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Abstract. Fir cones Abies alba Mill. are not as extensively described in the literature as cones of other species, and therefore, there
is no description of the changes in water content and their dynamics during the extraction process. Developing a mathematical
model describing these changes based on cone parameters and air temperature is a step forward in determining the optimal
conditions for the extraction process. Here, we present such a model derived using fresh cones collected in a seed production stand
in the Zwolen Forest District (RDSF Radom). For 120 randomly chosen cones, the length and the largest diameter of the cone
were measured, using the Multiscan program. In addition, for 60 randomly selected cones, the diameter was measured along the
entire length of the cone at 10 mm intervals. This allowed us to generate cone models approximating rotational solids for
which the outer surface area was calculated using a fourth degree polynomial function and the obtained area was then used to
determine cone volume. To facilitate the generalization of surface area and volume calculations to other cones, the s, and ks,
coefficients were derived, which simplified the employed formulas without significantly affecting accuracy.

Analogous analyses were also performed for cone stems, which allowed the process of seed extraction from cones to be
described by mathematical equations. The stem of the cone was found to constitute 2.6% of its volume and 4% of its dry mass.
An exponential equation was used to describe the change in cone mass during the seed extraction process, in which the param-
eters are the initial and final water content of the cone and power factor b, which is a function of cone thickness. The energy
content and germination rate for the extracted seeds were determined 14 and 28 days after sowing. The seeds obtained in the
investigated extraction process did not reach first grade quality.

Keywords: water content, desiccation rate, cones, stem, seeds

m ~mass of dry substance, g
mg— mass of dry cone, g
N — number of seeds, pcs.

List of symbols:

As(t),Bs(t), Cs(t), Ds(t), Es(t) — coefficients of the polynomial
shape of cone (s), stem (t) b — cone R — coefficient of determination

characteristic in dicator , h’! Ss ,— area of surface calculated from the polynomial shape of a cone,

dL— curve of shaped differential cm?

ds.— cone thickness, cm St i area of surface calculated from the polynomial shape of a

d, — stem thickness, cm stem,cm?

exp — ¢(2.718) basis of natural logarithm /_— u~ water content in cones

cone length, cm u, — final water content in cones, kg, *kg, -

h,— stem length, cm u — initial water content in cones, kg, kg -

ks, =Vs,,/Vs — cone in dicator 1 (s) Vs, ,,— volume calculated from the polynomial of the cone shape, cm®

ks,=Ss , /Ss — cone in dicator 2 (s) Vt ,— volume calculated from the polynomial of the stem shape,

kt, =Vt ,/Vt —stem in dicator 1 (t) cm’

kt,=St /St — stem in dicator 2 (t) p,— cone density, g-cm?

[ — number of scales, pcs. p,— stem density, g-cm?

T—time, h

m,, -~ mass of water, g
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Introduction

The silver fir Abies alba Mill. is a species growing in
the southern and central part of Poland, where it reaches
the northern limit of its range. It is found in the Carpathi-
ans at an altitude of 500 to 1100 m above sea level, in the
Swictokrzyskie Mountains, in the Sudetes Mountains, in
Roztocze and other areas of the country, as published by: Bo-
ratynski (1983), Bednarek (2002), Sugiero (2005), Barzdajn
(2009), Szeligowski et al. (2011), Bis, Dobrowolska (2012).
A fir tree growing in dense stands begins to produce abundant
seed crops at about seventy years of age, and when it grows
in open space —at about thirty years of age (Zateski 1995).
This species has abundant seed crops, on an average every 3
or 4 years. According to Tyszkiewicz (1949), fir cones have a
length of 10 to 17 cm, a thickness of 3 to 5 cm, while seeds
with wings are acquired from cones of 10 to 25 mm. Accord-
ing to Gudeski (1966), fir seeds without their wings have a
length of 7.5 to 12.5 mm. Cones from Slovakia examined by
Kociova (1974) had a length from 7.6 to 19.9 cm, and a thick-
ness from 3.0 to 5.2 cm, whereas Nanu (1977) reports that
there are cones in Romania of 7.0 to 19.5 cm in length and
from 2.9 to 4.6 cm thick. In turn, Boratynski (1983) measured
the length and thickness of fir cones, which were respectively
from 10 to 15 cm and from 3 to 5 cm. Similar results regard-
ing the thickness of cones were obtained by Suszka (1983),
with the length of cones reaching 18 cm.

