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Abstract 13 

New wood uses of Japanese white birch (Betula platyphylla var. japonica) have attracted 14 

much attention in recent years, but false heartwood has led to a decline in commercial value 15 

due to its irregular wood color. In this study, we assessed the occurrence of false heartwood 16 

and its proportion to stem cross-sectional area (PFH) in individual Japanese white birch (482 17 

trees) in a ca. 70-year-old natural secondary forest. Specifically, we investigated the relative 18 

strength of the direct/indirect effects of individual size (BA), growth rate (GR), crown ratio 19 

(CR), number of branch scars (NBS), basal area sum of neighboring trees (BAS) and 20 

topographic wetness index (TWI) on PFH. In total, 80.3% of trees had false heartwood. CR 21 

was found to be the most important factor, acting through direct and indirect negative effects. 22 

BA and NBS had a positive effect, and TWI had a negative effect on PFH. BA had a positive 23 

correlation with tree age, indicating that PFH can be reduced in trees with faster growth. 24 

Simultaneously, BAS had an indirect positive effect on PFH. These results suggested that 25 

thinning, which reduces BAS and increases CR, can reduce false heartwood. 26 

 27 

 28 
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Introduction 32 

False heartwood (also called red heartwood) is defined as the central part of wood, with a 33 

different nuance of color than surrounding normal wood, in tree species that normally do not 34 

have any heartwood (Venet, 1986; Hörnfeldt et al., 2010). The conditions for its occurrence 35 

and formation process have been studied in beech (Fagus), maple (Acer), and birch (Betula) 36 

species (Campbell and Davidson, 1941; Shigo, 1984; Hallaksela and Niemistö, 1998; 37 

Wernsdörfer et al., 2005; Giroud et al., 2008; Havreljuk et al., 2013). The first step in the 38 

formation process is the penetration of oxygen and microorganisms into the wood from 39 

damaged areas of the stem, such as fallen branches (Trendelenburg, 1939; Shigo, 1986; 40 

Kohler, 2006; Belleville et al., 2011). In subsequent stages, especially when tree vigor is 41 

weak, under dry conditions (Shigo, 1986; Kohler, 2006), the oxidation of phenolic substances 42 

(Koch, 2004; Hofmann et al., 2022) and enzymes released by fungi (Trendelenburg, 1939; 43 

Pape, 2002) may expand discoloration in the stem.  44 

    In general, the commercial value of wood containing false heartwood is 45 

significantly reduced since irregular coloring is not attractive to many consumers. Therefore, 46 

previous studies have attempted to predict the presence or absence of false heartwood and its 47 
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proportion to stem cross-sectional area based on tree appearance characteristics (Knoke and 48 

Wenderoth, 2001; Račko and Čunderlík, 2002, 2010; Wernsdörfer et al., 2005; Belleville et 49 

al., 2011; Baral et al., 2013). Several studies have stated that the development of false 50 

heartwood is related to age, suggesting that it may be possible to produce wood with less 51 

false heartwood by accelerating growth to shorten the time to harvest (Hallaksela and 52 

Niemistö, 1998, Knoke, 2003; Giroud et al., 2008; Drouin et al., 2009; Baral et al., 2013). 53 

Kohler (2006), on the other hand, emphasized that a combination of factors leads to the 54 

formation of false heartwood and that the most important factor influencing its formation is 55 

the growth environment of the stand, including stand density. Furthermore, Giroud et al. 56 

(2021) demonstrated the importance of topography and moisture conditions; dryness 57 

conditions contributed to increasing the proportion of false heartwood in white birch (Betula 58 

papyrifera Marsh.). However, although one study examined multiple factors in an integrated 59 

manner (Belleville et al., 2011), the relative importance of each factor is not clear. 60 

Furthermore, the decline in commercial value is also due to the difficulty in distinguishing 61 

between false heartwood and decayed wood (Kohler, 2006). False heartwood without decay 62 

has been reported to have higher moisture content and more abundant fungi than normal 63 
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wood (Campbell and Davidson, 1941), but the difference in the mechanical properties 64 

(strength and hardness) was unclear. Nevertheless, false heartwood and decay are thought to 65 

be related (Trendelenburg, 1939; Campbell and Davidson, 1941; Siegle, 1967; Shigo and 66 

Hillis, 1973; Basham, 1991; Arač et al., 2021). Stem damage, which is considered to be the 67 

starting point of false heartwood formation can also be an entry point for heart rot fungi 68 

(Trendelenburg, 1939).  69 

Japanese white birch (Betula platyphylla Sukaczev var. japonica (Miq.) H. Hara) 70 

trees grow quickly with a potential life span of approximately 100 years (Osumi, 2005), and 71 

their high reliability of natural regeneration (Aoyama et al., 2009; Yamazaki and Yoshida, 72 

