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Abstract 24 

 25 

Bark-included junctions in trees are considered a defect as the bark weakens the 26 

union between the branches.  To more accurately assess this weakening effect, 241 27 

bifurcations from young specimens of hazel (Corylus avellana L.), of which 106 had 28 

bark inclusions, were harvested and subjected to rupture tests.  Three-point 29 

bending of the smaller branches acted as a benchmark for the relative strength of 30 

the bifurcations.   31 

 32 

Bifurcations with included bark failed at higher displacements and their modulus 33 

of rupture was 24% lower than normally-formed bifurcations, while stepwise 34 

regression showed that the best predictors of strength in these bark-included 35 

bifurcations were the diameter ratio and width of the bark inclusion, which 36 

explained 16.6% and 8.1% of the variability respectively.  Cup-shaped bark-37 

included bifurcations where included bark was partially occluded by xylem were 38 

found to be on average 36% stronger than those where included bark was situated 39 

at the bifurcation apex.  40 

 41 

These findings show that there are significant gradations in the strength of bark-42 

included bifurcations in juvenile hazel trees that relate directly to the level of 43 

occlusion of the bark into the bifurcation.  It therefore may be possible to assess 44 

the extent of the defect that a bark-included bifurcation represents in a tree by 45 

assessing the relative level of occlusion of the included bark. 46 

 47 

Keywords: bifurcation; Corylus avellana; hazel; included bark; rupture 48 

tests; three-point bending 49 
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Introduction 50 

 51 

Junctions in trees that are separated by bark being included in their union are 52 

frequently found in urban and forest trees (Lonsdale, 1999).  Such junctions have a 53 

reputation of being structural flaws in tree crowns (Shigo, 1989; Lonsdale, 2000; 54 

Harris, Clark and Matheny, 2004; Gilman, 2011), and they are commonly recorded 55 

as a defect by tree assessors and others with responsibility for the safety of people 56 

and property adjacent to trees (Matheny and Clark, 1994; Mattheck and Breloer, 57 

1994).  58 

 59 

Where only two branches arise from a junction in a tree, this is formally referred to 60 

as a bifurcation. It has been established that the ‘diameter ratio’ between the two 61 

branches that arise from a bifurcation in a tree has a substantial effect on its 62 

mechanical strength and failure mode (Gilman, 2003).  The ‘diameter ratio’ is 63 

defined as the ratio between the basal diameters of the smaller and larger branch, 64 

measured just above the point of their attachment to each other at the bifurcation, 65 

and is often also referred to as the ‘aspect ratio’ (Gilman, 2003).  Kane et al. (2008) 66 

found through rupture testing that bifurcations formed in young trees of three 67 

species (Acer rubrum L., Quercus acutissima Carruthers and Pyrus calleryana 68 

Decne.) that had a diameter ratio of 70% or higher were only half as strong as those 69 

that had a clearly subsidiary branch.  Additionally, these researchers found that 70 

the fracture surfaces of bifurcations with a low diameter ratio showed that xylem 71 

tissues of the smaller branch were embedded within the larger branch; in contrast, 72 

co-dominant stems exhibited relatively flat fracture surfaces with little to no 73 

embedding of tissues.   74 

 75 
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Two distinct failure modes occur in higher diameter ratio bifurcations of hazel 76 

(Corylus avellana L.) when they are subjected to tensile loading, and these have 77 

been defined by Slater and Ennos (2013) as Type I and Type II failure modes. In the 78 

Type I failure mode, which tends to occur at intermediate diameter ratios (70% to 79 

80%), there is compressive yielding of the xylem at the base of the smaller branch 80 

at its outer edge, before the bifurcation splits at its apex (Fig.1a). In the Type II 81 

failure mode, which occurs most often when the two branches are nearer to the 82 

same diameter (diameter ratios > 80%), there is no compressive yielding and the 83 

bifurcation fails by a sudden splitting of tissues at its apex (Fig.1b).   In much lower 84 

diameter ratio bifurcations (< 70%), yielding of the branch under compression then 85 

tearing of its tissues under tension near the bifurcation becomes a common mode 86 

of failure (Fig. 1c), which is termed a ‘branch failure’. 87 

 88 

Figure 1: Type I and Type II and branch failure modes of tree bifurcations under 89 

tension across the bifurcation.  In Type I failure mode, the xylem yields initially 90 

under compressive forces on the outer edge of the bifurcation before the bifurcation 91 

splits at its apex under tension.  In Type II failure mode the initial failure is under 92 

tension at the bifurcation apex.  In branch failures, the initial failure is compressive 93 

buckling of the xylem on the underside of the branch before the top of the branch 94 

is torn apart under tension.    95 

 96 
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 97 

The strength of a normally-formed hazel bifurcation can be considered to be 98 

provided by three components: the resistance of wood at the centre of the join to 99 

tension, the resistance of wood at either side of the centre of the join to tension and 100 

the bending resistance of the wood at the side of the smaller branch as it joins the 101 

other branch. The tensile strength of a bifurcation in a tree is increased by it 102 

having a zone of interlocking wood grain in the centre of the join (Slater and Ennos, 103 

