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Bark is a complex multifunctional structure of woody plants that varies widely among species. Thick bark is a primary trait that can protect trees from heat generated in surface fires. Outer bark on species that allocate resources to thick bark also tends to be rugose, with bark being thickest at the ridges and thinnest in the furrows. Tree diameter or wood diameter is often used as a predictor for bark thickness but little attention has been made on other factors that might affect bark development and allocation. Here we test multiple mixed effect models to evaluate additional factors (height growth rate, measure height) that correlate with bark allocation and present a method to quantify bark rugosity. We focused on seven co-occurring native tree species in the Tallahatchie Experimental Forest in north Mississippi. Approximately ten saplings of Carya tomentosa, Nyssa sylvatica, Prunus serotina, Pinus echinata, Pinus taeda, Quercus marilandica, and Quercus falcata were destructively sampled for stem analyses. Outer bark thickness (OBT) ranged from 0.01 to 0.77 cm with the thickest maximum outer bark occurring on P. taeda (0.77 cm) and the thinnest maximum outer bark occurring on P. serotina (0.17 cm). Our outer bark allocation models suggest that some individuals with rapid height growth allocate less to outer bark in C. tomentosa, N. sylvatica, P. taeda, and P. serotina, but not for P. echinata or either oak species. All species except for C. tomentosa and N. sylvatica showed evidence for outer bark taper, allocating more outer bark at the base of the bole. Inner bark also was tapered in Carya and the oaks. Bark rugosity varied among species from 0.00 (very smooth) to 0.17 (very rugose) with P. Serotina and C. tomentosa having the smoothest bark. OBT was the best fixed effect for all species. Aside from providing data for several important yet understudied species, our rugosity measures offer promise for incorporating into fluid dynamics fire behavior models.
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INTRODUCTION

The development of thick bark in woody plants has widely been cited as a trait selected for by frequent fire regimes as it protects trees from the heat generated in surface fires (Spalt and Reifsnyder, 1962; Hare, 1965; Vines, 1968; Pausas, 2015). Tree species that occur in frequently burned ecosystems (e.g., savannas and woodlands) generally develop thicker bark than those found in less flammable environments (Hoffmann et al., 2003; Lawes et al., 2011; Schafer et al., 2015). This thick bark is one of a suite of traits that can enable “fire tolerant” species to persist and grow into the canopy in ecosystems with a frequent fire regime, while thin-barked “fire intolerant” species are usually top killed (Varner et al., 2016).

Bark includes all tissues from the outer surface of the bole and branches to the vascular cambium. Outer bark, or rhytidome, consists of the collection of dead cells beyond the phellogen. Outer bark appearance differs among species depending on factors such as the position of the first periderm, the development of any additional periderms, and the composition and structure of phloem cells (Borger, 1973). Outer bark is suggested to have multiple functions including insulation from heat of fire, protection from herbivory, and structural support (Vines, 1968; Rosell, 2019). Inner bark is the living portion of bark that originates from the vascular cambium and extends to the phellogen (cork cambium). Inner bark contains secondary phloem, the cortex (for some species), and the phelloderm and is responsible for the transport of photosynthates, storage of non-structural carbohydrates and water, and the closing of wounds (Romero and Bolker, 2008; Romero et al., 2009; Rosell and Olson, 2014; Rosell, 2019). Although inner bark is not generally considered a primary fire defense, its high density and water content may provide protection from fire (van Mantgem and Schwartz, 2003; Schafer et al., 2015), however, several studies suggest that moisture content in bark decreases heat resistance due to high heat conductivity (Vines, 1968; Odhiambo et al., 2014).

Although outer bark is considered the primary defense against fire, most studies on post-fire tree mortality report bark thickness based on the combined thickness of outer and inner bark, often not distinguishing between the two structures (e.g., Harmon, 1984; Hengst and Dawson, 1994; Lawes et al., 2011; and many others). In larger trees, total bark thickness is often measured at the stem base or at breast height (approximately 137 cm) with a gauge that is incapable of differentiating outer and inner barks (e.g., Harmon, 1984; Hengst and Dawson, 1994; Lawes et al., 2011). Other studies utilize cross sections of species to measure bark with calipers (Hammond et al., 2015; Shearman et al., 2018). Total bark thickness allometric equations developed using the relationship of bark thickness and stem diameter generally fit very well as linear, logarithmic, or quadratic functions (Hengst and Dawson, 1994; Jackson et al., 1999; Lawes et al., 2013; Rosell, 2016), however, the correlation is largely due to the relationship between inner bark and stem diameter as outer bark does not correlate as closely (Rosell, 2016). The poorer correlation between outer bark and stem diameter suggests that other factors may affect the allocation of resources to outer bark. Thus, studies that fail to distinguish between outer and inner bark or that utilize allometric equations only fit to total bark thickness may miss important species differences that help explain patterns in mortality studies.

A common pattern is that outer bark is rarely uniform around the bole of a tree, especially in species that develop thick outer bark at relatively young ages. These species develop rough or “rugose” bark which can be impressively thick along the “ridges” and quite thin in the “furrows” (Figure 1). Previous studies on bark thickness suggest that the thin bark of furrows to be more prone to injury due to the lack of thermal protection (Smith and Sutherland, 1999). However, Fahnestock and Hare (1964) and O’Brien et al. (2018) demonstrated that temperature in the furrows is lower than that of the ridges during a surface fire. Whether this temperature difference between ridges and furrows can be significant enough to prevent damage to the cambium is uncertain. Despite the acknowledged variation in thickness for species with rugose bark, bark thickness is usually reported as the average thickness of multiple measurements taken around the stem. Because pyrophytic species in frequently burned woodlands and savannas have been found to have thicker bark than mesophytic species in less frequently burned forests (Odhiambo et al., 2014; Pausas, 2015; Schafer et al., 2015), it follows that they are likely to have more rugose bark as well.
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FIGURE 1. Turkey oak (Quercus laevis) develops thick rugose bark even in small diameter stems.


Differences in the allometric relationships between bark thickness and diameter suggest that the rate of bark allocation changes throughout the life histories of some species (Jackson et al., 1999). Relative bark thickness (RBT, the proportion of bark relative to stem diameter) also changes along the height of the bole, with pyrophytic species in frequent fire regimes having a more dramatic decrease in RBT than mesophytic species (Graves et al., 2014; Hammond et al., 2015; Shearman et al., 2018). Surface fires in these ecosystems are typically characterized as having low flame heights, with trees experiencing maximum temperatures within 1 m above the ground (Fahnestock and Hare, 1964; Vines, 1968). By developing thick basal bark that tapers with height, trees that are adapted to frequent fire regimes can optimize resource allocation where it is needed most. Failing to incorporate bark taper when estimating bark thickness could result in poor models of post-fire tree mortality. For example, fire modeling programs such as FOFEM that still rely on linear models of bark thickness could lead to increased error in the estimation of bark thickness and subsequent estimations of tree survival (Zeibig-Kichas et al., 2016). Recent studies examining bark thickness as a fire adapted trait in frequent fire regimes have recognized that differences in bark allocation among species should be most apparent in saplings, as it would be necessary to quickly develop thick bark during the fire-free period to recruit into the canopy (Jackson et al., 1999; Hammond et al., 2015; Schafer et al., 2015; Shearman et al., 2018).

