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Vessels are responsible for an efficient and safe water transport in angiosperm xylem. Whereas large vessels efficiently conduct the bulk of water, small vessels might be important under drought stress or after winter when large vessels are embolized. Wood anatomy can adjust to the environment by plastic adaptation, but is also modified by genetic selection, which can be driven by climate or other factors. To distinguish between plastic and genetic components on wood anatomy, we used a Quercus robur trial where trees from ten Central European provenances were planted in three locations in Austria along a rainfall gradient. Because wood anatomy also adjusts to tree size and in ring-porous species, the vessel size depends on the amount of latewood and thereby ring width, we included tree size and ring width in the analysis. We found that the trees’ provenance had a significant effect on average vessel area (VA), theoretical specific hydraulic conductivity (Ks), and the vessel fraction (VF), but correlations with annual rainfall of provenances were at best weak. The trial site had a strong effect on growth (ring width, RW), which increased from the driest to the wettest site and wood density (WD), which increased from wet to dry sites. Significant site x provenance interactions were seen only for WD. Surprisingly, the drier site had higher VA, higher VF, and higher Ks. This, however, is mainly a result of greater RW and thus a greater proportion of latewood in the wetter forest. The average size of vessels > 70 μm diameter increased with rainfall. We argue that Ks, which is measured per cross-sectional area, is not an ideal parameter to compare the capacity of ring-porous trees to supply leaves with water. Small vessels (<70 μm) on average contributed only 1.4% to Ks, and we found no evidence that their number or size was adaptive to aridity. RW and tree size had strong effect on all vessel parameters, likely via the greater proportion of latewood in wide rings. This should be accounted for when searching for wood anatomical adaptations to the environment.
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INTRODUCTION

Wood is responsible for the mechanical stability of trees, for water transport, and for storage and production of metabolites (Hacke and Sperry, 2001; Chave et al., 2009; Morris et al., 2016). In angiosperms, these functions are mainly mediated by fibers, vessels, and living axial and radial parenchyma, respectively. To ensure that a sufficient amount of water is supplied to the transpiring leaves, vessels need to transport the water efficiently. This requires a sufficiently high hydraulic conductance, which is mainly achieved by large vessels and to a lesser degree by vessel density (Tyree and Zimmermann, 2002). At the same time, water transport under high tension needs to avoid the formation of gas emboli and the consequent blockage of the water transport pathway (Tyree and Sperry, 1989). While the anatomical basis for efficient water transport is mainly wide vessel lumina but also the resistance of the cell walls to water passage (Sperry et al., 2005), embolism resistance is mainly a function of the fine structure of the cell walls and particularly the pit membranes connecting adjacent vessels (Delzon et al., 2010; Lens et al., 2011). Although frequently proposed, at least at the inter-specific level, the trade-off between efficiency and safety of plant water transport is quite weak as shown by a global review of data (Gleason et al., 2015). According to the air-seeding hypothesis (Tyree and Sperry, 1989) of embolism formation under drought stress, which is the model best supported by experimental evidence, vessels will embolize when the pressure difference between a gas-filled and a water-filled element is high enough to suck gas through the largest pore in the pit membrane. As the size of these pores is quite variable, the larger vessels with more pit membranes will likely have a larger maximum pore size and thus cavitate at a higher water potential (rare pit hypothesis, Christman et al., 2009, 2012). Therefore, within one species or stem, larger vessels tend to embolize earlier (Jacobsen et al., 2019; Lemaire et al., 2021) and wood with smaller vessels should be more cavitation resistant.

Emboli can are also be formed by freeze-thaw events (Mayr and Améglio, 2016). Gas is hardly soluble in ice and forms bubbles when water freezes. Upon thawing, these bubbles may either dissolve in water, or coalesce and expand, resulting in emboli. The formation of freezing-induced emboli is more likely if water potential is low, which expands the bubbles, and when vessels are large, in which case many bubbles are released that can coalesce into larger ones that will not easily dissolve. As a consequence, species with larger conduit diameters will become more easily embolized following freezing under moderate drought stress. Experiments confirmed predictions that cavitations will occur in vessels with a diameter greater than c. 44 μm under a moderate xylem tension of 0.5 MPa (Davis et al., 1999). Thus, ring-porous trees that have their earlywood macropores embolized after winter and cannot reverse the emboli need to produce new wood before water can be transported to the new leaves (Hacke and Sauter, 1996).

Tree ring research and dendroclimatology mostly rely on ring width, often separating early- and latewood (Schweingruber, 2007). Wood anatomical parameters may yield additional information on past climates or the impact of climate as cell size and numbers might respond more flexibly to variation in temperature and water supply. For instance, conifer ray parenchyma was shown to carry a rainfall signal, although the correlation among trees and the signal-to-noise ratio of the parenchyma was much lower than for ring width (Olano et al., 2013).

More commonly than parenchyma, vessel size and density are measured to support tree ring research (Fonti et al., 2010; Souto-Herrero et al., 2017) and to study hydraulic adaptations of trees (Hietz et al., 2017; Gouveia Fontes et al., 2020). Large vessels of macroporous and ring-porous temperate trees are attractive to study because they are relatively easy to measure in an automated way (Fonti et al., 2009) and they also account for the bulk of water transport capacity. Thus, large vessels (defined as > 10,000 μm2) were found to provide an additional signal for spring precipitation in Quercus petraea and Q. pubescens in Switzerland (Fonti and García-González, 2008). Another study, using a vessel size threshold of >2,500 μm2, found that vessel size was related to the previous year wet season in Quercus boissieri but to the current wet season in in Q. ithaburensis (Castagneri et al., 2017).

It is important to note, however, that short-term adjustments to drought or the effects of drought periods on wood formation are not necessarily the same as growing in arid regions. While inter-annual variation in wood structure is the basis of dendroclimatology, it does not provide a perfect prediction of the effect of long-term changes in climate or of how a genotype would fare in a different environment. Other studies therefore looked at vessel size in trees growing in different environments or originating from different regions and growing in the same environment to identify phenotypic (plastic) and genetic adaptations. For instance, a provenance trial of rubber trees (Hevea brasiliensis) found that vessel density and vessel lumen fraction (the proportion of the cross-sectional area covered by vessel lumina) were related to the amount of rainfall in the dry season from the region in Brazil where the genotypes were collected, but vessel size was not (Rungwattana et al., 2018). While that study tested for genetic adaptations, variation observed between trees growing in different environments may result from genetic and/or phenotypic variation. Thus, the significant correlation of Fagus sylvatica vessel size with mean annual precipitation at five sites (Schuldt et al., 2016) may have resulted from genetic or phenotypic effects or both.

If large vessels are responsible for the bulk of hydraulic conductance, particularly in ring-porous species such as Quercus with very large differences in vessel size, this raises the question what small vessels are for. With a trade-off between efficiency and vulnerability at the level of individual vessels, micropores could provide for a minimum conductance when large vessels have become embolized. If this is indeed a relevant function of micropores, we would expect to see a higher proportion of small vessels in trees adapted to lower water availability. However, with macropores mainly in earlywood and micropores mainly in latewood, the mean vessel size and the vessel size distribution will also depend on the relative areas of early- and latewood and thus on ring width. Therefore, growth rates, which are strongly affected by factors such as water supply, may blur possible adaptive changes in vessel sizes unless the effects of growth rate or ring width are accounted for.