2013; Slater et al, 2014). 104 

 105 

Once bark is included into a bifurcation it is inherently weakened as the centrally-106 

placed interlocking wood grain is absent at the apex (Slater et al, 2014).  Smiley 107 

(2003) found that young tree bifurcations with bark inclusions in Acer rubrum L. 108 

were 20% weaker when pulled apart than those without bark inclusions.  A 109 

bifurcation with included bark may not remain a significant defect as it matures; it 110 

may develop in ways that affect both the relative size of the bark inclusion and the 111 

shape of the bifurcation overall. A bifurcation may grow to completely occlude the 112 

bark inclusion (Fig. 2: embedded), so it is invisible from the outside; it may form 113 

additional xylem around and above the bark inclusion without fully occluding it 114 

(Fig. 2: cup-shaped bifurcation); or the bark inclusion may persist and remain at 115 
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roughly the same proportion of the width of the join with every annual increment of 116 

growth (Fig. 2: wide-mouthed bark inclusion). 117 

 118 

Figure 2: Potential development pathways for a bark inclusion, showing the 119 

morphology of the xylem perpendicular to the plane of the bifurcation, leading to 120 

the formation of embedded bark, a cup-shaped bifurcation, or a wide-mouthed 121 

bark inclusion. 122 

  123 

In arboricultural guidance on this commonly-occurring structural flaw, Lonsdale 124 

(2000) suggests that the length of the bark inclusion that is visible along the 125 

branch bark ridge below the apex of a bifurcation may be linked to the likelihood of 126 

its failure.  Helliwell (2004) has also suggested that there may be an influence on 127 

the strength of a bifurcation with included bark from the degree of constriction of 128 

the parent stem’s diameter just below the apex of the bifurcation where the bark 129 
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inclusion starts.   Kane et al. (2008) found that the percentage area of the fractured 130 

attachment covered by a bark inclusion in red maple (Acer rubrum), sawtooth oak 131 

(Quercus acutissima) and callery pear (Pyrus calleryana) did not reliably predict the 132 

strength of the bifurcation, but that overall the strength of bark-included 133 

bifurcations was lower than normally-formed bifurcations. 134 

 135 

Despite these general observations by experienced arboriculturists, there is 136 

currently no means of quantifying the heightened risk of failure of bifurcations with 137 

included bark in trees from observing their external morphology or the position and 138 

size of the bark inclusion present. In this study, therefore, we investigated the 139 

strength of bifurcations in relation to the presence or absence of bark inclusions, 140 

and, if present, the position, shape and size of bark inclusions found.  We sought to 141 

find a simple rule by which the relative weakness of a bifurcation with included 142 

bark could be predicted. 143 

 144 

We chose to model this mechanical behaviour in one species, Corylus avellana L., 145 

as similar research on this species has been carried out by Pfisterer (2003) which 146 

allows for a comparison in findings, and the wood grain orientation and mechanical 147 

contributions of different components of such bifurcations in this species have 148 

recently been uncovered (Slater and Ennos, 2013).  We have favoured this species 149 

as an experimental subject as it provides a sustainable source of bifurcations and 150 

working with coppice grown material of one species limits the effects of other 151 

factors (e.g. age differences, differences in levels of exposure) that could affect 152 

bifurcation strength.  Having a more comprehensive picture of the biomechanics of 153 

bifurcations in one woody species which has been well-researched in respect of its 154 

anatomy and mechanical behaviour justifies this single species choice in this 155 

study.   156 
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   157 

Testing the strength of young tree bifurcations may provide useful insight for tree 158 

assessors where they inspect larger-growing tree species with bark included 159 

junctions, although this approach will likely have its limitations in terms of the 160 

scale of the tree bifurcations tested.  An important limitation to consider is that 161 

young tree bifurcations will consist mostly of juvenile wood, whose mechanical 162 

behaviour is different from wood in mature tree boughs.  It would therefore be 163 

errant to assume that findings from testing young bifurcations could be directly 164 

applied to the much larger bifurcations of mature trees. 165 

 166 

Materials and Methods 167 

 168 

Between November 2010 and January 2012, 241 junctions of hazel were harvested 169 

from hazel coppice situated at Prestwich Country Park, Manchester.  All the 170 

junctions harvested had two emergent branches, making each one a ‘bifurcation’.  171 