Gunia, Simak (1968), Czernik (1993), Ballian and Cabar-
avdi¢ (2005), Tracz, Barzdajn (2007), Politiet al.(2011), an-
dllloul-Hachi et al. (2015) also wrote about the basic size
parameters of cones, scales, wings and seeds from different
regions and their interrelationships.

The influence of the environment on fir populations and
hybrids was analyzed by Kobliha et al. (2014), and the
healthiness of seeds by Boncaldo et al. (2010).

A. alba cones grow vertically on the branch, and after rip-
ening, they disintegrate into scales and seeds that fall to the
ground, with the stem remaining on the tree.

Collecting cones from standing trees is done manually be-
fore they are fully ripened. Extracting fir seeds from cones
does not require the use of specialized extraction equipment
or higher temperatures than in the case of Norway spruce
Picea abies (L.) Karst., Scots pine Pinus sylvestris L. or Eu-
ropean larch Larix decidua Mill. According to the "Instruc-
tions for the Collection and Storage of Genetic Resources"
(LBGK2007), after collecting the fir cones, they are placed in
boxes with a perforated bottom in a ventilated hall at a tem-
perature of 20°C. During storage, the cones are raked, and
as they desiccate, they partially disintegrate into scales, seeds
and stems. The material is then crushed and separated in a
fir seed drum sifter. This process can be mechanized. Since
the 1990s, a "Tiber" device with a high degree of mechaniza-

tion is used to crush cones (separate the seeds from the scales
and stems), de-wing and separate the fir seeds in the Italian
state forests in Dagona di Peri near Verona and in the seed
extraction facility in Laufen in the Teisendorf forest district in
south-eastern Bavaria (Suszka 2000). Currently in Poland, no
extraction process is performed (lowering the water content
of the fir cones) under controlled temperature and humidity
conditions, so the process of drying each batch is not repeat-
able. Extracting the seeds from fir cones could be done using
the cabinets or drying chambers located in almost every ex-
traction facility. In order to obtain good quality fir seeds, one
needs to know the construction of the cones (Aniszewska et
al. 2017) as well as the parameters of the extraction process.

The aim of most studies on Scots pine, European spruce
or European larch was to look for the methods of convection
drying of cones that would be of the shortest possible duration
and maintain good viability of seeds. The literature on fir cone
seed extraction, however, does not sufficiently describe the
process and the factors controlling it. So far, the dynamics
of changes in the water content of fir cones during the ex-
traction process has not been described. Therefore, we do not
know the factors determining the course of these changes,
nor the water content of cones at the moment they open. One
of the ways to find the optimal conditions for the extraction
process could be to develop a mathematical model describing
the change in cone water content over time depending on its
parameters and the temperature of the drying air. Part of such
amodel is to develop a description of the variability of cones.

During the research, an attempt was made to determine the
variability of cones based on a determination of their shape.
This allowed us to develop a detailed model of the surface area
and volume of closed fir cones, which was reported by Anisze-
wska and Bluszkowska (2016), and to describe the process of
their desiccation in a laboratory dryer with forced air circula-
tion. The development of the model allows the change in the
water content of the cones to be predicted, depending on their
size, initial water content, drying temperature, and above all,
allows the time to be determined when the cones will open and
the seeds will separate from the scales and the stem.

Knowledge of the described parameters and the char-
acteristics of the changes occurring during the extraction
process will optimize and standardize the conditions of the
process, taking into account the properties of the tested ma-
terial in commercial extraction facilities.

Materials and methods

The study used fresh silver fir cones collected in a com-
mercial seed stand in the Ciepielow township from the
Zwolen Forest Inspectorate (Regional Directorate of State
Forests in Radom), from the J60 region of provenance of
basic forest material.
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Photographs were taken of 120 randomly selected cones
(of 3888 x 2126 in size at 300 dpi) and transferred to the
Multiscan v. 18 program, which was used to measure length
and thickness, that is, the largest diameter of the cone, as well
as the diameter of 60 cones taken sequentially in increments
of 10 mm, with an accuracy of 0.5 mm. Measuring points
were marked manually after scaling the images and apply-
ing a 10 mm x 10 mm grid. No additional morphological
transformations of the image were used, the automatic op-
tion was chosen. On the basis of the measurement of length
and diameter, the area of the outer surface and the volume
of each cone were calculated. The shape of closed cones has
been approximated using solids of revolution. The equation
of the generating function of outer surface was determined.
The distance between the position of the cross-section and
the base of the cone was assumed to be the zero point of
the coordinate system (Aniszewska 2001). The coordinate
positions of the cross-section and the radius determined for
each cone were the basis for approximating the equation de-
scribing the generating function of outer surface.

