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Abstract
Selected physical parameters of common hornbeam nuts were determined in five batches of nuts
harvested from seed tree stands in northern Poland. The results were used to calculate the arithmetic
and geometric mean diameters, aspect ratio, sphericity index, volume and density of each nut. The
above parameters were compared by analysis of variance, correlation analysis and linear regression
analysis. Habitat conditions had a greater influence on nut plumpness than the age of the tree stand.
Nut width was highly correlated with nut mass, and the above observation can be used in the process
of separating nuts into mass categories. When two mesh screens with 5 mm and 6 mm openings are
used, nuts will be separated into a fine-sized fraction containing 71.4% of nuts with reduced
plumpness, 24.1% of moderately plump nuts and 1.8% of plump nuts, and a coarse-sized fraction
containing 2.0% of nuts with reduced plumpness, 43.6% of moderately plump nuts and 54.4% of
plump nuts.
Symbols
Da – arithmetic mean diameter of a nut, mm,
Dg – geometric mean diameter of a nut, mm,
k – volumetric coefficient of proportionality,
m – nut mass, mg,
R – aspect ratio, %,
SD – standard deviation of trait,
T, W, L – nut thickness, width and length, mm,
v – terminal velocity of a nut, m s–1,
V – nut volume, mm3,
x – average value of trait,
γ – angle of static friction on steel, averaged for three nut positions on a steel friction plate,
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γ1, γ2, γ3 – angle of static friction on a steel friction plate when the long axis of the nut is parallel to
the direction of movement with the hilum down and up, and when the long axis is perpendicular
to the direction of movement, o,
ρ – nut density, g cm–3,
Φ – sphericity index, %.

Introduction
The common hornbeam (Carpinus betulus L.) is a tree with a broad and
irregular crown, and it grows to a height of 10–25 m. Its geographic range
covers Central and Southern Europe, Caucasus, northern Turkey and Iran. It
is a typical representative of lowland and highland tree species. The common
hornbeam is rarely encountered at altitudes higher than 1000 m.a.s.l. It
thrives on loamy, sandy and loamy, deep, fresh and fertile soils (SUSZKA et al.
2000, MURAT 2002, JAWORSKI 2011). It is a common admixture in stands of
pines, oaks and beeches, and oak-linden-hornbeam forests are the optimal
habitat for the analyzed species (MURAT 2002, BORATYŃSKI et al. 2007).
The common hornbeam is a monoecious species which produces individual
male and female flowers on the same tree. It begins to produce fruit at the age
of approximately 30 years, and abundant yields are reported every 2–3 years.
Trees produce fruit even every year in locations with adequate sun exposure
(SUSZKA et al. 2000, WESOŁOWSKI et al. 2015). Flowers appear in April or May,
and inflorescences with a length of 5–15 cm mature between August and
November, mostly in October. The fruit of the common hornbeam are nuts
which are initially light green in color, but grow darker in successive stages of
maturation to turn olive green and brown in fall (Fig. 1). Each nut is shielded
by a 3-segmented seed coat which acts as a wing during dispersal. Mature nuts
fall to the ground between fall and spring (SUSZKA et al. 2000, MURAT 2002,
BORATYŃSKI et al. 2007, DRAGOMIR, SZEKELY 2011, JAWORSKI 2011).
Hornbeam nuts are harvested when maturing inflorescences turn olive
green or brown. Nuts are harvested manually, they can be shaken off trees or
collected from twigs that are cropped into sheets or nets spread under trees.
The collected inflorescences are lightly dried, and nuts are mechanically
separated from wings. Small amounts of seeds can be placed in a hard-wearing
fabric bag and threshed by hitting with a flail or by stomping on top of the bag.
Seed coats and crushed nut fragments are removed on a mesh screen, in
a winnowing machine or a pneumatic sieve (SUSZKA et al. 2000, MURAT 2002).
Hornbeam nuts belong to the category of orthodox seeds which can
withstand significant dehydration without losing their viability. Partially dried
(8–10%) orthodox seeds can be stored at low temperatures (below 0oC) for
many years. In hornbeam nuts, pre-sowing treatment is performed in deep
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Fig. 1. View of common hornbeam nuts

