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and Angel Roberto Martinez-Campos*
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Texcoco, Estado de México, Mexico, 3UMR 0588 BIOFORA, INRAE Val de Loire, Cedex,

Orleans, France

Introduction: Phenotypic plasticity (PP) could be an important short-term
mechanism to modify physiological and morphological traits in response to
climate change and global warming, particularly for high-mountain tree species.
The objective was to evaluate PP response of growth ring traits to temperature
and precipitation in Pinus hartwegii Lindl. populations located at the ends of its
elevational gradient on two volcanic mountains in central Mexico (La Malinche
and Nevado de Toluca).

Methods: Increment cores collected from 274 P. hartwegii trees were used to
estimate their PP through reaction norms (RN), which relate the ring width and
density traits with climate variables (temperature and precipitation). We
estimated the trees’ sensitivity (significant RN) to climatic variables, as well as
the relative proportion of RN with positive and negative slope. We also estimated
the relationship between the PP of ring width and density traits using correlation
and Principal Component (PC) analyses.

Results: Over 70% of all trees showed significant RN to growing season and
winter temperatures for at least one growth ring trait, with a similar proportion of
significant RN at both ends of the gradient on both mountains. Ring width traits
had mostly negative RN, while ring density traits tended to have positive RN.
Frequency of negative RN decreased from lower to higher elevation for most
traits. Average PP was higher at the lower end of the gradient, especially on LM,
both for ring width and ring density traits, although high intrapopulation variation
in PP was found on both mountains.

Discussion: Results indicate that P. hartwegii presents spatially differentiated
plastic responses in width and density components of radial growth. PP was
particularly strong at the lower elevation, which has higher temperature and
water stress conditions, putting these populations at risk from the continuing
global warming driven by climate change.
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1 Introduction

Over the past decades, ambient temperature has increased
(IPCC, 2021) and levels and patterns of precipitation have
changed. As a result, it is estimated that heat waves (periods of
abnormally hot temperatures with a duration of days or weeks) and
droughts are becoming more intense at a global level, with
important effects on terrestrial ecosystems (Feeley et al., 2020).
Organisms must adjust the mechanisms of their physiological (e.g.,
carbon fixation, development of new tissue, etc.) and ecological
processes (regeneration, facilitation, etc.) through adaptation and/
or acclimatization to these changing conditions, migrate, or face the
risk of extinction (Futuyma and Moreno, 1988). Migration and the
development of new adaptive mechanisms are relatively slow, long-
term processes; therefore, acclimatization mechanisms, which occur
in the short term, are especially relevant in this scenario (Matesanz
et al., 2010).

Acclimatization mechanisms involve fine changes to an
organism’s development, morphology, and physiology. In plants,
this can lead to increased tolerance to abiotic stress (Matesanz et al.,
2010) and with it, an increase in survival and persistence under new
climate scenarios. These mechanisms are manifested through
phenotypic plasticity (PP), the capacity of a genotype to present
different phenotypes in response to changes in its environment
(Bradshaw, 1965; DeWitt and Scheiner, 2004). There are different
approaches and methods to estimate the degree of PP in specific
functional traits of interest (Sultan, 2003; Valladares et al., 2006;
Escobar-Sandoval et al, 2021). One of these approaches is the
estimation of reaction norms (RN), which quantify PP as the
regression of an individual’s phenotypic trait in response to
changes in a given environmental variable (Valladares et al., 20065
Sultan, 2007; Arnold et al.,, 2019). Thus, RN is a graphical model
(linear or curvilinear regression) that shows the genotype x
environment interaction and indicates (through its slope or
curve) the degree of PP (Valladares et al., 2006).

High mountain forest ecosystems are especially vulnerable to
climate change due to their harsh abiotic conditions, including
poorly developed soil, high UV radiation, presence of snow, and
low temperatures (Korner, 2007). As such, PP plays a particularly
important role in the development and survival of sessile and
long-lived organisms, like high-mountain tree species, facing
adverse environmental conditions (Bradshaw, 1965; Silvestre
et al., 2012; Santini et al., 2018). Given their long lifespan, trees
confront innumerable climate fluctuations with distinct frequency
and intensity (Rehfeldt et al., 2001), making them more likely to
encounter extreme climate events which are reflected through the
modification of their functional traits. Furthermore, these
modifications are physically recorded as growth rings. Radial

Abbreviations: RW, Ring width; LWW, Latewood width; RD, Overall ring
density; EWD, Earlywood density; MAXD, Maximum density; TAP, Total
annual precipitation; MAT, Mean annual temperature; TGS, Growing season
temperature; Tspring, Spring mean temperature; Twinter, Winter temperature;
TMIN, Mean minimum temperature; TMAX, Mean maximum temperature;

ARI, Aridity index; RN, Reaction norm.
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growth is one of the best indicators of PP, since both the width
and the density of the tissue formed during xylogenesis are
particularly sensitive to fluctuations in ambient temperature and
rainfall (Engelbrecht, 2012; Meng et al., 2020) and can be
quantified by measuring the growth rings. Plant species that are
found growing at the limits of their elevational distribution
generally present more plastic responses in their functional
traits as a survival mechanism (Sultan, 1987), given the
variability in temperature, levels, and patterns of rainfall, and
their interaction with elevation. It is thus expected that radial
growth of trees will be impacted differently depending on their
position along an elevational gradient (Fritts, 1976; Korner, 2007;
Carrillo-Arizmendi et al., 2022a).

The tree species Pinus hartwegii has attracted particular
interest in the context of climate change (Pérez-Suarez et al,
2021), due to its wide altitudinal distribution range (3,000 - 4,000
m). Furthermore, it is the tree species with the highest recorded
elevational distribution, with records at 4,200 m. Therefore, P.
hartwegii has developed great resistance to the adverse conditions
for arboreal growth (poor soils, extreme low temperatures, short
growing seasons, etc.), present at high elevations in Mexico,
Guatemala, and Honduras (Neuner, 2014; Alfaro-Ramirez et al,,
2017; Manzanilla-Quifiones et al., 2019). Since its biological and
ecological processes are adapted to extreme low temperatures, P.
hartwegii has been pointed out as a particularly vulnerable tree
species to global warming. Under projected climate trends, the
distribution area suitable for P. hartwegii could be reduced by 30-
70% in the next 50 years (Alfaro-Ramirez et al., 2020). This will
undoubtedly have important consequences in many different
contexts and spatial scales. On one hand, P. hartwegii forests
have high value in the regulation of local and regional climate, in
addition to other important ecological services. Furthermore, this
species is used for construction and furniture making, with
strong impact on the local and regional economies (Sanchez,
2008; Torres-Rojo, 2015; Moctezuma-Lopez and Flores, 2020).
Therefore, understanding the potential impact of global warming
on the radial growth of P. hartwegii and the role of PP to adjust
the growth response of trees would allow the establishment of
efficient preservation and management strategies.

In the present study, we therefore aimed to determine the
degree of PP of growth ring traits in P. hartwegii trees under
harsh environmental conditions at the ends of its elevational
distribution on two mountains in central Mexico — “La
Malinche” (LM) and “Nevado de Toluca” (NT). For this, we
proposed the hypothesis that the PP will show differential
adaptive mechanisms between growth ring traits (i.e., width and
density components) in response to interannual fluctuations in
temperature and rainfall at the extremes of the elevational gradient,
with compensatory effects at the population level, but not
necessarily at the individual level. Our specific objectives were to:
(1) evaluate PP in growth ring traits of P. hartwegii trees in response
to interannual climate fluctuation; (2) determine the potential
interrelationships between the PP of width and density traits in
the growth rings; and (3) evaluate the effect of elevation and
mountain on the expression of PP in growth ring traits to the
climatic factors.
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FIGURE 1

Left: Geographical location of the study area including the two mountain sites, Nevado de Toluca and La Malinche. Right: Climate diagrams with
monthly mean temperature and precipitation values at the geographic coordinates sampled at the lower (black) and upper (gray) ends of the
elevation gradient on the two mountains. Data were extracted from the ClimateNA database for the 1965-2016 period.

mm. On NT, the MAT is 9.9°C at the lower end and 5.5°C at the
upper, and MAP is 1458.3 mm at the lower end and 1299.1 mm at
the upper (Figure 1). In addition to P. hartwegii, which is the species
with the highest elevation distribution range (3500 - 4200), other
tree species can be found on both mountains, such as P.

