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Pedunculate and sessile oak are economically 
important species growing in Poland. They occupy 
8% of forest stands, with estimated resources of ap-
proximately 182 million m3 (6.8%) (CSO  2023). 

The  share of  these species has increased sig-
nificantly over the last few decades in  Poland 
(1945:  4.1%; 2005: 7.2%; 2010: 6.9%; 2015: 7.5%; 
2020: 7.9%; 2022: 8.0%) (CSO  2005, 2010, 2015, 
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Abstract: The mechanical scarification of acorns, although requiring a significant investment of resources, is a process 
commonly used in container nurseries for seed preparation. Its aim is  to  increase the number of germinating seeds 
and to  shorten and equalise the length of  their germination period. Research results indicate that scarification also 
affects the production of seedlings with improved biometric parameters. However, there is limited information avail-
able on improving the structure of the root system, primarily due to the limited availability of image analysis systems 
for these plant parts. This study employed modern measurement methods using WinRhizo and WinFolia software 
(Regent Instruments Inc.; Version Pro, 2022) to comparatively analyse root system parameters, focusing mainly on their 
structure. The parameters of pedunculate oak (Quercus robur L.) seedlings grown in polystyrene containers were com-
pared with and without mechanical scarification, achieved by manually cutting off part of  the acorn. After the end 
of  the growing season, the parameters of all analysed seedlings (200 pieces) were determined, and a detailed analy-
sis of the root system was performed on selected average individuals (64 pieces). Scarification resulted in an increase 
in the number of germinated seeds and grown seedlings, as well as an increase in the height and diameter of the root 
collar and a reduction in the variation of the obtained seedlings' parameters. Seedlings grown from scarified seeds were 
also characterised by a greater number of leaves with larger unit mass, which had smaller dimensions. The root system 
of seedlings grown from scarified seeds exhibited a higher average diameter and total volume of roots, as well as greater 
total length, surface area, and volume of fine roots, i.e. in the diameter range: 0.5 < D ≤ 2.0 mm. The obtained results 
confirmed the positive effect of seed scarification on germination and emergence efficiency, as well as on biometric 
features and the quality of the grown seedlings.
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2020, 2022). According to  an  optimistic climate 
change scenario, pedunculate and sessile oak are 
predicted to  significantly increase their distribu-
tion area by 2070, mainly in northern Europe (Dy-
derski et al. 2018). In Poland, in addition to natural 
sowing, oaks are introduced in the form of plant-
ing in stands or forest crops using seedlings raised 
in  ground, nursery, and container nurseries (Ba-
nach et  al.  2017). Due to  high production costs, 
growing pedunculate oak seedlings in  nursery 
containers requires acorns characterised by excel-
lent viability to  achieve maximum nursery stock 
yield per unit of  production area. Oak seed vi-
ability is not very high, typically between 60% and 
80% (Suszka et al. 2000), and depends on the en-
vironmental conditions in  a  given year, the stand 
from which seeds are harvested, and the duration 
of seed storage, with the minimum acceptable lev-
el set at 30% (SRP 2004). The  low viability of oak 
seeds presents a significant challenge in the grow-
ing of  seedlings due to  the high costs associated 
with acquiring a  sufficient number of  seeds and 
their subsequent sorting and selection. Besides 
requiring the highest possible viability, seeds used 
for nursery production should also be  of  appro-
priate size. Studies indicate that tiny seeds result 
in  poorer emergence and lower seedling survival 
rates. In  contrast, larger seeds usually produce 
larger seedlings with higher growth rates, although 
very large acorns do not necessarily produce large 
seedlings in  the future (Kormanik et  al.  1998; 
García-Cebrián et al. 2003; Yi et al. 2015). Seedling 
size correlates with the number of first-order lat-
eral roots, which is determined by seed size. Seeds 
with multiple embryos are unacceptable for seed-
ling growing, as  they tend to  produce the small-
est seedlings with inappropriate shoot and root 
development (Kormanik et al. 1998). Insects must 
not damage acorns used in the nursery, as reduced 
cotyledon reserves can adversely affect seedling 
establishment. Research has shown that damaged 
cotyledon reserves at the top of the acorn are more 
important than those at  the base, as  they are vi-
tal for acorn viability. Therefore, damage to  the 
apical cotyledon is  considered the most damag-
ing, adversely affecting acorn germination activity 
(Hou et al. 2010).