2018) makes planning for sustainable wood use easy. The wood of this species has been used 73 

only for low-quality applications, such as pulpwood, but the development of processing 74 

technology has made it possible to efficiently use logs even with small diameters for high 75 

value-added items, such as furniture and interior materials (Shimase, 2021). To promote the 76 

use of Japanese white birch for a wider variety of applications, it is necessary to understand 77 

the basic characteristics of false heartwood, such as its frequency of occurrence, requirement 78 

for formation, and relationship to decay incidence. This study aims to verify the following 79 
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hypotheses about the proportion of false heartwood (PFH), and its relationship with decay, in 80 

individual Japanese white birch grown in a relatively old (approximately 70 years old) 81 

secondary stand; higher PFH is associated with (1) a lower crown ratio, (2) a greater number 82 

of branch scars, (3) a greater individual tree basal area, (4) a lower growth rate, (5) lower 83 

topical moisture conditions (wetness) surrounding the tree, and (6) occurrence of decay. 84 

This study also addresses the vertical distribution of false heartwood within the tree 85 

stem. Several studies have shown that the size of false heartwood varies with vertical tree 86 

stem position (Hallaksela and Niinistö, 1998; Wernsdörfer et al., 2006; Giroud et al., 2008; 87 

Baral et al., 2013) and that false heartwood is mostly located under the lowest live branch 88 

(Basham, 1991; Belleville et al., 2011; Giroud et al., 2008). According to Wernsdörfer et al. 89 

(2006), there are three stages of false heartwood development, which are thought to proceed 90 

in the following order: false heartwood initiation, a transition stage in which false heartwood 91 

develops especially at the middle stem height, thus showing a vertically spindle shape, and a 92 

late stage in which false heartwood becomes vertically conical along the stem. Therefore, the 93 

following hypotheses are also tested in this study; false heartwood (7) occurred only under 94 

the lowest live branch, and (8) shows a vertically conical shape, considering that the age of 95 
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the study stand is close to the maturity. 96 

 97 

Materials and methods 98 

 99 

Study site and sampling 100 

Field surveys were conducted in the Uryu Experimental Forest, Field Science Center for 101 

Northern Biosphere, Hokkaido University, Japan (44°22′ N, 142°12′ E, 280 m above sea 102 

level). The mean annual temperature and precipitation in the forest are 6.0 ℃ and 1,500 mm, 103 

respectively, according to the Japan Meteorological Agency 104 

(https://www.jma.go.jp/jma/index.html). The maximum snow depth reaches more than 200 105 

cm. The dominant vegetation is natural mixed forest consisting of cool temperate hardwood 106 

and subboreal conifer species. In addition, there are natural secondary forests dominated by 107 

Betula spp. 108 

From January to April 2020 and 2021, experimental cutting was conducted in a ca. 109 

70-year-old natural secondary forest, which was located on the upper slope (prone to dryness) 110 

from the lower slope. This forest was crowded in terms of tree density (546 stems･ha−1), as it 111 
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was established without human interference (such as thinning) after field burning in 112 

approximately 1950. Three clear-cut plots (two plots of 1.09 and 0.99 ha cut in 2020, one plot 113 

of 1.09 ha cut in 2021) were set as the study area. B. platyphylla overwhelmingly dominated 114 

the study area (69% in volume, 69% in basal area, 65% in stem density), with Quercus 115 

crispula Blume, Betula ermanii Cham, Abies sachalinensis (F. Schmidt.) Mast., as occasional 116 

associates (Table 1). The understory was densely covered with Sasa senanensis (Franch. et 117 

Sav.) Rehder. 118 

 119 

Methods 120 

Tree measurements were conducted one year before each cutting (April 2019 and 2020). All 121 

living trees with a diameter at breast height (DBH; 1.3 m above ground) greater than 12 cm 122 

were numbered with tags for individual identification. Their DBH was measured in 2 cm 123 

intervals with a caliper, and location (x-y coordinates) was recorded by GPS (Mobile Mapper 124 

100, Ashtech). In addition, photographs of each standing tree were taken (Camera; D 750, 125 

Nikon Co., Lens; AF-S NIKKOR 18-35 mm f/3.5-4.5 G ED, Nikon Co.) at the time of 126 

complete defoliation (December-February) from two points facing each other at 127 
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approximately more than 10 m away from the stem so that the breast height to the crown top 128 

was captured with small lens distortion.  129 

The trees were felled with a chainsaw at an average height of 0.67 (s.d. 0.16) m 130 

above the ground. After transporting the log to the stock yard using a heavy machine while 131 

retaining the individual identification number, disks with 5 cm thickness were collected from 132 

the butt end of the log (951 disks). The existence of decay on the butt end of the log (cross 133 

section) was also recorded mainly by visual inspection. If it was difficult to judge by visual 134 

inspection alone, it was determined to be decaying when the material easily crumbled by 135 

scratching with a tool.  136 

The disks were brought back to the lab and the cross sections were photographed 137 

along with a scale (Camera; D 750, Nikon Co., Lens; AF-S NIKKOR 18-35 mm f/3.5-4.5 G 138 