To identify factors, such as height growth rate or measure height, that might correlate with the development of bark, we studied bark allocation among seven species in northern Mississippi. We identify factors that correlate with inner and outer bark allocation in each species. We also present a method of characterizing bark rugosity and compare rugosity measurements among species. We hypothesized that pyrophytic species would have thicker, more rugose bark than mesophytic species. We also hypothesized that rugosity would be a function of bark thickness.



MATERIALS AND METHODS

Our study site (34.506499, −89.498432) was located within the Tallahatchie Experimental Forest near Holly Springs, Mississippi. The upland forest soils of this part of the Greater Yazoo River Watershed are acidic sandy loams and silt loams on the ridge tops with acidic loamy sands on slopes (Cannon and Brewer, 2013). Prior to fire exclusion and before extensive logging, the site was dominated by pyrophytic species such as Quercus velutina, Quercus marilandica, Quercus stellata, Quercus falcata, and Pinus echinata (Surrette et al., 2008; Cannon and Brewer, 2013). In recent years, multiple disturbance events have occurred at the site, including an EF4-intensity tornado in 2008 and three biennial prescribed burns in the 8 years following (Cannon and Brewer, 2013; Brewer, 2015, 2016). The initial tornado disturbance reduced canopy cover to approximately 45%, which recovered to 60% by 2012 (Brewer et al., 2012; Brewer, 2015).

We selected approximately ten saplings of seven native tree species: Carya tomentosa (n = 10), Nyssa sylvatica (n = 10), P. echinata (n = 11), Pinus taeda, Prunus serotina (n = 10), Q. marilandica (n = 10), and Q. falcata (n = 11). Saplings were subjectively selected to cover the widest range of diameters possible. We cut cross-sections along the stem every 10 cm from the base (0 cm) to 100 cm and every 20 cm from 100 to 200 cm. Each cross-section was air-dried and then sanded with up to 1000-grit sandpaper. All cross-sections were aged by counting rings under a dissecting microscope. Cross-sections at 0 (or 10 cm if the basal cross-section had substantial damage from fire) and 140 cm heights (measure height) along with sections from each age break (i.e., cross-sections that had fewer rings than the previous cross-section below) were digitally scanned on a flatbed scanner at 4,800 dpi (Epson Perfection V39, Suwa, Nagano, Japan). Total cross-section area, outer and inner bark area, and wood area were measured directly using ImageJ image analysis software (version 1.53c, Schneider et al., 2012) and tracing the actual cross-sections. Wood diameter and inner and outer bark thickness (OBT) were then calculated from the area measurements based on the relationship of the diameter of a circle to its area.


Bark Allocation

For each species, we fit a series of mixed effect models using both outer and inner bark cross-sectional area as the response variable. Fixed effects included wood cross-sectional area, measure height, and height growth rate (total height/age of the lowest cross-section). A unique tree number for each individual was included as a random effect to account for the lack of independence of multiple observations on the same tree. Bark area, wood area, and height growth rate were first log-transformed to improve heteroscedasticity of the residuals. Seven separate models were fit for each dependent variable using different combinations of fixed effects. Models were first evaluated using the corrected Akaike Information Criteria (AICc, Hurvich and Tsai, 1989). Top models identified by having the lowest AICc (including models with ΔAICc < 2, Burnham and Anderson, 2004) were further evaluated and fixed effects were checked for significance (alpha < 0.05). The model with the lowest AICc and all significant fixed effects was chosen as the best model. If more than one model was considered the best and there was no significant difference between models (based on ANOVA), the model with the fewest terms was selected. Damaged cross-sections due to fire scars were removed from the analyses prior to fitting the models (n = 4 for C. tomentosa, 5 for P. taeda, 1 for P. serotina, and 3 for Q. marilandica).



Bark Rugosity

Rugosity, fr, is a measure of the variations in amplitude of a surface and is calculated as the ratio of the actual surface area (Ar) to the geometric surface area (Ag):
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For our bark rugosity (Br) measurement, we calculated the ratio of the actual cross-sectional area at each measured height, Amht, to the area of the convex hull at that measured height, Aconv(mht), which we then take the compliment to scale the ratio so that increasing value corresponds to increasing rugosity (Figure 2):
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FIGURE 2. Bark rugosity of a cross-section, in this case a sample of Quercus marilandica at 10 cm height, can be measured as the compliment of the ratio of the cross-sectional area (area of the actual sample) to the area of its convex hull (red line).


For each species, mixed effect models were fit using bark rugosity as a response variable and tree individual as a random effect. Fixed effects included species, wood diameter, outer and inner bark thickness, measure height of the cross-section, and height growth rate. A total of eight models were fit, varying the fixed effects for each model. Model selection was made using the same methods as above.

To test significance of rugosity and OBT among different species, we used ANOVA to compare the basal cross-sections of each species. We also compared diameters of basal cross-sections among species with ANOVA to see if any differences in rugosity or bark thickness were also observed in their diameters. We then fit a mixed effect model to all the species and all cross-sections combined using bark rugosity as the response variable and OBT as a fixed effect. Again, tree individual was considered a random effect. Differences in slopes between species were identified by examining all pairwise comparisons among species.

All models in all analyses were fit in R (version 3.3.1, R Core Team, 2019) using the lmer function in the lme4 package (Bates et al., 2015). P-values for fixed effects were calculated using the lmerTest package (Kuznetsova et al., 2017). Pseudo-R2 values were calculated with the r.squaredGLMM function in the MuMIn package (Barton, 2019). Multiple comparisons were made using the emmeans package (Lenth, 2021). Raw data are available in the Supplementary Material.




RESULTS

We sampled saplings ranging from 1.0 to 9.4 cm basal diameter with mean basal diameters ranging from 3.7 to 5.0 cm across the seven tree species (Table 1). Basal diameters were not significantly different between species (F6,64 = 0.461, P = 0.83, Figure 3). Sapling ages ranged from 2 to 24 years across all species but did not significantly differ among species (F6,64 = 0.708, P = 0.64, Figure 4). OBT ranged from 0.01 to 0.77 cm with the thickest maximum outer bark occurring in P. taeda (0.77 cm) and the thinnest maximum outer bark occurring in P. serotina (0.17 cm, Table 1). Basal OBT was significantly different among species (F6,64 = 7.11, P < 0.0001, Figure 5). Multiple comparisons showed that C. tomentosa had significantly thinner bark than P. echinata (P = 0.01), P. taeda (P < 0.001), and Q. marilandica (P = 0.003, Table 2). P. serotina had significantly thinner bark than P. echinata (P = 0.01), P. taeda (P < 0.001), Q. falcata (P = 0.04), and Q. marilandica (P = 0.002, Table 2). Bark rugosity varied among species from 0.00 (very smooth) 0.17 (very rugose) with significant differences between species (F6,64 = 6.975, P < 0.001, Figure 6 and Table 1). Pairwise comparisons of basal rugosity showed that Q. marilandica was significantly more rugose than C. tomentosa (P < 0.001) and P. serotina (P < 0.001, Table 3). Quercus falcata was also significantly more rugose than P. serotina (P = 0.02, Table 3). Height growth varied from 23.7 to 167.5 cm yr–1with P. serotina having the fastest vertical growth and P. echinata having the slowest growth among species (Table 1).


