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With climate change, favorable growing conditions for tree species are shifting northwards and to higher altitudes. Therefore, local populations are becoming less adapted to their environment. Assisted migration is one of the proposed adaptive measures to reduce the vulnerability of natural populations and maintain forest productivity. It consists of moving genetic material to a territory where future climate conditions correspond to those of its current location. Eight white spruce (Picea glauca [Moench] Voss) seed sources representing as many seed orchards were planted in 2013 at three forest sites simulating a south-north climatic gradient of 1.7°C in Québec, Canada. The objectives were to (1) evaluate the morpho-physiological responses of the different seed sources and (2) determine the role of genetic adaptation and physiological plasticity on the observed variation in morpho-physiological traits. Various seedling characteristics were measured, notably height growth from nursery to the fourth year on plantation. Other traits such as biomass and carbon allocation, nutritional status, and various photosynthetic traits before bud break, were evaluated during the fourth growing season. No interaction between sites and seed sources was observed for any traits, suggesting similar plasticity between seed sources. There was no change in the rank of seed sources and sites between years for height growth. Moreover, a significant positive correlation was observed between the height from the nursery and that after 4 years in the plantation. Southern seed sources showed the best height growth, while optimum growth was observed at the central site. Juvenile height growth seems to be a good indicator of the juvenile carbon sequestration and could serve as a selection criterion for the best genetics sources for carbon sequestration. Vector analysis showed no nitrogen deficiency 4 years after planting. Neither seed sources nor planting sites had a significant effect on photosynthesis before bud break. The observed results during the establishment phase under different site conditions indicate that southern seed sources may already benefit from assisted migration to cooler climatic conditions further north. While northern seed sources are likely to benefit from anticipated local global warming, they would not match the growth performance of seedlings from southern sources.
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INTRODUCTION

The geographic distribution of forest species is influenced by climate (Davis and Shaw, 2001). Over the course of recent millennia, forest tree species have adapted to local conditions and populations often vary genetically along a clinal gradient (Andalo et al., 2005; Aitken and Whitlock, 2013). With the global warming predicted by General Circulation Models (GMCs) and various scenarios envisioned for the boreal zone (GIEC, 2014), we should expect a shift of current climatic niches northwards or to higher altitudes (e.g., Papadopol, 2000; Davis and Shaw, 2001). In response to this pressure, forest tree populations will have to adapt to changing local conditions or migrate to environments matching their present climate. However, the speed of migration of forest species is 10–100 times slower than that predicted for the shift in climatic niches (NRC, 2016), which leads us to anticipate maladaptation, even of minor importance, of local populations to new conditions.

Assisted population migration, which consists of relocating seed sources used for reforestation to habitats to which they are optimally adapted within species range, is currently one of the proposed strategies to mitigate the effect of climate change on forest productivity and to reduce the vulnerability of forested ecosystems (Mueller and Hellmann, 2008; Aubin et al., 2011; Pedlar et al., 2012). Assisted population migration is less risky compared to assisted range expansion and long distance species migration (Pedlar et al., 2012). However, its implementation must be based on solid scientific knowledge to minimize the associated risks. Seed source transfer models have already been developed for many tree species, using growth measurements collected in provenance trials replicated on several sites (Beaulieu et al., 2004; Andalo et al., 2005; Thomson and Parker, 2008; Thomson et al., 2009; O'Neill et al., 2017). These models establish a relationship between tree growth and climatic variables. The first model for white spruce in Québec was developed by Andalo et al. (2005). It was later refined by using estimates of a set of climate variables either obtained from weather station 30-year-normal records or various GMCs and scenarios to predict plantation yield (m3/ha) as a function of climate differences between two periods and/or sites (Rainville et al., 2014).

Growth is a characteristic that is strongly influenced by the interaction between seedling genotype and available resources (water, soil fertility, etc.), as well as by environmental stresses (Li et al., 2017). Therefore, it would be advisable to complement growth measurements with the assessment of other variables in order to reduce the risks associated with assisted migration (Isaac-Renton et al., 2014). Evaluating morpho-physiological traits of seed sources used in reforestation programs in response to their growing conditions should contribute to the development of operational recommendations that are not only more exhaustive, but also less risky in terms of optimal transfer distances.

White spruce (Picea glauca [Moench] Voss) is one of the most important commercial species in the North American boreal forest (Beaulieu et al., 2009). Its genetic improvement programs are among the most advanced (Mullin et al., 2011). For example, more than 98% of the seedlings produced for reforestation in Québec are grown from improved seed (Lamhamedi and Carles, 2012). It is already known that certain morpho-physiological traits (e.g., traits related to growth or photosynthesis) of white spruce seedlings vary between seed orchards and regions (Carles et al., 2011; Benomar et al., 2015; Villeneuve et al., 2016), families (Carles et al., 2012), and somatic clones (Lamhamedi et al., 2000; Wahid et al., 2012), attesting to local genetic adaptation. Some of these traits may also be highly influenced by site and environmental characteristics (soil properties and fertility, temperature, precipitation, etc.), demonstrating the existence of considerable physiological plasticity (Benomar et al., 2016). However, our previous studies carried out under controlled conditions showed a stability of morphological characteristics in response to the interaction between a simultaneous increase in CO2 concentration and temperature (Carles et al., 2015).

Until now, few studies have evaluated morpho-physiological responses of seedlings originating from seed orchards representative of geographically distinct sources several years after planting on different sites that simulate assisted migration along a climatic gradient. Furthermore, few tests dedicated to assisted migration have been established, such as the Assisted Migration Adaptation Trial (O'Neill et al., 2013), and the test developed by the ministère des Forêts, de la Faune et des Parcs du Québec (MFFP) (Lamhamedi et al., 2017). These assessments will permit identification, at a young age, of seed sources presently used in reforestation programs that possess the broadest genetic adaptation and the largest phenotypic plasticity, which should consequently perform better under future environmental conditions of planting sites. In tree plantations, the juvenile phase of establishment is considered to be the stage where the seedlings are the most sensitive to different environmental stresses (Lamhamedi and Bernier, 1994; Grossnickle, 2000). Our hypothesis is that under anticipated climate change, morpho-physiological traits will only be optimized in plantations by matching sites to seed sources from regions where the climatic conditions are currently similar to those predicted in future scenarios for the reforestation sites, since local genetic adaptation is significant in white spruce in eastern Canada (Andalo et al., 2005; Beaulieu and Rainville, 2005). The assessment of morpho-physiological traits in the context of assisted migration tests should contribute to a better characterization of the different seed sources with respect to their lag in adapting to local conditions, capacity to acclimatize, tolerance to environmental stresses, efficiency in using environmental resources (water, mineral elements etc.), and ability to sequester carbon. Over the long term, a better knowledge about the various levels of genetic adaptation and plasticity under various environmental conditions will be obtained.

This article is the fourth of a series of papers addressing the anticipated impacts of climate change on the adaptation of the most frequently used white spruce seed sources in Québec's reforestation program. Recent work has focused on morpho-physiological characterization under controlled conditions (greenhouse), in a nursery and during the first 2 years of establishment on reforestation sites (Benomar et al., 2015, 2016; Villeneuve et al., 2016). This characterization has revealed differences between seed sources (seed orchards) and established links between seedling performance and the climatic conditions of the original location of the parental trees that were sampled to provide grafts for orchard establishment (Villeneuve et al., 2016). The present study continues this investigation by examining these traits in experimental plantations established on a number of forest sites along a climate gradient. The study was conducted during the first few years after outplanting, which are generally the most critical for seedling survival.

To our knowledge, the present study is the first to address the contribution of genetic adaptation and phenotypic plasticity in response to a climatic gradient for traits such as photosynthesis before bud break, the allocation of carbon and biomass between different parts of the tree, and the evolution of the nutrient status of the seed sources as a function of site quality using vector analysis (Haase and Rose, 1995). The objectives were to: (1) model the evolution of juvenile growth of the different white spruce seed sources on three sites along a climatic gradient for the first 4 years after outplanting; (2) quantify the allocation of carbon and biomass of the different white spruce seed sources and the evolution of their nutrient status with respect to planting sites; and (3) evaluate the response of photosynthesis before bud break of the different white spruce seed sources on the three planting sites.

MATERIALS AND METHODS

Vegetative Material

The seed sources used in this study are representative of the most commonly used seed orchards in Québec's reforestation program. Of the eight sources, six represent first-generation clonal seed orchards (SO1-1 to SO1-6) and two represent second-generation clonal seed orchards (SO2-1 and SO2-2) (Figure 1). The first-generation seed orchards consist of plus-trees selected from local natural populations that were reproduced by grafting. They were intended to produce high quality seed to meet the needs of the surrounding regions (Beaulieu et al., 2009). The two second-generation orchards have origins covering a much larger geographical range and were designed to respond to the reforestation needs in the balsam fir and sugar maple forest domains, respectively, which constitute distinct zones of genetic adaptation for white spruce (Li et al., 1997a). These orchards are composed of trees selected for superior height, stem form and branching in progeny tests conducted at about 15 years of age and represent the 25 best-performing open-pollinated families in each of these two forest domains. Most of the families are common to both seed orchards and were originally from natural white spruce populations in Québec and Ontario. These seed orchards therefore possess a genetic composition representative of a larger geographic territory than the first-generation seed orchards.
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FIGURE 1. Map of Quebec showing the location, coordinates and climatic data for the eight white spruce seed orchards (SO) that were used as seed sources in this study as well as the three planting sites (Watford, Asselin, and Deville). For SO1-1 to SO1-6, latitude, longitude, and elevation of the seed orchards are those of the centroid of selected trees that make up the orchards. The climatic data corresponds to those of the same centroids for the period 1981–2010. For seed orchards SO2-1 and SO2-2, only latitudinal and longitudinal data of orchard locations are presented because the orchards were composed of trees representing multiple widespread provenances from Québec and Ontario in Canada.



