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Abstract

The physical properties of forest tree seeds are an important consideration in seed cleaning and sorting processes. In order

to determine variations in and correlations between the pairs of the following parameters: the terminal velocity, thickness, width,
length, mass and angle of static friction on steel were measured for seeds of seven deciduous tree species (common beech, copper
beech, common hornbeam, small-leaved lime, black locust, mountain ash and grey alder). The results of measurements were pro-
cessed statistically by correlation analysis and linear regression analysis. Seed mass was most highly correlated and angle of static
friction was least correlated with the remaining parameters. The highest value of the correlation coefficient and the equation with
the highest value of the coefficient of determination were reported for the relationship between the mass and terminal velocity of
small-leaved lime seeds. In view of the above, a pneumatic separator is recommended for separating seeds of the above tree species.
A pneumatic separator is also an effective device for separating the seeds of common hornbeam and grey alder. Common beech and
mountain ash seeds should be separated with the use of mesh screens, and copper beech and black locust seeds should be separated

with the use of a seed grader.
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Introduction

Deciduous trees growing in natural habitats in Po-
land begin to produce seeds at various age. Seeds can be
harvested already from 5-year-old trees growing in open
spaces (wild cherry, black locust), whereas dense stands
may begin to produce seeds only at the age of 70 years
and more (common beech, sessile oak). Most tree species
growing in open spaces begin to produce seeds at the age
of around 15 years, and trees in dense stands at the age of
20-30 years. In Poland, high seed yields from deciduous
trees are noted every 1-2 years, but in some taxa (sessile
oak, common beech), the cycle may be prolonged to every
5-8 years (Jaworski 2011).

During processing, seeds are sorted into fractions
based on selected physical traits. The seeds of forest trees
are generally sorted with the use of simple separating
devices, mostly pneumatic separators and mesh screens.
Seed separation into fraction improves germination uni-
formity, which is a particularly important consideration
in tree nurseries.

Changes in the physical attributes of tree seeds and
the correlations among those parameters are poorly dis-
cussed in the literature. The above data is required for
designing and modeling seed harvesting, transport, clean-
ing, sorting, storing, sowing and processing procedures.
Significant correlations between the physical traits of
same-species seeds could indicate that those seeds have a
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very similar shape, which has very important implications
for the geometry of sorting devices. Weak correlations
between physical attributes also carry important infor-
mation, and they support the determination of the range
of variations in the parameters of a sorting device. Ac-
cording to the literature (Khan 2004, Parker et al. 2006,
Shankar 2006, Quero et al. 2007, Upadhaya et al. 2007,
Castro et al. 2008, Norden et al. 2009), seed mass is one
of the main physical properties that affect germination ef-
ficiency of seeds of most species. Heavier seeds usually
germinate faster and produce healthier seedlings as com-
pared with lighter ones. Seeds are difficult to sort based
on their mass. Thus, the correlations between seed mass
and other physical properties were analyzed in this study,
and the results were used to plan seed sorting processes.

The objective of this study was to determine the vari-
ations and the correlations between the physical proper-
ties of seeds of selected deciduous trees to increase the
efficiency of seed sorting processing.

Materials and Methods

The analyzed material (Figure 1) comprised the nut-
lets of common beech (Fagus silvatica L.), copper beech
(Fagus silvatica atropurpurea), common hornbeam (Car-
pinus betulus L.) and small-leaved lime (7ilia cordata
Mill.), the seeds of black locust (Robinia pseudoacacia
L.) and mountain ash (Sorbus aucuparia L.), and grey
alder (Alnus incana (L.) Moench) achenes. The seeds
of common beech, common hornbeam and small-leaved
lime were harvested from the following tree stands listed
in the National Register of Forest Reproductive Material:

a) registration No. MP/1/8841/05 (category of seed
propagation material — from an identified source, type —
tree stand, region of origin — 157, municipality — Rychliki,
geographic location — 53.59°N, 19.36°E, forest habitat —
fresh forest, age — unknown),

b) registration No. MP/1/40175/05 (category of seed
propagation material — from an identified source, type —
tree stand, symbol region of origin — 207, municipal-
ity — Czarna Bialostocka, geographic location — 53.28°N,
23.24°E, forest habitat — fresh forest, age — 114 years),

c) registration No. MP/3/41096/05 (category of
seed propagation material — qualified, type — seed planta-

d

tion, symbol region of origin — 251, municipality — Bra-
niewo, geographic location — 53.49°N, 20.36°E, forest
habitat — fresh mixed coniferous forest, age — 15 years).

Seeds of the remaining tree species were supplied by
Dendrona of Pecice and were harvested in the Region of
Pomorze Zachodnie.