We here used a Quercus robur trial with trees from ten provenances from central Europe planted at three sites in Austria. A previous analysis focusing on growth found strong local adaptation in growth so that trees grow best in climates similar to those the seeds were collected from George et al. (2021). In that study, we found that wood anatomical parameters were more controlled by provenance than site, but there was no clear correlation with climate at the provenance location. However, that study did not explore vessel size variation and the relationship with tree size and growth. Having manually marked large as well as small vessels, we here test to what extent vessel size and vessel size distribution are controlled by genetics and environment. We ask how much small vessels likely contribute to water transport and if small vessels and vessel size distribution reflect genetic and plastic adaptations and tree size. If wood anatomical variation can be explained by variations of tree size and growth rates alone, this would question the common interpretation as evidence adaptive significance.



MATERIALS AND METHODS

Quercus robur seedlings of 20 provenances from Austria, Czech Republic, Croatia, and Slovenia were planted at three trial sites in Austria (Table 1) in 2006. Trees were planted as 1-year-old seedlings with a distance of 1 m × 2 m on flat terrain. We selected ten provenances that differ mainly in rainfall and less in temperature (Table 1) because the purpose of our study was to look for the effects of aridity. Similarly, trial sites differed mainly in rainfall with mean annual precipitation for the three trial sites (MAPs, 641, 890, and 1,005 mm, respectively), similar to the precipitation gradient, the provenances were collected from (MAPp). By contrast, mean annual temperature varied less among provenances (MATp) and very little among trial sites (MATs). MAT and MAP for provenances and testing sites were derived from the EURO-CORDEX climate dataset (Jacob et al., 2014). For each provenance and site, 110 trees were established with 5 half-siblings from each of 22 mother trees planted in a randomized block design with each provenance replicated three times per site and with each mother tree represented five times in each cell [see George et al. (2020) for details]. We randomly selected trees from nine different mother trees from each of the ten provenances at each site (90 trees per site). Trees originating from the same mother trees (half-siblings) were replicated among, but not within sites.


TABLE 1. Provenances in central Europe and trial sites in Austria for a Quercus robur study.
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In winter 2017–18, wood samples were collected at breast height, taking care to avoid irregular growth, from nine trees per provenance and site using a 5.15-mm diameter increment borer. Samples covering at least the last 3 years were sealed in plastic straws in the field and measured for wood density (WD) in the laboratory within 30 h.

Wood density of each sample was calculated as dry weight (100°C)/fresh volume, with volume calculated from the diameter (5.15 mm) and the length of the sample, the inner end of which was trimmed with a sharp blade, the outer end being the cambium. We prefer this method of measuring the volume to the water displacement method because with the latter, the volume can be affected by variable swelling of wood after cores are extracted (Schüller et al., 2013). We made 30-μm transverse sections covering the width of the core and the last three growth rings with a rotary microtome (Leica, Wetzlar, Germany), stained with safranin and astrablue, and embedded in Euparal (Carl Roth, Karlsruhe, Germany). Digital images (example in Figure 1) with pixel size of 1.157 μm were taken with a DM5500B microscope (Leica, Wetzlar, Germany). The outline of the three outer growth rings (representing years 2015–2017) and all vessels were marked manually in Adobe Photoshop CS6 (Adobe Systems, San José, USA), using the flood-fill feature of Photoshop to mark vessels. Marking vessels manually is more time-consuming than automated vessel detection based on the cell size and shape (e.g., Von Arx and Dietz, 2005), but we found this more reliable to distinguish small vessels from parenchyma. The marked vessels and the growth ring outlines were then measured automatically with ImageJ,1 so that all vessels were allocated to the precise year. Ring width was measured as the distance between ring boundaries along the rays. We calculated mean vessel area (VA, mm2), vessel density (VD, vessels mm–2), vessel lumen fraction (VF, the sum of vessel lumina per cross-sectional area), the coefficient of variation of vessel size (Vcv), and the mean area macropores (VAmp, defined as vessels with diameters > 70 μm). Since large vessels are more efficient in water transport while small vessels may be more resistant against emboli (Jacobsen et al., 2019), vessel size variation would indicate how these two demands shape vessel sizes.
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FIGURE 1. Quercus robur wood (the example is from a tree from provenance Geinberg growing at site Wels) showing growth rings for 2015–2017. The scale bar measures 500 μm.



Data Analysis

We calculated the theoretical specific hydraulic conductivity (Ks), based on the Hagen–Poiseuille law (Tyree and Zimmermann, 2002) as Ks = (πρw/128 η) × VD × Dh4, where ρw is the density of water (998.2 kg/m3 at 20°C), η the viscosity of water (1.002 × 10–3 Pa s at 20°C), VD vessel density (m–2), and Dh = (Σ D4/n)1/4, where D is the average of minor and major axes of the diameter of each individual vessels and n the number of measured vessels. All anatomical parameters were calculated per sample and per annual ring for each sample, and these sample or annual ring-wise data were used for statistical analyses.

Vessel size distribution showed a bi-modal distribution with the lowest density for vessels with 70 μm diameter, which held true for all provenances and sites (Figure 2). We thus defined vessels < 70 μm as micropores and vessels > 70 μm as macropores and calculated the fraction of vessel area occupied by macropores (pmacro) and the proportion of Ks contributed by micropores (Ksmicro). While large vessels are concentrated in earlywood and small vessels in latewood in most ring-porous trees such as Q. robur, this is not always the case and we therefore do not attempt to classify early- and latewood.
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FIGURE 2. Vessel size distribution per provenance 1–21 (panels) and site (line colors). The vertical black line indicates the 70 μm size cutoff used to define small and large vessels. Kernel density estimates are relative units. Site details are shown in Table 1.


We then calculated pairwise correlations between all wood traits. To assess the coordination among wood traits and the dominant trait axes, we calculated a principal component analysis (PCA, using R libraries prcomp for calculation and factoextra for visualization) of traits and provenance climate with trait values per sample scaled to mean = 0 and unit variance.

Trees widen conduits to adjust to increasing path length (Anfodillo et al., 2006), so tree height might be a better predictor of conduit size than diameter. Since height was measured only in 1 year and correlates strongly with diameter at breast height (DBH, Supplementary Figure 1), we use DBH as a measure of tree size. We calculated linear models to test whether wood anatomical traits were controlled by provenance, site, provenance × site interactions, or tree size of the form
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where “traitijk” is the trait value per tree i (i.e., covering all years analyzed) from provenance j at site k and ε is the error term. Since wood anatomy frequently changes as trees grow or from pith to cambium in wood cores (Lachenbruch et al., 2011; Rungwattana and Hietz, 2018) and trees had grown at different rates, DBH was included in the model, so that potential differences in wood anatomy among sites or provenances would be independent of trees having grown at different rates. While this tests for the effect of provenance, it does not test whether the provenance effect is caused by differences in MAPp, and we therefore calculated a similar model with MAPp instead of provenance with models of the form

[image: image]

where MAPpj is the MAP at provenance j. To test whether diameter increment or precipitation in any year affect wood traits, we calculated mixed effect models (R library lme4, Bates and Sarkar, 2020) with site, provenance, DBH, ring width, and precipitation (prec) during the growth year at the three sites as fixed and treeID and year nested in site as random variables. Models were thus of the form:

[image: image]

where “traitijky” is the value per tree i from provenance j at site k and annual growth ring y, precky is the precipitation at site k in the year y, and ring width and DBH are also per year y. For the annual model, DBH for 2016 was estimated as DBH − 2 × ring width of 2017 and DBH2015 likewise by subtracting growth of 2016 and 2017. TreeID was treated as a random variable because there were three measurements per tree, and precipitation to avoid pseudo-replication of precipitation, for which data could only be included for three sites and 3 years. While ring width and DBH were correlated, the correlation was not very high (r2 = 0.27) and the variance inflation factor for ring width and DBH is <2, so the collinearity is not a problem for the model, and we can distinguish the effects of tree size and ring width. Precipitation for 2015, 2016, and 2017 was the total rainfall from October of the previous to September of the current year. Precipitation for the three trial sites was obtained from the closest weather station by the Zentralanstalt für Meteorologie und Geodynamik.2

VA, VD, VF, Ks, pmacro, and Ksmicro were log-transformed for statistical analyses to improve normality of the distribution based on the qqnorm plots. All statistical analyses were calculated with R 4.0.2 (R Core Team, 2020).