The seeds used for seedling production in this study were extracted from cones harvested in two consecutive seed years (2008 and 2009), to obtain an optimal representation of the genetic pool of each seed orchard. The seeds were sorted by size and those with a diameter between 1.5 and 2.5 mm were stratified by le Centre de semences de Berthier (Berthier Seed Center; MFFP) following operational standards. Seed size has been shown to affect growth and mineral nutrition of white spruce seedlings (Lamhamedi et al., 2006b). Generally, seeds with diameters <1.5 mm have a slow rate of germination and the resulting seedlings do not meet the 28 morpholphysiological criteria (Veilleux et al., 2012) contractually required before delivery to reforestation sites. Following stratification, the seeds were germinated under a polyethylene production tunnel at the St-Modeste forest nursery (47.50° N, 69.23° W) (Figure 1), where the seedlings were grown under standard nursery cultural treatments during their first growing season (1+0) (2011) (Lamhamedi et al., 2001). The seedlings were moved outside for their second growing season (2+0) (2012). Irrigation was optimized in accordance with growth stage during the first growing season (Lamhamedi et al., 2001), and maintained between 40 and 45% (v/v) during the second growing season (Lamhamedi et al., 2006a). Fertilisation was adjusted bi-weekly using the PLANTEC software (Girard et al., 2001) during both growing seasons. The seedlings were planted on three reforestation sites (Watford, Asselin and Deville) in the spring of 2013 (Figure 1).

Planting Sites

The experimental design is composed of nine planting sites, distributed across the province of Québec. Three sites (Watford, Asselin and Deville), established in the spring of 2013 within three bioclimatic domains representative of a climatic gradient along the Appalachian range, were used for this study (Figure 1). Watford township, in the Beauce region, is located in the sugar maple-yellow birch domain and characterized by the most temperate climate (Saucier et al., 2010). Asselin Township is located in the Témiscouata region, within the balsam fir-yellow birch domain and has an intermediate climate. These two first sites are characterized by loamy soils. The third site is located in Deville Township on the Gaspé Peninsula, in the balsam fir-white birch domain and is characterized by sandy-loam soils. It is also the most northerly site of the three sites and has the harshest climate (Figure 1).

A total of 4,608 seedlings were planted on each site (density of 2,000 seedlings/ha with spacing of 2.25 × 2.25 m) and distributed in four randomized complete blocks. Each block consisted of eight plots, each occupied by one of the eight seed sources being evaluated. Each plot contained 144 seedlings (12 × 12). The seedlings in the two outside rows of each plot were excluded from the measurements in an effort to reduce the border effects.

Climatic Data

Climatic data on each of the three sites was registered continuously during the four growing seasons using weather stations. The stations were installed on May 27, 2013 (Watford), June 3, 2013 (Asselin) and June 11, 2013 (Deville). They were equipped with rain gauges, as well as probes to measure humidity (HMP50, Vaisala, Helsinki, Finland), air temperature (HMP45C, Campbell Scientific, Logan, UT, USA), and incoming light (PAR) (Li 190 Campbell Scientific, Logan, UT, USA). Soil temperature was also measured at three depths (10, 20, and 30 cm) using 107B probes (Campbell Scientific, Logan, UT, USA).

The gradient of average annual temperature over the three sites (1.7°C) and the climatic data from the seed orchards of origin were derived from simulations generated by BioSim software (Régnière et al., 2014) over a period of 30 years (1981–2010) using climate data collected in neighboring weather stations.

Characterization of the Soil on the Planting Sites

Ten random soil samples were collected on each of the three planting sites (total of 30 samples) to obtain a fair representation of the spatial variability of soil characteristics. After removal of the superficial layer of organic matter, samples were taken from the top 20 centimeters of soil using an auger. These samples were used to determine soil particle size, texture and fertility on each of the study sites. After sieving (2 mm) and air drying, a portion of each sample was ground using a Pulverisette-7 (Fristch, Idar-Oberstein, Germany) to determine concentrations of mineral nutrients (N, P, K, Ca, Mg) and micro-nutrients. Nitrogen analysis was conducted using the high combustion method (LECO analyser, Leco Corporation, St-Joseph, Michigan) (Yeomans and Bremner, 1991). An exaction with a Mehlich-3 solution permitted separation of the other mineral nutrients and micro-nutrients (Ziadi and Tran, 2006). The concentration of each of the mineral nutrients was then determined using plasma emission spectrometry. Cationic exchange capacity (CEC) and pH of the soil were also evaluated (Baize, 2000).

Initial Characterization of White Spruce Seedlings

Before outplanting, seedlings were characterized in May 2013 (Villeneuve et al., 2016). Data was collected on 15 seedlings/seed orchard for height and diameter growth. Moreover, three composite samples per seed orchard (five seedlings per composite sample) were used to determine the nutrient content (concentration * dry mass) of the shoot and root tissues.

Growth, Root Morphology and Allocation of Biomass

Seedling height and diameter growth from the different seed orchards were evaluated each year during the 4-year study (2013–2016). The mortality and presence of dead apical buds was also noted. All measurements were made on the 64 seedlings at the center of each plot. A total of 6,144 seedlings (64 seedlings * eight seed orchards * four blocks * three sites) were evaluated in 2013, 2014, and 2015. In 2016, only 63 of the 64 seedlings were measured, since one seedling from each plot (one seedling * eight orchards * four blocks * three sites = 96 seedlings in total) was removed at the beginning of the growing season for laboratory analysis of growth and mineral nutrition.

Ninety-six seedlings were also destructively sampled before bud break in May 2016 for assessment of root morphology and allocation of biomass. The position of the first seedling sampled was randomly selected in the first plot. Other seedlings were systematically selected from the same relative position in the other plots and blocks for each of the three sites. Care was taken to conserve the majority of the root system during harvesting. The seedlings were taken to the MFFP laboratory where they were cleaned with compressed air and washed to remove all traces of soil and debris. The root systems of the 96 white spruce seedlings were photographed in their entirety before being oven dried at 63°C for 3 days. The root systems were then trimmed of fine roots and shortened to expose the main secondary and adventitious roots. The 32 seedlings harvested from each of the three sites were used to conduct a qualitative analysis following the criteria established by Gingras et al. (2002). In addition, an assessment of the presence of adventitious roots (1 or 0) and the differentiation between normal (0) and deformed (1: J-shaped, 2: L-shaped, 3: twisted, 4: swollen) root systems was conducted. The horizontal distribution of the roots was also evaluated by differentiating between a system that was equally distributed on each side of a central axis (0), tended toward one side (1) or completely oriented to one side (2). Finally, the degree of persistence of the plug root system form was noted as poor (0), moderate (1), or strong (2).

Total height, diameter and first-order lateral branches as well as the numbers of adventitious roots, were determined for each of the seedlings. After separation, the constituent parts (adventitious roots, roots, shoots without needles, needles) of each seedling were oven dried at 63°C for 3 days before determining their dry masses with a precision balance (0.1 g).

Mineral Nutrition and Carbon Allocation

Mineral nutrient analyses were conducted on the same seedlings used for determination of dry masses (roots, shoots without needles, and needles). Pre-grinding (grinder model: Willy-Mill #3. Arthur H. Thomas Co., Philadelphia) was used to reduce the size of the large roots and the main stems. The constituent tissues (roots, shoots without needles, needles) were then subjected to a finer grinding before analyses. The carbon concentration of the woody tissues, roots and needles was determined by the same process used for soil nitrogen, which is high combustion. However, once the carbon was oxidized, its presence was determined using infrared detection rather than thermal conductivity (Yeomans and Bremner, 1991).

The nutritional status of the different seed sources on the three sites was evaluated in 2016 using vector analysis (Munson and Bernier, 1993; Haase and Rose, 1995). The values for nutrient status and seedling growth for each seed orchard, as determined during the pre-planting characterization in 2013, were used as reference points.

Gas Exchange

Gas exchange measurements were conducted before bud break (early May 2016) for each seed source on each site. Average air and soil (20 cm depth) temperatures, 5 days prior to gas exchange measurements were 8.2 and 5.5°C respectively, for Watford, 8.9 and 8.1°C for Asselin, and 7.1 and 6.5°C for Deville. Gas exchange was measured on 1-year-old needles using a portable infrared gas analyser LI-6400 (Li-Cor Inc. Lincoln, NE). Buds were removed before each measurement (Benomar et al., 2015), so that only the net photosynthesis (An) and stomatal conductance (gs) of the needles was captured. The measurements were conducted under optimal environmental conditions inside a chamber (temperature of 20°C, relative humidity of 60 ± 10%, constant vapor pressure deficit (VPD) of 1.0 ± 0.2 kPa, and saturated light intensity of 1,000 μmoles/m2/s). To determine the level of saturated photosynthetically active radiation (PAR), light response curves were produced for six seedlings from seed orchards SO1-1 and SO1-5 (3 seedlings per orchard). The obtained values were similar to those previously reported (Lamhamedi et al., 2003; Benomar et al., 2015). Gas exchange measurements were conducted on a total of 96 randomly selected seedlings (one seedling * 8 seed orchards * 4 blocks * 3 sites). The branches used for the measurements were excised and conserved at −20°C for future determination of the projected foliar surface area and subsequent adjustments to the photosynthetic rate.

Specific Leaf Area, Nutrient Use Efficiency (NUE) and Water Use Efficiency (WUE)

The projected surface area of the needles, as well as their length (mm) and width (mm), were measured using the WinSeedle (Version 2007 Pro. Regent Instruments, Québec, Canada) image analysis software. The needles were then dried at 63°C for 3 days and subsequently weighed. The specific leaf area (SLA) corresponds to the relationship between projected surface area (cm2) and needle dry mass (g).

