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Abstract: Management of forest genetic resources requires experimental data related to the genetic
variation of the species and populations under different climatic conditions. Foresters also demand
to know how the main selective drivers will influence the adaptability of the genetic resources.
To assess the inter- and intraspecific variation and plasticity in seedling drought tolerance at a relevant
genetic resource management scale, we tested the changes in growth and biomass allocation of
seedlings of Pinus oocarpa, P. patula and P. pseudostrobus under two contrasting watering regimes.
We found general significant intraspecific variation and intraspecific differences in plasticity, since
both population and watering by population interaction were significant for all three species. All the
species and populations share a common general avoidance mechanism (allometric adjustment of
shoot/root biomass). However, the intraspecific variation and differences in phenotypic plasticity
among populations modify the adaptation strategies of the species to drought. Some of the
differences are related to the climatic conditions of the location of origin. We confirmed that even
at reduced geographical scales, Mexican pines present differences in the response to water stress.
The differences among species and populations are relevant in afforestation programs as well as in
genetic conservation activities.

Keywords: drought stress; genetic variation; early testing; adaptive variation; genecology; phenotypic
plasticity

1. Introduction

In the last decades, there has been an increasing concern about the consequences of climate change
on the future distribution and productivity of forest species. Many forest areas have experienced
a decrease in rainfall and a subsequent increase in drought severity. In particular, Mexico will
experience, on average, an increase of 1.5 ◦C in mean annual temperature, and a decrease of 6.7% in
annual precipitation by 2030 [1]. This is already posing practical problems in the management of many
forest tree species, derived from the shifts in species distribution [2], and the future requirements in
terms of adaptation and productivity.
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We are far from having enough experimental data to address important aspects related to the
adaptability, i.e., the potential or ability of a population to adapt to changes in environmental conditions
through changes in its genetic structure [3]. For example we lack information about the roles of genetic
variation, phenotypic plasticity [4], and of phenotype changes derived from the trade-offs among
life-history traits, among others [5]. This information is essential at scales that are meaningful for
forest management (i.e., at forest or forest-landscape scales), as it is necessary to make decisions when
selecting the species and the basic material to use in afforestation and restoration programs (e.g., local
vs. non-local), or to suggest changes in silvicultural systems (e.g., regeneration methods, selection
of parent trees) to increase forest resilience. Therefore, the evaluation of local genetic resources at
fine scales is essential for the management of local genetic resources, complementing information at
larger scales.

Low water availability has been identified, particularly in conifers, as one of the major abiotic
stressors, conducive to stomatal closure, reduced photosynthesis and death due to carbon starvation [6].
Tolerance to low water availability is an important selective factor, involving quite different traits,
such as rooting depth, transpiration area of leaves and shoots, and size and number of shoots [7].
There are, therefore, important adaptive differences in the response at different levels, from species to
individuals [8,9].

Intra-specific genetic variation is crucial in forest trees species, which must endure both abiotic
and biotic stressors for long periods of time [10]. Particularly, it is necessary to develop management
options for the genetic resources of target species, and to determine if genotypes would be able
to grow efficiently under future stressful conditions. However, testing drought-tolerant genotypes
amongst mature trees growing in the field is cumbersome, due to the previously mentioned complexity
of plant responses to drought and the lack of control of watering treatments [11]. An alternative
approach is to develop controlled experimental conditions to test genotypes at early stages [12]. Early
developmental stages in plants are the most critical in the survival of forest trees, and are related to the
future adaptability of the species [13] depending on the genetic intraspecific variation in these genetic
traits. Evaluating morphological and physiological changes in response to low water availability at
early ages is a recognized way to know their adaptive responses (i.e., leaf water potential and gas
exchange [14] and changes in growth and survival [15]). Inter- and intraspecific variations among
populations of different pines species, when cultivated under contrasting water availability, reveal high
population divergence for phenotypic changes and marked allocational shifts, a plastic response [16].
Moreover, different works have addressed some of the features involved in the growth process that
can skew the results of early testing in plants, e.g., pot size, water quality and salinity [17,18].

Pinus is the largest genus of the Pinaceae family, with 114 species widely distributed in the
Northern Hemisphere [19]. Mexico presents the highest specific diversity (46 species), with contrasting
geographical and intraspecific genetic patterns, as a result of adaptive responses to climate changes in
the past [20]. Among them, Pinus oocarpa Schiede ex Schltdl., P. patula Schiede ex Schltdl. & Cham.
and P. pseudostrobus Lindl. are three economically important Mexican pines, used in highly productive
forest plantations established in the tropics and subtropics [21]. These pines occupy diverse habitats in
the country, and present a variety of ecological roles and life histories. Specifically, the Trans-Mexican
Volcanic Belt (TMVB) covers a wide range of environments differing in altitude, precipitation,
temperature and soil. Thus, the Volcanic Belt constitutes a good model area to check for intraspecific
differences in growth and performance to drought stress in Mexican pines, as a way to improve our
recommendations for the management of genetic resources under climate change scenarios.