2 Materials and methods

2.1 Study sites

This study was carried out on two mountains in central Mexico:

“La Malinche” (LM) and “Nevado de Toluca” (NT) (Figure 1). LM
is located between the states of Tlaxcala and Puebla and has a
maximum elevation of 4,461 m (Acosta-Pérez and Kong, 1991). NT
is located in Mexico State, between the municipalities of Toluca and
Tenango del Valle, and has a maximum elevation of 4,680 m
(Korner and Paulsen, 2004). Both mountains belong to the Trans-
Mexican Volcanic Belt, however, there is a distance between the
mountains of 181.6 km. On both mountains there are widely
different conditions between the lower and upper extremes of the
elevational gradient. The data from the model ClimateNA (Wang
et al,, 2016) indicate that the mean annual temperature (MAT) of
LM is 9.7°C at the lower end of the elevation gradient (Table 1) and
6.6°C at the upper end. The mean annual precipitation (MAP) at

montezumae Lamb. (3,000 - 3,200 m) and Abies religiosa Kunth
Schitdl. & Cham. (2,800 - 3,400 m); as well as grasslands, alpine
zacatonal, and highland paramo (4,000 - 4,400 m) (CONANP,
2013a; CONANP, 2013b).

2.2 Sampling design and
sample processing

On each mountain, sampling plots were selected at the lower
and upper limits of the elevational distribution gradient of P.
hartwegii. Three sites were sampled at each elevation on LM and
two per elevation on NT (Table 1). The sites were selected based on

the lower end of LM it is 1208.2 mm and at the upper end is 1132.1  the criteria of being low competition stands of mature P. hartwegii

TABLE 1 Geographic coordinates, number, and age of the trees sampled per site at the extremes of the elevation gradient on La Malinche (LM) and
Nevado de Toluca (NT) mountain.

Latitude Samples
Mountain Elevation end = Elevation (m) (N) Longitude (O) @ (No. Trees) | Average age (age range) in years

3472 19°15.509’ 98°1.7050° 25 38 (64-24)

LM Lower 3,444 19°15.560° 98°1.8550° 25 30 (24-62)
3,363 19°15.785’ 98°12.138 25 68 (35-100)
4,100 19°24.091° 98°03.370° 25 49 (33-59)

LM Upper 3,966 19°14.474° 98°1.9980° 25 78 (34-158)
3,943 19°14.432 98°1.8920° 25 34 (80-18)
3,400 19°7.3630° 99°46.335° 33 82 (16-104)

NT Lower
3,379 19°10.461° 99°48.754’ 31 85 (63-139)
4,126 19°7.2610° 99°45.229° 30 79 (37-169)

NT Upper
4,000 19°9.4520° 99°48.449’ 30 79 (33-147)
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trees, without evidence of disturbance due to logging, wildfire, or
pests. At each site, we selected between 25 and 31 dominant adult
trees with a straight trunk, over 40 cm in diameter at breast height.
For each selected tree, we extracted a wood core from the bark to the
center of the trunk using a 5-mm diameter increment borer
(HAGLOF ®, Suiza) at 1.30 m height above the ground. We
sampled a total of 274 trees.

The collected increment cores were air-dried at room
temperature and longitudinally sawn to obtain 1.57 mm thick
transverse sections. Then, the resin was extracted with a bath in a
water-pentane solution (2:1) for 48 hours. Each sample was exposed
to a source of X-rays for 25 min in the wood densitometry
laboratory of the Institut National de Recherche sur L’agriculture,
L’alimentation et L’environnement, INRAe Val de Loire Center,
Orleans, France. This was based on the procedure developed by
Polge (1978) and described by Mothe et al. (1998). Then,
microdensity profiles were obtained by scanning the X-ray images
at a resolution of 4,000 dpi with the software WinDendro, Regent
Instruments Inc. (Guay et al., 1992). This software converts the gray
levels of the pixels detected in the X-rays image to density values,
calibrated with a standard of known physical and optical density
(Schweingruber, 1996).

2.3 Annual tree-growth ring traits
and detrending

The microdensity profiles obtained from the growth cores were
imported into R (“R Development Core Team”, 2018). Then, we
calculated the following traits related to the width and density of the

10.3389/fpls.2023.1072638

growth rings: overall ring width (RW: mm), earlywood ring width
(EWW: mm) latewood ring width (LWW: mm), overall mean ring
density (RD: g cm™), earlywood ring density (EWD: g cm™),
latewood ring density (LWD: g cm), maximum density (MAXD:
g cm™) and minimum density (MIND: g cm>). This was done using
R functions designed to obtain these variables (Rozenberg
et al., 2002).

Cambial age influences width of growth rings and in general the
properties of wood, especially during the juvenile stage (the first 10
to 25 rings). Although it is a natural effect of tree growth, this effect
can introduce bias in the subsequent statistical analyses. We
therefore removed the effect of cambial age by adjusting the raw
data using the regional curve standardization (RCS) procedure, in
the four elevation plots, as described below (Figure 2) (Esper
et al., 2003).

Following Esper et al. (2003) and Rozenberg et al. (2020), we
compared three methods to eliminate the effect of cambial age: raw
data (no adjustment), residual RCS, and RCS ratio. Of these, the
residual methods had the best fit to eliminate the effect of cambial age;
we obtained one age-related curve for the lower end and another for
the upper end for each of the mountains (LM and NT) (Figure 2). In
each of the populations, we calculated the expressed population signal
(EPS) statistic, which serves to determine the statistical quality of the
chronology. The EPS value has a range of 0 to 1.0, where a value of
0.85 is considered acceptable (Buras, 2017). In all of our study sites,
the EPS for RW was 0.88 or higher, above the reference point used to
evaluate the quality of the chronologies. The residual chronologies
and the time-dependent RCS ratios were obtained from the means of
individual series. For the above analyses, we used the
dendrochronology library for R, dpIR (Bunn, 2008).

~ La_Malinche_high Eo B 2
—*— La_Malinche_low £ £
£ © Nevado_de_Toluca_high ~ 6 ~ '
£ -+- Nevado_de_Toluca_low £ ERCER
= h=] S <10
g s, s
3 3 3
< o O o
=) “© -
£ o H E -
. g o S
« o
~ =)
o
~3 —~
£ ° 2% ©°
S o > o 2
3 = 2
23 2 % o
= 32 $
® © - ¥ S ©
c X - ©
g 8 3
<] <]
2s 28 HE
& o E A
w — :
0 10 20 30 40 50
= _s Cambial age
b ) bR
53 5
2 o~
z8 z°
2 z
"
o 4
Eo £
g Eg
£ £ 3
£ Xl
=3 L7

30 10

20
Cambial age

FIGURE 2

20

30 40 50

Cambial age

Fit of cambial age to the raw data of the time series for all width and density traits of growth rings of P. hartwegii trees located at the upper and
lower ends of their elevation gradient on two mountains in central Mexico, “La Malinche” and “Nevado de Toluca”.
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2.4 Climate variables

The climate variables for each sampling location were obtained
with the software ClimateNA model v6.30 (Wang et al.,, 2016),
which includes monthly data as well as annual mean (MAT),
maximum (Tyax) and minimum (Tyyy) temperature and total
annual precipitation (TAP) for the 1964-2016 period. We used the
monthly temperature data to calculate the mean temperature of the
growing season (Tgs; months of April through September), spring
mean temperature (Tspring; months of April through June), and
winter mean temperature (Twinter; months of January through
March), The annual aridity index (AR;) was calculated with the
equation AR; = TAP/(MAT+10) (Fniguire et al., 2014). To verify
that the data from the ClimateNA software accurately reflected the
conditions at the study locations, we calculated the correlation
between the ClimateNA data, and the data recorded by local
meteorological stations. The meteorological stations were
“Amaxac de Guerrero” (No. 29042; 3,320 m of elevation) and
“Acxotla del Monte” (No. 29161; at 2,443 m of elevation) for LM
and “Tenango” (No. 15122; at 2,858 m) and “Nevado de Toluca”
(No. 15062; at 4,283 m) meteorological stations for NT. In all cases,
there were very strong correlations between MAT and TAP values
(r>0.97), except in the case of TAP with meteorological station No.
29161, which had a moderate correlation (r = 0.59).