Other branches previously cut from the same whorl used for photosynthesis measurements were harvested, ground and subjected to high temperature combustion (Leco Corporation. St-Joseph. Michigan) for determination of foliar nitrogen and phosphorus concentrations and estimation of photosynthetic nitrogen-use (PNUE) and phosphorus-use efficiencies (PPUE). These latter two measurements correspond to the relationship between photosynthetic capacity (Amax) and leaf nutrient concentration/unit area (Narea, Nitrogen; Parea, Phosphorus). Intrinsic water-use efficiency (WUE) is defined as the ratio of Amax to gs.

Statisitical Analyses

Soil characteristics of the three sites were analyzed using a linear model (model 1) with the MIXED procedure of SAS (version 9.4, SAS Institute, Cary, NC, USA) where site was considered a fixed effect factor and the block within the sites as a random effect factor.

Growth traits and mineral nutrition 4 years after outplanting, as well as photosynthetic traits before bud break in the fourth year were also analyzed with the MIXED procedure using the average values for each experimental unit (plot corresponding to a single combination of orchard/block/site), where site, seed orchard, and their interaction were treated as fixed effect factors and the block as a random effect factor. When the seed orchard effects were significant at the 5% significance level, contrast analyses were conducted to test whether there was a significant difference between the first- and second-generation seed orchards.
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Where Yijk is the dependant variable, μ is the grand mean, βi is the fixed effect of site i, γj is the fixed effect of seed orchard j, βγij is the fixed effect due to the interaction between the site i with the seed orchard j, bk(i) is the random effect of the block k within the site i and eijk is the residual error.

When required, Tukey's multiple comparison tests were used to assess differences while taking into account multiple testing. When the interaction was significant, seed orchard means were compared within each of the sites. The assumptions of normality and homogeneity of variance were verified by graphical analyses of the residuals. When they were not satisfied, the data were transformed. However, if only the hypothesis of normality was not met, a non-parametric analysis (rank test) was conducted, confirming, in all cases, the results of the parametric analysis.

For height growth, a repeated measurements model was applied to the mean values of each experimental unit (plot) at the end of each growing season (2013–2016). In this model, years, seed orchards, planting sites and their interactions were considered as fixed effect factors and the blocks nested within the sites and their interaction with seed orchards were considered as random effect factors. A variance-covariance structure was used to take into account the autocorrelation existing between measurements made on the same experimental unit. Because the variance increased with time, structures considering a different variance for each assessment time were tested. The Toeplitz heterogeneous covariance structure (TOEPH) (Littell et al., 2006) was finally retained. Weighs corresponding to inverse variances of combinations of site-time was also used, since the variance increased differently with time for each site. This procedure also permitted to validate the assumptions of normality and homogeneity of variance without having to transform data. Contrast analyses made also possible to verify height differences over time between seedlings originating from first- and second-generation seed orchards.

A non-linear logistic growth model was selected to model the juvenile growth, because it was the most appropriate for representing the observed values over the time period of the study (4 years). Growth curves were modeled for each of the sites using the SAS NLMIXED procedure, as preliminary analyses showed that there was no significant difference between the curves of the different seed orchards at each site. The following model was employed:
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where [image: image] is the average height of the seedlings from seed orchard k situated in block j on site i at time l; ai, the final height (asymptote of the curve) for site i; bi, time at which half of the final height was attained (inflection point) for the site i; ci, the rate of growth for the site i; e, the base of the natural logarithm function; βj(i)k, the random effect of the experimental unit corresponding to the seedlings from the seed orchard k situated in block j of site i and εijkl., the residual error.

Pearson correlation coefficients were estimated to test the relationship between the means of the initial (end of the 2012 growing season in a forest nursery) and 2016 growth data, as well as the association between photosynthetic traits before bud break in the fourth year, using the SAS CORR procedure.

Finally, the SAS GLIMMIX procedure was used to verify the differences among the average values for sites, seed orchards and their interaction for survival traits and the presence of adventitious roots, the persistence of the plug root system form, the presence of abnormal root system orientation and deformed roots, considering the binary distribution and the logit link function.

RESULTS

Soil Characterization

The majority of soil fertility and chemical properties exhibited significant differences among sites, with the exception of carbon (P = 0.15), phosphorus (P = 0.58), potassium (P = 0.12), zinc (P = 0.11) and sulfur (P = 0.42; Table 1). Soil pH (P = 0.01), nitrogen (P < 0.0001), calcium (P = 0.01), magnesium (P = 0.05), manganese (P = 0.05), and sodium (P = 0.0002) were all significantly higher at Watford than at Asselin and/or Deville (Table 1). Aluminium (P = 0.001) and C.E.Ctotal (P = 0.02) were significantly lower at Watford than at Asselin and Deville, whereas iron (P = 0.003) at Watford was only lower than at Asselin. The Watford and Asselin sites had similar average soil temperatures at 20 cm depth throughout the four growing seasons. However, the soil at Deville was 2°C cooler.


Table 1. Comparison of soil characteristics of the three planting sites located along a climatic gradient.
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Growth Characteristics of Progeny from White Spruce Seed Orchards 4 Years after Planting

At the end of the fourth growing season, overall survival was 95%. When data for all orchards and sites were combined, the average seedling height was 112.4 ± 23.6 cm and the average root collar diameter was 24.3 ± 5.0 mm. No site * seed orchard * year interaction (P = 0.66) was found for height over time, although site * year and seed orchard * year interactions both showed a significant effect (P < 0.0001). No site * seed orchard interaction was found for any of the other growth traits analyzed (Table S1).

Tree survival was significantly different among the three sites where Deville was the highest (99.6%), followed by Watford (95.9%) and Asselin (88.6%). The analysis of variance indicated a significant site effect for height (P < 0.0001) over time. The sites maintained the same ranking over the 4 years, where Asselin, which was intermediate in terms of climate and geography, showed the best height growth, followed by Watford (more southerly) and Deville (more northerly) (Figure 2). Comparison of the parameters a (asymptote), b (inflection point) and c (growth rate) of the logistical height growth models for each site showed that the models for the Watford and Deville sites did not differ significantly for the three parameters. Therefore, a new model was created to generate two height growth curves, one for Asselin and one for Watford and Deville combined (Figure 3), and showed a significant difference between the curves for the three parameters. With the exception of diameter (P = 0.574, results not shown) and dry mass of adventitious roots (P = 0.30), all other growth traits (dry mass of roots (P < 0.0001), shoots without needles (P < 0.0001), needles (P = 0.01), and R/S ratio (P < 0.0001, results not shown) and total seedling dry mass (P < 0.0001) were significantly different between sites (Figures 2, 4).
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FIGURE 2. Plant height as a function of seed orchard and forest planting site at the end of the fourth growing season (n = 768 seedlings per seed orchard and n = 2,048 seedlings per site for a total of 6,144 seedlings). The means (± standard error) with the same letter within seed orchard or site are not significantly different according to a Tukey test at α = 0.05.
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FIGURE 3. Cumulative height growth curves representing the growth of seedlings from eight seed orchards on the Watford (south), Asselin (intermediate), and Deville (north) forest sites during four growing seasons after outplanting, and their associated equations (Asselin site in black and the Watford and Deville sites in blue, not significantly different). Each point for time 0 corresponds to the average for each seed orchard (n = 15) just before planting and each other point represents the average of an experimental unit (orchard/block/site; n = 63).
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FIGURE 4. Mean distribution of the dry mass from the seedling parts (adventitious roots, roots, shoots without needles and needles) as a function of seed orchard and planting site (n = 96). For the same part of the seedling, the means with the same letter within seed orchard or site are not significantly different according to a Tukey test at α = 0.05.



No significant difference was noted between first and second-generation seed orchards for any of the growth traits except height (P = 0.0004). Contrasts showed that, on average, seedlings from second-generation seed orchards were significantly taller than those from first-generation seed orchards. After 4 years in plantation, the seedlings from the second-generation seed orchards exhibited an average height of 115.9 ± 23.5 cm, while those from the first-generation seed orchards had an average height of 111.2 ± 23.8 cm. The orchard ranking remained essentially the same throughout the 4-year plantation study. Only the seedlings from seed orchards SO1-6 and SO2-1, which were significantly shorter than those of seed orchards SO1-2 and SO2-2 1 year after outplanting, increased slightly in rank, and did not differ significantly from those from the same seed orchard at the end of the study. After four growing seasons, seedlings from seed orchards SO1-2 (119.5 ± 25.3 cm) and SO2-2 (117.8 ± 23.1 cm) were significantly taller than those from SO1-3 (106.6 ± 21.1 cm), SO1-4 (109.2 ± 22.6 cm), and SO1-5 (105.1 ± 21.8 cm). The effect of seedling origin (seed orchard) was also significant for all other growth traits studied, except for dry mass of adventitious roots (P = 0.21) and R/S ratio (P = 0.64). The seedlings from seed orchard SO1-2 (26.1 ± 4.6 mm) had average diameters significantly larger than those from seed orchards SO1-1 (23.9 ± 5.0 mm), SO1-3 (23.6 ± 4.2 mm), SO1-4 (23.1 ± 4.9 mm), and SO1-5 (23.78 ± 4.3 mm).

The correlation coefficients between average values before outplanting and at the end of the current study for the various seed orchards were significant for both height (P = 0.02) and diameter (P < 0.001), with positive Pearson correlation coefficients of 0.47 and 0.63, respectively. No significant correlations were observed between initial and final dry mass values.

