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ABSTRACT

In this study, the effect of the Yara Mila Complex (YMC) and Osmocote Exact Standard 3-4M (OE) fer-
tilizers on the growth traits of European beech seedlings was examined in four variants of starter fertiliza-
tion. Growth traits (height, root system length and root-collar diameter) were measured, followed by the
scanning of the stems and root systems of the seedlings, which were then analysed using the WinRhizo
software. In addition, their dry weight was measured, and the total length, mean diameter and volume of
roots and shoots, as well as the length of skeleton roots (diameter>2 mm) and fine roots (diameter<2 mm)
were determined. The most useful variant of starter fertilization turned out to be the mix of the YMC+OE
fertilizers applied at a dose of 1.5 and 0.5 kg per 1 m® of substrate, respectively. The seedlings grown on
the substrate after the application of this starter fertilization variant were characterized by higher growth
parameters. They also featured favourable qualitative indices, i.e. Dickson quality index (DQI), sturdiness
quotient (SQ) and shoot-to-root ratio (8/R), which indicate their better adaptation and growth after planting
in a forest plantation. A change of the currently used fertilization variant with the YMC fertilizer applied
at a dose of 2.5 kg per 1 m? of substrate to a variant demonstrated in the study as optimum, i.e. the mix of
the YMC and OE fertilizers at a dose of 1.5 and 0.5 kg, respectively, will increase the cost of seedling
growth by no more than 1.2% (approx. PLN 0.007).
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Introduction

Mineral fertilizers are the main source of nutrients for seedlings growing in forest nurseries
affecting their physiological and morphological properties (Kasprzyk ez /., 2015). Artificial sub-
strates used in nurseries are prepared on the basis of different ingredients, such as: high peat,
bark, sawdust, perlite, vermiculite or sand, which are poor in mineral compounds and require
fertilization (Bosiacki ez a/., 2009). Nowadays, pre-sowing mineral fertilisers and top dressing are
mainly applied to soil and foliage during the growing season (Wesoly ez a/., 2009).

Numerous studies confirm a significant effect of fertilizers on the quality of cultivated
seedlings of different forest tree species. A properly selected composition and dose of the fertilizer
may have a positive impact on seedling morphology (Traubat e a/., 2010), or increased reserve
of nutrients (McAlister and Timmer, 1998), resistance to fungal pathogens (Tkaczyk ez a/., 2014),
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and increased seedling tolerance to elevated water stress (Glynn and Keary, 2008). An excessive
fertilizer dosage may have an unfavourable effect, causing an excessive growth and a decrease
in plant resistance as a result of inhibiting the rate of colonization by ectomycorrhizal fungi
(Vaario e al., 2008). Seedling adaptation after planting in a forest plantation is affected by the
interaction between fertilization and production method (Luis ez a/., 2009).

Slow-release fertilizers may have a favourable effect on the growth and nutrition level of plants,
as well as simplification of the cultivation technology. Their application enables elimination
of re-fertilization during the growing season, and thus workload reduction (Kozik ¢z a/., 2009).
The slow-release fertilizers used once at the beginning of the production period release nutrients
evenly throughout the growing period. This contributes to a reduced fluctuation of salt con-
centration and a limited leaching of mineral compounds outside of the reach of the root system,
which results in a more efficient use of the slow-release fertilizer (to 80%), as compared to the
traditional fertilizer (30-40%) (Strojny, 2004; Bosiacki e a/., 2009).

The aim of the study was to assess the effect of fertilization with different doses of the Yara
Mila Complex and Osmocote Exact Standard 3-4M fertilizers on the growth of European beech
(Fagus sylvatica 1..) seedlings. The study hypothesis assumed that the type of fertilizer and its
doses do not affect the sylvicultural suitability of seedlings.