RESULTS

Vessel size distribution followed a similar pattern in all samples, but trees grown at the wettest site (WL) often had a higher proportion of very small (<20 μm) vessels (Figure 2). Growth and thus DBH and ring width were highest at the wet and lowest at the dry site (Table 2).


TABLE 2. Mean (SD) of wood anatomical parameters, wood density and tree size per site and provenance.
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Mean vessel size (VA) was positively correlated with VF, Ks, and the proportion of large vessels and negatively with VD, Ksmicro, vessel size variation (Vcv), and DBH, but was not related to macropores size (VAmp, Figure 3). Ks is strongly controlled by VAmp and less by VA and VD, which is explained by the fact that Ks scales to the square of VA and the contribution of micropores (Ksmicro) is low. The proportion of Ks contributed by small vessels was small, on average 2% and never more than 10%. Ksmicro scaled negatively with Ks calculated form all vessels and with VA and VAmp. Relationships with WD were weak and significantly negative for VAmp, VD, Ks, and Vcv. While the VAmp, Ks, and Vcv increased with tree size, the average vessel size, the proportion of large vessels and WD decreased with DBH. Correlations between wood traits were similar among sites, though correlations between anatomical traits and WD were significantly only for the intermediate and wet, but not the dry site (Supplementary Figure 2).
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FIGURE 3. Correlation matrix of wood traits and tree size (DBH). Size and color intensity indicate strength of positive or negative correlations, blue for positive and red for negative correlations. Trait abbreviations as in Table 2. Significances in the upper triangle are indicated as *p < 0.05, **p < 0.01, ***p < 0.001, the lower triangle shows r-values.


VA, VF, WD, Ks, and pmacro decreased from the driest to the wettest site, while VAmp increased from the driest to the wettest site (Table 2). All vessel traits were explained to a larger extent by provenance (4.6–12.1% of the variance explained, Model 1) than by site (0.1–6.9%, Table 3). This contrasts with WD, which was explained strongly by site (30.7% explained) and was the only trait with significant provenance × site interactions. While overall WD is significantly negatively correlated with tree size, this is entirely due to a site effect and within site WD did not depend on tree size: Trees at the drier site were smaller and had higher WD. Within any site, WD and DBH were not correlated (p > 0.05, Figure 4A), but WD was related to VF at two sites (Figure 4B).


TABLE 3. Significance of provenance, site, tree size (DBH), and provenance × site interactions on wood traits.
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FIGURE 4. Wood density related to (A) tree size (DBH) as a measure of growth rate of the even-aged trees and (B) vessel fraction of Quercus robur at three trial sites differing in rainfall. Continuous lines indicate significant (p < 0.05) correlations, broken lines non-significant relationships. Site details are shown in Table 1.


When the model included site and provenance, tree size did not affect VA, VD, and VF, but had a strong effect on maximum vessel size and consequently on Ks, Vcv, the proportion of macropores and Ksmicro (7.7–23.9% explained, Table 3). Model 2 with MAPp instead of provenance (Supplementary Table 1) shows that only a small part of the provenance effect can be explained by the differences in rainfall. Including DBH and site, MAPp was only marginally significantly related to VA, VF, and Vcv, and for none of these explained more than 1.5% of the variation.

When wood anatomy was analyzed year-wise with ring width and tree size included in the model (Model 3), provenance still had significant effects on VD and VF and a marginally significant (p < 0.1) effect on pmacro and Ksmicro, but site effects were no longer significant and VF was the only parameter related to October–September precipitation (Table 4a). Ring width had a much stronger effect on nearly all wood traits, except for VAmp (Table 4b). Therefore, the site and to a large extent also the provenance effect in Table 3 are largely the result of differences in ring widths.


TABLE 4. (a) Significance of provenance, site, tree size (DBH), ring width, and precipitation (Prec is the precipitation from October of the previous year to September in the year the wood was produced) on vessel traits. Shading from light to dark yellow indicates increasing significance. For metric variables, the estimate and standard error (SE) of the estimate are also shown. (b) Shows the variance explained (%). Trait abbreviations as in Table 2.
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In the PCA Ks, Ksmicro, pmacro, VA, and VF scale along the first axis, which explains 35.1% of the variation, whereas VAmp, VD, WD, and DBH scale mainly along the second axis (21.1%) (Figure 5). MAPp and MATp had a very weak loading on the first two principal components. Trial sites separated poorly in the PCA (Figure 5A), as did provenances (Figure 5B).
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FIGURE 5. Principal component analysis of wood traits of Quercus robur grown at three trial sites in Austria (A) and originating from ten provenances (B). Large symbols represent the mean position of trees per trial site or provenance along PC1 and PC2. Ellipse defines the region that contains 95% of all samples per group. Provenances are detailed in Table 1, trait abbreviations as in Table 2.


Mean VA, VD, Ks, and particularly VF significantly declined with ring width (Figures 6A,C–E). Macropore size and Ksmicro were not related to ring width at all (Figures 6B,F) and the relationship between pmacro and ring width weak (Figure 6F).


[image: image]

FIGURE 6. Effect of annual ring width on vessel parameters and hydraulic conductivity in Quercus robur wood. Trait abbreviations as in Table 2. Note that Ks is the theoretical hydraulic conductivity per cross-sectional area, whereas Ksmicro is the proportion of Ks that is contributed by vessels <70 μm. R2 and p-values are from linear regressions.




DISCUSSION

The effect of the environment on wood traits can be studied in various ways. Common garden experiments search for a genetic component in the variation by keeping the environmental variation constant. If this variation is related to a clinal gradient of their original locations, this trait variation may point to (but is not proof of) a potential genetic adaptation to a specific environmental factor. Experiments that expose different genotypes or provenances to different environments in a fully crossed design serve to quantitatively distinguish genetic from environmental effects. These experimental approaches are quite different from tree ring studies where inter- (and sometimes intra-) annual variations in climate are related to anatomical variation within individuals. This is ideal for dendroclimatology but does not study genetic adaptation (unless comparing different genotypes). It is also difficult to distinguish ontogenetic adaptations to short-term variations in the environment and direct or indirect effects of tree growth.

