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Xylem Anatomical Variability in White Spruce at Treeline Is Largely Driven by Spatial Clustering
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The ecological function of boreal forests is challenged by drastically changing climate conditions. Although an increasing number of studies are investigating how climate change is influencing growth and distribution of boreal tree species, there is a lack of studies examining the potential of these species to genetically adapt or phenotypically adjust. Here, we sampled clonally and non-clonally growing white spruce trees (Picea glauca [Moench] Voss) to investigate spatial and genetic effects on tree ring width and on six xylem anatomical traits representing growth, water transport, mechanical support, and wood density. We compared different methods for estimating broad sense heritability (H2) of each trait and we evaluated the effects of spatial grouping and genetic grouping on the xylem anatomical traits with linear models. We found that the three different methods used to estimate H2 were quite robust, showing overall consistent patterns, while our analyses were unsuccessful at fully separating genetic from spatial effects. By evaluating the effect size, we found a significant effect of genetic grouping in latewood density and earlywood hydraulic diameter. However, evaluating model performances showed that spatial grouping was a better predictor than genetic grouping for variance in earlywood density, earlywood hydraulic diameter and growth. For cell wall thickness neither spatial nor genetic grouping was significant. Our findings imply that (1) the variance in the investigated xylem anatomical traits and growth is mainly influenced by spatial clustering (most probably caused by microhabitat conditions), which (2) makes it rather difficult to estimate the heritability of these traits in naturally grown trees in situ. Yet, (3) latewood density and earlywood hydraulic diameter qualified for further analysis on the genetic background of xylem traits and (4) cell wall thickness seems a useful trait to investigate large-scale climatic effects, decoupled from microclimatic, edaphic and genetic influences.
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INTRODUCTION

Boreal forests are ecologically and commercially valuable ecosystems that make up almost a third of the global forest cover (Apps et al., 1993; Hansen et al., 2003). They act as a sink for global atmospheric carbon dioxide (Arneth et al., 2010; Tagesson et al., 2020) but are heavily influenced by human-induced and natural cover loss (Hansen et al., 2010). According to climate projections, boreal forests will face exceptional changes in climatic conditions within the 21st century (Soja et al., 2007; IPCC, 2013; Charney et al., 2016), threatening ecosystem functions (Gauthier et al., 2015). To preserve their functionality, it is of outmost importance to understand how these ecosystems work and how boreal forest tree species adjust to environmental changes.

A great majority of tree species are able to cope with a range of environmental conditions (Reich et al., 2016). To this end, they adjust phenotypically, adapt genetically and/or disperse into new habitats to track their niche of suitable conditions (Lenoir et al., 2008; Yeaman et al., 2016). In sessile and long-lived organisms like trees, the ability to adjust to changing conditions is essential (Schlichting, 1986). However, in the long term it is also necessary for a population to adapt genetically. Adaptation can occur when phenotypes of traits improving fitness are heritable. A common way to quantify heritability of a trait is to estimate the amount of phenotypic variance of the trait that occurs due to genetic variance. Heritability can be estimated in a “narrow sense” (h2, based on additive genetic variance) and a “broad sense” (H2, based on total genetic variance; Visscher et al., 2008; Wray and Visscher, 2008). Estimating heritability of traits in trees can thus help to inform species distribution models to create more precise predictions of future development of forests, and can also guide projects aiming at maintaining the functionality of boreal forests (e.g., assisted migration; Gauthier et al., 2015; Correia et al., 2018).

White spruce (Picea glauca [Moench] Voss) is one of the most common tree species of the North American boreal forests (Little and Viereck, 1971). Due to its ability to grow at the latitudinal and altitudinal treeline, it is widely used as a model organism to study plasticity and adaptation patterns (Lloyd and Fastie, 2002; Wilmking and Juday, 2005; Sherriff et al., 2017). Most studies on this species focus on general tree growth, often exclusively investigating annual (radial) growth increments. While tree rings provide valuable information on the integrated response to environmental conditions during the vegetation period, investigating the xylem anatomical structure may reveal crucial information on the tree functionality (Hacke et al., 2015; Amoroso et al., 2017).