Material and methods

EXPERIMENT DESCRIPTION. A pot experiment was established in a nursery under controlled
conditions (foil greenhouse). A substrate comprising sawdust and peat in the proportion 1:1 was
used. In the nursery in which the test was carried out, a sawdust-and-peat substrate had been
used for over 40 years for the production of seedlings of the beech and other forest tree species.
The application of a mixed substrate was part of the latest research related to the limited use of
peat bog areas and the need to replace peat with another faster renewable nursery medium
(Humpendder e al. 2020; Manton ez al. 2021). The substrate was enriched with two fertilizers,
most often used in forest nurseries: Yara Mila Complex and Osmocote Exact Standard 3-4M,
applied in four variants ('Table 1). For each replication, a fertilizer dose suitable for a given variant
was each time added to a measured volume of substrate and thoroughly mixed. Such prepared
substrate was placed in plastic boxes with a capacity of 30 dm?®. Three replications were used
for each variant. On April 26, stratified beech seeds were manually sown in the boxes (110 seeds
each) and covered with sand. The boxes were placed in a foil greenhouse, where they remained
till the end of September 2020 (foil removed on June 30).

CHARACTERISTICS OF THE FERTILIZERS USED. Yara Mila Complex is a fast-dissolving, multi-com-
ponent, chloride-free pellet fertilizer with micronutrients. It is available in the form of a prill pellet.

Table 1.

Variants of starter fertilization used in the research and the cost of their application per 1 m? of nursery
substrate

Fertilizer dose in kg per Fertilization cost Average price
Variant 1 m?® of substrate of 1 m? of 1 kg
(symbols) Osmocote Yara Mila of substrate of fertilizer
Exact (OE) Complex (YMC) (PLN) (PLN)
2.5YMC - 2.5 9.00
1.5YMC+0.50E 0.5 1.5 12.56 YMC=3.60
1IYMC+10E 1.0 1.0 19.12 OE=15.52

20E 2.0 - 31.04
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The granules are fine, thus covering a greater surface area uni, resulting in a better availability
of all nutrients. Fertilizer composition: total nitrogen (N) — 12% (including: 5% of N-NO; and
7% of N-NH,); phosphorus (P,0;) - 18.7%; potassium (K,0) - 18%; magnesium (MgO) - 2.7%;
sulphur (SO;) - 20%; boron (B) - 0.015%; iron (Fe) - 0.20%; manganese (Mn) — 0.02%; zinc (Zn)
- 0.02%. The average price of the fertilizer per 25 kg is approx. PLN 90. Osmocote Exact
Standard 3-4M is available in the form of a micropellet, and its components are released in
a controlled manner. The fertilizer composition includes: total nitrogen (N) — 16% (including:
7% of N-NO; and 9% of N-NH,); phosphorus (P,0;) - 3.9%; potassium (K,0) - 10%; magne-
sium (MgO) - 1.2%; boron (B) — 0.02%; iron (Fe) — 0.45%; manganese (Mn) — 0.06%; copper
(Cu) - 0.05%; molybdenum (Mo) - 0.02%; zinc (Zn) — 0.015%. Price per 25 kg is approximately
PLN 388. The first fertilizer is a fast-acting, easily soluble product thanks to the presence of
nitrogen in the form of nitrate and the physical properties of the prill pellet. However, its activ-
ity is limited only to the initial phase of the growing season and is often combined with top
dressing. The second of the used fertilizers is characterized by a controlled release of its min-
eral ingredients almost throughout the entire growing season (3-4 months at temp. 21°C), which
results from the applied encapsulation. The reduced leaching of ingredients from the substrate
is an additional advantage of this fertilizer (Zajagczkowski, 2004).

MEASUREMENT WORKS. The study material comprised one-year-old European beech seedlings
growing under controlled conditions (1/0K assortment). 90 seedlings from each fertilization variant
were collected (30 per replication), numbered and cleaned of the substrate; then, the height and
length of the root system, as well as the root collar diameter were measured (accuracy +0.1 cm
for both). Each seedling was cut at the root collar and its leaves were removed; then, the shoot
and root system was scanned using the Epson Photo V800 scanner. The obtained digital images
were analysed using the WinRHIZO 2016 software (Regent Instruments Inc.). The total length,
mean diameter and volume of roots and shoots, as well as of coarse roots (diameter>2 mm) and
fine roots (=2 mm) were determined (Farahnak ez @/., 2020). Individual parts of the seedlings
were dried at a temperature of 65°C for 72 hours (Memmert UF 110 drier), and then weighed
on a laboratory scales (£0.001 g).