The objective of this study was to assess the inter- and intraspecific genetic variation in seedling
drought tolerance in Pinus oocarpa, P. patula and P. pseudostrobus from the TMVB. We tested the
seedlings under two contrasted controlled watering regimes and we measured different adaptive
morphological and allocation traits. Our hypotheses were that at a fine geographical scale: (i) both
seedling growth and biomass are affected by low water availability, a potential adaptive response and
(ii) these responses differ due to species intraspecific variation.
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This information is essential to implement breeding and conservation programs under climate
change scenarios.

2. Materials and Methods

2.1. Plant Material

The natural distribution of the study species covers small and large areas throughout the north,
center and south of Mexico. Pinus oocarpa (OC) and P. pseudostrobus (PS) are usually found in
fragmented mixed stands, while P. patula (PA) occurs in pure stands. We sampled populations
of the three species from the TMVB. The number of sampling sites (populations) was different for
each species (Figure 1 and Table 1): P. oocarpa, two populations (OC01, OC02), P. patula, 10 populations
(PA01, PA02, PA03, PA04, PA06, PA07, PA08, PA09, PA11, PA12), and P. pseudostrobus, five populations
(PS01 to PS05). Seedlots were either samples provided by academic institutions (15 out of 17 samples)
or commercial seedlots provided by a private seed supplier (two out of 17), and were composed of
seeds from at least 20 mother trees per population. The sampling for P. oocarpa was limited to areas
where the taxonomic identification of the species was clear, to avoid biases in the comparisons. This is
particularly important in the eastern area of the study, where three new species have been recently
described but assigned to P. oocarpa by the National Forest Inventory.

2.2. Experiment Description and Experimental Design

Three hundred seeds per population were sown in trays containing moistened rock wool and
covered with plastic film (see Appendix A for details in the experimental set-up). Trays were placed
inside a germination chamber at 25 ± 1 ◦C, 60 ± 5% relative humidity and an eight-hour photoperiod.
The germination was recorded three times a week and then used to calculate the germination curve
parameters (total germination in %, speed) based on a sample of 60 seeds per population. Germination
for the three species started at three days. P. oocarpa and P. pseudostrobus had a higher germination rate
than P. patula (Supplementary information Figure S1).
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Table 1. Location and general characteristics of the Pinus spp. populations sampled in Mexico.

Code 1 Population, State Supplier 2 Latitude and
Longitude Altitude (m) MAT 3 (◦C) MAP 4

(mm)

OC01 Ario de Rosales, Mich. INIFAP 19◦04′/101◦44′ 1490 20.7 1112
OC02 San Ángel Zurumucapio, Mich. INIFAP 19◦27′/101◦54′ 1700 17.0 1299

Range 5 13.8 to 21.3 891 to 1422
PA01 Casas Blancas, Mich. Colpos 19◦25′/101◦35′ 2258 15.7 1060
PA02 Acaxochitlán, Hgo. Colpos 20◦06′/98◦12′ 2190 13.8 962
PA03 Ahuazotepec, Pue. Colpos 20◦01′/98◦12′ 2250 13.8 847
PA04 Apulco, Hgo. Colpos 20◦23′/98◦22′ 2200 15.2 909
PA06 Huayacocotla, Ver. Colpos 20◦31′/98◦28′ 2050 16.1 1099
PA07 Tlahuelompa, Hgo. Colpos 20◦37′/98◦34′ 2020 16.2 1234
PA08 Tlaxco, Tlax. Colpos 19◦38′/98◦07′ 2800 12.1 764
PA09 Villa Cuauhtémoc, Pue. Colpos 19◦43′/98◦07′ 2720 12.4 730
PA11 Zacualtipán, Hgo. Colpos 20◦38′/98◦38′ 2030 16.1 1199
PA12 Xico, Ver. Asoc. For. 19◦30′/97◦05′ 2839 11.5 1019

Range 11.1 to 17.7 615 to 1223
PS01 Casas Blancas, Mich. INIFAP 19◦25′/101◦36′ 2244 15.7 1054
PS02 Nu. San Juan Parangaricutiro, Mich. INIFAP 19◦29′/102◦19′ 2245 15.2 1173
PS03 Tenango del Valle, Ver. INIFAP 19◦02′/99◦37′ 2990 11.3 1156
PS04 Perote, Ver. Colpos 19◦33′/97◦12′ 3200 9.5 1322
PS05 Xico, Veracruz. Asoc. For. 19◦30′/97◦05′ 2839 11.5 1019

Range 9.0 to 16.9 717 to 1415
1 OC: Pinus oocarpa; PA: P. patula; PS: P. pseudostrobus; 2 INIFAP: National Institute for Forestry, Agricultural and
Livestock Research, Michoacán; Colpos.: Colegio de Postgraduados en Ciencias Agrícolas; Asoc. For.: Asociación
Forestal Especializada AC.; 3 MAT = Mean annual temperature; 4 MAP = Mean annual precipitation; 5 Range:
MAT and MAP ranges in the Trans-Mexican Volcanic Belt (TMVB) region. All values calculated with ANUSPLIN
software [1,22].