TABLE 1. Summary statistics for basal cross-sections of seven co-occurring species in the Tallahatchie Experimental Forest, Mississippi.
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FIGURE 3. Diameter of basal cross-sections in seven co-occurring tree species. Species codes are as follows: QUMA, Quercus marilandica; QUFA, Quercus falcata; PIEC, Pinus echinata; PITA, Pinus taeda; NYSY, Nyssa sylvatica; CATO, Carya tomentosa; PRSE, Prunus serotina. Horizontal bar in each boxplot represents the median diameter.
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FIGURE 4. Age of basal cross-sections in seven co-occurring tree species. Species codes are as follows: QUMA, Quercus marilandica; QUFA, Quercus falcata; PIEC, Pinus echinata; PITA, Pinus taeda; NYSY, Nyssa sylvatica; CATO, Carya tomentosa; PRSE, Prunus serotina. Horizontal bar in each boxplot represents the median age.
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FIGURE 5. Outer bark thickness (OBT) of basal cross-sections in seven co-occurring tree species. Species codes are as follows: QUMA, Quercus marilandica; QUFA, Quercus falcata; PIEC, Pinus echinata; PITA, Pinus taeda; NYSY, Nyssa sylvatica; CATO, Carya tomentosa; PRSE, Prunus serotina. Horizontal bar in each boxplot represents the median outer bark thickness. Species with the same letter are not statistically different at P = 0.05.



TABLE 2. Pairwise comparisons of the ANOVA model for outer bark thickness of basal cross-sections.
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FIGURE 6. Bark rugosity of basal cross-sections in seven co-occurring tree species. Species codes are as follows: QUMA, Quercus marilandica; QUFA, Quercus falcata; PIEC, Pinus echinata; PITA, Pinus taeda; NYSY, Nyssa sylvatica; CATO, Carya tomentosa; PRSE, Prunus serotina. Horizontal bar in each boxplot represents the median rugosity. Species with the same letter are not statistically different at P = 0.05.



TABLE 3. Pairwise comparisons of the ANOVA model for bark rugosity of basal cross-sections.
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Outer bark investment was affected by different factors for different species although wood cross-sectional area was a positive significant effect for all models. Height growth rate was a negative effect (i.e., faster height growth had lower bark allocation) for C. tomentosa, N. sylvatica, P. taeda, and P. serotina, but not for P. echinata or either oak (Q. falcata, and Q. marilandica). Measure height also had a negative effect for all species except for C. tomentosa and N. sylvatica (Table 4). All outer bark investment models had high explanatory power, with fixed effects explaining 83–96% of the variance and combined fixed and random effects explaining 89–97% of the variance (Table 4).


TABLE 4. Outer (ob) and inner (ib) bark area models for saplings of seven native tree species.

[image: Table 4]
The best inner bark investment models all included wood cross-sectional area as a significant fixed effect. Measure height had a negative effect on C. tomentosa, Q. falcata, and Q. marilandica, but was not significant for the other species (Table 4). Fixed effects explained a slightly higher amount of the variance in the inner bark models than the outer bark models, explaining 93–98% of the variance. Fixed and random effects combined explained 97–99% of the variance in the data (Table 4).

All species had the same structure for the best bark rugosity model. OBT was the only significant fixed effect in the best models. The models suggest a higher slope for Q. marilandica (0.28), N. sylvatica (0.23), and Q. falcata (0.20), than the other species (Table 5). Pairwise comparisons on the full model of all species found that Q. marilandica had significantly higher slopes than C. tomentosa, P. echinata, P. taeda, and P. serotina, but not N. sylvatica or Q. falcata. N. sylvatica, and Q. falcata also had significantly higher slopes than P. taeda but not with any other species (Table 6). Species and OBT as fixed effects in the full model explained 77% of the variance with the random effect of tree individual explaining an additional 6%.


TABLE 5. Bark rugosity (Br) models for seven co-occurring species in the Tallahatchie Experimental Forest.
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TABLE 6. Pairwise comparisons of the model Br ∼OBT + Species + (1∣Treenum).
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DISCUSSION

Previous studies on bark in relation to fire have overwhelmingly found that bark thickness is a highly significant predictor in post-fire tree mortality and that bark thickness increases with stem diameter (e.g., Hare, 1965; Lawes et al., 2011; Pausas, 2015). Several studies also acknowledge the contributions of other bark properties such as density and moisture content (e.g., Pinard and Huffman, 1997; van Mantgem and Schwartz, 2003; Brando et al., 2012; Odhiambo et al., 2014; Nolan et al., 2020). Comparatively fewer studies have examined bark surface structure in relation to fire, each utilizing different methods of measurement from categorical to quantitative (Barlow et al., 2003; Bauer et al., 2010; Nolan et al., 2020). Our study provides a quantitative method that can be used to standardize bark rugosity measurements.

Allocation of resources to produce thick bark presumably comes at a cost to other functions. For example, thick bark reduces the ability to photosynthesize along the stem and branches (Rosell et al., 2014). Our results suggest that height growth may also be a compromise to bark allocation for some species. All species in our study, with the exception of P. taeda, resprout readily after topkill, and therefore most of the individuals in our samples were likely resprouts, which could explain the significance of height growth rate in our models. In fast growing resprouts of P. serotina, for example, individuals that had the fastest height growth allocated less to outer bark than slower growing individuals. Height growth was not significant in most of the species that are considered fire tolerant (Q. marilandica, Q. falcata, and P. echinata). This pattern suggests the possibility of different priorities in resprouting between fire tolerant and fire intolerant species where the latter species prioritize height growth to compete with light availability over investment for fire defense (Hammond et al., 2015). Height growth was also significant in the outer bark models for P. taeda and for C. tomentosa, which some may consider to be pyrophytic species (Varner et al., unpublished). Pinus taeda is fire-tolerant in larger sized individuals, however, saplings can be fire-sensitive and are often killed in frequent fire regimes (Williams, 1998; Stewart et al., 2015; Robertson et al., 2021). C. tomentosa is often lumped in with other Carya species as a member of the oak-hickory forest type that was maintained under intermediate, low-intensity historical fire regimes (Abrams, 1992; Frost, 1998). However, Monk et al. (1990) suggests that the “oak-hickory” forest type is not supported by the data and should be designated as “mixed oak” or simply “oak forests.” The outer bark of C. tomentosa saplings was extremely thin in our dataset despite having the thickest average inner bark. Additionally, C. tomentosa is easily topkilled by fire (Smith, 1990; Coladonato, 1992), which calls in to question C. tomentosa as a pyrophyte (but see Varner et al. in this special issue on its flammability).