Our dataset is from a fully crossed trial with ten provenance and three trial sites (Table 1). Trees were 12 years old, so the wood is juvenile wood and wood in older trees might respond differently. Although several Quercus provenance trials are conducted (Gea-Izquierdo et al., 2012; Torres-Ruiz et al., 2019; Bert et al., 2020) and macropore size variation of Quercus has been studied in several tree ring analyses (e.g., Fonti and García-González, 2008; Martínez-Sancho et al., 2017), we are not aware of comparable studies in neither mature nor juvenile oak. With only 3 years of annual growth rings, our study is not suited to study short-term environmental effects. However, we use ring width as a control variable to test to which extent variation in wood anatomy may be a passive effect of variation in growth, which is important to understand and discuss any adaptive significance of anatomical variation. This may be particularly relevant in ring-porous Quercus where earlywood and latewood differ substantially in anatomy and the proportion of latewood mostly increases with ring width (Vavrčík and Gryc, 2012). The selection of provenances and trial sites for this study was designed to test for the effect of water supply on Quercus anatomy, and we had therefore chosen sites with a substantial rainfall gradient, but with a small temperature gradient.

Overall, vessel traits were strongly correlated (Figure 3). This is to be expected given the strong correlation between VD and VA commonly observed across (Zanne et al., 2010) but also within species (Rungwattana and Hietz, 2018) and the fact that the other anatomical traits are in one way or another derived from VA and VD. WD, while correlating significantly with several anatomical parameters never explained more than 5% (for VAmp) of their variation.


Wood Density Variation

The control of the intra-specific variation in WD, which is of substantial practical importance for the timber industry, has been extensively studied (Zobel and van Buijtenen, 1989). WD variation is relatively well-understood and studies have shown a significant inheritance (Zobel and Jett, 1995). By contrast, we found the site effect (explaining 30.7% of the variation) much higher than the provenance effect, with significant site × provenance interaction (Table 3). Ring-porous trees including Quercus robur and Q. petraea (Zhang et al., 1993) tend to have higher WD when they are growing fast. In these trees, the thickness of earlywood, with large vessels and low density, is less variable, when growth rates are high more latewood with small vessels and high WD is added (Saranpää, 2003). This was not reported in all studies and site conditions may or may not additionally affect WD (Zobel and van Buijtenen, 1989 and many older studies cited therein). If WD was controlled by the early wood or late wood ratio and late wood had higher WD, WD should scale positively with growth rates. Surprisingly, we found WD to be negatively correlated with tree size, but this was entirely a site effect with trees at the drier site being smaller and having higher WD. Within any of the three sites, there was no correlation (Figure 4A). WD will be affected by vessel lumen fraction because lumina, unless filled with extractives, effectively have a density of 0. VF did explain a substantial part of the variation in WD in the intermediate and wet sites (Figure 4B), but not in the dry site and does not explain the difference in WD between sites. In many tree species, WD increases or less commonly decreases with tree size (Hietz et al., 2013), the latter has been observed in Quercus (Zhang et al., 1993). Other studies suggest that some size-related changes in wood characteristics may actually be controlled by cambial age rather than tree size (Lachenbruch et al., 2011). None of this can explain the variation between sites observed as all trees were of the same age and WD was higher in the dry site independent of tree size (Figure 4A). Most studies that looked into the anatomical basis of WD variation found that this is mostly achieved by the variation in fibers and particularly fiber wall thickness (Martínez-Cabrera et al., 2009; Ziemińska et al., 2014). High WD and fibers are clearly important for the mechanical strength of wood, and across species, WD explains c. 80% of the variation in various measures of mechanical strength (Niklas and Spatz, 2010). However, there is no obvious explanation as to why trees in drier sites would need to be mechanically stronger.

Alternatively, WD may be related to drought tolerance, whether in some way affecting cavitation resistance or otherwise. Some studies found a moderately significant link between WD and cavitation resistance (Awad et al., 2010; Fichot et al., 2010; Guet et al., 2015) within species. Many studies have also reported higher WD in dry regions, although across species aridity explains only a small part in the variation of WD (Ibanez et al., 2017). Lacking an alternative explanation for the variation of WD, our study lends cautious support to the idea that high WD is an adaptation to drought. However, we note that this variation is explained by plastic and not by genetic adaptation, which means that selecting drought-tolerant individuals or provenances based on the WD from the provenance site is not a workable strategy.



Wood Anatomical Variation

The control of WD contrasts with wood anatomical parameters, which were primarily under provenance (i.e., genetic) control with less site effects and none for Ks (Tables 3, 4). Interestingly, tree size, which has been shown to affect wood anatomical parameters, had no significant effect on mean VA, VD, and VF, but does affect macropores and consequently Ks and parameters related to vessel size variation (Table 3). The importance of tree size on wood structure is well-known, and more recent studies are including this effect in studies that try to understand the adaptive value of wood anatomy (Hietz et al., 2017; Rosell et al., 2017). Accounting for tree size, we found significant site and/or provenance effects on most measures. However, studying the annual resolution and including ring width and tree size, site effects completely disappear and provenance effects are weaker. This suggests that site and to a large extent provenance effects mainly result from the effects on growth and thus ring width. Except for VAmp, also the tree size effect is largely the result of variations in ring width (Table 4 and Figure 6), likely through the variation in the proportions of earlywood and latewood. Ring-porous trees such as Quercus robur show strong differences in wood anatomy between early- and latewood, the proportion of which is affected by ring width. We expect that the dominant effect of ring width or growth rates seen here will be less in diffuse-porous species and perhaps absent in tropical trees that have less annual variation in wood structure.

When tree size and ring width are included, only VF was significantly related to rainfall (Table 4). Since this analysis relates wood parameters to rainfall at the trial sites in the year the wood was produced plus rain since the previous October, we are here testing for plastic adaptations. We are aware that this analysis is less than ideal as there are only 9 years (3 years at three trial sites) to test, for which reason we refrain from testing for effects of rainfall in individual months or seasonal climate variation as is common in dendroclimatological studies.

Average VA and Ks (though not VAmp) were greater in trees growing in the drier sites. This appears surprising given that these trees are smaller and thus need to supply fewer leaves and may have less water available to transport. Similarly, Pérez-de-Lis et al. (2018) found larger vessels in Q. robur and Q. pyrenaica from drier regions and speculate about the potential benefit of high hydraulic conductivity in trees from seasonal climates. However, using Ks here is misleading. In oaks as in other ring-porous trees, only the outermost ring(s) typically conduct water (Poyatos et al., 2007). The capacity of a stem to transport water is the hydraulic conductivity (Ks) times the conductive area. Therefore, if the same number of outer rings contributes to water transport, the potential conductance should be approximately proportional to conductivity x ring width. Average ring width was greater in the wet (4.3 mm) than in intermediate (3.3) and dry (2.8) site, thus the hydraulic conductance of the whole stem is likely greater in the wetter site and speculations about the advantage of high conductivity in dry sites are unfounded. Similarly, the larger mean vessel areas at the dry site can be explained by the fact that the thinner annual growth rings had proportionally less latewood and thus a greater proportion of macropores (Table 2).

Various hydraulic traits including xylem vulnerability to cavitation, leaf turgor loss point, and osmotic potential (Pfautsch et al., 2016; Li et al., 2018; Kunert et al., 2021) have been shown to correlate with indices of aridity across species, sampled at their natural environment or a common garden. Within species, the trait variation is generally smaller and their climatic range is more limited, so finding significant trends is more challenging. Indeed, there are few studies, at least for hardwoods, directly addressing adaptations of intra-species variation in wood anatomy. Hajek et al. (2016) found vessel diameter (but not VD) of Fagus sylvatica grown in a common garden and originating from ten locations across Europe significantly related to the forest aridity index at their place of origin. However, in their dataset, the correlation with mean annual temperature was almost as high and no attempt was made to distinguish between adaptations to temperature vs. aridity. Another study found that the xylem was more resistant to cavitation in Mediterranean compared to Central European Quercus species, but there was no difference between provenances within Q. robur (Lobo et al., 2018). In this study, we only tested for clines related to MAPp because there were only ten provenances. We did not try to correlate a host of different aridity measures with a limited dataset, which is likely to produce spurious correlations, but we are aware that MAP may not be the best measure of aridity.