For the studied batch, the general equation calculating the
shape of a cone or stem is:

y=As(t) x*+Bs(t) x*+Cs(t)x*+Ds()x+Es(t) (1)

where:
x€(0, i),
As(9),Bs(t), Cs(t), Ds(t), Es(f)— coefficients of the polynomial
shape of the cone (s) or stem (7).

The shape function y=f(x) is continuous and non-negative
over the entire cone length (), so the surface area (Ss, ) can
be calculated using the equation:

b h dy 2
SSObl=2'T[f ydL=27Tfy 1+(_) dx (2)
- 0 dx

where:
a, b —boundaries,
dL — curve of shape differential.

Because the base areas of this solid are small, it was as-
sumed that the lateral surface area of the shape is equal to the
external surface area of the cone.

Cone volume (¥, ) is determined by the equation (3):

h
Viops = 0 f Ydx 3)
0

After extracting the study material using the method de-
scribed above, the surface area St ,, and the volume Vz , of cone
stems were also calculated (Aniszewska, Bluszkowska 2016).

The outer surface and the volume of the cones were also
calculated by a second method, using the commonly known
models for lateral surface area and volume of a cylinder (Ss,,
Vs ). In order to compare the calculated values of volume

and surface area, indicators of convergence were introduced:
ks =Vs /Vs , ks,=Ss ,/Ss . To apply the model of a cylinder
in calculating the volume of a given cone, treating cone
volume and surface area calculated from the formed curve
as actual volume (Aniszewska, Bluszkowska 2016), the
obtained values should be multiplied by ks, and ks,
indicators. Similarly, to apply the model of a cylinder to
calculate the surface area (St ) and volume (V) of a stem,
the obtained values should be multiplied by 4z, and kt, A
indicators, respstatistical ectively.description made using
the Statistica 10 program (StatSoft Inc. 2011) was used for
the analysis of external parameters. The mean surface area
and volume were compared using the t-test and F analysis
of variance, while the equality of variance (Levene test)
and convergence with the normal distribution were also
tested. The Shapiro-Wilk test was used to test the
normality of the distribution of dependent characteristics.
All analyses as sumeda significance level of 0.05.

To measure the initial weight and dry mass of cones,
a WPS 600 laboratory scale with an accuracy of up to
0.01 g was used. The dry mass of the material was deter-
mined after the end of the extraction process, by drying
the cone (scales and stems) without seeds using the dry-
ing-weighing method applied for wood, at a temperature
of 103°+2°C, until a constant mass is established (Kubiak,
Laurow 1994). The study determined the number of scales
(/) on the cone, their mass and number () and the mass of
seeds, stems and the density of closed cones p_ (as the ratio
of initial cone mass to its volume Vs , ) and stems p, (as the
ratio of stem mass to Vz , ).

60 randomly selected cones were dried in a Heraus UT
6120 laboratory dryer with forced air circulation, ensuring
the maintenance of a constant temperature. Initially, the cones
were dried for 5 hours at a temperature of 25°C and then at
35°C, with air humidity decreasing from 53% to 10%. During
the drying process, individual cones were on the grates inside
the dryer. The decrease in mass as well as the air temperature
and humidity inside the dryer were recorded at intervals of in-
itially every 60 min (+5min), and then, every 120 min, with a
break at night of about 8 hours. Air temperature was measured
within an accuracy of 0.01°C, and humidity — 0.01% using an
FTH 100 (Qeo FENNEL) meter.

During the extraction process, cone mass m,was measured
at given intervals, which — after determining the dry weight
of the material m —allowed us to determine their water con-
tent u, at that point in time (also known as cone moisture
content) as the ratio of water mass m, ,to dry cone mass
mg. To describe the changes in water content of the cones
during their extraction process in the dryer, an exponential
equation was assumed, describing, in accordance with the
first hypothesis, the second period of drying the solid matter:
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u=(u,~u,) exp(—b-t)+u, “)

where:
u, — initial amount of water,
u, — final amount of water, kg, -kg
T —time, h,
b — cone characteristic indicator, 1-h,
exp—basis for the natural logarithm (e=2.718).

