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Summary 

● Climate change has threatened forests globally, challenging tree species’ ability to 

track the rapidly changing environment (e..g., drought and temperature rise). 

Conifer species face strong environmental filters due to climatic seasonality. 

Investigating how conifers change their hydraulic architecture during xylem 

development across the growing season may shed light on possible mechanisms 

underlying hydraulic adaptation in conifers. 

● Laser microscopy was used to assess the three-dimensional hydraulic architecture 

of balsam fir (Abies balsamea (Linnaeus) Miller), jack pine (Pinus banksiana 

Lambert), white spruce (Picea glauca (Moench) Voss), and black spruce (Picea 

mariana (Miller) Britton, Sterns & Poggenburgh) seedlings. We measured 

hydraulic-related xylem traits in different regions (from early to latewood), during 

four years of plant growth. 
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● The xylem development of jack pine seedlings contrasts with the other species by 

maintaining torus overlap (a hydraulic safety-associated xylem trait), relatively 

constant across the season (from early to latewood), and over the years studied. 

The expansion of tracheids and torus was positively associated with plant growth. 

● Pit aperture-torus covariance is central to the seasonal dynamics of jack pine 

xylem development, which jointly with a rapid tracheid and pit expansion is 

consistent with strong growth performance. Linking xylem structural changes 

during xylem development with hydraulics is a major issue for future research to 

assess conifers vulnerability to climate change. 

Keywords: Climate change, hydraulic architecture of trees, hydraulic safety-efficiency, 

interconduit pits, laser microscope, temporal analysis, soil water availability, 3D 

reconstruction.  
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Introduction 

Climate change has resulted in concomitant increases in temperature and drought 

(IPCC, 2021), which are particularly strong at high latitudes (e.g. boreal forest regions) 

(Gauthier et al., 2015). Considering that drought is a major environmental driver of tree 

mortality worldwide (Allen et al., 2010), the survival of trees in a climate-change context 

may rely upon their capacity to modify their hydraulic architecture during xylem 

development (xylogenesis) to track the rapidly changing environment (Anderegg et al., 

2015; Guérin et al., 2020). Sensitivity to drought has been associated with a tradeoff in 

plants between hydraulic safety (small conduits, that increase the ability to resist 

embolism formation and spread) or efficiency (large conduits, increasing the water 

transport capacity and vulnerability to drought) (Dixon & Joly, 1895; van der Sande et 

al., 2019). However, many plant species from regions with important climatic seasonality 

seem to depart from the proposed hydraulic tradeoff (Liu et al., 2020), suggesting that 

modifications in the xylem hydraulic traits during xylogenesis should confer the ability to 

adapt and grow in such changing environments. Thus, the investigation of how multiple 

hydraulic-related xylem traits change throughout xylogenesis (i.e., from early to 

latewood) of plants adapted to climatic seasonality may shed light on the mechanisms by 

which conifers adapt the hydraulic architecture in response to the environmental change 

to optimize growth along with the growing season. 

Xylem tissue it’s an important component to assess plant-environment relationships, 

as it provides the anatomical basis for the plant hydraulic functioning (Sperry et al., 

2002) and structural stability (Niklas et al., 2006), reflecting different resource-use and 

growth strategies (Chave et al., 2009). In this context, wood anatomy measures the 

maximum theoretical hydraulic conductivity and carbon allocation priorities at the 

moment of xylem formation (Guérin et al., 2020), including multiple xylem traits (e.g., 

interconduit pits, parenchyma, and fibers) potentially interacting with conduits to 

contribute to the water transport (Bittencourt et al., 2016; Jupa et al., 2016; Venturas et 

al., 2017; Klein et al., 2018). For example, an augmented water transport capacity via 

large conduits and pits has been associated with high photosynthetic capacity and growth 

performance in plants (Poorter et al., 2010; Roskilly et al., 2019).  
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However, the high complexity of the xylem also provides multiple facets to support 

hydraulic safety. Modifications to pit density (number of pits per unit of tracheid wall 

volume) are likely a way to achieve this result (Jasińska et al., 2015). Pit density has been 

negatively correlated to xylem-specific hydraulic conductivity, and it is hypothesized to 

reflect the same variation in conduits (e.g., tracheid density, given by the number of 

tracheids per xylem area), where the increase in the number of small conduits and pits 

should provide additional resistance to drought (Jasińska et al., 2015). Thus, pit density, 

such as conduit density (Lens et al., 2011; Von Arx et al., 2012), is likely a 

complementary strategy to increase hydraulic integration via interconduit connectivity. 

Similarly, the number of tracheids connected laterally by pits (here referred to as pit-

tracheid net size, NS) should increase the hydraulic connectivity. Despite xylem’s 

integration has been linked to hydraulic pathway redundancy and the xylem's ability to 

manage the spread of embolism (Lens et al., 2011; Von Arx et al., 2012), there is no 

simple consensus on the significance of xylem integration for drought stress resilience, as 

it may simultaneously increase the probability of embolism spread between conduits 

during drought stress and facilitate hydraulic failure. Considering its potential hydraulic 

role, xylem integration deserves further investigation. Analysis of the coordination 

between multiple xylem traits (e.g., tracheids and pits) along with the xylem development 

and its linking to the species growth performance across the season may provide some 

clues and guidance for future research on this matter. 

In this context, intertracheid pits are critical components of the hydraulic system of 

conifer species, given their important role in xylem hydraulic integration (Venturas et al., 

2017). The bordered pit is a chamber that contains a permeable membrane, whose central 

portion has a thickened and impermeable torus. The pit functions as a valve that must 

deal with the conflict of allowing water flow between functional tracheids while 

preventing airflow from embolized tracheids by sealing the pit aperture (Da) with the 

torus (Hacke et al., 2004) when embolism occurs (Delzon et al., 2010). Bordered pits can 

account for over 50% of the total hydraulic resistance in the xylem, playing an important 

function in the balance between safety and efficiency in the vascular transport of conifers 

(Choat et al., 2008). Greater dimensions of pit aperture (Da) and pit membrane (Dm) are 

hypothesized to compensate for high hydraulic resistance in unicellular and short 
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tracheids, arguably making the hydraulic system of conifers as efficient as the 

multicellular and large vessels of angiosperms (Pittermann et al., 2005). 