CALCULATIONS. Three indicators determining silvicultural suitability of seedlings were used.
The first one is the sturdiness quotient (SQ), calculated as the ratio of height to diameter at the
root collar [1]. The low value of the quotient indicates that the seedlings are stouter and would
exhibit higher resistance to the unfavourable abiotic conditions, while its high value points to
seedlings, which would be characterized by lower resistance after planting in a forest plantation.
The maximum permissible value of the sturdiness quotient for European beech seedlings is SQ=65
(Banach ¢z al., 2020a).
SH

S0-2cp 1 (1]

where:
SH - seedling height (cm),
RCD - root collar diameter (mm).

The second indicator is the stem-to-root ratio (S/R), which determines the ratio of the dry
weight of the above-ground to below-ground parts of the seedling [2]. The root system must be
proportional in value to the above-ground part of the shoot, in order to keep up with providing
it with water and mineral salts (Iverson, 1984; Banach ¢z a/., 2020a). The value of this ratio for the
seedlings grown on an artificial substrate should not exceed 2:1 (Thompson, 1985; Haase, 2007).
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SLDW
RDW

S/R= (2]

where:
SLDW - shoot with leaves dry weight (g),
RDW - root system dry weight (g).

The third indicator is the Dickson Quality Index (DQI), calculated as a ratio of the seedling dry
weight to the sum of the values of both previous indices [3]. The high value of this index shows
better adaptive capabilities of the seedling after planting in a forest plantation (Dickson ef a/.,
1960).

TDW

_ OW 3]
0.1-SQ+S/R

DQI

where:
TDW - transplant dry weight (g),
SQ - sturdiness quotient,
S/R - stem/root ratio.

The significance of the differences between the mean values of the analysed growth properties
and coefficients determining the sylvicultural suitability of seedlings was established with the
application of one-way Analysis of Variance (fixed model). Using Tukey’s test, also homoge-
neous groups were determined at a significance level of p=0.05 for the obtained mean values.
Pearson’s linear correlation coefficient was used to determine the strength of the relationship
between random variables. In order to establish relationships between the tested traits and fertil-
ization variants, the Principal Component Analysis (PCA) was applied. Eigenvalues of the mor-
phological parameters of the seedlings necessary to specify the number of the main components
were determined following data standardization. For two indices, ie. SQ and S/R, which
demonstrated a pronounced, negative correlation with the second component (-0.8 and 0.7,
respectively), each seedling was classified in terms of meeting the criterion of =maximum value
for the given index. Three seedling categories were distinguished: A — criterion met for both
indices, B — criterion met for one index, C - no criterion met. The significance of differences
between the obtained fractions were determined using %? Pearson’s test. All calculations were
performed using the Statistica 13.3 software (TIBCO Software Inc., 2017).

The difference in the cost of fertilization with the use of individual doses of fertilizers was
estimated. The cost of fertilization of 1 m® of substrate (Table 1) and the entire nursery bed
(36 m?, 11 m® of substrate) was calculated on the basis of the average price of 1 kg of fertilizers.
The analysis also included the number of seedlings of the first and second quality classes deter-
mined according to the PN-R-67025 (1999) standard. The average value of the first and second
class seedlings for a nursery bed (6,000) was corrected on the basis of the share of such seedlings
in each experimental variant.

Results

GROWTH TRAITS. Growth parameters of European beech seedlings, except for the length of the
root system and diameter at the root collar, largely depended on the starter fertilization variant.
The application of the 1YMC+0.50E mix at a dose of 1.0 kg per m? of substrate turned out to be
the most favourable variant, because the mean values for all traits were the highest and typically
formed a separate homogeneous group. The mean beech seedling height in this fertilization
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variant was 34.1 cm and the total biomass was 5.183 g. The lowest values were obtained for the
2.5YMC variant, with 28.6 cm and 3.384 g, respectively (Table 2).