The value of coefficient b (Aniszewska 2008, 2012) was
determined for each cone based on the actual course of
changes in water content using the following formula:

-1
sm.

]nmﬂ

u—u

hb==> — "k 5
= (5)
where:

n—number of readings of cone mass m,
7, ~time of extraction process. '

Such an averaged coefficient » was assumed as the char-
acteristic parameter of the mathematical model of the pro-
cess of change in cone water content. The study investigated
the dependence of this coefficient on the size parameters
(length and thickness) of the cone.

Characteristic parameters of the mathematical model are
also the initial water content of the cone u_ and its final water
content u, recorded during the extraction process. Their
values are influenced by the assumed conditions of the im-
plemented extraction process. The u  value can change by
subjecting the cone to pre-drying, while the u, value depends
on the drying conditions.

The drying rate (decrease of cone water content relative
to time) was calculated as a derivative of the time the water
content u, was measured:

L = b1, ) ep(-b-7) ©)
dr

The changes in cone water content recorded during the
study were described by mathematical equations, and their
adequacy was verified by statistical methods. Functional de-
pendencies were the basis for analyzing the influence of the
size parameters of a cone on the course of extraction process
and the time it took the cones to open.

To check the assumed conditions for seed extraction, an
assessment of their viability (germination rate and energy
content) was performed according to the standards of BN-
76/9211-02 and Zakeski et al. (2006). Fir seeds were sown
on tissue paper in a Jacobsen's germinator, repeated three
times with 100 pieces each and kept at a variable tempera-
ture in the range of 20—30°C, after an earlier 21-day cooling
period at 3—5°C. Observations of the energy content of ger-
mination were made after 14 days, and germination viability
after 28 days from sowing.

3. Results

3.1. Characteristic parameters of the cones

The length (%) of the 120 fir cones studied was in the
range of 12.40 to 19.70 cm, with an average of 15.96 cm
(standard deviation +1.66 cm), and their thickness (d) was
from 2.90 cm to 5.07 cm, with an average of 3.93 cm (+0.42
cm). The statistical analysis for the tested batchindicated a
significant weak linear relationship between the thickness
and length of the cones (7).

d =3.048+0.0554-h_ R=0.218 7)

Table 1 lists the values of length (%) and thickness (d ) of
the 60 fir cones studied in detail. The length of the cones was
in the range of 12.93 to 19.25 cm, with an average of 15.97
cm (standard deviation +£1.46 cm), and the thickness from
3.75 ecm to 5.07 cm, with an average of 4.34 (£0.39) cm.

The mass of closed fresh cones was an average of 109.73
g (£23.72 g) and ranged from 71.65 to 158.62 g (Table 1).
The average initial water content of the cones was 112%,
and their density was from 0.52 g-em>to 0.73 g-em™, with
an average of 0.63g-cm™ (£0.06g-cm™).

The cone stems obtained after the extraction process were
on average 14.88 cm (+1.42) cm long and the thickness meas-
ured in the middle of the length was 0.64 cm (+0.06 cm), with
the maximum thickness at the cone stalk— an average of 1.11
cm (£0.21 cm) (Table 2). There was no significant linear re-
lationship between the length and thickness of the stem. Aver-
age stem density was 0.44 g-cm™ and was 0.19 g-cm™ lower
than the density calculated for a closed cone.

3.2. Surface area and volume of closed cones and stems

A fourth degree polynomial was selected as an expression
that reproduces the shape of cones well. This choice is justi-
fied by the high coefficient of determination, which ranged
from 0.959 to 0.997, with an average of 0.981. The third
degree polynomial showed a significantly lower coefficient,
and the fifth one was comparable to the fourth degree (no
significant difference).

The average (together with standard deviation), mini-
mum and maximum values of the coefficients from As (A4?)
to Es(EY) are provided in Tables 3 and 4. An example of the
course of changes in the forming of the curve for cones and
stems is shown in Figure 1, and below is their mathematical
description (8) and (9).