The overall pattern of vessel size variation was remarkably constant across sites and provenances and showed a peak for small vessels with a maximum density at c. 20 μm diameter and a much smaller peak for vessels > 70 μm diameter (Figure 2). Like other anatomical parameters, vessel size variation, the fraction occupied by large vessels and the proportion of hydraulic conductivity contributed by small vessels was controlled largely by tree size, ring width and provenance, and only to a minor extent by site. While most vessel parameters except for VAmp were related to ring width (Figure 6 and Table 4), the effect was very small for pmacro and Ksmicro. Vessels < 70 μm diameter in most cases contributed <3% to total Ks. Although Ksmicro showed a significant effect of provenance, it was not related to the climate at the provenance location (Table 4). Small vessels contribute less to Ks but might still be relevant when large vessels are embolized, and wood needs to transport a minimum of water to leaves with strongly reduced stomatal conductance as a consequence of drought. However, we found no evidence that the contribution of small pores would increase by plastic or genetic adaptation to aridity in Q. robur.

According to the most accepted model, xylem emboli arise under drought stress when the pressure gradient across the cell wall permits gas to pass through the pit membranes. Emboli can also form when after freeze-thaw events minute gas bubbles coalesce and expand and water tension is high enough. In the latter case, the vulnerability is directly related to vessel size (large vessels thawing yield more and larger gas bubbles), whereas in the first case, vulnerability is related to the fine structure of the cell walls and only indirectly to vessel size (rare pith hypothesis). Indeed, experimental studies found a stronger link between vessel size and loss of conductivity following freezing (Davis et al., 1999) than between vessel size and drought-induced cavitation (Jacobsen et al., 2019). A global analysis of woody plants found small vessels to be an important adaptation to cold environments (Zanne et al., 2014). This suggests that it would be worthwhile to investigate intra-specific variation in vessel size also in relationship with minimum temperature and not mainly focus on adaptations to drought. That said, unless there is clearer evidence for a climate signal carried by small vessel, the substantially greater effort to measure these may not justify the additional time that would be needed for the studies in dendroclimatology.

Other provenance studies found particularly phenology under strong genetic control and more so than leaf traits or WD. A stronger genetic control for leaf than for wood traits was also shown in a previous paper on the Q. robur provenance trial (George et al., 2020). This study found the genetic control of WD (i.e., the provenance effect) among the lowest of all wood traits measured (Table 3). This is important for tree breeding programs that seek to select genotypes better adapted to a warmer climate with higher water deficit. However, we also caution against quick recommendations based on the individual traits and correlations with climate. First, while drought resistance (at least xylem vulnerability, which is only one component of drought resistance) has been shown to correlate and to some extent is functionally related with wood traits (see Section “Introduction”), these relationships are often quite weak. Second, while anatomical traits may be under strong genetic control and the result of evolutionary selection, the relationship to climate is often weak. Third, the provenance trials that have looked at wood traits other than WD mostly include temperature as well as aridity clines (the latter often weaker) in the climate of origin, which makes it difficult to distinguish between adaptations to temperature or aridity. Finally, wood traits represent only part of the complex adaptations to drought. Adjustments in roots, leaves, phenology, or other components can be equally or more important (e.g., Rungwattana et al., 2018). A study on 22 North American tree species found that, while WD was positively related to cavitation resistance, species with high WD actually suffered more under drought whereas species with low WD suffered less as these relied on various strategies of drought avoidance (Hoffmann et al., 2011). Similarly, deciduous trees in tropical dry forests follow quite different strategies (high hydraulic conductivity, low WD, high water storage, and high xylem vulnerability) to survive under similar conditions as evergreen trees (Méndez-Alonzo et al., 2012). The ultimate measure for the trees’ adaptations to and suitability for a given environment should be growth and mortality. In the Q. robur, provenance trial trees grew better if transferred to a climate similar to their provenance (George et al., 2020). This effect was also stronger for temperature than for precipitation. More complex datasets and provenance trials should try to disentangle effects of and adaptations to variation in water availability as well as temperature but need to account for tree size or growth rates to avoid a biased interpretation of trait adaptations.




DATA AVAILABILITY STATEMENT

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



AUTHOR CONTRIBUTIONS

PH conceived the idea, analyzed the data, and wrote the manuscript. KR and SS sampled wood and analyzed wood samples. J-PG sampled wood and provided access to and additional information on the provenance trial. All authors contributed to the article and approved the submitted version.



FUNDING

KR was supported a grant from the Austrian Federal Ministry of Science, Research, and Economy (BMWFW) within the framework of the ASEA UNINET.



ACKNOWLEDGMENTS

We appreciate support by the Bundesforschungszentrum Wald and in particular Lambert Weiszenbacher for managing the reforestation trial. The two reviewers provided helpful comments that improved the manuscript.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2022.795941/full#supplementary-material


FOOTNOTES

1imagej.nih.gov/ij

2www.zamg.ac.at


REFERENCES

Anfodillo, T., Carraro, V., Carrer, M., Fior, C., and Rossi, S. (2006). Convergent tapering of xylem conduits in different woody species. New Phytol. 169, 279–290. doi: 10.1111/j.1469-8137.2005.01587.x

Awad, H., Barigah, T., Badel, E., Cochard, H., and Herbette, S. (2010). Poplar vulnerability to xylem cavitation acclimates to drier soil conditions. Physiol. Plant. 139, 280–288. doi: 10.1111/j.1399-3054.2010.01367.x

Bates, D., and Sarkar, D. (2020). Lme4: Linear Mixed-Effects Models Using S4 Classes. R Package Version 1.1-23.

Bert, D., Lebourgeois, F., Ponton, S., Musch, B., and Ducousso, A. (2020). Which oak provenances for the 22nd century in Western Europe? Dendroclimatology in common gardens. PLoS One 15:e0234583. doi: 10.1371/journal.pone.0234583

Castagneri, D., Regev, L., Boaretto, E., and Carrer, M. (2017). Xylem anatomical traits reveal different strategies of two Mediterranean oaks to cope with drought and warming. Environ. Exp. Bot. 133, 128–138. doi: 10.1016/j.envexpbot.2016.10.009

Chave, J., Coomes, D., Jansen, S., Lewis, S. L., Swenson, N. G., and Zanne, A. E. (2009). Towards a worldwide wood economics spectrum. Ecol. Lett. 12, 351–366. doi: 10.1111/j.1461-0248.2009.01285.x

Christman, M. A., Sperry, J. S., and Adler, F. R. (2009). Testing the ‘rare pit’ hypothesis for xylem cavitation resistance in three species of Acer. New Phytol. 182, 664–674. doi: 10.1111/j.1469-8137.2009.02776.x

Christman, M. A., Sperry, J. S., and Smith, D. D. (2012). Rare pits, large vessels and extreme vulnerability to cavitation in a ring-porous tree species. New Phytol. 193, 713–720. doi: 10.1111/j.1469-8137.2011.03984.x

Davis, S. D., Sperry, J. S., and Hacke, U. G. (1999). The relationship between xylem conduit diameter and cavitation caused by freezing. Am. J. Bot. 86, 1367–1372. doi: 10.2307/2656919