With regard to root morphology, the proportion of seedlings with adventitious roots was 31.3%. No significant site * seed orchard interaction or differences between sites or seed orchard were observed for the presence of adventitious roots, as well as for orientation, deformation and persistence of the plug system form (Figure S1). In addition to the dry mass, the root systems of the seedlings grown at Asselin and Deville also seemed to have more fine roots than those grown at Watford (Figure S2).

Mineral Nutrition and Evolution in Nutrient Status

No significant interaction was observed between planting site and seed orchard for carbon and all other mineral contents and concentrations measured in the different parts of seedlings. All mineral contents in seedlings showed a significant effect of site, with the exception of adventitious roots for all nutrients (P = 0.17), Ca content in roots (P = 0.31), needles (P = 0.06) and shoots without needles (P = 0.16) and Mg (P = 0.52), K (P = 0.31), and C (P = 0.08) in the needles (Figure 5). Apart from calcium, the general tendency indicates a higher nutrient content in constituent parts of seedlings grown at Asselin compared with those from Watford. In terms of mineral concentrations (content per dry weight) in roots of the different seedlings, each element differed significantly among sites. Compared to other sites, seedlings from Asselin had higher N and P concentrations, those from Watford showed higher Ca and lower Mg concentrations and Deville seedlings were higher in K. For the needles, no significant difference among sites was noted for N and P, which had average concentrations of 14.6 ± 2.2 and 1.5 ± 0.2 mg/g, respectively. Foliar K concentration from Asselin (3.7 ± 0.4 mg/g) was significantly lower (P = 0.0004) than those from Deville (4.5 ± 0.8 mg/g) and Watford (4.8 ± 0.9 mg/g).


[image: image]

FIGURE 5. Average distribution of nutrient content between seedling parts (adventitious roots, roots, shoots without needles and needles) as a function of seed orchard and planting site (n = 96) for (A) carbon, (B) nitrogen, (C) phosphorus, (D) potassium, (E) calcium, and (F) magnesium contents. For the same seedling part, means with the same letter within seed orchard or site are not significantly different according to a Tukey test at α = 0.05. The content was based on dry mass.



A significant effect of seed orchard was observed for all mineral element contents in the roots except N (P = 0.10) and P (P = 0.13), for all of the mineral elements in the shoots without needles except P (P = 0.07), and for foliar P (P = 0.02) and K (P = 0.01) (Figure 5). The general tendency indicated that seed orchards SO1-2, SO1-3, SO1-6 and SO2-2 had higher nutrient contents than those from SO1-4. In terms of mineral concentrations in roots of the different seedlings, no nutrient element showed a significant difference among seed orchards. For the needles, no significant difference among seed orchards was noted for N and P, while K concentration of seedlings originating from seed orchard SO2-2 (5.0 ± 1.1 mg/g) was significantly higher (P = 0.02) than those from seedlings originating from seed orchards SO1-4 (4.1 ± 0.8 mg/g) and SO1-2 (4.0 ± 0.7 mg/g).

Vector analysis showed that since the time of planting, the evolution of the nutritional status within each site generally exhibited a dilution or sufficiency of mineral elements (N, P, K, Ca, Mg) in above-ground seedling parts. These dilution effects were greatest in Asselin seedlings and only seedlings from Deville showed effects of sufficiency (SO1-1 for N) or a slight deficiency (SO1-1, SO1-2, SO1-6, and SO2-2 for K) (Figure 6).
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FIGURE 6. Vector analysis of the evolution of nutritional status for nitrogen (A) and potassium (B) in above-ground parts of seedlings from each seed orchard growing at the northerly site of Deville. The reference point (100) represents the initial characterization just before outplanting, whereas the final coordinates of each vector represent the nutritional status of seedlings from each seed orchard after four growing seasons on the planting site with respect to the reference point.



Photosynthetic Traits before Bud Break

None of the photosynthetic traits measured before bud break during the fourth growing season showed any significant site * seed orchard interaction. The effect of site was significant for the majority of traits (Table 2), except for Amax (P = 0.09), PPUE (P = 0.17), WUE (P = 0.31), and needle width (P = 0.06). Only specific leaf area (SLA) differed between seed orchard (P = 0.03), while seedlings from seed orchard SO1-5 (34.3 ± 5.2 cm2 g−1) had a significantly superior SLA to that of SO1-4 (29.6 ± 3.9 cm2 g−1).


Table 2. Difference in the level of photosynthetic traits of seedlings from the eight seed orchards as a function of the three planting sites located along a climatic gradient.
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The correlation coefficients estimated between these various photosynthetic traits showed that several of these were significantly correlated as well as with the seedling height observed at the end of the fourth growing season (Table 3).


Table 3. Pearson correlation coefficients (r) a of average seed orchard photosynthetic traits measured after the fourth growing season on three planting sites located along a climatic gradient (n = 24).
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DISCUSSION

With predicted climate change for boreal forest, trees will likely lack ability to adapt or migrate, and become maladapted to the new conditions. Assisted population migration may help local populations to adapt to climate change by relocating them to environments experiencing climatic conditions similar to those to which they were adapted. The evaluation of eight seed sources on three planting sites located along a climatic gradient made it possible to simulate the effect of different climatic transfers. Through this study of morpho-physiological traits of young seedlings, it was possible to gain knowledge on the contribution of genetics and plasticity, during the critical phase of stand establishment, on the variation of traits such as growth (height and diameter), biomass and nutrition allocation, nutrient status and photosynthesis before budbreak.

No interaction between sites and seed orchards was found for any of the studied traits, indicating that seed sources had similar phenotypic plasticity. Photosynthetic-related traits before budbreak were similar among seed orchards and did not allow explaining the observed variation in growth along the climatic gradient. Height growth varied clinally with better performance of southern seed sources in each site. Use of southern seed orchards and second generation seed orchards should help improve plantation productivity in northern environment under climate change.

Growth and Performance of Different White Spruce Seed Sources Grown under Contrasted Environmental Conditions

The average survival rate (95%) of the seedlings from the different seed orchards after four growing seasons on the three planting sites was very high, indicating a good seedling establishment capacity and good tolerance to environmental stresses, even for the most northerly site, Deville. The height growth of the seedlings showed a negative relationship with latitude of the planting sites, which is in accordance with past observations for white spruce (Li et al., 1997a; Lu et al., 2014). When first-generation seed orchards representing distinct genetic sources were compared, the seedlings from the most southerly sources exhibited significantly superior height growth than those from more northerly seed sources (Figure 2). Only seedlings from seed orchard SO1-6 did not follow this tendency, which may be due to fewer environmental constraints in the region surrounding SO1-6 compared to those of other northern sources represented by orchards SO1-3, SO1-4, and SO1-5 (Figure 1). The length of the growing season may also partially explain these results, given that southern provenances of white spruce (Li et al., 1993) and other boreal species (Li et al., 1997b; Grossnickle, 2000; Beaulieu et al., 2004) generally exhibit late bud set.

Although seedlings from second-generation seed orchards showed better height growth than those from first-generation seed orchards, their response to variations of climatic conditions on plantation test sites was similar to those of first-generation sources. This trend suggests a similar plasticity to the climatic gradient tested between seedlings from first- and second-generation seed orchards. Many genetic studies involving forest tree species have shown that selective breeding has little or no effect on the degree of adaptation to local conditions (MacLachlan et al., 2017a,b). In the case of white spruce, the species is essentially undomesticated and has a wide genetic diversity (Jaramillo-Correa et al., 2001), which has not been reduced after one generation of selection (Namroud et al., 2012). As a consequence, one would expect a similar response to variations in site conditions, whether seedlings are from natural provenance stands, first-generation orchards or second-generation orchards. Meanwhile, the lack of more southerly plantations in this study, which would be more representative of the climatic conditions at the origin of the plus trees that made up the second-generation orchards (in particular, the trees that were originally from Ontario and southern Québec), limits the ability to verify this hypothesis. In fact, it is possible that the differences in plasticity between the two seed orchard types would be more visible in more southerly site conditions. To verify this, field tests of genetic material from the two generations of seed orchards would need to be established in southern Ontario, for example.

Height growth of seedlings from each of the seed sources was highest on the intermediate site (Asselin) (Figures 2, 4). Better height growth in the central parts of the natural range of black spruce (Picea mariana (Mill.) and jack pine (Pinus banksiana Lamb.) have been observed previously (Thomson and Parker, 2008; Thomson et al., 2009; Pedlar and McKenney, 2017). These studies suggested that more southerly populations may benefit from a cooler environment that better corresponds to their historical adaptation optimum prior to recent climatic warming (Andalo et al., 2005), and northern populations from a milder climate south of their native origin due to their physiological plasticity. Indeed, average growing season temperatures on the three test sites during the 4-year study were higher than the climatic normal over a 30-year period (1981–2010). Conditions at the intermediate Asselin site (14.6°C) were more in line with the climate normals experienced by southern populations than conditions at the southerly Watford site (15.8°C; Figure 1). The highest average precipitation during the growing season (460 mm), observed at the Watford site, and the small numbers of consecutive days without precipitation (5.8–6.7 days) confirmed that this difference could not be explained alternatively by a period of drought.

Our results show the beneficial use of assisted migration for the southern seed sources, which would have a better performance in actual cooler conditions. Northern sources would benefit from the local warming, but without being able to attain the growth performance of southern sources. Further studies regarding the cold tolerance of southern sources planted on northern sites (e.g., thermal acclimation, cold hardiness, drought tolerance) should be undertaken to provide information on the risks of assisted migration, such as those due to epigenetic effects as illustrated Norway spruce (Skrøppa et al., 2007).