dormancy, and it involves warm and cold stratification over a period of
18–20 weeks (SUSZKA et al. 2000, MURAT 2002, CZAPRACKI, HOLUBOWICZ 2010,
ZHU et al. 2014).
According to the literature (KHAN 2004, PARKER et al. 2006, SHANKAR 2006,
QUERO et al. 2007, BURACZYK 2010), seed mass is one of the key parameters
that determine germination efficiency in most species. Plump seeds contain
more reserve materials which are required for sprouting and contribute to the
development of healthy germs. Despite the above, seeds are difficult to sort
based only on their mass. Vibratory separators or pneumatic vibratory separators can be used, but in most processes, seeds are separated based on
differences in their density. The separation process is effective when seeds
have similar density but differ in size or when seeds have similar size but differ
in density (GROCHOWICZ 1994). The separation process may be unsuccessful if
seeds differ in both size and density, which is often the case in seed material.
Thus, correlations between the physical parameters of seeds need to be
identified to increase the efficiency of separation and support the selection of
optimal parameters in separation equipment.
The objective of this study was to determine the variations in and correlations between the basic physical parameters of common hornbeam nuts so as
to improve the efficiency of seed separation processes.
Technical Sciences

18(4)2015

250

Zdzisław Kaliniewicz et al.

Materials and Methods
The experimental material comprised five batches of common hornbeam
nuts supplied by a seed extraction plant in Jedwabno in 2012. Three batches
were harvested from variously aged seed tree stands in one forest region, and
two batches were obtained from similarly aged seed tree stands in the regions
of Mazury and Podlasie in northern Poland. The analyzed batches were
harvested from the following tree stands:
a) registration No. MP/1/45603/06, category of seed propagation material
– from an identified source, region of origin – 205, municipality – Szczytno,
geographic location – 53.32oN, 20.57oE, forest habitat – fresh forest, age –
77 years (symbol: CH-1a),
b) registration No. MP/1/44582/06, category of seed propagation material
– from an identified source, region of origin – 206, municipality – Świętajno,
geographic location – 53.35oN, 21.23oE, forest habitat – fresh forest, age –
71 years (symbol: CH-1b),
c) registration No. MP/1/9366/05, category of seed propagation material
– from an identified source, region of origin – 251, municipality – Bartoszyce,
geographic location – 54.12oN, 20.42oE, forest habitat – fresh forest, age –
74 years (symbol: CH-1c),
d) registration No. MP/1/42001/05, category of seed propagation
material – from an identified source (removed from the list), region of origin –
251, municipality – Kolno, geographic location – 53.56oN, 21.03oE, forest
habitat – fresh forest, age – 85 years (symbol: CH-2),
e) registration No. MP/1/43925/05, category of seed propagation
material – from an identified source, region of origin – 251, municipality
– Biskupiec, geographic location – 53.57oN, 20.53oE, forest habitat – fresh
forest, age – 90 years (symbol: CH-3).
Analytical samples (initial samples had the weight of 1 kg) from every batch
of nuts were divided by halving (Nasiennictwo leśnych drzew... 1995). Initial
samples were halved, and one half was randomly selected for successive
halving. The above procedure was repeated to produce samples of around 100
nuts each. The analyzed nut samples had the following size: CH-1a–109,
CH-1b–118, CH-1c–111, CH-2–112, CH-3–122. The remaining nuts were sampled to determine their moisture content in the Radwag MAX 50/WH drying
oven with a weighing scale. The analyzed nuts were characterized by similar
moisture content in the range of 8.4% to 8.9%.
Terminal velocity of nuts was determined in the Petkus K-293 pneumatic
classifier, seed dimensions were determined with the use of the MWM 2325
workshop microscope (length and width) and a thickness gauge, the angle of
sliding friction was measured on a horizontal plane with an adjustable angle of
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inclination equipped with a steel friction plate (GPS – Ra = 0.45 μm), and seed
mass was determined on the WAA 100/C/2 laboratory scale. All measurements
were performed according to the methods previously described by KALINIEWICZ
et al. (2011) and KALINIEWICZ and POZNAŃSKI (2013). The angle of static
friction was measured in three positions: with the longitudinal axis parallel to
the direction of movement with the hilum down (index 1) and the hilum up
(index 2), and with the longitudinal axis perpendicular to the direction of
movement (index 3).
The physical parameters of nuts were used to determine their arithmetic
and geometric mean diameters, aspect ratio and sphericity index (MOHSENIN
1986):
T+W+L
Da =
(1)
3
1