Our study found an effect of measure height on OBT in the oaks and pines, which indicates that outer bark tapers more than wood in these species. This result is consistent with the findings of others that suggest that pyrophytic species develop thicker bark at the base of the bole as a fire protection strategy (Graves et al., 2014; Hammond et al., 2015; Shearman et al., 2018; Kidd and Varner, 2019). However, we also found the effect of measure height in P. serotina, which is not consistent with this hypothesis. Shearman et al. (2018) found evidence for bark taper in C. tomentosa although they only measured total bark thickness in their study. Here, we found an inner bark taper with height for C. tomentosa (as well as the oaks) which likely accounts for the discrepancies between our study and Shearman et al. (2018).

Thick bark at the base of trees, particularly fire-sensitive saplings, is intriguing but the evidence of this phenomenon as a fire-adapted trait is still lacking. Midgley and Lawes (2016) suggest that the decline in relative bark thickness with height is too small to be of ecological significance. However, studies that have identified an effect of height on bark allocation have thus far been on relatively small stems. Graves et al. (2014) sampled trees up to 12 cm DBH, Hammond et al. (2015) and Kidd and Varner (2019) samples were all under 5 cm, Shearman et al. (2018) samples were all under 10 cm DBH. Future studies need to examine this relationship in a larger range of diameters before discounting it as insignificant for fire survival. Our lack of understanding on the mechanism for this effect is also worth investigation. Finally, it is uncertain as to whether producing thick basal bark synergizes with other traits such as rugosity to better protect stems during surface fires.

Bark rugosity is largely a consequence of developing thick bark. As thick bark develops, cracking or flaking of bark must occur as the radial growth of wood exerts tangential stress on bark tissues. In pines and other species with flaky, scaly bark, bark develops as new, discontinuous periderm layers form beneath the previous periderms in overlapping arcs (Borger, 1973). These discontinuous arcs of periderm layers allow bark flakes, sheets, or platelike strips to be shed due to growth and weathering. Bark in furrowed species, like the oaks in our study, form due to interlocking sclerified tissues in the outer bark that adheres to the periderm cells resulting in bark that does not shed or flake (Borger, 1973). In our models of bark rugosity, OBT explained the most variability in the oaks and less variability in the pines, possibly due to shedding of bark flakes in the pine species. The strong relationship between rugosity and OBT in the oaks suggest that rugosity could be useful in developing more accurate bark thickness models in these species. The poor performance of our model for P. serotina was due to that species having the smoothest (i.e., least rugose) bark in the data set.

The survival benefit of rugose bark is unclear because of its correlation with OBT in the species we studied. Bauer et al. (2010) found that including bark surface structure (measured as the difference in maximum and minimum thickness divided by the mean) slightly improved their models of thermal conductivity, but stated further study was needed to understand the significance for fire resitance. Fahnestock and Hare (1964) hypothesized that the reduction in temperature in the furrows during a fire may offset the vulnerability of having thin bark in these areas. Rugose bark could potentially alter the fluid dynamics at the fire-bark surface interface due to deeper boundary layers (Dickinson and Johnson, 2001). As a flaming front passes a tree bole, leeward vortices can develop, increasing leeward flames and causing increased stem heating on the leeward side (Gutsell and Johnson, 1996). The formation of these vortices depends on the Reynolds number, a dimensionless number based on upstream wind velocity, tree diameter, and the kinematic viscosity of the air (Gutsell and Johnson, 1996). However, this model of the fluid dynamics of stem heating assumes the tree is a smooth cylinder and the influence of surface rugosity on the fluid dynamics still needs to be explored. Butler and Dickinson (2010) justified the use of a smooth surfaced model of heat transfer through bark by reasoning that the higher temperatures observed on the ridges of a stem (Kayll, 1963; Fahnestock and Hare, 1964; O’Brien et al., 2018) would have a similar rate of heat transfer as in the fissures that experience lower temperatures. Jones et al. (2004) also reasoned that because tree mortality due to cambial necrosis would require girdling of the tree and thus damage under the thick ridges as well as the fissures, that a one-dimensional model considering heat transfer through the thick ridges alone would be sufficient in predicting mortality. However, Barlow et al. (2003) found that bark texture (measured categorically as “rough,” “medium,” or “smooth”) was an important determination of tree mortality with surviving trees in burnt forests having significantly rougher bark in the smaller (0.2–0.6 cm) bark thickness classes. Barlow et al.’s (2003) finding that bark texture was only significant in trees with thinner bark might suggest that rugosity might benefit smaller diameter trees and that larger trees can withstand fire due to having thick bark alone. Therefore, future heat transfer models might benefit from including a rugosity term as proposed in our study.

Although our study found significant differences in both OBT and bark rugosity among species, our results are limited to one study site and a limited range of species and sapling sizes. These results largely follow the pattern of fire-tolerant “pyrophytes” (e.g., the oaks and pines) having thicker and more rugose bark than the fire-sensitive “mesophytes” (e.g., P. serotina), however, other environmental factors could influence bark development. For example, Glitzenstein and Harcombe (1979) found differences in Q. falcata bark roughness, with drier sites (measured as percent of sand content in soil) having more furrowed bark than mesic sites. Howard (1977) also comments that tree vigor, age, and height on the tree affect bark thickness, texture, and depth of fissures, citing Guttenberg’s (1951) anecdotal evidence of low vigor resulting in rougher bark. These reports suggest a plastic response of bark thickness and rugosity, with drier, more fire-prone environments eliciting more allocation to bark within species than mesic sites. Clearly more studies are needed to evaluate this hypothesis. On a global scale, fire regime is the main environmental variable explaining bark thickness across species (Rosell, 2016; Pausas, 2017). Based on the relationship between bark thickness and rugosity, it follows that fire regime likely explains patterns in rugosity across species as well. Our study, along with the limited literature on bark structure and fire, questions whether tree survival and recruitment in frequent surface fire regimes may be more than just insulation from thick bark. Rugosity may be just as important in smaller diameter stems if it alters fire behavior around the bole. In the absence of fire, the tradeoff of height growth and bark allocation may be one mechanism that allows fire-sensitive trees to dominate during the mesophication process (Nowacki and Abrams, 2008). Future climate scenarios project increases in both likelihood of severe droughts and in fire potential throughout large portions of the United States with projected increases in fire season of 2–3 months in the southern United States (Liu et al., 2013; Mitchell et al., 2014). These changes in climate may allow us to test hypotheses about the importance of thick rugose bark in pyrophytic landscapes through long-term studies on bark thickness and rugosity in changing ecosystems.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.



AUTHOR CONTRIBUTIONS

TS and JV designed the study. TS collected the data and conducted the analyses, and wrote the manuscript. Both authors contributed to the article and approved the submitted version.



FUNDING

We acknowledged funding from the Joint Fire Science Program under project JFSP 13-1-04-49.



ACKNOWLEDGMENTS

We thank Stephen Brewer for access to the study site and early discussions. Discussions with Kevin Hiers, Scott Pokswinski, Jesse Kreye, and Louise Loudermilk improved our interpretations. Greg Hamby and Deborah Nemens assisted with field sampling. The comments of two reviewers greatly improved the manuscript. We also thank Hansel for inspiring early work on bark structure.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/ffgc.2021.731020/full#supplementary-material



REFERENCES

Abrams, M. D. (1992). Fire and the development of oak forests. BioScience 42, 346–353. doi: 10.2307/1311781

Barlow, J., Lagan, B. O., and Peres, C. A. (2003). Morphological correlates of fire-induced tree mortality in a central Amazonian forest. J. Trop. Ecol. 19, 291–299. doi: 10.1017/s0266467403003328

Barton, K. (2019). MuMIn: Multi-Model Inference. R Package Version 1.43.15. Available online at: https://CRAN.R-project.org/package=MuMIn (accessed August 18, 2021).