Recently, several studies have highlighted the relative contribution of epigenetics phenomena, which might explain some of the variation in tree performance and other adaptive traits by the maternal environment effect (climatic condition during seed production) (Yakovlev et al., 2012). This phenomenon has been reported to influence bud burst, bud set and cold acclimation in Norway spruce (Picea abies) (Johnsen et al., 2005; Skrøppa et al., 2007, 2010), and early growth in maritime pine (Pinus pinaster) (Zas et al., 2013). Similar results have been reported for white spruce (Stoehr et al., 1998). However, seeds used in this study were produced under very narrow climatic conditions (2 years), which did not deviate from climate normals for each genetic source. As such, we might conclude that the results reflect local adaptation to climate of seed origin. Nevertheless, more research is needed to disentangle the contribution of epigenetic memory and local adaptation in tree performance and adaptation capacity in order to put in place a more efficient climate change adaptation strategy.

The chipping of tree branches on the southerly Watford site before the seedlings were planted may have caused a temporary immobilization of nitrogen (elevated C/N) (Holland and Coleman, 1987) inducing the reduced growth on this site. While symptoms of nitrogen deficiency were observed in some seedlings during the first growing season, 4 years after planting, the C/N ratio at the Watford site decreased substantially, reflecting good decomposition of organic matter and the availability of nitrogen. In addition, the vector analysis did not show any nitrogen deficiency.

During the 4 years after planting, few changes were observed in the ranking of seed sources for height growth on each of the sites. The significant correlation observed between the initial height at planting (measured under nursery conditions at the end of the 2012 growing season) and height after four growing seasons in plantation (2016) corroborates the results of other studies that showed correlations between nursery and plantation growth of white spruce at different ages (from 4 to 8 years) for families (Li et al., 1993) and clones (Wahid et al., 2013). This relationship has also been documented for black spruce seven to 13 years after outplanting (Williams et al., 1987). This trend indicates that an early selection in the nursery, or at a young age, of the best performing genotypes should be considered to provide improved juvenile growth during the critical phase of seedling establishment on forest sites.

Seed sources presenting the best height growth also exhibited a greater accumulation of biomass, for both roots and above-ground tissue (Figures 2, 3). The proportion of total seedling biomass that was allocated to roots, or the R/S ratio, increased with latitude of test sites, as previously reported for several other forest tree species (Reich et al., 2014). A shorter growing season at the northerly site of Deville may have favored root growth, which is usually most vigorous before and after the growing season (Lahti et al., 2005). However, certain authors have shown that root growth decreases with temperature (Lamhamedi and Bernier, 1994; Grossnickle, 2000; Lahti et al., 2005). The present results are not congruent with this tendency (Figure 2), and suggest that seedlings modified their allocation of biomass in response to harsher environmental conditions. For instance, the northerly Deville site received, on average, less precipitation (333 mm) than the intermediate Asselin site (388 mm) and the more southerly Watford site (460 mm) during the four growing seasons. Moreover, a lower soil temperature, as observed at the more northerly Deville site, would typically result in an increased water viscosity and a reduction in the active absorption of water and nutrients (Grossnickle, 2000). The addition of these factors may emulate the effect of water or nutrient stress, forcing the seedlings to allocate more resources to root growth in an attempt to improve the absorption of available water and mineral elements (Zadworny et al., 2016).

Regarding the presence of adventitious roots, the absence of any significant effect of planting sites, seed sources, and their interaction 4 years after outplanting, indicates a similar expression of this trait among sites and seed sources. However, a pronounced variation was observed within seed sources (from 0 to 21 adventitious roots per plant). This variability may be due, for the most part, to the genotype of the individual and the environmental conditions of the microsite specific to each seedling, notably planting depth (Aubin, 1996), the accumulation of organic matter which may be favored by the micro relief (presence of depressions), soil water content (Aubin, 1996), soil fertility, and the young age of the plantation being studied. With respect to this last factor, the development of adventitious roots was only observed 5–6 years after planting on reforestation sites (Gingras et al., 2002; Parent et al., 2003; Tarroux et al., 2014). In addition, white spruce is characterized by high variation in root growth among clones (Lamhamedi et al., 2000; Wahid et al., 2012, 2013) and in growth and architecture of adventitious roots of cuttings among families (Gravel-Grenier et al., 2011).

Carbon Allocation and Nutritional Status of Seedlings

The absence of interaction between the sites and seed orchards indicates that the seed sources have a similar plasticity for this trait. Seedlings from four seed sources (SO1-2, SO1-3, SO1-6, and SO2-2) displayed the best carbon sequestration, while three sources (SO1-2, SO1-6, and SO2-2) also showed better height growth. Similarly, the best carbon sequestration was observed at the intermediate site, Asselin, which also exhibited the best height growth. Therefore, juvenile growth seems to be a good indicator of juvenile carbon sequestration and could likely be used as a criterion when selecting the best genetic sources for carbon sequestration.

Nitrogen concentrations observed in the above-ground seedling parts at the nursery stage (1.50–1.68%) (Villeneuve et al., 2016) decreased to values between 1.08 and 1.27% at the southerly Watford site, between 1.10 and 1.17% at the intermediate Asselin site and, between 1.02 and 1.32% at Deville, the northerly site. Vector analysis showed that this reduction in concentration was accompanied by an increase in dry mass and nitrogen content, which translated into a general dilution of nitrogen content in the above-ground parts (Figure 6). Successful establishment after outplanting is largely dependent on foliar nitrogen reserves (Grossnickle, 2000). In Québec, a minimum foliar nitrogen concentration of 1.5% is recommended for good seedling growth (Gagnon and Lamhamedi, 2011), but a threshold of 2% should assure optimal performance (Landis, 1989). It is well known that nitrogen is limited in the boreal forest ecozone (Foster and Bhatti, 2006; Lupi et al., 2013) and that during planting and establishment, demand is primarily met by the seedling's reserves (Munson and Bernier, 1993). Furthermore, some authors proposed intensive nitrogen loading as an approach to reach the target concentrations and favor optimal growth after outplanting (Timmer, 1997). This strategy promotes luxury consumption and a strong accumulation of nitrogen in foliar tissues. These nitrogen reserves, during the establishment phase, allow the seedlings to achieve high photosynthetic rates before (Table 3) and after bud break (Gagnon and Lamhamedi, 2011), thus favoring the accumulation of the sugars necessary for bud break, the formation of new shoots (Tranquillini, 1979; Grossnickle, 2000) and root growth (Gagnon and Lamhamedi, 2011). Moreover, it has been shown that good survival and juvenile growth are positively correlated with high foliar nitrogen concentrations (Thiffault and Jobidon, 2006), in addition to better biomass production and nutrient absorption (Timmer and Munson, 1991). Good seedling establishment on the three planting sites and the general nitrogen dilution observed in the present study support these observations and clearly show that foliar nitrogen concentrations of at least 1.5% under nursery conditions favor good seedling establishment after outplanting.

Photosynthetic Traits before Bud Break

Photosynthesis before bud break allows seedlings to replenish energy reserves depleted by respiration during the winter (Tranquillini, 1979) and accumulate the sugars necessary for bud break and the subsequent elongation of new shoots (Tranquillini, 1979; Grossnickle, 2000). The absence of a significant difference between sites and seed sources demonstrates the lack of local adaptation to climatic conditions for this trait as well as good plasticity for all of the seed sources tested in this study. The present northerly conditions did not appear limiting for photosynthesis before bud break and the more northerly seed sources used in this study did not exhibit a significant advantage under these conditions. In addition, northward migration of southern genetic sources does not appear to incur significant risks for photosynthesis before bud break, within the geographical limits and climatic gradient tested in this study. However, these results are drawn from a study of juvenile seedlings in plantation and can only be confirmed through continued monitoring until the trees reach maturity.

The photosynthetic capacity before bud break was significantly correlated with stomatal conductance, as was similarly demonstrated for photosynthesis during the growing season (Benomar et al., 2015, 2016). Stomatal conductance was lowest in the southern site, which may be due to a lower average soil temperature at this site (5.5°C) when photosynthetic measurements were made. Note that photosynthetic measurements were first made at Watford and subsequently at Asselin and Deville, respectively, with at least 5 days required for each site. This explains why soil temperature was lower at Watford when data were collected and could have led to an increased water viscosity (Grossnickle, 2000) during the sampling period at this site. This state of water reduces its absorption by the roots and negatively affects stomatal conductance (Lamhamedi and Bernier, 1994). Larger root systems with more fine roots, like those observed at the intermediate Asselin and northerly Deville sites, could have also favored better water absorption (Zadworny et al., 2016), partially offsetting this negative effect.

CONCLUSIONS AND IMPLICATIONS FOR ASSISTED MIGRATION

In this study we evaluated growth, nutritional status and variation in photosynthetic traits before bud break of seedlings of eight distinct white spruce seed sources 4 years after outplanting. Overall, this study revealed that the eight seed orchards have similar plasticity as indicated by the lack of interaction between sites and seed orchards. Photosynthetic-related traits before budbreak and root morphology were similar among seed orchards and were not correlated with height growth. Mineral deficiencies were not observed for any seed orchard at any site, suggesting that the high accumulation of foliar nitrogen in the nursery (>1.5%) favored good seedling establishment.

These results obtained for young seedlings after four growing seasons indicate that the southern seed sources may already benefit from a migration to cooler conditions. Otherwise, a decrease in growth, stemming from partial maladaptation to warmer local conditions, could be observed. On the other hand, the northern seed sources could probably benefit from the predicted warmer regime, due to their physiological plasticity, but their growth performance would likely never attain that of southern sources moved to more northern locations, because they are better genetically adapted to a warmer climate. Studying a larger latitudinal gradient would also be beneficial and could further highlight the differences in local genetic adaptation of white spruce seed sources, while helping to better detect the presence of genotype-environment interactions and identify the functional limits of physiological plasticity.