Cone:

r.=-0.00029-h* + 0.01031-4 % — 0.12944-h 2 + 0.64571-h_+
+1.21638

R=0.993 ®)
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Table 1. Parameters characterizing fir cones

Std Coeffi-
Data Mean Min Max Range  Variance . cientof  Std. error Skewness Kurtosis
deviation ..
variation
Length 15.97 12.93 19.25 631 2.12 1.46 9.11 0.27 0.26 -0.15
h [cm]
Thickness max 434 3.75 5.07 1.32 0.15 039 8.93 0.07 0.07 117
d [cm]
Initial weight
L] 109.73 7165  158.62 86.97  562.80  23.72 21.62 0.58 2062  109.73
Ss
Density 0.63 0.52 0.73 0.20 0.00 0.06 9.23 0.20 -0.91 0.63
5, lgrenr’]
Number of scales
1 18413 140.00  229.00 89.00  406.33 20.16 10.95 0.44 045  184.13
Ijumber of seeds 268 195 357 170 1965.95 44 16.52 8.10 0.44 20.37
Table 2. Parameters characterizing the stem of fir cones
Std Coeffi-
Data Mean Min Max Range  Variance . cientof  Std. error Skewness Kurtosis
deviation L.
variation
Length 14.88 11.14 17.33 6.19 2.01 1.42 10.21 0.26 0.49 -0.11
h,[cm]
Thickness 0.64 0.48 0.72 0.24 0.004 0.06 9.84 0.01 -0.85 0.38
d [cm]
[T;;‘f]k“es 111 0.75 1.53 0.78 0.04 021 18.17 0.034 0.67 -0.18
B‘?g;velght 1.94 1.19 327 2.08 0.20 044 2271 0.08 133 3.35
Density 0.44 0.28 0.78 0.50 0.01 0.10 21.86 0.02 1.51 456
3, [g-cm™]
Stem: calculate the volume and surface area of any one fir cone when

r,=0.00007-h* - 0.00288h? + 0.03839-h - 0.20675h, +
+0.70108

R =0.967 9)

The determined equations forming individual cones al-
lowed us to calculate the surface area Ss , and the volume
Vs, (Table 3).

The high variability of the 4s, Bs, Cs and Es coefficients for
individual cones means that despite a significant dependence
for length, it is not possible to practically apply the equation to

only its basic size parameters are known. The Es coefficient did
not exhibit a significant dependence on cone length, which was
confirmed by Aniszewska and Btuszkowska (2016).

A statistical assessment of the coefficients of regression
of the equations describing the shape of the stem Az-FErdid
not show any significant dependence between stem length
and thickness.

The values of cone’s surface area (Ss,) calculated from
equation 2 ranged from 134.18 cm? to 242.89 cm?’, with an
average of 180.30 cm*(+24.01 cnr’), while the volume (Vs , ) cal-
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Figure 1. Graph of an exemplary generatrix of fir cone and cone stem

culated according to equation 3 was from 108.77 cm? to 258.99
cm?®, with an average of 175.70 cm*(+35.98cm?) (Table 3).

The values of cone’s surface area (Ss, ) calculated accord-
ing to the equations for the cylinder were from 158.86 cm?
to 268.79 cm?, with an average of 217.13 cm? (£26.56 cm?),
and the volume (Vs ) was from 155.23 cm’® to 311.41 cm’,
with an average of 236.67 cm3(+45.07 cm?) (Table 3).

The cone indicator 1 ks, value ranged from 0.65 to 0.89
with an average of 0.74 (+£0.05), and cone indicator 2 ks,

ranged from 0.65 to 0.93, with an average of 0.83 (+0.05).
The use of averaged ks, and ks, indicators to calculate the
volume and surface area of fir cones showed no significant
differences between the values of Vs ,, and Ss ,, which was
confirmed by the t-test for dependent samples (p=0.817 and
p=0.970) and the analysis of variance (p=0.950; F=0.0039
and p=0.989, F=0.0002).

The values of the surface area of the stem (St ,)) calculat-
ed from equation 2 were from 17.61 cm? to 36.02 cm?, with
an average of 26.46 cm’ (= 4.66cm?) and the volume (V7 ,),
according to equation 3 was from 2.40 cm® to 6.92 cm’,
with an average of 4.51 cm’(+ 1.11¢m?) (Table 4). Using the
similarity of the stem to the form of a cylinder, the average
surface area is 27.81 cm? and the volume is 4.48 cm®. The
t-test for dependent samples showed significant differences
between St , and St (p = 0.043), butindicated no differences
between V¢, and V¢ (p=0.855). The stem constitutes an av-
erage 0of 2.59% (+0.52%) of the volume of aclosed cone, it is
shorter than the cone by an average of 1.09 (+0.51) cm and
constitutes 3.87% (£0.67%) of its dry mass.