SHOOT AND ROOT PARAMETERS. Mean values of parameters for the roots and shoots of European
beech seedlings were significantly higher in the variant with YMC 1.0 kg + OE 1.0 kg mixed
fertilization, forming a homogeneous group. Also in the case of these traits, the lowest values

were obtained for the 2.5YMC variant, except for the root diameter, which was comparable to
the 1YMC+1OE variant (Table 2).

PRODUCTION SUITABILITY INDICES. Mean sturdiness quotient (SQ) for European beech seedlings
was the highest in the mixed variant of starter fertilization YMC 1.0 kg + OE 1.0 kg and amounted
to 74.9, exceeding the maximum permissible value of 65. In the case of the remaining fertilization
variants, the mean values of the SQ coefficient were similar and ranged from approx. 61 to 63,
forming the same homogenecous group. For this coefficient, a statistically significant effect of
fertilization variant was obtained (Table 1).

A significant effect of fertilization variant was also demonstrated for the Dickson Quality
Index (DQI), and all variants with OE formed one homogeneous group with the values ranging
from 0.592 to 0.633, while seedlings fertilized with YMC 2.5 kg were characterized by a signif-
icantly lower DQI value of 0.462. High values of this index for European beech seedlings in
variants with the OE fertilizer indicate that they will feature higher performance and better
adapration after planting in a forest plantation (Table. 2).

A statistically significant effect of fertilization variant on the value of the stem-to-root ratio
(S/R) was determined. The coefficient was at its lowest (best) for both variants with mixed starter

Table 2.

Mean values (£SE) of the traits of European beech seedlings grown in different variants of starter fer-
tilization (a-c — homogeneous groups determined by Tukey’s test, p<0.05)

Seedling Fertilization variant

trait 2.5YMC 1.5YMC+0.50E 1YMC+ 10K 20E

SH (cm) 28.6 +0.6¢ 31.0 +0.7bc 34.1 +0.8a 32.1 +0.8ab
RLen (cm) 37.1 £1.0a 35.9 £1. 0a 374 £1.0a 35.7 £1.1a
RCD (mm) 4.77 +0.09a 5.04 £0.10a 4.86 +0.14a 5.13 £0.11a
TSDW (g) 3.384 +£0.150¢ 4.320 +0.196b 5.183 +0.251a 4.647 +0.214ab
SDW (g) 1.317 +0.067¢ 1.590 +0.081bc 2.010 +0.108a 1.811 £0.092ab
RDW (g) 1.344 +0.066b 1.846 +0.087a 2.082 +0.098a 1.796 +0.091a
LDW (g) 0.722 £0.029¢ 0.885 +0.039b 1.091 +0.055a 1.040 +0.045ab
TRLen (cm) 728.0 +33.4b 850.8 +38.4ab 886.7 +40.4a 871.1 +37.4a
RDia (mm) 0.41 £0.01ab 0.38 £0.01 ¢ 0.42 £0.01a 0.39 £0.01bc
RVol (cm?) 0.944 +0.048b 0.989 +0.048b 1.247 +0.065a 1.035 +0.048b
TRLen <2mm (cm)  711.8 £33.2b 832.6 +38.2ab 866.6 +40.0a 853.3 +37.1a
TRLen > 2mm (cm) 15.9 +0.5 ¢ 17.8 +0.5b 19.8 +0.6a 17.5 +0.5bc
SLen (cm) 56.4 +2.0b 59.3 +2.0ab 64.8 +2.3a 65.1 £2.1a
SDia (mm) 2.24 +0.03b 2.27 +0.03b 2.43 +0.04a 2.29 +0.03b
SVol (cm?) 2.235 £0.095 ¢ 2.447 £0.111bc 3.091 £0.148a 2.765 £0.125ab
SQ 60.8 +1.2a 62.2 +1.3a 74.9 +2.6b 63.3 +1.3a
S/R 1.60:1 £0.05bc 1.39:1 £0.03a 1.51:1 £0.03ab 1.66:1 £0.04 ¢
DOI 0.462 +0.024b 0.592 +£0.031a 0.633 +0.037a 0.603 £0.031a