Thus, any anatomical change in pit traits properties and dimensions during 

xylogenesis is expected to have profound implications for a plant’s hydraulic functioning, 

likely playing important adaptative roles in conifers. For example, the permeability of the 

pit membrane (margo porosity) reduces the flow resistance of xylem sap through pits, 

increasing the xylem hydraulic efficiency (Schulte et al., 2015). The pit membrane and 

torus flexibility are important features for pit-level hydraulic safety, as they are related to 

the torus sealing the pit aperture without the rupture of the pit membrane (Schulte et al., 

2015; Schulte & Hacke, 2021) and the torus (Zelinka et al., 2015). The scaling 

relationships between pit traits dimensions, in turn, should permit fine hydraulic 

adjustments (Hacke et al., 2004) that could be central for plants to adapt and grow under 

steep environmental changes driven by seasonality (Liu et al., 2020). Proportional 

changes in pit traits should hypothetically guarantee high hydraulic conductivity through 

pits (e.g., large Da) and embolism resistance (large torus overlap, O) (Hacke et al., 2004), 

whereas a loose control of this mechanism, should cause plants to tradeoff between 

hydraulic efficiency (e.g. high Da/Dt ratio) and safety (e.g. low Da/Dt ratio) over the 

growing season. 

The wide variety of functional traits potentially influencing plant fitness (e.g., 

growth performance) emphasizes the point that plant responses to seasonality-driven 

environmental change during xylogenesis may not be achieved by modifications in a 

single functional trait (Venturas et al., 2017). Instead, phenotypic plasticity and 

adaptation during xylogenesis are expected to be the outcome of a larger number of traits 

interacting in a more complex network. Investigations into these interactions may shed 

light on the structural mechanisms underlying such important biological processes as 

plant hydraulic functioning and growth strategies. High plasticity in hydraulic-related 

xylem traits may allow boreal tree species to optimize growth by taking advantage of 

higher soil water due to snowmelt (from early to mid-growing season) in warmer periods 

(Zhang et al., 2019), and also respond to declines in soil water as the growing season 

progress (Houle et al., 2012). High plasticity would also permit boreal seedlings to 
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rapidly change the hydraulic architecture to unexpected droughts due to climatic 

anomalies (Gauthier et al., 2015). 

Here, we measured a suite of hydraulic-related xylem traits from early to latewood of 

jack pine, balsam fir, black and white spruce seedlings, in four different growth rings 

(2016-2019). We used network analysis to investigate the central traits driving the 

seasonal dynamics in xylem development, which may shed light on how conifer 

seedlings change their hydraulic architecture in response to the strong environmental 

filters driven by climatic seasonality. We specifically addressed the following hypothesis: 

1) The xylem traits variability from early to latewood of the studied species will reflect in 

possible mechanisms linked to hydraulic safety and efficiency, allowing plants to cope 

with the hydrological changes driven by climatic seasonality; 2) Seedling with both 

hydraulic efficiency (larger TLA and Dm) and safety-related xylem traits (e.g., larger Dt 

and O) are expected to have better growth performance; 3) tree seedlings should vary 

between having a tight vs. loose control on pit trait variability resulting in ecological 

strategies that contrast between stabilizing vs. trading off the variability in pit traits linked 

to hydraulic safety (e.g., O); and 4) we expect that pit traits will be central to the network 

of interactions in the seasonal dynamics of hydraulic-related xylem traits. 

 

Materials and Methods 

Study site 

Seedlings of balsam fir (Abies balsamea (Linnaeus) Miller), jack pine (Pinus 

banksiana Lambert), white spruce (Picea glauca (Moench) Voss), and black spruce 

(Picea mariana (Miller) Britton, Sterns & Poggenburgh) were pre-cultivated in a tree 

nursery and subsequently transplanted to the study area in June of 2014, following a 

standard distance of 40 cm from each other. This experimental plantation is located in the 

balsam fir and white birch bioclimatic domain at the Montmorency forest, approximately 

50 km north of Québec City, Canada (47°25N, 71°19W, 800-840 m above the sea). The 

site is a cut block of a mature fir stand harvested with the protection of regeneration and 

soil in the summer of 2013, following a hemlock looper (Lambdina fiscellaria (Guenée)) 

outbreak. The site is characterized by a slope of about 12% that is oriented to the north. 
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The soil is a mesic podzolic sandy till of ortho-humo-ferric type. The average 

temperature (1980-2010) is -0.3 °C and the average annual precipitation is 1665 mm. 

 

Wood anatomy analysis 

In the fall of 2019, we sampled wood in the main seedling stem (10cm above the soil 

surface) from 10 individuals per species. Wood samples of approximately 4 cm2 were 

transversally sliced with a microtome at 40 microns thickness. The wood microsections 

were, then, placed in slides, and one drop of immersion oil was added over it. Afterward, 

we placed coverslips over the microsections and sealed the coverslips boarders with nail 

polish to produce semipermanent slides. Then, the microsections were scanned using a 

confocal microscope (Nikon A1 plus, lasers Alexa 488 water and Cy5) with an objective 

of 60x of magnification, aperture of 1.40, and diffractive index of 1.51 (Plan apo λ 60x 

oil). On average, we scanned 100 stacks of 0.175 µm thickness, each with one-third 

overlap among stacks as this provides a more accurate three-dimensional reconstruction 

of the wood anatomy architecture. We scanned four different tree rings (2016 to 2019) 

and three different regions of the wood: 1) earlywood: region of the first-formed cells; 2) 

intermediate: transition region cells in the median position of the tree-ring; and 3) 

latewood: region of the last formed cells (See Fig. S1 – supplementary material). This 

was done to evaluate whether seasonal changes were consistent or variable between 

years. In total, we produced 388 images, including jack pine (n=103), balsam fir (n=71), 

white spruce (n=97), and black spruce seedlings (n=117). The numbers of images 

produced per species diverge because the xylem cells of some wood samples did not have 

good integrity. 

 

Xylem traits 

We assessed the wood hydraulic architecture by measuring several hydraulic-related 

xylem traits. The measurements were made in three different regions (earlywood, 

intermediate, and latewood). We made five measurements of pit diameter, torus size, pit 

aperture size, tracheid wall thickness, and length, per tree-ring region. These 

measurements were posteriorly used to calculate the torus overlap (O, proportion of torus 

covering pit aperture), the margo space (Msp, pit chamber space not covered by the torus) 
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(Hacke et al., 2004; Roskilly et al., 2019), and the tracheid-wall reinforcement given by 

the ratio between the thickness of the double tracheid wall and its span [(t/b)2] (Hacke, 

2001). Moreover, we measured the tracheid lumen area (TLA), tracheid density (TD), pit 

density (PD, number of pits per volume), and tracheid-pit net size (NS, number of 

tracheids connected laterally by pits). All tracheids (116 ± 37) of the scanned area (45,220 

µm2) were accounted for these measurements. For the NS measurements, we accounted 

for all tracheids-pit connections found in the volume of wood analyzed (630,000 µm3). 

The measurements were performed in the software ImageJ, version 1.52p (Wayne 

Rasband National Institutes of Health, USA). A detailed description of the trait 

calculations and hydraulic functions can be found in table 1. 