Oak is a species characterised by sparse crop years 
and a  lack of  long-term storage of  acorns. Under 
natural conditions, germination is  uneven, with 
differences between the first and last acorn emer-

gence lasting up  to  several weeks. Simultaneous 
germination and plant development are well known 
to promote equal access to light and foliar fertilisa-
tion while reducing competition among developing 
seedlings. This lack of  uniformity poses a  signifi-
cant problem, especially in  intensive nursery pro-
duction, which typically is  usually limited to  one 
growing season (Suszka  2006; Andrzejczyk  2009; 
Skrzyszewska et al. 2019).

Different methods of weakening, opening or oth-
erwise altering the seed coat, known as  scarifi-
cation, are used to  accelerate and improve the 
uniformity of  seed germination. The  most com-
monly used methods include chemical, thermal, 
and mechanical scarification. Chemical scarifica-
tion involves immersing the seed in  a  substance 
that damages the seed coat, generally an acid such 
as  sulfuric, nitric, or  phosphoric acid (Karagu-
zel et al. 2004; Maldonado-Arciniegas et al. 2018; 
Monteiro et  al.  2021). Thermal scarification in-
cludes exposing seeds to hot air, hot water (boiling), 
or freezing at temperatures as low as −80 °C (Szab-
la, Pabian  2003; Karaguzel et  al.  2004; Kimura, 
Islam  2012; Campbell et  al.  2022). Mechanical 
scarification generally involves cutting off part 
of the seed coat opposite the embryo axis or mak-
ing incisions (Karaguzel et al. 2004; Montaño-Ari-
as et al. 2015; Monteiro et al. 2021). An additional 
benefit of  mechanical scarification is  the abil-
ity to  analyse mummification changes of  acorns, 
which can be  determined visually or  using auto-
mated optical systems (Tadeusiewicz et  al.  2017; 
Tylek et  al.  2021). Devices are also encountered 
that use rotating elements to strike seeds, causing 
the seed coat to break and facilitating water ingress 
(Kimura, Islam 2012).

Acorn scarification mainly increases the number 
of  germinating seeds and accelerates this process 
(Giertych, Suszka 2011; Skrzyszewska et al. 2019). 
For pedunculate oak, seedlings grown from scari-
fied seeds germinate up to two weeks earlier, with 
greater uniformity, and experience approximately 
20% higher germination rate (Giertych, Susz-
ka  2011). Similar results have been observed for 
pedunculate oak as well (Skrzyszewska et al. 2019). 
This is  attributed to  the removal of  a  small part 
of  the pericarp and cotyledons, facilitating easier 
water uptake, seed swelling, and access to oxygen 
(Branco et  al.  2002; Suszka  2006). A  negative as-
pect of excessive seed scarification is  the reduced 
height of  seedlings, which persists for up  to  two 

https://jfs.agriculturejournals.cz/
https://doi.org/10.17221/47/2024-JFS


12

Original Paper	 Journal of Forest Science, 71, 2025 (1): 10–22

https://doi.org/10.17221/47/2024-JFS

growing seasons when more than 50% of  the cot-
yledon weight is  removed. The  effects of  cotyle-
don reduction alone on metabolic transformation 
and seedling development are not yet fully eluci-
dated (Branco et  al.  2002; Suszka  2006; Giertych, 
Suszka 2011).

In container nurseries, a  common pre-sowing 
procedure is  mechanical scarification of  acorns, 
which involves cutting off about one-third of  the 
cotyledon part of  the acorn. Following scarifi-
cation, viable seeds are selected through visual 
cross-sectional assessment, where acorns showing 
necrotic spots, drying, insect damage, or  disease 
are removed. Thus, seed scarification and selection 
increase the proportion of seeds capable of germi-
nation (Skrzyszewska et al. 2019).

Scarification is a labour-intensive process as it is dif-
ficult to mechanise. Cutting off parts of  the glans 
is  often performed with hand secateurs driven 
by the muscle power of the person cutting. To re-
duce the effort, secateurs with an  electric drive 
(battery-powered) are used, or other methods such 
as  discs that shear the part of  the acorn pressed 
against it  by  hand. Attempts to  partially mecha-
nise this process are also encountered, involving 
a  mechanism that automatically feeds the acorn 
into the shearing disc, with the mechanism still 
being filled by hand (Adamczyk et al. 2018). In Po-
land, approximately 10 million seeds are scari-
fied annually. Several workers are involved in  this 
process in each nursery, producing oak seedlings. 
The duration of the work cycle is 2.5 s, so scarify-
ing 1 million seeds requires more than 700 working 
hours (equivalent to 90 days of 8 h per day) of man-
ual workers (Tylek et  al.  2021). Given the above, 
it  becomes interesting to  answer two questions: 
whether the acorn scarification process can be ful-
ly mechanised and whether carrying out this costly 
procedure is justified in improving the number and 
quality of raised planting material.