ED, Nikon Co.). The periphery of the surface area (excluding the bark) and false heartwood 139 

were manually delineated in ImageJ (Schneider et al., 2012), and the respective areas were 140 

measured. Here, false heartwood is defined as “wood with a different nuance of color from 141 

surrounding wood” (Venet, 1986), and the proportion of false heartwood (PFH) was 142 

calculated as the proportion to the disk surface area. The ring widths for the last 10 years 143 
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were also measured from the cambium to one direction (which represents average growth), 144 

and the cross-sectional area growth rate (for the last 10 years) was calculated based on the 145 

ratio of distance (radius) to the pith (GR). In addition, we randomly selected 100 disk 146 

photographs and counted the number of these annual rings. The possibility of counting false 147 

annual rings was minimized by enlarging the image data.  148 

The photographs of individual standing trees taken during the complete defoliation 149 

season (see above) enabled us to record tree form and stem characteristics. First, the crown 150 

ratio (CR; the ratio of crown length to tree height) was recorded. In this study, the ratio of 151 

crown length to tree height was read directly on standing tree photographs at a resolution of 152 

10%. Here, the crown refers to the area where the live branches are continuous up to the 153 

shoot ends from the lowest live branch. Next, branch scars (Figure 1) located from breast 154 

height to the bottom of the lowest living branch were counted by using the two images taken 155 

from opposite positions; those with a width greater than 1/3 of the stem diameter at the height 156 

were targeted. The number of branch scars (NBS) was measured with accuracy by enlarging 157 

the photographs and paying attention to the position and characteristics of individual branch 158 

scars to avoid omissions and duplicates in the count. In these steps, the trees (469/951 159 
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individuals) that were difficult to discriminate due to overlapping stems or branches of other 160 

trees were excluded from the analysis. 161 

As an indicator of local tree crowding, we calculated the total basal area of living 162 

trees with a diameter at breast height (DBH) of 12 cm or more within a 5-meter radius from 163 

the study tree (i.e., amounts of neighboring trees; BAS). This radius corresponds to the 164 

maximum crown radius of trees in the study site. We used GIS software (QGIS: QGIS 165 

Development Team, 2021) and the location information (x-y coordinates) of trees for the 166 

calculation. Then, a numerical topographic map was overlaid on the GIS (QGIS), and the 167 

slope inclination was calculated at 400 m2 resolution to obtain the topographic wetness index, 168 

which is a relative indicator of the topical wettability of all individuals (TWI: Beven and 169 

Kirkby, 1979).  170 

In addition, 32 randomly selected birch trees (DBH = 23.8 (s.d. 2.0) cm) in the 171 

study area were felled to investigate the vertical distribution of false heartwood. Their stump 172 

height, whole tree height and lowest live branch height (defined as the branching height of the 173 

lowest foliage layer forming a contiguous living canopy) were measured. Subsequently, disks of 5 174 

cm thickness were collected from these trees at the stump height, 1 m, 1.3 m, 2 m, and then 175 
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every 1 m to the treetop. All disks were brought back to the lab, and PFH was measured on 176 

each disk photograph as described above. The false heartwood volume of the entire tree was 177 

then calculated as follows: 178 

[1] 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 = �𝐹𝐹𝐹𝐹𝐹𝐹+𝐹𝐹𝐹𝐹𝐹𝐹
2

� × log 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙ℎ 179 

[2] 𝐹𝐹𝐹𝐹𝐹𝐹 =  ∑ 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑛𝑛  180 

where FHVlog is the false heartwood volume per log (m3), FHV is the false heartwood 181 

volume of the entire tree (m3), FHT is the surface area of false heartwood for the top end 182 

(m2), and FHB is the surface area of false heartwood for the butt end (m2) (Giroud et al. 183 

2008). FHV was converted to PFHV, which is the proportion of false heartwood volume to 184 

entire stem volume. 185 

 186 

Analysis 187 

We performed structural equation modeling (SEM) to determine the strength of the direct and 188 

indirect effects of each factor on the proportion of false heartwood (PFH). A hypothetical 189 

model (Figure 2) was developed that accounted for previous studies. Based on the mechanism 190 

of false heartwood formation, we hypothesized that basal area (BA) and number of branch 191 
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scars (NBS) would have a positive direct effect. Similarly, we hypothesized that the growth 192 

rate (GR), crown ratio (CR), and TWI had a negative direct effect on PFH. For indirect 193 

effects, the paths were assumed to indicate that BA affects PFH indirectly by affecting GR, 194 

CR, and NBS. Since CR could affect NBS and GR, TWI could affect PFH via GR, and 195 

indirect paths from these two variables were also assumed. Regarding the amounts of 196 

neighboring trees (BAS), only indirect paths through BA, NBS, CR, and GR were assumed. 197 

SEM analyzes the relationship between hypothesized variables in the form of a linear 198 

combination (Lam and Maguire, 2012). Hence, we examined the bivariate relationships using 199 

simple linear regression analysis according to the hypothesis in Figure 2, and the assumption 200 

of linearities was satisfied for the variables between which we assumed a causal relationship. 201 

Normality for each variable was confirmed at P > 0.05 based on the Shapiro‒Wilk test 202 

(Razali and Wah, 2011). For all unstandardized path coefficients, the significance level was 203 

set at a risk rate of less than 5%. However, SEM is a statistical method used to test a 204 

theoretical hypothesis. Therefore, nonsignificant paths were retained in the model if prior 205 

studies showed a significant relationship or if they were conceivable theoretically valid 206 

