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Abstract
The publication describes research investigating the effects of microwaves on seeds 
extracted from Norway spruce (Picea abies) and European larch (Larix decidua) cones. 
The objective of the conducted experiments was to determine how electromagnetic radia-
tion influences the quality of those seeds. The study material was heated in a microwave-
emitting device for 7 or 10 s at four power settings (800, 620, 440, or 130 W). The evalu-
ated parameters included changes in the moisture content and weight of the studied cones 
following the applied time and power variants of exposure to microwaves, as well as the 
quality of the obtained seeds expressed in terms of germination energy (GE) and capacity 
(GC). Increasing the power of microwaves resulted in a greater decrease in the moisture 
content of cones, but it was not possible to find such a relationship for larch cones, espe-
cially for large cones. In most cases, the irradiation of larch cones with electromagnetic 
waves resulted in class I seeds, in contrast to spruce seeds, which could not be assigned 
to any class. Our findings show that for optimum results larch cones may be exposed to 
microwaves at a power not greater than 620 W and for a time not longer than 10 s. Spruce 
cones were found to be very sensitive to radiation; in their case no microwave treatment 
should be applied as it adversely affects seed viability.

Keywords Microwaves · Seed quality · Cones · Moisture content · Germination capacity · 
Germination energy

Introduction

Over the past decades, forests have been affected by numerous adverse changes. The 
negative effects of both biotic and abiotic factors have not only led to lower stand vol-
ume increments, but have caused major disturbances in reproductive processes. In 
Europe, a variety of physiological abnormalities in the flowering, seed production, and 
seed quality of forest tree species have been observed. In specific cases, these distur-
bances may cause changes in the genetic material of individual plants and eliminate 
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some genotypes from the population of forest trees (Korczyk 2000; Paul et  al. 2019; 
Stevens et al. 2020). Negative physiological changes have led to an increasing seed defi-
cit and the reduced silvicultural quality of seedlings (Korczyk 2000). In addition, irreg-
ular seed production causes a shortage of good quality seeds for the needs of nurseries 
(Tylek et al. 2015; Kaliniewicz et al. 2018).

Consequently, efforts are under way to develop seed extraction methods that would 
increase process efficiency while maintaining the highest quality of the obtained material. 
To date, numerous studies have been conducted with a view to modernizing the extrac-
tion process. Antosiewicz (1979) suggested a higher drying temperature, while Bogdanow 
(1966) explored lower pressures in the seed extraction chamber. Subsequent studies by 
Aniszewska (2012, 2013) involved a mechanical reduction of cone size (by cutting off the 
cone base), size-based sorting, and dipping cones in water during a multi-step seed extrac-
tion process. However, the applied treatments failed to generate a significant reduction in 
extraction time. Seeds were found to be highly sensitive to external factors, and so extrac-
tion parameters should be selected carefully to prevent seed damage (Aniszewska 2016).

The most widespread method in seed extraction practice is forced convection drying 
(Rząca and Witrowa-Rajchert 2007; Chielle et al. 2016; Avhad and Marchetti 2016), but 
the long process time and high temperature have a detrimental effect on the quality of the 
resulting biological material (Vadivambal and Jayas 2007; Nowacka et  al. 2012; Gürdil 
et al. 2020). The major shortcomings of this method include its relatively low drying effi-
ciency combined with high energy consumption (Lin et al. 1998).

As compared to traditional methods, microwave drying makes it possible to shorten 
the process time and improve efficiency (Bartholme et al. 2009; Hemis et al. 2012; Vong-
pradubchai et  al. 2022). Microwaves may be applied as the sole source of energy or in 
conjunction with hot air. This method greatly facilitates the removal of moisture from the 
surface of the material, with the temperature being more homogeneous across the material. 
As the material is heated from the inside (Zielonka et al. 1997; Figiel et al. 2006; Studhal-
ter et al. 2009; Vongpradubchai et al. 2022), a rapid increase in its temperature is achieved, 
depending on the pressure in the chamber (Drouzas and Schubert 1996). However, expo-
sure to microwaves may also lead to mechanical changes in the structure of the material, 
potentially damaging or destroying it (Vadivambal and Jayas 2007; Usall et al. 2016).