Bates, D., Maechler, M., Bolker, B., and Walker, S. (2015). Fitting linear mixed-effects models using lme4. J. Statist. Softw. 67, 1–48.

Bauer, G., Speck, T., Blomer, J., Bertling, J., and Speck, O. (2010). Insulation capability of the bark of trees with different fire adaptation. J. Mater. Sci. 45, 5950–5959. doi: 10.1007/s10853-010-4680-4

Borger, G. A. (1973). “Development and shedding of bark,” in Shedding of Plant Parts, ed. T. T. Kozlowski (New York, NY: Academic Press), 205–236. doi: 10.1016/b978-0-12-424250-0.50011-7

Brando, P. M., Nepstad, D. C., Balch, J. K., Bolker, B., Christman, M. C., Coe, M., et al. (2012). Fire-induced tree mortality in a neotropical forest: the roles of bark traits, tree size, wood density and fire behavior. Glob. Change Biol. 18, 630–641. doi: 10.1111/j.1365-2486.2011.02533.x

Brewer, J. S. (2015). Competitive effects of fire-resistant saplings on their fire-sensitive neighbors are greater than the reverse. Ecosphere 6, 1–14. doi: 10.1007/s10694-013-0383-0

Brewer, J. S. (2016). Natural canopy damage and the ecological restoration of fire-indicative groundcover vegetation in an oak-pine forest. Fire Ecol. 12, 105–126. doi: 10.4996/fireecology.1202105

Brewer, J. S., Bertz, C. A., Cannon, J. B., Chesser, J. D., and Maynard, E. E. (2012). Do natural disturbances or the forestry practices that follow them convert forests to early-successional communities? Ecol. Appl. 22, 442–458. doi: 10.1890/11-0386.1

Burnham, K. P., and Anderson, D. R. (2004). Multimodel inference: understanding AIC and BIC in model selection. Sociol. Methods Res. 33, 261–304.

Butler, B. W., and Dickinson, M. B. (2010). Tree injury and mortality in fires: developing process-based models. Fire Ecol. 6, 55–79. doi: 10.4996/fireecology.0601055

Cannon, J. B., and Brewer, J. S. (2013). Effects of tornado damage, prescribed fire, and salvage logging on natural oak (Quercus spp.) regeneration in a xeric southern USA Coastal Plain oak and pine forest. Nat. Areas J. 33, 39–49. doi: 10.3375/043.033.0105

Coladonato, M. (1992). “Carya tomentosa,” in Fire Effects Information System, [Online]. U.S. Department of Agriculture, Forest Service, Rocky Mountain Research Station, Fire Sciences Laboratory (Producer). Available online at: https://www.fs.fed.us/database/feis/plants/tree/cartom/all.html (accessed August 18, 2021).

Dickinson, M. B., and Johnson, E. A. (2001). “Fire effects on trees,” in Forest fires, eds E. A. Johnson and K. Miyanishi (New York, NY: Academic Press), 477–525. doi: 10.1016/b978-012386660-8/50016-7

Fahnestock, G. R., and Hare, R. C. (1964). Heating of tree trunks in surface fires. J. For. 62, 799–805.

Frost, C. C. (1998). “Presettlement fire frequency regimes of the United States: a first approximation,” in Fire in Ecosystem Management: Shifting the Paradigm From Suppression to Prescription, eds T. L. Pruden and L. A. Brennan (Tallahassee, FL: Tall Timbers Research Station), 70–81.

Glitzenstein, J., and Harcombe, P. A. (1979). Site-specific changes in the bark texture of Quercus falcata Michx. (southern red oak). Am. J. Bot. 66, 668–672.

Graves, S. J., Rifai, S. W., and Putz, F. E. (2014). Outer bark thickness decreases more with height on stems of fire-resistant than fire-sensitive Floridian oaks (Quercus spp.; Fagaceae). Am. J. Bot. 101, 2183–2188. doi: 10.3732/ajb.1400412

Gutsell, S. L., and Johnson, E. A. (1996). How fire scars are formed: coupling a disturbance process to its ecological effect. Canad. J. For. Res. 26, 166–174. doi: 10.1139/x26-020

Guttenberg, S. (1951). Listen to the bark. South. Lumb. 183, 220–222.

Hammond, D. H., Varner, J. M., Kush, J. S., and Fan, Z. (2015). Contrasting sapling bark allocation of five southeastern USA hardwood tree species in a fire prone ecosystem. Ecosphere 6, 1–13. doi: 10.1890/ES15-00065.1

Hare, R. C. (1965). Contribution of bark to fire resistance of southern trees. J. For. 63, 248–251.

Harmon, M. E. (1984). Survival of trees after low-intensity surface fires in great smoky mountains national park. Ecology 65, 796–802. doi: 10.2307/1938052

Hengst, G. E., and Dawson, J. O. (1994). Bark properties and fire resistance of selected tree species from the central hardwood region of North America. Canad. J. For. Res. 24, 688–696. doi: 10.1139/x94-092

Hoffmann, W. A., Orthen, B., and Nascimento, P. K. V. D. (2003). Comparative fire ecology of tropical savanna and forest trees. Funct. Ecol. 17, 720–726. doi: 10.1111/j.1365-2435.2003.00796.x

Howard, E. T. (1977). Bark structure of southern upland oaks. Wood Fiber 9, 172–183.

Hurvich, C. M., and Tsai, C. L. (1989). Regression and time series model selection in small samples. Biometrika 76, 297–307. doi: 10.1093/biomet/76.2.297

Jackson, J. F., Adams, D. C., and Jackson, U. B. (1999). Allometry of constitutive defense: a model and a comparative test with tree bark and fire regime. Am. Natur. 153, 614–632. doi: 10.2307/2463619

Jones, J. L., Webb, B. W., Jimenez, D., Reardon, J., and Butler, B. (2004). Development of an advanced one-dimensional stem heating model for application in surface fires. Canad. J. For. Res. 34, 20–30. doi: 10.1139/x03-187

Kayll, A. J. (1963). A Technique for Studying the Fire Tolerance of Living Tree Trunks. Ottowa, ON: Canada Department of Forestry Publication.

Kidd, K. R., and Varner, J. M. (2019). Differential relative bark thickness and aboveground growth discriminates fire resistance among hardwood sprouts in the southern Cascades, California. Trees 33, 267–277. doi: 10.1007/s00468-018-1775-z

Kuznetsova, A., Brockhoff, P. B., and Christensen, R. H. B. (2017). lmerTest Package: tests in linear mixed effects models. J. Statist. Softw. 82, 1–26. doi: 10.18637/jss.v082.i13

Lawes, M. J., Adie, H., Russell-Smith, J., Murphy, B., and Midgley, J. J. (2011). How do small savanna trees avoid stem mortality by fire? The roles of stem diameter, height and bark thickness. Ecosphere 2, 1–13.