(Laughlin and Fulé, 2008; Lam and Maguire, 2012). 207 
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The model fit was evaluated by the goodness-of-fit index (GFI), adjusted goodness-208 

of-fit index (AGFI), comparative fit index (CFI) and root mean square error of approximation 209 

(RMSEA). The values of GFI, AGFI and CFI range between 0 and 1, and the better the model 210 

is, the closer the value is to 1. RMSEA values between 0.05 and 0.08 indicate an adequate fit. 211 

The SEM was analyzed using the “lavaan” (Rossel, 2012) package in R version 4.1.3 (R 212 

Development Core Team, 2022). 213 

The relationship between false heartwood and decay was tested using the chi-214 

square test for differences in the proportion of false heartwood occurrence in all study trees 215 

and trees with decay. In addition, to determine if there were differences in the proportion of 216 

decay depending on PFH, all trees were classified into the following PFH classes: PFH = 0, 217 

1-10, 11-20, or PFH ≥ 21%. Then, a chi-square test was performed, and an adjustment for 218 

multiple comparisons was made using Tukey’s method when overall differences were found.  219 

This study also investigated the vertical distribution of false heartwood (i.e., shape 220 

and relationship with the lowest live branch height) in individual trees. The relationship of 221 

the proportion of false heartwood volume to entire tree stem volume (PFHV) with PFH at 222 

relatively low tree height positions (stump, 1 m, 1.3 m, 2 m, and 3 m) was analyzed using 223 
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Pearson's correlation coefficient.  224 

 225 

Results 226 

Among the 482 investigated trees in this study, false heartwood was found in 387 trees 227 

(80.3%). The proportion of individuals with PFH ≥ 11% reached 45.9% (Figure 3). The 228 

average PFH was 16.4 (s.d. 14.0) %, with a maximum of 63.6% (Table 2). The number of 229 

annual rings varied greatly (average 67.9 (s.d. 8.5) with a range of 43 to 88 years) among 230 

individuals and showed a positive correlation (r = 0.65, P < 0.01, Figure 4) with BA based on 231 

the measurement of the randomly100 disk photographs. 232 

In the SEM analysis, the path from TWI to GR was not significant, and the model 233 

without this path was adopted as the final model. The values of the model fit metrics were 234 

0.98, 0.94, 0.94 and 0.07 for GFI, AGFI, CFI and RMSEA, respectively; they generally 235 

indicated statistically acceptable solutions. The model explained approximately 17% of the 236 

variance in the PFH (R2 = 0.17, Figure 5) when all estimated direct and indirect effects were 237 

considered. 238 

The most important among all direct effects on the PFH was the crown ratio (CR) 239 
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(standardized coefficient −0.32: P < 0.01, Table 3 and Figure 5). Furthermore, the direct 240 

effect of the number of branch scars (NBS) on PFH was significantly positive (0.13, P < 0.01, 241 

Table 3 and Figure 5). The indirect effect of CR on PFH via NBS was significantly negative 242 

(−0.04, P < 0.01, Figure 5). The total effect of CR was −0.36 (P < 0.01, Table 5 and Figure 243 

5). The effects of individual size (BA) and the amounts of neighboring trees (BAS) on CR 244 

and NBS were both significant (BAS to CR was negative).  245 

For the effect of BA on PFH, the direct effect was 0.19 (P < 0.01, Table 3 and 246 

Figure 5), and the indirect effect including all significant paths was −0.06 (P < 0.05, Table 4), 247 

with the direct effect exceeding the indirect effect. The total effect of BA was significantly 248 

positive (0.13, P < 0.01, Table 5). The effect of BAS on PFH was expressed as an indirect 249 

effect of paths through CR or NBS and through both factors, with the total effect being 250 

significantly positive (0.06, P < 0.01, Table 4). The direct effect of growth rate (GR) on PFH 251 

was not significant (−0.06, P = 0.17, Table 3 and Figure 5). The direct effect of TWI on PFH 252 

was significantly negative (−0.14, P < 0.01, Table 3 and Figure 5). 253 

The percentage of trees with decay was 12.0% (58/482 trees), and 87.9% (51 trees) 254 

of them had false heartwood. The percentage was not significantly different (P > 0.1) from 255 
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the percentage of false heartwood in all trees (80.3%). In contrast, the percentage of decay 256 

occurrence in each PFH class was significantly greater for PFH ≥ 21% than for PFH = 0% 257 

and 1-10% (P < 0.05, Figure 6). 258 

Regarding the vertical distribution, PFHV was 12.4 (s.d. 11.9) % on average (range 259 

0-41.3%). The highest frequency was observed in the 11-20% class (Figure 7). The PFHV 260 

was strongly correlated with the PFH at the lower tree heights, with correlation coefficients 261 

between 0.98 to 0.99 for each tree height (i.e., stump, 1, 1.3, 2 and 3 m height). The relative 262 

tree height at which the mean PFH reached its maximum was 9.7%, which corresponded to 263 