The existing literature does not provide conclusive evidence suggesting positive or neg-
ative effects of short-time exposure to microwave radiation on living organisms, includ-
ing seeds (Aniszewska 2016). A major obstacle in the drying of biological material is the 
limited time of exposure to microwave irradiation (Vadivambal and Jayas 2007), as exces-
sive exposure may lead to its charring or burning. This may be caused by an uncontrolled 
temperature increase in areas with elevated moisture content or where the maximum elec-
tric field strength occurs—in so-called hot spots (Araszkiewicz and Kozioł 2010). It is dif-
ficult to measure the actual temperature of the material during the drying process; instead, 
that temperature may be determined by means of theoretical calculations (Jałoszyński et al. 
2011) or using special sensors (thermocouples). Despite this difficulty, the application of 
microwaves in the drying of biological material presents an interesting research problem 
due to the possibility to significantly shorten and improve the process (Araszkiewicz and 
Kozioł 2010; Darvishi et al. 2013). Another advantage of microwave drying is the inten-
sity of heat and mass exchange as well as higher drying rates without surface overheating. 
Energy is supplied directly to the inside and the quality of the resulting material is high. 
Nevertheless, it is necessary to optimize microwave drying to make sure that the process 
parameters guarantee the highest product quality (Nowacka et  al. 2012; Vongpradubchai 
et al. 2022).
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The present study seeks to identify a faster method of seed extraction (Aniszewska 
2007) with decreased energy inputs, which would translate into profits or at least reduced 
financial losses. The proposed solution involves electromagnetic waves. Their effects on 
biological material vary depending on many factors, such as wavelength and frequency, the 
moisture content and structure of the material, as well as exposure time (Yarahmadi et al. 
2020; Verma et al. 2020; Nirmaan et al. 2020; Ganeev et al. 2020; Kaseke et al. 2020).

The aim of the study was to evaluate the effects of microwave irradiation at differ-
ent power settings on the quality of seeds extracted from Norway spruce (Picea abies L. 
Karst.) and European larch (Larix decidua Mill.) cones. Further objectives were to improve 
the process of seed extraction and optimize irradiation time and power for commercial seed 
extraction facilities and laboratories evaluating seed quality.

The present study will help elucidate whether the application of microwave radiation in 
seed extraction has a positive or negative effect on the resulting seeds.

Material and methods

Material

The material used in the study was obtained from two sources. Norway spruce cones were 
collected in December 2019 in the Suwałki Forest District (GPS: 54°01′N, 22°57′E), while 
European larch cones were collected in October 2019 in the Grabowiec Nursery, Bielsk 
Podlaski Forest District (GPS: 52°41′N, 23°00′E). Both localities belong to the Białystok 
State Forests Regional Directorate in northeastern Poland. The mean initial moisture con-
tent of the cones was 37.7% for spruce and 36.9% for larch.

Research methods

In the first step, 130 spruce cones and 150 larch cones were taken at random from the two 
cone batches. Their length and maximum width were measured using an electronic caliper 
model 677,256 (Silverline Tools, Yeovil, United Kingdom) with an accuracy of 0.1 mm 
and their weight was determined using a WPS210S laboratory moisture analyzer (Radwag, 
Radom, Poland) with an accuracy of 0.001 g.

Throughout the study, the temperature and relative air humidity in the room were moni-
tored using a FHT 100 m (Geo-FENNEL, Kassel, Germany) at a resolution of 0.01 °C and 
0.1% with a maximum permissible error of ± 2 °C (± 1%) Ambient temperature amounted 
to approx. 20 °C and humidity approx. 24%.

After measurements, cones from both tree species were divided into different size 
groups (mixed—A, small—B, large—C). During successive experiments, three cones from 
each size group were placed in an R-200 microwave generator (SHARP, Vestel, Poland) 
powered by 230 V AC at 50 Hz (Fig. 1).

The criterion for dividing the cones into individual size groups was their length. The 
average lengths of small cones for spruce and larch were 85.6 ± 8.3 and 25.6 ± 2.8  mm, 
respectively and for large cones 104.7 ± 7.9 and 32.4 ± 2.6 mm, respectively.

For each size group of cones, measurements were conducted at four power settings 
(P) of the microwave generator (800, 620, 440, and 130 W) and at two irradiation times 
(7 and 10 s). The power resulted from the regulatory capabilities of the device, while 
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the time was determined on the basis of previous studies (Aniszewska et al. 2020), in 
which 5 and 15 s were used, where it was found that 15 s was too long. Experiments 
were conducted in a single replicate for size group A, and in duplicate for groups B and 
C, in all experimental variants, which are shown in Table 1.

After completing microwave treatments, the study material was weighed and the 
cones were left in the room in the open box under constant temperature (21 ± 1 °C) and 
humidity (24 ± 2%) conditions for two weeks to enable spontaneous scale opening. That 
procedure was sufficient to extract Norway spruce seeds, but in the case of the European 
larch it was necessary to apply an additional process of shaking in a 10  L extraction 
drum (Tulska and Aniszewska 2021) at 30 rpm. Individual cones were placed in screen 
bags and shaken for 10 min, during which time they hit the walls of the drum and each 
other, releasing seeds.