2.5 Statistical analysis

All the statistical analyses were done using the adjusted data for
the growth ring traits for the 1964-2016 period. To reduce the
number of variables to analyze (RW, EWW, LWW, RD, EWD,
LWD, MAXD, MIND), we estimate the Pearson correlation
coefficients among the growth ring traits, using the mean values
per sampling site per year (showed in annexes). Pairs of variables
that were strongly correlated (r > 0.9) were consolidated by selecting
only one representative variable; this resulted in the selection of five
variables for subsequent analyses: RW, LWW, RD, EWD
and MAXD.

The RN for each ring trait to each climate variable was
calculated for each individual tree based on the linear model Y; =
By + BoX; + €5, where Y is the phenotypic trait (ring trait); X; is the
climate variable, B, is the intercept, 3, is the slope (the PP value),
and e; is the model residuals. The model was fit using the Im
function of R, from the R stats package (R Core Team, 2018). For
each RN, we obtained the probability value (p) as well as the
adjusted R* value as an indicator of the goodness of fit of the linear
model. When p < 0.05 we considered that the slope of the RN was
significantly different from zero, demonstrating that the ring trait
showed PP, and the regression coefficient (3,) was a quantitative
estimate of the amount of PP of the ring trait to the climate variable
for the corresponding tree. For the following statistical analyses, we
only worked with the climatic variables: “T'gs” and “Twinter”,
because they were the ones with which P. hartwegii showed
greater PP through the traits of its growth rings. It should also be
noted that a previous research (Carrillo-Arizmendi et al., 2022b)
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carried out correlations between these two climatic variables
indicating that there is a relatively weak relationship (0.460 < |r|
<0.619), such that these two variables are not providing redundant
information, so we consider it is appropriate to include both in
order to compare the plastic response of trees to these two climate
variables and determine which one might be more reliable across
populations. The relative frequency of trees with significant RN
(RNGy) for each growth ring trait-climate variable was calculated for
each mountain/elevation combination (hereafter, “population”), to
compare the overall “sensitivity” in PP of ring traits to different
climate variables at the lower and upper end of the elevation
gradient on both mountains. In addition, to identify possible
relationships and/or compensatory effects on PP of growth ring
traits, a correlation coefficient analysis and a principal component
analysis (PCA) of the PP values for the ring traits were carried out.
We also calculated the proportion of trees with positive and
negative slope of RNg for each ring trait. With these data, we
determined whether there were differences in the proportion of
trees with positive and negative RNg between the two ends of the
elevation gradient (lower and upper) and between mountains (LM
and NT). The Glimmix procedure in SAS (SAS 9.4, 2019), with the
link function for binary variables (proportions) was used for this
purpose. A two-way ANOVA (SAS 9.4) was also done to evaluate
the effect of elevation, mountain, and their interaction on the
average slope value (8,) of the positive and negative RNg for each
ring trait and climate variable to determine whether the populations
differed in the magnitude of PP.

3 Results

3.1 PP in growth ring traits of
P. hartwegii trees in response to
interannual climate fluctuation

Growth ring traits were more “sensitive” to the climate
variables Tgs and Twinter; that is, they had the overall largest
number of significant RN with these two climate variables
(Table 2) and a high percentage of trees with significant RN for
more than one ring trait (Figure 3). Overall, the percentage of
trees with significant RN for a growth ring trait was around 50%
for both Tgs and Twinter across elevations and mountains,
except for the RN related with Twinter at low elevation in LM
mountain, were it was only 44.3% (Table 2). None of the other
climate variables had similar percentages of significant RN across
all populations. For instance, there was a high percentage of
significant RN with mean annual temperature (MAT) in three
populations but not at high elevation in LM. Tyax was also
important in three populations, but not at low elevation in LM
and TAP was important only at the upper end in NT mountain.
Given that Tgs and Twinter had the highest proportion of trees
with significant RN, the remaining analyses were done only for
these two climate variables. Looking at individual growth ring
traits, the proportion of trees with significant RN to Tgs and
Twinter differed only for RW, between mountains at the lower
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TABLE 2 Percentage of trees with significant reaction norms (RNs) for growth ring traits in relation to different climate variables at the two ends of
the elevation gradient of Pinus hartwegii on two mountains in central Mexico.

Lower end Higher end
RD EWD MAXD Overall RW RD EWD Overall
La Malinche
TAP 42.7 32.0 413 413 25.3 36.5 6.7 8.0 133 9.3 9.3 9.3
MAT 493 46.7 53.3 46.7 48.0 48.8 32,0 28.0 387 413 413 36.3
Tgs 027% 38.7 64.0 57.3 49.3 50.4 53.3 44.0 50.7 52.0 49.3 49.9
Tspring 30.7 26.7 42.7 44.0 30.7 349 46.7 40.0 427 2.7 413 2.7
Twinter 493 % 37.3 453 44.0 46.7 443 54.7 46.7 49.3 48.0 2.7 48.2
Tvin 20.0 18.7 16.0 187 18.7 18.4 8.0 8.0 8.0 12.0 4.0 8.0
Tmax 29.3 32.0 40.0 387 37.3 35.5 60.0 453 57.3 56.0 48.0 53.3
ARy 133 9.3 14.7 20.0 8.0 13.1 2.7 2.7 8.0 2.7 2.7 3.8
Nevado de Toluca
TAP 25.0 15.6 26.6 26.6 9.4 20.6 66.7 58.3 56.7 53.3 483 56.7
MAT 76.6 59.4 53.1 57.8 60.9 61.6 65.0 56.7 55.0 51.7 417 54.0
Tas 69.8 % 57.8 48.4 54.7 53.1 56.6 58.3 53.3 45.0 417 40.0 47.7
Tspring 453 32.8 25.0 375 422 36.6 35.0 41.7 233 25.0 35.0 32,0
Twinter 734 % 54.7 2.2 56.3 53.1 55.9 60.0 51.7 50.0 58.3 48.3 53.7
Tvy 71.9 54.7 453 51.6 53.1 55.3 58.3 50.0 35.0 45.0 45.0 46.7
Thmax 64.1 53.1 453 50.0 51.6 52.8 66.7 58.3 51.7 56.7 51.7 57.0
ARy 0.0 47 3.1 1.6 3.1 2.5 10.0 33 0.0 0.0 5.0 3.7

RW, Ring width; LWW, Latewood width; RD, Overall ring density; EWD, Earlywood density; MAXD, Maximum density; TAP, Total annual precipitation (mm); MAT, Mean annual
temperature (°C); Tgs, Growing season temperature (°C); Tspring, Spring mean temperature (°C); Twinter, Winter temperature (°C); Tymy, Mean minimum temperature (°C); Tyrax, Mean

maximum temperature (°C); AR, Aridity index. * Differences between mountain; P = 0.05.

end, with a lower percentage on LM mountain (Table 2). Despite
these differences among populations, the overall proportion of
trees with significant RN in response to Ts and Twinter was high
on both mountains; over 70% of trees had significant RN for at
least one growth ring trait, and over 40% of trees in all
populations showed significant RN for three or more growth
ring traits (Figure 3).

3.2 Relationships between the PP of
growth ring traits

The correlation matrix and the first two PC obtained from the
PCA showed that for both climatic variables (Tggs and Twinter), the
PP of growth ring traits was separated in three distinctive groups:
ring and latewood width in one group, ring and earlywood density
in other, and maximum density in the third group (Figure 4). In the
correlation matrix of PP values associated with both Tgs and
Twinter, RW and LWW were strongly correlated, as well as RD
and EWD.In general, the PP of growth ring traits in response to the
two climate variables (T g and Twinter) showed a similar structure.
Thus, the PP of each ring variable in response to Tgs was strongly

Frontiers in Plant Science

06

correlated (r > 0.87) with the PP of the same variables in response to
Twinter. The exception was LWW, where the correlation was
slightly weaker (r = 0.76).

3.3 Effect of elevation and mountain on the
expression of PP in growth ring traits

A wide variation in PP was found for growth ring traits (RW,
RD, and MAXD) across populations in both Tgs and Twinter-
related NR (Figure 5). Even though significant RN ranged from
negative to positive slopes for all traits, negative trends were more
common for RW and positive trends for RD and MAXD, except for
MAXD at low elevation in NT, where negative trends were
predominant. In addition, there were significant elevation and
mountain effects on both the proportion of trees with negative
and positive RN and the mean absolute PP value for a given growth
ring trait (Figure 5). The proportion of trees with negative trends in
their RN generally decreased from the lower to the upper end for all
traits in both mountains, although the effect of elevation was more
pronounced for RW and MAXD at the NT mountain for both
climate variables (Figure 5). Overall, mean absolute PP values were
higher on LM than on NT for both positive (in RD) and negative (in
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RW and RD) RN (Figure 5). Also, at the lower end of the elevation
gradient mean absolute PP values were higher than at the upper end
for both positive (in RD) and negative (RW) RN. The effect of
elevation on the absolute PP value of negative RN for RW was larger
at the LM mountain (Figure 5). Mean absolute PP values for MAXD
showed a similar trend, but differences between mountains and
elevations were not significant.

