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Abstract

» Key message Wavy grain, a rare figure type of wood, leads to highly priced timber in Acer pseudoplatanus L.
The influence of this trait on growth performance and its causes are not known. Analyzed wavy and straight grain
sycamore maple progenies show comparable growth performance in a field trial. Stability of wavy grain after
vegetative propagation is confirmed and genetic inheritance indicated.

« Context Wavy grain is a rare figure type of wood resulting from undulating fiber growth that leads to a decorative and
highly priced timber in Acer pseudoplatanus L. with top positions on auction sales. Nevertheless, neither the influence of
this trait on growth performance is known, nor have the causes been disentangled.

« Aims Our objectives were to find out if wavy grain figure influences growth parameters essential for log quality and to gain
insight into the causes of wavy grain by the analysis of a progeny trial and a seed orchard.

* Methods In a progeny trial with 30-year-old F-1-offspring from selected wavy grained and straight grained trees, trunk
diameter, tree height, and trunk shape were evaluated. Additionally, 21 trees of the trial and selected plus tree-grafts of a
seed orchard were felled and analyzed for occurrence and intensity of wavy grain structure.

* Results No effect of the wavy and straight grain parentage on growth was observed in the progeny trial. Of the felled trees,
over 30% showed evidence of wavy grain compared to rare occurrence in natural stands. Wood structure analysis of plus tree
scions confirmed the stability of wavy grain after vegetative propagation.

« Conclusion Wavy grain seems to be genetically inherited, and there seems to be no statistically significant difference in
commercially relevant traits in the progeny. This highlights the value of including wavy grain as a desired attribute in breed-
ing systems of maple.
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1 Introduction

Some individuals of Acer pseudoplatanus L. exhibit a very
special and decorative figure of wood called “wavy” or
“fiddleback”™ grain. Sycamore maple wood is described as
creamy white, hard, and can be worked to a very smooth
finish (Rusanen and Myking 2003). Due to its poor durability
(Krabel and Wolf 2013), the timber is used mostly for
indoor purposes, e.g., for furniture making, joinery, and
indoor flooring. Besides this, wavy grain maple has been
traditionally used for the backs of violins and other string
instruments since the mid-sixteenth century (Beals and Davis
1977) and is therefore also known as “fiddleback maple.

In wavy grain, undulations of the wood fibers in the
tree rings result in a systematically changing orientation of
cambial cells (Hejnowicz and Romberger 1979). Mainly, the
undulations are perceived as a “washboard” effect in the split
radial plane and visible on the tangential surface by grain
distortion to the left and right every few millimeters (Beals
and Davis 1977; Panshin and De Zeeuw 1980). Split and/
or tangential faces of such logs, therefore, show the optical
illusion of waves caused by a distinctive pattern of alternating
bright and dark stripes shading into one another (Conrad 1988;
Beals and Davis 1977, Park et al. 2010). Characteristic for this
type of figure is the absence of visible external evidence (Beals
and Davis 1977). Examination for wavy grain by removal of
the bark is possible (Mayer-Wegelin and Pieper 1959) but leads
to wounding of the tree resulting in a reduction of wood quality
and raising the risk of fungal infections.

Although this figure deviates from normal straight grain,
it often greatly enhances the value of the wood making wavy
grained A. pseudoplatanus one of the most highly priced timbers
on the market. Maple logs with a regular, well-developed wavy
grain structure are usually sold at auction sales, so-called
submissions, often for more than the tenfold price of similar
logs with straight grain. In Germany, wavy grained sycamore
maple regularly achieve prices over 10,000 Euro per log, e.g.,
12,100 Euro at the submission Waging in 2017 (Bducker and
Liesebach 2018) and 19,602 Euro (equivalent to 7748 Euro per
m> wood) in J esberg in 2017 (HessenForst 2017).