Studies investigating xylem anatomical traits that are directly related to tree functioning such as tracheid lumen diameter or cell wall thickness (Wiedenhoeft, 2012) have become increasingly available for boreal tree species (Lange et al., 2019; Mvolo et al., 2019). Yet, little is known about the genetic background of xylem anatomical trait variation in white spruce (Lenz et al., 2010; Hassegawa et al., 2019). White spruce is able to vegetatively reproduce by layering (Stone and McKittrick, 1976; Würth et al., 2018) and thus it is able to grow genetically identical individuals (i.e., clones). Clones offer the unique opportunity to study genetic effects (i.e., broad sense heritability) on growth, hydraulic and structural traits in natural populations (Nyquist and Baker, 1991).

In this study, we identified and sampled naturally growing clones of white spruce at the latitudinal treeline in Alaska. We aimed at estimating broad sense heritability (H2) of growth and xylem anatomical traits of three trait groups (water transport, mechanical support, and wood density) by comparing three different methods: (1) using raw data, (2) using data predicted with a linear mixed effects model and (3) using estimated variance extracted from a linear mixed effects model. Since vegetative reproduction in trees leads to an unavoidable spatial clustering of individuals, we additionally focused on the spatial patterns. We evaluated the results of our H2 estimations by using models to identify whether spatial grouping is the main driver for similarities in growth and xylem anatomical traits, or if genetics also influence these patterns. The advantage of this novel approach is that it combines spatial analyses with genetic analyses at an anatomical level. This informs about which xylem anatomical traits qualify for studying genetic patterns potentially leading to genetic adaptation and which qualify better for studying spatial patterns driven by the influence of microenvironment or by climatic effects.



MATERIALS AND METHODS


Study Species and Site

White spruce grows under a variety of climatic conditions and its distributional range covers most of the boreal area in Canada and Alaska, and parts of the northernmost United States mainland (Little and Viereck, 1971). It is often the dominant tree species at the elevational and latitudinal treeline in the north-western parts of its distributional range (Abrahamson, 2015), and is of large economic importance (Attree et al., 1991).

The study site is located at the latitudinal treeline on a south-facing slope of Nutirwik Creek valley, in the central Brooks Range of Alaska (67°56′N, 149°44′W). The study site is a nearly monospecific white spruce stand of approximately two hectares, ranging in elevation from 860 to 940 m a.s.l. The mean annual temperature is around −7.9°C with a mean temperature of around −23.8°C in January (coldest month) and 11.1°C in July (warmest month). The annual precipitation is around 289 mm, 96 mm of which fall in July and August. The information about precipitation and temperature is taken from Lange et al. (2019) and based on modeled data averaged across the 1901–2013 data period provided by the Natural Resources Canada, Canadian Forest Service (NRCAN1; McKenney et al., 2011).



Sampling Design and Data Acquisition

In 2018, we sampled all the spatially clustered groups of white spruce that were scattered throughout the study area ranging from the forest line to the treeline and appearing to be the result of vegetative reproduction (see Wilmking et al., 2017; Würth et al., 2018) (Figure 1). We sampled all trees present within each spatially clustered group (Supplementary Figure S1 and Supplementary Table S1). We took one bark-to-bark increment core through the pith from 47 trees (thus resulting in 94 radii) that grew in eleven spatially clustered groups with a 4.3 mm increment borer (Haglöf, Sweden) for growth and xylem anatomical measurements. Additionally, we collected the most recently grown needles from North-facing branches of each tree for genetic analyses.
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FIGURE 1. Study design. Different clonal contexts and grouping types are indicated by differently colored trees and circles, respectively. Three clustering types were analyzed in this study, with n being the number of study cases for each clustering type.


All cores were air dried and glued onto wooden sample holders. The surface was polished with progressively finer sandpaper (up to 800 grit) and scanned with a flatbed scanner (Epson Perfection V700 Photo; Seiko Epson Corporation, Japan) with 3200 dpi. Ring widths (TRW) were subsequently measured using CooRecorder (version 9.3.1; Cybis Elektronik and Data AB, Sweden) and all radii were cross-dated using CDendro (version 9.3.1; Cybis Elektronik and Data AB, Sweden). We used the cross-dated tree ring chronologies solely to correctly date xylem anatomical measurements. For the analysis, we used TRW measurements obtained from the anatomical sections together with the other anatomical traits.