1.82 (s.d. 1.52) m in terms of actual height (Figure 8). The mean PFH above this height 264 

decreased gradually toward the lowest live branch, where false heartwood disappeared in 265 

almost all trees (31/32 trees), resulting in an overall vertical conical shape (Figure 8).  266 

 267 

Discussion 268 

In this study, we conducted an integrated analysis of the factors that cause false heartwood, 269 

which is considered a defect when using Japanese white birch wood for commercial 270 

purposes. Additionally, we were able to clarify the relative importance of the various causal 271 
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factors to PFH. 272 

SEM analysis revealed that CR was the most influential factor on PFH (Table 3 to 273 

5, and Figure 5). The direct effect of CR on PFH was negative, suggesting that trees with 274 

more developed crowns had smaller false heartwood. This result supported hypothesis 1 that 275 

PFH is negatively correlated with CR. It is generally believed that trees with higher CR have 276 

high vigor due to the presence of abundant canopy leaves (Waring et al., 1981). Previous 277 

studies have often assumed that the vigor of trees is important for false heartwood (Basham, 278 

1991; Kohler, 2006; Wernsdörfer et al., 2006; Giroud et al., 2008; Drouin et al., 2009). 279 

Individuals with high vigor were regarded as less likely to form false heartwood because they 280 

can quickly recover from external damage that triggers false heartwood (Baral et al., 2013). 281 

CR also had a negative indirect effect on PFH through NBS (Table 4 and Figure 5). NBS had 282 

a positive direct effect on PFH (Table 3; supporting hypothesis 2 that PFH is positively 283 

correlated with NBS), which may be due to increased oxygen penetration into the wood 284 

enhanced by more fallen branches (Solomon and Shigo, 1976; Belleville et al., 2011; 285 

Havreljuk et al., 2013). As a result, the total effect of CR was the strongest among all the 286 

variables.  287 
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The significant direct effect of BA on PFH supported hypothesis 3 that PFH is 288 

positively correlated with BA (Table 3 and Figure 2). This may be explained by the fact 289 

that large trees are reaching an age (> 70 years old; Figure 4) close to the life span of this 290 

species (c.a. 100 years; Osumi, 2005). In addition, the positive influence in the path BA 291 

→ NBS → PFH implied that larger-sized individuals (mostly older trees) tend to develop 292 

false heartwood as they experience more events, such as stem damage, that lead to false 293 

heartwood formation. The close relationship of PFH expansion with tree age was 294 

consistent in previous studies (Cambell and Davidson, 1941; Knoke, 2003; Giroud et al., 295 

2008; Belleville et al., 2011; Havreljuk et al., 2013), although they did not support the 296 

claim that it is solely determined by age. On the other hand, the indirect effects of BA 297 

through CR had a negative impact on PFH, reflecting the fact that trees with larger BA 298 

occupied canopy space earlier and maintained higher CR. Although the positive 299 

influence of BA → NBS → PFH was hidden by the negative influence of BA → CR → 300 

PFH (i.e., the indirect effect of BA was negative: Table 4), the presence of the direct 301 

effect (BA → PFH) overcomes it, resulting in a positive total effect (Table 5). 302 

In contrast, the effect of GR on PFH was negative but not significant, which did not 303 
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support hypothesis 4 that PFH was negatively correlated with GR (Table 3 and Figure 5). As 304 

expected, GR had a significant positive effect on CR. In contrast, the effect on GR from BA 305 

was negative, contrary to the expectation that trees with larger BA would exhibit higher 306 

growth rates. In a crowded even-aged stand, especially on a slope, similar to this study site, 307 

there is likely to be constant and intense belowground competition (Takahashi et al., 2003; 308 

Ohno, 2011), in which larger trees are known to occasionally show reduced growth affected 309 

by a lack of water resources. Because the growth rate fluctuated due to such size-dependent 310 

incidents, it may not be representative of the tree vigor at this study site. 311 

Most studies have reached a consensus that drying stress is one of the most 312 

important factors in the formation of false heartwood (Trendelenburg, 1939; Shigo, 1986; 313 

Kohler, 2006; Giroud et al., 2021). This study also found that the value of TWI, which 314 

indicates the topographic wetness of the site, had a significant negative effect on PFH, 315 

supporting hypothesis 5 (Table 3 and Figure 5). This result suggests that PFH was generally 316 

higher in trees growing on the upper slope, which tended to have a greater water deficit than 317 

those growing on the lower slope. The relative importance of the effect of the TWI follows 318 

that of the CR. 319 
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 320 

Relationship with decay 321 

Although decay can occur in all trees, a possible link between decay and false heartwood has 322 

widely been suggested (Trendelenburg, 1939; Campbell and Davidson, 1941; Siegle, 1967; 323 

Shigo and Hillis, 1973; Basham, 1991; Arač et al., 2021). The results of this study also 324 

indicated that the decay incidence was significantly higher in trees with larger PFH (PFH ≥ 325 

21%) than in individuals with no false heartwood (PFH = 0%) or with relatively small PFH 326 

(PFH = 1-10%). In contrast, there was no significant difference between the frequency of 327 

false heartwood in all study trees (80.3%) and in decayed trees (87.2%). These contrasting 328 

results make it difficult to answer hypothesis 6 that false heartwood is a direct cause of decay. 329 