The answer to the first question is that mechanis-
ing scarification is  challenging because a  mecha-
nised system would need to precisely cut off part 
of  the acorn based on measurements taken of  the 
nut. Another challenge is  the selection of suitable 
seeds from those unsuitable for sowing, carried out 
manually by the operator performing the scarifica-
tion. A technical solution for these challenges has 
been developed under the name 'acorn scarifier' 
(Tadeusiewicz et  al.  2018). This system operates 
by initially photographing the acorn to measure its 

basic dimensions (length, width, area) using im-
age analysis methods to calculate the aspect ratio. 
It  then cuts off a  portion of  the acorn to  the ap-
propriate depth on the appropriate side of the nut 
(the nut is automatically oriented in the machine). 
After cutting, another photograph is  taken inside 
the nut. Based on  this, seeds are automatically 
categorised for usefulness using an algorithm that 
compares the recorded image with images of  ab-
normal sections contained in the system's database 
(Jablonski et al. 2016).

The second question is  answered by  the scien-
tific results cited earlier, which confirm that acorn 
scarification, when carried out correctly, improves 
the production process of oak seedlings, regardless 
of the scarification method. Information on the ef-
fect of scarification on the grown seedlings is ob-
tained through detailed measurements, considering 
both the root system and the assimilation apparatus 
of the seedlings. The information collected makes 
it possible to assess differences between individu-
als of  the same species and to  determine their 
response to  environmental factors (Böhm  1985; 
Kormanek 2013; Kormanek et al. 2013a, b, 2015b). 
Such measurements are conducted with simple 
measuring instruments such as a linear gauge and 
calliper, laboratory balances for determining wet 
and dry mass, and displacement methods for as-
sessing the volume of  individual seedling parts. 
Planimetric and image analysis methods are also 
used to  determine seedling parameters and their 
fragments. Recent years have seen rapid develop-
ment in image analysis methods, especially for the 
assimilation apparatus and root system, driven 
by advancements in optoelectronics, measurement 
microprocessor systems, and computer-based 
computational methods (Gocławski et  al.  2009; 
Kormanek et  al.  2015a). Modern image-analysis 
measurement methods enable the acquisition 
of  information that was difficult and sometimes 
even impossible to  obtain using previously used 
methods. Key parameters assessed include length, 
area, leaf, and needle aspect ratio for the assimila-
tion apparatus, and length, area, and volume of to-
tal roots, as  well as  length, area,  and  volume 
of roots of varying diameters, average root diam-
eter in  the root system, number of  bifurcations, 
terminations, and root intersections for root 
systems. In  addition to  this information, con-
temporary programs such as  WinFOLIA™  (Ver-
sion Pro, 2020), WinSEEDLE™ (Version Pro, 2022), 
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or  WinRhizo™  (Version  Pro, 2024) allow colour 
analysis of  captured images, facilitating infer-
ence about the plant's condition, nutritional sta-
tus, or  analysis of  disease symptoms, which aids 
in  identifying the agent and degree of  plant in-
fection (Kormanek et al. 2015a, b). The work pre-
sented here used modern image analysis methods 
of scanned leaves and root systems to analyse seed-
lings grown from scarified and nonscarified seeds. 
The study aimed to determine the effect of acorn 
scarification on the growth parameters of pedun-
culate oak (Quercus robur  L.) seedlings grown 
in  polystyrene containers, with a  particular em-
phasis on assimilation apparatus and root system 
architecture. The  study verified two research hy-
potheses regarding seedlings grown from simul-
taneously sown seeds: (i) there exists a significant 
difference in  the growth parameters of  seedlings 
from scarified and nonscarified acorns; (ii)  acorn 
scarification positively influences seedling root 
system architecture.