Dg = (T · W · L) 3

R=

W
× 100
L

(2)

(3)

1

(T · W · L)3
Φ=
× 100
L

(4)

A 25 cm3 liquid pycnometer with a thermometer and a capillary tube was
used to determine volume Vp of all nuts in a given sample. The volume and
density of each nut was calculated based on the below formula:
V=k·T·W·L

ρ=

m
m
=
V
k·T·W·L

(5)

(6)

where:
k=

Vp

ΣT · W · L

(7)

Nuts were divided into three plumpness categories based on their mass:
seeds with reduced plumpness (m < x–SD), moderately plump seeds
(x–SD ≤ m ≤ x+SD) and plump seeds (m > x+SD). The results were rounded off
to the next multiple of 5.
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The results were processed in the Statistica v. 10 application with the use of
popular statistical procedures such as one-way ANOVA, correlation analysis
and linear regression analysis (RABIEJ 2012). The results were regarded as
significant at P-value of 0.05.

Results
The physical parameters of common hornbeam nuts are presented in Table 1.
The volume and density of nuts were determined with the use of formulas (5)
and (6) where the volumetric coefficient of proportionally was k = 0.475. The
above value of k implies that a nut fills a rectangular cuboid, characterized by
three basic parameters T, W and L, in 47.5%.
Table 1
Variations in the physical parameters of hornbeam nuts with an indication of significant differences
Property/
indicator
v [m s–1]
T [mm]
W [mm]
L [mm]
γ1 [o]
γ2 [o]
γ3 [o]
m [mg]
Da [mm]
Dg [mm]
R [%]
Φ [%]
V [mm3]
ρ [g cm–3]

Nut batch
CH-1a
x±SD

CH-1b
x±SD

CH-1c
x±SD

CH-2
x±SD

CH-3
x±SD

10.00 ± 0.88a
2.86 ± 0.27a
5.20 ± 0.48b
6.15 ± 0.71b
23.99 ± 3.11a
23.96 ± 3.03a
24.57 ± 3.15a
43.06 ± 8.10b
4.78 ± 0.38b
4.50 ± 0.34b
85.20 ± 9.25b
73.48 ± 4.69a
43.87 ± 9.79b
0.99 ± 0.10a

10.07 ± 1.11a
2.85 ± 0.28a
5.92 ± 0.52a
6.67 ± 0.64a
24.36 ± 2.88a
24.46 ± 2.65a
24.36 ± 2.84a
49.97 ± 11.80a
5.15 ± 0.37a
4.82 ± 0.33a
89.23 ± 8.54a
72.56 ± 4.83ab
53.95 ± 11.39a
0.93 ± 0.13b

9.63 ± 0.90bB
2.88 ± 0.29aA
5.80 ± 0.54aA
6.70 ± 0.61aA
24.26 ± 3.62aAB
24.02 ± 3.29aB
24.34 ± 2.94aA
48.91 ± 10.48aA
5.13 ± 0.38aA
4.81 ± 0.35aA
86.94 ± 8.04abA
71.96 ± 4.04bA
53.72 ± 12.04aA
0.92 ± 0.13bA