The fiddleback figure may be observed over the
geographic range of A. pseudoplatanus with frequencies
up to 7%, sometimes with local concentrations
independent of site conditions (Conrad 1988; Krajnc et al.
2015). The reasons for the formation of wavy grain are
still unknown (Naujoks et al. 2013; Ewald and Naujoks
2015). Some have suggested a connection between similar
figured grains and genetics. Several observations point
to a genetic link and the possible heritability of the trait.
For example, Conrad (1988) describes a radial section of
a graft union showing clear wavy grain at one side and
straight grain at the other side of the union.
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Several attempts were made to develop hypotheses on the
formation of different kinds of figured wood, including its link
to genetics. Fan et al. (2013) analyzed grafts of figured aspen and
found that both scion and rootstock retained the properties of the
original tree. Moreover, they could exclude graft-transmissible
signals like plant hormones and RNAs as the cause of wavy
grain figure and reported direct evidence for the inheritance
of figure in aspen, whereby the segregation ratio indicates a
complex genetic regulation (Fan et al. 2013). Further evidence
for genetic inheritance of figure in wood has been published
by Kirkkéinen et al. (2017) for curly birch. They postulate a
simple Mendelian inheritance model for the curliness with one
semi-dominant locus based on the analysis of comprehensive
offspring families from crossings of curly and straight birch
trees. For black walnut, in contrast, McKenna et al. (2015)
found only weak indication for genetic control of figure in their
analysis of both grafts and open pollinated progeny. Hence, they
concluded that environmental factors appear to play a substantial
role in the formation of commercially valuable figured grain.

To our knowledge, there is no published study on the
inheritance of wavy grain figure in sycamore maple.
The figure types studied in other trees species (Fan et al.
2013; McKenna et al. 2015; Kirkkéinen et al. 2017) show
similarities but are not identical to the narrow and regular
undulations seen in fiddleback figure of A. pseudoplatanus.
Several reasons lead to the limited knowledge despite the
commercial interest in this trait. Some examples show that
the fiddleback figure can be assessed after 10 or more years
of growth (Conrad 1988; Ewald and Naujoks 2015; McKenna
et al. 2015), and felling of the tree is needed for a detailed
evaluation of the intensity of figure formation. Wavy grain
is rarely considered an important trait for the selection of
plus trees during the establishment of seed orchards (Krabel
and Wolf 2013). Instead, the selection criteria used in most
European countries for A. pseudoplatanus were focused on
growth and tree architecture. Wood quality in general and
wavy grain structure in particular were not part of a breeding
program, although both traits were considered in very few
instances in France and Germany (Krabel and Wolf 2013).

The only experimental sites capable of conducting an
analysis of heredity of wavy grain in maple to our knowledge
exist at the Northwestern German Forest Research Institute.
One site is an A. pseudoplatanus seed orchard with 60-year-
old grafts of both figured and unfigured plus trees located
in Reinhardswald, Hessen, Germany. Two further sites
exist in Romrod and Schotten (Hessen, Germany), where
progeny trials with open pollinated offspring of the seed
orchard clones were established in 1986. With these 33-year-
old trees of the F1 generation, we addressed the following
questions: (1) Does fiddleback figure, as a selection criterion
for plus trees of a seed orchard, negatively influence growth
parameters that are essential for their log quality in the
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offspring? (2) Is the wavy grain structure conserved in the
scion of the grafts in the seed orchard? (3) Is the incidence
of fiddleback figure higher in the offspring of the progeny
test than in natural populations?

2 Materials and methods
2.1 Experimental sites

The basis for our analysis was an old seed orchard of A.
pseudoplatanus in the forestry district Reinhardshagen in
Hessen, Germany. Selection criteria for the 21 plus trees
included stem form and growth performance; in addition,
seven of them had wavy grain figure and two had birdseye
figure. Scions of the plus trees were grafted onto seedling
rootstocks of A. pseudoplatanus, and 28 grafts of each plus
tree were planted from 1959-1964 in a single tree completely
randomized design with 5 X5 m spacing. The seed orchard
was thinned and trees felled in 1985 and, in 2015, where
rootstocks, which had developed and grew instead of scions,
were eliminated based on a former isoenzyme identity check.