We transplanted 50 seedlings into individual plastic containers, except for three P. patula
populations (PA02, PA07 and PA08) that had a low germination rate, for which we transplanted,
respectively, 38, 26 and 35 seeds. The total number of seedlings used was 786. We used individual
plastic containers with a mixture of peat moss and vermiculite substrate (3:1 v/v) whose size was big
enough (250 cm3) to avoid root restriction, given the short duration of the experiment [17]. The trial
was established in a greenhouse under controlled conditions (Appendix A). The trial was set up with
a randomized complete block design, with five seedlings per experimental unit, and five blocks in each
of the two watering treatments. Seedlings were maintained in a slow-growth phase over 135 days from
November to March to allow the material to harden. Then plants were cultivated in a normal-growing
phase (April to June). Fifty seedlings per population were submitted to two watering treatments
during 90 days (25 seedlings per watering regime): Field Capacity (FC) and Drought-Stress (DS).
For those populations with lower seed germination rate we set an equal number of seedlings per
treatment (PA02, PA07 and PA08). The watering regimes were based on the mean saturation level of
the substrate: 90–100% on FC and 35–45% on DS treatments. We determined the amount of water for
each watering event every two days by weighing plants randomly chosen from each treatment.

2.3. Variables Measured

We periodically recorded the survival, height (mm) and ontogenetic stage of all seedlings [16].
Species were in the epicotyl elongation and formation of axillary buds phase at the beginning of the
experimental phase, and had dwarf shoots by the end of it (Appendix A). We obtained the height
growth increment (HG in mm) during the watering experiment as the difference between height at the
beginning and the end of the watering experiment (Ht-H0). At the end of the experiment (90 days of
watering treatment, 225 days old), all plants were harvested and partitioned in roots, stems, and leaves.
They were dried (65 ◦C/72 h) and weighed (g, ±0.01) [23] to assess total dry mass (TDM in mg) and
that of its components: roots, stems and needles (RDM, SDM, and NDM, respectively, in mg). The root
mass fraction (RMF, root dry mass to total dry mass), stem mass fraction (SMF, stem dry mass to total
dry mass) and needle mass fraction (NMF, needle dry mass to total dry mass) were also computed. The
specific leaf area (SLA in cm2/g) was estimated from 10 needles randomly chosen from each plant [13].
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2.4. Data Analysis

2.4.1. Seedling Survival

For seedling survival, we performed a logistic regression analysis using a maximum likelihood method:

pik(j) = 1/[1 + exp(−zik(j))] (1)

zik(j) = log[pik(j)/(1 − pik(j))] = µ + Wi + Sj + Pk(j) (2)

where pik(l) is the survival probability in the ith watering regime of the kth population within the jth
species; zik(j) is the logit estimation in the ith watering treatment of the kth population within the jth
species; µ is the grand mean; Wi is the effect of the ith watering regime (1 to 2); Sj is the effect of the jth
species (1 to 3); and Pk(j) is the effect of the kth population within the jth species (1 to 10). The WSij

interaction was not included in the model due to its lack of significance.

2.4.2. Mixed Model

For the other variables, we conducted an inter-species variance analysis according to the following
mixed model:

yijkl = µ + Wi + Sj + WSij + PSk(j) + BWl(i) + c xijkl + εijkl, (3)

where yijkl is the value of observation in the lth block of the kth population of the jth species in the ith
watering treatment; µ is the general mean; Wi is the fixed effect of the ith watering treatment (1–2); Sj is
the fixed effect of the jth species (1–3); WSij is the interaction fixed effect of the ith treatment with the
jth species; PSk(j) is the random effect of the kth population within the jth species; BWl(i) is the random
effect of the lth block (1–5) within the ith treatment; c is the lineal effect of the covariate xijkl (seedling
height at the beginning of the watering regimen); and εijkl is the experimental error.

In order to examine the intra-species variation, a variance analysis was performed for each species,
using the following model:

yijk = µ + Wi + Pj + WPij + BWk(i) + c xijkl + εijk, (4)

where yijk is the value of observation in the kth block of the jth population of the ith watering regime;
µ is the general mean; Wi is the fixed effect of the ith treatment (1-2); Pj is the fixed effect of the jth
population (2–10); WPij is the interaction fixed effect of ith treatment with the jth population; BWk(i) is
the random effect of the kth block (1–5) within the ith treatment; c is the lineal effect of the covariate
xijk (seedling height at the beginning of the watering regimen); and εijk is the experimental error.

We analyzed the variation of dry masses and mass fractions including the initial height as
a covariate to correct the bias due to differences in the initial growth [24]. Consequently, the experimental
error of the models was reduced in each case.