4 Discussion

4.1 PP response of growth ring traits to
climate variables in P. hartwegii

Overall, radial growth of P. hartwegii trees was more sensitive to
temperature than to precipitation. This coincides with a previous
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report by Soto-Carrasco (2021) who analyzed the PP of P. hartwegii
on three other mountains in Mexico (Mount Tlaloc, Pico de Orizaba,
and Cofre de Perote). In that study, precipitation was the climate
variable with the fewest significant RN for growth ring traits. Liu et al.
(2015) mentioned that high-mountain trees generally have low
sensitivity to precipitation, although they did not propose any
explanation for this finding. Hendrickson et al. (2004) and Storkey
(2004) mention that, under high mountain conditions, temperature is
the main factor influencing most physiological processes and
phenotypic changes in plants; precipitation seems to be a limiting
factor only for some processes associated with xylogenesis,
particularly during extreme drought events (Pompa-Garcia and
Venegas-Gonzalez, 2016; Camarero and Gutiérrez, 2017; Correa-
Diaz et al., 2020; Pompa-Garcia et al., 2021).
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In our study, the differences in tree sensitivity to climatic variables
could be also due to differences in the degree of micro-spatial
variation in temperature versus precipitation at the study locations.
Ambient temperature is more homogeneous within a single location,
associated mainly with site elevation, such that the value recorded at
the locality level better reflects the growing conditions of all trees on
it, while rainfall (and soil moisture) is very heterogeneous over short
distances (Gomez-Plaza et al., 2000; Wundram et al.,, 2010; Yang
et al,, 2018). Therefore, total annual precipitation values recorded at
the site level do not necessarily reflect the moisture conditions for
each tree, potentially making it more difficult to detect significant RN
for them. It is worth mentioning that, although our analyses do not
consider the possibility of analyzing multi-annual or lagged effects, it
would be interesting to do so in future research and thus learn how
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individual trees within a population differ in the reaction norms of
ring growth traits in response to interannual fluctuation of climatic
variables, especially precipitation.

On the other hand, the sensitivity of ring growth traits to the
inter-annual climate fluctuations also shows differences between
mountains. There was a higher overall proportion of significant RN
on NT than on LM (Table 2). The difference between mountains
could be due to differences in the range or variation coefficient of
climate variables, differences in age of trees, or to other site-level
factors affecting the response of radial growth to fluctuation of
climate variables. Although the variation coefficient of TAP was
similar between the two mountains (14%), the average value of TAP
was higher on NT and there was a larger difference between the
lower and higher elevations (1458.3 mm and 1299.1 mm,
respectively, compared to 1132.1 mm at the lower end and 1208.2
mm at the upper end of the elevation gradient on LM). On NT there
was also a higher variation coefficient of MAT than on LM, which
could have facilitated the detection of the PP response of trees in
this mountain. In addition, trees sampled at NT were older, on
average, than at LM (Table 1), which could suggest that sensitivity
of radial growth to climate fluctuation increases with age in P.
hartwegii trees. Similar findings have been reported in other studies,
particularly for high mountain species (Voelker, 2011; Dominik
etal., 2019). Besides, the proportion of trees with significant RN was
similar at both ends of the altitudinal range, despite the broader
inter-annual climate fluctuation at high elevation. At the upper end
of the gradient, there was a higher variation coefficient in MAT and
TAP, than at the lower end. However, environmental conditions at
the upper end of the gradient are far more restrictive for vegetative
growth (sub-optimal temperature and lower depth and moisture
retention capacity of soil), limiting the response of trees to
fluctuations in temperature and precipitation (Holtmeier and
Broll, 2005; Silva et al., 2016). Despite the results obtained, we
suggest that for further research, the variation of conditions within a
year or the global variation between years should be considered, to
corroborate that phenotypic plasticity does not refer only to the
response to average climatic conditions from one year to another.

4.2 Relationships between the PP of
growth ring traits in P. hartwegii

The similar correlation matrix and separation of growth ring
traits in three distinctive groups, based on the PP response to Tgs
and Twinter, shows a strong relationship between the temperature
variables at different periods of the year and their effect on the
growth ring traits. In other words, the PP values for any growth ring
trait in response to Tgs and with Twinter were strongly correlated.
However, the separation of ring width traits from ring density traits,
and these from maximum density indicates a different plastic
response, globally, of these traits to the temperature variables. The
positive loadings of PC2 to RD and EWD, and negative loadings to
RW and LWW show contrasting RN in these traits to increasing
temperature; a positive response for the first group and a negative
one for the second. MAXD also showed, globally, a negative
response to increasing temperature, more pronounced in the RN
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to Twinter. This contrasting response in RN for width vs. density
seems to indicate a compensatory effect in resource allocation at the
global (population) level in response to increasing temperature,
reducing cell division and size, and increasing cell wall deposition
(Rozenberg et al., 2020). A reduction in the rates of cell division
and/or the diameter of the cells (less ring width) and an increase in
the thickness of the cell wall (higher wood density) with increasing
temperature, could allow an increase in the functionality and
hydraulic security of the xylem in response to increased water
stress (Rozenberg et al., 2020). Several authors have pointed out that
during episodes of drought or increased temperature,
evapotranspiration increases, and with it, the water demand of
the trees, increasing the vulnerability of the xylem to hydraulic
failures due to cavitation and embolism (Bréda et al., 2006; Meinzer
et al., 2010; McDowell et al., 2011).

On the other hand, the correlation analysis also indicated a low
and generally non-significant correlation between the PP values for
width and density traits. Thus, despite the potential compensatory
effect between growth ring traits in response to temperature described
at the population level, at the tree level this compensatory effect
between growth ring traits was not shown. This is corroborated by the
broad within-population variation in PP values found in all growth
ring traits in the P. hartwegii populations sampled. Thus, trees
differed in their PP response; they seem to have a predominant
response in one or few growth ring traits, and for those with a
simultaneous significant RN for several growth ring traits, the PP
response was relatively independent for width and density traits.
Soto-Carrasco (2021), found similar results, arguing that trees
exposed to similar variations in temperature can respond differently
in the PP of their radial growth traits. Similarly, Pelabon et al. (2013),
indicate that high intra-population variation is common and reflects
variation in the specific physiological processes associated with the
phenotypic traits involved. Escobar-Sandoval et al. (2021), mention
that variation in the direction of the slope of the RN among trees
within the same population is possible because different trees are
positioned at different points along the response curve to the climate
variable, i.e., they inherently have different RN. In addition, it has
been reported that the RN of the majority of phenotypic traits
analyzed in plants over wide temperature intervals are generally
expected to be curvilinear (Arnold et al, 2019). As such, the
detection of individual trees whose significant RN have signs
opposite to the general trend could suggest differences among the
trees in their position on the temperature curve. However, the results
could also be due to the effect of other micro-environmental factors
intrinsic to each population (e.g., micro-spatial variation in
temperature or soil moisture), as has been described by other
authors (Diamond and Kingsolver, 2012; Tammaru and Teder,
2012; Smolinski et al., 2020). Natural tree populations are
characterized by high phenotypic variation in adaptive traits, due to
their inherently high genetic variation and high pollen dispersal
capacity, which enables them to cope with environmental changes.
If phenotypic plasticity has any adaptive role, it would also be
expected to be highly variable; thus, genetic variation in climatic
sensitivity for radial tree growth is also a possible cause of the
variation in PP within populations at both mountains (Rolland
et al,, 1999; Lebourgeois et al., 2010).
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4.3 Effect of elevation and mountain on
the expression of PP in growth ring traits