In 1986, a progeny trial was established at two
experimental sites in the forest districts Romrod and
Schotten in Hessen, Germany. Both sites have eutrophic soil
with basalt as parent material and a covering of silty loam
and loam-loess. Open pollinated seeds were harvested from
the seed orchard grafts of 13 plus trees, five from wavy grain
clones (namely G616, Me4, Me6, Me7, Mel0), six from
straight grain clones (namely G63, Go4, G65, Mel, Me3,
Sal3), and two from birdseye grafts (G62, G615). Seedlings
of three standard seed sources from the forest departments
Wolfgang and Hofbieber (Hessen, Germany) were
additionally included (namely Wol, Wo2, Hol). The 2-year-
old seedlings (1 + 1) were planted with 2.5 1.5 m spacing
in plots of 16 with 3 to 4 replicates in each experimental site.

2.2 Tree growth: data collection and statistical
analysis

In January 2017, growth parameters and Kraft tree classes
of the progeny trials were evaluated. To determine the
diameter at breast height (DBH), the tree trunk was
manually measured at 1.30 m height in two directions with
a caliper and the mean was used for the analysis. For the
measurement of tree height, Vertex III and Transponder
T3 (Haglofs, Langsele, Sveden) were used to obtain the
exact distances via ultrasonic signals and to calculate the
tree height trigonometrically with the distance and angle
variables. The shape of the trunk was assessed on about %
of the tree height beginning from the ground and was rated
on a scale from 1 to 5 as follows: (1) absolutely straight, (2)
fairly straight (lightly crooked in one direction), (3) slight

to moderate bends in more than one direction, (4) moderate
to strong bends, and (5) being very crooked.

In total, data were obtained for 560 trees at the Romrod
site and 509 at the Schotten site. Progenies of the following
plus trees were excluded from the analysis for different
reasons: due to birdseye figure (G62, G615), inconsistent
information on the figure (G616), and wrong identity of the
harvested seed (for G63 and Mel existence of flowering
rootstocks instead of scions was revealed by microsatellite
analysis). Further, offspring of G64 and Me3 were missing at
the experimental site in Schotten due to a lack of seedlings.
Of the remaining, 155 and 169 trees were categorized as
fully vital (corresponding to Kraft tree classes 1-3) at the
Romrod and Schotten experimental sites, respectively, and
included into the analysis. Strongly suppressed trees (Kraft
tree classes 4 and 5, 3—-14 cm in diameter) were excluded
from the analysis to avoid their strong influence on the
measures of growth performance.

Statistical analysis was conducted with the program R version
3.6.0 (Development Core Team R 2019). Using the Ime function
in the nlme package of R (Pinheiro et al. 2019), linear mixed
effect models (LMMs) were parameterized with the available
data. The response variables DBH, tree height, and trunk shape
were tested for significant differences between offspring families,
which were defined as fixed effect. The replication within the
trial design (block and experimental site, nested) was chosen
as the random effect. The model assumptions of normality
and homoscedasticity were tested using the Shapiro—Wilk test
and Levene’s test, respectively, using the package car (Fox and
Weisberg 2011). The results were confirmed by examination of
residual plots. After establishing that the assumptions were not
violated, an omnibus test (here F-test) was used to determine if
any significant differences exist for the response variables by
the factor “offspring family.” If the null hypothesis was rejected,
pairwise comparisons of estimated marginal means (Tukey’s
test) were applied using the package emmeans (Lenth 2019).
The differences between offspring families and groups were
quantified and tested for statistical significance by their means.
The same procedure as for the comparison of offspring families
was applied to the comparison of the groups “standard seed
stand,” “plus tree mother with straight grain,” and “plus tree
mother with wavy grain,” and for the groups “standard seed
stand” and “plus tree offspring.” For the trunk shape data, we
worked with single tree data instead of plot means, used the
Kruskal-Wallace test for non-parametric data and performed the
pairwise comparisons with Dunn’s test to account for the ordinal
scale of the data. The significance level was set as a=0.05 for
all tests.