10.01 ± 1.15A
2.86 ± 0.29A
5.80 ± 0.58A
6.66 ± 0.59A
24.93 ± 2.43A
25.05 ± 2.47A
24.46 ± 2.19A
46.13 ± 11.01A
5.11 ± 0.40A
4.79 ± 0.37A
87.41 ± 8.30A
72.13 ± 3.86A
53.22 ± 12.40A
0.88 ± 0.13B

9.82 ± 0.93AB
2.85 ± 0.27A
5.87 ± 0.53A
6.75 ± 0.65A
23.70 ± 2.26B
23.97 ± 2.20B
23.54 ± 2.38B
47.57 ± 9.54A
5.16 ± 0.36A
4.82 ± 0.33A
87.64 ± 9.49A
71.79 ± 4.69A
53.97 ± 10.79A
0.89 ± 0.15AB

a, b – different letters indicate statistically significant differences in the value of a given parameter
(indicator) between nuts harvested from similarly aged tree stands,
A, B – different letters indicate statistically significant differences in the value of a given parameter
(indicator) between nuts harvested from the same forest region.

The errors in the estimated mean physical parameters of nuts did not
exceed:
– for terminal velocity of a nut – 0.3 m s–1,
– for nut thickness – 0.1 mm,
– for nut width and length – 0.2 mm,
– for the angle of static friction – 0.7o,
– for nut mass – 2.2 mg.
Technical Sciences

18(4)2015

Selected Physical Parameters of Common...

253

The highest average terminal velocity was noted in batch CH-1b. Nuts from
that batch were also characterized by the highest mean width, mass, geometric
mean diameter and aspect ratio. In general, the lowest mean values of the
measured parameters were observed in batch CH-1a in respect of the width,
length, angle of static friction of nuts placed on a steel surface with the hilum
up, mass, arithmetic and geometric mean diameters, aspect ratio and volume.
Nuts from batch CH-1a were characterized by the highest mean values of the
angle of static friction of nuts placed on a steel surface perpendicular to the
direction of movement, sphericity index and density. Nuts harvested from
similarly aged tree stands differed in all parameters and indicators, excluding
thickness. It should be noted that none of the analyzed parameters was
responsible for significant differences between the three examined batches.
Nuts harvested from the same forest region differed locally only in their
terminal velocity, angle of static friction and density. No significant differences
were noted in the remaining parameters and indicators. Smaller differences in
the measured parameters were observed between nuts harvested from the
same forest region than between nuts harvested from different forest regions,
which suggests that the characteristic attributes of common hornbeam nuts
are influenced by the local climate.
The smallest angle of static friction was noted in CH-3 nuts positioned on
a steel surface with the longitudinal axis perpendicular to the direction of
movement, and the largest angle of static friction was observed in CH-2 nuts
positioned on a steel surface with the longitudinal axis parallel to the direction
of movement with the hilum down (Tab. 1). Despite statistically significant
local differences in the angle of static friction between batches, the difference
between the largest and smallest mean angle was estimated at only 6% (1.5o).
An additional analysis of variance (the results are not given in Table 1)
revealed an absence of significant differences between the angle of static
friction of differently positioned nuts. For this reason, the mean angle of static
friction from three positions was used in further analyses.
Despite the presence of statistically significant local differences, none of the
analyzed batches differed considerably from the remaining batches, and the
five analyzed batches of common hornbeam nuts were regarded as homogeneous. An analysis of linear correlations between the physical parameters of nuts
(Tab. 2) revealed that nearly all evaluated traits were significantly correlated
at 0.05. The only exceptions were terminal velocity, nut thickness and width.
The correlations between the mass and basic dimensions of nuts, between nut
density vs. terminal velocity and nut thickness, and between nut length and
nut width were deemed as practically significant (coefficients of correlation
higher than 0.4). The highest value of the correlation coefficient (0.727) was
observed in a comparison of nut mass and nut width.
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Table 2
Coefficients of linear correlation between selected physical parameters of hornbeam nuts

Property

T

W

L

γ

m

ρ

v
T
W
L
γ
m

0.044
1
–
–
–
–

0.061
0.262
1
–
–
–

-0.130
0.289
0.528
1
–
–

-0.275
-0.150
-0.250
-0.090
1
–

0.332
0.411
0.727
0.617
-0.320
1

0.501
-0.420
-0.165
-0.356
-0.149
0.243

Values in bold represent statistically significant correlations.