MATERIAL AND METHODS

Container filling and subsequent seedling cul-
tivation (one growing season) took place at  the 
Sowin Nursery Farm in  the Gidle Forest District 
(50°58'39.8''N, 19°29'11.7''E) in  the year 2017, fol-
lowing standard production procedures. The  ex-
periment utilised 8  Marbet  V300/53 polystyrene 
containers (Marbet Green, Poland; Table 1), filled 
with a peat-perlite substrate (95% peat, 5% perlite) 
on  an  automated Urbinatii Ypsilon line (Urbina-
ti S.l.r., Italy). Subsequently, 50 acorns of peduncu-
late oak (Quercus robur  L.) collected from a  seed 
stand registered in  the National Register of  For-
estry Basic Material under number MP/1/47555/07 
were manually sown into each container. Four con-
tainers (200 seeds) were sown with scarified seeds 
(SC  variant), and another four with nonscarified 

seeds (NoSC  variant). The  scarification process 
involved manually cutting 15% of the seed length, 
performed by the most experienced worker in scar-
ification, who assessed seed viability based on the 
appearance of tissues in the resulting cross-section 
(Figure 1). Only healthy acorns, showing no signs 
of mummification, damage from various fungal and 
insect pests, or other disease symptoms indicative 
of  reduced viability, were used for container sow-
ing. After sowing, the containers remained in  the 
outdoor production field for 2  weeks, then were 
transferred to a vegetation hall for 6 weeks, before 
being returned to  the open area for the remain-
der of  the production season, during which they 
received periodic fertilisation and watering (Fig-
ure 2; Table 1). The temperature in the vegetation 
hall was maintained at about 25 °C using warm air 
heating, irrigation in the morning and evening us-
ing sprinkler irrigation boom with a variable num-
ber of  work cycles to  reach the level of  container 
water capacity from 60% to 75%.

At the end of the growing season (21 September), 
the height Wp (cm) of each raised seedling was meas-
ured with a linear gauge to an accuracy of ±1 mm, 
and the diameter at  the root collar Dp (mm) with 
an  electronic calliper to  a  precision of  ±0.01 mm. 
The assimilation apparatus was analysed after scan-
ning the leaves on an Epson Photo V800 shadowless 
scanner (Seiko Epson Corporation, Japan) using 
WinFolia software. The number of leaves Ln (pcs), 
the sum of the leaf area Lsa (cm2), the average leaf 
area La (cm²), and the dimensions of the leaf blade, 
including length Ll  (cm) and width Lw (cm), were 
determined. After drying the leaves in a Memmert 
UF  110 laboratory  dryer (Memmert GmbH, Ger-
many) (65 °C, 48 h) and weighing them on a Rad-
wag PS 210.X2 analytical balance (Radwag, Poland) 
with an accuracy of ±0.001 g, the average leaf dry 
weight Ldm  (g) was determined for each seedling. 
For root system analysis, eight seedlings were select-

Table 1. Container parameters and procedure for producing pedunculate oak seedlings

Variant Ln (pcs) Lsa (cm2) La (cm2) Ll (cm) Lw (cm) Ldm (g)

SC 9.31 ± 5.08 43.50 ± 2.66 13.98 ± 0.20 6.80 ± 0.05 3.18 ± 0.03 1.166 ± 0.037

NoSC 8.74 ± 4.75 52.60 ± 2.41 15.19 ± 0.19 7.09 ± 0.04 3.37 ± 0.02 0.985 ± 0.026

t-test (P) F = 2.043 t = 2.484 F = 19.040 F = 19.771 F = 27.706 t = 4.414

F-test (P) P = 0.153 P = 0.013 P = 0.000 P = 0.000 P = 0.000 P = 0.000

SC – scarified seeds; NoSC – nonscarified seeds; Ln – number of leaves; Lsa – total leaf area; La – mean leaf area; Ll – mean 
leaf length; Lw – mean leaf width; Ldm – mean leaf dry weight
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ed from each container (64 seedlings total) whose 
height and diameter at  the root neck were closest 
to the average parameters of the seedlings growing 
in that container [mean height of the aboveground 
part (Wpsa) and diameter at the root collar (Dpsa) 
determination]. Once selected, the seedlings were 
removed from their cells, and their root systems 
were cleaned of  substrate by washing them under 
running water and drying them with paper tow-
els. The  seedlings were then labelled, individually 
packed in plastic bags, and stored at +4 °C to pre-
vent root desiccation. Scanning the root systems 
took approximately 21 h (64 root systems × 20 min). 
The root system of each seedling was scanned us-
ing an Epson Photo V800 shadowless scanner, and 
the images were analysed using WinRhizo software. 
For  each root system, total root length Rl  (cm), 

root area Rsa (cm2), root volume Rv  (cm3), aver-
age root diameter Rd  (mm), length : volume ratio 
Rl : Rd (cm−2), number of terminations Re (pcs), in-
tersections Rc (pcs), and bifurcations Rf (pcs) were 
determined. The  length L  (cm), area A  (cm2), and 
volume V (cm3) of the roots were then determined 
in 10 intervals of their diameter D (mm):
– interval 0 < D ≤ 0.5; 
– interval 0.5 < D ≤ 1.0; 
– interval 1.0 < D ≤ 1.5; 
– interval 1.5 < D ≤ 2.0; 
– interval 2.0 < D ≤ 2.5; 
– interval 2.5 < D ≤ 3.0; 
– interval 3.0 < D ≤ 3.5; 
– interval 3.5 < D ≤ 4.0; 
– interval 4.0 < D ≤ 4.5; 
– interval 4.5 < D.