For the xylem anatomical measurements we cut 12 μm-thick cross-sections from one radius of each tree using a rotary microtome (Leica RM 2245; Leica Camera AG, Germany). The cross-sections were stained with 1:1 safranin and astra blue solution, rinsed with ethanol solutions of increasing concentration (50%, 70%, 96%), mounted on microscope slides with Euparal and dried at 60°C for 48 h. We scanned the slides with a slide scanner (Zeiss Axio Scan.Z1; Carl Zeiss AG, Germany) at the Swiss Federal Institute for Forest, Snow and Landscape Research (WSL), Birmensdorf, Switzerland. We used the scans to quantify TRW and several xylem anatomical traits (Supplementary Table S2) with the image analysis tool ROXAS v3.0.326 (von Arx and Carrer, 2014; Prendin et al., 2017). Due to the large amount of anatomical data to process in long cores, we selected the growth years 2007–2017 for the measurements of xylem anatomical traits. This allowed us to maximize the amount of data while still maintaining a number of samples feasible to process with high quality. Measurements on lumen diameter and cell wall thickness were used to distinguish between early- and latewood using Mork’s index (Denne, 1989). We calculated the total mean, the mean for earlywood and the mean for latewood per year of each trait using R v3.6.1 (R Core Team, 2019).

Earlywood ring width (EWW) and latewood ring width (LWW) were detrended for each tree to minimize the influence of low frequency growth trends without losing too much information on the variance among the trees. For this, we compared two linear models with raw ring width (EWW and LWW separately) as a response variable and year as an explanatory variable. One model was fitted with a linear term of the explanatory variable while the other model was fitted with a linear and a quadratic term of the explanatory variable. We chose the better performing model based on the corrected Akaike Information Criterion (AICc; Hurvich and Tsai, 1991) and calculated the detrended EWW and LWW by adding the model residuals to the mean annual growth of the investigated time period. Mean hydraulic diameter (DH) was calculated for earlywood (DH.ew) and latewood (DH.lw) of each ring based on lumen area (LA) according to Kolb and Sperry (1999). We estimated wood density (DEN) as the proportion of the estimated cell wall area (CWA) to the total cell area [i.e., the sum of CWA and lumen area (LA); Eq. 1] according to Björklund et al. (2017).
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DNA Isolation and SSR Genotyping

To identify clones, we genotyped all sampled trees. We ground 20 mg of silica-gel dried needle tissue in a Retsch ball mill MM301 (Retsch, Germany). For DNA extraction we used the Mag-Bind plant DNA DS Kit (Omega, United States) in combination with the KingFisherTM Flex 96-well plate robot system (ThermoFisher Scientific, United States) following the manufacturer protocols. For genotyping we combined 11 microsatellite loci developed by Hodgetts et al. (2001) and Rajora et al. (2001) in two multiplex reactions according to Eusemann et al. (2014) and Würth et al. (2018). We performed PCR on Eppendorf Mastercyclers (Eppendorf, Germany) using the Qiagen Multiplex PCR Plus Kit (Qiagen, Netherlands) and a modified protocol with a total volume of 10 μl and PCR conditions as described in Würth et al. (2018) with initially 5 min/95°C, 30 cycles 30 s/95°C, 90 s/58°C, 90 s/72°C, final extension 10 min/68°C. For fragment analysis we used a 3130xl Genetic Analyzer (Life Technologies, United States) using 1 μl undiluted PCR product, 0.15 μl 500 GeneScan LIZ® size standard (Life Technologies) and 12 μl HiDi Formamide (Life Technologies).

We performed fragment size determination and binning with the GeneMapper® Software 5.0 (Life Technologies). To account for genotyping errors, we used the algorithm programmed by Schnittler and Eusemann (2010). Since genotyping errors are much more likely to split than to merge clones, we set the threshold for members of a clone to maximum two deviating loci. For the analysis, we considered only trees with a maximum of two null allele-containing loci. These settings are consistent with Würth et al. (2018).

Of the 47 sampled trees in 11 spatially clustered groups, we found that 35 trees belonged to nine clonal groups, while 12 trees did not belong to any clonal group. Five spatially clustered groups consisted of clonal trees only. In four groups, clones grew spatially clustered with non-clonal individuals. Two groups consisted of non-clonal individuals only (Figure 1).



Statistical Analysis

To reduce the number of study parameters, we explored the relationship between the measured anatomical traits with a principal component analysis (PCA) using the R function prcomp (Grey et al., 1981) (Supplementary Figure S2). We classified the traits in four groups according to the PCA: growth, water transport, mechanical support, and wood density. We chose one representative trait of each group for which we carried out the analyses for earlywood and latewood separately (Table 1).