Lawes, M. J., Midgley, J. J., and Clarke, P. J. (2013). Costs and benefits of relative bark thickness in relation to fire damage: a savanna/forest contrast. J. Ecol. 101, 517–524. doi: 10.1111/1365-2745.12035

Lenth, R. V. (2021). emmeans: Estimated Marginal Means, aka Least-Squares Means. R Package Version 1.6.1. Available online at: https://CRAN.R-project.org/package=emmeans (accessed August 18, 2021).

Liu, Y., Goodrick, S. L., and Stanturf, J. A. (2013). Future U.S. wildfire potential trends projected using a dynamically downscaled climate change scenario. For. Ecol. Manag. 294, 120–135. doi: 10.1016/j.foreco.2012.06.049

Midgley, J. J., and Lawes, M. J. (2016). Relative bark thickness: towards standardised measurement and analysis. Plant Ecol. 217, 677–681. doi: 10.1007/s11258-016-0587-8

Mitchell, R. J., Liu, Y., O’Brien, J. J., Elliott, K. J., Starr, G., Miniat, C. F., et al. (2014). Future climate and fire interactions in the southeastern region of the United States. For. Ecol. Manag. 327, 316–326. doi: 10.1016/j.foreco.2013.12.003

Monk, C. D., Imm, D. W., and Potter, R. L. (1990). Oak forests of eastern North America. Castanea 92, 77–96.

Nolan, R. H., Rahmani, S., Samson, S. A., Simpson-Southward, H. M., Boer, M. M., and Bradstock, R. A. (2020). Bark attributes determine variation in fire resistance in resprouting tree species. For. Ecol. Manag. 474:118385. doi: 10.1016/j.foreco.2020.118385

Nowacki, G. J., and Abrams, M. D. (2008). The demise of fire and “mesophication” of forests in the eastern United States. BioScience 58, 123–138. doi: 10.1641/b580207

O’Brien, J. J., Hiers, J. K., Varner, J. M., Hoffman, C. M., Dickinson, M. B., Michaletz, S. T., et al. (2018). Advances in mechanistic approaches to quantifying biophysical fire effects. Curr. For. Rep. 4, 161–177. doi: 10.1007/s40725-018-0082-7

Odhiambo, B., Meincken, M., and Seifert, T. (2014). The protective role of bark against fire damage: a comparative study on selected introduced and indigenous tree species in the Western Cape, South Africa. Trees 28, 555–565. doi: 10.1007/s00468-013-0971-0

Pausas, J. G. (2015). Bark thickness and fire regime. Funct. Ecol. 29, 315–327. doi: 10.1111/1365-2435.12372

Pausas, J. G. (2017). Bark thickness and fire regime: another twist. New Phytol. 213, 13–15. doi: 10.1111/nph.14277

Pinard, M. A., and Huffman, J. (1997). Fire resistance and bark properties of trees in a seasonally dry forest in eastern Bolivia. J. Trop. Ecol. 13, 727–740. doi: 10.1017/s0266467400010890

R Core Team (2019). R: A Language and Environment for Statistical Computing. Vienna: R Foundation for Statistical Computing.

Robertson, K. M., Hermann, S. M., and Staller, E. L. (2021). Frequent prescribed fire sustains old field loblolly pine–shortleaf pine woodland communities: results of a 53-year study. J. For. fvab035.

Romero, C., and Bolker, B. M. (2008). Effects of stem anatomical and structural traits on responses to stem damage: an experimental study in the Bolivian Amazon. Canad. J. For. Res. 38, 611–618. doi: 10.1139/x07-205

Romero, C., Bolker, B. M., and Edwards, C. E. (2009). Stem responses to damage: the evolutionary ecology of Quercus species in contrasting fire regimes. New Phytol. 182, 261–271. doi: 10.1111/j.1469-8137.2008.02733.x

Rosell, J. A. (2016). Bark thickness across the angiosperms: more than just fire. New Phytol. 211, 90–102. doi: 10.1111/nph.13889

Rosell, J. A. (2019). Bark in woody plants: understanding the diversity of a multifunctional structure. Integrat. Compar. Biol. 59, 535–547. doi: 10.1093/icb/icz057

Rosell, J. A., and Olson, M. E. (2014). The evolution of bark mechanics and storage across habitats in a clade of tropical trees. Am. J. Bot. 101, 764–777. doi: 10.3732/ajb.1400109

Rosell, J. A., Gleason, S., Méndez-Alonzo, R., Chang, Y., and Westoby, M. (2014). Bark functional ecology: evidence for tradeoffs, functional coordination, and environment producing bark diversity. New Phytol. 201, 486–497. doi: 10.1111/nph.12541

Schafer, J. L., Breslow, B. P., Hohmann, M. G., and Hoffmann, W. A. (2015). Relative bark thickness is correlated with tree species distributions along a fire frequency gradient. Fire Ecol. 11, 74–87. doi: 10.4996/fireecology.1101074

Schneider, C. A., Rasband, W. S., and Eliceiri, K. W. (2012). NIH Image to ImageJ: 25 years of image analysis. Nat. Methods 9, 671–675. doi: 10.1038/nmeth.2089

Shearman, T. M., Wang, G. G., Ma, P. T., and Guan, S. (2018). Patterns of bark growth for juvenile trees of six common hardwood species in the eastern United States and the implications to fire-tolerance. Trees 32, 519–524. doi: 10.1007/s00468-017-1649-9

Smith, H. C. (1990). Carya tomentosa (Poir.) Nutt. (Mockernut hickory). Hardwoods Tech. Cords. 2:654.

Smith, K. T., and Sutherland, E. K. (1999). Fire-scar formation and compartmentalization in oak. Canad. J. For. Res. 29, 166–171. doi: 10.1139/x98-194

Spalt, K. W., and Reifsnyder, W. E. (1962). Bark Characteristics and Fire Resistance: A Literature Survey (Occasional Paper 193). New Orleans, LA: USDA Forest Service, Southern Forest Experimental Station.

Stewart, J. F., Will, R. E., Robertson, K. M., and Nelson, C. D. (2015). Frequent fire protects shortleaf pine (Pinus echinata) from introgression by loblolly pine (P. taeda). Conserv. Genet. 16, 491–495. doi: 10.1007/s10592-014-0669-x

Surrette, S. B., Aquilani, S. M., and Brewer, J. S. (2008). Current and historical composition and size structure of upland forests across a soil gradient in north Mississippi. South. Natur. 7, 27–48. doi: 10.1656/1528-7092(2008)7[27:cahcas]2.0.co;2

van Mantgem, P., and Schwartz, M. (2003). Bark heat resistance of small trees in Californian mixed conifer forests: testing some model assumptions. For. Ecol. Manag. 178, 341–352. doi: 10.1016/s0378-1127(02)00554-6

Varner, J. M., Kane, J. M., Hiers, J. K., Kreye, J. K., and Veldman, J. W. (2016). Suites of fire-adapted traits of oaks in the southeastern USA: multiple strategies for persistence. Fire Ecol. 12, 48–64. doi: 10.4996/fireecology.1202048

Vines, R. G. (1968). Heat transfer through bark, and the resistance of trees to fire. Austr. J. Bot. 16, 499–514. doi: 10.1071/bt9680499

Williams, R. A. (1998). “Effects of fire on shortleaf and loblolly pine reproduction and its potential use in shortleaf/oak/hickory ecosystem restoration,” in Proceedings of the 9th Biennial Southern Silviculture Research Conference. General Technical. Report. SRS-20. USDA Forest Service, Southern Research Station, Asheville, NC, 321–325.