2.3 Analyses of wavy grain presence and intensity

For the investigation of the wood structure, 21 trees of the
progeny trial were felled at the experimental site Romrod
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in January 2017. The trees were randomly selected and
contained three trees of each plus tree progeny, each
belonging to a different plot. Additionally, four reference
samples were harvested from the original plus tree grafts
at the seed orchard Reinhardshagen. For a detailed
documentation of the wood anatomy and structure
development during the wood formation, stem parts of
about 1 m in length were taken above the root system and,
depending on the individual growth, in higher stem parts,
up to a height of 9 m.

Fresh stem sections were divided into four segments along
the trunk axis and afterwards air-dried for about 6 months.
The dried pieces of wood were then further reduced in their
sizes to about 2.5 cm thickness whereby the boards were
radially oriented and sawed by tangential section.

Determination of the wavy grain expression was carried
out in two stages. First, the radial wood surfaces were
visually inspected for the characteristic strips. Second, the
tangential surfaces were examined macroscopically with
a hand lens for presence of the characteristic s-shaped
structure. In case of doubt, additional wood samples were
sectioned with a sliding microtome for detailed microscopic
examination.

Additionally, tangential sections of around 20 pm
thickness of air-dried wood samples were cut sequentially
with a sliding microtome. The sections where stained with
safranin and astra blue and mounted in synthetic resin
(Euparal). A digitized image analysis system (analySIS®,
Olympus) mounted on an Olympus AX 70 microscope was
used for the structural analysis and documentation.

Always investigating the surface of the tangential section
of the sample, four categories of wavy grain intensity were
defined. These categories directly refer to the visible amount
of wood surface characterized by wavy grain structure:

(i) high intensity with 60-100% wood surface exhibiting
wavy grain

(ii) medium intensity with 30-60% wood surface exhibit-
ing wavy grain

(iii) low intensity with 10-30% wood surface exhibiting
wavy grain

(iv) no presence of the regular wavy grain pattern; mini-
mal discrepancies (< 10%) from straight grain might
occur

The four categories are schematically shown in Fig. 1.
2.4 Genotyping and parentage analysis
Different types of plant material were sampled for DNA
extraction: dormant buds, leaves, and cambium. The buds

were stored at — 20 °C, leaf and cambium material was air-
dried. The buds were harvested from all 21 parental clones
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Fig. 1 Classification system of wavy grain intensity in A. pseudopla-
tanus based on wood samples of 1 m length. In category “no” wavy
grain, minimal discrepancies from straight grain might occur

at the seed orchard Reinhardshagen in December 2016.
Bud samples were also taken from the 21 trees felled at
the progeny field test in Romrod. From all other progenies
growing in Romrod and Schotten, we collected leaf samples
in July 2017. If leaves could not be reached by using a 10 m
pruning shear, cambium samples were taken. To ensure that
the correct trees were sampled at the field trials, we used
both information from the trial layout of the progeny tests
and measurements of DBH from the last documentation in
January 2017. DNA of buds, leaf material, and cambium was
extracted according to the protocol by Dumolin et al. (1995)
with minor modifications.

The individual genotyping method is based on 12 nuclear
SSR markers, which were known from the literature: MAP2,
MAP9, MAP12, MAP33, MAP40 (Pandey et al. 2004),
Am118 (Kikuchi and Shibata 2008), Aopl16, Aopl122,
Aop943 (Segarra-Moragues et al. 2008), SM21A, SM29,
and SM60 (Graignic et al. 2013). Detailed laboratory
techniques are published by Biucker and Liesebach (2018).

For parentage analysis, the software program COLONY
(Jones and Wang 2010; Wang and Scribner 2014) was
applied using microsatellite data from the genotypes of
the seed orchard in Reinhardshagen (parental generation)
and all genotypes of Romrod and Schotten (both progeny
tests, F1 generation). Therefore, the results presented here
for the 21 felled trees, were calculated in the context of a
more comprehensive study including all progenies sampled
(Biducker et al. in preparation).