According to Shigo and Hillis (1973), the formation of false heartwood progresses more 330 

rapidly than decay, and decay triggered by false heartwood is expected to occur with a time 331 

delay. Decay is considered to be formed by temporally and spatially complex processes that 332 

intricately involve wound conditions (position, frequency, and severity) (Wiedenbeck and 333 

Smith, 2019) and compartmentalization (Shigo and Hillis, 1973). Further investigations are 334 

needed to determine their causal relationship. 335 
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 336 

Vertical distribution of false heartwood     337 

On average, PFH within the entire tree stem reached a maximum at 9.7% relative tree height, 338 

close to the value (9%) reported for paper birch (Giroud et al., 2008). In most trees (31/32 339 

trees), false heartwood was no longer observed above the lowest live branch, suggesting that 340 

a crown strongly limits the vertical formation of false heartwood. This result supports 341 

hypothesis 7, consistent with many other studies (Basham, 1991; Wernsdörfer et al., 2006; 342 

Giroud et al., 2008; Belleville et al., 2011). Some studies conducted on several tree species 343 

have reported that false heartwood often exhibits a vertical spindle shape (in which the PFH 344 

is smaller at both relatively low and high tree height positions), and the shape changes with 345 

time (Hallaksela and Niemistö, 1998; Wernsdörfer et al., 2005; Giroud et al., 2008). In this 346 

study, the vertical false heartwood shape was conical on average (Figure 8), supporting 347 

hypothesis 8. The current study site, which was at the older stage (approximately 70 years 348 

old) for Japanese white birch, may already be in a more advanced stage of development of 349 

false heartwood (Wernsdörfer et al., 2006). In addition, PFHV was strongly correlated with 350 

PFH measured at relatively low tree height positions (height of stump, 1 m, 1.3 m, 2 m, and 3 351 
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m). In this type of old birch secondary stand, it may be possible to estimate the PFHV by 352 

observing the PFH at the lower height position, including the stump height. 353 

 354 

Implications for forest management 355 

In this study, false heartwood at stump height was found in 80.3% of 482 study trees (Table 356 

2). We supposed that this high occurrence of false heartwood would result from the condition 357 

of this study site, a crowded stand established after field burning without any subsequent 358 

human interference, in a drought-prone location. Many of the secondary birch stands in 359 

Hokkaido are often abandoned and dense, similar to this study site. Therefore, when using 360 

wood from these secondary stands, it is necessary to keep in mind the possibility of a high 361 

occurrence of false heartwood. 362 

BAS was negatively correlated with CR and positively correlated with NBS. This 363 

implied that reducing local crowding could lead to a more developed crown and fewer branch 364 

scars, both of which can reduce false heartwood. This strongly suggests that thinning, as a 365 

standard management for an even-aged stand, also contributes to the reduction of false 366 

heartwood; the silvicultural measure for growth promotion would be compatible with defect 367 
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control in birch forestry. When developing secondary birch forests, it will be possible to 368 

increase the proportion of high-value timber in the future by leaving trees with high CR at the 369 

time of thinning (Baral et al., 2013). Furthermore, when considering the development of 370 

young secondary birch stands, a previous study recommended intense thinning (90% of the 371 

number of trees in the stand) to enhance individual growth (Sano and Shibuya, 2015). This 372 

could also lead to a reduction in false heartwood by reducing individual crowding to 373 

continuously maintain a high CR, although this may also result in the development of live 374 

knots. In addition, the contribution of a lower TWI to a lower PFH suggested that lower-slope 375 

sites are more favorable than upper-slope sites for reducing false heartwood. In upper-slope 376 

sites, it may be effective to increase thinning intensity to compensate for the negative effect 377 

of TWI (Kohler, 2006).  378 

Despite a multitude of studies, we are still unable to provide a complete explanation 379 

for false heartwood (Hörnfeld et al., 2010). In this study, we determined the relative 380 

importance of the multiple factors on PFH, but the R2 value of the final model was limited to 381 

17%. The formation of false heartwood seems to be more complex, including the presence of 382 

unknown factors. Therefore, to build a more explanatory model, factors not addressed in this 383 
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study, such as damage to the stem and crown dieback (Giroud et al., 2021), should be 384 

examined in subsequent studies. 385 
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Tables 545 

Table 1. Tree species composition of the study stand in a secondary forest. 546 

Species Density 

(stems･h−1) 

Volume 

(m3･ha−1) 

Basal area 

(m2･ha−1) 

Mean DBH and 

standard deviation 

(cm) 

Betula platyphylla var. 

japonica 

352 116.0 15.7 23.0 ± 6.3 

Quercus crispula 54 20.6 2.5 23.4 ± 7.4 

Betula ermanii 26 6.1 0.9 19.6 ± 5.5 

Abies sachalinensis 17 5.5 0.7 21.1 ± 7.9 

Others 96 21.0 2.9 19.0 ± 5.7 

Total 546 169.1 22.7 22.1 ± 6.5 

Others include Acer pictum Thunb., Phellodendron amurense var. amurense, Alnus hirsute 547 