TABLE 1. Explanation of growth and xylem anatomical traits selected for analysis and their ecological function.

[image: Table 1]The first principle component (PC1) of the PCA explained 41.3% of variance, the second principle component (PC2) explained 28.7% and the third principle component (PC3) explained an additional 14.7% of variance (Supplementary Figure S2). The PCA showed a strong relationship among the traits within each group. Traits associated with mechanical support were mostly explained by PC1 while growth and water transport related traits were mainly explained by PC2. Wood density traits were explained by both PC1 and PC2 to a similar extent. Some latewood traits (e.g., latewood density (DEN.lw) and LWW) were mainly explained by PC3. In the following analyses, we used EWW and LWW as proxies for growth, DH.ew and DH.lw for water transport, CWT.ew and CWT.lw for mechanical support and earlywood density (DEN.ew) and DEN.lw for wood density (Table 1).

For the H2-estimations we only used data from trees that were growing in groups of genetically identical individuals (i.e., a subset of 35 trees in nine groups). In order to explore the potential of using estimated data compared to raw data, we used three different methods to estimate H2. First (1), we estimated H2 using raw data of all selected xylem anatomical traits (H2raw; Table 1; Eq. 2; For additional information see Eq. S1 – Eq. S5; Klug et al., 2006). Second (2), we fitted a linear mixed effects model for each trait using the nlme package (Pinheiro et al., 2020), where the investigated trait was included as the response variable, clonal group and year were included as fixed effects, cumulative stem diameter at breast height (cDBH) was included as a covariate and tree ID as a random effect. To correct for autocorrelation in time between multiple measurements in each individual, a first-order autoregressive correlation structure was included in the model using the constructor corAR1 of the nlme R package. The Constant Variance Function (varIdent) of the same package was used to account for the non-homoscedastic distribution of residuals between the clonal groups. Since tree height has a strong influence on xylem anatomical traits (Carrer et al., 2015), we used the model to predict trait values on a new set of data where the cDBH (as a proxy for height) was standardized to represent the average growth of the sampled trees in the investigated time period (i.e., an increase of DBH from 11 to 12 cm during the 10-year period resulted in an average annual growth of 0.1 cm). Heritability was then estimated on the predicted values (H2pred; Eq. 2; Eq. S1 – Eq. S5). Finally (3), we fitted a linear mixed effects model, where the investigated trait was the response variable, year was included as a fixed effect, cDBH as a covariate and clonal group as a random effect. We used the VarCorr function of the nlme R package to extract estimated genetic variance ([image: image]) and the residual variance ([image: image]) from the model. The modeled variance was then used to estimate H2 according to Eq. 3 (H2mod). All models were fitted using restricted maximum likelihood estimation (REML).
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where [image: image] is the genetic variance and [image: image] the total phenotypic variance.
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where [image: image] is the residual variance extracted from the models.

The coefficient of variation (CV) was calculated as an error measurement for H2 estimations (Eq. 4; Everitt, 1999).
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where [image: image]is the genetic variance and [image: image] the trait total mean.

To evaluate whether the calculated H2 values truly represent genetic effects or rather a spatial pattern caused by the spatial grouping of the clonal trees we used the full dataset of 47 sampled trees in 11 spatially clustered groups, including clonal and non-clonal individuals. We created two categorical groups, genetic group and spatial group, and each tree was assigned a level in each. For the genetic group, each tree was assigned either the clonal group ID or, in non-clonal trees, the individual tree ID; for the spatial group, all trees growing spatially clustered, with a maximum distance of 3 m, were assigned the same code, regardless of the genetic background (Figure 1). This method did not allow us to isolate genetic grouping from the spatial grouping, but allowed us to test whether spatial clustering had a large effect on the variability of our study traits. To avoid computational errors related to this issue we did not compare spatial and genetic grouping in one model, but we compared three different models for each trait: (i) a null model, (ii) a genetic model and (iii) a spatial model. The (i) null model was fitted using the selected trait as the response variable, year as a fixed effect, cDBH as a covariate and tree ID as a random effect. The (ii) genetic model was fitted with the genetic group and year as fixed effects, cDBH as a covariate and tree ID as a random effect. The (iii) spatial model was fitted with the spatial group and year as fixed effects, cDBH as a covariate and tree ID as a random effect. The corAR1 constructor was used in all three models to account for autocorrelation in time within tree individuals. The varIdent function was used in the spatial and genetic models to account for non-homoscedastic distribution of the residuals between groups. All models were fitted using REML.