2.4.3. Phenotypic Plasticity

For each species, we calculated the plasticity index of a trait due to drought stress effect as [25]:

PI = (V1 − V2)/V1 × 100 (5)

where V1 is the trait mean under the FC treatment; and V2 is the trait mean under the DS treatment.
In species with significant treatment x population interaction (WP), a plasticity analysis for each

population was conducted, plotting the mean value trait by population on a dimensional plane where
the x-axis was the drought stress treatment (DS) and the y-axis was the field capacity treatment
(FC) [26].
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2.4.4. Allometric Analysis

We further used allometric analysis based in log-transformed data to study the changes in root dry
mass compared to the sum of stem and needle dry mass. Differences between the two watering regimes
in slopes and intercepts for the three species with their populations were assessed by parallelism test
using watering regimes [23,27].

2.4.5. Factor Analysis

In order to display the overall performance of the populations tested, we performed, for P. patula
and P. pseudostrobus (species with more than two populations), a factor analysis using a maximum
likelihood method and a Varimax rotation to maximize the variation of factor loadings and to facilitate
the interpretation of the factors. We used variables with highly significant differences in the watering
treatment (model 1): HG, RDM, SDM, SMF and SLA. A Biplot using the values of the factors for the FC
and DS treatments was considered for each population. A correlation coefficient was computed for the
mean values of the populations of the two axes, the plasticity (differences among FC/DS treatments),
and the altitude and rainfall.

All the statistical analyses were performed using SAS software (SAS Institute, Cary, NC, USA) [28].

2.5. Data Access

The data are to be stored in the Zenodo repository, and DOIs are being provided for the various
datasets in the Supplementary Material section.

3. Results

3.1. Response to Watering Regimes

Water stress treatment significantly affected species survival, irrespective of seed origin (Table S1).
Mortality (from the beginning to the end of the drought experiment) ranged from 30% for Pinus oocarpa
to 4% for P. pseudostrobus, with P. patula offering an intermediate value, 12% (Table S2).

Watering produced significant differences for all three pine species in seedling phenotypic changes
(Table 2 and Table S3). Most traits, with the exception of relative biomass allocation to roots (RMF) and
needle biomass (NDM), showed distinct phenotypic changes (i.e., plasticity) in response to drought,
indicating the importance of the watering treatment. We also found differences in the plastic responses
of the species (species by watering interactions). Moreover, data confirmed a general significant
intraspecific variation and intraspecific differences in plasticity, since both population and watering x
population interaction were significant for all the three species.

Table 2. Mean squares and level of significance 1 in the inter-specific analysis estimated for all species
for different functional traits in three Mexican pines.

Trait 2 W S WxS c P(S) B(W)

df 1 2 2 1 14 8
HG 800,680 ** 174,440 ** 31,469 ** - 13,167 ** 5394 **

RDM 588,837 * 122,126 * 103,861 ** 4,820,150 ** 31,919 ** 148,087 **
SDM 1,611,569 ** 112,624 * 88,819 ** 3,649,888 ** 24,332 ** 47,780 **
NDM 1,936,624 ns 3,957,069 ** 168,257 ns 26,807,653 ** 240,005 ** 1,031,535 **
TDM 11,731,955 * 4,778,621 ** 936,486 ** 86,216,460 ** 461,308 ** 2,379,984 **
RMF 0.003 ns 0.055 * 0.010 * 0.022 ** 0.011 ** 0.024 **
SMF 0.214 ** 0.198 ** 0.025 ** 0.020 ** 0.013 ** 0.007 **
NMF 0.167 ** 0.467 ** 0.032 ** 0.086 ** 0.024 ** 0.014 **
SLA 33,146 ** 72,346 ** 1693 ns 33,228 ** 7498 ** 3819 **

1 Mean squares, and Level of significance: ** significant differences (p < 0.01); * significant differences (p < 0.05); ns,
not significant (p < 0.05). 2 HG: height growth increment; RDM: root dry mass; SDM: stem dry mass; NDM: needle
dry mass; TDM: total dry mass; RMF: root mass fraction; SMF: stem mass fraction; NMF: needle mass fraction; SLA:
specific leaf area. W: Watering. S: Species. WxS: Watering x Species interaction. c: Covariate: Initial height for all
traits except for HG. P(S): Population within species. B(W): Block within treatment. df: degrees of freedom.
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3.2. Allocation Patterns

Overall, regression models between root dry mass with stem plus needles dry mass, representing
relative allocation to roots, had a positive relationship with low watering regime. For FC and DS,
regression lines did not share a common trajectory (p < 0.0001) for all three species. However, intercepts
were different for P. patula and P. pseudostrobus (p < 0.0001) but not for P. oocarpa (p = 0.344) (Figure 2,
Table S4).
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Figure 2. Allometric regression between RDM with SDM + NDM for field capacity (FC) and
drought-stress (DS) regimes: (a) P. oocarpa, (b) P. patula and (c) P. pseudostrobus. Solid lines, filled symbols
and R2 are for FC treatment while dotted lines, empty symbols and italics R2 are for DS treatment.

3.3. Intraspecific Variation

Height growth increment significantly varied with watering treatment for all study species, the
extent of the change significantly varying for P. patula and P. pseudostrobus populations, but not for
P. oocarpa’s (Table 3). The more plastic traits were related to height growth increment, stem and needle
biomass and specific leaf area (Table 4).