 

Linear discriminant and correlations analysis 

Before the linear discriminant analysis (LDA), the data was standardized/normalized, 

using estimate processing parameters. This is a recommended procedure, as discriminant 

analysis can be affected by the predictors' measurement units (James et al., 2014). The 

models (seasonal plasticity, early and latewood) were fitted by the lda function of the 

MASS R package (Venables & Ripley, 2002), reaching accuracies above 0.72 (Table 2). 

The term “seasonal plasticity” is used here to define the variance (or changes) in xylem 

traits that occurred within the growing season, and was assessed by the calculation of the 

variance on the xylem traits mean values measured from early to latewood, in each 

studied tree-rings/years (2016 to 2019). This procedure reduced the data points to 133 

observations (annual mean and variance of trait values), including jack pine (n=36), 

balsam fir (n=28), white spruce (n=29), and black spruce (n=40). The ordination plots 

were made with the ggord R package version 1.1.1. (Beck, 2020). The species were also 

compared regarding the correlation and scaling relationship between the pit traits and 

between pit traits and tracheid lumen area (TLA). We used the cor.test R function to 

calculate the correlations, while lm R function was used for the linear models that were 

built to extract the slope (or scaling relationship) between the predictor and the response 

variable (e.g., O ~ Da). The R scripts of the LDA calculation can be found in the online 

version of this article. 
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Network analysis 

Network analysis is a promising tool to untangle biological complexity (Poorter et 

al., 2014) such as in plant hydraulic functioning. Its usage has been extended to the 

investigation of trait integration and functional differentiation among co-existing plant 

species (Burton et al., 2020) as well as to unravel the role of photosynthetic and hydraulic 

tradeoffs (Poorter et al., 2014; De La Riva et al., 2016), providing a way to effectively 

represent plant functioning and phenotypic plasticity (Messier et al., 2017).  

Network analysis is based on the premise that the interaction between the 

components in a system is key to understanding the whole system’s functioning (Csardi 

& Nepusz, 2006), and it is used here to test the importance of pit traits to the observed 

seasonal plasticity in the xylem/hydraulic architecture of conifer seedlings. It is a 

quantitative approach to graphically represent and investigate complex systems given the 

interaction of their components, which is based on their connectivity and distances. The 

interactive components, hereafter xylem traits, are represented by nodes and their 

connectivity, i.e., correlations, are represented by the edges linking them. The size of the 

nodes and edges represent the strength of trait centrality regarding the whole network and 

the strength of the correlation between a pair of traits, respectively. The R function 

as.undirected was used to create undirected edges. Network graphics were constructed 

and the betweenness centrality analysis was made in the igraph R package (Csardi & 

Nepusz, 2006), using the betweenness function to test which traits are central to hydraulic 

adjustments of the studied plant species in response to environmental changes within the 

season. 

The betweenness value gives the number of shortest paths from all nodes to all 

others passing through the focal node, which reveals the importance of the node for the 

network, here graphically represented by the node size. A similar conceptual trait network 

(Fig. 4a) was adopted for all species, however, only correlations of 0.5 and above were 

used in the analysis, to highlight the more relevant trait correlations (Fig. S2, for details). 

We used the algorithm Kamada-Kawai for the graphic layout, which has been largely 

used in network analysis of plant functioning (Poorter et al., 2014; De La Riva et al., 

2016; Messier et al., 2017; Burton et al., 2020). The algorithm finds the bidimensional 

optimal position of the traits in a network, reflecting their relative correlation strengths 
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and thus the traits interactions that may influence the hydraulic safety and efficiency of 

the xylem across the season. 

 

Results 

Species differences in annual and seasonal variation in hydraulic-associated xylem traits 

The comparison of species traits shows that jack pine stands out for its high plasticity 

(or high seasonal variance in the mean trait value) in torus size (Dt) and pit diameter 

(Dm) (longer arrows/vectors in Fig. 1a). However, all species substantially shift in xylem 

trait space, from early to latewood (Fig. 1b,c). In the earlywood, hydraulic-related xylem 

traits are similar between species, as they markedly overlap in trait space (Fig. 1b). In the 

latewood, jack pine diverges from the other species by having a larger tracheid lumen 

area (TLA, Fig. 1c, Fig. 2). Seedlings of jack pine had the largest measured TLA across 

years and growth ring regions (Fig. 2). This species also maintained larger pit aperture 

(Da), Dt, Dm, and torus overlap (O) until intermediate regions of the xylem development 

over the years, while Dm was relatively larger in the latewood of the other species (Fig. 

2). Jack pine seedlings also had the best growth performance achieving up to 2 meters 

height at the end of 2019. In general, the growth of all studied species is positively 

associated with the enlargement of TLA, Dm, and Dt (Fig. 3). 

 

Scaling relationship between xylem traits and variability in torus overlap (O) 

The high seasonal plasticity (variance in the mean trait value within the season) in pit 

diameter (Dm) and torus size (Dt) (Fig. 1a) allowed jack pine to maintain high and stable 

values of torus overlap (O, ~0.4) across the growing season (Fig. 3a). This resulted in the 

largest pits in the earlywood (Fig. 3b). Although highly correlated to pit aperture (Da), 

the torus size of jack pine changed twice as fast as Da (Fig. 3a, r2 = 0.93 and slope = 

2.02), allowing this species to maintain the relative proportions of pit traits that affect O 

(Fig. 2b). In contrast, the other species varied widely in O (0.30 to 0.60), due to the lower 

correlation and regression slope between Dt and Da (e.g., balsam fir, r2=0.62 and 

slope=0.60). Hence, balsam fir, black and white spruce seedlings tradeoff between low 

vs. high O in the early vs. latewood (Fig. 3b). Except for jack pine, the increase in TLA is 

followed by a decrease in O (Fig. 3a). Lastly, the scaling relationship between Dt and Da 
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was stable across years in the xylem of all species (Table S2 – see the supporting 

information for additional results). 

 

Trait network interactions and tradeoffs 

The network analysis shows that species diverge in network centrality (Table 3 and 

Fig. 5b) which can be attributed to seasonal variability (i.e., changes from early to 

latewood) in torus size (Dt) and pit aperture (Da) (jack pine); pit diameter (Dm) (black 

spruce); Dm and pit-tracheid net size (NS) (balsam fir); Da and Dm (white spruce). Pit 

and tracheid enlargement have conflicting relationships with O in balsam fir, black and 

white spruce, which is not observed for jack pine O, which is only consistently associated 

with Dt (Fig. 5b). Thus, except for jack pine, the increase in multiple traits related to 

hydraulic efficiency (e.g., Dm, Da, tracheid lumen area (TLA), Fig. 5c) leads to 

conflicting or negative relationships with pit-level hydraulic safety (i.e., O). Despite the 

species network differences, some similar tradeoffs (or negative correlations) were found 

in tracheid traits (tracheid lumen vs. wall reinforcement vs. density) and between tracheid 

and pit traits (e.g. tracheid wall reinforcement (TWR) vs. Da and Dm). Also, no tradeoff 

was found between pit diameter and density, although both are positively correlated to 

pit-tracheid net size (Fig. 5b). Opposite to tracheid density (TD), pit density and NS are 

small in the latewood (Fig. S3). The O is more strongly correlated to torus size in jack 

pine, while it is strongly associated with Da in the other species (see Fig. S2 for the 

complete species matrix of trait correlations). 