Delzon, S., Douthe, C., Sala, A., and Cochard, H. (2010). Mechanism of water-stress induced cavitation in conifers: bordered pit structure and function support the hypothesis of seal capillary-seeding. Plant Cell Environ. 33, 2101–2111. doi: 10.1111/j.1365-3040.2010.02208.x

Fichot, R., Barigah, T. S., Chamaillard, S., Le Thiec, D., Laurans, F., Cochard, H., et al. (2010). Common trade-offs between xylem resistance to cavitation and other physiological traits do not hold among unrelated Populus deltoides × Populus nigra hybrids. Plant Cell Environ. 33, 1553–1568. doi: 10.1111/j.1365-3040.2010.02164.x

Fonti, P., and García-González, I. (2008). Earlywood vessel size of oak as a potential proxy for spring precipitation in mesic sites. J. Biogeogr. 35, 2249–2257. doi: 10.1111/j.1365-2699.2008.01961.x

Fonti, P., Treydte, K., Osenstetter, S., Frank, D., and Esper, J. (2009). Frequency-dependent signals in multi-centennial oak vessel data. Palaeogeogr. Palaeoclimatol. Palaeoecol. 275, 92–99. doi: 10.1016/j.palaeo.2009.02.021

Fonti, P., von Arx, G., García-González, I., Eilmann, B., Sass-Klaassen, U., Gärtner, H., et al. (2010). Studying global change through investigation of the plastic responses of xylem anatomy in tree rings. New Phytol. 185, 42–53. doi: 10.1111/j.1469-8137.2009.03030.x

Gea-Izquierdo, G., Fonti, P., Cherubini, P., Martín-Benito, D., Chaar, H., and Cañellas, I. (2012). Xylem hydraulic adjustment and growth response of Quercus canariensis Willd. to climatic variability. Tree Physiol. 32, 401–413. doi: 10.1093/treephys/tps026

George, J.-P., Theroux-Rancourt, G., Rungwattana, K., Scheffknecht, S., Momirovic, N., Neuhauser, L., et al. (2020). Assessing adaptive and plastic responses in growth and functional traits in a 10-year old common garden experiment with pedunculate oak (Quercus robur L.) suggests that directional selection can drive climatic adaptation. Evol. Appl. 13, 2422–2438. doi: 10.1111/eva.13034

Gleason, S. M., Westoby, M., Jansen, S., Choat, B., Hacke, U. G., Pratt, R. B., et al. (2015). Weak tradeoff between xylem safety and xylem-specific hydraulic efficiency across the world’s woody plant species. New Phytol. 209, 123–136. doi: 10.1111/nph.13646

Gouveia Fontes, C., Fine, P. V. A., Wittmann, F., Bittencourt, P. R. L., Fernandez Piedade, M. T., Higuchi, N., et al. (2020). Convergent evolution of tree hydraulic traits in Amazonian habitats: implications for community assemblage and vulnerability to drought. New Phytol. 228, 106–120. doi: 10.1111/nph.16675

Guet, J., Fichot, R., Lédée, C., Laurans, F., Cochard, H., Delzon, S., et al. (2015). Stem xylem resistance to cavitation is related to xylem structure but not to growth and water-use efficiency at the within-population level in Populus nigra L. J. Exp. Bot. 66, 4643–4652. doi: 10.1093/jxb/erv232

Hacke, U. G., and Sperry, J. S. (2001). Functional and ecological xylem anatomy. Perspect. Plant Ecol. Evol. Syst. 4, 97–115.

Hacke, U., and Sauter, J. J. (1996). Xylem dysfunction during winter and recovery of hydraulic conductivity in diffuse-porous and ring-porous trees. Oecologia 105, 435–439. doi: 10.1007/BF00330005

Hajek, P., Kurjak, D., von Wühlisch, G., Delzon, S., and Schuldt, B. (2016). Intraspecific variation in wood anatomical, hydraulic, and foliar traits in ten European beech provenances differing in growth yield. Front. Plant Sci. 7:791. doi: 10.3389/fpls.2016.00791

Hietz, P., Rosner, S., Hietz-Seifert, U., and Wright, S. J. (2017). Wood traits related to size and life history of trees in a Panamanian rainforest. New Phytol. 213, 170–180. doi: 10.1111/nph.14123

Hietz, P., Valencia, R., and Wright, S. J. (2013). Strong radial variation in wood density follows a uniform pattern in two neotropical rain forests. Funct. Ecol. 27, 684–692. doi: 10.1111/1365-2435.12085

Hoffmann, W. A., Marchin, R. M., Abit, P., and Lau, O. L. (2011). Hydraulic failure and tree dieback are associated with high wood density in a temperate forest under extreme drought. Glob. Change Biol. 17, 2731–2742. doi: 10.1111/j.1365-2486.2011.02401.x

Ibanez, T., Chave, J., Barrabé, L., Elodie, B., Boutreux, T., Trueba, S., et al. (2017). Community variation in wood density along a bioclimatic gradient on a hyper-diverse tropical island. J. Veg. Sci. 28, 19–33. doi: 10.1111/jvs.12456

Jacob, D., Petersen, J., Eggert, B., Alias, A., Christensen, O. B., Bouwer, L. M., et al. (2014). EURO-CORDEX: new high-resolution climate change projections for European impact research. Reg. Environ. Change 14, 563–578.

Jacobsen, A. L., Brandon Pratt, R., Venturas, M. D., Hacke, U. G., and Lens, F. (2019). Large volume vessels are vulnerable to water-stress-induced embolism in stems of poplar. IAWA J. 40:4. doi: 10.1163/22941932-40190233

Kunert, N., Zailaa, J., Herrmann, V., Muller-Landau, H. C., Wright, S. J., Pérez, R., et al. (2021). Leaf turgor loss point shapes local and regional distributions of evergreen but not deciduous tropical trees. New Phytol. 230, 485–496. doi: 10.1111/nph.17187

Lachenbruch, B., Moore, J. R., and Evans, R. (2011). “Radial variation in wood structure and function in woody plants, and hypotheses for its occurrence,” in Size- and Age-Related Changes In Tree Structure And Function, eds F. C. C. Meinzer, B. Lachenbruch, and T. E. E. Dawson (Dordrecht: Springer Netherlands), 121–164. doi: 10.1007/978-94-007-1242-3_5

Lemaire, C., Quilichini, Y., Brunel-Michac, N., Santini, J., Berti, L., Cartailler, J., et al. (2021). Plasticity of the xylem vulnerability to embolism in Populus tremula x alba relies on pit quantity properties rather than on pit structure. Tree Physiol. 41, 1384–1399. doi: 10.1093/treephys/tpab018

Lens, F., Sperry, J. S., Christman, M. A., Choat, B., Rabaey, D., and Jansen, S. (2011). Testing hypotheses that link wood anatomy to cavitation resistance and hydraulic conductivity in the genus Acer. New Phytol. 190, 709–723. doi: 10.1111/j.1469-8137.2010.03518.x

Li, X., Blackman, C. J., Choat, B., Duursma, R. A., Rymer, P. D., Medlyn, B. E., et al. (2018). Tree hydraulic traits are coordinated and strongly linked to climate-of-origin across a rainfall gradient. Plant Cell Environ. 41, 646–660. doi: 10.1111/pce.13129

Lobo, A., Torres-Ruiz, J. M., Burlett, R., Lemaire, C., Parise, C., Francioni, C., et al. (2018). Assessing inter- and intraspecific variability of xylem vulnerability to embolism in oaks. For. Ecol. Manag. 424, 53–61. doi: 10.1016/j.foreco.2018.04.031