The extracted spruce and larch seeds were manually dewinged and divided into 100-
seed batches to examine their quality. A single germination sample consisted of three 
seed batches. In each experimental variant, the seeds were placed in a Jacobsen ger-
minator (Laborset, Łódź, Poland), and evaluated after 7 and 14  days. The seeds were 
placed on filter paper discs in three replicates (3 × 100) and covered with plastic domes. 
Throughout the trial, a constant substrate temperature of 24 ± 1  °C was maintained in 
the germinator and the seeds were artificially lit for 8 h a day. The evaluation criterion 
for individual seeds was a shoot length of at least half the seed length (PKN 1998).

Fig. 1  The experimental setup: 
1—microwave cavity, 2—micro-
wave generator, 3—time and 
power control panel, 4—material

Table 1  Experimental variants 
(batches)

S spruce, L larch, A mixed-size cones, B small cones, C large cones, 
1–8 experiment number, P power setting of the microwave generator, 
t irradiation time

Variant P (W) t (s) Variant P (W) t (s)

S/L 1 A/B/C 130 7 S/L 5 A/B/C 130 10
S/L 2 A/B/C 440 7 S/L 6 A/B/C 440 10
S/L 3 A/B/C 620 7 S/L 7 A/B/C 620 10
S/L 4 A/B/C 800 7 S/L 8 A/B/C 800 10
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The collected data were used to calculate germination energy (GE) and capacity (GC) 
according to the standard PN-R-65700 (Załęski 1995; PKN 1998) as the percentage of 
seeds that were able to germinate within 7 and 14 days pursuant to the aforementioned 
standard or within 21 days according to the requirements of the International Seed Test-
ing Association (ISTA 1993, 1999, 2021a, b). Table 2 presents the quality classes speci-
fied for the studied tree species.

Empty cones were placed in a Heraeus UT 6120 circulating air oven (Kendro Labo-
ratory Products GmbH, Hanau, Germany) for 24 h at 105 ± 2 °C to determine their dry 
weight, which was needed for calculating the moisture content of cones before and after 
exposure to microwave radiation of different powers.

The procedures for determining changes in cone weight and seed viability were based 
on the methodology used by Aniszewska et al. (2019) in a study on the effects of micro-
wave radiation on Scots pine cones.

Unit radiant flux ( �k) , defined as the ratio of microwave power (P) to the weight of 
the material (mk) after irradiation, was calculated from Eq. (1) (Aniszewska et al. 2021):

In turn, unit radiant energy ( �u) per loss of moisture (mu) during processing was 
determined according to Eq. (2) (Aniszewska et al. 2021):

where t is time in seconds and mp is the weight of the material before irradiation in grams.

Statistical analysis

Statistical evaluations of the results, including analysis of variance (ANOVA) and post-
hoc least significant difference (LSD) tests of the size, weight, and moisture content 
changes of the studied material, were conducted using Statistica 13.3 software (TIBCO 
2017), at a confidence interval of α = 0.05.

(1)�k =
P

mk

[W ⋅ g−1]

(2)�u =
P ⋅ t

mu

[J ⋅ g−1]

(3)mu = mp − mk [g]

Table 2  Germination quality 
classes for Norway spruce and 
European larch seeds according 
to the standard PN-R-65700 
(Załęski 1995; PKN 1998)

Seed class Germination capacity (GC) after 
14 days

Spruce Larch

I 100–91 60–41
II 90–81 40–26
III 80–70 25–10
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Results

Cone size and weight parameters

Table 3 shows statistical metrics for the measured size parameters. The largest spruce cone 
was 141 mm long, and the smallest only 66 mm long, with a mean of 96.4 ± 15.3 mm. The 
mean width of spruce cones was 23.7 ± 2.4 mm and their initial weight was 23.460 ± 7.0 g, 
with a coefficient of variation of 30%.

The length of European larch cones was 28.4 ± 4.1  mm, ranging from 19 to 39  mm; 
their width was 13.6 ± 1.8 mm and their mean initial weight was 2.772 ± 0.912 g, with a 
coefficient of variation of 33%.

The mean initial absolute moistures of the cones from the whole batch, regardless of the 
size group, for spruce and larch were 39.1 ± 4.3% and 36.9 ± 5.5, respectively.

Table 4 presents the basic size parameters for the cones used in each experimental vari-
ant (differing in terms of microwave power and treatment time).

ANOVA did not reveal significant differences (p > 0.05) in mean spruce cone length 
and width between the studied batches treated at the four microwave power settings and 
two process times. In the case of larch cones, neither ANOVA nor the post-hoc LSD test 
showed significant differences in cone width and length for the applied experimental set-
ups. However, a significant difference (p < 0.05) was found in larch cone length between 
the 7 and 10 s treatments, giving rise to two homogeneous groups.

Changes in moisture content

Table  5 gives data on changes in absolute moisture content (ΔMC) for three cone size 
groups (A, B, C) of the two studied tree species, broken down by microwave power setting 
and treatment time.