Collecting from only one site was necessary to limit the number of factors affecting 172 

bark inclusion formation and bifurcation strength: for example, if one collected 173 

from more exposed and more sheltered locations the strength of the individual 174 

bifurcations within the sample would vary much more widely.  Collection of the 175 

samples was randomised throughout the coppice, avoiding obtaining more than 176 

two bifurcations from any one tree and not taking any bifurcations from trees 177 

growing along the edges of the coppice.  This resulted in 96 samples being collected 178 

from the same tree as one other sample, and 145 samples each being the only one 179 

collected from a particular tree. 180 

 181 

Samples were cut to retain approximately 100 mm of the parent stem and 215 mm 182 

of each branch arising from the bifurcation.  Samples were wrapped separately in 183 
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plastic bags and put in cold storage at 2-3°C to reduce sap loss before testing.  The 184 

hazel bifurcations had an average parent stem diameter of 33.2 mm (range 17.01 185 

mm to 58.69 mm) and an age range of between three to eight years old 186 

 187 

Rupture tests were carried out to measure the breaking stress of each bifurcation 188 

collected. A 6 mm hole was drilled in both arising branches of each bifurcation, 189 

approximately 200 mm from the apex of and perpendicular to the plane of the 190 

bifurcation.  Each of these specimens was then attached via these drill holes to the 191 

crosshead and base of an Instron® 4301 Universal Testing Machine (UTM) mounted 192 

with a 1 kN load cell, and then subjected to a rupture test, with the crosshead 193 

moving upwards at 30 mm min-1.  An interfacing computer recorded the 194 

displacement (in millimetres) and peak load (in Newtons) at a data rate of ten 195 

measurement points per second.  196 

 197 

The failure mode was observed closely and recorded for each specimen during this 198 

test procedure.  The Type I failure mode was categorised by the appearance of 199 

ripples caused by compression forces on the outer edge of the smaller branch as it 200 

joined the bifurcation, prior to the splitting of the bifurcation apex.  Specimens 201 

recorded as undergoing Type II failure mode exhibited no compressive yielding in 202 

the exterior tissues prior to the bifurcation splitting at its apex.  Branch failures 203 

were categorised as all those failures that occurred in the arising branch and that 204 

did not split the bifurcation apart (Fig. 1).  205 

 206 

The following dimensions of each sample were then measured using a metal rule 207 

and digital callipers: the diameter proximal to the bifurcation of the parent stem 208 

(PS), at the base of the branch bark ridge; the diameter of the larger and smaller 209 

arising branches in-line with and perpendicular to the plane of the bifurcation (A1, 210 
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A2, B1 and B2); and the distances between the drill holes (a) and between each 211 

drill hole and the bifurcation apex (b and c) (Fig. 3).  Together with the peak force 212 

and displacement readings from the Instron® UTM, these parameters were used to 213 

calculate the maximum bending moment and bending stress for each sample 214 

tested.   215 

 216 

Figure 3: Measurements taken of the sample bifurcations with digital callipers and 217 

a metal rule: The diameter of the parent stem (PS) and the diameters of both arising 218 

branches proximal to the bifurcation in the plane of the bifurcation (A1 and B1) and 219 

the distances between the drill holes and the bifurcation apex (a, b and c).  The 220 

diameters of both arising branches were also measured perpendicular to the plane 221 

of the bifurcation, giving values A2 and B2. 222 

 223 
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The maximum bending moment, Mmax, required to break each bifurcation was 224 

calculated using the equation 225 

 226 

SinbFM peakmax       (Equation 1)   227 

 228 

where Fpeak is the peak force, b is the length between the drill hole in the smaller 229 

branch of the specimen to the mid-point of the base of the smaller branch at the 230 

apex of the bifurcation and α is the angle at which the force is applied relative to 231 

the bearing of length b (Fig. 3). 232 

 233 

The angle α was calculated in degrees using the formula 234 

 235 

bexta

cbexta
Cos
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)( 222
1




      (Equation 2) 236 

 237 

where (a + ext) is the distance between the two drilled holes in the two members of 238 

the bifurcation at the point when peak force was recorded, b is the distance 239 

between the drill hole in the smaller branch and the apex of the branch bark ridge 240 

and c is the distance between the drill hole in the larger branch and the apex of the 241 

branch bark ridge (Fig. 3). 242 

 243 

To normalise the bending strength of the bifurcations in relation to their different 244 

sizes, the maximum bending moment was divided by the section modulus of the 245 

elliptical cross-section of the smaller branch of the bifurcation at its point of 246 

attachment.  The result is maximum bending stress, σfmax, for each bifurcation and 247 

was calculated using the following equation: 248 

 249 
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 251 
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where B1 and B2 are two diameters of the smaller branch at its base, taken 252 

respectively in line with and perpendicular to the plane of the bifurcation (Gere and 253 

Timoshenko, 1996).   254 

 255 

After the rupture testing, a three point bending test was carried out on the smaller 256 

of the branches arising from the bifurcation to determine the bending stress it 257 

could withstand before yielding.  All the branches were carefully checked that they 258 

had not been damaged during the rupture testing prior to this three point bending, 259 

to ensure this testing gave reliable results.   This second test was done to allow a 260 

comparison between branch strength and bifurcation strength, based on 261 

estimations of yield stresses at the base of the smaller branches during the rupture 262 

tests (Equation 3) and at the middle of the smaller branches during the three point 263 

bending tests (Equation 4).  Limitations of the load-cell available meant that 264 

branches above the diameter of 23 mm could not be bent to their yield point, 265 

limiting the sample size for this second test to 83 branches.   266 

 267 

In this three point bending test, the smaller branch was placed upon steel supports 268 

