher altitudes (cooler and moister
sites) than P devoniana (Gomez-Pineda et al., 2020; Perry,
1993; Sdenz-Romero et al., 2012a; 2015;), as confirmed by
the values of the annual aridity index; thus, the difference in
shoot elongation time suggests that, at least for the second
year of growth, it is an adaptation to avoid drought stress
in the case of P devoniana, and probably an adaptation to
tolerate frost damage in the case of P pseudostrobus and P
leiophylla because of the differential altitudinal distribution
of the species. This also supports the idea that the grass
stage of P devoniana is an adaptative strategy against
harsh conditions (Keeley and Zedler, 1998; Koskela et al,,
1995; 1999), likely conferring an adaptive advantage during
the critical stage of seedling establishment.
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Figure 2. Logistic growth model expressed as absolute growth of means per species (second year of growth) in P

pseudostrobus, P. leiophylla and P devoniana.

The delayed start of the growth strategy of P devoniana
might imply an adaptive advantage in projected future
climates, because it likely confers the ability to avoid dry
season drought stress to a greater extent during the young
seedlings stage, a critical period for natural regeneration
seedling recruitment (Guzman-Aquilar et al, 2020). In
contrast, P pseudostrobus and P, leiophylla, which appear
to be more adapted to resist frost damage rather than
drought damage, could experience a more stressful
condition during shoot elongation in future climates. It
has been showed that by changing P pseudostrobus
provenances to altitudes higher than their origin, seedlings
showed no signs of frost damage (Gémez-Pineda et al.,,
2021).

Assisted migration is needed to sites that will become
drier, transferring species more tolerant to drought stress.
In this case, P leiophylla and P pseudostrobus would need
to migrate to sites at higher altitud, which will have aridity
index values that match those that currently occur at the
contemporary natural distribution (Sdenz-Romero et al.,
2015; Gomez-Pineda et al., 2020); then, the sites left empty
at lower elevations would be suitable for P devoniana.

Such a proposed change in management, that assumes
that P devonianais more resistant to drought comparedto P
leiophylla and P pseudostrobus, should ideally be preceded
by experiments comparing the growth ability of these three
species under formal drought stress treatments, preferably
in the field, or at least in growth chambers. Reciprocal
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altitudinal common nursery trials have been conducted in
the field (Castellanos-Acuia et al., 2015), but emphazing
the shift of species and populations to higher altitudes to
test the feasibility of assisted migration to higher altitudes
as an option for adaptation to climate change; in addition,
more experimentation is also needed with an emphasis on
the shift of population and species to lower altitudes, as a
way to visualize the effect of higher temperatures and lower
precipitation, as an indicator of projected future climates,
as was done recently for Abies religiosa (Cruzado-Vargas
et al,, 2021). Furthermore, a broader representation of the
natural distribution of each species will be highly desirable
by including more provenances in the field experiments,
especially including those from the extremes of the natural
distribution.

CONCLUSIONS

Differences between species were found for total
elongation, end of growth, duration of growth, rate of
growth and plant height. Pinus pseudostrobus and P
leiophylla showed greater elongation, longer period of
elongation, later cessation of growth and greater plant
height than P devoniana. The growth patterns of these
species were significantly related to climatic variables,
mainly the monthly aridity index and the duration of the
frost season. For P devoniana, it appears that while in a
grass stage, the start of growth occurs only after the
dry season ends (late May). Pinus pseudostrobus and P
leiophylla begin their growth as soon as the frost season
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Figure 3. Logistic growth model (solid lines), expressed as a proportion of total growth (averaged per species; second
year of growth) and monthly aridity index (broken lines; color corresponds to their respective species) of contemporary
(average of period 1961-1990; dotted lines: . . . .) and future climate (decade center in year 2060; dotted and dashed
broken lines: . - . - . -), for Pinus devoniana (dark gray), P. leiophylia (light gray) and P. pseudostrobus (solid black). Arrows
(bottom triangles) mark the Julian day when the frost season under contemporary climate ends (February; notice on a day
earlier for P. devoniana, late for P. pseudostrobus, intermediate for P, leiophylla) and starts (December; notice the opposite
sequence: on a day late for P devoniana, earlier for P pseudostrobus, intermediate for P leiophylla). Larger values of
monthly aridity index mean warmer and drier climate than lower values. Climate values were averaged per species based
on their altitudinal distribution in the Nuevo San Juan Parangaricutiro forest, Michoacan, Mexico.