A 130 W microwave treatment applied for 7 s caused spruce cones in all size groups (A, B, 
C) to lose more than 0.10% of their initial moisture content. The greatest mean moisture loss 
was found for batch S1C containing large cones (0.11 ± 0.05%). In the case of spruce cones 
exposed to a 440 W treatment, the largest decrease in moisture content was recorded for the 
S2A batch with mixed size cones (0.16 ± 0.04%), while the smallest decrease (0.09 ± 0.03%) 
was found for the S2C batch with large cones. As can be seen from Table  5, after a 7  s 

Table 3  Statistical metrics of the size parameters for spruce and larch cones

l cone length, Tmax maximum cone width, mp the weight of the material before irradiation

Statistical metric l (mm) Tmax (mm) mp (g)

Spruce Larch Spruce Larch Spruce Larch

Mean 96.4 28.4 23.7 13.6 23.460 2.772
Minimum 66.0 19.0 18.0 9.4 9.537 0.956
Maximum 141.0 39.0 29.0 18.0 43.561 5.369
Range 75.0 20.0 11.0 8.6 34.024 4.413
Standard deviation 15.3 4.1 2.4 1.8 7.005 0.912
Coefficient of variation 15.0 14.5 10.0 13.1 30.0 33.0
Standard error, % 1.3 0.4 0.2 0.2 0.6 0.1
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Table 4  Statistical metrics for the size parameters of spruce and larch cones used in each experimental vari-
ant characterized by different microwave power and treatment time

a, bHomogeneous groups of means at p < 0.05
SD standard deviation, P power setting of the microwave generator, t irradiation time, l cone length, Tmax 
maximum cone width

Species t P L Tmax

Mean ± SD min max Mean ± SD min max

s W mm

Spruce 7 130 97.0 ± 15.4a 68.0 132.0 23.8 ± 2.5a 19.0 27.5
7 440 98.3 ± 16.1a 76.0 141.0 24.1 ± 2.9a 19.0 29.0
7 620 98.1 ± 19.9a 71.0 140.0 23.1 ± 2.6a 19.0 28.0
7 800 94.9 ± 17.1a 71.0 114.0 23.9 ± 2.5a 18.0 29.0

10 130 96.0 ± 11.7a 82.0 125.0 23.5 ± 1.4a 22.0 26.0
10 440 93.8 ± 10.0a 75.0 117.4 23.2 ± 3.0a 15.0 29.0
10 620 97.4 ± 12.5a 66.0 124.7 23.6 ± 2.7a 20.0 29.0
10 800 95.6 ± 18.3a 66.0 128.7 23.4 ± 2.4a 20.0 28.0

Larch 7 130 29.6 ± 4.1a 22.0 37.0 13.9 ± 1.8a 11.0 17.0
7 440 30.5 ± 4.0a 24.0 39.0 14.1 ± 1.6a 12.0 17.0
7 620 29.8 ± 3.4a 24.0 35.0 14.1 ± 1.5a 12.0 17.0
7 800 29.5 ± 3.1a 25.0 35.0 13.6 ± 2.1a 10.0 17.0

10 130 26.5 ± 4.9b 19.0 34.0 13.2 ± 1.7a 10.0 17.0
10 440 27.9 ± 2.9b 23.0 33.0 13.3 ± 1.5a 10.0 15.0
10 620 27.5 ± 3.9b 22.0 34.0 13.3 ± 2.2a 9.4 18.0
10 800 26.0 ± 4.6b 19.0 33.0 13.6 ± 1.8a 10.0 17.0

Table 5  Mean ± SD changes in moisture content (%) for Norway spruce and European larch cones after 
exposure to microwaves at the applied experimental settings

Variants 1 and 5—P = 130 W, variants 2 and 6—P = 440 W, variants 3 and 7—P = 620 W, variants 4 and 
8—P = 800 W, t—irradiation time, ΔMC—absolute moisture content, n.a.—not applicable