We found differences among populations in many of the analyzed traits, especially those related to
the biomass components, but not for allocation fractions: stem and total biomass in Pinus oocarpa, height
growth increment, total biomass and biomass components and specific leaf area in P. patula, and all
the traits except stem biomass in P. pseudostrobus. For many of those traits that showed a significant
population effect, significant differences in population phenotypic plasticity were detected, indicating
differences among species and populations in response to drought, e.g., population phenotypic changes
in stem and needle biomass in Pinus oocarpa and P. patula, or biomass allocation and specific leaf area
in P. pseudostrobus.

The patterns of phenotypic plasticity among populations were quite contrasting depending on the
trait (Figure 3). The height growth increment showed sharp differences in phenotypic plasticity for two
of the species (P. patula and P. pseudostrobus), with a higher variation for the first species. It is interesting
to notice that for SDM (Figure 3b), Pinus patula populations were quite homogeneous in allocating
biomass to stems despite the differences in height, while the two P. oocarpa populations had quite
different patterns. P. pseudostrobus populations showed differences in phenotypic plasticity for SMF
and SLA, with populations PS05 and PS04 being the most interactive for the two traits (Figure 3d,e).
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Table 3. Mean squares and level of significance 1 in the intra-specific analysis per species for different
functional traits in three Mexican pines.

Trait 2 W P WxP c B(W)

Pinus oocarpa
df 1 1 1 1 8

HG 193,937 ** 517 ns 3106 ns - 4504 **
RDM 411,344 ns 122,364 * 71,980 ns 1,543,789 ** 92,363 **
SDM 515,777 * 122,994 ** 164,325 ** 1,506,868 ** 66,208 **
NDM 1,218,092 ns 385,868 ns 601,087 * 5,944,773 ** 574,158 **
TDM 6,067,398 ns 1,747,874 * 2,099,484 ** 24,086,763 ** 1,575,038 **
RMF 0.008 ns 0.001 ns 0.004 ns 0.001 ns 0.010 ns
SMF 0.012 ns 0.002 ns 0.005 ns 0.007 * 0.003 *
NMF 0.040 * 0.005 ns 0.000 ns 0.013 ns 0.005 ns
SLA 2.156 ns 4 ns 19 ns 2077 ns 502 ns

P. patula
df 1 9 9 1 8

HG 736,102 ** 3460 ** 5617 ** - 2882 *
RDM 329,833 ns 10,358 ns 16,031 * 1,319,554 ** 94,360 **
SDM 1,239,102 ** 14,035 ** 16,812 ** 691,007 ** 16,274 **
NDM 584,235 ns 85,401 ** 61,937 ns 9,253,456 ** 436,834 **
TDM 6,153,728 * 214,427 * 225,448 ** 25,668,546 ** 1,086,400 **
RMF 0.006 ns 0.003 ns 0.002 ns 0.007 ns 0.019 **
SMF 0.372 ** 0.004 * 0.003 ns 0.001 ns 0.007 **
NMF 0.280 ** 0.004 ns 0.003 ns 0.003 ns 0.016 **
SLA 178,790 ** 2949 ** 676 ns 39,736 ** 4007 **

P. pseudostrobus
df 1 4 4 1 8

HG 173,685 ** 34,691 ** 3742 * - 3135 *
RDM 25,352 ns 75,630 ** 18,592 ns 1,940,741 ** 18,583 ns
SDM 272,247 ** 4556 ns 12,154 ns 1,109122 ** 18,678 **
NDM 486,907 ns 665,570 ** 175,298 ns 11,061,214 ** 353,560 **
TDM 1,872,890 ns 924,259 ** 304,728 ns 33,341,014 ** 665,116 **
RMF 0.023 ns 0.035 ** 0.007 * 0.054 ** 0.006 **
SMF 0.075 ** 0.022 ** 0.006 * 0.037 ** 0.003 ns
NMF 0.013 ns 0.057 ** 0.008 ns 0.180 ** 0.006 ns
SLA 64,286 ** 11,042 ** 2603 * 345 ns 1286 ns

1 Mean Squares and level of significance: ** significant differences (p < 0.01); * significant differences (p < 0.05); ns,
not significant (p < 0.05). 2 HG: height growth increment; RDM: root dry mass; SDM: stem dry mass; NDM: needle
dry mass; TDM: total dry mass; RMF: root mass fraction; SMF: stem mass fraction; NMF: needle mass fraction; SLA:
specific leaf area. W: Watering. P: Population. WxP: Watering x Population interaction. c: Covariate: Initial height
for all traits except for HG. B(W): Block within treatment. df: degrees of freedom.

Table 4. Plasticity Index of the traits under the drought stress treatment at the species level in three
Mexican pines (only variables with a Watering significant effect are included).