The general trend of higher frequency of negative RN for ring
width traits and positive RN for ring density traits was most noted
at the upper end of the elevation gradient on both mountains. This
partially coincides with the results of Soto-Carrasco (2021), who
mentions that on the mountain Pico de Orizaba there was a higher
proportion of positive RN for ring density traits at higher elevation.
However, in her study, the percentage of positive and negative RN
for the ring width traits did not differ between elevations. We also
found several differences in the average PP values between the ends
of the elevation gradient sampled. The highest values of PP for both
positive and negative RN were found at the lower elevation on both
mountains, for most growth ring traits in response to both Tgg and
Twinter. These results coincide with the report by Escobar-
Sandoval et al. (2021), where the absolute value of the mean slope
of positive and negative RN were generally higher at the lower end
of the gradient of the three mountains analyzed in that study, which
was attributed to the differences in the mean temperature between
the two extremes of the elevation gradient. In our study, the average
value of Tgg during the study period was 2.0°C higher at the lower
than at the upper end of the elevation gradient on LM and 4.3°C
higher on NT. The difference in Twinter was even more marked,
with 5.3°C and 4.5°C higher temperatures at the lower than at the
higher elevation on LM and NT, respectively. A change in the slope
of the RN (i.e., a change in the phenotypic plasticity) associated with
a change in the range of Tg and Twinter values implies that the RN
associated with temperature are not linear (Arnold et al.,, 2019).
This is the case in many biological systems (Camarero and
Gutierrez, 2004; Korner, 2012). It is common, for example, that
as temperature increases, the rate of change (slope of the regression
line) of metabolic processes is modified (Arnold et al., 2019;
Escobar-Sandoval et al., 2021). It is therefore possible that the
higher phenotypic plasticity observed at the lower end of the
gradient is due to the average position of the population with
respect to a non-linear RN of these traits to T g and Twinter, as has
been pointed out in other studies with different growth traits in
several plant species (Valladares et al., 2006; Arnold et al., 2019).

The elevational differences in PP were generally more
pronounced on LM than on NT, associated in most cases with
the higher average PP value at the lower end of LM (Figure 5). A
steeper slope of the negative RN for ring width and the positive RN
for ring density indicates that trees on LM are adjusting more
rapidly their radial growth traits to the temperature increase.
Gilmore (1968), mentions that the factors that favor a reduction
in ring width generally increase their density, mainly in the second
half of the radial growth period (Biintgen et al, 2010; Bouriaud
et al,, 2015). The differences between mountains, therefore, suggest
different needs and/or responses of trees, as a function of the micro-
environmental conditions on them. Even though temperature at the
lower end was similar on both mountains, LM has lower annual
precipitation, particularly during the summer and early fall
(Figure 1), so trees might be experiencing higher water stress.
This differential response is also shown in the wide intra-
population variation in the sign and magnitude of the RN slopes
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found in all growth ring traits, with individuals that differed from
the general population trends, discussed before. Although it is
difficult to identify the main factors involved in this PP variation,
the importance of PP variation as a buffering mechanism of the
impact of climate change at the population level is evident, as has
been mentioned by Escobar-Sandoval et al. (2021).

Therefore, P. hartwegii trees seem to have the capacity to show
plastic responses with different growth ring traits under climate
change-driven environmental variation. Populations at the lower
extreme of the elevation gradient showed higher proportion of trees
with negative trends in their RN to temperature and higher absolute
values of PP for growth ring traits, so they seem to be experiencing
higher impacts from global warming and climate change. However, the
wide intrapopulation variation detected in PP of these traits offers
positive perspectives on the short-term response capacity of these
populations, as PP may serve as a mechanism to buffer the impact of
interannual fluctuation and the gradual increase in temperature in the
medium term. However, it is fundamental to obtain additional
information with respect to the physiological mechanisms associated
with this variation in PP, its possible genetic origin (Zacharias et al,
2022) and the adaptive implications (DeWitt and Scheiner, 2004;
Ghalambor et al., 2007; Chown et al., 2008).

5 Conclusions

In this work we identified that ring width and density traits of
P. hartwegii were more sensitive to temperature than to
precipitation, which may be attributed to the lower variability or
higher spatial homogeneity of ambient temperature at the site
level. Despite the most restrictive environmental conditions at
higher elevations, radial growth of trees was similarly sensitive to
inter-annual climate fluctuation at both extremes of the
elevational distribution gradient. Plastic response of ring traits
to interannual fluctuation in temperature at different times during
the year was strongly interrelated, with a clear separation of ring
width from ring density traits. At the population level, a general
trend was distinguished, with a negative response of ring width
traits and a positive response of ring density traits to increasing
temperature. At the individual level, however, plastic responses for
width and density traits were mostly independent from each other,
and a wide variation was found for both the sign of the RN and
magnitude of PP. Both the proportion of trees with positive and
negative RN to temperature and the absolute PP value differed
between elevations and mountains. At the lower end of the
gradient on both mountains there was a higher proportion of
negative trends and higher PP values for ring width and density
traits, attributed to a higher mean temperature at this elevation
level and a possible non-linear response to temperature. Overall,
our data show the presence of differentiated adaptive mechanisms
between ring width and density traits in the PP response to
temperature, with compensatory effects at the population level,
but not necessarily the individual level. Apparently, P. hartwegii
has the potential to present differential plastic responses between
its ring width and density traits, with a higher degree of average PP
at the lower end of the elevation gradient, associated with higher
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temperature and water stress. These plastic responses might be
important components in the reaction of populations located at
the elevational extremes of the species distribution range to the
continuing increase and interannual fluctuation in temperature
linked to climate change.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Author contributions

LC-A as first author, she carried out the field sampling,
laboratory analyses, as well as their description, abstract,
introduction, methods, results, discussion and conclusions. JV-H
was mainly involved in the statistical analysis of the work as well as
in the writing of the results and the discussion of the work. This
author also contributed to the field work. PR was kind enough to
develop a methodology to carry out the reaction norms in this
study, from the determination of the ring variables to the
calculation of the plasticity value through different functions in
the R software. AM-C was a guide to determine different methods to
carry out the statistical analyses, and also reviewed the writing and
congruence of the work in general. MP-S, as corresponding author,
she was the guide for the writing of the sections such as abstract,
introduction, materials and methods, as well as the discussion of the

References

Acosta-Pérez, R., and Kong, A. (1991). Guide to botanical and mycological
excursions to Cerro El Pefion and Cafiada Grande in the State of Tlaxcala. IV
National Congress of Mycology. Autonomous University of Tlaxcala, Mexican
Society of Mycology, Botanical Garden Tizatlan, Government of the State of
Tlaxcala, Tlaxcala.

Alfaro-Ramirez, F. U., Arredondo-Moreno, J. T., Pérez-Suarez, M., and
Endara-Agramont, A. R. (2017). Pinus hartwegii Lindl., treeline ecotone:
structure and altitudinal limits at Nevado de Toluca, Mexico. Rev. Chapingo
Serie Cienc. Forestales y del Ambiente. 23 (2), 261-273. doi: 10.5154/
r.rchscfa.2016.10.055

Alfaro-Ramirez, F. U., Ramirez-Albores, J. E., Vargas-Hernandez, J. J., Franco-
Maass, S., and Pérez-Suarez, M. (2020). Potential reduction of Hartweg’s Pine (Pinus
hartwegii Lindl.) geographic distribution. PloS One 15 (2), €0229178. doi: 10.1371/
journal.pone.0229178

Arnold, P. A, Kruuk, L. E. B,, and Nicotra, A. B. (2019). How to analyze plant
phenotypic plasticity in response to a changing climate. New. Phytol. 222, 1235-1241.
doi: 10.1111/nph.15656

Bouriaud, O., Teodosiu, M., Kirdyanov, A. V., and Wirth, C. (2015). Influence of
wood density in tree-ring-based annual productivity assessments and its errors in
Norway spruce. Biogeosciences 12 (20), 6205-6217. doi: 10.5194/bg-12-6205-2015

Bradshaw, A. D. (1965). Evolutionary significance of phenotypic plasticity in plants.
Adv. Genet. 13, 115-155. doi: 10.1016/S0065-2660(08)60048-6

Breda, N., Huc, R,, Granier, A., and Dreyer, E. (2006). Temperate forest trees and stands
under severe drought: a review of ecophysiological responses, adaptation processes and
long-term consequences. Ann. For Sci. 63, 625-644. doi: 10.1051/forest:2006042

Bunn, A. G. (2008). A dendrochronology program library in R (dpIR).
Dendrochronologia 26, 115-124. doi: 10.1016/j.dendro.2008.01.002

Biintgen, U, Frank, D., Trouet, V., and Esper, J. (2010). Diverse climate sensitivity of
Mediterranean tree-ring width and density. Trees 24 (2), 261-273. doi: 10.1007/s00468-
009-0396-y

Frontiers in Plant Science

10.3389/fpls.2023.1072638

work. All authors contributed to the article and approved the
submitted version.