Spruce Larch

Variant ΔMC Variant ΔMC Variant ΔMC Variant ΔMC

t = 7 s t = 10 s t = 7 s t = 10 s
S1A 0.11 ± 0.01 S5A 0.10 ± 0.04 L1A 0.87 ± 0.45 L5A 2.22 ± 1.16
S2A 0.16 ± 0.04 S6A 0.15 ± 0.14 L2A 1.15 ± 0.29 L6A 2.03 ± 0.82
S3A 0.11 ± 0.08 S7A 0.12 ± 0.04 L3A 1.42 ± 1.39 L7A 2.63 ± 0.61
S4A 0.18 ± 0.03 S8A 0.14 ± 0.04 L4A 1.36 ± 0.55 L8A 2.30 ± 0.42
S1B 0.10 ± 0.03 S5B 0.12 ± 0.04 L1B 0.96 ± 0.45 L5B 1.89 ± 0.34
S2B 0.12 ± 0.06 S6B 0.15 ± 0.02 L2B 0.95 ± 0.59 L6B 1.80 ± 0.78
S3B 0.12 ± 0.03 S7B 0.14 ± 0.03 L3B 1.50 ± 0.70 L7B 1.46 ± 1.28
S4B 0.14 ± 0.10 S8B 0.22 ± 0.10 L4B 1.88 ± 1.02 L8B 3.40 ± 2.47
S1C 0.11 ± 0.05 S5C n.a L1C 0.72 ± 0.30 L5C 1.04 ± 0.32
S2C 0.09 ± 0.03 S6C 0.15 ± 0.03 L2C 1.16 ± 0.33 L6C 1.04 ± 0.31
S3C 0.12 ± 0.04 S7C 0.24 ± 0.07 L3C 1.10 ± 0.31 L7C 1.07 ± 0.33
S4C 0.12 ± 0.02 S8C 0.18 ± 0.05 L4C 1.05 ± 0.23 L8C 1.25 ± 0.47
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exposure to 620 W microwave power, all three size groups considered together lost approx. 
0.35% of their initial moisture. The largest loss of moisture (0.12 ± 0.04%) for an individual 
cone was identified for the largest cone size group (S3C batch). An increase in microwave 
power to 800 W caused the highest moisture loss per individual cone (0.18 ± 0.03%) in the 
S4A batch containing mixed size cones. In the case of the other cone batches, i.e., S4B (small) 
and S4C (large), moisture loss amounted to 0.14 ± 0.10 and 0.12 ± 0.02%, respectively.

Table 5 presents data on changes in the moisture content of spruce cones after 10 s expo-
sure to different microwave powers. The mean moisture loss at 130 W microwave radiation 
was 0.10% for the mixed size batch (S5A) and 0.12% for the small cone batch (S5B). At the 
440 W setting, the mean moisture loss was very similar for all size groups, with the greatest 
moisture reduction recorded for the batch containing the largest cones (S6C)—0.15 ± 0.03%. 
In the case of 620 W microwave power, the mean moisture loss per cone was 0.24 ± 0.07% 
for the batch with the largest cones. The results for the other two batches at this power setting 
were similar: 0.12 ± 0.04% for S7A and 0.14 ± 0.03% for S7B. At 800 W microwave power, 
the greatest mean moisture reduction was found for the batch containing the smallest cones 
(S8B—0.22 ± 0.10%); the other two batches also exhibited high moisture loss, with the lowest 
one being as much as 0.14 ± 0.04%.

In the case of larch cones, the largest mean difference in moisture content amounted to 
0.96% (L1B—Table 5) for individual cones in the batch containing small cones exposed to 
130 W microwave radiation for 7 s. However, none of the batches exceeded a moisture con-
tent difference of 1%. It should be noted that at 440  W radiation, only one batch contain-
ing small cones exhibited a mean moisture loss of less than 1%. The highest moisture reduc-
tion (1.16 ± 0.33%) was found for batch L2C, containing the largest cones. Following a 7 s 
exposure to 620 W microwave radiation, the mean moisture content was the highest for batch 
L3B with small cones (1.50 ± 0.70%). Finally, at the 800 W setting, the highest mean moisture 
loss was found for the batch containing small cones (1.88 ± 1.02%), while the lowest moisture 
reduction 1.05 ± 0.23% was recorded for the largest cones (batch L4C).

At the longer exposure setting (10  s), the greatest mean loss of moisture at 130 W was 
found for the mixed size cone batch at 2.62%, while the lowest mean value—for the batch 
with large cones (1.04%). At 440 W microwave power, the greatest mean moisture reduction 
was recorded for the mixed size batch (L6A) at 2.03%. It should be noted that another mixed 
sized batch (L7A) exhibited the highest moisture loss after 660 (2.63%); in the other two cases 
(small and large cones), moisture reduction did not exceed 2%. After increasing microwave 
output to 800 W, the highest mean moisture loss was recorded for the batch containing small 
cones (L8B—3.40%), which was significantly greater as compared to the large cone batch 
(L8C—1.25%).

In the case of spruce cones, the LSD test showed significant differences in moisture loss for 
batches of large cones exposed to 620 and 800 W microwave power for 10 s. In turn, the same 
test for larch cones revealed significant differences for small and mixed sized batches exposed 
to 620 and 800 W microwave power for 10 s.

As can be seen from Table 6, greater moisture reduction was obtained for cones treated at 
higher microwave settings. A significant linear relationship between moisture loss and micro-
wave power was found in three out of four cases; with the one exception being larch cones 
exposed to microwave radiation for 10 s (L10sec). The critical value of the R coefficient for 
simple correlations was 0.811. The linear regression equations are given below:

(4)ΔMCS7sec = 0.00005P + 0.0991, R = 0.859
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Table 7 gives the values calculated according to Eqs. (1) and (2) from the Research meth-

ods section.