Trait 1 P. oocarpa P. patula P. pseudostrobus

HG 73.74 57.60 60.08
SDM 43.03 48.94 35.04
TDM - 24.11 -
SMF - 32.60 26.88
NMF −7.74 −10.09 -
SLA - 20.30 19.92

1 HG: height growth increment; RDM: root dry mass; SDM: stem dry mass; NDM: needle dry mass; TDM: total dry
mass; RMF: root mass fraction; SMF: stem mass fraction; NMF: needle mass fraction; SLA: specific leaf area.

3.4. Phenotypic Variation of the Mexican Species Under Full Capacity and Drought Stress Treatments

The two first factors explained 86.09% of the total variation, with the first factor (PC1), related
to stem growth and SLA, explaining 59.85% of the total variation, and the second factor, related to
root and stem dry biomass, explaining 26.24% of it (Table S5). The two treatments clearly differed, all
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populations analyzed showing a similar pattern, mainly due to an increment in stem mass under the
full capacity treatment, although they differed either in the extent of the variation or in the allocation
pattern (expressed in the two axes). The differences were higher for Pinus patula than for P. pseudostrobus.
P. pseudostrobus populations showed a similar performance, PS03 and PS04 behaving similarly under
the two treatments (Figure S2). Pinus patula showed a significant correlation (r = 0.634 *) between
rainfall of the origin and plasticity in PC2 (Figure 4a). In the case of Pinus pseudostrobus, the value was
significant (r = 0.823 *) in the case of PC2 (Figure 4b).Forests 2018, 9, x FOR PEER REVIEW  10 of 17 
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Figure 3. Analysis of plasticity by species for growth variables and biomass components with significant
response to watering treatment in (a) HG: height growth increment; (b) SDM: stem dry mass; (c) TDM:
total dry mass; (d) SMF: stem mass fraction; and (e) SLA: specific leaf area (P. oocarpa = #, P. patula = ♦
and P. pseudostrobus = ∆). Bars indicate the standard errors in the two treatments.
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4. Discussion

This paper evaluates the variation in growth and biomass allocation in seedlings of three Mexican
pines grown under two contrasting watering regimes. The results showed inter- and intraspecific
variation in seedling drought tolerance, which confirms our hypothesis that the watering regime had
a significant effect in phenotypic changes for plants of Pinus oocarpa, P. patula and P. pseudostrobus.
All species and populations shared a common general avoidance mechanism (increasing water
uptake and reducing water loss [29]) in relation to changes in their allocation patterns, but the
intraspecific variation and differences in phenotypic plasticity among populations modified the
adaptation strategies of the species to drought. The sampling scheme allowed us to detect differences
among geographically close populations, with strong implications for forest management.

Our study is limited to moderately stressful experimental conditions, as we were dealing with
species and populations that differ in their tolerance to water stress, but in accordance to the climatic
scenarios predicted by 2030 [1]. Our results evidenced the existence of an avoidance mechanism in the
face of drought stress at the seedling stage, which is the most critical in both the natural and artificial
regeneration methods. The existence of watering x population interaction in many traits implies
differences in the genetic responses of the populations that are important for the in situ adaptation of
the species, due to the possible selection of reaction norms. Experiments under more intense water
stress, that is, more stressful conditions than those predicted for the next generation, could result
in hidden reaction norms, i.e., responses of the populations not described previously [30]. Another
caveat of the study is that maternal environmental effects at the seedling stage significantly modulate
variability in the trees growing in the stressful environment [31]. However, we minimized the impact
of these effects by using the initial height as a covariate. Finally, we focused our experiment in
a restricted area, using a limited number of samples (in the case of P. oocarpa, only two, to avoid biases
due to taxonomic errors in the identification, see Materials and Methods). The sampled populations,
however, cover the range of mean temperature and rainfall of the study area (Table 1). We addressed
the level and patterns of variation of close-together populations in the same region as a means to
infer genetic resources management recommendations in the study area. We are not able, however,
to provide estimates of the level of genetic variation of the species, which is largely dependent on the
sampling scheme.

The adjustment to drought stress treatment in the Mexican pines analyzed mainly involved
allometric changes by reduction of aerial biomass, although it is interesting to point out that root
allocation was not significantly affected, and neither was needle dry biomass. Seedling allometric
changes, linked to low water availability in the soil [32], are associated to particular physiological
processes, including changes in photosynthetic and transpirational capacities, that depend on the
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level of stress [6]. A reduction in SLA, an important functional trait related to leaf assimilation
capacity [33], was also observed. Such reduction in SLA under water-stress conditions has been
repeatedly reported in seedling experiments (e.g., P. canariensis [34], P. halepensis [35]), under similar
experimental conditions. SLA changes were due to shifts in the watering regime [36], and seedlings
from drought-tolerant seed sources showed greater reductions in needle size, area per needle and
stomata per needle than seedlings from non-tolerant sources [37].