Because of the positive correlations between height performances in nursery and 4 years after outplanting on forest sites, early selection of seed sources with the best height growth could be conducted. Moreover, juvenile height growth seems to be a good indicator of the juvenile carbon sequestration and could serve as a selection criterion for the best genetics sources for carbon sequestration. Nonetheless, long-term monitoring remains necessary to confirm that these early results hold over time.

AUTHOR CONTRIBUTIONS

This paper is part of the M.Sc. thesis of GO who was supervised by JBe and ML. ML, JBe, JBo, AR, and LB conceived the study and obtained the funding. All authors participated in the drafting of the manuscript. AR participated to designing the genetic tests, providing the seed and establishing and maintaining tests on the field. ML and his team installed the three weather stations for the acquisition of environmental data, and conducted mineral and root architecture analyses. JD participated in the statistical analyses. GO performed traits measurements, data analyses and primary interpretation of results. All authors read and approved the final version of the manuscript.

FUNDING

This research was funded by a grant to JBe, ML, AR, and JBo from the program “Partenariat sur l'aménagement et l'ennvironnement forestiers” of the Fonds de la Recherche du Québec sur la Nature et les Technologies (FRQ-NT 2015-FV-185886). Major additional support was also provided to ML (142332093) by the Direction de la recherche forestière of the Ministère des Forêts, de la Faune et des Parcs of Québec.

ACKNOWLEDGMENTS

We thank Mario Renaud, Guildo Gagnon, Pascal Desjardins and the staff of the Laboratoire de Chimie Organique et Inorganique of the Ministère des Forêts, de la Faune et des Parcs du Québec (MFFP), as well as Marie R. Coyea and Debra Christiansen Stowe of the Takuvik Joint International Laboratory (Université Laval) for their technical assistance throughout the project. This study was conducted in collaboration with the Direction de la recherche forestière of MFFP.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2017.02214/full#supplementary-material

REFERENCES

 Aitken, S. N., and Whitlock, M. C. (2013). Assisted gene flow to facilitate local adaptation to climate change. Annu. Rev. Ecol. Evol. Syst. 44, 367–388. doi: 10.1146/annurev-ecolsys-110512-135747

 Andalo, C., Beaulieu, J., and Bousquet, J. (2005). The impact of climate change on growth of local white spruce populations in Quebec, Canada. For. Ecol. Manage. 205, 169–182. doi: 10.1016/j.foreco.2004.10.045

 Aubin, I., Garbe, C. M., Colombo, S. J., Drever, C. R., Mckenney, D. W., Messier, C., et al. (2011). Why we disagree about assisted migration; Ethical implications of a key debate regarding the future of Canada's forests. For. Chron. 87, 755–765. doi: 10.5558/tfc2011-092

 Aubin, N. K. (1996). Influence du Contenu en eau du Substrat et de la Profondeur de Plantation sur la Formation de racines Adventives Caulinaires, la croissance et l'allocation glucidique de semis d'épinette noire (Picea mariana (Mill.) BSP). Master's thesis, Université du Québec à Chicoutimi.

 Baize, D. (2000). Guide des Analyses en Pédologie, 2nd Edn, revue et augmentée. Paris: Editions Quae.

 Beaulieu, J., Daoust, G., Deshaies, A., Lamhamedi, M. S., Rainville, A., and Tourigny, M. (2009). “Amélioration génétique des arbres, gestion des vergers à graines et de semences, et production de plants forestiers,” in Manuel de Foresterie, 2nd Edn, ed É. Multimondes (Québec city, QC: Ordre des Ingénieurs Forestiers du Québec, Ouvrage collectif), 1095–1146.

 Beaulieu, J., Perron, M., and Bousquet, J. (2004). Multivariate patterns of adaptive genetic variation and seed source transfer in Picea mariana. Can. J. For. Res. 34, 531–545. doi: 10.1139/x03-224

 Beaulieu, J., and Rainville, A. (2005). Adaptation to climate change: Genetic variation is both a short- and a long-term solution. For. Chron. 81, 704–709. doi: 10.5558/tfc81704-5

 Benomar, L., Lamhamedi, M. S., Rainville, A., Beaulieu, J., Bousquet, J., and Margolis, H. A. (2016). Genetic Adaptation vs. Ecophysiological Plasticity of photosynthetic-related traits in young picea glauca trees along a regional climatic gradient. Front. Plant Sci. 7:48. doi: 10.3389/fpls.2016.00048

 Benomar, L., Lamhamedi, M. S., Villeneuve, I., Rainville, A., Beaulieu, J., Bousquet, J., et al. (2015). Fine-scale geographic variation in photosynthetic-related traits of Picea glauca seedlings indicates local adaptation to climate. Tree Physiol. 35, 864–878. doi: 10.1093/treephys/tpv054

 Carles, S., Boyer Groulx, D., Lamhamedi, M. S., Rainville, A., Beaulieu, J., Bernier, P., et al. (2015). Family variation in the morphology and physiology of white spruce (Picea glauca) seedlings in response to elevated co2and temperature. J. Sust. For. 34, 169–198. doi: 10.1080/10549811.2014.980895

 Carles, S., Lamhamedi, M., Beaulieu, J., Stowe, D., and Margolis, H. (2011). Differences in growth and mineral nutrition of seedlings produced from ten white spruce seed orchards. New For. 42, 195–214. doi: 10.1007/s11056-011-9247-y

 Carles, S., Lamhamedi, M. S., Beaulieu, J., Stowe, D. C., and Margolis, H. A. (2012). Genetic parameters of morphological and physiological characteristics of containerized white spruce (Picea glauca [Moench.] Voss) seedlings. Tree Genet. Genomes 8, 39–51. doi: 10.1007/s11295-011-0418-y

 Davis, M. B., and Shaw, R. G. (2001). Range shifts and adaptive responses to Quaternary climate change. Science 292, 673–679. doi: 10.1126/science.292.5517.673

 Foster, N. W., and Bhatti, J. S. (2006). “Forest ecosystems: Nutrient cycling,” in Encyclopedia Of Soil Science, ed R. Lal (New York, NY: Taylor and Francis Group), 718–721.

 Gagnon, J., and Lamhamedi, M. S. (2011). “Les concentrations foliaires en azote recommandées au Québec pour les essences résineuses produites en récipients sont-elles adéquates?,” in Production de Plants Forestiers au Québec: la culture de l'innovation. Colloque de Transfert de Connaissances et de savoir-faire, eds F. Colas and M.S. Lamhamedi (Québec, QC: Carrefour Forêt Innovations), 47–51.

 GIEC (2014). Changements climatiques 2014: Rapport de synthèse, Contribution des Groupes de travail I, II et III au cinquième Rapport d'évaluation du Groupe d'experts intergouvernemental sur l'évolution du climat [Sous la direction de l'équipe de rédaction principale, R. K. Pachauri et L.A. Meyer], (Genève: GIEC).

 Gingras, B.-M., Richard, S., and Robert, N. (2002). Performance de Cinq ans en Plantations Comparatives de Plants Résineux de Fortes Dimensions et de Feuillus Cultivés Dans des récipients à Parois Ajourées. Mémoire de Recherche Forestière no. 141. (Ste-Foy, QC: Direction de la recherche forestière, Ministère des ressources naturelles du Québec).

 Girard, D., Gagnon, J., and Langlois, C. G. (2001). PLANTEC: un Logiciel pour gérer la fertilisation des plants dans les Pépinières Forestières, ed m.d.r. naturelles (Québec city, QC: Direction de la recherche forestière).

 Gravel-Grenier, J., Lamhamedi, M., Beaulieu, J., Carles, S., Margolis, H., Rioux, M., et al. (2011). Utilization of family genetic variability to improve the rooting ability of white spruce (Picea glauca) cuttings. Can. J. For. Res. 41, 1308–1318. doi: 10.1139/x11-044

 Grossnickle, S. C. (2000). Ecophysiology of Northern Species: The Performance of Planted Seedlings. Ottawa, ON: NRC Research Press.

 Haase, D. L., and Rose, R. (1995). Vector analysis and its use for interpreting plant nutrient shifts in response to silvicultural treatments. For. Sci. 41, 54–66.

 Holland, E., and Coleman, D. C. (1987). Litter placement effects on microbial and organic matter dynamics in an agroecosystem. Ecology 68, 425–433. doi: 10.2307/1939274

 Isaac-Renton, M. G., Roberts, D. R., Hamann, A., and Spiecker, H. (2014). Douglas-fir plantations in Europe: a retrospective test of assisted migration to address climate change. Glob. Chang. Biol. 20, 2607–2617. doi: 10.1111/gcb.12604

 Jaramillo-Correa, J., Beaulieu, J., and Bousquet, J. (2001). Contrasting evolutionary forces driving population structure at expressed sequence tag polymorphisms, allozymes and quantitative traits in white spruce. Mol. Ecol. 10, 2729–2740. doi: 10.1046/j.0962-1083.2001.01386.x

 Johnsen, Ø., Fossdal, C. G., Nagy, N., MØLMANN, J., Dae, HL. E. N., O., and Skrøppa, T. (2005). Climatic adaptation in Picea abies progenies is affected by the temperature during zygotic embryogenesis and seed maturation. Plant Cell Environ. 28, 1090–1102. doi: 10.1111/j.1365-3040.2005.01356.x

 Lahti, M., Aphalo, P., Finér, L., Ryypp,ö, A., Lehto, T., and Mannerkoski, H. (2005). Effects of soil temperature on shoot and root growth and nutrient uptake of 5-year-old Norway spruce seedlings. Tree Physiol. 25, 115–122. doi: 10.1093/treephys/25.1.115

 Lamhamedi, M., and Bernier, P. (1994). Ecophysiology and field performance of black spruce (Picea mariana): a review. Annal. Sci. For. 51, 529–551. doi: 10.1051/forest:19940601

 Lamhamedi, M. S., Labbé, L., Margolis, H., Stowe, D., Blais, L., and Renaud, M. (2006a). Spatial variability of substrate water content and growth of white spruce seedlings. Soil Sci. Soc. Am. J. 70, 108–120. doi: 10.2136/sssaj2005.0109

 Lamhamedi, M., Lambany, G., Margolis, H., Renaud, M., Veilleux, L., and Bernier, P. (2001). Growth, physiology, and leachate losses in Picea glauca seedlings (1+0) grown in air-slit containers under different irrigation regimes. Can. J. For. Res. 31, 1968–1980. doi: 10.1139/x01-134

 Lamhamedi, M. S., and Carles, S. (2012). Les Vergers à Graines d'où Proviennent les Semences peut-il Affecter la Croissance Juvéniles des Plants d'épinette Blanche? Avis de recherche forestière.