(5)ΔMCS10sec = 0.0001P + 0.0992, R = 0.988

(6)ΔMCL7sec = 0.0009P + 0.7271, R = 0.989

(7)�kS7sec = 11.74P − 4.8, R = 0.9973

(8)�kS10sec = 10.56P − 3.5, R = 0.9948

(9)�kL7sec = 90.05P − 31.25, R = 0.9934

(10)�kL10sec = 106.6P − 42.7, R = 0.9983

(11)�uS7sec = 0.428P + 48.00, R = 0.8879

Table 6  Mean moisture loss (%) 
of spruce and larch cones for all 
size groups taken together, after 
7 and 10 s exposure to different 
microwave power levels P 

P (W) Spruce Larch

7 s 10 s 7 s 10 s

130 0.11 ± 0.04 0.11 ± 0.04 0.85 ± 0.39 1.72 ± 0.91
440 0.12 ± 0.05 0.15 ± 0.07 1.08 ± 0.42 1.60 ± 0.76
620 0.12 ± 0.05 0.17 ± 0.07 1.34 ± 0.84 1.67 ± 1.04
800 0.15 ± 0.06 0.18 ± 0.07 1.44 ± 0.74 2.31 ± 1.07

Table 7  Radiant flux γk (W   g−1) relative to the weight of the material following exposure to microwaves 
and unit radiant energy �

u
 , (kJ  g−1) relative to loss of moisture in cones

The numbers in variant symbols designate the following: 1—P = 130 W at t = 7 s, 2—P = 440 W at t = 7 s, 
3—P = 660 W at t = 7 s, 4—P = 800 W and t = 7 s, 5—P = 130 W and t = 10 s, 6—P = 440 W and t = 10 s, 
7—P = 660 W and t = 10 s, 8—P = 800 W and t = 10 s

Spruce Larch

Variant γk ± SD �
u
 ± SD Variant γk ± SD �

u
 ± SD

S1 5.9 ± 1.8 58.5 ± 26.0 L1 46.9 ± 18.8 78.3 ± 77.6
S2 19.9 ± 8.2 330.2 ± 710.3 L2 161.3 ± 50.3 164.4 ± 88.6
S3 31.1 ± 13.9 294.2 ± 147.9 L3 249.7 ± 94.9 205.1 ± 89.5
S4 41.3 ± 15.5 361.4 ± 316.7 L4 317.6 ± 97.9 241.0 ± 120.0
S5 5.8 ± 1.1 80.8 ± 27.2 L5 58.6 ± 22.2 50.2 ± 20.0
S6 19.6 ± 3.4 238.2 ± 173.0 L6 181.7 ± 58.6 174.1 ± 59.9
S7 28.0 ± 9.3 280.1 ± 170.7 L7 270.6 ± 120.7 298.6 ± 227.1
S8 38.2 ± 10.4 330.8 ± 164.2 L8 384.3 ± 180.5 274.4 ± 128.0
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Unit radiant flux increased with microwave power (Fig. 2): in the case of larch cones 
exposed to electromagnetic radiation for 7 and 10 s, an increment in power output by 
100 W increased unit radiant flux by approx. 50 W  g−1, as compared to approx. 4 W  g−1 
for spruce cones under the same conditions. Also unit radiant energy increased with 

(12)�uS10sec = 0.3716P + 47.61, R = 0.9832

(13)�uL7sec = 0.2442P − 50.71, R = 0.9967

(14)�uL10sec = 0.3721P − 14.19, R = 0.9402

Fig. 2  Relationship between microwave power and �
k
 (a) and �

u
 (b) for the studied tree species (spruce and 

larch), at 7 and 10 s exposure times



315New Forests (2024) 55:305–322 

1 3

microwave power, on average by 25–45 kJ   g−1, for cones of both species—L7 and S7, 
respectively.

Evaluation of the quality of spruce and larch seeds following exposure 
to microwaves

The results of germination tests involving seeds extracted from spruce and larch cones 
exposed to microwave radiation for 7  s and 10  s are given in Table  8. As can be seen, 
no spruce batch reached a minimum of 71 germinated seeds over 14  days, which mean 
that none could be assigned to any quality class. Spruce seeds were probably damaged by 
the electromagnetic radiation acting on the cones. In turn, the control sample of spruce 
seeds not exposed to microwaves exhibited a germination energy of 90% and a germination 
capacity of 94%, thus qualifying for quality class I.