Figure 1. Manual scarification of acorns carried out at Sowin Nursery Farm of the Gidle Forest District

Figure 2. View of the experiment
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After drying in  an  oven at  105 °C and weighing 
on  a  Radwag PS 210.X2 analytical balance with 
±0.001 g, the dry weight of the roots Rdm  (g) was 
determined. For  the parameters of  seedlings, the 
Student's t-test was used after checking the assump-
tions of  normality of  distribution of  parameters 
(Shapiro-Wilk test) and homogeneity of  variance 
(Levene's test). For  the parameters Ln, La, Ll, 
Lw not equal in number, a one-way analysis of vari-
ance was performed after checking the assumptions 
(Luszniewicz, Słaby  2003; Rabiej  2012). Statisti-
cal analysis of root length Rl, root volume Rv, and 
root area Rsa in each diameter class D  (mm) was 
performed in three root thickness ranges, i.e. very 
fine roots 0 < D ≤ 0.5, fine roots 0.5 < D ≤ 2.0, and 
coarse roots D >  2.0 mm (Makita et  al.  2011; Fa-
rahnak et  al.  2020). All  statistical analyses were 
performed for significance level P  <  0.05, using 
Statistica (Version 12, 2006) program. The relative 
percentage change in root parameters from root di-
ameter is presented, and the regression relationship 
of  the change in  PRl  (percentage increase of  root 
length), PRsa (percentage increase of  root area), 
and PRv (percentage increase of root volume) from 
root diameter is determined. The relative percent-
age change was calculated as the difference of the 

parameter in the SC variant and in the NoSC vari-
ant, divided by  the value of  the parameter in  the 
NoSC variant multiplied by 100.

RESULTS

The average number ns of all seedlings (Table 2) 
grown from scarified seed (SC) was 40.3 ± 0.9 units, 
and from nonscarified seed (NoSC) it  was 
34.5 ± 2.5 units, respectively, while the success rate 
(u) was 80.5 ± 3.8% for SC and 69.0 ± 5.0% for NoSC. 
Significantly more seedlings, by 16.7%, were grown 
in the SC variant, as confirmed by analysis of Stu-
dent's t-test (t = 3.159; P < 0.019). Mean shoot height 
Wp and diameter at the root neck Dp  for all seed-
lings were higher in the scarified (SC) variant, which 
was also confirmed by t-test analysis (Table 2).

In the scarified acorn (SC) variant, the raised 
seedlings had, on  average, more leaves (Ln) with 
higher dry weight (Ldm). In  contrast, their total 
leaf area (LSa) and average individual leaf area (La), 
as well as average leaf length (Ll) and width (Lw), 
were lower compared to  the nonscarified acorn 
(NoSC) variant (Table 3).

The mean height of the aboveground part (Wpsa) 
of  the seedlings selected for further analyses was 

Table 2. Number of seeds sown and mean ± SD: Success rate, shoot height, and diameter at root neck of raised seed-
lings (significance level P < 0.05)

Variant
Seeds Grown seedlings
n (pcs) ns (pcs) u (%) Wp (cm) Dp (mm)

SC 1–4 200 40.3 ± 1.9 80.5 ± 3.8 21.1 ± 5.5 5.4 ± 1.11
NoSC 1–4 200 34.5 ± 2.5 69.0 ± 5.0 18.3 ± 6.1 4.8 ± 1.16

t-test (P) – t = 3.159 P = 0.019 t = 5.994
P = 0.000

t = 3.811
P = 0.000

SD – standard deviation; SC – scarified seeds; NoSC – nonscarified seeds; n – number of seeds sown; ns – number of healthy 
seedlings grown; u – success rate (%); Wp – height of the aboveground part (shoot) of the seedlings; Dp – diameter at the 
root neck of the seedlings

Table 3. Mean ± SD parameters of the assimilation apparatus of all grown seedlings (significance level P < 0.05)