Regression equations where the coefficient of determination is higher than
0.2 are presented in Table 3. This condition was fulfilled by the relationships
between the terminal velocity and density of nuts, between nut width and nut
length, between nut length and nut mass, and between nut mass and nut
width. The equation describing the relationship between nut width and nut
mass was characterized by the highest value of the determination coefficient
(0.529), and the highest percentage of explained variation. The above indicates
that common hornbeam nuts should be divided into mass categories with the
use of mesh screens with round openings.
Table 3
Regression equations for the physical parameters of hornbeam nuts
Equation
v = 3.792 ρ + 6.406
W = 0.461 L + 2.687
W = 0.041 m + 3.803
L = 0.603 W + 3.137
L = 0.040 m + 4.724
m = 12.968 W – 27.098
m = 9.624 L – 16.271
ρ = 0.066 v + 0.266

Coefficient of determination
R2

Standard error
of the estimate

0.251
0.278
0.529
0.278
0.381
0.529
0.381
0.251

0.875
0.502
0.405
0.574
0.531
7.226
8.283
0.116

The average mass of common hornbeam nuts was determined at 47.18
± 10.52 mg. Separation boundaries were rounded off to produce three nut
plumpness categories: nuts with reduced plumpness (m<40 mg), moderately
plump nuts (m = 40÷55 mg) and plump nuts (m>55 mg). The analyzed
material contained 27.1% of nuts with reduced plumpness, 50.7% of moderately plump nuts and 22.2% of plump nuts. Figure 2 presents the distribution of
nut width across three plumpness categories. Nuts representing all three
plumpness categories are found in nearly every size fraction, excluding the two
smallest (W≤4.5 mm) and the two largest (W>6.5 mm) fractions. When two
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mesh screens with 5 mm and 6 mm openings are used, nuts will be separated
into three size fractions. The smallest fraction will contain approximately 28%
of nuts with reduced plumpness, 5% of moderately plump nuts and only 1% of
plump nuts. The material passed through the top mesh sieve will contain
approximately 3% of nuts with reduced plumpness, 29% of moderately plump
nuts and 84% plump nuts.

Fig. 2. Distribution of nut width across three mass categories

The separated size fractions will contain:
– fine-sized fraction (W≤5 mm) – 74.1% of nuts with reduced plumpness,
24.1% of moderately plump nuts and 1.8% of plump nuts,
– medium-sized fraction (W = 5–6 mm) – 33.9% of nuts with reduced
plumpness, 59.9% of moderately plump nuts and 6.2% of plump nuts,
– coarse-sized fraction (W>6 mm) – 2.0% of nuts with reduced plumpness,
43.6% of moderately plump nuts and 54.4% of plump nuts.