3 Results

3.1 Growth performance from offspring families
with and without wavy grain mother

Since no significant differences in height and diameter
between offspring families were detected within each group
(for result data see Figs. 6 and 7 in the Appendix for height
and diameter, respectively), this factor was excluded for the
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group comparisons. For the trait DBH, progenies of standard
seed stands, of the straight grain mother trees, and of the
wavy grain mother trees differed significantly from each
other (ANOVA: p=0.005). The DBH of both wavy grain
progeny (mean 194 mm) and straight grain progeny (mean
202 mm) was bigger than the standard (mean 184 mm), the
difference being significant in pairwise comparison of the
latter (»p =0.003) (Fig. 2a). The height of the tree groups was
similar for straight grain (195 dm) and progeny (196 dm)
(Fig. 2b). Standard trees were in average higher compared
to the other groups, but the difference was not significant
(Fig. 8, Appendix). Comparing the two experimental sites,
the DBH was bigger in Romrod by 9 mm on average, while
trees in Schotten were in average 10 dm higher (as shown in
Figs. 6 and 7, Appendix). The survival rate over all trees was
58% and did not differ significantly between the sites (51%
and 66% in Romrod and Schotten, respectively).

A comparison of the shape of the trunk did also show no
significant differences between the three groups (ANOVA,
p=0.199). The offspring families differed significantly in
their trunk shape (ANOVA, p=0.0001) with standard Wol
and plus tree offspring Me10 performing significantly better
than plus tree offspring Me3 and Me4 as depicted by the
percentage of trunk shape rating Fig. 3). Overall, the trunk
shape in standards compared to offspring of plus trees did
not differ significantly (p =0.076).

In summary, the measured differences within the plus tree
progenies were very small, and no aberrant growth of the
wavy grain progeny could be observed. As expected, the
summed progeny of plus trees, which were in the majority
selected for shape and dimensions, had a clearly significant
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Fig.2 Comparison of the groups, “standard seed stand”, “plus tree
mother with straight grain,” and “plus tree mother with wavy grain”
of the A. pseudoplatanus progeny trials Romrod and Schotten. a
DBH. b Tree height. Boxplot with additional information on single

higher DBH than standard seed stands (p =0.0008)
(Fig. 8, Appendix). Within offspring families, a high level
of variability between single trees was observed and no
significant differences between families were calculated
(ANOVA, p>0.05) (Figs. 6 and 7, Appendix).

3.2 Wood structure from selected stems

Figure 4a and b show exemplarily images of the surfaces
of A. pseudoplatanus samples. The surface of sample
1.1 plus tree clone Me6 (60-year-old tree) displays a
“high” amount of wavy grain structure (Fig. 5a) with very
intensive expression due to the age of the wood (mature
wood), and the presence of “elephant skin” (in German
“Wimmerwuchs”), which is another phenomenon of wood
structure (see “Discussion”). In comparison to the mature
wood the surface of sample 10A (progeny of Me 6/juvenile
wood) also shows “high” intensity of wavy grain but with
less intensive expression due to the young age of the tree
(30 years) (Fig. 5b).

Three out of four wood samples of plus tree grafts clearly
showed the characteristics of the wavy grain structure,
whereby the wavy grain intensity ranges from low to high
(Table 1). Me6 showed a distinct wavy grain structure with
high intensity in all investigated stem portions between 2
and 6 m height. In contrast, G610 and Me4 showed a sig-
nificantly lower intensity of the wavy grain structure and no
wavy grain structure found in G616.