Table 3. Basic statistical values of polynomial, volume, surface area and indicators of cones

Std Coeffi-
Data Mean Min Max Range . . cient of  Std. error Skewness Kurtosis
Variance deviation L.
variation
As 0.0006  -0.0013  -0.0003  0.0010 0 0.00023  -4026 0.000042  -0.67 0.86
Bs 00182 00092 00325  0.0233 0 00058  32.17  0.001069  0.17 -0.46
Cs 202082 02996  -0.1239  0.1757  0.0030  0.05124 2461  0.009355 0.0 117
Ds 09728  0.6457 12831  0.6374 00310 0.17577  18.07  0.032091  -0.11 -0.96
Es 05998 03356 12164  0.8808 00290  0.17085 2848  0.031193  1.88 5.17
Volume 17570 108.77 25899 15022 129473  35.98 20.48 6.57 0.29 2023
Vs, [cm’]
Surface area 18030 13418 24289 10870 57648 2401 1332 438 0.46 0.72
Ssﬂbl [em?]
Volume 236.67 15523 31141 15618 203097  45.07 19.04 8.23 0.02 -0.95
Vs, [cm’]
Surface area 217.13 15886 26879  109.93 70559  26.56 12.23 485 -0.11 -0.11
Ss [cm?]
Indicator
I 0.74 0.65 0.89 0.24 0.00 0.05 7.36 0.01 0.69 051
1

Indicator

0.83 0.65 0.93 0.29 0.00 0.05 6.10 0.01 -1.40 5.50

ks

2
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3.3. The extraction process of fir cones, extracting and
evaluating the seeds

The total time of the extraction process of cones was 35
hours. The drying temperature was a maximum of 35°C, and
the humidity inside the dryer decreased from 53% to 10%.

Figure 2 shows the change in water content and drying
speed (dynamics) over time for a selected cone. The mathe-
matical description of the course of the process is represent-
ed by the equations for water content (1) and drying speed
(du-dt’) of the cones over time, depicted in equations 4 and
6. An example of a model equation of u for a selected cone
is provided below:

u = 1.038-¢09%07+ 0.084;
(dlau = 1.122 kg, ke, " u,=0.084 kg, ke '
b=0.080 1'h'") (10)

du-dr’ =-0.083-¢00%807; (11)

and the linear form of the equation of the drying rate of the
water content in a cone is:

dudr' = -0.080-(u - 0.084) (12)

Table 5 presents the average, minimum and maximum val-
ues of specific parameters of the equations. The fir cones had
an average initial water content of 1.127 kg, kg " and a
-1

final content, according to the model, of 0.115 kg, kg .
Coefficient b was an average of 0.065 1-h’'. A linear re-

lationship between coefficient b and cone thickness was
determined (R=0.441), but none was found between this
coefficient and length. When selecting cones with similar
properties of mass exchange, the thickness of cones should
be used for their selection as a more reliable parameter
than length, as it influences changes in coefficient 5. We
noticed that the higher the coefficient bvalue, the faster
was the drying process (cones more intensely reduced their
water content).

In most cases, the final actual water content did not equal
the final model water content, the difference between them
was at an average of 11% (£5.6%). The t-test showed a
significant difference between these two values (p < 0.05).

Statistica 10 proposed another exponential equation
(13) for the actual values of change in water content during
drying (13). A graph describing the equation is provided in
Figure 2a.

u=1.187-¢-00757 (13)

A significant linear relationship was established between
the final u, and initial u water content. When assessing the
range of changes in cone water content for the entire pro-
cess, that is, the difference between the initial and final con-
tent, we found that the highest percentage of cones (63.3%)
ranged from 0.900 to 1.100 kg, kg .