ends (end of February), in the middle of the dry season. Technology and the State of Michoacdn (CONACyT-
Pinus pseudostrobus and P leiophylla would be under Michoacan-FOMIX-2009-127128), the Coordination
drought stress during shoot elongation if climate changed for Scientific Research of the University of Michoacan
to a warmer and drier season from March to May. Pinus (UMSNH-CIC), the PAPIT-UNAM fund (project IN203316).
devoniana may be planted instead those two pines at their We thank to CONACyT for a graduate fellowship to DCA
lower altitudinal limits. and Academia Mexicana de Ciencias visiting Science
Summer student fellowships to LAMN and TLM. We

ACKNOWLEDGEMENTS thank Felipe Aguilar, Manuel Echeverria, Felipe Lépez,

Reyes Aguilar for seed collection. Nahum Sanchez-

Financial support was provided by the joint research Vargas, Phillipe Lobbit, and Juan Carlos Montero-Castro
fund between the Mexican Council of Science and (UMSNH) provided valuable comments throughout the

141



Pinus devoniana AVOIDS DROUGHT STRESS

project. Esmeralda Navarro-Miranda helped to formatting
the manuscript.

BIBLIOGRAPHY

Allen C. D., A. K. Macalady, H. Chenchouni, D. Bachelet, N. McDowell, M.
Vennetier, ... and N. Cobb (2010) A global overview of drought and
heat-induced tree mortality reveals emerging climate change
risks for forests. Forest Ecology and Management 259:660-684,
https://doi.org/10.1016/j.foreco.2009.09.001

Breshears D. D., N. S. Cobb, P. M. Rich, K. P. Price, C. D. Allen, R. G. Balice, ...
and C. W. Meyer (2005) Regional vegetation die-off in response
to global-change-type drought. Proceedings of the National
Academy of Sciences of the United States of America
102:15144-15148, https://doi.org/10.1073/pnas.0505734102

Castellanos-Acuiia D., C. Sdenz-Romero, R. A. Lindig-Cisneros, N. M. Sanchez-
Vargas, P. Lobbit and J. C. Montero-Castro (2013) Altitudinal variation
among species and provenances of Pinus pseudostrobus, P
devoniana and P leiophylla. Nursery tests. Revista Chapingo
Serie Ciencias Forestales y del Ambiente 19:399-411, https://
doi.org/10.5154/r.rchscfa.2013.01.002

Castellanos-Acufia D., R. Lindig-Cisneros and C. Saenz-Romero (2015)
Altitudinal assisted migration of Mexican pines as an adaptation
to climate change. Ecosphere 6:1-16, https://doi.org/10.1890/
ES14-00375.1

Cruzado-Vargas A. L., A. Blanco-Garcia, R. Lindig-Cisneros, M. Gémez-
Romero, L. Lopez-Toledo, E. de la Barrera and C. Sdenz-Romero (2021)
Reciprocal common garden altitudinal transplants reveal
potential negative impacts of climate change on Abies religiosa
populations in the Monarch Butterfly Biosphere Reserve
overwintering sites. Forests 12:69, https://doi.org/10.3390/
12010069

Fordham D. A, H. R. Akcakaya, M. B. Aradjo, J. Elith, D. A. Keith, R. Pearson, ...
and B. W. Brook (2012) Plant extinction risk under climate change:
are forecast range shifts alone a good indicator of species
vulnerability to global warming? Global Change Biology 18:1357-
1371, https://doi.org/10.1111/j.1365-2486.2011.02614.x

Gomez-Pineda, E., C. Sdenz-Romero, J. M. Ortega-Rodriguez, A. Blanco-
Garcia, X. Madrigal-Sanchez, R. Lindig-Cisneros, ... and G. E. Rehfeldt
(2020) Suitable climatic habitat changes for Mexican conifers
along altitudinal gradients under climatic change scenarios.
Ecological Applications 30:¢02041, https://doi.org/10.1002/
eap.2041