The three species analyzed did not behave similarly, and presented significant differences in
the level of intraspecific variation and phenotypic plasticity under water stress treatment. P. oocarpa
showed the highest mortality, growth reduction and needle biomass fraction increment. P. oocarpa
seemed the least tolerant to water stress, while P. pseudostrobus was the most tolerant. The climatic
information from the sampled populations (and from the species in the area of study) is not exactly
coherent with this behavior, since P. oocarpa lives under higher annual temperatures (18.8 ◦C) and
rainfall (1205 mm) than the other two species (14.3 ◦C and 982 mm for P. patula, and 12.6 ◦C and
1145 mm for P. pseudostrobus). Therefore, climatic data (temperature and rainfall) cannot be solely
relied upon in predicting drought tolerance in forest species, especially when dealing with populations
from a restricted area, where other factors and climatic variables could have shaped local adaptation,
determining the behavior of each species [38–40].

For the three species, several patterns have been described for the relationship between the
ecological conditions and the performance in field or in greenhouse experiments of the species,
indicating that these relationships depend both on the species and the experimental conditions
(sampled material and site). In many cases there is a maximum (or minimum) of the performance
at a given ecological (rainfall, altitude) value. For P. oocarpa seedlings, the occurrence of a seedling
stage was high whenever the rainfall at the seed origin was less than 1250 mm. The ability to
form a lignotuber (storage root typical from seedling-stage pines) is probably an adaptation to dry,
fire-frequented environments [41]. Height growth was related to the altitude, rainfall and dry season of
the seed origin [41], and the greatest growth would occur in populations originating from 1255 m a.s.l.,
with populations from either lower or higher altitudes having a lower growth [42]. Pinus patula
provenances from lower altitudes showed higher growth and a larger number of shoots cycles than
provenances from higher altitudes [43,44]. However, in a greenhouse-provenance trial, seedlings
showed slightly higher growth potential in provenances from mid-altitude (2700 m a.s.l.) than those
provenances originated in altitudinal extremes (2400 and 3000 m a.s.l.) [45]. Pinus pseudostrobus
populations from lower altitudes (2300–2400 m a.s.l.) presented poorer health than populations from
intermediate altitudes (2700 m a.s.l.), and those populations from altitudinal extremes (2300 and
2900 m a.s.l.) presented the lowest percentages of germination, while the highest germination rate
corresponded to 2700 m a.s.l. [46].

Intraspecific variation will influence the strategies of the species at two main levels: genetic
variation and differences in the plastic response of the populations. The three species showed
significant levels of intraspecific variation within the sampled area, with P. oocarpa, for which only two
populations were sampled, having a largest level of genetic variation, the two populations differing
in phenotypic plasticity in response to drought stress. It has been reported that populations from
low altitudes tend to show higher growth potential than trees from populations originating at higher
altitudes [42], and that populations from altitudes of origin above 1000 m a.s.l. are less drought-tolerant
than those of below 1000 m a.s.l. [47]. It is quite likely that populations (and species) from low altitudes
have a more conservative growth strategy, related to the avoidance of drought stress [9,48]. However,
at our sampling scale, the population from the high altitude (OC02) was more tolerant to drought
stress, as indicated by its lower mortality, and its better stem biomass adjustment under our two
watering regimes.

Pinus patula populations showed a significant among-population variation in most of the traits
related to stem growth and SLA, and they also differed in levels of phenotypic plasticity for those
traits, although not for SLA. It has been reported that P. patula provenances from lower altitudes have
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a higher growth [43]. In our study, there is a correlation among seed origin rainfall and the mean value
of the first factor (r = 0.65), related to stem mass fraction, and SLA and the plasticity in the second
factor (r = 0.63), related to root and stem dry biomass, indicating that even at local scales there is
an adaptive pattern to climate of the integrated phenotypes.

P. pseudostrobus also showed intraspecific differences in traits related to stem biomass, and SLA,
but also significant differences in phenotypic plasticity among populations. We found a correlation
of the mean value of the populations in the factor 2 (r = 0.82 *) related to root and stem dry biomass.
The low sampling size (5 populations), could influence the lack of significance of the factor 1 (r = 0.65 ns)
and the plasticity of the factor 2 (r = 0.68 ns). The linear relationships described in this study can also be
caused by the sampling area, as we cannot discard a more complex performance (as the ones described
in the studies previously mentioned), when expanding the study area. It is interesting to notice that
populations from western Mexico did not have significant genotype-environment interaction [49,50],
when tested in close-by test sites. Therefore, estimating intraspecific differences in terms of adaptability
at local scales will require an estimate of among-population genetic differences in terms of genetic
phenotypic plasticity [51] in a larger number of populations.

The implications for forest genetic resources management are related to the natural and artificial
regeneration of the species and conservation of genetic resources. In the TMVB, the populations of
the species differ in adaptability to drought stress, and our ability to predict the responses requires
a sufficient sample size, that is, at spatial scales significant for forest management we can detect
differences in genetic variation and patterns of performance related to the climate of origin. In the
case of P. oocarpa, even two very close populations performed differently and, for the other two
species, the existence of intraspecific variation (population and drought-by-population interaction)
justifies the use of local material in afforestation programs [52]. More productive allochthonous basic
materials could be used in the region, ensuring that native populations were not introgressed with
this potentially non-adapted material [53]. This study also shows the importance of the area for the
genetic conservation of the species, as some conservation units can be selected having differential
value in terms of adaptation for the future climatic conditions [54]. Also, our results show that,
at early developmental stages, genetic differences in survival are important, depending on the species,
and therefore silvicultural treatments must be taken into consideration to favor different biomass
allocation (e.g., by reducing competition or light) [55]. Managing the genetic resources within a region,
therefore, needs not only information at the species level, but a more precise information about major
variation patterns of their populations, as the effects will affect the future adaptation and performance
of the species in the area considered.