 Lamhamedi, M. S., Chamberland, H., Bernier, P. Y., and Tremblay, F. M. (2000). Clonal variation in morphology, growth, physiology, anatomy and ultrastructure of container-grown white spruce somatic plants. Tree Physiol. 20, 869–880. doi: 10.1093/treephys/20.13.869

 Lamhamedi, M. S., Chamberland, H., and Tremblay, F. M. (2003). Epidermal transpiration, ultrastructural characteristics and net photosynthesis of white spruce somatic seedlings in response to in vitro acclimatization. Physiol. Plant. 118, 554–561. doi: 10.1034/j.1399-3054.2003.00146.x

 Lamhamedi, M. S., Colas, F., and Tousignant, D. (2006b). “Characterization and multi-criteria selection of stockplants for the mass cutting propogation of white spruce (Picea glauca) in Québec,” in IUFRO Tree Seed Symposium (Fredericton, NB), 64.

 Lamhamedi, M. S., Rainville, A., Benomar, L., Villeneuve, I., Beaulieu, J., Bousquet, J., et al. (2017). L'écophysiologie, un Atout Pour Réussir la Migration Assistée de Sources Génétiques D'épinette Blanche. Avis de recherche forestière.

 Landis, T. D. (1989). “Mineral nutrients and fertilization,” in The Container Tree Nursery Manual, eds T. D. Landis, R. W. Tinus, S. E. McDonald, and J. P. Barnett (Washington, DC: US Department of agriculture, Forest Service), 1–67.

 Li, P., Beaulieu, J., and Bousquet, J. (1997a). Genetic structure and patterns of genetic variation among populations in eastern white spruce (Picea glauca). Can. J. For. Res. 27, 189–198.

 Li, P., Beaulieu, J., Corriveau, A., and Bousquet, J. (1993). Genetic variation in juvenile growth and phenology in a white spruce provenance-progeny test. Silvae Genet. 42, 52–52.

 Li, P., Beaulieu, J., Daoust, G., and Plourde, A. (1997b). Patterns of adaptive genetic variation in eastern white pine (Pinus strobus) from Quebec. Can. J. For. Res. 27, 199–206.

 Li, Y., Suontama, M., Burdon, R. D., and Dungey, H. S. (2017). Genotype by environment interactions in forest tree breeding: review of methodology and perspectives on research and application. Tree Genet. Genomes 13:60. doi: 10.1007/s11295-017-1144-x

 Littell, R. C., Milliken, G. A., Stroup, W. W., Wolfinger, R. D., and Schabenberger, O. (2006). SAS for Mixed Models. Cary, NC: Sas Institute Inc.

 Lu, P., Parker, W. H., Cherry, M., Colombo, S., Parker, W. C., Man, R., et al. (2014). Survival and growth patterns of white spruce (Picea glauca [Moench] Voss) rangewide provenances and their implications for climate change adaptation. Ecol. Evol. 4, 2360–2374. doi: 10.1002/ece3.1100

 Lupi, C., Morin, H., Deslauriers, A., Rossi, S., and Houle, D. (2013). Role of soil nitrogen for the conifers of the boreal forest: a critical review. Int. J. Plant Soil Sci. 2, 155–189. doi: 10.9734/IJPSS/2013/4233

 MacLachlan, I. R., Wang, T., Hamann, A., Smets, P., and Aitken, S. N. (2017a). Selective breeding of lodgepole pine increases growth and maintains climatic adaptation. For. Ecol. Manage. 391, 404–416. doi: 10.1016/j.foreco.2017.02.008

 MacLachlan, I. R., Yeaman, S., and Aitken, S. N. (2017b). Growth gains from selective breeding in a spruce hybrid zone do not compromise local adaptation to climate. Evol. Appl. doi: 10.1111/eva.12525. [Epub ahead of print].

 Mueller, J. M., and Hellmann, J. J. (2008). An assessment of invasion risk from assisted migration. Conserv. Biol. 22, 562–567. doi: 10.1111/j.1523-1739.2008.00952.x

 Mullin, T. J., Andersson, B., Bastien, J., Beaulieu, J., Burdon, R., Dvorak, W., et al. (2011). “Economic importance, breeding objectives and achievements,” in Genetics, Genomics and Breeding of Conifers, eds C. Plomion, J. Bousquet, and C. Kole (New york, NY: Endenbridge Science Publishers and CRC Press), 40–127.

 Munson, A. D., and Bernier, P. Y. (1993). Comparing natural and planted black spruce seedlings. II. Nutrient uptake and efficiency of use. Can. J. For. Res. 23, 2435–2442. doi: 10.1139/x93-301

 Namroud, M. C., Bousquet, J., Doerksen, T., and Beaulieu, J. (2012). Scanning SNPs from a large set of expressed genes to assess the impact of artificial selection on the undomesticated genetic diversity of white spruce. Evol. Appl. 5, 641–656. doi: 10.1111/j.1752-4571.2012.00242.x

 NRC (2016). “The State of Canada's Forests,” in Annual Report 2016, Ottawa, ON: C.F.S. Natural Resources Canada.

 O'Neill, G., Carlson, M., Berger, V., and Ukrainetz, N. (2013). Assisted Migration Adaptation Trial: Workplan. BC Ministry of Forests, Lands and Natural Resource Operations.

 O'Neill, G., Wang, N., Ukrainetz, L., Charleson, L., McAuley, A., and Yanchuk, S. Z. (2017). A proposed Climate-Based Seed Transfer System for British Columbia, Technical report 099 (Victoria, BC: Province of British Columbia).

 Papadopol, C. (2000). Impacts of climate warming on forests in Ontario: options for adaptation and mitigation. For. Chron. 76, 139–149. doi: 10.5558/tfc76139-1

 Parent, S., Simard, M.-J., Morin, H., and Messier, C. (2003). Establishment and dynamics of the balsam fir seedling bank in old forests of northeastern Quebec. Can. J. For. Res. 33, 597–603. doi: 10.1139/x02-194

 Pedlar, J. H., and McKenney, D. W. (2017). Assessing the anticipated growth response of northern conifer populations to a warming climate. Sci. Rep. 7:43881. doi: 10.1038/srep43881

 Pedlar, J. H., Mckenney, D. W., Aubin, I., Beardmore, T., Beaulieu, J., Iversion, L., et al. (2012). Placing forestry in the assisted migration debate. Bioscience 62, 835–842. doi: 10.1525/bio.2012.62.9.10

 Rainville, A., Beaulieu, J., Langevin, L., Logan, T., and Lambert, M.-C. (2014). Prédire l'effet des Changements Climatiques sur le Volume Marchand des Principales Espèces Résineuses Plantées au Québec, grâce à la Génétique Forestière. Mémoire de recherche forestière no. 174. Ste-Foy, QC: Direction de la recherche forestière, Ministère des Forêts, de la Faune et des Parcs du Québec.

 Régnière, J., St-Amant, R., and Béchard, A. (2014). BioSIM 10–Guide de l'utilisateur. Rapport d'information: LAU-X-137: Ressources Naturelles Canada, Service Canadien des Forêts, Centre de Foresterie des Laurentides (Québec, QC).

 Reich, P. B., Luo, Y., Bradford, J. B., Poorter, H., Perry, C. H., and Oleksyn, J. (2014). Temperature drives global patterns in forest biomass distribution in leaves, stems, and roots. Proc. Natl. Acad. Sci. 111, 13721–13726. doi: 10.1073/pnas.1216053111

 Saucier, J., Gosselin, J., Morneau, C., and Grondin, P. (2010). Utilisation de la classification de la végétation dans l'aménagement forestier au Québec. Rev. For. Fr LXII-3-4, 428–438. doi: 10.4267/2042/38956

 Skrøppa, T., Kohmann, K., Johnsen, Ø., Steffenrem, A., and Edvardsen, Ø. M. (2007). Field performance and early test results of offspring from two Norway spruce seed orchards containing clones transferred to warmer climates. Can. J. For. Res. 37, 515–522. doi: 10.1139/X06-253

 Skrøppa, T., Tollefsrud, M. M., Sperisen, C., and Johnsen, Ø. (2010). Rapid change in adaptive performance from one generation to the next in Picea abies—Central European trees in a Nordic environment. Tree Genet. Genomes 6, 93–99. doi: 10.1007/s11295-009-0231-z

 Stoehr, M. U., L'Hirondelle, S. J., Binder, W. D., and Webber, J. E. (1998). Parental environment aftereffects on germination, growth, and adaptive traits in selected white spruce families. Can. J. For. Res. 28, 418–426. doi: 10.1139/x98-012

 Tarroux, E., DesRochers, A., and Girard, J.-P. (2014). Growth and root development of black and white spruce planted after deep planting. For. Ecol. Manage. 318, 294–303. doi: 10.1016/j.foreco.2014.01.032

 Thiffault, N., and Jobidon, R. (2006). How to shift unproductive Kalmia angustifolia–Rhododendron groenlandicum heath to productive conifer plantation. Can. J. For. Res. 36, 2364–2376. doi: 10.1139/x06-090

 Thomson, A. M., and Parker, W. H. (2008). Boreal forest provenance tests used to predict optimal growth and response to climate change. 1. Jack pine. Can. J. For. Res. 38, 157–170. doi: 10.1139/X07-122

 Thomson, A. M., Riddell, C. L., and Parker, W. H. (2009). Boreal forest provenance tests used to predict optimal growth and response to climate change: 2. Black spruce. Can. J. For. Res. 39, 143–153. doi: 10.1139/X08-167

 Timmer, V. (1997). Exponential nutrient loading: a new fertilization technique to improve seedling performance on competitive sites. New For. 13, 279–299. doi: 10.1023/A:1006502830067

 Timmer, V., and Munson, A. (1991). Site-specific growth and nutrition of planted Picea mariana in the Ontario Clay Belt. IV. Nitrogen loading response. Can. J. For. Res. 21, 1058–1065. doi: 10.1139/x91-145

 Tranquillini, W. (1979). Physiological Ecology of the Alpine Timberline. New York, NY: Springer.