For the comparison of the model performance we calculated the corrected Akaike Information Criterion (AICc) for each model and selected the model that performed best when the AICc was lowest with more than four units difference. Since AICc is only slightly penalizing small differences in the number of parameters, we considered the null model best in case of equal values, following the principle of parsimony (Burnham and Anderson, 2002, 2004).

To evaluate the effect of spatial and genetic grouping and to find potential significant effects of spatial or genetic clustering that are independent of model performance we conducted an analysis of variance (ANOVA; Chambers and Hastie, 1992). We used R v 3.6.1 (R Core Team, 2019) for all statistical analyses.



RESULTS


H2 Estimates of Growth and Xylem Anatomical Traits

The three different methods used to estimate H2 showed overall similar results (Figure 2). In general, traits associated with growth (EWW and LWW) showed the highest H2 values and traits associated with mechanical support (CWT.ew and CWT.lw) the lowest. Traits associated with wood density and water transport (DEN.ew, DEN.lw, DH.ew, and DH.lw) showed low to intermediate values (Figure 2).
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FIGURE 2. Broad sense heritability (H2) estimates for growth and xylem anatomical traits. Different colors indicate the method used (purple = heritability based on raw measurements, green = heritability based on predicted values, yellow = heritability based on mixed-effect model), see “Materials and Methods” section for details. Vertical numbers above the columns are the coefficients of variation (CV).


In traits related to growth, H2pred and H2mod showed a pattern of similar values, while H2raw was slightly higher for EWW and lower for LWW. For traits related to mechanical support, wood density, and water transport, H2pred showed the highest values, while H2raw and H2mod showed similar values both for earlywood and latewood.

Comparing earlywood and latewood, H2 values were similar for growth and mechanical support across methods, while earlywood H2 values were generally slightly higher for wood density and notably higher for water transport.

The CV values for H2raw in both EWW and LWW were notably high (0.507 and 0.435), but for all other estimates and traits they were relatively low (0.001–0.104, mean = 0.052; Figure 2).



Comparing Genetic and Spatial Grouping

In general, spatial models outperformed all other models. In one case the null model performed better and in two cases genetic and spatial models performed similarly but better than the null model. In no case did the genetic model outperform the other model types.

For both growth traits (EWW, LWW) and all earlywood traits (CWT.ew, DEN.ew, and DH.ew) the spatial model performed better than the other models. For latewood density and latewood CWT there was no difference between the genetic and the spatial model, but in both cases the grouped models performed better than the null model. For latewood DH the null model was considered to show the best performance, as it had an AICc equal to the spatial model and lower than the genetic model (Figure 3).
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FIGURE 3. Column plot of the differences in AICc values between spatial and genetic models. A negative ΔAICc means that the AICc of the spatial model is lower than the AICc of the genetic model and vice versa. The color of the columns indicates, which model showed the best performance [purple = null model performed either best, equal to one or equal to both of the other two models; green = spatial model performed best; yellow = grouped models (i.e., genetic and spatial models did not differ significantly between each other but both performed better than the null-model)]. The letters over the columns indicate which model had a significant group effect (S, spatial grouping sign.; G, genetic grouping sign.; significance threshold: p < 0.05 - based on ANOVA). Red lines show the thresholds for evaluating differences between the models: |ΔAICc| < 4: no substantial differences (dashed lines); 4 < |ΔAICc| < 10: considerable differences (solid lines); |ΔAICc| > 10 - essential differences (Burnham and Anderson, 2002).


The analysis of the spatial and genetic models using ANOVA showed that the spatial grouping was significant (p-value < 0.05) for EWW and LWW, early- and latewood density and earlywood DH. Genetic grouping was significant for EWW and LWW, latewood density and earlywood DH. No significant grouping effect was found in early- and latewood CWT and latewood DH.