Acknowledgments

LC-A thanks CONACYT for the doctoral grant (746226). MP-S
thanks CONACYT for funding Project 219696. The authors in
general thank CEPANAF and CONANP for allowing us access to
the APFF Nevado de Toluca, as well as the ECOS-NORD project
through which collaboration with the INRA laboratory, Val de
Loire, was possible.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Buras, A. (2017). A comment on the expressed population signal. Dendrochronologia
44, 130-132. doi: 10.1016/j.dendro.2017.03.005

Camarero, J. J., and Gutiérrez, E. (2004). Pace and pattern of recent treeline
dynamics: response of ecotones to climatic variability in the spanish Pyrenees. Clim.
Change 63 (1/2), 181-200. doi: 10.1023/B:CLIM.0000018507.71343.46

Camarero, J., and Gutiérrez, E. (2017). Wood density of silver fir reflects drought and
cold stress across climatic and biogeographic gradients. Dendrochronologia 45, 101-
112. doi: 10.1016/j.dendro.2017.07.005

Carrillo-Arizmendi, L., Pérez-Suarez, M., and Vargas-Hernandez, J. J. (2022a).
Meéxico de montafias, la importancia de incorporar la elevacion en los estudios
ecologicos. Ciencia y Mar. 76), 87-95.

Carrillo-Arizmendi, L., Pérez-Suarez, M., Vargas-Hernandez, J. J., Rozenberg, P., and
Martinez-Campos, A. R. (2022b). Warning effects on tree-ring variables in P. hartwegii
Lindl. at the extremes of its natural elevational distribution in central Mexico.
AGRFORMET 324, 109109. doi: 10.1016/j.agrformet.2022.109109

Chown, S. L., Sorensen, J. G., and Sinclair, B. J. (2008). Physiological variation and
phenotypic plasticity: a response to “Plasticity in arthropod cryotypes” by Hawes and
Bale. J. Exp. Biol. 211 (21), 3356-3357. doi: 10.1242/jeb.019349

CONANP. Comision Nacional de Areas Naturales Protegidas (2013a) Programa de
Manejo Area de Proteccion de Flora y Fauna Nevado de Toluca. Available at: https://
simec.conanp.gob.mx/pdf_libro_pm/104_libro_pm.pdf.

CONANP. Comisién Nacional de Areas Naturales Protegidas (2013b) Programa de
Manejo Parque Nacional La Montasia Malinche o Matlalcueyatl. Available at: https://
simec.conanp.gob.mx/pdf_libro_pm/104_libro_pm.pdf.

Correa-Diaz, A., Gomez-Guerrero, A., Vargas-Hernandez, J. J., Rozenberg, P., and
Horwath, W. R. (2020). Long-term wood micro-density variation in alpine forests at
Central Mexico and their spatial links with remotely sensed information. Forests 11 (4),
1-18. doi: 10.3390/F11040452

DeWitt, T. J., and Scheiner, S. M. (2004). Phenotypic plasticity: functional and
conceptual approaches (New York: Oxford University Press).

frontiersin.org


https://doi.org/10.5154/r.rchscfa.2016.10.055
https://doi.org/10.5154/r.rchscfa.2016.10.055
https://doi.org/10.1371/journal.pone.0229178
https://doi.org/10.1371/journal.pone.0229178
https://doi.org/10.1111/nph.15656
https://doi.org/10.5194/bg-12-6205-2015
https://doi.org/10.1016/S0065-2660(08)60048-6
https://doi.org/10.1051/forest:2006042
https://doi.org/10.1016/j.dendro.2008.01.002
https://doi.org/10.1007/s00468-009-0396-y
https://doi.org/10.1007/s00468-009-0396-y
https://doi.org/10.1016/j.dendro.2017.03.005
https://doi.org/10.1023/B:CLIM.0000018507.71343.46
https://doi.org/10.1016/j.dendro.2017.07.005
https://doi.org/10.1016/j.agrformet.2022.109109
https://doi.org/10.1242/jeb.019349
https://simec.conanp.gob.mx/pdf_libro_pm/104_libro_pm.pdf
https://simec.conanp.gob.mx/pdf_libro_pm/104_libro_pm.pdf
https://simec.conanp.gob.mx/pdf_libro_pm/104_libro_pm.pdf
https://simec.conanp.gob.mx/pdf_libro_pm/104_libro_pm.pdf
https://doi.org/10.3390/F11040452
https://doi.org/10.3389/fpls.2023.1072638
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Carrillo-Arizmendi et al.

Diamond, S. E., and Kingsolver, J. G. (2012). Host plant adaptation and the evolution
of thermal reaction norms. Oecologia 169 (2), 353-360. doi: 10.1007/s00442-011-2206-7

Dominik, T., Golivets, M., Edling, L., Garrett, W., Meigs, J., Gourevitch, D., et al.
(2019). The climate sensitivity of carbon, timber, and species richness covaries with
forest age in boreal-temperate North America. Glob. Change Biol. 25, 2446-2458.
doi: 10.1111/gcb.14656

Engelbrecht, B. M. J. (2012). Plant ecology: forests on the brink. Nature 491, 675-677.
doi: 10.1038/nature11756

Escobar-Sandoval, M., Paques, L., Fonti, P., Martinez-Meier, A., and Rozenberg, P.
(2021). Phenotypic plasticity of European larch radial growth and wood density along
a-1,000 m elevational gradient. J. Plant Interact. 2, 45-60. doi: 10.1002/pei3.10040

Esper, J., Cook, E. R,, Krusic, P. ]., Peters, K., and Schweingruber, F. H. (2003). Test of
the RCS method for preserving low-frequency variability in long tree-ring
chronologies. Tree-Ring Res. 59, 81-98.

Feeley, K. ., Bravo-Avila, C., Fadrique, B., Pérez, T. M., and Zuleta, D. (2020).
Climate-driven changes in the composition of New World plant communities. Nat.
Clim. Change 10, 965-970. doi: 10.1038/s41558-020-0873-2

Fniguire, F., Laftouhi, N. E., Mohamed, E. S., and Markhi, A. (2014). Some aspects of
climate variability and increasing aridity in central Morocco over the last forty years:
case of Tensift basin (Marrakech-Morocco). Environ. Earth Sci. 9, 42-61.

Fritts, H. C. (1976). Tree rings and climate (London: Academic Press), p 23.

Futuyma, D. J., and Moreno, G. (1988). The evolution of ecological specialization.
Annu. Rev. Ecol. Syst. 19, 207-233. doi: 10.1146/annurev.es.19.110188.001231

Ghalambor, C. K., McKay, J. K., Carroll, S. P., and Reznick, D. N. (2007). Adaptative versus
non-adaptative phenotypic plasticity and the potential for contemporary adaptation in new
environment. Func. Ecol. 21, 394-407. doi: 10.1111/j.1365-2435.2007.01283.x

Gilmore, A. R. (1968). Geographic variation in specific gravity of white pine and red
pine in Illinois. For. Prod. J. 18, 49-51.