 Veilleux, P., Allard, J., Bart, F., Boulianne, M., Labrecque, D., and Perreault, F. (2012). Guide Terrain. Inventaire de Qualification des Plants Résineux Cultivés en Récipients. Document de travail, livraison.

 Villeneuve, I., Lamhamedi, M., Benomar, L., Rainville, A., DeBlois, J., Beaulieu, J., et al. (2016). Morpho-physiological variation of white spruce seedlings from various seed sources and implications for deployment under climate change. Front. Plant Sci. 7:1450. doi: 10.3389/fpls.2016.01450

 Wahid, N., Lamhamedi, M. S., Beaulieu, J., Margolis, H. A., and Deblois, J. (2012). Genetic parameters and clonal variation in growth and nutritional traits of containerized white spruce somatic seedlings. Acta Bot. Gallica 159, 373–384. doi: 10.1080/12538078.2012.721226

 Wahid, N., Lamhamedi, M. S., Rainville, A., Beaulieu, J., and Margolis, H. A. (2013). Genetic Control and Nursery-Plantation Genotypic Correlations for Growth Characteristics of White Spruce Somatic Clones. J. Sust. For. 32, 576–593. doi: 10.1080/10549811.2013.791231

 Williams, D. J., Dancik, B. P., and Pharis, R. P. (1987). Early progeny testing and evaluation of controlled crosses of black spruce. Can. J. For. Res. 17, 1442–1450. doi: 10.1139/x87-222

 Yakovlev, I., Fossdal, C. G., Skrøppa, T., Olsen, J. E., Jahren, A. H., and Johnsen, Ø. (2012). An adaptive epigenetic memory in conifers with important implications for seed production. Seed Sci. Res. 22, 63–76. doi: 10.1017/S0960258511000535

 Yeomans, J. C., and Bremner, J. M. (1991). Carbon and nitrogen analysis of soils by automated combustion techniques. Commun. Soil Sci. Plant Anal. 22, 843–850. doi: 10.1080/00103629109368458

 Zadworny, M., McCormack, M. L., Mucha, J., Reich, P. B., and Oleksyn, J. (2016). Scots pine fine roots adjust along a 2000-km latitudinal climatic gradient. New Phytol. 212, 389–399. doi: 10.1111/nph.14048

 Zas, R., Cendán, C., and Sampedro, L. (2013). Mediation of seed provisioning in the transmission of environmental maternal effects in Maritime pine (Pinus pinaster Aiton). Heredity 111, 248–255. doi: 10.1038/hdy.2013.44

 Ziadi, N., and Tran, T. S. (2006). “Mehlich 3-Extractable Elements,” in Soil Sampling and Methods of Analysis, 2nd Edn., eds M. R. Carter and E. G. Gregorich (Boca Raton, FL: Canadian society of soil science), 81–88.

Conflict of Interest Statement: 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.

Copyright © 2018 Otis Prud'homme, Lamhamedi, Benomar, Rainville, DeBlois, Bousquet and Beaulieu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fpls-08-02214-g005.gif
%

Al %?nlnul |

w

0
:™
fm

M
g -
M
.

eeeeeeeee





OPS/images/fpls-08-02214-g006.gif





OPS/images/fpls-08-02214-g003.gif
Hiphimi

7= e
T






OPS/images/fpls-08-02214-g004.gif
Dry mass (g)

et
o = Shoos i
ey
ko
Pye—

AR S

‘Seed orchard Sie





OPS/images/fpls-08-02214-t003.jpg
h2o1e

Amax 008
gs -012
SLA -061
PNUE -062
PPUE -055
WUE 008
oM 065
Length 054
Width 044
N 087
P 004
K —064

Amax

077
0.14
033
005
-030
-039
023
022
057
072
-0.08

Gs

SLA

0.76
062
-0.39

-0.20

-0.73
0038
031
058

PNUE

076
—048
-0.76
-0.16
-0.54
-034

0.16

0.58

PPUE

-0.18
-052
-0.14
-0.51
—0.42
-0.34

0.32

WUE

033
0.04
0.08

-0.02

-035

-0.30

oM

0.43
058
-003
—0.44
—0.56

Length

017
028
0.06
-0.50

Width N P
-0.13
-0.25 074

-0.33 0.14

aSignificant correlations are in bold (P < 0.05). haoss corresponds to the seedling height at the end of the 2016 growing season; the other abbreviations are described in Table 2.





OPS/images/fpls-08-02214-t001.jpg
Traits. Sites

Watford (south) Asselin Deville (north)

(intermediate)
PHoace 450 £ 031a" 3.89 40280 3.89 0160
CECuww (Méq/100g) 2507 2150 3324253 3461738
Carbon (g/kg) M60£642a 308875 3863+ 96%a
Nitrogen (g/kg) 314 +037a 229 +0.25b 1.98 + 0.38b

Prosphous (mgkg) 12105262 1213898  9.125%336a
Polassum (ngkg)  7690+27.93a 562517482 5363+ 10.47a

Calcium (mg/ka) 60890 + 455152 160.71  170.12ab  79.90 & 42.95b
Magnesum (mgkg) 3430+ 12408 2057 £1232b  18.75%7.27b
Manganese (mgkg) 1910 £ 9.11a 729£4070 1025 4.40a0
Auminium (mgkg)  1586.00 & 198.06b 1995.00 & 383.88a 2305.00 & 245.5%
Iron (mg/kg) 2332066100 45225+ 67.71a 33125 + 93.63ab
Zinc (mg/kg) 176 0842 250 £1.07a 1.58 = 0.80a
Sodium (mg/kg) 800 & 431a 5.96 % 6.130 4.86 +364b
Suphur (mg/kg) 1710£431a  1413£613a 1487 +364a

“For a given row, the means (n = 10}, followed by their stendard errors, having the same
letter are ot significantly different according to a Tukey test at « = 0.05,






OPS/images/fpls-08-02214-t002.jpg
Traits® Sites

Watford Asselin Deville
(south) (intermediate)  (north)

Amax (mol CO?2 m~2s~1) 83+ 14a 95+ 15a 97+ 10a
gs (mmol m=2 5=1) 009:£002 0.11%002ab 0.12 +002a
SLA(em? g7") 303+25 205£34b 352+39%
PNUE (umol CO2g~' Ns~1) 20+ 04ab 1.8+ 0.3b 24 +05a
PPUE (umol CO? g~ Ps™1) 161 +89a  143+28a 167 +82a
WUE (umol CO2/mol H20) 91.7 £206a 89.7 +8.1a 80.6 + 12.9a

oM (g) 050£010a 055008 037009
Length (mm) 129+ 1.9 152 +2.4a 13.3 £ 2.5ab
With (mm) 090£006a 091007a 080 0.10a
N (g/kg) 126+ 1.3b 155+ 1.5a 145+ 25a
P (g/ka) 16403 21403  20£02a
K (g/ka) 61£09%  53£07b  64%07a

Trait abbreviations: Amax, Photosynthetic capacity; gs, stomatal conductance; SLA,
specifc leaf (needle) area; PNUE, photosyntheic nitrogen use efficiency; PPUE,
photosynthetic phosphorous use efficiency; WUE, water use efficiency; DM, neede
iy mass; Length, average needle length; Width, average needle width; N, nirogen
concentration in needles; P, phosphorus concentration in neadles; K, potessium
concentration in needles. For the same line, the means followed by the same letter are
not significantly different according to a Tukey test at a = 0.05.






OPS/images/math_2.gif





OPS/images/fpls-08-02214-g001.gif
e
o e b
e e

Towaton FLV__WAT __WGST__TGS
w—CO—CO—m
Wendover 630 6 ale 1S s
Fontrune B Y O T
By w3 o w28 e as
Desberss P
Robidoux s s om0 20 R S0
Falardeau ws o mm s aw o ns o8
DBorbenile 4608 738
SaintLuce 4835 635
Watord  SeRosede Watfond 4630 7040 385 329 197 4s2s
Asslin Squatee o8 @ 0 231 a6
Robidoux s sn S0 e nes

T i O e T, it v AT, e TGS, e o o et 05





OPS/images/fpls-08-02214-g002.gif
e

S

<

>
o
Seed cechacd

B

R

<

e





OPS/images/math_1.gif
Vi =B HBy e (1)





OPS/images/inline_1.gif





OPS/images/cover.jpg
’ frontiers
in Plant Science

Ecophysiology and Growth of White
Spruce Seedlings from Various Seed
Sources along a Climatic Gradient
Support the Need for Assisted
Migration









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Plant Science