Discussion
According to FRĄCZEK (1999) and HORABIK (2001), the frictional properties
of seeds are determined by various factors, including seed orientation relative
to the direction of movement. The above hypothesis was not confirmed by the
results of our study where the position of common hornbeam nuts relative to
the steel friction plate was not significantly correlated with the resulting angle
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of sliding friction. The above could be attributed to the fact that unlike most
seeds, hornbeam nuts have a ribbed rather than a smooth surface. Due to
relatively small contact area between nuts and the friction plate, the components of the friction force (deformation, adhesion and cohesion) do not undergo
significant change, therefore, the angle of static friction remains similar when
nuts are positioned differently on the steel surface. Our results indicate that
when the angle of static friction is used as a separation trait, the position of
common hornbeam nuts on the friction plate does not have to be precisely
adjusted.
When the angle of static friction of hornbeam nutlets (approximately 24o)
was converted into the coefficient of friction, our results were comparable with
the values reported by BART-PLANGE and BARYEH (2003) in cocoa beans, by
ALTUNTAŞ et al. (2005) in fenugreek seeds, by ÇALIŞIR et al. (2005) in Turkish
okra seeds, and by MARKOWSKI et al. (2013) in wheat grain.
The mean terminal velocity of hornbeam nuts, which was determined in
the range of 9.63 m s–1 to 10.07 m s–1, was similar to that reported in filled
beech nuts (TYLEK 2011). In terms of thickness, hornbeam nuts were similar to
wheat seeds (GEODECKI, GRUNDAS 2003, KALKAN, KARA 2011, MARKOWSKI et al.
2013) and roselle seeds (SÁNCHEZ-MENDOZA et al. 2008), and in terms of width
– to fir seeds (CZERNIK 1993), cowpeas (KABAS et al. 2007) and yellow lupine
seeds (SADOWSKA, ŻABIŃSKI 2011). When both width and thickness were taken
into account, hornbeam nuts were similar to lentils (RYBIŃSKI et al. 2009), and
when width was combined with length, the analyzed nuts were similar to
soybeans (DAVIES, EL-OKENE 2009). The sphericity index of hornbeam nuts
was similar to that of ackee apple seeds (OMOBUWAJO et al. 2000). There are no
published data on the range of variations in the physical parameters of
hornbeam nuts. The only cited parameter is nut mass which, according to
SUSZKA et al. (2000) and AGUINAGALDE et al. (2005), should range from 35 mg
to 45 mg. In this study, nuts in four out of the five analyzed batches were
heavier than 45 mg. The proportion of plump nuts in the evaluated material
indicates that 2012 was a favorable year for the generative reproduction of
hornbeams.
For a biological material, the regression equations presented in Table 3
effectively explain the relationships between the analyzed traits, and they can
be used to model and perform separation processes.
Seed mass is one of the key parameters determining germination efficiency
in most seed species, but the heaviest seeds are not always the first to sprout
(KHAN 2004, PARKER et al. 2006, SHANKAR 2006, QUERO et al. 2007, UPADHAYA
et al. 2007, NORDEN et al. 2009, BURACZYK 2010). Seeds can be separated into
mass fractions to promote even germination, which is a very important
production factor in tree nurseries. However, it is very difficult to separate
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seeds based on their mass only. For this reason, parameters that are significantly correlated with mass are identified and used in seed cleaning and
separation process. In this study, the mass of common hornbeam nuts was
most highly correlated with nut width. Our results indicate that hornbeam
nuts should be separated with the use of mesh screens with round openings.
The basic dimensions of hornbeam nuts were negatively correlated with nut
density, which suggests that smaller nuts will germinate earlier than plump
nuts. Further research is needed to verify this hypothesis.

Conclusions
1. An analysis of the physical parameters of common hornbeam nuts
revealed greater differences between batches of nuts harvested from similarly
aged trees in various forest regions than between batches harvested from
differently aged trees in the same forest region. Our findings suggest that the
plumpness of hornbeam nuts is more likely to be determined by local habitat
conditions than the age of the tree stand.
2. In the group of the analyzed physical parameters of common hornbeam
nuts, nut width was most highly correlated with nut mass (R = 0.727),
whereas nut thickness was least correlated with terminal velocity (R = 0.044).
A comparison of basic dimensions revealed the strongest correlations
(R = 0.528) between nut width and length.
3. The results of this study indicate that hornbeam nuts should be
separated with the use of mesh screens with round openings to obtain material
characterized by similar mass. The most satisfactory results are obtained when
hornbeam nuts are passed through screens with round openings with a diameter of 5 mm and 6 mm.
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