Seed batches were divided by halving (Zateski 1995).
The analyzed batches of nutlets, seeds and achenes (re-
ferred to jointly as “seeds” in subsequent parts of this pa-
per) were halved, and one half was randomly selected for
successive halving. The above procedure was repeated to
produce samples of around 100 seeds each. The result-
ing seed samples had the following size: common beech —
119, copper beech — 122, common hornbeam — 123, small-
leaved lime — 114, black locust — 117, mountain ash — 103
and grey alder — 117. Moisture content was determined
with the MAX 50/WH moisture balance (Radwag) on
samples collected from the remaining seeds. The moisture
content of seeds was as follows: common beech — 11.6 %,
copper beech — 11.8 %, common hornbeam — 8.3 %,
small-leaved 1-ime — 10.5 %, black locust — 8.7 %, moun-
tain ash — 8.8 %, grey alder — 8.1 %.

Terminal velocity of seeds was determined in the
Petkus K-293 pneumatic classifier, seed dimensions were
determined with the use of the MWM 2325 workshop mi-
croscope (length and width) and a thickness gauge, the
angle of sliding friction was measured on a horizontal
plane with an adjustable angle of inclination equipped
with a steel friction plate (GPS — Ra = 0.48 pm), and
seed mass was determined on the WAA 100/C/2 labora-
tory scale. All measurements were performed according
to the methods previously described by Kaliniewicz et
al. (2011), Kaliniewicz and Poznanski (2013) and Ka-
liniewicz et al. (2013). The angle of static friction was
determined as the average angle produced by two seed
arrangement patterns: with the longitudinal axis parallel
and perpendicular to the direction of inclination.

The results were processed with the use of STATISTI-
CA PL v. 10 advanced analytics software package based on
general statistical procedures, including correlation analysis
and linear regression analysis (Rabiej 2012). Statistical cal-
culations were performed at the significance level of 0.05.

Figure 1. Seeds of deciduous trees: a — common
beech, b — copper beech, ¢ — common hornbeam,
d — small-leaved lime, e — black locust, f — moun-
tain ash, g — grey alder
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Results

The statistical distribution of selected physical attri-
butes of the analyzed seed species is presented in Table 1.
Copper beech seeds were characterized by the lowest and
small-leaved lime seeds were characterized by the high-
est variation in parameters. The highest value of the co-

efficient of variation was reported for seed mass, which
ranged from 16.57 to approximately 41.48 %. The second
most variable trait in the analyzed seeds, excluding the
common beech, was the angle of static friction, which
fluctuated in the range of 10.37 to 37.25%. Seed mass
was the most diverse trait in the analyzed seed species.
The ratio of the average mass of grey alder and copper

Table 1. Statistical distribution of the physical properties of selected seed species

Value of trait

Standard Coefficient of
Seed species Property - ) deviation of trait variability
minimum maximum average trait %,

v(ms') 5.78 11.28 9.34 1.14 12.23
T (mm) 5.79 10.10 7.95 0.89 11.14
Common beech W (mm) 6.54 11.62 9.05 1.07 11.86
L (mm) 12.11 21.20 16.39 1.64 9.99
y(°) 17.3 32.0 23.46 2.43 10.37
m (mg) 104.5 509.1 305.97 73.16 23.91
v(ms') 7.43 10.73 9.02 0.84 9.34
T (mm) 6.01 9.23 7.65 0.56 7.36
Copper beech W (mm) 7.50 11.33 9.02 0.64 7.09
L (mm) 14.37 19.97 17.45 1.33 7.65
y(°) 16.5 315 25.00 2.95 11.80
m (mg) 160.1 464.3 312.31 51.74 16.57
v(ms") 6.33 10.73 9.65 0.80 8.30
T (mm) 2.33 4.41 3.06 0.29 9.57
Common hornbeam W (mm) 3.20 6.86 5.22 0.63 11.98
L (mm) 3.66 9.46 7.51 0.91 12.03
y(°) 20.3 37.3 29.23 3.56 12.17
m (mg) 16.5 78.1 53.27 9.19 17.25
v(ms') 4.13 11.23 8.20 1.68 20.52
T (mm) 2.69 5.14 4.04 0.57 14.11
Small-leaved lime W (mm) 3.18 6.00 4.57 0.52 11.47
L (mm) 3.77 6.77 5.25 0.73 13.86
y(°) 4.0 24.0 13.28 4.95 37.25
m (mg) 5.8 62.2 27.69 11.48 41.48
v(ms') 6.88 12.38 9.88 1.07 10.85
T (mm) 1.25 2.22 1.75 0.22 12.41
Black locust W (mm) 2.29 4.10 3.18 0.34 10.53
L (mm) 3.34 5.52 4.56 0.43 9.31
y(°) 8.5 27.0 18.13 3.68 20.29
m (mg) 6.3 28.2 18.40 4.40 23.94
v(ms") 3.03 6.88 5.25 0.81 15.48
T (mm) 0.55 1.09 0.82 0.12 14.29
Mountain ash W (mm) 1.28 2.18 1.73 0.20 11.67
L (mm) 2.78 4.63 3.65 0.44 11.94
y(®) 10.0 51.5 28.98 8.43 29.10
m (mg) 0.4 4.6 2.49 0.82 32.93
v(ms') 0.83 3.03 1.87 0.33 17.44
T (mm) 0.27 0.72 0.46 0.08 16.67
Grey alder W (mm) 1.58 3.39 242 0.36 15.05
L (mm) 1.96 3.82 2.77 0.33 11.94
y(°) 20.5 70.0 49.82 11.37 22.83
m (mg) 0.2 1.0 0.49 0.17 34.17