Gomez-Pineda E., A. Blanco-Garcia, R. Lindig-Cisneros, G. A. O'Neill, L. Lopez-
Toledo and C. Sdenz-Romero (2021) Pinus pseudostrobus assisted
migration trial with rain exclusion: maintaining Monarch
Butterfly Biosphere Reserve forest cover in an environment
affected by climate change. New Forests 52:995-1010, https://
doi.org/10.1007/511056-021-09838-1

Guzman-Aguilar G., A. Carbajal-Navarro, C. Saenz-Romero, Y. Herrerias-
Diego, L. Lopez-Toledo and A. Blanco-Garcia (2020) Abies religiosa
seedling limitations for passive restoration practices at the
Monarch Butterfly Biosphere Reserve in Mexico. Frontiers
in Ecology and Evolution 8:115, https://doi.org/10.3389/
fevo.2020.00115

HarrisJ.A.,R.J. Hobbs, E. Higgs and J. Aronson (2006) Ecological restoration
and global climate change. Restoration Ecology 14:170-176,
https://doi.org/10.1111/j.15626-100X.2006.00136.x

Jump A. S, J. M. Hunt and J. Pefuelas (2006) Rapid climate change-
related growth decline at the southern range edge of Fagus
sylvatica. Global Change Biology 12:2163-2174, https://doi.
org/10.1111/j.1365-2486.2006.01250.x

Keeley J. E. and P. H. Zedler (1998) Evolution of life histories in Pinus. In:
Ecology and Biogeography of Pines. D. M. Richardson (ed.).
Cambridge University Press. Cambridge, UK. pp:219-251.

Koskela J., J. Kuusipalo and W. Sirikul (1995) Natural regeneration
dynamics of Pinus merkusiiin northern Thailand. Forest Ecology
and Management 77:169-179, https://doi.org/10.1016/0378-
1127(95)03571-Q

Koskela J., P. Hari and D. Pipatwattanakul (1999) Analysis of gas exchange
of Merkus pine populations by the optimality approach.
Tree  Physiology ~ 19:511-518,  https://doi.org/10.1093/

142

Rev. Fitotec. Mex. Vol. 45 (1) 2022

treephys/19.8.511

Ledig F. T. and J. H. Kitzmiller (1992) Genetic strategies for reforestation
in the face of global climate change. Forest Ecology and
Management ~ 50:153-169,  https://doi.org/10.1016/0378-
1127(92)90321-Y

Lopez-Upton J. (2002) Pinus pseudostrobus Lindl. In: Tropical Tree
Seed Manual. J. A. Vozzo (ed.). United States Department of
Agriculture. Washington, D.C. pp:636-638.

Lopez-Toledo L., M. Heredia-Hernandez, D. Castellanos-Acufa, A. Blanco-
Garcia and C. Saenz-Romero (2017) Reproductive investment of
Pinus pseudostrobus along an altitudinal gradient in Western
Mexico: implications of climate change. New Forests 48:867-
881, https://doi.org/10.1007/s11056-017-9602-8

Matyas C. (2010) Forecasts needed for retreating forests. Nature
464:1277, https://doi.org/10.1038/4641271a

Medina G. C., F. Guevara-Féfer, M. A. Martinez R., P. Silva-Séenz, M. A.
Chavez-Carbajal e I. Garcia R. (2000) Estudio floristico en el &rea
de la comunidad indigena de Nuevo San Juan Parangaricutiro,
Michoacan, Acta Botanica Mexicana 52:5-41, https://doi.
org/10.21829/abm52.2000.853

Musalem M. A. and 0. Sanchez C. (2003) Monografia de Pinus michoacana
Martinez. México.  Instituo Nacional de Investigaciones
Forestales, Agricolas y Pecuarias. México, D. F. 230 p.