 

Discussion 

Pit traits have the largest seasonal variability in species xylem, while TLA and Dt 

enlargement is strongly associated with the outstanding growth performance of jack pine 

seedlings 

The high seasonal variation in xylem traits seems to underlie important hydraulic 

mechanisms, as hypothesized, which may be crucial for plants to adapt to seasonal 

environmental changes. In particular, the high seasonal variability in the torus diameter 

(Dt) and pit diameter (Dm) of jack pine suggests that pit traits should be important 

components of the wood development of this species, likely conferring better adaptability 
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to the changes in soil water availability, which is highest after snowmelt and decreases as 

the summer advances. All pit traits of jack pine reduce in size from earlywood to 

latewood while tracheid lumens (TLA) are significantly larger than balsam fir and spruce 

seedlings throughout the growing season. These findings suggest a strong control of 

water flow characteristics via pits (Schulte et al., 2015) in jack pine. We argue that the 

quick variation in Dt should increase the xylem embolism resistance via torus overlap (O) 

(Hacke et al., 2004) in jack pine seedlings, allowing this species to have larger tracheids 

and pits for a high water transport capacity until later stages of wood development 

(intermediate regions of the growth ring, Fig. 2).  

The differences between species concerning variation in hydraulic efficiency and 

safety-related xylem traits (especially, TLA and Dt) may explain their differences in 

growth performances (Fig. 3). Our results suggest that the fast growth of jack pine 

seedlings is associated with the rapid expansion of tracheids, pits, and torus. The 

enlargement of conduits and pits is expected to reduce the water flow resistance as the 

plants grow taller (Olson et al., 2020), while Dt and O should improve the safety of the 

hydraulic system functioning (Hacke & Jansen, 2009). These traits should result in an 

increased capacity of transporting water to the leaves for photosynthesis and carbon 

acquisition (Galmés et al., 2007), ultimately favoring plant growth (Roskilly et al., 2019). 

 

Seedlings vary between having a tight vs. loose control on pit aperture and torus size 

scaling relationships, resulting in a constant vs. variable torus overlap during the xylem 

development 

Our results corroborate the hypothesis that variability in tight vs. loose control of pit 

traits results in species either maintaining or varying torus overlap (O) during the wood 

development. In this context, jack pine seedlings maintained high and stable values of O 

by tightly coordinated adjustments in pit aperture diameter (Da) and torus diameter (Dt). 

These modifications should guarantee high resistance to embolism at the pit level (Hacke 

et al., 2004). On the other hand, weak correlations and scaling relationships between pit 

traits in balsam fir seedlings could lead to moments of lower resistance to water flow and 

weaker embolism control by pits (large Da and low O) in the earlywood, and moments of 

higher water resistance and greater embolism control by pits (large Dt and O) in the 
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latewood. These observations suggest the existence of seasonal variation in pit traits 

dimensions and scaling relationships, particularly between Dt and Da. However, the 

reduction of O with an increase in TLA observed in balsam fir and spruce seedlings could 

lead to physiological consequences, making the xylem of these species to tradeoff 

between hydraulic efficiency (large TLA and small O) and safety (small TLA and large O) 

(Pittermann et al., 2010). 

We argue that a tight scaling between pit aperture and torus size is important for 

maintaining consistent safety margins of O, protecting pit valve functioning against 

drought-induced torus displacement (Venturas et al., 2017). A high O should also allow 

jack pine seedlings to, while large TLA and Da should optimize hydraulic conductivity 

(Schulte et al., 2015) and plant growth (Roskilly et al., 2019). In other words, jack pine’s 

xylem architecture seems to get around the safety-efficiency tradeoff hypothesis (Dixon 

& Joly, 1895; van der Sande et al., 2019), as large tracheids, pits, and O should provide 

both an efficient and safe hydraulic system. Ultimately, the co-optimization of both safety 

and efficiency could result in the maintenance of a high proportion of functional tracheids 

even in older sapwood regions, which could have subsidiary or additive effects on water 

transport (Utsumi et al., 2003; Bryukhanova & Fonti, 2013). The scaling variability in pit 

traits presented here provides new pathways of research on plant hydraulics and 

reinforces the need for future investigations to expand the role of pit traits interactions on 

conifers’ xylem vulnerability. 

 

Pit traits have a central role in conifers xylem traits network and tradeoffs 

Our results corroborate the hypothesis that pit traits are central in the conifer species 

trait networks and seasonal dynamics during the xylem development. However, species 

diverge regarding the most central pit trait, suggesting contrasting hydraulic mechanisms 

or evolutionary solutions in conifers (Bryukhanova & Fonti, 2013) to cope with dynamic 

environmental changes promoted by seasonal variation (i.e., high moisture after 

snowmelt followed by generally declining soil moisture throughout the growing season). 

Our results, showing the centrality of the covariation between pit aperture and torus size 

in jack pine, are consistent with an interpretation of the central role of pit traits on 

multiple xylem traits. Such pit trait covariation could provide a way to resolve the 
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conflict between increasing xylem traits related to hydraulic efficiency (e.g. via tracheid 

and pit enlargement) and embolism resistance (e.g. torus overlap, O) (Gleason et al., 

2015). We argue that this Da-Dt coordination could be a possible mechanism underlying 

the safety-efficiency hydraulic co-optimization predicted for conifers species (Liu et al., 

2020). Indeed, jack pine trees typically occur in sandy soils with low water retention 

(Desponts & Payette, 1992; Carcaillet et al., 2020; Pacé et al., 2020), and a constant 

embolism resistance (e.g., via O) may be beneficial in such environments where soil 

water is strongly variable. 