Germination results showed that most larch seeds obtained from irradiated cones met 
the requirements of quality class I. The exceptions were larch seeds from cones exposed 
to 800 W microwave power for 7 and 10 s, which were assigned to quality classes II and 
III, respectively. This means that the highest microwave power had an adverse effect on the 
germination quality of the tested seeds. A control trial involving seeds obtained from cones 
unexposed to microwave radiation resulted in 51% for germination energy and 53% for 
germination capacity, meeting the criteria for class I. Class I viability thresholds specified 
in the standards amount to 40–60 germinated seeds for larch and 91–100 germinated seeds 
for spruce.

The substantial differences in viability classifications between the two tree species may 
be attributable to the anatomical structure or their seeds. The seed coat of spruce is much 
thinner as compared to that of larch (Suszka 2000; Aniszewska 2014), and so the micro-
wave effect on the seed proper may have been much greater in the former case, impairing 
germination capacity.

Table 8  Germination test results 
(%) for seeds obtained from 
spruce and larch cones following 
exposure to different microwave 
power levels and placed in a 
Jacobsen germinator

The numbers in variant symbols designate microwave power levels 
and exposure times as in Table 7

Spruce Larch

Variant GE GC Quality class Variant GE GC Quality class

S1 60 62 None L1 44 45 I
S2 46 48 None L2 52 53 I
S3 50 56 None L3 39 40 I
S4 55 59 None L4 28 29 II
S5 42 43 None L5 42 42 I
S6 36 43 None L6 48 49 I
S7 42 49 None L7 49 50 I
S8 40 45 None L8 23 24 III



316 New Forests (2024) 55:305–322

1 3

Discussion

Efforts are currently underway to improve the seed extraction process. Guidelines are being 
developed for the design of devices applying microwaves in the first step of one- and two-
step processes. Microwaves are supposed to lower the initial moisture content of cones for 
the purpose of shortening the time of scale deflection away from the rachis. In the first step, 
the cones are exposed to radiation for a short time which leads to a rapid reduction in mois-
ture content in cones that are still closed. This decreases cone weight and initiates scale 
opening. Due to the application of microwaves the scales deflect more rapidly and to a 
greater degree, which makes the seeds more exposed. This is of importance in the next pro-
cessing step taking place in the extraction chamber or cabinet (Aniszewska 2016). Micro-
wave radiation is a physical factor that has been rarely used for pre-sowing seed stimula-
tion. However, in the literature there is some research concerning the effects of microwaves 
on seed quality (Pietruszewski and Kania 2011; Hemis et al. 2012) as well as the combined 
use of microwave and convective drying (Darvishi et al. 2013; Hemis et al. 2015).

In the 1990s, the Department of Physics, Agricultural Academy in Lublin, initiated 
intensive research on the effects of microwave radiation and electromagnetic fields on the 
quality of plants. According to some reports, seeds store the received energy and convert it 
into chemical energy for their growth processes. The energy supplied in this way has also 
been said to increase the energetic potential of seeds (Pietrzyk 2006). Chen et al. (2005) 
suggested that a preliminary microwave treatment of seeds may improve the inner energy 
of seeds, enhance cotyledon enzymes, and accelerate cell metabolism, resulting in signifi-
cantly higher emissions of biophotons.

Olchowik and Gawda (2020) used microwaves to improve the germination capacity of 
flax seeds. They found that capacity to be significantly increased by 42.15 and 53.57 GHz 
frequencies applied for less than 1 min. For a long time now researchers have been striv-
ing to utilize the effects of electromagnetic fields on living organisms and in numerous 
studies those effects have been demonstrated to be positive. According to Adair (2003), 
electromagnetic waves can increase seed viability by killing the pathogens present on the 
surface of the seed coat. In turn, Nelson (Nelson 1985) noted that electromagnetic waves 
can soften the seed coat, enabling earlier germination. Other advantages of electromag-
netic waves include the elimination of parasitic fungi and pests in wood (Krajewski 1990, 
2001). Microwaves have been used instead of herbicides to disinfect soil (Thuery 1992) 
and to inhibit the germination of undesirable seeds on arable land (Velázquez-Martí et al. 
2006). Forest nurseries and greenhouses use special devices for the microwave treatment of 
the soil (Słowiński 2013). A study conducted by Kuzugudenli (2018) on stone pine (Pinus 
pinea L.) seeds irradiated with microwaves and the resulting seedlings demonstrated the 
beneficial effects of a 45  MHz magnetic field. In another study describing relationships 
between some applications of magnetic fields and stone pine development, a 9.42 mT mag-
netic field was shown to have a beneficial effect on seedling growth (Kirdar et al. 2016). 
Similar results were obtained for chickpea (Cicer arietinum L.) by Vashisth and Nagara-
jan (2008), for tomato (Lycopersicon esculentum Mill.) by Souza Torres et al. (1999) and 
Martínez et al. (2009), for wheat (Triticum aestivum L. cv. Bezostaya) and bean (Phaseolus 
vulgaris L. cv. Gina) by Cakmak et al. (2010), for corn (Zea mays L.) by Răcuciu (2012), 
for potato by Cramariuc et al. (2005), and for sunflower by Vashisth and Nagarajan (2010).