Martínez-Cabrera, H. I., Jones, C. S., Espino, S., and Schenk, H. J. (2009). Wood anatomy and wood density in shrubs: responses to varying aridity along transcontinental transects. Am. J. Bot. 96, 1388–1398. doi: 10.3732/ajb.0800237

Martínez-Sancho, E., Dorado-Liñán, I., Heinrich, I., Helle, G., and Menzel, A. (2017). Xylem adjustment of sessile oak at its southern distribution limits. Tree Physiol. 37, 903–914. doi: 10.1093/treephys/tpx036

Mayr, S., and Améglio, T. (2016). “Freezing stress in tree xylem,” in Progress in Botany 77, eds U. Lüttge, M. F. Cánovas, and R. Matyssek (Cham: Springer International Publishing), 381–414. doi: 10.1007/978-3-319-25688-7_13

Méndez-Alonzo, R., Paz, H., Zuluaga, R. C., Rosell, J. A., and Olson, M. E. (2012). Coordinated evolution of leaf and stem economics in tropical dry forest trees. Ecology 93, 2397–2406. doi: 10.1890/11-1213.1

Morris, H., Plavcová, L., Cvecko, P., Fichtler, E., Gillingham, M. A. F., Martínez-Cabrera, H. I., et al. (2016). A global analysis of parenchyma tissue fractions in secondary xylem of seed plants. New Phytol. 209, 1553–1565. doi: 10.1111/nph.13737

Niklas, K. J., and Spatz, H.-C. (2010). Worldwide correlations of mechanical properties and green wood density. Am. J. Bot. 97, 1587–1594. doi: 10.3732/ajb.1000150

Olano, J. M., Arzac, A., García-Cervigón, A. I., von Arx, G., and Rozas, V. (2013). New star on the stage: amount of ray parenchyma in tree rings shows a link to climate. New Phytol. 198, 486–495. doi: 10.1111/nph.12113

Pérez-de-Lis, G., Rozas, V., Vázquez-Ruiz, R. A., and García-González, I. (2018). Do ring-porous oaks prioritize earlywood vessel efficiency over safety? Environmental effects on vessel diameter and tyloses formation. Agric. For. Meteorol. 248, 205–214. doi: 10.1016/j.agrformet.2017.09.022

Pfautsch, S., Harbusch, M., Wesolowski, A., Smith, R., Macfarlane, C., Tjoelker, M. G., et al. (2016). Climate determines vascular traits in the ecologically diverse genus Eucalyptus. Ecol. Lett. 19, 240–248. doi: 10.1111/ele.12559

Poyatos, R., Cermák, J., and Llorens, P. (2007). Variation in the radial patterns of sap flux density in pubescent oak (Quercus pubescens) and its implications for tree and stand transpiration measurements. Tree Physiol. 27, 537–548. doi: 10.1093/treephys/27.4.537

R Core Team (2020). R: A Language And Environment For Statistical Computing. R Foundation for Statistical Computing. Vienna, Austria.

Rosell, J. A., Olson, M. E., and Anfodillo, T. (2017). Scaling of xylem vessel diameter with plant size: causes, predictions, and outstanding questions. Curr. For. Rep. 3, 46–59. doi: 10.1007/s40725-017-0049-0

Rungwattana, K., and Hietz, P. (2018). Radial variation of wood functional traits reflect size-related adaptations of tree mechanics and hydraulics. Funct. Ecol. 32, 260–272. doi: 10.1111/1365-2435.12970

Rungwattana, K., Kasemsap, P., Phumichai, T., Kanpanon, N., Rattanawong, R., and Hietz, P. (2018). Trait evolution in tropical rubber (Hevea brasiliensis) trees is related to dry season intensity. Funct. Ecol. 32, 2638–2651. doi: 10.1111/1365-2435.13203

Saranpää, P. (2003). “Wood density and growth,” in Wood Quality And Its Biological Basis, eds J. R. Barnett and G. Jeronimidis (Oxford: Blackwell Publishing), 87–117.

Schuldt, B., Knutzen, F., Delzon, S., Jansen, S., Müller-Haubold, H., Burlett, R., et al. (2016). How adaptable is the hydraulic system of European beech in the face of climate change-related precipitation reduction? New Phytol. 210, 443–458. doi: 10.1111/nph.13798

Schüller, E. Martínez-Ramos, M., and Hietz, P. (2013). Radial gradients in wood specific gravity, water and gas content in trees of a Mexican tropical rain forest. Biotropica 45, 280–287. doi: 10.1111/btp.12016

Schweingruber, F. H. (2007). Wood Structure And Environment. Berlin: Springer.

Souto-Herrero, M., Rozas, V., and García-González, I. (2017). A 481-year chronology of oak earlywood vessels as an age-independent climatic proxy in NW Iberia. Glob.Planet. Change 155, 20–28. doi: 10.1016/j.gloplacha.2017.06.003

Sperry, J. S., Hacke, U. G., and Wheeler, J. K. (2005). Comparative analysis of end wall resistivity in xylem conduits. Plant Cell Environ. 28, 456–465. doi: 10.1111/j.1365-3040.2005.01287.x

Torres-Ruiz, J. M., Kremer, A., Carins Murphy, M. R., Brodribb, T., Lamarque, L. J., Truffaut, L., et al. (2019). Genetic differentiation in functional traits among European sessile oak populations. Tree Physiol. 39, 1736–1749. doi: 10.1093/treephys/tpz090

Tyree, M. T., and Sperry, J. S. (1989). Vulnerability of xylem to cavitation and embolism. Ann. Rev. Plant Physiol. Plant Mol. Biol. 40, 19–38. doi: 10.1146/annurev.pp.40.060189.000315

Tyree, M. T., and Zimmermann, M. H. (2002). Xylem Structure And The Ascent Of Sap. Berlin: Springer.

Vavrčík, H., and Gryc, V. (2012). Analysis of the annual ring structure and wood density relations in English oak and sessile oak. Wood Res. 57, 573–580.

Von Arx, G., and Dietz, H. (2005). Automated image analysis of annual rings in the roots of perennial forbs. Int. J. Plant Sci. 166, 723–732. doi: 10.1086/431230

Zanne, A. E., Tank, D. C., Cornwell, W. K., Eastman, J. M., Smith, S. A., FitzJohn, R. G., et al. (2014). Three keys to the radiation of angiosperms into freezing environments. Nature 506, 89–92. doi: 10.1038/nature12872

Zanne, A. E., Westoby, M., Falster, D. S., Ackerly, D. D., Loarie, S. R., Arnold, S. E. J., et al. (2010). Angiosperm wood structure: global patterns in vessel anatomy and their relation to wood density and potential conductivity. Am. J. Bot. 97, 207–215. doi: 10.3732/ajb.0900178

Zhang, S.-Y., Owoundi, R. E., Nepveu, G., Mothe, F., and Dhôte, J.-F. (1993). Modelling wood density in European oak (Quercus petraea and Quercus robur) and simulating the silvicultural influence. Can. J. For. Res. 23, 2587–2593. doi: 10.1139/x93-320

Ziemińska, K., Butler, D. W., Gleason, S. M., Wright, I. J., and Westoby, M. (2014). Fibre wall and lumen fractions drive wood density variation across 24 Australian angiosperms. AoB Plants 5:plt046.