v — terminal velocity, 7 — thickness, W — width, L — length, y — angle of sliding friction, m — mass
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beech seeds was determined at 1:637, and the mass ratio
between the heaviest grey alder seeds and the lightest cop-
per beech seeds was determined at 1:160.

A linear correlation analysis (Table 2) of selected
physical attributes that can be potentially used in sepa-
ration processes indicates that seed mass was most cor-
related with the remaining traits. The highest values of
the correlation coefficient were noted in a comparison of
seed mass with terminal velocity (common beech — 0.499,
small-leaved lime — 0.846), seed thickness (common
beech — 0.655), seed width (mountain ash — 0.705) and
seed length (copper beech — 0.604, black locust — 0.779).
The mass of grey alder seeds was most correlated with
seed thickness and terminal velocity (0.534). The angle
of static friction was least correlated with the remaining
parameters.

The above observations were confirmed by the re-
sults of linear regression analysis (Table 3), where math-
ematical dependencies between seed mass and the angle
of static friction with a coefficient of determination higher
than 0.1 were not derived for any seed species. The equa-
tion with the highest coefficient of determination was de-
rived for the correlation between the mass and terminal
velocity of small-leaved lime seeds (0.716). High values
of the coefficient of determination (higher than 0.4) were
also noted in correlations between seed mass and:

- terminal velocity of mountain ash seeds,

- seed thickness of common beech and black locust
seeds,

- seed width of small-leaved lime, black locust and
mountain ash seeds,

- seed length of black locust seeds.

Table 2. Values of Pearson’s correlation coefficients between selected seed properties

Seed species Property T w L y m
v 0.119 0.202 -0.059 0.307 0.541
T 1 0.591 0.193 0.034 0.655
Common beech w 1 0.122 0.062 0.583
L 1 0.105 0.405
Y 1 0.208
v 0.090 0.071 0.141 0.207 0.386
T 1 0.213 0.190 -0.285 0.551
Copper beech w 1 -0.040 -0.016 0.400
L 1 -0.252 0.604
y 1 -0.213
v -0.001 0.219 -0.014 -0.002 0.499
T 1 -0.017 0.402 -0.228 0.458
Common hornbeam w 1 -0.068 -0.165 0.308
L 1 -0.149 0.403
y 1 -0.231
v 0.244 0.392 0.335 -0.095 0.846
T 1 0.798 0.586 0.349 0.513
Small-leaved lime w 1 0.675 0.239 0.663
L 1 0.284 0.555
Y 1 0.108
v 0.658 0.264 0.282 -0.078 0.556
T 1 0.341 0.376 -0.308 0.764
Black locust w 1 0.603 0.139 0.680
L 1 0.147 0.779
1% 1 -0.052
v 0.630 0.428 0.152 -0.172 0.684
T 1 0.507 0.051 -0.215 0.622
Mountain ash w 1 0.395 0.011 0.705
L 1 -0.039 0.535
Y 1 -0.216
v 0.534 -0.102 0.013 0.067 0.433
T 1 -0.127 0.074 -0.039 0.301
Grey alder w 1 0.641 -0.199 0.358
L 1 -0.082 0.367
Y 1 -0.088

v — terminal velocity, 7 — thickness, W — width, L — length, y — angle of sliding friction, m — mass; values in bold indicate that the

correlation is significant at p = 0.05
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Table 3. Correlations between seed mass and each of physical
properties of selected seed species