Variant Ln (pcs) Lsa (cm2) La (cm2) Ll (cm) Lw (cm) Ldm (g)
SC 9.31 ± 5.08 43.50 ± 2.66 13.98 ± 0.20 6.80 ± 0.05 3.18 ± 0.03 1.166 ± 0.037
NoSC 8.74 ± 4.75 52.60 ± 2.41 15.19 ± 0.19 7.09 ± 0.04 3.37 ± 0.02 0.985 ± 0.026
t-test (P) F = 2.043 t = 2.484 F = 19.040 F = 19.771 F = 27.706 t = 4.414
F-test (P) P = 0.153 P = 0.013 P = 0.000 P = 0.000 P = 0.000 P = 0.000

SD – standard deviation; SC – scarified seeds; NoSC – nonscarified seeds; Ln – number of leaves; Lsa – total leaf area; 
La – mean leaf area; Ll – mean leaf length; Lw – mean leaf width; Ldm – mean leaf dry weight
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higher by an average of 5.1%. In comparison, the di-
ameter at the root collar (Dpsa) was higher by an av-
erage of  0.2% in  the SC variant compared to  the 
NoSC variant, as confirmed by t-test (Table 4).

Analysis of  root system parameters indicates 
that total root volume (Rv) and average root di-
ameter (Rd) were higher in  the scarified acorn 
variant (SC) compared to the nonscarified variant 
(NoSC) (Table 5).

When comparing root parameters across classes 
of  mean diameter (Rd), only fine roots, i.e.  those 
with a  thickness of  0.5 <  D ≤  2.0, had statistical-
ly more significant total length (Rl), surface area 
(Rsa), and volume (Rv) in  seedlings grown from 
scarified seeds (SC) (Table 6).

In Figures 3–5 showing Rl length, Rsa area, and 
Rv root volume as a  function of their diameter D, 
it  is  noticeable that the Rl length, Rsa area, and 
Rv  root volumes are smaller in  the nonscarified 
variant (NoSC) than in the scarified variant (SC).

The change in  these parameters due to  scarifi-
cation was confirmed by  the relative percentage 
increase in  PRl length, PRsa area, and PRv vol-
ume of  roots of  seedlings grown from the scari-
fied variant (SC) compared to  roots of  seedlings 
grown from nonscarified seed (NoSC) (Figure  6). 
The growth changes as a function of root diameter 
followed a parabolic course, with the most signifi-
cant changes occurring in  the 2.0 mm to  2.5 mm 
diameter range, reaching 65%. Acorn scarifica-
tion increased the proportion of very fine and fine 
roots in the root system, which are longer and have 
greater surface area and volume in the SC variant 
compared to the NoSC variant.

Table  4. Mean ±  SD of  success rate, shoot height, and 
diameter at root neck of seedlings selected for detailed 
root system analyses (significance level P < 0.05)

Variant/
container

Seedlings selected for next analysis
nsa (pcs) Wpsa (cm) Dpsa (mm)

SC 1–4 32 21.5 ± 1.7 5.39 ± 0.32

NoSC 1–4 32 18.6 ± 2.6 5.00 ± 0.53

t-test (P) – t = 5.994
P = 0.000

t = 3.810
P = 0.000

SD – standard deviation; SC – scarified seeds; NoSC – non-
scarified seeds; nsa – number of  seedlings selected for 
detailed analyses; Wpsa – height of  the aboveground part 
(shoot) of selected seedlings; Dpsa – diameter at  the root 
neck of selected seedlings Ta
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Figure 4. Root surface area Rsa in the root ball as a function of average root diameter D

SC – scarified seeds; NoSC – nonscarified seeds
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Figure 3. Root length Rl in the root ball depending on the average root diameter D

SC – scarified seeds; NoSC – nonscarified seeds
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Table 6. Mean ± SD of root length L in the diameter ranges of the analysed root systems

Variant

Rl (cm) for Rd (mm) Rsa (cm2) for Rd (mm) Rv (dm3) for Rd (mm)

very fine 
roots

fine  
roots

coarse 
roots

very fine 
roots

fine  
roots

coarse 
roots

very fine 
roots

fine  
roots

coarse 
roots

Rd ≤ 0.5 0.5 < Rd ≤ 2.0 Rd > 2.0 Rd ≤ 0.5 0.5 < Rd ≤ 2.0 Rd > 2.0 Rd ≤ 0.5 0.5 < Rd ≤ 2.0 Rd > 2.0
SC 856.4 ± 294.6 170.5 ± 84.2 22.2 ± 4.1 49.2 ± 18.2 44.7 ± 23.8 47.9 ± 8.9 0.310 ± 0.121 94.0 ± 30.4 9.50 ± 2.90
NoSC 874.1 ± 237.3 132.1 ± 59.4 20.5 ± 3.6 46.6 ± 12.5 33.9 ± 16.9 44.0 ± 10.3 0.280 ± 0.077 78.9 ± 25.7 8.50 ± 3.62