In contrast, seasonal xylem dynamics of the other species show conflicting 

relationships (negative correlations) in several hydraulic efficiency-related xylem traits 

with O. The coordination between pit diameter (Dm) and tracheid-pit net size (NS) is 

central for balsam fir hydraulic adjustments, and differently than hypothesized (Jasińska 

et al., 2015), increasing pit diameter/net-size/density seems to occur in the earlywood 

(see Fig. S3), where most of the studied species should be more vulnerable to embolism 

(low O) and be more hydraulic efficient (larger tracheids). Thus, pit-tracheid connectivity 

and xylem integration seem mostly associated with the increase in hydraulic efficiency in 

all species, instead of safety. Xylem integration in conifers could increase vulnerability to 

embolism and hydraulic failure if species have reduced O, as seen in the earlywood of 

balsam fir and spruces seedlings. These results contradict the previous hypothesis (von 

Arx et al., 2013; Jasińska et al., 2015), and highlight the need for investigations on pit-

tracheid relationships to elucidate the effects of xylem integration on hydraulic efficiency 

and safety of conifers. Lastly, tracheid wall reinforcement (TWR) tradeoffs with TLA and 

pits (Dm and Da), suggesting that the thickening or the reinforcement of the cells should 

be primarily associated with xylem hydraulic resistance due to constraining the opening 

size of pits (Hacke et al., 2004) and TLA (Schuldt et al., 2016). These modifications 

should reduce the water flow, the pace of carbon assimilation, and plant growth (Chave et 

al., 2009) by the end of the growing season. 

Despite our findings suggesting possible linkages between xylem traits and plant 

hydraulics, we acknowledge that our interpretations are limited to the potential effect of 

xylem traits on species' hydraulic safety and efficiency. However, our research is framed 

under the proposition that wood anatomy guides research on plant hydraulics (Olson et 
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al., 2020; Lourenço Jr. et al., 2022), providing new perspectives and promising areas of 

investigation on possible intrinsic factors (anatomical) underlying plants' ability to cope 

with environmental changes (e.g., drought and temperature rise). The pit traits and 

tracheid interaction presented here may ultimately reflect species fitness differences 

(Violle et al., 2007), and thus further investigation may help to predict what species are 

more likely to survive to the effects of climate change. 

 

Conclusion 

The capacity of gymnosperm pits to transport water while controlling the spread of 

embolism  (Hacke et al., 2004; Pittermann et al., 2005) and possible interactions with 

tracheids could provide a wide range of adjustments and configurations in xylem 

architecture, by which conifer species could increase embolism resistance (e.g., via high 

torus overlap, O) and still have a highly efficient hydraulic system with large tracheids 

and pits (pit structure and aperture). Our results suggest that conifer species seem to have 

evolved a tightly coordinated mechanism that adjusts the xylem architecture via pit 

aperture/torus covariation. Coordination between tracheid and pit traits enlargement 

could underlie the hypothesized hydraulic safety-efficiency co-optimization in conifers 

(Liu et al., 2020) and plausibly be the outcome of the selective forces acting on the 

hydraulic systems of conifer species via climatic seasonality. Therefore, we suggest that 

the investigation of the xylem seasonal dynamics during wood development should be a 

major issue to understanding conifer adaptability and vulnerability to environmental 

change. The investigation of the possible physiological implications of the pit-tracheids 

scaling relationships is a key area of research for advancing our understanding of the 

intrinsic (anatomical) factors controlling the hydraulic functioning and the growth 

performance of conifers. 

 

Acknowledgments 

This work was conducted at the University of Quebec in Montreal and JLJ was 

financed by Mitacs (FR38551). We are grateful for Mitacs and Ouranos financial support. 

.CC-BY-ND 4.0 International licenseavailable under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 14, 2022. ; https://doi.org/10.1101/2021.12.24.474017doi: bioRxiv preprint 

https://doi.org/10.1101/2021.12.24.474017
http://creativecommons.org/licenses/by-nd/4.0/


16 

 

We would like to thank Dr. Loïc D'Orangeville who designed and supervised the 

installation of the experimental plantation. We also thank the forestry agencies for the 

cooperation and the field technicians of the Ministry of Forests, Wildlife, and Parks and 

the numerous students (particularly Éric Brazeau-Goupil) who participated in the 

implementation and maintenance of the plantation.  

Author Contribution 

JLJ, DK, DH, and LD designed the project; JLJ, DH, and LD carried out the 

sampling; JLJ supervised the preparation and analysis of the samples, analyzed the data ; 

JLJ, DK, DH, and LD led the writing of the manuscript. All authors contributed critically 

to the drafts and gave final approval for the publication. 

 

Supporting information: 

Figure S1. Scheme showing the scanned regions within the tree-ring. 

Figure S2. Species correlation matrices. 

Table S1. Regression parameters of xylem traits by year. 

Coding. R scripts for LDA and network analysis. 

Reference 

Allen CD, Macalady AK, Chenchouni H, Bachelet D, McDowell N, Vennetier M, 

Kitzberger T, Rigling A, Breshears DD, Hogg EH (Ted., et al. 2010. A global overview 

of drought and heat-induced tree mortality reveals emerging climate change risks for 

forests. Forest Ecology and Management 259: 660–684. 

Anderegg WRL, Flint A, Huang CY, Flint L, Berry JA, Davis FW, Sperry JS, Field 

CB. 2015. Tree mortality predicted from drought-induced vascular damage. Nature 

Geoscience 8: 367–371. 

Von Arx G, Archer SR, Hughes MK. 2012. Long-term functional plasticity in plant 

hydraulic architecture in response to supplemental moisture. Annals of Botany 109: 

1091–1100. 

von Arx G, Kueffer C, Fonti P. 2013. Quantifying plasticity in vessel grouping - Added 

.CC-BY-ND 4.0 International licenseavailable under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 14, 2022. ; https://doi.org/10.1101/2021.12.24.474017doi: bioRxiv preprint 

https://doi.org/10.1101/2021.12.24.474017
http://creativecommons.org/licenses/by-nd/4.0/


17 

 

value from the image analysis tool ROXAS. IAWA Journal 34: 433–445. 

Beck MW. 2020. ggord: Ordination Plots with ggplot2. 

Bittencourt PRL, Pereira L, Oliveira RS. 2016. On xylem hydraulic efficiencies, wood 

space-use and the safety-efficiency tradeoff. New Phytologist 211: 1152–1155. 

Bryukhanova M, Fonti P. 2013. Xylem plasticity allows rapid hydraulic adjustment to 

annual climatic variability. Trees - Structure and Function 27: 485–496. 

Burton JI, Perakis SS, Brooks JR, Puettmann KJ. 2020. Trait integration and 

functional differentiation among co-existing plant species. American Journal of Botany 

107: 628–638. 

Carcaillet C, Desponts M, Robin V, Bergeron Y. 2020. Long-Term Steady-State Dry 

Boreal Forest in the Face of Disturbance. Ecosystems 23: 1075–1092. 

Chave J, Coomes D, Jansen S, Lewis SL, Swenson NG, Zanne AE. 2009. Towards a 

worldwide wood economics spectrum. Ecology Letters 12: 351–366. 

Choat B, Cobb AR, Jansen S. 2008. Structure and function of bordered pits: New 

discoveries and impacts on whole-plant hydraulic function. New Phytologist 177: 608–

626. 