set 295 mm apart and a semi-circular plastic probe of 30 mm diameter, attached to 269 

a 1 kN load cell in the crosshead of the testing machine, was lowered until it was in 270 

contact with the middle of the supported branch. The span length available for 271 

these tests was necessarily limited to 295 mm because of the location of two side 272 

columns on the Instron® UTM.  The testing machine’s crosshead was then driven 273 

downwards at a rate of 35 mm min-1, bending the branch until it failed, while an 274 

interfacing computer recorded a graph of force versus displacement. This loading 275 

rate has been successfully used in previous experiments of this nature (van 276 

Casteren and Ennos, 2010; Slater and Ennos, 2013). 277 

 278 
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This test was used to calculate the maximum bending stress, σbmax, acting upon 279 

the branch before it yielded using the equation 280 

 281 

𝜎𝑏𝑚𝑎𝑥  =  
8 𝑃𝑚𝑎𝑥 𝐿𝑠𝑝𝑎𝑛

𝜋 𝐷𝑚𝑖𝑑
2  𝑊𝑚𝑖𝑑

    (Equation 4) 282 

 283 

where Pmax was the maximum load and Lspan was the distance between the 284 

supports, Dmid and Wmid were the diameters of the branch in-line with and 285 

perpendicular to the load respectively, measured where the plastic probe was in 286 

contact with the branch during the test (Gere and Timoshenko, 1996).  287 

 288 

The completion of the rupture tests and three-point bending tests allowed a 289 

comparison to be made between the maximum bending stresses of the bifurcations 290 

tested with the maximum bending stresses of the smaller branches that arose from 291 

these bifurcations.  292 

 293 

Morphological Measurements 294 

 295 

Measurements of Included Bark 296 

 297 

For all the bifurcations where bark inclusions were exposed during the rupture 298 

testing (n = 104), the fracture surfaces were then excised and digitally scanned 299 

using an HP Scanjet 2400® (Manufacturer: Hewlett Packard, Palo Alto, California). 300 

These samples were then categorised as either embedded bark inclusions (n = 17), 301 

cup unions (n = 57) or wide-mouthed bark included bifurcations (n = 30) (Fig. 2). 302 

The image analysis software ImageJ® (Abramoff, Magalhaes and Ram, 2004) was 303 

then used to measure the area of bark relative to that of the fracture surface 304 

(Fig.4a).  The same technique was used to measure the ratio between the width of 305 
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the bark inclusion at the apex of the bifurcation and the width of the parent stem 306 

at the base of the branch bark ridge, where the pith of the parent stem bifurcates 307 

(Fig. 4b).  This second measure was chosen as we suspected that as the highest 308 

tensile stresses act at the bifurcation apex when the two branches are pulled apart, 309 

so the failure would occur more easily when a higher proportion of included bark 310 

was present in this location. 311 

 312 

 Figure 4: Measurements of the fracture surfaces of bark-included bifurcations 313 

carried out in Image J.  A: Proportion of the area of the fracture surface containing 314 

included bark.  B: Relative width of the bark inclusion at the apex of the 315 

bifurcation, when compared with the width of the parent stem, at the point where 316 

the pith bifurcates. 317 

 318 

The bifurcations with included bark that was exposed at the apex (n = 87) were also 319 

categorised as to whether they had formed a cup-like bifurcation (where two areas 320 

of xylem were found at the apex of the bifurcation, formed either side and above the 321 

bark inclusion), or whether there was included bark situated at the apex of the 322 
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bifurcation (Fig. 5a and b).  Again, this comparison was chosen to try to assess if 323 

there was a difference in the strength of these two types of bark included 324 

bifurcation because of the difference as to which material (wood or bark) was 325 

situated at the apex. 326 

 327 

Figure 5: Simple visual categorisation of bifurcations with included bark into two 328 

types so that their strength could be compared: A: cup-shaped bifurcation with 329 

wood at its apex or B: bifurcation with included bark at its apex. 330 

 331 

Statistical analysis 332 

 333 

A Chi-Squared test was used to determine if there was a significant difference in 334 

failure mode between bifurcations with included bark and normally-formed 335 

bifurcations.   336 

 337 

To analyse the relationship between different failure modes observed and the 338 

diameter ratio of the samples tested, a GLM ANOVA was carried out with one 339 

covariate (the diameter of the parent stem) and with the random factor of the tree 340 

number from which each sample was collected.  A post-hoc Tukey test with 95% 341 
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confidence interval was used to confirm statistical differences between groups of 342 

samples exhibiting different failure modes. 343 

 344 

To analyse the relationship between the displacement of the sample prior to failing 345 

and the failure modes exhibited by the samples, a GLM ANOVA with post-hoc 346 

Tukey test was used, with the diameter of the parent stem as covariate.  A 347 

subsequent one-way ANOVA was used to determine if bark-included bifurcations 348 

exhibiting a Type II failure mode had significantly shorter displacements before 349 

failure than normally-formed bifurcations.  350 

 351 

A one-way ANOVA, alongside a post-hoc Tukey test with 95% confidence interval, 352 

was used to find differences in sample strength between normally-formed 353 

bifurcations, bifurcations with included bark and smaller arising branches.   354 