Gomez-Plaza, A., Alvarez-Rogel, J., Albaladejo, J., and Castillo, V. (2000). Spatial
patterns and temporal stability of soil moisture across a range of scales in a semi-arid
environment. Hydrol. Process. 14, 1261-1277. doi: 10.1002/(SICI)1099-1085(200005)
14:7<1261:AID-HYP40>3.0.CO;2-D

Guay, R,, Gagnon, R., and Morin, H. (1992). A new automatic and interactive tree
ring measurement system based on a line scan camera. For Chron. 68, 138-141.
doi: 10.5558/tfc68138-1

Hendrickson, L., Ball, M. C., Wood, J. T., Chow, W. S., and Furbank, R. T. (2004).
Low temperature effects on photosynthesis and growth of grapevine. Plant Cell Environ.
27, 795-809. doi: 10.1111/j.1365-3040.2004.01184.x

Holtmeier, F. K., and Broll, G. (2005). Sensitivity and response of northern
hemisphere altitudinal and polar relines to environmental change at landscape and
local Scales. Glob. Ecol. Biogeogr. 14, 395-410. doi: 10.1111/.1466-822X.2005.00168.x

IPCC (2021). “Summary for policymakers,” in Global Warming of 1.5°C. An IPCC
Special Report on the impacts of global warming of 1.5°C above pre-industrial levels and
related global greenhouse gas emission pathways, in the context of strengthening the
global response to the threat of climate change, sustainable development, and efforts to
eradicate poverty. Eds. V. Masson-Delmotte, P. Zhai, H.-O. Pértner, D. Roberts, J. Skea,
P. R. Shukla and A. Pirani (Cambridge, UK and New York, NY, USA: Cambridge
University Press), 3-24. doi: 10.1017/9781009157940.001

Korner, C. (2007). The use of “altitude” in ecological research. Trends Ecol. Evol. 22
(11), 570-574. doi: 10.1016/j.tree.2007.09.006

Korner, C. (2012). Alpine treelines: functional ecology of the global high elevation
tree limits. Arct. Antarct. Alp. Res. 45 (3), 420-421. doi: 10.1657/1938-4246-45.3.420

Korner, C., and Paulsen, J. (2004). A world-wide study of high altitude treeline
temperatures. J. Biogeogr. 31, 713-732. doi: 10.1111/j.1365-2699.2003.01043 x

Lebourgeois, F., Rathgeber, C. B., and Ulrich, E. (2010). Sensitivity of French
temperate coniferous forests to climate variability and extreme events (Abies alba,
Picea abies and Pinus sylvestris). J. Veg. Sci. 21, 364-376. doi: 10.1111/j.1654-
1103.2009.01148.x

Liu, Y. Y., van Dijk, A. L J. M,, de Jeu, R. A. M, Canadell, J. G., McCabe, M. F., Evans,
J. P, et al. (2015). Recent reversal in loss of global terrestrial biomass Nat. Clim. Change.
5, 470-474. doi: 10.1038/nclimate2581

Manzanilla-Quifiones, U., Aguirre-Calderon, O. A., Jiménez-Pérez, J., Trevifio-
Garza, E. ], and Yerena-Yamallel, J. I. (2019). Distribucion actual y futura del
bosque subalpino de Pinus hartwegii Lindl. en el Eje Neovolcanico Transversal.
Madera y Bosques. 25 (2), €2521804. doi: 10.21829/myb.2019.2521804

Matesanz, S., Gianili, E., and Valladares, F. (2010). Global change and the evolution
of phenotypic plasticity in plants. Annals of the New York Academy of Sciences. Year
Evol. Biol. 2, 35-550. doi: 10.1111/j.1749-6632.210.05704.x

McDowell, N. G, Beerling, D. J., Breshears, D. D., Fisher, R. A., Raffa, K. F., and Stitt,
M. (2011). The interdependence of mechanisms underlying climate-driven vegetation
mortality. Trends Ecol. Evol. 26, 523-532. doi: 10.1016/j.tree.2011.06.003

Meinzer, F. C., McCulloh, K. A., Lachenbruch, B., Woodruff, D. R., and Johnson, D.
M. (2010). The blind men and the elephant: the impact of context and scale in
evaluating conflicts between plant hydraulic safety and efficiency. Oecologia 164, 287-
296. doi: 10.1007/500442-010-1734-x

Meng, Y., Liu, X, Ding, C,, Xu, B., Zhou, G., and Zhu, L. (2020). Analysis of
ecological resilience to evaluate the inherent maintenance capacity of a forest ecosystem

Frontiers in Plant Science

12

10.3389/fpls.2023.1072638

using a dense Landsat time series. Ecol. Inform. 57, 101064. doi: 10.1016/
j.ecoinf.2020.101064

Moctezuma-Lopez, G., and Flores, A. (2020). Importancia econoémica del pino (Pinus
spp.) como recurso natural en México. Rev. mex cienc forestales 11 (60). doi: 10.29298/
rmcf.v11i60.720

Mothe, F., Duchanois, G., Zannier, B., and Leban, J. M. (1998). Microdensitometric
analysis of wood samples: data computation method used at Inra-ERQB (CERD
program). Ann. For Sci. 55, 301-313. doi: 10.1051/forest:19980303

Neuner, G. (2014). Frost resistance in alpine woody plants. Front. Plant Sci. 5.
doi: 10.3389/fpls.2014.00654

Pélabon, C., Osler, N. C., Diekmann, M., and Graae, B. J. (2013). Decoupled
phenotypic variation between floral and vegetative traits: Distinguishing between
developmental and environmental correlations. Ann. Bot. 111 (5), 935-944.
doi: 10.1093/a0b/mct050

Pérez-Suarez, M., Ramirez-Albores, J. E., Vargas-Hernandez, J. J., and Alfaro-
Ramirez, F. U. (2021). A review of the knowledge of Hartweg’s Pine (Pinus hartwegii
LindL): current situation and the need for improved future projections. Trees 36, 25-37.
doi: 10.1007/s00468-021-02221-9

Polge, H. (1978). Fifteen years of wood radiation densitometry. Wood Sci. Tech. 12,
187-196. doi: 10.1007/BF00372864

Pompa-Garcia, M., Camarero, J. J., Colangelo, M., and Gallardo-Salazar, J. L. (2021).
Xylogenesis is uncoupled from forest productivity. Trees Struct. Funct. 35, 1123-1134.
doi: 10.1007/500468-021-02102-1

Pompa-Garcia, M., and Venegas-Gonzalez, A. (2016). Temporal variation of wood
density and carbon in two elevational sites of Pinus cooperi in relation to climate
response in northern Mexico. PloS One 11 (6), 1123-1134. doi: 10.1371/
journal.pone.0156782

R Development Core Team (2018). R: A language and environment for statistical
computing (Vienna: R Foundation for Statistical Computing). Available at: http://www.
R-project.org/.

Rehfeldt, G. E., Wykoff, W. R, and Ying, C. C. (2001). Physiologic plasticity,
evolution, and impacts of a changing climate on Pinus contorta. Clim. Change. 50,
355-376. doi: 10.1023/A:1010614216256

Rolland, C., Michalet, R., Desplanque, C., Petetin, A., and Aime, S. (1999). Ecological
requirements of Abies alba in the French Alps derived from dendro-ecological analysis.
J. Veg. Sci. 10, 297-306. doi: 10.2307/3237059

Rozenberg, P., Chauvin, T., Escobar-Sandoval, M., Huard, F., Shishov, V.,
Charpentier, J. P., et al. (2020). Climate warming differently affects Larix decidua
ring formation at each end of French Alps elevational gradient. Ann. For Sci. 77, 54.
doi: 10.1007/s13595-020-00958-w

Rozenberg, P., Van Loo, J., Hannrup, B., and Grabner, M. (2002). Clonal variation of
wood density record of cambium reaction to water deficit in Picea abies (L.) Karst. Ann.
For Sci. 59, 533-540. doi: 10.1051/forest:2002038

Sanchez, G. A. (2008). Una vision actual de la diversidad y distribucion de los pinos
de México. Madera y Bosques 14 (1), 107-120. doi: 10.21829/myb.2008.1411222

Santini, F., Ferrio, J. P., Heres, A. M., Notivol, E., Piqué, M., Serrano, L., et al. (2018).
Scarce population genetic differentiation but substantial spatiotemporal phenotypic
variation of water-use efficiency in Pinus sylvestris at its western distribution range. Eur.
J. For Res. 137, 863-878. doi: 10.1007/s10342-018-1145-9

SAS (2019). Statistical Analysis Software 9.4. Users’ Guide. 2nd ed. (Cary: SAS
Institute Inc.).

Schweingruber, F. H. (1996). Tree Rings and Environment (Berne, Switzerland: Swiss
Federal Institute for Forest, Snow and Landscape Research).

Silva, L. C. R, Sun, G., Zhu-Barker, X,, Liang, Q., Wu, N., and Horwath, W. R.
(2016). Tree growth acceleration and expansion of alpine forest: The synergistic
effect of atmospheric and edaphic change. Sci. Adv. 2, €1501302. doi: 10.1126/
sciadv.1501302

Silvestre, F., Gillardin, V., and Dorts, J. (2012). Proteomics to assess the role of
phenotypic plasticity in aquatic organisms exposed to pollution and global warming.
ICB 52, 681-694. doi: 10.1093/icb/ics0

Smolinski, S., Deplanque-Lasserre, J., Hjorleifsson, E., Geffen, A., Godiksen, J. A., and
Campana, S. E. (2020). Century-long cod otolith biochronology reveals individual growth
plasticity in response to temperature. Sci. Rep. 10 (1), 1-13. doi: 10.1038/541598-020-73652-6

Soto-Carrasco, Y. (2021). “Plasticidad fenotipica en los anillos de crecimiento de Pinus
hartwegii Lindl. En relacion al cambio climatico” [Tesis de maestria] (Campus
Montecillo: Colegio de Postgraduados).