Csardi G, Nepusz T. 2006. The igraph software package for complex network research. 

InterJournal Complex Systems Complex Sy: 1695. 

Delzon S, Douthe C, Sala A, 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 and Environment 33: 2101–2111. 

Desponts M, Payette S. 1992. Recent dynamics of jack pine at its northern distribution 

limit in northern Quebec. Canadian Journal of Botany 70: 1157–1167. 

Dixon HH, Joly J. 1895. XII. On the ascent of sap. Philosophical Transactions of the 

Royal Society B: Biological Sciences 186: 563–576. 

Galmés J, Medrano H, Flexas J. 2007. Photosynthetic limitations in response to water 

stress and recovery in Mediterranean plants with different growth forms. New Phytologist 

175: 81–93. 

Gauthier S, Bernier P, Kuuluvainen T, Shvidenko AZ, Schepaschenko DG. 2015. 

Boreal forest health and global change. Science 349: 819–822. 

Gleason SM, Westoby M, Jansen S, Choat B, Hacke UG, Pratt RB, Bhaskar R, 

.CC-BY-ND 4.0 International licenseavailable under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 14, 2022. ; https://doi.org/10.1101/2021.12.24.474017doi: bioRxiv preprint 

https://doi.org/10.1101/2021.12.24.474017
http://creativecommons.org/licenses/by-nd/4.0/


18 

 

Brodribb TJ, Bucci SJ, Cao KF, et al. 2015. Weak tradeoff between xylem safety and 

xylem-specific hydraulic efficiency across the world’s woody plant species. New 

Phytologist 209: 123–136. 

Guérin M, von Arx G, Martin-Benito D, Andreu-Hayles L, Griffin KL, McDowell 

NG, Pockman W, Gentine P. 2020. Distinct xylem responses to acute vs prolonged 

drought in pine trees. Tree Physiology. 

Hacke U. 2001. Functional and ecological Xylem anatomy. Perspectives in Plant 

Ecology, Evolution and Systematics 412: 97–115. 

Hacke UG, Jansen S. 2009. Embolism resistance of three boreal conifer species varies 

with pit structure. New Phytologist 182: 675–686. 

Hacke UG, Sperry JS, Pittermann J. 2004. Analysis of circular bordered pit function 

II. Gymnosperm tracheids with torus-margo pit membranes. American Journal of Botany 

91: 386–400. 

Houle D, Bouffard A, Duchesne L, Logan T, Harvey R. 2012. Projections of future soil 

temperature and water content for three Southern Quebec forested sites. Journal of 

Climate 25: 7690–7701. 

IPCC. 2021. Climate Change 2021: The Physical Science Basis. Contribution of 

Working Group I to the Sixth Assessment Report of the Intergovernmental Panel on 

Climate Change (V Masson-Delmotte, P Zhai, A Pirani, SL Connors, C Péan, S Berger, N 

Caud, Y Chen, L Goldfarb, MI Gomis, et al., Eds.). Cambridge, UK: Cambridge 

University Press. 

James G, Tibshirani DWR, Hastie T. 2014. An Introduction to Statistical Learning with 

Applications in R. Springer Publishing Company, Incorporated. 

Jasińska AK, Alber M, Tullus A, Rahi M, Sellin A. 2015. Impact of elevated 

atmospheric humidity on anatomical and hydraulic traits of xylem in hybrid aspen. 

Functional Plant Biology 42: 565–578. 

Jupa R, Plavcová L, Gloser V, Jansen S. 2016. Linking xylem water storage with 

anatomical parameters in five temperate tree species. Tree Physiology 36: 756–769. 

Klein T, Zeppel MJB, Anderegg WRL, Bloemen J, De Kauwe MG, Hudson P, Ruehr 

NK, Powell TL, von Arx G, Nardini A. 2018. Xylem embolism refilling and resilience 

against drought-induced mortality in woody plants: processes and trade-offs. Ecological 

.CC-BY-ND 4.0 International licenseavailable under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 14, 2022. ; https://doi.org/10.1101/2021.12.24.474017doi: bioRxiv preprint 

https://doi.org/10.1101/2021.12.24.474017
http://creativecommons.org/licenses/by-nd/4.0/


19 

 

Research 33: 839–855. 

De La Riva EG, Olmo M, Poorter H, Ubera JL, Villar R. 2016. Leaf mass per area 

(LMA) and its relationship with leaf structure and anatomy in 34 mediterranean woody 

species along a water availability gradient. PLoS ONE 11. 

Lens F, Sperry JS, Christman MA, Choat B, Rabaey D, Jansen S. 2011. Testing 

hypotheses that link wood anatomy to cavitation resistance and hydraulic conductivity in 

the genus Acer. New Phytologist 190: 709–723. 

Liu H, Ye Q, Gleason SM, He P, Yin D. 2020. Weak tradeoff between xylem hydraulic 

efficiency and safety: climatic seasonality matters. New Phytologist 229: 1440–1452. 

Lourenço Jr. J, Enquist BJ, von Arx G, Sonsin-Oliveira J, Morino K, Thomaz LD, 

Milanez CRD. 2022. Hydraulic tradeoffs underlie local variation in tropical forest 

functional diversity and sensitivity to drought. New Phytologist 234: 50–63. 

Messier J, Lechowicz MJ, McGill BJ, Violle C, Enquist BJ. 2017. Interspecific 

integration of trait dimensions at local scales: the plant phenotype as an integrated 

network. Journal of Ecology 105: 1775–1790. 

Niklas KJ, Spatz H-C, Vincent J. 2006. Plant Biomechanics : An Overview and 

Prospectus. American Journal of Botany 93: 1369–1378. 

Olson ME, Anfodillo T, Gleason SM, McCulloh KA. 2020. Tip-to-base xylem conduit 

widening as an adaptation: causes, consequences, and empirical priorities. New 

Phytologist: 1–17. 

Pacé M, Gadet B, Beguin J, Bergeron Y, Paré D. 2020. Drivers of Boreal Tree Growth 

and Stand Opening: The Case of Jack Pine on Sandy Soils. Ecosystems 23: 586–601. 

Pittermann J, Choat B, Jansen S, Stuart SA, Lynn L, Dawson TE. 2010. The 

relationships between xylem safety and hydraulic efficiency in the cupressaceae: The 

evolution of pit membrane form and function. Plant Physiology 153: 1919–1931. 

Pittermann J, Sperry JS, Hacke UG, Wheeler JK, Sikkema EH. 2005. Botany: Torus-

margo pits help conifers compete with angiosperms. Science 310: 1924. 

Poorter H, Lambers H, Evans JR. 2014. Trait correlation networks: A whole-plant 

perspective on the recently criticized leaf economic spectrum. New Phytologist 201: 378–

382. 