 355 

The relationship between the maximum breaking stress, σfmax, and the shape of the 356 

bark inclusions in the bifurcations with included bark exposed at their apex (n = 357 

87) was investigated using stepwise regression analysis. Samples with embedded 358 

bark (n = 17) were excluded from this analysis as they did not have a width of bark 359 

at the apex of the bifurcation.   These stepwise regressions were performed to 360 

identify the best models for predicting bifurcation strength from the parameters 361 

that were measured for each sample (the diameter ratio, the parent stem diameter, 362 

the proportional area of included bark on the fracture surface and the ratio of the 363 

bark width at the bifurcation apex with the parent stem diameter) could predict 364 

bifurcation strength better.  365 

 366 

A GLM ANOVA, alongside a post-hoc Tukey test with 95% confidence interval, were 367 

used to confirm differences between groups of categorised bark-included 368 
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bifurcations and normally-formed bifurcations, again with the diameter of the 369 

parent stem as a covariate and with the number of the tree collected from as a 370 

random variable. 371 

 372 

Residuals from these ANOVAs and regressions were tested for normality using the 373 

Anderson-Darling test to ensure the data were suitable for analysis by parametric 374 

statistical tests.  375 

 376 

All statistical tests were carried out in Minitab® 16 statistical software. 377 

 378 

Results 379 

 380 

The range of diameter ratios found in the sample was from 53% to 100%, with the 381 

mean ratio being 81.41% ± 0.7 SE.  There was no significant difference in the 382 

average branch diameter ratio between bifurcations with or without included bark; 383 

diameter ratios of the two branches were 80.8% ± 1.0 SE for the normally-formed 384 

bifurcations and 82.1% ± 1.1 SE for bifurcations with included bark.  Neither did 385 

the two types of bifurcation show a significant difference in the relative incidences 386 

of the three failure modes (Χ2
2 = 4.224; p = 0.121) (Table 1); in both, Type II failure 387 

modes were commonest and branch failures least common. 388 

  389 

 Table 1: Instances of different failure modes experienced (n) and associated average diameter 390 

ratios (μ) of control and bark included forks subjected to tensile testing 391 

 392 

Specimen 

type 

Branch 

failure 

Type I 

failure 

Type II 

failure 

Control n = 9 

μ = 76%  

n = 53 

μ = 74% 

n = 73 

μ = 86% 
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Bark included 

junctions 

n = 6 

μ = 66% 

n = 29 

μ = 76% 

n = 71 

μ = 86% 

 393 

 394 

A subsequent GLM ANOVA showed that there were significant differences between 395 

these three modes of failure due to difference in diameter ratio (F2, 236 = 6.28; p = 396 

0.004); the parent stem diameter was not a significant co-variant (F1, 236 = 3.82; p = 397 

0.057) and the random factor of the tree number was not significant (F192, 236 = 0.78; 398 

p = 0.866). The higher the diameter ratio, the more common were Type II failure 399 

modes and the less common were Type I failure modes and branch failures. A post-400 

hoc Tukey test (CI = 95%) confirmed that this difference was significant between 401 

the Type II failure mode and the other two failure modes observed (Fig. 6).   402 

 403 

Figure 6: Failure modes in relation to the diameter ratio between the two branches 404 

of each bifurcation that underwent a rupture test.  Letters above the bars mark 405 
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heterogeneity in the sample groups, as determined by a GLM ANOVA and post-hoc 406 

Tukey test with 95% confidence interval. 407 

 408 

Mean displacements of samples prior to yielding were 135.26 mm ± 15.18 SE for 409 

branch failures, 83.04 mm ± 5.08 SE for Type I failures and 37.17 mm ± 1.55 SE 410 

for Type II failures.  A GLM ANOVA identified that there was a statistical difference 411 

between these three groups in terms of the extent of their displacement prior to 412 

yielding (F2, 236 = 89.59; p < 0.001); the parent stem diameter was not a significant 413 

co-variant (F1, 236 = 0.08; p = 0.774).  A post-hoc Tukey test (CI = 95%) confirmed 414 

that this difference was significant between all three failure modes, identifying that 415 

branch failures occurred after the greatest displacement and Type II failure modes 416 

after the least displacement.   The mean displacement for Type II failures of 417 

normally-formed bifurcations was 43.32 mm ± 2.29 SE, whereas the mean 418 

displacement for Type II failures of bark-included bifurcations was 30.85 mm ± 1.8.  419 

Analysis of these specimens exhibiting Type II failure mode using a one-way 420 

ANOVA and post-hoc Tukey test (CI = 95%) found that bark-included bifurcations 421 
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that exhibited the Type II failure mode had a smaller displacement before peak 422 

force was reached than the normally-formed bifurcations (F1, 142 = 18.18; p < 0.001). 423 