Traits: SH - seedling height, RLen - length of the root system, RCD - root collar diameter, TSDW - seedling dry weight, SDW - shoot
dry weight, RDW - root dry weight, LDW - leaves dry weight, TRLen - total root length, RDia — average root diameter, RVol - total
root volume, TRLen < 2mm - total length of fine roots, TRLen > 2mm - total length of skeletal roots, SLen - total length of shoots,
SDia - average shoot diameter, SVol - total shoot volume, SQ - sturdiness quotient, S/R - stem/root ratio, DQI - Dickson quality index
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fertilization, 7.e. YMC and OE and at different doses, and remained below 1.5:1. The ratio for the
two remaining variants was slightly lower — approx. 1.6:1. However, in spite of the significant
differences, the mean $/R ratio obtained for the grown seedlings was below 2:1 for all fertilization
variants. This means, that the ratio of the above-ground part (transpiration area) to the below-
ground part (absorption area) of the seedlings was correct in all the used fertilization variants
(Table 2).

PRINCIPAL COMPONENT ANALYSIS. The analysis of the first two principal components showed
a total of 57.36% of variance in seedling traits. The eigenvalues of the first component was
10.110 (45.96%), while of the second one it was 2.508 (11.40%). The first principal component
was mostly linked to the seedling dry weight (TSDW), shoot dry weight (SDW), root dry
weight (RDW) and leaf dry weight (LDW), as well as to the Dickson Quality Index (DQI) and
total shoot volume (SVol). For the second component, the highest resources were characteristic
of shoot height (SH) and root volume (RVol). Root and shoot traits were strongly correlated with
each other and negatively correlated (except for shoot height — SH) with shoot-to-root ratio
(S/R) and sturdiness quotient (SQ), which is presented in Fig. 1 by the value of angles between
vectors of individual traits. The highest, but least sturdy seedlings were obtained primarily from the
IYMC+10E and partially from the 20E fertilization variants. Seedlings from the 1.5YMC+0.50E
variant were characterized by longer and thicker roots, while those from the 2.5YMC variant
featured the lowest values of growth traits (Fig. 1).

The lowest share of seedlings (<5%) not meeting the SQ and S/R criteria was obtained for
the 1.5YMC+0.50E and 1YMC+1OE fertilizer variants. The difference between the obtained
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Fig. 1.
A biplot showing the first two variables of the Principal Component Analysis (PCA1 and PCAZ2) for
seedling traits and fertilization variants. The vector length is a weighting parameter that defines the main
component. The symbols of the traits are given in Table 2.
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fractions determined via %2 Pearson’s test turned out to be statistically significant (»=0.002), and
the share of seedlings meeting both criteria was higher (60%) for the 1.5YMC+0.50E variant
(Fig. 2).

FERTILIZATION COST. An important aspect of the conducted study of European beech is the
comparison of the effect of using a given fertilization variant on the cost of production of one
seedling. A difference in the fertilization cost of 1 m? of substrate between the fertilization variant
with YMC at a dose of 2.5 kg, currently used in the nursery under study, and the fertilization
variant with YMC 1.5 kg + OE 0.5 kg, presented as the most useful, taking into account the
average pricing of fertilizers at the end of 2020, was PLLN 3.56 ('Table 1). The substrate fertil-
ization cost per nursery bed in the foil greenhouse (area 36 m? approx. 11 m? of substrate)
would then amount to approx. PLN 40. The Seedling Quality Analysis carried out in accor-
dance with the PN-R-67025 standard [1999] demonstrated that the share of non-classed
seedlings ranged from 3.3 for the 1.5YMC+0.50F variant to 5.6% for the 20E and 1'YMC+10E
variants, and the difference determined with a fraction test turned out to be insignificant (#/=3,
% Pearson’s=0.6791, p=0.878). Therefore, considering the performance from 1 bed amounting
to 6 thousand seedlings on average, the increase in the cost of producing 1 seedling will amount
to approx. PLLN 0.007.