Magnetic fields may accelerate the development of seedlings, especially due to their 
influence on the metabolism of auxin, cytokinin and gibberellin. Cytokinin is primarily 
responsible for cell division, while auxin and gibberellin—for increased cell elongation 
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(Arteca 1996). This is consistent with the study by Kuzugudenli (2018), who reported that 
the application of 280 W microwaves at 160 μT for 60 s enhanced plant development and 
growth.

However, other authors claim that microwaves have an adverse effect on seeds. In 
a study by Ballard et al. (1976), it was found that seeds dried using microwaves had a 
lower germination capacity under laboratory conditions as compared to seeds subjected 
to convective drying. In turn, according to Aniszewska (2016), the degree of germi-
nation reduction depends on the moisture content of seeds (they will be damaged by 
microwaves if that content is too high). A decrease in seed quality following exposure to 
microwave irradiation was also reported by Aniszewska et al. (2019) in a study involv-
ing the irradiation of Scots pine cones with 800 W microwaves (seed viability was sub-
stantially compromised by exposures longer than 5 s).

In the present study, the viability of seeds extracted from spruce cones exposed to 
microwaves was detrimentally affected by electromagnetic radiation. Increasing the 
microwave power, while the process temperature was not controlled, increased the tem-
perature inside the seeds and caused the formation of hot spots. This could be due to 
inhomogeneity in heating caused by the sine wave of microwaves. An adverse effect 
of microwaves on wheat seeds was also found by Hemis et  al. (2012), who reported 
that the higher the microwave power, the lower the seed viability and its germination 
percentage. Łupińska et al. (2009) found that less damaged seeds and greater germina-
tion capacity can be obtained with microwave drying with power up to 400 W. This was 
confirmed in the presented research results, where the germination capacity (GC) of 
larch seeds for the power of 800 W depends on since radiation, has dropped to 29 and 
24%. In turn, Kazancı (2014) reported from a study of post-fire germination that high 
temperature (100–140 °C) had a negative effect on seed germination in 37 of the studied 
71 taxa. In this context, it should be noted that according to the literature (Tyszkie-
wicz 1951; Antosiewicz and Załęski 1987; Załęski and Aniśko 2003; Aniszewska et al. 
2019), the process temperature in facilities extracting seeds from conifer cones does not 
exceed 50 °C.

Seeds from spruce of cones not exposed to microwaves reached germination quality 
of more than 90%. In turn, larch seeds were characterized by high viability irrespec-
tive of exposure to microwave radiation. Thus, the seeds contained in larch cones can 
be subjected to microwaves, although the present study showed that microwave power 
should not be greater than 620 W and exposure time should not exceed 10 s (at those 
process parameters the cones lost on average 1.67% of their moisture content, which 
corresponds to an approx. 0.04 g reduction in their weight).

The next step in the research will involve evaluation of the quality and morphological 
traits of the seedlings obtained from cones exposed to microwave radiation. However, it 
should be remembered that microwaves are not yet widely applied for commercial purposes 
(Vadivambal and Jayas 2007; Usall et al. 2016) due to technical and economic factors.

Conclusions

The present work discussed changes in the moisture content of cones exposed to micro-
wave radiation of different power levels and durations for two tree species, the Norway 
spruce and European larch, as well as the quality of seeds obtained from such cones.
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The average loss of mass and moisture of small and large spruce cones, regardless 
of the amount of applied power, was greater in the case of longer irradiation time. The 
higher the microwave power was, the more the disproportion in the amount of moisture 
lost between the two time groups increased. Increasing the microwave power resulted in 
a greater decrease in the moisture of the cones. In the case of larch cones characterized 
by a lower mass than spruce cones, it was not possible to clearly determine such a rela-
tionship, especially for large cones.

In terms of seed quality, spruce seeds were found to be sensitive to microwaves, which 
adversely affected their viability. In their case, no experimental batch could be assigned to 
any quality class.

In turn, European larch seeds were resilient to microwave irradiation, and reached a 
high quality class. In their case, exposure to electromagnetic radiation may be argued to 
have facilitated the seed extraction process without detrimental effects on seed quality. The 
irradiation parameters recommended for the improved extraction of larch cones while pre-
serving seed quality are microwave power levels of up to 620 W applied for 10 s.

The heat treatment of seeds with microwaves appears to have a substantial potential, but 
there still remain many factors that require further research. These include the anatomi-
cal structure of the cones, the initial moisture content of the material, the thickness of the 
layer, the structure of the microwave emission device and many more.
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