Poorter L, Mcdonald I, Alarco A, Fichtler E, Licona J, Peña-Claros M, Sterk F, 

.CC-BY-ND 4.0 International licenseavailable under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 14, 2022. ; https://doi.org/10.1101/2021.12.24.474017doi: bioRxiv preprint 

https://doi.org/10.1101/2021.12.24.474017
http://creativecommons.org/licenses/by-nd/4.0/


20 

 

Villegas Z, Sass-klaassen U. 2010. The importance of wood traits and hydraulic 

conductance for the performance and life history strategies of 42 rainforest tree species. 

New Phytologist 185: 481–492. 

Roskilly B, Keeling E, Hood S, Giuggiola A, Sala A. 2019. Conflicting functional 

effects of xylem pit structure relate to the growth-longevity trade-off in a conifer species. 

Proceedings of the National Academy of Sciences of the United States of America 116: 

15282–15287. 

van der Sande MT, Poorter L, Schnitzer SA, Engelbrecht BMJ, Markesteijn L. 

2019. The hydraulic efficiency–safety trade-off differs between lianas and trees. Ecology 

100: 1–15. 

Schuldt B, Knutzen F, Delzon S, Jansen S, Müller-Haubold H, Burlett R, Clough Y, 

Leuschner C. 2016. How adaptable is the hydraulic system of European beech in the 

face of climate change-related precipitation reduction? New Phytologist 210: 443–458. 

Schulte PJ, Hacke UG. 2021. Solid mechanics of the torus–margo in conifer 

intertracheid bordered pits. New Phytologist 229: 1431–1439. 

Schulte PJ, Hacke UG, Schoonmaker AL. 2015. Pit membrane structure is highly 

variable and accounts for a major resistance to water flow through tracheid pits in stems 

and roots of two boreal conifer species. New Phytologist 208: 102–113. 

Sperry JS, Hacke UG, Oren R, Comstock JP. 2002. Water deficits and hydraulic limits 

to leaf water supply. Plant, Cell and Environment 25: 251–263. 

Utsumi Y, Sano Y, Funada R, Ohtani J, Fujikawa S. 2003. Seasonal and perennial 

changes in the distribution of water in the sapwood of conifers in a sub-frigid zone. Plant 

Physiology 131: 1826–1833. 

Venables WN, Ripley BD. 2002. Modern Applied Statistics with S. New York: Springer. 

Venturas MD, Sperry JS, Hacke UG. 2017. Plant xylem hydraulics: What we 

understand, current research, and future challenges. Journal of Integrative Plant Biology 

59: 356–389. 

Violle C, Navas ML, Vile D, Kazakou E, Fortunel C, Hummel I, Garnier E. 2007. 

Let the concept of trait be functional! Oikos 116: 882–892. 

Zelinka SL, Bourne KJ, Hermanson JC, Glass S V., Costa A, Wiedenhoeft AC. 2015. 

Force-displacement measurements of earlywood bordered pits using a mesomechanical 

.CC-BY-ND 4.0 International licenseavailable under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 14, 2022. ; https://doi.org/10.1101/2021.12.24.474017doi: bioRxiv preprint 

https://doi.org/10.1101/2021.12.24.474017
http://creativecommons.org/licenses/by-nd/4.0/


21 

 

tester. Plant Cell and Environment 38: 2088–2097. 

Zhang X, Manzanedo RD, D’Orangeville L, Rademacher TT, Li J, Bai X, Hou M, 

Chen Z, Zou F, Song F, et al. 2019. Snowmelt and early to mid-growing season water 

availability augment tree growth during rapid warming in southern Asian boreal forests. 

Global Change Biology 25: 3462–3471. 

  

.CC-BY-ND 4.0 International licenseavailable under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 14, 2022. ; https://doi.org/10.1101/2021.12.24.474017doi: bioRxiv preprint 

https://doi.org/10.1101/2021.12.24.474017
http://creativecommons.org/licenses/by-nd/4.0/


22 

 

 

Table 1. Overview of wood anatomy traits, their acronym, units, a short description 

regarding the calculation methods and function, and reference underlying the trait 

concept.

Acronym Unity Trait Description Function Reference 

TLA µm2 Mean tracheid 

lumen area 

Size of the conductive area of the 

tracheid through which water is 

transported. 

Hydraulic conductivity. 
(Carlquist, 

2001) 

TWR unitless 
tracheid wall 

reinforcement 

(t/b)2, where “t” is the double cell 

wall thickness and “b” the length 

of the same cell wall. 

Hydraulic safety and 

structural support. 

Increases tracheid wall 

hydraulic resistance 

against implosion and 

reinforces xylem structure. 

(Hacke et 

al., 2001) 

TD no.mm-2 Tracheid 

density 

Number of tracheids per squared 

millimeter.  

Increases hydraulic 

integration via pathway 

redundancy.  

(Espino & 

Schenk, 

2009; Cai & 

Tyree, 2010) 

Dt µm 
Torus 

diameter 
Pit torus diameter. 

Embolism resistance. 

Protects pit valves against 

failure. 

(Hacke et 

al., 2004) 

Da µm 
Pit aperture 

diameter 

Pit aperture diameter. Resistance 

to the water flow. 

Intertracheid hydraulic 

efficiency. 

(Hacke et 

al., 2004) 

Dm µm Pit diameter 
Pit chamber diameter. Resistance 

to the water flow. 

Intertracheid hydraulic 

efficiency. 

(Roskilly et 

al., 2019) 

PD no.mm-3 Pit density 
The number of pits per cubic 

millimeter. 

Intertracheid hydraulic 

efficiency. 

(Jacobsen et 

al., 2016) 

O Unitless Torus overlap 

O = (Dt − Da)/(Dm − Da). Hacke 

et al.’s formula is relativized to 

pit membrane minus pit aperture 

diameter, making the calculation 

more relevant to water flow 

resistance. 

Embolism resistance. 

Covering pit aperture. 

(Hacke et 

al., 2004; 

Roskilly et 

al., 2019) 

Msp Unitless Margo space 

M = (Dm − Dt)/(Dm − Da). It 

accounts for the distance between 

the pit membrane border (m) and 

torus (t) relativized to the pit 

membrane minus pit aperture 

diameter (a). 

Hydraulic efficiency. It 

represents the space 

through which water must 

flow in the pit. 

(Hacke et 

al., 2004; 

Roskilly et 

al., 2019) 

NS Unitless Pit-tracheid 

net size 

Mean size of the tracheid-pi-

/tracheid net. Larger nets have a 

greater number of tracheids 

connected laterally. We analyzed 

a wood volume of 630,000 µm3 

per 3D scanned image. 