Storkey, J. (2004). Modelling seedling growth rates of 18 temperate arable weed
species as a function of the environment and plant traits. Ann. Bot. 93, 681-689. doi:
10.1093/a0b/mch095

Sultan, S. E. (1987). Evolutionary implications of phenotypic plasticity in plants. Evol.
Biol. 21, 127-178. doi: 10.1007/978-1-4615-6986-2_7

Sultan, S. E. (2003). Phenotypic plasticity in plants: a case study in ecological
development. Evol. Dev. 5 (1), 25-33. doi: 10.1046/j.1525-142X.2003.03005.x

Sultan, S. E. (2007). Development in context: the timely emergence of eco-devo.
Trends Ecol. Evol. 22, 575-582. doi: 10.1016/j.tree.2007.06.014

Tammaru, T., and Teder, T. (2012). Why is body size more variable in stressful
conditions: an analysis of a potential proximate mechanism. Evol. Ecol. 26 (6), 1421-
1432. doi: 10.1007/s10682-012-9557-3

frontiersin.org


https://doi.org/10.1007/s00442-011-2206-7
https://doi.org/10.1111/gcb.14656
https://doi.org/10.1038/nature11756
https://doi.org/10.1002/pei3.10040
https://doi.org/10.1038/s41558-020-0873-2
https://doi.org/10.1146/annurev.es.19.110188.001231
https://doi.org/10.1111/j.1365-2435.2007.01283.x
https://doi.org/10.1002/(SICI)1099-1085(200005)14:7%3C1261::AID-HYP40%3E3.0.CO;2-D
https://doi.org/10.1002/(SICI)1099-1085(200005)14:7%3C1261::AID-HYP40%3E3.0.CO;2-D
https://doi.org/10.5558/tfc68138-1
https://doi.org/10.1111/j.1365-3040.2004.01184.x
https://doi.org/10.1111/j.1466-822X.2005.00168.x
https://doi.org/10.1017/9781009157940.001
https://doi.org/10.1016/j.tree.2007.09.006
https://doi.org/10.1657/1938-4246-45.3.420
https://doi.org/10.1111/j.1365-2699.2003.01043.x
https://doi.org/10.1111/j.1654-1103.2009.01148.x
https://doi.org/10.1111/j.1654-1103.2009.01148.x
https://doi.org/10.1038/nclimate2581
https://doi.org/10.21829/myb.2019.2521804
https://doi.org/10.1111/j.1749-6632.210.05704.x
https://doi.org/10.1016/j.tree.2011.06.003
https://doi.org/10.1007/s00442-010-1734-x
https://doi.org/10.1016/j.ecoinf.2020.101064
https://doi.org/10.1016/j.ecoinf.2020.101064
https://doi.org/10.29298/rmcf.v11i60.720
https://doi.org/10.29298/rmcf.v11i60.720
https://doi.org/10.1051/forest:19980303
https://doi.org/10.3389/fpls.2014.00654
https://doi.org/10.1093/aob/mct050
https://doi.org/10.1007/s00468-021-02221-9
https://doi.org/10.1007/BF00372864
https://doi.org/10.1007/s00468-021-02102-1
https://doi.org/10.1371/journal.pone.0156782
https://doi.org/10.1371/journal.pone.0156782
http://www.R-project.org/
http://www.R-project.org/
https://doi.org/10.1023/A:1010614216256
https://doi.org/10.2307/3237059
https://doi.org/10.1007/s13595-020-00958-w
https://doi.org/10.1051/forest:2002038
https://doi.org/10.21829/myb.2008.1411222
https://doi.org/10.1007/s10342-018-1145-9
https://doi.org/10.1126/sciadv.1501302
https://doi.org/10.1126/sciadv.1501302
https://doi.org/10.1093/icb/ics0
https://doi.org/10.1038/s41598-020-73652-6
https://doi.org/10.1093/aob/mch095
https://doi.org/10.1007/978-1-4615-6986-2_7
https://doi.org/10.1046/j.1525-142X.2003.03005.x
https://doi.org/10.1016/j.tree.2007.06.014
https://doi.org/10.1007/s10682-012-9557-3
https://doi.org/10.3389/fpls.2023.1072638
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Carrillo-Arizmendi et al.

Torres-Rojo, J. M. (2015). Estudio de tendencias y perspectivas del sector forestal en
America Latina al afio 2020. Informe Nacional Mexico (Mexico: FAO). Available at:
http://www.ecured.cu/Pinus.

Valladares, F., Sanchez-Gomez, D., and Zavala, M. A. (2006). Quantitative
estimation of phenotypic plasticity: bridging the gap between the evolutionary
concept and its ecological applications. J. Ecol. 94 (6), 1103-1116. doi: 10.1111/
j.1365-2745.2006.01176.x

Voelker, S. L. (2011). “Age-Dependent changes in environmental influences on tree
growth and their implications for forest responses to climate change,” in Size-and Age-
Related Changes in Trees Structure and Function. Tree Physiol, vol. Vol.4 . Eds. F. Meinzer, B.
Lachenbruch and T. Dawson (Dordrecht: Springer). doi: 10.1007/978-94-007-1242-3_17

Wang, T., Hamann, A., Spittlehouse, D., and Carroll, C. (2016). Locally
downscaled and spatially customizable climate data for historical and future

Frontiers in Plant Science

13

10.3389/fpls.2023.1072638

periods for North America. PloS One 11 (6), e0156720. doi: 10.1371/
journal.pone.0156720

Wundram, D., Pape, R., and Loffler, J. (2010). Alpine soil temperature variability
at multiple scales. Arct. Antarct. Alp. Res. 42, 117-128. doi: 10.1657/1938-4246-
42.1.117

Yang, T., Ala, M., Zhang, Y., Wu, J.,, Wang, A., and Guan, D. (2018).
Characteristics of soil moisture under different vegetation coverage in Horqin
Sandy Land, northern China. PloS One 13, ¢0198805. doi: 10.1371/
journal.pone.0198805

Zacharias, M., Pampuch., T., Dauphin, B., Opgenoorth, L., Roland, C., Schittler, M.,
et al (2018). Genetic basis of growth reaction to drought strees differs in contrasting
high-latitude treeline ecotones of a widespread conifer. Molecular Ecology. 31, 5165—
5181. doi: 10.1111/mec.16648

frontiersin.org


http://www.ecured.cu/Pinus
https://doi.org/10.1111/j.1365-2745.2006.01176.x
https://doi.org/10.1111/j.1365-2745.2006.01176.x
https://doi.org/10.1007/978-94-007-1242-3_17
https://doi.org/10.1371/journal.pone.0156720
https://doi.org/10.1371/journal.pone.0156720
https://doi.org/10.1657/1938-4246-42.1.117
https://doi.org/10.1657/1938-4246-42.1.117
https://doi.org/10.1371/journal.pone.0198805
https://doi.org/10.1371/journal.pone.0198805
https://doi.org/10.1111/mec.16648
https://doi.org/10.3389/fpls.2023.1072638
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Phenotypic plasticity of growth ring traits in Pinus hartwegii at the ends of its elevational gradient
	1 Introduction
	2 Materials and methods
	2.1 Study sites
	2.2 Sampling design and sample processing
	2.3 Annual tree-growth ring traits and detrending
	2.4 Climate variables
	2.5 Statistical analysis

	3 Results
	3.1 PP in growth ring traits of P. hartwegii trees in response to interannual climate fluctuation
	3.2 Relationships between the PP of growth ring traits
	3.3 Effect of elevation and mountain on the expression of PP in growth ring traits

	4 Discussion
	4.1 PP response of growth ring traits to climate variables in P. hartwegii
	4.2 Relationships between the PP of growth ring traits in P. hartwegii
	4.3 Effect of elevation and mountain on the expression of PP in growth ring traits

	5 Conclusions
	Data availability statement
	Author contributions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