t-test (P) t = 0.069
P = 0.793

t = 4.348
P = 0.041

t = 2.988
P = 0.089

t = 0.422
P = 0.518

t = 4.318
P = 0.042

t = 2.671
P = 0.107

t = 1.217
P = 0.274

t = 4.525
P = 0.037

t = 1.446
P = 0.234

SD – standard deviation; SC – scarified seeds; NoSC – nonscarified seeds; Rl – total root length; Rd – average root diameter; 
Rsa – total root surface area; Rv – total root volume
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DISCUSSION

Acorn scarification resulted in  a  higher number 
of  germinated seeds and increased emergence. 
There were 34  more seedlings germinated from 
scarified (SC) seeds out of 200 sown, with a success 
rate 11.5% higher for the SC variant compared to the 
NoSC variant. The increment in the number of seed-
lings obtained was 16.7%, confirming results from 
Giertych and Suszka (2011) for sessile oak, where 

the difference reached 20%, and from Skrzyszewska 
et  al.  (2019) for pedunculate oak, showing a  dif-
ference of 14–18%, depending on the sowing date. 
Research confirms that based on the analysis of the 
topography of acorn mummification lesions, deter-
mined visually after scarification in the experiment, 
it is possible to significantly increase field germina-
tion capacity by  pre-sowing rejection of  necrotic 
seeds (Jabłoński et  al.  2016). Unfortunately, such 
separation is usually associated with the loss of sev-

Figure 6. Increase in PRl length, PRsa area, and PRv volume of roots in the root ball as a function of average root diameter D

SC – scarified seeds; NoSC – nonscarified seeds; Rd – root diameter; PRl – percentage increase of root length in SC variant 
compared to NoSC variant; PRsa – percentage increase of root area in SC variant compared to NoSC variant; PRv – per-
centage increase of root volume in SC variant compared to NoSC variant

Figure 5. Root volume Rv in the root ball as a function of average root diameter D

SC – scarified seeds; NoSC – nonscarified seeds
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eral percent of  acorns wrongly eliminated during 
the separation stage. This occurs due to  an  incor-
rect assessment of the distribution of necrotic foci 
on  the transverse section of  the seed. The  worker 
performing scarification examines only the coty-
ledon area inside the acorn, which can lead to two 
types of  errors. Firstly, acorns with partially dam-
aged cotyledons may be  classified as  rotten, even 
though, in  fact, as  spoiled seeds, they have a high 
germination potential. Secondly, acorns without ne-
crotic lesions in the cotyledon area may be classified 
as healthy, although mummification of the invisible 
embryonic root will not allow germination in  the 
nursery. Notably, the assessment of  acorns stored 
for a certain period, such as 2 years, may also intro-
duce additional errors due to changes in cotyledon 
colour. However, despite the above limitations, the 
introduction of  automated seed separation pro-
cesses using computerised image recognition tech-
niques and the elimination of subjective perception 
of  seed health by  forest nursery staff could result 
in the optical properties of acorns undergoing scar-
ification becoming an innovative resolution feature 
with high efficiency and high application potential 
(Bubliński et  al.  2017). This is  important because 
correlations with physical properties, known as res-
olution traits, among which aerodynamic traits, 
geometric traits, density, coefficient of  friction, 
surface texture, and mechanical properties are the 
most important, are used to  separate seeds with 
expected biological traits from the mixture (Kalin-
iewicz, Tylek  2019). Research on  pedunculate oak 
acorns has shown that only their density and mass 
(to a minimal extent), aerodynamic, and mechani-
cal properties depend on  their viability. However, 
it is not possible to separate only healthy seeds us-
ing these methods; it  is  only possible to  separate 
the class of healthy seeds with slightly spoiled seeds 
and separate them from the remaining (definitely 
spoiled) seeds (Tylek 2012).

Not only did the scarification process affect the 
number of  acorns germinating, but the seedlings 
grown at  the same time from scarified seeds were 
15.3% taller and had a  larger diameter at  the root 
neck by  12.5%. This differs from the result report-
ed by  Giertych and Suszka (2011) for sessile oak, 
where seedlings from scarified variants were shorter 
than those grown from untreated acorns. Similarly, 
saplings of  pedunculate oak grown from scarified 
acorns were shorter, but their diameters at the root 
neck were slightly higher (Skrzyszewska et al. 2019). 