Seed . Coefficier!t Standard
species Equation of dgterml- error of
nation R? estimate
m = 34.643v - 17.698 0.293 61.776
Common m=54.075T — 123.898 0.429 55.527
beech m = 39.754W - 53.951 0.341 59.667
m = 18.070L — 9.826 0.163 67.192
m = 23.744v + 98.228 0.149 47.922
Copper m =50.588T — 74.589 0.303 43.373
beech m =32.401W+ 20.172 0.160 47.616
m = 23.409L — 96.263 0.365 41.418
m=5.727v + 1.980 0.249 7.997
rﬁ)‘;;”b';‘;’:q m = 14.390T + 9.267 0.210 8.204
m=4.082L + 22.615 0.163 8.445
m=>5.774v - 19.669 0.716 6.152
Iira"\f;'d m = 10.349T — 14.096 0.263 9.900
lime m =14.534W — 38.688 0.439 8.639
m=8.761L — 18.302 0.308 9.596
m=2.284v—-4.173 0.309 3.677
Black m=15.469T — 8.742 0.585 2.850
locust m =8.927W - 10.025 0.462 3.245
m =8.087L — 18.487 0.608 2.771
m=0.691v-1.133 0.467 0.603
Mountain m =4.356T —1.079 0.386 0.647
ash m=2.869W — 2.468 0.497 0.586
m =1.009L — 1.185 0.286 0.697
m=0.224v + 0.075 0.187 0.153
Grey alder m=0.166W + 0.092 0.128 0.158
m =0.187L - 0.025 0.135 0.157

v — terminal velocity (m s'), T — thickness (mm), ¥ — width
(mm), L — length (mm), m — mass (mg)

Discussion

Seeds harvested from various deciduous tree species
and characterized by different dimensions and mass were
analyzed in this study. The heaviest common beech seeds
were more than 2500-fold heavier than the lightest grey
alder seeds. Common beech seeds had similar dimensions
to those given by Bodyl and Sutkowska (2007), but they
were considerably heavier. The above seeds were char-
acterized by lower terminal velocity than that noted by
Tylek (2011). The average mass of common hornbeam
seeds was higher than that described by Aguinagalde et
al. (2005). The evaluated seeds of small-leaved lime were
similar in width and length to seeds harvested from a seed
plantation in north-eastern Poland (region of origin — 106)
by Ludwikowska et al. (2011), but they were lighter than
the samples investigated by Aguinagalde et al. (2005).
The average mass of black locust seeds was lower in com-
parison with Greek seeds analyzed by Dini-Papanastasi et
al. (2012), but higher in comparison with Turkish seeds

(Basbag et al. 2010). The range of variations in the dimen-
sions and mass of mountain ash seeds was similar to that
noted by Paulsen and Hogstedt (2002) and Bednorz et al.
(20006), but the average values observed in this study were
lower than those given by the cited authors. The average
mass of grey alder seeds was lower than that observed by
Milbau et al. (2009). Seed mass was the most variable
physical trait in all analyzed species. Seed mass is high-
ly correlated with seed dimensions (Table 2), therefore,
every change in seed thickness, width or length leads to
changes in seed mass.

The angle of static friction was least correlated with
the remaining attributes. The observations made in this
study and the results reported by Tylek (2006) for com-
mon beech seeds suggest that the frictional properties of
seeds of deciduous trees may not be regarded as major
separating properties, but only as auxiliary attributes in
the separation process. Seed mass was most highly corre-
lated with the remaining traits. Similar values of the cor-
relation coefficient between seed mass and each of seed
dimensions were reported by Sivacioglu (2010) in Scots
pine, and Sivacioglu and Ayan (2010) in black pine. Ac-
cording to many authors (Khan 2004, Parker et al. 2006,
Shankar 2006, Quero et al. 2007, Upadhaya et al. 2007,
Castro et al. 2008, Norden et al. 2009, Kaliniewicz et al.
2012, 2013), seed mass influences germination efficiency,
but heavy seeds do not always germinate faster than light
seeds. Heavier seeds are generally more likely to germi-
nate and produce healthy seedlings because plump seeds
accumulate more storage reserves that are essential for
seedling emergence.

The observed correlations between seed mass and
the remaining attributes are characterized by relatively
high determination coefficients for biological material.
The noted results indicate that seeds of common horn-
beam, small-leaved lime and grey alder would be sorted
most effectively in a pneumatic separator (terminal ve-
locity), common beech seeds — in mesh screens with lon-
gitudinal openings (thickness), mountain ash seeds — in
mesh screens with round openings (width), and the seeds
of copper beech and black locus — in a grader (length). If
the preferred sorting device is not available, a pneumatic
separator could also be used to sort mountain ash seeds, a
mesh screen with longitudinal openings to separate cop-
per beech, common hornbeam and black locust seeds, and
a mesh screen with round openings — to sort seeds of the
common beech and small-leaved lime.
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