 424 

Figure 7 shows typical examples of the force/displacement graphs of the rupture 425 

tests on the hazel bifurcations that suffered the Type I and the Type II failure 426 

modes in normally-formed bifurcations, a typical branch failure and the typical 427 

failure of a bifurcation with included bark at its apex. It can be seen that a long 428 

phase of plastic yielding occurs in both branch failure and in Type I failure mode of 429 

bifurcations without included bark (Fig.7), with large subsequent deflections before 430 

the maximum force is reached. In contrast, in Type II failure mode, there is a sharp 431 

drop in force due to fracture after only a very short phase of yielding, while in the 432 

bifurcation with included bark, even though it is undergoing Type II failure mode, 433 

there is apparent plastic yield at a lower force and a more gradual reduction in 434 

force after failure. 435 

 436 

Figure 7: Typical force/displacement graphs for specimen types 437 
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 438 

The maximum stresses for the branches subjected to three point bending tests 439 

(σbmax), and for the normally-formed bifurcations and those with included bark 440 

subjected to rupture tests (σfmax) are shown in Figure 8.  Bark included bifurcations 441 

were on average 24.3% weaker than ones without included bark, which were in 442 

turn 13.6% weaker than the smaller branch.  A  one way ANOVA identified a 443 

significant difference in bending stresses for these three groups (F2, 320 = 112.25; p < 444 

0.001), the residuals were found to be normally distributed (AD323 = 0.402; p = 445 

0.358) and a post-hoc Tukey test (CI = 95%) confirmed that each group’s mean 446 

yield stress was significantly different from the other groups.   447 

 448 

Figure 8: Mean yield stress of branches, normally-formed bifurcations and 449 

bifurcations with included bark.  Columns labelled with different letters are 450 
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significantly different, as determined by a one-way ANOVA and post-hoc Tukey test 451 

(CI: 95%).   452 

 453 

Effects of the Extent and Location of Included Bark 454 

 455 

The first regression model that identified a significant relationship used a 456 

combination of the diameter ratio (t84 = 4.42; p < 0.001) and the area of the bark 457 

inclusion (t84 = 2.38; p = 0.02).  The overall model fit was R2 = 0.21 and the best fit 458 

line was given by the equation: 459 

 460 

Yield stress (MPa) = 69.9 – 35.2 r – 24.6 a         (Equation 5) 461 

 462 

where r is the diameter ratio of the two branches of the bifurcation (as a percentage 463 

with a maximum of 100%) and a is the area of bark as a percentage of the entire 464 

fracture surface (maximum value 100%) from the point of the bifurcation of the 465 

pith to the apex.  The diameter ratio predicted 15.8% of the variability in the 466 
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sample, the area of the bark inclusion only a further 5.3% using this model 467 

(equation 5).  When the factor of parent stem diameter was added to this regression 468 

model, it did not significantly improve the prediction of breaking strength (t83 = 469 

1.04; p = 0.302).  470 

 471 

The second regression model found to be significant using the stepwise regression 472 

approach identified a stronger relationship using a combination of the diameter 473 

ratio (t84 = 4.57; p < 0.001) and width of bark inclusion (t84 = 3.0; p = 0.004).  The 474 

overall model fit was R2 = 0.247 and the best fit line was given by the equation: 475 

 476 

Yield stress (MPa) = 68.5 – 35.8 r - 9.27 w       (Equation 6) 477 

 478 

 where w is the proportional width of the bark inclusion at the apex of the 479 

bifurcation when compared with the width of the parent stem (as a percentage, no 480 

maximum limit). The diameter ratio predicted 16.6% of the variability in the 481 

sample, the width of the bark inclusion a further 8.1% using this model (equation 482 

6).  When the factor of parent stem diameter was added to this second regression 483 

model, again it did not significantly improve the prediction of breaking strength (t83 484 

= 0.67; p = 0.502). 485 

 486 

The mean maximum breaking stress (σfmax) of normally-formed bifurcations (n = 487 

135) was 46.9 MPa (± 0.8 SE), the mean maximum breaking stress for bifurcations 488 

with embedded bark (n = 17) was 44.7 (± 1.79 SE), whereas the mean breaking 489 

stress for cup-shaped bark-included bifurcations (n = 57) was 37.02 (± 1.11 SE) 490 

MPa, and for those with bark at their apex (n = 30), the mean was 27.22 (± 1.23 SE) 491 

MPa.  A GLM ANOVA with the parent stem diameter as a covariate (F2, 236 = 49.4; p 492 

< 0.0001) and tree number as a random variable showed that there were significant 493 