Zeibig-Kichas, N. E., Ardis, C. W., Berrill, J. P., and King, J. P. (2016). Bark thickness equations for mixed-conifer forest type in Klamath and Sierra Nevada Mountains of California. Int. J. For. Res. 2016, 1–10. doi: 10.1155/2016/1864039


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 © 2021 Shearman and Varner. 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/xhtml/Nav.xhtml




Contents





		Cover



		Variation in Bark Allocation and Rugosity Across Seven Co-occurring Southeastern US Tree Species



		INTRODUCTION



		MATERIALS AND METHODS



		Bark Allocation



		Bark Rugosity







		RESULTS



		DISCUSSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/cover.jpg






OPS/images/logo.jpg
, frontiers
in Forests and Global Change





OPS/images/ffgc-04-731020-g001.jpg
<
&
L4

? 1 & v -
WA v, 7y P/
Al‘i‘:‘;«’iff:@f//;'

<« 87 /7
A y (j






OPS/images/ffgc-04-731020-g002.jpg





OPS/images/ffgc-04-731020-e000.jpg





OPS/images/ffgc-04-731020-g005.jpg
Outer Bark Thickness (cm)

0.8 ;

0.6 ;

i~
~

O
N

0.0 ;

ab

abc

b
bc ‘C

T T T L Ll ;
=
X [ \ i3 wa
o U :

*

Y . , ¢ :
3 1t/

3 1O~ 7

L 4

QUMA PITA PIEC QUFA NYSY PRSE CATO






OPS/images/cross.jpg
3,

i





OPS/images/ffgc-04-731020-g006.jpg
Rugosity

0.15.

0.10.

0.05.

0.00 .

ab

abc

| abc

abc

QUMA QUFA PIEC PITA NYSY CATO PRSE





OPS/images/ffgc-04-731020-e001.jpg
A

ny(mht)





OPS/images/ffgc-04-731020-g003.jpg
Basal Diameter (cm)

7.5

5.0 ;

2.5

QUMA

QUFA






OPS/images/ffgc-04-731020-g004.jpg
Age of basal cross-section (years)

20 ;

PITA NYSY CATO PIEC PRSE QUFA

QUMA






OPS/images/ffgc-04-731020-t001.jpg
Species

Measurement CATO NYSY PIEC PITA PRSE QUFA QUMA

Diameter (cm) Max 8.6 RF 84 9.6 8.9 9.4 6.6
Min 1.6 1.6 1.6 1.5 1.5 1.5 1.0
Mean 3.9 4.6 40 50 4.3 3.7 3.8
OBT (cm) Max 019 029 070 0.77 047 0.54 0.51
Min  0.01 0.01 007 010 0.01 0.01 0.01
Mean 0.07 0.17 030 037 0.06 0.27 0.34
IBT (cm) Max 044 033 0.07 008 021 041 0.34
Min 013 005 0.03 0.08 0.05 0.08 0.08
Mean 0.28 0.17 0.05 0.06 0.12 0.24 0.26
= Max 0.07 011 011 0.09 0.04 0.13 0.17
Min  0.01 0.02 0.02 001 0.00 0.01 0.02
Mean 0.03 0.06 0.06 0.06 0.02 0.07 0.10
Basal Age (year) Max 23 22 20 21 24 23 13
Min 2 2 2 2 3 2 2
Mean 6.6 9.2 8 10.7 84 6.3 5.8
HTGR (cm/year) Max 110 120 70 100 168 115 85
Min 243 167 255 237 252 278 32.5
Mean 649 50.1 461 515 86.1 607 58.1
OBT and IBT, Inner and outer bark thickness, respectively; By, Bark rugosity
(dimensionless); HTGR, height growth; Species codes are as follows: CATO, Carya

tomentosa; NYSY, Nyssa sylvatica; PIEC, Pinus echinata; PITA, Pinus taeda; PRSE,
Prunus serotina; QUFA, Quercus falcata; QUMA, Quercus marilandica.
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Contrast Estimate SE df t.Ratio p-value

CATO - NYSY —0.09916 0.067 64 —1.48 0.7562
CATO - PIEC —0.23424 0.067 64 —3.497 0.0143
CATO - PITA —0.30141 0.067 64 —-45 0.0006
CATO - PRSE 0.00577 0.067 64 0.086 1
CATO - QUFA —0.19773 0.0654 64 —3.022 0.053
CATO - QUMA —0.26907 0.067 64 —4.017 0.0029
NYSY - PIEC —0.13507 0.067 64 —2.017 0.4146
NYSY - PITA —0.20225 0.067 64 —3.02 0.0532
NYSY - PRSE 0.10493 0.067 64 1.567 0.7036
NYSY - QUFA —0.09857 0.0654 64 —1.506 0.7401
NYSY - QUMA —0.16991 0.067 64 —2.637 0.1638
PIEC - PITA —0.06717 0.067 64 —1.003 0.9515
PIEC - PRSE 0.24001 0.067 64 3.583 0.0111
PIEC — QUFA 0.03651 0.0654 64 0.558 0.9977
PIEC — QUMA —0.03483 0.067 64 —0.52 0.9985
PITA - PRSE 0.30718 0.067 64 4.586 0.0004
PITA - QUFA 0.10368 0.0654 64 1.584 0.6926
PITA - QUMA 0.03234 0.067 64 0.483 0.999
PRSE - QUFA —0.2035 0.0654 64 -3.11 0.0421
PRSE - QUMA —0.27484 0.067 64 —-4.103 0.0022
QUFA - QUMA —0.07134 0.0654 64 —1.09 0.9288

Significant pair-wise comparisons are indicated in bold. Species codes are as
follows: CATO, Carya tomentosa;, NYSY, Nyssa Sylvatica, PIEC, Pinus echinata;
PITA, Pinus taeda; PRSE, Prunus serotina; QUFA, Quercus falcata;, QUMA,
Quercus marilandica.
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Contrast Estimate SE df t.Ratio p-value