Pefiuelas J., R. Ogaya, M. Boada and A. S. Jump (2007) Migration, invasion
and decline: changes in recruitment and forest structure in a
warming-linked shift of European beech forest in Catalonia
(NE Spain). Ecography 30:829-837, https://doi.org/10.1111/
J.2007.0906-7590.05247 .x

Perry J. P. (1991) The Pines of Mexico and Central America. Timber
Press. Portland, Oregon, USA. 231 p.

Rehfeldt G. E. (1988) Ecological genetics of Pinus contorta from the
Rocky Mountains (USA): a synthesis. Silvae Genetica 37:131-
135.

Rehfeldt G. E., D. E. Ferguson and N. L. Crookston (2009) Aspen, climate,
and sudden decline in western USA. Forest Ecology and
Management — 258:2353-2364,  https://doi.org/10.1016/].
foreco.2009.06.005

Séenz R. C. (2015) Efectos potenciales del cambio climatico en
los recursos forestales. La sabanizacion de las regiones
continentales de México. Sociedades Rurales, Produccion y
Medio Ambiente 15:91-110.

Séaenz-Romero C., G. E. Rehfeldt, N. L. Crookston, P. Duval, R. St-Amant,
J. Beaulieu and B. A. Richardson (2010) Spline models of
contemporary, 2030, 2060 and 2090 climates for Mexico
and their use in understanding climate-change impacts on
the vegetation. Climatic Change 102:595-623, https://doi.
org/10.1007/s10584-009-9753-5

Saenz-Romero C., S. Aguilar-Aguilar, M. A. Silva-Farias, X. Madrigal-
Sanchez, S. Lara-Cabrera and J. Lépez-Upton (2012a) Variacion
morfoldgica altitudinal entre poblaciones de Pinus devoniana
Lindl. y la variedad putativa cornuta Martinez en Michoacan.
Revista Mexicana de Ciencias Forestales 3:17-28, https://doi.
org/10.29298/rmcf.v3i13.486

Saenz-Romero C., G. E. Rehfeldt, J. C. Soto-Correa, S. Aguilar-Aguilar,
V. Zamarripa-Morales and J. Ldpez-Upton (2012b) Altitudinal
genetic variation among Pinus pseudostrobus populations
from Michoacan, México: two location shadehouse test
results. Revista Fitotecnia Mexicana 35:111-121, https://doi.
0rg/10.35196/rfm.2012.2.111

Saenz-Romero C., G. E. Rehfeldt, J. M. Ortega-Rodriguez, M. C. Marin-Togo
and X. Madrigal-Sanchez (2015) Pinus leiophylla suitable habitat
for 1961-1990 and future climate. Botanical Sciences 93:709-
718, https://doi.org/10.17129/botsci.86

Séaenz-Romero C., R. A. Lindig-Cisneros, D. G. Joyce, J. Beaulieu, J. B. St. Clair
and B. C. Jaquish (2016) Assisted migration of forest populations
for adapting trees to climate change. Revista Chapingo Serie
Ciencias Forestales y del Ambiente 22:303-323, http://doi.
org/10.56154/r.rchscfa.2014.10.052

Séaenz-Romero C., E. Mendoza-Maya, E. Gomez-Pineda, A. Blanco-Garcia, A. R.
Endara-Agramont, R. Lindig-Cisneros, ... and J. J. Vargas-Hernandez.
(2020) Recent evidence of Mexican temperate forest decline
and the need for ex situ conservation, assisted migration and
translocation of species ensembles as adaptive management



CASTELLANOS-ACUNA et al.

to face projected climatic change impacts in a megadiverse

country. Canadian Journal of Forest Research 50:843-854,

https://doi.org/10.1139/cjfr-2019-0329

SAS Institute (2014) SAS/STAT® 9.4 User's Guide. SAS Institute Inc.

Cary, North Carolina, USA 5121 p.

143

Rev. Fitotec. Mex. Vol. 45 (1) 2022

van Vuuren D. P, J. Edmonds, M. Kainuma, K. Riahi, A. Thomson, K. Hibbard, ...
and S. K. Rose (2011) The representative concentration pathways:
an overview. Climatic Change 109:5, https://doi.org/10.1007/
510584-011-0148-z



144