Discussion

The analysis of individual traits of European beech seedlings demonstrated that the application
of the Osmocote Exact and Yara Mila Complex fertilizers had a significant impact on production
effects. Starter fertilization with the mix of both fertilizers at a dose of 1.0 kg Yara Mila Complex
and 1.0 kg Osmocote Exact resulted in clearly increased values of growth traits of European
beech seedlings, with the exception of root collar diameter. In this fertilizer variant, the highest
values of root system and shoot parameters were also obtained, and the total length of roots and
fine roots, i.e. with diameter of <2 mm, demonstrated a well-developed absorption surface in
the grown seedlings. The latter element is of high significance for seedling adaptation after

L00% e 33 44 e
10,0 ; T 12,2
80% -t g T Ea OB
’ 289 367
- 55,6 367 oA
60% - R R oo IRCEREEEEEREE] (cecessssy REEEEEEEREER Ssisio EEEEED
40% - foccaadrremem e hannnntk e % RS Fr GO R
61,1 60,0
51,1
P R o R : s 7 (K190 REREEEEEEEEE (o055 CERCEE
0% T T T 1
2,5YMC 1,5YMC+0.50E 1YMC+10E 20E
Fertilization variant
Fig. 2.

Share of seedlings meeting the sturdiness quotient criterion (SQ<65) and shoot-to-root ratio (S/R<2:1)
A = both criteria are met, B — one of the criteria is met, C — neither of the criteria is met (x?=20.321, df=6, p=0.002)
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planting in a forest plantation because a poorly developed root system due to an incorrectly
selected nitrogen dose increases seedling sensitivity to drought (Dziedek ez /., 2016) and deter-
mines their survival rate (Davis and Jacobs, 2005). A similar result was obtained in a study con-
ducted in Croatia. An increased fertilizer dosage resulted in increased parameter values of European
beech seedlings, i.e. height, root collar diameter and biomass, but the root length, surface and
number of root apexes was the highest when an intermediate fertilization dose was used. The
root system showed the poorest development at the highest fertilizer dose applied (Potoci¢ ez
al., 2009). According to Jurdsek ez al. (2008), application of a correctly selected fertilizer dose has
a positive effect not only on the initial height of beech seedlings, but also on their later growth
in a forest plantation.

Forecasting seedling growth in a forest plantation on the basis of the seedling height
attained in a nursery will not always bring the desired adaptation effect (Banach ¢z /., 2020b),
and the application of lower seedlings sometimes produces superior results (Cortina ez a/., 2013;
Oliet et al., 2019). Root collar diameter turned out to be a considerably better indicator for Monterey
pine and Douglas fir (Chavasse, 1977). Also Khanal ez /. (2018) pointed to an improved survival
rate in the initial stage of growth of seedlings with a greater root collar diameter. European beech
seedlings grown in the 1IYMC+1OE variant demonstrated the lowest value of this trait, suggesting
a possibility for their poorer adaptation after planting in a forest plantation. Although the differ-
ence was not statistically significant, yet with the highest mean height the obtained value of the
sturdiness quotient SQ exceeded the permissible level by approx. 15% and differed significantly
from the values for the seedlings from other variants, for which the SQ value was below maximum.

The applicability of synthetic indices calculated with the inclusion of growth traits and dry
weight (Dickson ¢ al., 1960; Iverson, 1984; Thompson, 1985) for the assessment of seedlings
after planting in a forest plantationwas demonstrated in numerous studies (del Campo ¢# a/., 2010;
Grossnickle, 2012; Iveti¢ e al., 2016). The Dickson Quality Index turned out to be the best
determinant of seedling adaptation to water deficiency occurring after plantation establishment
(Bayala e al., 2009). In the present study, the index did not differentiate variants with the
Osmocote Exact fertilizer; only the seedlings fertilized solely with the Yara Mila Complex fer-
tilizer had significantly lower values. The best average value of the stem-to-root ratio (S/R),
characterizing the proportion between transpiration area (stems + leaves), and the absorption area
of the root system characterized seedlings in both mixed fertilization variants, and a slightly better
outcome was obtained for seedlings from the 1.5YMC+0.50E variant.