CATO - NYSY —0.02948 0.0146 64 —2.022 0.4114
CATO - PIEC —0.03262 0.0146 64 —2.238 0.2906
CATO - PITA —0.03151 0.0146 64 =2.161 0.3308
CATO - PRSE 0.01028 0.0146 64 0.705 0.9918
CATO - QUFA —0.03719 0.0142 64 —2.611 0.14
CATO - QUMA —0.0735 0.0146 64 —5.041 0.0001
NYSY - PIEC —0.00314 0.0146 64 —-0.216 1
NYSY - PITA —0.00203 0.0146 64 —-0.139 1
NYSY - PRSE 0.03976 0.0146 64 2.727 0.108
NYSY - QUFA —0.00771 0.0142 64 —0.541 0.9981
NYSY - QUMA —0.04402 0.0146 64 -3.019 0.0533
PIEC - PITA 0.00111 0.0146 64 0.076 1
PIEC - PRSE 0.0429 0.0146 64 2.943 0.0646
PIEC - QUFA —0.00456 0.0142 64 -0.32 0.8989
PIEC - QUMA —0.04087 0.0146 64 —2.804 0.0905
PITA - PRSE 0.04179 0.0146 64 2.867 0.0779
PITA - QUFA —0.00568 0.0142 64 —0.398 0.9997
PITA - QUMA —0.04199 0.0146 64 —2.88 0.0754
PRSE - QUFA —0.04747 0.0142 64 -3.332 0.023
PRSE - QUMA —0.08378 0.0146 64 —5.746 <0.0001
QUFA - QUMA —0.03631 0.0142 64 —2.549 0.1596

Significant pair-wise comparisons are indicated in bold. Species codes are as
follows: CATO, Carya tomentosa;, NYSY, Nyssa Sylvatica, PIEC, Pinus echinata;
PITA, Pinus taeda; PRSE, Prunus serotina; QUFA, Quercus falcata;, QUMA,
Quercus marilandica.
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Coefficients

Species Best Model Intercept log (wood) log (HTGR) MHT ’m P
CATO Outer Bark log(ob)~log(wood) + log(HTGR) + (1| Treenum) —1.01 1.37 —0.60 0.93 0.94
NYSY log(ob)~log(wood) + log(HTGR) + (1| Treenum) 0.27 1.36 —0.80 0.93 0.95
PIEC log(ob)~log(wood) + MHT + (1] Treenum) —1.36 1.23 —0.53 0.83 0.96
PITA log(ob)~log(wood) + log(HTGR) + MHT + (1] Treenum) —0.25 117 —0.29 —0.46 0.96 0.96
PRSE log(ob)~log(wood) + log(HTGR) + MHT + (1] Treenum) 0.39 0.86 —-0.71 —-0.71 0.88 0.89
QUFA log(ob)~log(wood) + MHT + (1] Treenum) —1.47 1.42 —0.98 0.87 0.9
QUMA log(ob)~log(wood) + MHT + (1] Treenum) —1.02 1.39 —0.37 0.86 0.97
CATO Inner Bark log(ib)~log(wood) + MHT + (1| Treenum) —0.88 1.02 —-0.22 0.96 0.99
NYSY log(ib)~log(wood) + (1| Treenum) —-1.70 0.97 0.98 0.99
PIEC log(ib)~log(wood) + (1] Treenum) —2.01 0.62 0.94 0.97
PITA log(ib)~log(wood) + (1| Treenum) —2.33 0.76 0.93 0.97
PRSE log(ib)~log(wood) + (1] Treenum) —-1.97 0.97 0.97 0.98
QUFA log(ib)~log(wood) + MHT + (1| Treenum) —0.90 0.95 —0.23 0.96 0.97
QUMA log(ib)~log(wood) + MHT + (1| Treenum) —-0.75 0.95 —-0.15 0.97 0.99

Models were fit using maximum likelihood. Comparisons between nested model structures was made using AlCc. All fixed effects were significant at P < 0.05. Species
codes are as follows: CATO, Carya tomentosa; NYSY, Nyssa sylvatica; PIEC, Pinus echinata; PITA, Pinus taeda; PRSE, Prunus serotina; QUFA, Quercus falcata; QUMA,
Quercus marilandica. All models include a unique tree number (Treenum) as a random effect term. Fixed effects include wood cross-sectional area (wood), average height
growth (HTGR), and measure height (MHT). Pseudo-r? values measure the amount of variance explained by the fixed effects (2m) and combined fixed, and random
effects ().
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Coefficients

Species Best Model Intercept OBT r3, r2

CATO By~ OBT+ (1] Treenum) 001 016 067 068
NYSY B~ OBT+ (1] Treenum) 001 023 074 077
PIEC B/~ OBT+ (1] Treenum) 002 012 061 066
PITA B/~ OBT+ (1] Treenum) 002 011 076 079
PRSE B~ OBT+ (1] Treenum) 001 016 03 041
QUFA By~ OBT+ (1] Treenum) 001 020 086 087

( )

QUMA B~ OBT+ 0.01 028 0.86 0091

Models were fit using maximum likelihood. Species codes are as follows: CATO,
Carya tomentosa; NYSY, Nyssa sylvatica; PIEC, Pinus echinata; PITA, Pinus taeda;
PRSE, Prunus serotina; QUFA, Quercus falcata; QUMA, Quercus marilandica. All
models include a unique tree number (Treenum) as a random effect term and outer
bark thickness (OBT) as a fixed effect. Pseudo-r? values measure the amount of
variance explained by the fixed effects (m) and combined fixed, and random
effects (2,).
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Contrast Estimate SE df t.Ratio p-value
CATO-NYSY —0.00861 0.00502 80.2 —-1.715 0.608

CATO-PIEC 0.00293 0.00508 82.4 0.576 0.9973
CATO-PITA 0.00926 0.0052 87.6 1.779 0.5659
CATO-PRSE —0.00443 0.00509 82.3 —0.87 0.976

CATO-QUFA —0.00714 0.00494 81.2 —1.445 0.7756
CATO-QUMA —0.02198 0.0052 88.6 —4.225 0.0011
NYSY-PIEC 0.01154 0.00497 76.8 2.324 0.2462
NYSY-PITA 0.01787 0.00507 81.6 3.526 0.0119
NYSY-PRSE 0.00419 0.00507 81.1 0.826 0.9816
NYSY-QUFA 0.00148 0.00486 77.2 0.304 0.9999
NYSY-QUMA —0.01337 0.00508 82.9 —2.633 0.1296
PIEC-PITA 0.00633 0.00494 74.5 1.282 0.8579
PIEC-PRSE —0.00735 0.00515 84.2 —1.428 0.7851
PIEC-QUFA —0.01006 0.00483 74.8 —2.083 0.3736
PIEC-QUMA —0.02491 0.00497 76.4 -5.016 0.0001
PITA-PRSE —0.01368 0.00528 89.5 —2.593 0.1405
PITA-QUFA —0.01639 0.00492 79.3 -3.329 0.0216
PITA-QUMA —0.03124 0.00502 79.9 —-6.224 <0.0001
PRSE-QUFA —0.00271 0.005 82.5 —0.543 0.9981
PRSE-QUMA —0.01755 0.00527 90.4 -3.331 0.0207
QUFA-QUMA —0.01484 0.00494 80.9 —3.005 0.0526

Model was fit using maximum likelihood. By, Bark rugosity;, Model includes a
unique tree number (Treenum) as a random effect term. Fixed effects include
outer bark thickness (OBT) and species. Fixed effects for the model were signif-
icant at P < 0.05. Significant pair-wise comparisons are indicated in bold. Species
codes are as follows: CATO, Carya tomentosa; NYSY, Nyssa sylvatica;, PIEC,
Pinus echinata; PITA, Pinus taeda;, PRSE, Prunus serotina; QUFA, Quercus falcata;
QUMA. Quercus marilandica.