Figure 3 shows the change in water content during cone
drying with an initial water content of 0.872 and 1.325
kg, ,’kg, “and a final content 0of 0.049 and 0.185 kg, kg,

Table 4. Basic statistical values of polynomial, volume, surface area and indicators of cone stems

Coeffi-
Data Mean Min Max Range  Variance deviat'ion cie.nt .of Std. error Skewness  Kurtosis
variation
At 0.0001 -0.0002 0.0002 0.0004 0 0.0001 142.41  0.000014  -1.40 4.30
Bt -0.0020  -0.0052 0.0054 0.0106 0 0.0022 -110.33  0.000395 1.22 3.28
Ct 0.0225 -0.0435 0.0535 0.0970 0 0.0206 91.78 0.003767 -0.96 2.04
Dt -0.1102  -0.2350  0.1016 0.3367 0.006 0.0774 -70.21  0.014128 0.45 0.34
Et 0.5293 0.3708 0.7547 0.3839 0.009 0.0955 18.04  0.017436 0.67 -0.15
vt [em®] 451 2.40 6.92 4.53 1.23 1.11 24.62 0.20 0.13 -0.30
St [em*] 26.46 17.61 36.02 18.40 21.72 4.66 17.62 0.85 0.11 -0.09
Vi [cm’] 4.48 2.25 5.75 3.50 0.80 0.89 19.96 0.16 -0.79 -0.06
St [em?] 27.81 18.74 35.39 16.64 13.82 3.72 13.37 0.69 -0.53 0.42
kt, 1.02 0.68 1.52 0.83 0.05 0.22 21.63 0.04 0.72 -0.21
kt 0.95 0.73 1.20 0.47 0.02 0.12 12.89 0.02 0.45 -0.26
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respectively, as well as a coefficient b equal to 0.084 h'and
0.075 h'. During 35 h, enough time to obtain seeds, cone
water content decreased by about 80% for the first drying
curve (water content — 0.08 kg, kg ') and by 115% for the
second curve (1.15 kg, kg ). Cone drying speed, or the
loss of water from cones, was decreasing from the beginning,
which is characteristic of the so-called second drying period
of solids as described in the literature (Pabis 1982).
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After the extraction process, the cones disintegrated into
scales, seeds and stems. The number of scales in a cone was
from 140 to 229, with an average of 184 (+20.15), and the num-
ber of seeds was an average of 268 (+44) (Table 1). A signifi-
cant linear relationship was found between the number of scales
and the number of seeds obtained (R = 0.750). The weight of
harvested seeds from a cone was an average of 16.6 g, which
shows that the weight of 1000 seeds is an average of 62 g.
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Figure 2. Graphs: a — change in water content over time for selected cones (real, model, exponential), b — speed (dynamics) of drying

Table 5. Basic statistical values of the parameters of the equation for changing of the water content and the drying rate

Std Coeffi-
Data Mean Min Max Range  Variance . cientof Std. error Skewness Kurtosis
deviation .
variation
u 1.127 0.869 1.338 0.470 0.017 0.131 11.605 0.024 -0.221 -0.319
u, 0.115 0.036 0.248 0.232 0.003 0.053 46.178 0.097 0.327 0.019
b 0.065 0.040 0.100 0.060 0.000 0.015 22.283 0.003 0.612 -0.300
a) ---- r:::] 12 ——— :::j:; b) model 1 = .= model 2
1.40 0.09
‘.
S 120 {5 0.08 K-
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Figure 3. Graphs: a — water content in time for cones with different water content (1 — street, 2 — smaller), real and modeled, b — drying rate
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The evaluation of seed quality showed that after the dry-
ing process, 32% of the fir seeds germinated after 28 days,
of which 21% germinated within 14 days of sowing. Ac-
cording to the standards, fir seeds are categorized to the first
quality class when they reach 61% to 80% germination.
The obtained result indicates that the tested seeds cannot be
categorized to the first quality class. Therefore, in order to
check the impact of the proposed extraction process on fir
cones and the seeds obtained from them, a control test was
conducted to assess the viability of the seeds obtained from
cones not dried in the dryer. Similar viability results were
obtained, as only 35% of seeds germinated within 28 days.

4. Discussion

Whencomparing the results of the external parameters
of the studied fir cones, we noted that they are within the
rangesfound by other authors. They most resembled the pa-
rameters of fir cones from Romania (Nanu 1977), which had
a length of 7.0 to 19.5 cm, and a thickness of 2.9 to 4.6 cm.
Similar results were also reported by Kociova (1974), de-
scribing cones from Slovakia. In turn, the results of the mass
of 1000 fir seeds exceeded the values described by Antosie-
wicz (1970), which averaged about 12 g.