Analysis of the three indices of production suitability demonstrated that the potentially
best adaptation after planting in a forest plantation (high value of the Dickson quality index (DQI)
and low values of the stem-to-root ratio (S/R) and sturdiness quotient (SQ) would characterize
seedlings grown on the mixed fertilization variant with Yara Mila Complex 1.5 kg + Osmocote
Exact 0.5 kg. This variant can be considered optimum for the growth of European beech
seedlings under controlled conditions on a sawdust-and-peat substrate.

Conclusions

# Nursery material grown on the sawdust-and-peat substrate with an addition of the Yara Mila
Complex and Osmocote Exact fertilizers at a dose of 1.0 kg was characterized by the highest
mean values for the majority of the analysed growth traits, with the exception of the root collar
diameter.

# When the Yara Mila Complex 1.5 kg + Osmocote Exact 0.5 kg fertilizer variant was used, a high
share of seedlings meeting the criterion of the stem-to-root ratio (S/R=2:1) and sturdiness
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quotient (SQ=65), combined with the lowest share of seedlings not meeting these criteria,
was observed.

# The greater mean parameters of the seedlings from the 1YMC+10E variant did not translate
into the values of production suitability indices, which were most favourable for the seedlings
from the 1.5YMC+0.50F variant. This variant can be considered optimum for the production
of European beech seedlings cultivated under controlled conditions on a sawdust-and-peat
substrate, and the obtained nursery material will be characterized by a superior adaptation
after planting in a forest plantation.

# Analysis of the change in starter fertilization in the nursery fertilized with Yara Mila Complex
at a dose of 2.5 kg per 1 m® of the sawdust-and-peat substrate to fertilization with Yara Mila
Complex 1.5 kg + Osmocote Exact 0.5 kg would increase the cost of production of one seedling
by 1.2%, i.e. by approx. PLN 0.007.

Author’s contributions

J.B. — study concept, statistical analysis of the results, literature review, graphics preparation,
manuscript writing, manuscript editing; M.K.- statistical analysis of the results, manuscript writing;
K.S. —analysis of the results, literature review, manuscript editing; K.O. — conducting the research,
analysis of the results, manuscript writing.

Funding source and acknowledgements

The study was financed by a grant from the Ministry of Science and Higher Education for the
Hugo Kottataj Agricultural University in Krakéw for the year 2020 (SUB/040012/D019).

The authors wish to thank the Radomsko Forest District for donating Scots pine seeds for
the analysis.

Conflicts of interest

The authors declare the absence of potential conflicts of interest.

References

Banach, J., Kormanek, M., Jazwinski, J., 2020a. Quality of Scots pine, European beech and pedunculate oak
grown from sowing on soil with different compaction levels. Lesne Prace Badaweze, Volume 81 (4), pp. 167-174.
DOI: https://doi.org/10.2478/frp-2020-0020.

Banach, J., Malek, M., Kormanek, M., Durlo, G., 2020b. Growth of Fagus sylvatica 1.. and Picea abies (1..) Karst.
seedlings grown in Hiko containers in the first year after planting. Sustainability, Volume 12, p. 7155. DOI: https://
doi.org/10.3390/su12177155.

Bayala, J., Dianda, M., Wilson, J., Ouédraogo, S.J., Sanon, K., 2009. Predicting field performance of five irrigated
tree species using seedling quality assessment in Burkina Faso, West Africa. New Forests, Volume 38 (3), pp. 309-322.
DOI: https://doi.org/10.1007/s11056-009-9149-4.

Bosiacki, M., Golcz-Polaszewska, M., Kozik, E., 2009. Nawozy o spowolnionym dzialaniu w produkeji roslin
ogrodniczych. Cz. I. Wptyw nawozu Osmocote Exact Standard na wzrost i stan odzywienia wybranych taksonéw
drzew i krzewow ozdobnych. Journal of Research and Applications in Agricultural Engineering, Volume 54 (3), pp. 29-34.

Chavasse, C.G.R., 1977. The significance of planting height as an indicator of subsequent seedling growth. New
Zealand Journal of Forestry, Volume 22 (2), pp. 283-296.