When comparing wavy grain intensity between samples
from different heights in a single tree, no significant
differences could be observed for Me6 and G610. For
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tree data (black dots); n=125, 92, 107 (left to right). Different letters
indicate significant differences in pairwise comparison of the groups
(Tukey’s test, p<0.05)
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Fig.3 Rating of the trunk shape
of the 30-year-old trees of A. 100
pseudoplatanus growing at the

progeny trial sites (Romrod and

Schotten). X-axis shows the

plus tree offspring family or 75
harvested standard seed stand
(control), respectively. Y-axis:
percentage of trees rated with
each level for the trunk shape.
Different letters indicate sig-
nificant differences in pairwise
comparison of the offspring
families (comparison of single
tree data; Dunn’s test, p <0.05)
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Me4, however, samples taken from lower stem portions
(two meter) showed significantly more pronounced wavy
grain intensity than samples from heights of 3.5 and 6 m.
In summary, the plus tree selection criterion “wavy grain”
could be confirmed for Me6, G610, and Me4 validating
the long-term expression of wavy grain by vegetative
propagation through grafts over 50 years.

3.3 Parentage analysis and wood structure
from selected offspring

For 14 out of the 21 felled offspring trees, clear parental
combinations are identified using their genotypes (Table 2;
no. 1,2,4,5,7,9, 10, 12, 15, 16, 17, 18, 19, and 21). For
these combinations, the documented mother is always
confirmed by one of the proposed parental candidates, except
for tree no. 5. Here, the mother correlates to the parental

genotype of Me7 instead of Me4. For an additional offspring
individual, the mother is also confirmed by the analysis, but
the father is unknown (no. 6). Four trees, conversely, have
an unknown mother, while a father is estimated from the
parental candidates (no. 3, 8, 13, and 14). Further, unknown
parents are detected for two progenies (no. 11 and 20).

Overall, the genotypes of Me4, Me6, Me7, G64, and
G016 are verified by at least one clear parental combination.
The results for genotype Mel, which has been detected
as father in two parental combinations (no. 16 and 4) but
not as mother, give a hint for some developed rootstocks
instead of scions. The probabilities for calculated parental
combinations always tend to be 100% (Table 2).

Seven out of the 21 felled trees clearly show the
characteristics of the wavy grain structure as illustrated in
Fig. 1, whereby the wavy grain intensity ranges from low to
high (Table 2). A relationship between the existence/intensity

Fig.4 A. pseudoplatanus. a Microscopic image stained with safranin
red and Astra blue displaying the S-shaped structure of wavy grain;
box shows area with vessel elements (V/arrow I) and rays (R/arrow
II) in higher magnification. b 3D scanning image with polished trans-
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verse section (transverse), tangential section (tangential), and cracked
(split) radial section (radial) with schematic emphasis of one wavy
grain amplitude (image: S. Kaschuro)
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Fig.5 Wood samples of Acer
pseudoplatanus. a Sample 1.1
of plus tree clone Me6 with
“high” amount of wavy grain
in mature wood. b Sample 10
A (progeny of Mel0) with also
“high” amount of wavy grain in
juvenile wood

of wavy grain structure in parents and their progenies is
difficult to find, because seven out of the 21 trees are assigned
to parental candidate/s with unknown grain orientation
(Table 3, parents #). Therefore, we primarily focus on the
14 trees which have parent pairs of defined wood structure.
Here, tree no. 9, which solely is assigned to a wavy
grained parent pair, exhibits wavy grain structure of low

Table 1 Results of the macroscopic and microscopic investigation of
grafted mature plus trees

Sample no. Plot Clone Heightin Wavy grain Wavy
tree (m)  structure grain
present intensity
1.1 511 Me6 6 Yes High
l.1a 511 Me6 2 Yes High
1.1b 511 Me6 3 Yes High
1.1d 511 Me6 6 Yes High
2.1 414 Gol0 3 Yes Low
2.2b 414  Gol0 1.5 Yes Low
3.1 5 Gol6 2 No -
3.1b 5 Gol6 6 No -
3.1c 5 Gol6 9 No -
4.1 210 Me4 6 Yes Low
4.1b 210 Med4 2 Yes High
4.1c 210 Me4 3.5 Yes Low

intensity. Similarly, four out of the eight trees with the
parental combination of wavy grained mother and straight
grained father, show low wavy grain intensity (no. 1, 15,
19, and 21), while the other four progenies indicate straight
grain (no. 5, 7, 17, and 18). As expected, no indications for
wavy grain structure were found for tree no. 4, which has a
straight grained mother as well as father.