Turcz. Var. hirsute., etc. 548 

  549 
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Table 2. Mean, standard deviation and range of the observed variables for B. platyphylla var. 550 

japonica tree individuals. 551 

Observed variable Description Mean and standard 

deviation 

Range 

PFH (%) The proportion of false 

heartwood area to the disk 

surface area (excluding the 

bark) 

16.4 ± 14.0 0.0-63.6 

    

BA (m2) Individual basal area 

calculated from DBH 

0.04 ± 0.02 0.01-0.15 

GR (%) Individual growth rate for 

the last 10 years 

14.1 ± 4.6 5.1-32.4 

CR (%) Ratio of crown length to 

tree height 

24.9 ± 10.1 10.0-50.0 

NBS Number of branch scars 

with width more than 1/3 of 

the stem diameter at the 

height 

23.7 ± 9.8 0.0-64.0 

BAS (m2) Basal area sum of 

neighboring (within 5 m 

radius) trees 

0.23 ± 0.10 0.02-0.54 

TWI Topographic wetness index 

at the scale of 400 m2 

7.2 ± 0.6 5.2-8.7 

  552 
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Table 3. Estimated direct effects of the structural equation modeling, along with 553 

corresponding standard errors, Z values and P values (see Figure 5). (PFH: The proportion of 554 

false heartwood, BA: Basal area, GR: Growth rate, CR: Crown ratio, NBS: Number of branch scars, 555 

BAS: Basal area sum of neighboring trees, TWI: Topographic wetness index) 556 

Path model Direct effect Standard 

error 

Standardized 

coefficients 

Z value P value 

PFH =      

BA 110.947 28.067 0.19 3.953 0.000 

GR −0.173 0.127 −0.06 −1.362 0.173 

CR −0.435 0.063 −0.32 −6.875 0.000 

NBS 0.194 0.064 0.13 3.023 0.003 

TWI −3.222 0.974 −0.14 −3.307 0.001 

GR =      

BA −34.517 9.375 −0.18 −3.682 0.000 

CR 0.054 0.022 0.12 2.474 0.013 

BAS 0.371 2.182 0.01 0.170 0.865 

CR =      

BA 138.477 18.550 0.32 7.465 0.000 

BAS −12.131 4.526 −0.12 −2.680 0.007 

NBS =      

BA 149.974 18.428 0.36 8.139 0.000 

CR −0.274 0.043 −0.28 −6.398 0.000 

BAS 9.947 4.289 0.10 2.319 0.020 

  557 
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Table 4. Estimated combined indirect effects of the structural equation modeling, along with 558 

corresponding standard errors, Z values and P values (see Figure 5). (PFH: The proportion of false 559 

heartwood, BA: Basal area, CR: Crown ratio, BAS: Basal area sum of neighboring trees) 560 

Path model Indirect 

effect 

Standard 

error 

Standardized 

coefficients 

Z value P value 

PFH =      

BA −33.860 16.790 −0.06 −2.017 0.044 

CR −0.062 0.021 −0.04 −2.980 0.003 

BAS 7.897 2.611 −0.02 3.024 0.002 

  561 
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Table 5. Estimated total effects (i.e., direct path and all possible indirect paths) of the structural equation 562 

modeling, along with corresponding standard errors, Z values and P values (see Figure 5). (PFH: 563 

proportion of false heartwood, BA: basal area, CR: crown ratio) 564 

Path model Total effect Standard 

error 

Standardized 

coefficients 

Z value P value 

PFH =      

BA 77.088 26.699 0.13 2.887 0.004 

CR −0.497 0.061 −0.36 −8.172 0.000 

565 
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Figure captions 566 

Figure 1. The mustache-patterned branch scar that characterizes birch. Scars with a width 567 

greater than 1/3 of the stem at height were targeted in this study. 568 

Figure 2. Hypothetical model to explain the proportion of false heartwood (PFH). The direct 569 

or indirect pathways for each factor on PFH are shown. Signs (+ or −) indicate expected 570 

directions of relationships. BA: basal area, GR: growth rate, CR: crown ratio, NBS: number of 571 

branch scars, BAS: basal area sum of neighboring trees, TWI: topographic wetness index. 572 

Figure 3. Frequency distribution of the proportion of false heartwood for Betula platyphylla 573 

var. japonica (n = 482) in the study stand. 574 

Figure 4. Relationship between tree basal area (m2) and tree age (years) in 100 randomly 575 

selected trees. The regression line represents the relationship between basal area and age. The 576 

circle size corresponds to the proportion of false heartwood (max = 50.5%, min = 0%). 577 

Figure 5. Structural equation modeling (Goodness-of-fit index: GFI = 0.985, AGFI = 0.942, 578 

CFI = 0.943, RMEA = 0.066) with standardized parameter estimates. The error arrows of the 579 

observed variables are omitted to simplify the diagram. Estimated standardized path 580 

coefficients (direct effects) are placed on each path. The squared multiple correlations (R2) 581 
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are included for each endogenous latent variable. The thickness of a single arrowhead 582 

corresponds to the magnitude of its estimates. The dashed single arrowheads depict 583 

nonsignificant paths. The double arrowheads depict the error covariance between the errors of 584 