Page 24 

Last updated by D. Slater 12.01.2015 

differences between these four groups, and a post-hoc Tukey test (CI = 95%) 494 

showed that both the cup-shaped bark-included bifurcations and the wide-495 

mouthed bark inclusions had significantly different mean breaking stresses from 496 

each other and from the normally-formed bifurcations and those with embedded 497 

bark (Fig. 9).  Parent stem diameter was not a significant covariate that affected 498 

bifurcation strength (F2, 236 < 0.01; p = 0.989), nor was tree number a significant 499 

variable. 500 

 501 

Figure 9: Mean yield stress of normally-formed bifurcations, bifurcations with 502 

embedded bark, cup-shaped bifurcations and bifurcations with wide-mouthed bark 503 

inclusions at their apices.  Columns labelled with different letters are significantly 504 

different, as determined by a GLM ANOVA and post-hoc Tukey test (CI: 95%). 505 

 506 

 507 

 508 
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Discussion 509 

 510 

The results from this study show that there are gradations in the strength of bark-511 

included bifurcations in young hazel plants that relate to the scale and position of 512 

the bark inclusion and their level of occlusion within the wood formed at these 513 

bifurcations.  These factors were found to be independent of the size of the 514 

specimens, where this was assessed by recording the diameter of the parent stems 515 

just below the bifurcation (which varied from 17.01 mm to 58.69 mm). However, 516 

there was considerable variability in the sample that remains unexplained from the 517 

simple regression models used here, which explained only a quarter of the variation 518 

in strength found in the sample bifurcations.  519 

 520 

Firstly, it is clear that the diameter ratio of the branches has a greater influence on 521 

the strength of hazel bifurcations in static rupture tests than does the extent of the 522 

bark inclusions. In both normally-formed and bark-included bifurcations, those 523 

consisting of two branches of similar diameter are weaker and are more likely to fail 524 

by Type II failure mode than those with a lower diameter ratio. Secondly, the 525 

presence of a bark-inclusion does weaken hazel bifurcations to a similar degree as 526 

was found by Smiley (2003) in Acer rubrum and that the extent of weakening 527 

increases with the width of the bark inclusion at the apex of the bifurcation. 528 

However, there was still a large degree of variability in this sample, so accurate 529 

predictions about the strength of a bifurcation cannot be made simply from 530 

examination of this aspect of its external morphology. The variability may be mainly 531 

due to differences in the reorientation of wood grain at the apices of the 532 

bifurcations, as this provides a key strengthening component (Slater et al., 2014). 533 

 534 
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Diameter ratio can have a significant effect on the failure mode of bifurcations in 535 

trees (Gilman, 2003; Kane et al., 2008).  In the case of these hazel samples, 536 

boundaries for different failure modes can be set by their diameter ratios. For the 537 

samples tested, a diameter ratio higher than 80% most frequently resulted in Type 538 

II failure mode, a lower ratio than that led to most of the Type I failure modes until 539 

the ratio of 72% was reached, where branch failures started occurring and only 540 

branch failures occurred at a ratio of 55% and below. It should be noted that the 541 

bifurcations of hazel were selected to have a relatively high diameter ratio between 542 

their two branches so as to successfully investigate bifurcation failures, so 543 

consequently the incidence of branch failures was low in the test specimens. 544 

 545 

Type I failures of bifurcations showed a greater displacement prior to yielding than 546 

did Type II failures (Fig. 7): this is explained by the initial stage of Type I failure, 547 

where wood at the outer edge of the bifurcation is yielding under compression until 548 

sufficient stress is concentrated at the bifurcation apex to split the xylem tissues 549 

situated there.  Branch failures, using this form of rupture test, displayed a much 550 

extended displacement during testing, as there was a great deal of yielding under 551 

compression on the underside of the branch prior to any break of fibres under 552 

tension on the upper side (van Casteren and Ennos, 2010).  The 553 

force/displacement graphs often showed a different behaviour where a bark 554 

inclusion was present, with a longer phase of plastic deformation as the bifurcation 555 

‘crept apart’ rather than exhibiting a distinct breaking point – however, for those 556 

exhibiting Type II failure mode, the peak force was reached with less displacement 557 

in bark-included bifurcations than with normally-formed bifurcations.  The 558 

absence of interlocking wood grain at the apex of these bark-included bifurcations 559 

is an obvious reason for this difference in mechanical behaviour (Slater et al., 560 

2014).  These results corroborate the findings of Pfisterer (2003), who also found 561 
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differences in behaviour in hazel bifurcations with and without bark inclusions, but 562 

who did not differentiate between Type I and Type II failure modes. 563 

 564 

The higher tensile strength of bifurcations with a higher diameter difference in their 565 

branches is ascribed by Gilman (2003) to the level of occlusion of the smaller 566 

branch into the other stem.  However, it may be more appropriate to think about 567 

this relationship in terms of the loading caused by the different bending behaviours 568 

of the branches in the wind (Fig. 10).   569 

 570 

Figure 10: Suggested contrast in bending behaviour between a low diameter ratio 571 

bifurcation and a high diameter ratio bifurcation 572 

 573 

From preliminary research work we have undertaken using accelerometers 574 

attached just above bifurcations in hazel, the frequency and extent of oscillations 575 

separating apart a smaller diameter branch and a larger diameter branch where 576 

their bases are conjoined at a bifurcation will both be greater than when two 577 

branches of equal diameter are bent in a wind of the same force.  As a consequence 578 

of experiencing higher strain levels more regularly at its apex through this different 579 
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bending behaviour, lower diameter ratio bifurcations are likely to develop a higher 580 

level of modification of their tissues to adequately resist those forces (Metzger, 581 