The progeny with the most pronounced wavy grain
structure is tree no. 10 (high intensity), which represents
offspring of a wavy grained mother and straight grained
father. For tree no. 14, a medium intensity of wavy grain was
detected. Here, the father is straight grain and the mother
unknown.

4 Discussion

The wavy grain figure in A. pseudoplatanus is only one among
several figure types with diverse morphological origin, e.g.,
birdseye figure, spiral growth, blister, and quilted figure (Beals
and Davis 1977). For all these figure types, only few published
data exist on the physiological background of the formation
and the inheritance. Additionally, the wavy grain structure may
appear at the same time as the above-named structural anomalies
and its simultaneous occurrence can increase the optical
effect. Furthermore, the misinterpretation of other structural
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Table 2 Parental combinations

) No. of tree  Mother
and wood properties of the

Mother identified

Father identified ~ Probability of Intensity of

21 felled progeny trees. felled documented parental combina-  wavy grain
Classification of wavy grain ton structure
intensity resulted from 1 Me6 Me6 G5 1.000 Low
e simenenc 2 G Gt e |
combinations were derived 3 Mel # Me6 1.000 -
from genotypes. Unknown 4 Go4 Go4 Mel 1.000 -
parents are indicated with “#,” 5 Me4 Me7 Go2 1.000 _
parental clongs wi'th wavy grain 6 Me7 Me7 4 1.000 )
figure are written in italics. The
column “Mother documented” 7 Mel0 Mel0 Me3 1.000 -
specifies the mother as listed in 8 Mel # Go4 1.000 -
the trail layout 9 Me7 Me7 Med4 1.000 Low

10 MelO MelO Go5 1.000 High

11 Me4 Me4 # 1.000 -

12 Gol6 Gol6 Me2 1.000 -

13 Go4 # Sal3 1.000 -

14 Mel # Sal3 1.000 Medium

15 Me4 Me4 Go12 1.000 Low

16 Gol6 Gol6 Mel 1.000 -

17 Me6 Me6 Me3 1.000 -

18 Me6 Me6 Go15 0.9985 -

19 Me7 Me7 Go5 1.000 Low

20 Go4 # # 1.000 -

21 MelO Mel0O Go5 1.000 Low

anomalies as wavy grain often led to confusion. It is important
to distinguish wavy grain from the so-called elephant skin which
frequently occurs at the base of the trunk or at the stem under
huge branches. In contrast to wavy grain, elephant skin is visible
on the stem surface, less uniform, and does not spread over the
whole log as wavy grain or fiddleback does (Richter 2015);
Fig. 5a shows a combination of both wood anomalies. In the
present study, wavy grain is evaluated exclusively as an S-shaped
structure along the tangential surfaces as shown in Fig. 4b.
Regarding the comparison of growth performance, no
effect of the wavy and straight grain parentage could be
observed. Significant differences were only measured between
single offspring families and between the groups of plus tree
offspring compared to standard seed stands. Overall, the results
on growth parameters suggest an inverse relationship between
DBH and tree height in the sycamore maple trees, with thicker
and smaller trees in Romrod and thinner and higher trees in

Table 3 Number of progenies counted for the different combinations
of parental wood types. The term “unknown” is used for parents with
unknown grain orientation, due to pollen flow from outside

Mother‘s wood type

Wavy grain ~ Straight ~ Unknown
grain
Father‘s Wavy grain 1
wood type  Straight grain 9 3
Unknown 1