Importantly, seedlings from scarified seeds showed 
less variability, with a coefficient of variation of 7.7% 
for height and 5.9% for diameter at  the root neck 
in  the SC  variant, compared to  13.2% and 10.6%, 
respectively, in  the NoSC variant. This reduction 
in variability in seedling parameters due to scarifica-
tion was also confirmed in the study by Skrzyszewska 
et al. (2019). Seedlings in the SC variant had leaves 
with a  smaller total area by  17.3% and an  average 
area per leaf smaller by 8% due to their smaller aver-
age length dimensions by 4.1% and width by 5.6%. 
Nevertheless, they had more leaves by  6.5% and 
a higher dry weight by 18.4% compared to the NoSC 
variant. A negative correlation between leaf length 
and dry mass was also shown by Ponton et al. 2004.

Acorn scarification affected the root system param-
eters of the seedlings. In the SC variant, the seedlings 
exhibited a  significantly higher total root volume 
of  27.5% and an  average root diameter of  13.3% 
compared to the NoSC variant. For other root traits 
of the seedlings, although the averages were higher 
in  the SC  variant, the differences compared to  the 
NoSC variant were not statistically significant.

When considering root systems within individual 
diameter ranges, there was a statistically significant 
increase in  total length (Rl) by  29.1% (38.4 cm), 
area (Rsa) by  33.0% (11.1 cm²), and volume (Rv) 
by  19.1% (15.10 cm³) of  roots in  the diameter 
range of 0.5 < D ≤ 2.0 (fine roots) in  the SC vari-
ant. In  the other root diameter intervals, the pa-
rameters were higher in  the SC variant compared 
to the NoSC variant, but these differences were not 
statistically significant. Thus, a positive effect was 
observed for roots within the diameter range rel-
evant to plant growth (Nicola 1998).

The highest relative increase in  root length, area, 
and volume as a function of root diameter, determined 
between the SC and NoSC variants, followed a para-
bolic trend, with the maximum increase observed 
in  the root diameter range of  2.0 mm to  2.5 mm, 
reaching 65%. Such growth increments in roots, nec-
essary for seedling growth, undoubtedly provide bet-
ter development potential for the seedlings after they 
are planted on the crop (Kormanek et al. 2015a, b).

There are numerous negative factors that affect 
the growth of  forest tree seedlings' root systems. 
The most commonly mentioned include excessive 
substrate compaction (Kormanek 2013; Kormanek 
et  al.  2013a,  b, 2015a,  b; Kormanek, Gołąb  2021; 
Pająk et al. 2022a, b), excessive moisture (Metcalfe 
et  al.  2008; Xinyue  2022), unfavourable tempera-
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tures (Kaspar, Bland  1992; García-Tejera  2016), 
and substrate chemistry (Pawlik, Šamonil  2018). 
In  contrast, there is  little information on  factors 
that positively affect root systems. The  positive 
changes shown in  the experiment regarding the 
number of  seedlings grown and the improvement 
of root parameters due to scarification indicate that 
this is  a  beneficial process that stimulates impor-
tant root parameters for seedling growth.

The demonstrated difference in  root system 
structure positively affects the biometric param-
eters of  the seedlings. The  more developed the 
root system, the better the biometric parameters 
of the seedlings, mainly shoot height and diameter 
at  the  root neck. Research indicates that this im-
provement is  linked to  better uptake of  elements 
from the substrate following fertilisation, as  indi-
cated by  studies on  pine (Pająk et  al.  2022c) and 
beech (Pająk et al. 2022d) plants.

CONCLUSION

Based on the analysis of the experimental results, 
it was found that pre-sowing scarification of pedun-
culate oak (Q. robur L.) seeds influenced an increase 
in the number of germinated seeds and raised seed-
lings, as well as an increase in the length and diam-
eter at the root neck of seedling shoots raised from 
scarified seeds. These parameters were less differen-
tiated among the raised seedlings. Seedlings grown 
from scarified seeds were also characterised by an in-
crease in  the number of  leaves with a  higher unit 
weight, which was smaller. The root systems of seed-
lings grown from scarified seeds exhibited higher 
average diameters and total root volumes. Addition-
ally, they showed greater total root length, area, and 
volume in diameter intervals of 0.5 < D ≤ 2.5 mm.

The effect of seed scarification on the grown seed-
lings has been confirmed. Scarification positively 
affects the quantity and quality of  the seedlings 
grown, as illustrated by their biometric parameters. 
Therefore, the use of this process in container nurs-
eries is justified.
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