Knowing the length and thickness of cones allows you to
calculate the surface area and volume of closed cones. The pro-
posed model, in the form of a fourth degree polynomial, served
only to describe the shape of the cone and to calculate the sur-
face area and volume of specific cones. An attempt to apply this
polynomial to other cones from the batch, using the average
values of the equation coefficients A4s, Bs, Cs, Ds, Es, did not
succeed because the results were significantly inflated. The sec-
ond proposed method of calculating the surface area and vol-
ume of a fir cone based on the shape of a cylinder proved to be
more useful. It is easily applied to cones from other batches by
appropriately determining the coefficients (for the studied batch
of cones, this was 0.74 for volume and 0.83 for surface area). In
addition, it was determined that the pine cone stem constitutes
approximately 2.6% of the volume of the cone, and its mass
constitutes approx. 4% of the weight of a dry cone.

Similar research conducted for other provenances of
silver fir or other species, that is, Scots pine and Norway
spruce, determined the method of calculating surface area
and volume using the shape of a cone (Gawart, Miktasze-
wicz 2000; Aniszewska 2001; Aniszewska, Bluszkowska
2016); however, a cylindrical shape provides better results.

The studied values of surface area and volume as well
as the described changes in water content and drying speed
curves can be used to develop and program thermal extrac-
tion processes in drying cabinets for commercial purposes in
order to obtain good quality seeds.

The proposed conditions inside the drying chamber, that
is, an air temperature of up to 35°C and thehumidity in the
last phase ofdrying of up to 10%, allow viable seeds to be
obtained, as evidenced by the seed germination test. How-
ever, it is advisable to additionally check the quality of seeds
using other methods, for example, cutting or dyeing the em-
bryos in a tetryzoline solution. Fir seeds are very sensitive
to changes in temperature and water content during extrac-
tion, preparation for storage and actual storage (Zateski et
al. 2009). According to the information obtained from Stac-
ja Oceny Nasion (Seed Quality Assessment Laboratory) in
Sekocin, the seeds found to have high viability (up to 20%)
by using the tetryzoline solution dyeing test often germinat-
ed at only a few percent in the germination test. According
to Zateski (1995), the average viability of silver fir seeds in
Poland, determined by the slicing test, is 43.3%. The low
seed viability obtained may relate to the physical state and
biochemical composition of the seeds themselves (Anisko
et al. 2001), which in turn are affected by the stage of their
maturity and atmospheric conditions prevailing at the time
the seeds were forming and developing.

The research presented on the size parameters, mass, dry-
ing process, including changes in water content and quality
assessment, can be treated as a pilot. Its results should be
confirmed by conducting experiments on cones from various
provenances and harvesting years.

5. Conclusions

The shape of a silver fir cone is accurately described by
a curve that is a fourth degree polynomial. However, due to
the large differences in the averaged values of the polynomi-
al and the actual values of cones, this description cannot be
used to calculate the volume and surface area of any given
cone, despite the significant dependence between the cone
length and thickness (except for coefficient D).

The shape of a cylinder may be used as a general calcula-
tion model describing the surface area and volume of silver
fir cones. The volume values calculated using the equation
for a cylinder should be multiplied for the tested batch of
cones by a constant value of 0.74, and in the case of a sur-
face area, by 0.83. Small changes in the size of these coeffi-
cients can be expectedfor other batches of cones.

The change in cone mass during the seed extraction pro-
cess as a function of time is described by an exponential equa-
tion, in which the parameters are initial cone water content
—an average of 1.127 kg, kg -, final water content —0.115
kg, kg, . "'and power series coefficient b equal to 0.065 1-h".

The final water content depends on the initial water con-
tent of the cone, and its value increases as with increase in
initial water content. Cone characteristic indicator b depends
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on the thickness of the cone and decreases as the thickness
of the cone increases, which can be described with a linear
regression equation.

The seeds obtained in the studied extraction process at a
drying temperature of up to 35°C and humiditydown to 10%
did not reach the first grade of seed quality. A control test
for assessing the viability of seeds of the same provenance
that were not subjected to the extraction process gave simi-
lar results. Therefore, the use of an automated fir cone seed
extraction process at the studied temperature and humidity
conditions cannot be rejected.
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