DISCUSSION

The rapidly changing climate conditions threaten the functioning of boreal forests. White spruce is one of the most important and abundant boreal forest tree species of North America. In order to learn more about its potential to adapt to changing environments, we explored its genetic background of xylem anatomical trait variation. The goal of our study was to investigate the broad sense heritability (H2) of growth and xylem anatomical traits. We compared three methods to estimate H2, which overall showed consistent patterns in the resulting values. However, further analyses revealed a large influence of spatial clustering on xylem anatomy, which seemed to overlay any genetic patterns. Nonetheless, we found some evidence for a genetic influence on early- and latewood growth (ring widths), latewood density and earlywood hydraulic diameter.


H2 Estimates of Growth and Xylem Anatomical Traits

The three methods of estimating H2 showed overall consistent results, with the only inconsistency found in the estimates based on raw data (H2raw) of early- and latewood ring width. This inconsistency was likely caused by a high dispersion in the raw data, shown by high CVs (Figure 2). The H2 estimates for EWW and LWW based on the raw data are therefore likely not accurate (Everitt, 1999). All other H2 estimates showed much lower CVs and more stable patterns. The H2 estimates based on predicted data were higher in most cases. This pattern was likely introduced by the method of using predictions from a linear mixed effects model. By predicting new values under the assumption of equal diameters in all trees we avoided size-related effects, which are known to largely influence xylem anatomical traits (Carrer et al., 2015). The higher values of H2pred could suggest an underestimation of H2raw and H2mod as a result of this size effect.

In general, most of our calculated heritability estimates are in line with other studies focusing on narrow sense heritability (h2) of xylem anatomical traits in white spruce. Though narrow sense heritability is based on additive genetic variance instead of total genetic variance, h2 is comparable to H2 because over 50% of the total genetic variance is usually additive (Hill et al., 2008; Wang et al., 2013). Similar to our study, Lenz et al. (2010) reported a high h2 in earlywood radial cell diameter (a trait that strongly correlates with mean hydraulic diameter; Kolb and Sperry, 1999) and a lower h2 in the latewood radial cell diameter in white spruce on a provenance trial in East Canada. They also found a low h2 in latewood density and latewood cell wall thickness. In contrast to our estimates, Lenz et al. (2010, 2011) reported a high h2 in the earlywood cell wall thickness and earlywood density. These opposite results could be explained by their populations being less climatically constrained than our populations. The studies of Lenz et al. (2010, 2011) were conducted on sites in Eastern Canada (Quebec), where climatic conditions are milder and wetter than at our treeline site in northern Alaska. It is possible that the lower heritability estimates in our study are a result of a larger climate control on earlywood parameters at the treeline.

Regarding growth-related traits like ring width, estimates of heritability in white spruce are quite scarce in other studies and considerably differ from our results. While Ying and Morgenstern (1979) and Lenz et al. (2010) reported low, or insignificant levels of h2 in DBH (0.04–0.10) and ring width (reported as insignificant), respectively, Corriveau et al. (1991) and Merrill and Mohn (1985) estimated intermediate values for ring width (0.32) and DBH (0.35), respectively. This inconsistency in results might occur due to the complex nature of secondary growth itself (Rathgeber et al., 2016) and the strong influence of climatic parameters (Hughes et al., 2011).

In general, we cannot accurately say how representative our H2 estimates are. Per definition, heritability can only be calculated for a specific population in a specific environment (Stoltenberg, 1997). However, the analysis of spatial grouping showed that we have strong spatial effects in our data, which implies that the assumption of common environmental conditions for heritability estimations was violated and thus makes our estimates uncertain.



Spatial Grouping Has the Strongest Effect on Trait Variability

Comparing models with genetic and spatial grouping showed that in all earlywood traits the spatial model performed better than the genetic model. In the latewood traits, the spatial model was only better for latewood width, but the genetic model did not outperform the spatial model for any trait.

Earlywood is formed at the beginning of the vegetation period. During this time, trees ideally allocate most of the available resources to grow in circumference and height, without risking losing structural integrity or suffering from drought-induced cavitation and other potential effects caused by resource limitation (Willson and Jackson, 2006; Rathgeber et al., 2016; Cartenì et al., 2018). Thus, a high plasticity in the earlywood could promote efficient growth. This high plasticity is evidenced in our results in the form of spatially structured patterns in earlywood anatomical traits. These spatial patterns are probably caused by small-scaled differences in resource availability (i.e., microclimatic and edaphic differences, which are potentially caused by topographic characteristics of the area) between clonal groups, leading to trait variability independent of the genetic background.