5. Conclusions

We confirmed that even at reduced geographical scales, Mexican pines present differences
in the response to water stress. The responses differed among species, including the allometric
phenotypic changes in biomass allocation (plasticity), the genetic differences among populations,
and the differences in phenotypic plasticity among populations. Testing three different species that
presented differences in water stress tolerance, allowed us to detect different strategies of avoidance
(mainly changes in allometry, but also changes in needle structure for some of the populations),
and some patterns of species response. These differences are relevant not only in afforestation programs,
but also in genetic conservation activities.

Supplementary Materials: The following are available online at http://www.mdpi.com/xxx/s1: Table S1,
Analysis of survival in the drought experiment for the three species. Table S2, Values of survival and ontogenic
stages recorded per population. Table S3, Mean (± standard errors) for growth variables and biomass fractions for
the two watering treatments (FC/DS). Table S4, Analysis of unequal slope and intercept estimated among watering
regimes by species. Table S5, Percentage of the total variance explained by components and weights obtained
among their variables. Figure S1, Germination speeds for P. oocarpa (OC), P. patula (PA) and P. pseudostrobus (PS)
and among their populations (OC01-02; PA01-04, 06-09, 11-12; PS01-05). Figure S2, Biplot off the variables (X)
and populations on the plane defined by the two Principal Components, for P. patula (
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and among their populations (OC01-02; PA01-04, 06-09, 11-12; PS01-05). Figure S2, Biplot off the variables (X) 
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(▲). Filled symbols and population’s number represent FC treatment, while empty symbols and underlined 
population’s number represent DS treatment. 
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Appendix A

Experimental Details

Populations: These are described in Table 1 and located in Figure 1.
Germination: Three hundred seeds per population were soaked in hydrogen peroxide (H2O2,

1:5 v/v) for 15 min, then rinsed twice and soaked in distilled water for 24 h. Seeds were then
sown in trays containing moistened rock wool and covered with plastic film. Trays were placed
inside a germination chamber at 25 ± 1 ◦C and 60 ± 5% relative humidity and 8-h photoperiod.
The germination was recorded three times a week and then used to calculate the germination curve
parameters (total germination in %, speed) based on a sample of 60 seeds per population. Germination
for three species started at 3 days, P. oocarpa and P. pseudostrobus having a higher germination rate than
P. patula.

Container characteristics: Fifty seedlings from each population were transplanted into individual
plastic containers, except from P. patula populations (PA02, PA07 and PA08), which had a low
germination rate. We used 250 cm3 individual plastic containers with a mixture of peat moss and
vermiculite substrate (3:1 v/v). All the containers were equally filled. This container size was big
enough to avoid root restriction, given the short duration of the experiment [17].

Experiment design: The seedlings were installed in a greenhouse with temperature control (see next
section for details). Plants were arranged in a randomized complete block design, with 5 seedlings per
block, and 5 blocks in each of the two watering treatments (25 seedlings per treatment). Two different
growing phases were established to hasten ontogenetic changes, differing in temperature and
photoperiod. Seedlings were maintained in a slow-growth phase over 135 days from November
to March (8 ± 2 ◦C and 60 ± 5% relative humidity), and then cultivated in a normal-growing phase
from April to June (24 ± 2 ◦C and 80 ± 5% relative humidity). Both growth phases were implemented
at the greenhouse. During this second growing phase, seedlings were submitted to two watering
treatments during 90 days.

Greenhouse controlled conditions: See Table A1.

Table A1. Phases and greenhouse conditions for species studied.

Slow-Growth Phase Normal-Growth Phase

Duration 135 days, November-March 90 days, April to June
Position of the trays with respect to the solar angle west to east west to east
Temperature 8 ± 2 ◦C 24 ± 2 ◦C
Photoperiod Short days Long days
Irrigation system misting nozzle misting nozzle
Watering amount Full capacity Two watering regimes
Relative humidity 60 ± 5% 80 ± 5%
Heat shield 40–50% reflecting radiant heat 40–50% reflecting radiant heat
Fertilization Peter’s 20-20-20 -N-P-K Peter’s 20-20-20 -N-P-K

https://doi.org/10.5281/zenodo.1162044
https://doi.org/10.5281/zenodo.1162044
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Watering was determined by weighing every second day 25 pots randomly chosen from each
treatment (50 in the first phase). The two watering regimes were established based on the mean
saturation level of the substrate: 90–100% on FC and 35–45% on DS treatments.
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