2 swer INRA@

Schotten. As the soil composition and exposition are very
similar between the sites, the difference in stand productivity
could be a result from higher water availability as is
documented for the experimental sites. Due to small interspace
between the 30-year-old trees (min. 1.5 m, 58% survival rate)
the high density and competition has to be considered to have
an impact on the progeny trial outcome. To our knowledge
there are no published studies on the influence of wavy grain
on growth parameters of A. pseudoplatanus. Sopushynskyy
and Teischinger (2013) reported a 8—16% larger DBH for ash
(Fraxinus excelsior) trees with wavy grain structure compared
to those with straight-grained wood in a comparison of
selected trees of three experimental forest stands. The result is
comparable only to a limited extend due to the different tree
species and the age of the investigated trees (80-92 years).
Our results on the occurrence and intensity of wavy
grain structure in 21 felled progenies point towards genetic
inheritance of the trait wavy grain, because one third of
the felled trees show evidence of wavy grain. Also, the
observation of stability of wavy grain figure 50 years after
grafting (this study) or after tissue-culture propagation (Rohr
and Hanus 1987; Ewald and Naujoks 2015) support a genetic
cause. Moreover, no reports on a loss of wavy grain figure
after any kind of vegetative propagation could be found. A
conclusive statement, with regard to the mode of inheritance,
is difficult to express on the basis of these 21 individuals,
since for 7 trees the grain orientation of one or both parental
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candidate/s is unknown. More research is needed to determine
the mode of inheritance and potential genes participating in
the physiological mechanisms of wavy grain wood formation.

Studies on other figure types and in other tree species
regarding vegetative propagation and genetic inheritance
of the figure can be consulted for the classification of
wavy grain with regard to management objectives. For
birdseye maple, for example, Bragg et al. (1997) state that
management practices can have an effect on the development
of the occurrence of figured trees in a forest stand. Fan
et al. (2013) introduced curly poplar as a model system to
broaden the knowledge on heritability and reproducibility
of figured wood. The most progress towards targeted use of
figured trees in breeding was achieved in curly birch with
established protocols for vegetative propagation by tissue
culture (Ryyninen and Ryyninen 1986), the establishment
of specialty plantings of curly birch and explicit management
practice advice for curly birch stands (Hynynen et al. 2010).
These findings, in addition to our results on stability and
inheritance of the trait, suggest a more targeted use of wavy
grain maple in the breeding of sycamore maple.

5 Conclusion

Wavy grain seems to be inherited to the offspring, and
the progeny is not negatively affected in commercially
relevant traits. Maximizing the economic potential of

Fig.6 Tree height of the single
progenies of the two progeny
trial sites Romrod and Schotten
with 30-year-old trees. Boxplot
with additional information on
single tree data (black dots). No
significant differences in pair-
wise comparison of the prog-
enies (block means) were found
(Tukey’s test, limit p <0.05)

B3 wavy grain mother

height [dm]

Romrod

ES standard seed stock
B3 straight grain mother

harvestable goods facilitates longer rotation times,
allows for more costly harvesting techniques, and thereby
minimizes negative impacts on the environment (Bragg
2006). As wavy grain leads to a profound increase in
value of the timber, it is recommendable to implement
this trait in breeding systems. This could either be
achieved by including wavy grain plus trees in A.
pseudoplatanus seed orchards in mixture with straight
grain plus trees to preserve or increase the percentage
of wavy grain in forest stands or by selection of a set
of vegetatively propagated wavy grain clones with
optimal stem characteristics for specialty plantings.
Even if successful integration of wavy grain in breeding
systems would make it somewhat more frequent, wavy
grain maple will remain a valuable timber, supporting the
proposed targeted measures.

Appendix

Results for the different open pollinated offspring
families regarding the two experimental sites

Schotten
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F_ig. 7 Tree di.ameter of the Romrod Schotten
single progenies on the two

trial sites R d 7
progeny rial sies Romro B3 standard seed stock

and Schotten with 30-year-old
trees. Boxplot with additional
information on single tree data
(black dots). No significant dif-
ferences in pairwise comparison

B straight grain mother
B3 wavy grain mother
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Fig.8 Comparison of the groups “standard seed stands” and “plus on single tree data (black dots). Different letters indicate significant
tree mother” of the A. pseudoplatanus progeny trials Romrod and differences in pairwise comparison of the groups (Tukey’s test, limit
Schotten. a DBH. b Tree height. Boxplot with additional information p<0.05). n=standard 125, plus tree 199
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