At the end of the vegetation period, when latewood is formed, height growth also declines. It becomes more important for the tree to use available resources to produce cells with thicker cell walls, which are responsible for mechanical support for the tree body (Cartenì et al., 2018), while building new tissue for water transport only plays a minor role (Domec, 2002; Tyree and Zimmermann, 2002). Accordingly, latewood anatomy features were less variable in our study. Small-scale differences in resource availability are more likely to cause differences in wood growth and wood density than in hydraulic diameter at the end of the growing season. Consequently, our results showed that for latewood ring width the spatial model was performing best. For the latewood density, genetics might also have an influence, since both models were performing equally well.

Investigating the significance of spatial and genetic grouping independent from the performance of the models revealed a significant effect of genetic grouping on early- and latewood width, latewood density and earlywood DH. Despite the high heritability estimates for early- and latewood width, the effect of genetic grouping was rather unexpected. As mentioned before, secondary growth is strongly influenced by climatic parameters, and several studies suggested that small-scale environmental conditions rather than genetics affect growth (King et al., 2013; Wilmking et al., 2017; Avanzi et al., 2018). Since our study was performed in situ we were not able to truly decouple genetic from spatial effects. Therefore, a combination of the strong impact of micro-environmental conditions (i.e., spatial grouping; Avanzi et al., 2018; Montpellier et al., 2018), combined with individual growth characteristics (Carrer, 2011) could have led to the false assumption of a significant genetic effect. We cannot exclude that this also affected the traits latewood density and earlywood DH. However, previous studies already indicated that variability in lumen size and wood density were linked to adaptation to local conditions (Carlquist, 1980; Aroca, 2012; Hacke et al., 2015; Klisz et al., 2019). Thus, it is likely that a genetic effect on latewood density and earlywood DH actually exists.

Both early- and latewood CWT were not significantly influenced by spatial or genetic grouping, indicating that in our study species at our site CWT is not strongly determined by neither small-scale environmental nor genetic effects. We did not test correlations with climatic parameters since our time series (2007–2017) are very short. However, other studies found significant correlations between CWT and climatic parameters in white spruce (Lange et al., 2019) and also in black spruce (Puchi et al., 2020). Placing our results in the context of these studies suggests that CWT qualifies as a proxy for climatic conditions at larger scales (i.e., range-wide differences and past climatic variability), decoupled from strong small-scale environmental and genetic influences. This view is also supported by a study with Scots pine showing that the thickness of the radial cell walls in the latewood registers a stronger temperature signal than any other tree-ring proxy including the commonly used maximum latewood density (Björklund et al., 2020).



CONCLUSION

The vegetative reproduction of white spruce at the latitudinal treeline offered the opportunity to gather data on genetically identical trees in situ. The comparison of three methods to estimate broad sense heritability (H2) resulted in mostly consistent patterns. This suggests that in general the estimates are quite robust, independent from the method used for their calculation. However, due to spatial clustering of the trees we had to evaluate our heritability measures by testing the strength of the grouping effect. The analyses showed that spatial clustering had a strong influence on the xylem anatomy, especially in the earlywood. We assume that this strong spatial effect is related to differences in micro-environmental conditions, which implies that it is rather difficult to estimate the magnitude of genetic effects in a naturally grown population.

Nonetheless, we found some evidence for genetic effects in early- and latewood ring width, latewood density and earlywood hydraulic diameter. Based on previous studies we assume that results on early- and latewood width might rather be reflecting environmental conditions and individual growth patterns than actual genetics. Latewood density and earlywood hydraulic diameter, however, show a plausible significant genetic component, suggesting they are suitable traits for assessing potential local adaptation. Cell wall thickness, on the other hand, seems neither to be influenced by small-scale spatial (i.e., differences that occur within one study site) nor genetic patterns, potentially qualifying as a proxy for climatic conditions on a larger scale (e.g., range-wide differences).

Exploring the interacting effects of phenotypic plasticity and genetic adaptation in xylem anatomical traits related to wood density and tree hydraulics will lead to a more comprehensive understanding of the adaptation potential of tree species to global change in general, and of white spruce in particular. Yet, it is challenging to balance the reliability of experimental set-ups, which may be far from real-life conditions, with real-world studies, which may have high error potential. We believe that real-world studies dealing with clonal trees are valuable, but highlight the necessity to carefully evaluate any potential spatial effects, as they can drastically influence the growth of trees and obscure any potential genetic signal.
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