BA (basal area) and BAS (basal area sum of neighboring trees) latent variables. PFH: 585 

proportion of false heartwood, GR: growth rate, CR: crown ratio, NBS: number of branch scars, TWI: 586 

topographic wetness index. 587 

Figure 6. Percentage with decay by proportion of false heartwood (n = 482). Due to the 588 

sample size, “the proportion of false heartwood (PFH) ≥ 21%” was combined into one group 589 

(PFH = 0: 97, 1-10%: 168, 11-20%: 99, ≥ 21%: 118 individuals). The legend indicates the 590 

percentage of decay rate included in each PFH. The different letters indicate significant 591 

differences at P < 0.05 in the Tukey test. 592 

Figure 7. Frequency distribution of the proportion of false heartwood volume to the entire 593 

stem volume (PFHV) for Betula platyphylla var. japonica (n = 32) in the study stand. 594 

Figure 8. Distribution of the proportion of false heartwood (PFH) along relative tree height. 595 

The PFH at each height of 32 trees are pooled and shown. The dashed line indicates the mean 596 

relative height of the lowest live branch. The squares indicate the mean PFH of relative 597 
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height classes of approximately 5, 10, 20, 30, 40, 50, 60, and 70%. 598 

  599 
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Figures 600 

 601 

Figure 1. The mustache-patterned branch scar that characterizes birch. Scars with a width 602 

greater than 1/3 of the stem at height were targeted in this study. 603 

  604 

Width 
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 605 

Figure 2. Hypothetical model to explain the proportion of false heartwood (PFH). The direct 606 

or indirect pathways for each factor on PFH are shown. Signs (+ or −) indicate expected 607 

directions of relationships. BA: basal area, GR: growth rate, CR: crown ratio, NBS: number 608 

of branch scars, BAS: basal area sum of neighboring trees, TWI: topographic wetness index. 609 

The numbers assigned to each path correspond to the literature on which they are based. 610 
1 Trendelenburg, 1939; Shigo, 1986; Kohler,2006; Giroud et al., 2021.  611 
2 Hallaksela and Niemistö, 1998; Knoke, 2003; Giroud et al., 2008; Belleville et al., 2011.  612 
3 Knoke, 2003; Wernsdörfer et al.,2005.  613 
4 Knoke, 2003.  614 
5 Hemery et al., 2005.  615 
6 Knoke, 2003.  616 
7 Pastur et al., 2007.  617 
8 Chi et al., 2015.  618 
9 Knoke, 2003; Chi et al., 2015.  619 
10 Knoke, 2003; Wernsdörfer et al., 2005; Giroud et al., 2008; Belleville et al., 2011.  620 
11 Knoke, 2003.  621 
12 Hasenauer and Monserud, 1996.  622 
13 Basham, 1991; Giroud et al., 2008; Drouin et al., 2009.  623 
14 Wernsdörfer et al., 2006; Baral et al., 2013.  624 
15 Jönsson et al., 2007. 625 
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 626 

Figure 3. Frequency distribution of the proportion of false heartwood for Betula platyphylla 627 

var. japonica (n = 482) in the study stand. 628 

  629 



48 
 

 630 

Figure 4. Relationship between tree basal area (m2) and tree age (years) in 100 randomly 631 

selected trees. The regression line represents the relationship between basal area and age. The 632 

circle size corresponds to the proportion of false heartwood (max = 50.5%, min = 0%). 633 

  634 
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 635 

Figure 5. Structural equation modeling (Goodness-of-fit index: GFI = 0.985, AGFI = 0.942, 636 

CFI = 0.943, RMEA = 0.066) with standardized parameter estimates. The error arrows of the 637 

observed variables are omitted to simplify the diagram. Estimated standardized path 638 

coefficients (direct effects) are placed on each path. The squared multiple correlations (R2) 639 

are included for each endogenous latent variable. The thickness of a single arrowhead 640 

corresponds to the magnitude of its estimates. The dashed single arrowheads depict 641 

nonsignificant paths. The double arrowheads depict the error covariance between the errors of 642 

BA (basal area) and BAS (basal area sum of neighboring trees) latent variables. PFH: 643 

proportion of false heartwood, GR: growth rate, CR: crown ratio, NBS: number of branch 644 
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scars, TWI: topographic wetness index. 645 

 646 

Figure 6. Percentage with decay by the proportion of false heartwood (n = 482). The legend 647 

indicates the percentage of decay rate included in each PFH. The different letters indicate 648 

significant differences at P < 0.05 in the Tukey test. 649 
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 651 

Figure 7. Frequency distribution of the proportion of false heartwood volume to the entire 652 

stem volume for Betula platyphylla var. japonica (n = 32) in the study stand. 653 

  654 
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 655 

Figure 8. Distribution of the proportion of false heartwood (PFH) along relative tree height. 656 

The PFH at each height of 32 trees are pooled and shown. The dashed line indicates the mean 657 

relative height of the lowest live branch. The squares indicate the mean PFH of relative 658 

height classes approximately 5, 10, 20, 30, 40, 50, 60, and 70%. 659 