1893; Jaffe and Forbes, 1993; Telewski, 1995).  In contrast, the bifurcation with 582 

included bark is a structure where little to no strain is regularly experienced at its 583 

apex, so no substantial resources are committed by the tree to reinforcing it.   584 

 585 

Bifurcations with bark inclusions were on average only three-quarters the strength 586 

of the normally-formed specimens, but there was a wide range of peak stress 587 

values, with some bark-included samples experiencing branch failure rather than 588 

splitting at the bifurcation itself and other bark-included bifurcations having less 589 

than 40% of the bending strength of the smaller branch.   590 

 591 

A simple analysis of the strength of the bifurcations with included bark and their 592 

morphology provided two useful insights.  Firstly, it can be concluded that small 593 

areas of embedded bark do not give rise to a significant difference in bifurcation 594 

strength.  Secondly, cup-shaped bifurcations in hazel were significantly stronger 595 

than those that had bark at their apex.  The conclusion from these findings is that 596 

the main reason why the strength of bifurcations with included bark was found to 597 

be so variable in the tested specimens was that the areas of included bark in the 598 

samples were at different stages of occlusion at the bifurcation apex: a higher level 599 

of occlusion of the bark inclusion resulted in an increase in the bifurcation’s 600 

strength.  Thus the cup-shaped bifurcations tested in this study represented 601 

different stages of repair of the structural flaw that was caused by the initial 602 

inclusion of bark into those junctions.   603 

 604 

From this experiment, we can provide an interpretation of the mechanical 605 

performance of bifurcations with included bark in trees, from our testing of these 606 
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hazel specimens; however, it is very important to recognise the limitation of this 607 

study, in that young bifurcations of only one species that contained solely juvenile 608 

wood were tested, and the mechanical behaviour of mature bifurcations in different 609 

woody species may well vary from what we found in our samples.   610 

 611 

Wide-angled bifurcations which are U-shaped at their apex and without bark 612 

inclusions and bifurcations with embedded bark should both be considered 613 

adequate structures as there should be interlocking wood grain present at the 614 

bifurcation apex.  Where a significant width of included bark is found at the apex of 615 

the bifurcation, this indicates a significantly weaker bifurcation and a tree assessor 616 

should evaluate the proportional width of this bark in relation to the overall width 617 

of the join perpendicular to the plane of the bifurcation.  They should also take into 618 

account the extent of adaptive growth at each side of the bifurcation, the extent of 619 

occlusion of the bark inclusion by the formation of a cup-shaped bifurcation and, 620 

most critically, whether the level of wind exposure of the bifurcation has been 621 

heightened by recent site changes or pruning works.  The rapid formation of 622 

additional xylem that lies at either side of a bifurcation (often indicated by a change 623 

in bark texture) may be an indication of instability of that bifurcation (Mattheck 624 

and Breloer, 1994).   625 

 626 

Features to survey for in bark-included bifurcations, based on this study using 627 

hazel specimens, are identified in Figure 11. 628 

 629 

Figure 11: Weaker and stronger forms of bifurcations with included bark.  A: A 630 

wide-mouthed bark-inclusion positioned at the apex of the bifurcation, with acutely 631 

pointed reaction growth forming below the inclusion.  B: A cup-shaped bifurcation 632 
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with two rounded areas of abnormal growth at the apex of the bifurcation that act 633 

to resist bending stresses 634 

 635 

It would seem that a bark-included bifurcation’s notoriety as a defect in trees 636 

comes from the risk of this structure being exposed to a wind event or other loading 637 

event that causes the two arising branches to oscillate or move apart in a way that 638 

has not frequently occurred during the bifurcation’s prior development.  This 639 

problem can be accentuated by arboricultural practices like crown thinning, felling 640 
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of adjacent trees or the transplanting of trees into new locations, where these 641 

practices would lead to abrupt changes in the level of exposure to which the 642 

bifurcation is not sufficiently adapted (Wood, 1995).  643 

 644 

Studies of the strength of bifurcations with included bark in trees should be taken 645 

further.  As in this study we tested juvenile wood in only one species, a similar 646 

study using mature bifurcations in a range of species would assist in determining 647 

their mechanical behaviour.  In addition, a better understanding of the forces 648 

affecting the modulus of rupture of these bifurcations may come from using finite 649 

element analysis to assess stress concentration levels at the apices of such 650 

bifurcations.  Further study should also determine how frequently and under what 651 

particular wind conditions such damaging oscillations occur to bifurcations with 652 

included bark.  It would also be informative to investigate the movement behaviour 653 

of normally-formed bifurcations during dynamic wind loading and to determine to 654 

what extent these bifurcations develop their morphology and wood properties in 655 

relation to the dynamic forces that act upon them. 656 
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