Hydraulic efficiency and 

safety. Increases hydraulic 

conductivity. 
 

      

.CC-BY-ND 4.0 International licenseavailable under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 14, 2022. ; https://doi.org/10.1101/2021.12.24.474017doi: bioRxiv preprint 

https://doi.org/10.1101/2021.12.24.474017
http://creativecommons.org/licenses/by-nd/4.0/


 

23 

 

Table 2. Coefficients of linear discriminants based on jack pine (JKP), black spruce (BSP), 

white spruce (WSP), and balsam fir (BFR) hydraulic-related xylem traits. The proportion of 

explained variation for each ordination axis of the linear discriminants (LD) is shown within 

the brackets. Seasonal plasticity was calculated by the variance of the trait values measured 

from early to latewood, i.e. across the growing season. The highest values are highlighted in 

bold. 

 Seasonal Plasticity  Earlywood  Latewood 

Trait LD1 LD2 LD3  LD1 LD2 LD3  LD1 LD2 LD3 

 (0.87) (0.07) (0.06)  (0.70) (0.19) (0.11)  (0.88) (0.88) (0.88) 

Tracheid lumen area 

(TLA) 
-0.29 -0.69 -0.87  0.12 0.38 -0.02  1.05 0.11 -0.19 

Tracheid density (TD) -0.24 0.07 0.21  -1.05 -0.07 -0.61  -0.78 0.32 -0.92 

Tracheid wall 

reinforcement (TWR) 
-0.04 0.33 0.17  0.30 -0.47 -0.25  -0.28 -0.38 -0,10 

Pit density (PD) -0.15 -0.21 0.16  0.36 0.05 -0.59  0.28 -0.01 0.01 

Pit-tracheid net size (NS) 0.08 -0.03 0.24  -0.25 0.04 0.60  0.00 0.39 0.02 

Pit aperture (Da) -0.38 0.12 0.02  0.31 0.38 1.00  0.96 1.00 0.00 

Torus diameter (Dt) 0.72 -1.72 1.60  0.97 1.54 -0.57  -0.80 -1.75 0.48 

Pit diameter (Dm) 1.81 1.67 -1.54  -0.73 -2.88 -0.57  -1.21 1.65 0.30 

Torus overlap (O) -0.22 0.37 -0.23  0.52 -0.28 -0.31  0.54 0.58 0.55 

Model accuracy 0.72   0.78    0.73  
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Table 3. Trait network centrality, considering the seasonal variability in xylem traits of jack 

pine (JKP), balsam fir (BFR), white spruce (WSP), and black spruce (BSP). The centrality 

statistic reported is “betweenness”, which considers the path length, i.e., the more edges and 

the shorter they are, the higher the betweenness value, which is interpreted as the importance 

of a xylem trait to the changes observed in the xylem. The highest betweenness values are 

highlighted in bold. 

 Centrality 

Trait JKP BSP WSP BFR 

Tracheid lumen area (TLA) 0 2.16 2.50 0.50 

Tracheid density (TD) 0 0 0 0.50 

Tracheid wall reinforcement (TWR) 0 0.25 0.66 0 

Pit density (PD) 0 0 0 0 

Pit-tracheid net size (NS) 0 1.00 0 7.00 

Pit aperture (Da) 8.33 2.16 12.66 0.50 

Torus diameter (Dt) 8.33 0 0 0 

Pit diameter (Msp) 1.33 7.16 4.16 12.50 

Torus overlap (O) 0 0.25 0 0 
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Figure legends 

Figure 1. Linear discriminant analysis showing species differences in (a) xylem traits plasticity 

(mean trait value variance from early to latewood) across the growing season, mean values of 

xylem traits in the (b) earlywood, and (c) latewood. Jack pine remarkably differs by having the 

highest seasonal plasticity in torus (Dt) and pit diameter (Msp), whereas white spruce, black 

spruce, and balsam fir overlap in the ordination space, reflecting lower seasonal plasticity in 

pit traits. Traits are torus overlap (O), tracheid lumen area (TLA), tracheid wall reinforcement 

(TWR), tracheid density (TD), torus diameter (Dt), pit diameter (Dm), pit density (PD), pit 

aperture (Da), mean pit-tracheid net size (NS). Dashed lines were included to link small vectors 

to their names. A detailed description of traits can be found in Table 1. 
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Figure 2. (a) Boxplots showing variability in xylem traits of white spruce (WSP), black 

spruce (BSP), jack pine (JPN), and balsam fir (BFR), within different regions in the wood 

(earlywood, intermediate, and latewood) from 2016 to 2019. Letters indicate statistical 

differences (p-value<0.05) between species compared within the same year and growth-ring 

region. The test was computed via Tukey's “honest significant difference” method. 
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Figure 3. Boxplot showing variation in plant height across the years (2016-2019), and scatter 

plots showing the relationships between increasing plant height and xylem traits of white 

spruce (WSP), black spruce (BSP), jack pine (JPN), and balsam fir (BFR). In the scatter 

plots, each point is an annual mean trait value calculated from the measurements made across 

different regions in the wood (from early to latewood). 
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Figure 4. (a) Relationships between the variation in pit aperture and tracheid lumen area with 

the variation in torus overlap in seedlings of white spruce (WSP), black spruce (BSP), jack 

pine (JPN), and balsam fir (BFR). The intercept (Int.), slope, and Pearson correlation of the 

regression lines are shown. (b) The scheme represents pit trait variability in species resulting 

from their different scaling relationships. The asterisks highlight statistically significant 

correlations (p-value<0.05). Lighter dots represent the xylem latewood (L) and darker dots 

xylem earlywood (E). Da – pit aperture; Dt – torus size; and O – torus overlap. 
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Figure 5. (a) The conceptual network, highlighting all expected correlations between traits, (b) 

trait correlation networks of jack pine (JKP), white spruce (WSP), black spruce (BSP), and 

balsam fir (BFR), and (c) three-dimensional images of the xylem traits. The location of traits 

was optimized by network analysis (igraph, r package) based on the strength of Pearson 

correlation between traits represented by edge thickness (gray bars) and distance among traits 

(edges). Only pairs of traits with r2≥0.5 and p-value>0.05 were considered (see Fig. S1). Edge 

colors highlight positive (light gray) and negative (dark gray) correlations among a pair of 

traits. The vertices sizes are scaled to betweenness centrality, where larger vertices indicate 

greater betweenness centrality, here interpreted as the importance of a trait to the network of 

traits interaction and variation along with the growing season. Traits are torus overlap (O), 

tracheid lumen area (TLA), tracheid wall reinforcement (TWR), tracheid density (TD), torus 

diameter (Dt), pit diameter (Dm), pit density (PD), pit aperture (Da), mean pit-tracheid net size 

(NS). A detailed description of traits can be found in table 1. 
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