Zobel, B. J., and Jett, J. B. (1995). “The genetics of wood density,” in Genetics of Wood Production, eds B. J. Zobel and J. B. Jett (Berlin: Springer), 98–125. doi: 10.1007/978-3-642-79514-5_5

Zobel, B. J., and van Buijtenen, J. P. (1989). Wood Variation: Its Causes And Control. Berlin: Springer.


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

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

Copyright © 2022 Hietz, Rungwattana, Scheffknecht and George. 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) and the copyright owner(s) 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-13-795941-t004.jpg
(a) Prov.

VA 0.026
VAMp 0.568
VD 0.439
v oms
Ks 0.245
p.macro 0.079
Ks.micro 0.099
(b)

VA

VAMp

VD

VF

Ks

p.macro

Ks.micro

Site

0.238
0.827
0.666
0.397
0.843
0.219
0.482

Prov.

4.1
1.1
1.6
2.2
1.3
5.1
3.0

Site x RW DBH Precip.
Prov. Est SE P Est SE P Est SE
0.931 0084  1E-03 0.968 ~0.001 0010 0.071 0.0147  4E-04
0.632 _5E-04 —6E-06 0.001  1E-04 0.402 0.0002  6E-06
0.612 0040 —5E-04 0.054  0.009 0.291 0.0141  4E-04
0.167 0126  5E-04 0.047  0.007 0.016 0.0103  2E-04
0.491 0154  3E-04 0139 0013 0.619 0.0192  5E-04
0.809 0015  3E-04 0.63790681 0.002  0.003 0.084 0.0039  1E-04
0.537 0096  —4E-04 | 20E06 = -0.131 0019 0.561 0.0270  7E-04
Site Site x Prov. RW DBH Prec. Residual
0.8 2.1 13.5 0.0 1.1 80.5
0.1 2.2 2.8 13.3 0.1 82.6
0.2 2.8 3.7 2.7 0.3 91.6
0.3 2.4 30.0 2.1 1.2 64.2
0.0 1.9 15.8 5.9 0.0 77.0
1.1 4.1 8.9 0.1 15 83.4
0.3 34 50 4.8 0.1 6.8





OPS/images/fpls-13-795941-t003.jpg
VA
VAMp
VD

VF

Ks
p.macro
Ks.micro
Vev

WD

p-values

Variance explained (%)

Prov. Site

0.075

0.197 0891

0911

Trait abbreviations as in Table 2. Shading from light to dark yellow indicates increasing significance.

DBH

0.122

0.211
0.636

0.208

Prov. x Site

0.874
0.796
0.681
0.117
0.436
0.718
0.350
0.803

Prov.

7.7
6.5
4.6
121
9.4
8.8
6.6
8.5
3.3

Site

1.9
4.1
0.1
3.2
0.1
6.5
2.8
6.9
30.7
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0.9
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0.6
0.1
7.7
1.7
7.8
18.7
0.4

Prov. x Site

4.1
3.3
5.5
8.2
5.9
4.1
6.4
3.3
13.2
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Trait VA maxVA Vev VD VF Ks p.macro Ks.micro WD DBH

Unit pwm? pwm? mm-~1 kgm~! MPa~1s~1 % % gcm™3 cm
Site

Dry 2734 (794) 15453 (3154)  2.31 (0.40) 46.6 (9.7) 0.124 (0.031) 96 (40) 84.2 (6.7) 1.3(1.0) 0.61(0.05)  4.50 (1.05)
Interm. 2579 (617) 15753 (3351) 2.38(0.43) 47.7(12.4) 0.119 (0.029) 94 (39) 82.5 (4.5) 1.5 (0.7) 0.57 (0.02)  4.96 (1.24)
Wet 2498 (771) 16981 (3128) 2.60(0.51) 47.1(13.9)  0.110 (0.021) 93 (33) 81.3 (6.3) 1.4 (0.7) 0.56 (0.02) 6.68 (1.55)
Provenance

1 2454 (610) 16921 (8208)  2.53 (0.44) 45.3 (7.3) 0.109 (0.023) 89 (36) 81.7 (4.8) 1.5 (0.7) 0.56 (0.02)  5.56 (1.48)
2 2367 (498) 17097 (3261) 2.62(0.44) 49.7(11.1)  0.115(0.021) 95 (29) 81.3 (4.4) 1.4 (0.8) 0.58 (0.03)  5.99 (1.67)
6 2743 (754) 16276 (25679) 2.42(0.48) 48.9(16.7) 0.126 (0.034) 106 (48) 83.4 (5.6) 1.2 (0.6) 0.58 (0.04) 5.24 (1.37)
8 2820 (885) 16182 (2451) 2.25(0.46) 41.4(12.1)  0.110(0.024) 81 (23) 84.5 (5.7) 1.2 (0.6) 0.58 (0.03)  4.85(1.45)
12 2882 (949) 16699 (3557) 2.40(0.51) 48.0(13.2)  0.130 (0.027) 111 (39) 84.3 (4.6) 1.1 (0.5) 0.58 (0.05)  5.89 (1.73)
14 2475 (781) 17619 (8878) 2.65(0.51) 51.0(14.9)  0.120 (0.032) 104 (41) 82.5 (5.8) 1.2(0.7) 0.59 (0.06) 5.74 (1.74)
17 2002 (584) 15511 (2848) 2.49(0.32) 46.0(8.9)  0.102 (0.018) 77 (26) 801 (57) 17(12 057(0.03 5.24(1.29)
18 2457 (624) 14866 (3483) 2.34 (0.46) 46.1 (9.3) 0.110 (0.024) 79 (28) 81.4 (5.5) 1.8(1.2 0.58 (0.04) 5.04 (1.41)
19 2788 (835) 15384 (2814) 2.29(0.44) 48.1(14.0) 0.126 (0.027) 96 (32) 83.7 (6.0) 1.4 (0.8) 0.59 (0.07) 5.11(1.45)
21 2760 (505) 16068 (3725) 2.29(0.42) 46.9 (9.2) 0.130 (0.032) 105 (49) 83.7 (4.6) 1.4 (0.8) 0.57 (0.04) 5.18 (2.05)

VA, mean vessel area; VAmp, mean area of macropores (vessels with diameter > 70 wm); VD, vessel density per cross-sectional area; VF, vessel lumen fraction; Ks,
theoretical hydraulic conductivity; Pmacro, fraction of vessel area occupied by vessels with diameter > 70 wm; KSmicro, Proportion of hydraulic conductivity contributed by
vessels < 70 wm diameter; \/cv, coefficient of variation of vessel area; WD, wood density; DBH, diameter at breast height.
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Code Country Latitude Longitude MAT MAP
(°N) (E) (°C)  (mm/year)
Provenance
Geinberg 1 AT 48.277 13.307 8.7 1066
Linz 2 AT 48.326 14.294 9.2 841
Braunsberger AT 48.473 16.333 9.1 638
Wald
Rainfeld 8 AT 48.042 15.782 7.4 785
Luising 12 AT 47.023 16.477 9.7 696
Klagenfurt 14 AT 46.630 14.350 8.0 988
Hiuboka 17 cz 49.090 14.444 7.4 764
Kutina 18 HR 45.433 16.683 10.9 915
Murska suma 19 SLO 46.498 16.511 10.1 810
Velika Gorica 21 HR 45.674 16.161 10.5 920
Trial sites
Weyerburg Dry AT 48.557 16.171 8.8 641
Wels Interm. AT 48.185 13.989 8.5 890
Weistrach Wet AT 48.053 14.563 8.4 1005
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