Cortina, J., Vilagrosa, A., Trubat, R., 2013. The role of nutrients for improving seedling quality in drylands. New
Forests, Volume 44, pp. 719-732. DOI: https://doi.org/10.1007/s11056-013-9379-3.

Davis, A.S., Jacobs, D.F., 2005. Quantifying root system quality of nursery seedlings and relationship to outplanting
performance. New Forests, Volume 30, pp. 295-311. DOL: https://doi.org/10.1007/s11056-005-7480-y.

del Campo, A.D., Navarro, R.M., Ceacero, C.J., 2010. Seedling quality and field performance of commercial
stocklots of containerized holm oak (Quercus ilex) in Mediterranean Spain: an approach for establishing a quality
standard. New Forests, Volume 39, pp. 19-37. DOL: https://doi.org/10.1007/s11056-009-9152-9.

Dickson, A., Leaf, A.L., Hosner, J.F., 1960. Quality appraisal of white spruce and white pine seed. Forestry
Chronicle, Volume 36, pp. 10-13. DOL: https://doi.org/10.5558/tfc36010-1.



574 Jacek Banach, Marta Kempf, Kinga Skrzyszewska, Klaudia Olejnik

Dziedek, C., von Oheimb, G., Calvo, L., Fichtner, A., Kriebitzsch, W.-U., Marcos, E., Pitz, W.T., Hardtle, W.,
2016. Does excess nitrogen supply increase the drought sensitivity of European beech (Fagus sylvatica 1..)
seedlings? Plant Ecology, Volume 217, pp. 393-405. DOI: hteps://doi.org/10.1007/s11258-016-0581-1.

Farahnak, M., Keiji, M., Takuo, H., Katayama, A., Chiwa, M., Jeong, S., Otsuki, K., Sadeghi, S.M.M.,
Kume, A., 2020. Relationship between very fine root distribution and soil water content in pre- and post-harvest
areas of two coniferous tree species. Forests, Volume 11, p. 1227. DOI: https://doi.org/10.3390/f11111227.

Glynn, C.P.,, Keary, I.P., 2008. The influence of nitrogen fertilization on waterlogging stresses in Fagus syloatica L.
and Quercus robur 1. Arboriculture and Urban Forestry, Volume 34 (1), pp. 29-40.

Grossnickle, S.C., 2012. Why seedlings survive: influence of plant attributes. New Forests, Volume 43 (5-6), pp. 711-738.
DOIL hteps://doi.org/10.1007/s11056-012-9336-6.

Haase, D.L., 2007. Morphological and physiological evaluations of seedling quality. USDA Forest Service Proceedings
RMRS-P-50, pp. 3-8.

Humpendoder, F., Karstens, K., Lotze-Campen, H., Leifeld, J., Menichetti, L., Barthelmes, A., Popp, A., 2020.
Peatland protection and restoration are key for climate change mitigation. Environmental Research Letters, Volume
15 (10), p. 104093. DOI: hteps://doi.org/10.1088/1748-9326/abac2a.

Iverson, R.D., 1984. Planting stock selection: Meeting biological needs and operational realities. W: Duryea, M.L.,
Landis, T.D., (red.) Forest nursery manual. Oregon State University. Corvallis, USA, pp. 261-266. DOL: https://
doi.org/10.1007/978-94-009-6110-4_24.

Ivetié, V., Grossnickle, S., Skori¢, M., 2016. Forecasting the field performance of Austrian pine seedlings using
morphological attributes. [Forest — Biogeosciences and Forestry, Volume 10 (1), pp. 99-107. DOL: https://doi.org/
10.3832/ifor1722-009.

Jurdsek, A., Bartos, J., Ndrovcovd, J., 2008. Intensively fertilised seedlings of the beech (Fagus sylvatica 1..) for
artificial regeneration of the spruce stands in the process of conversion. Journal of Forest Science, Volume 54 (10),
pp- 452-458. DOL: hteps://doi.org/10.17221/41/2008-]FS.

Khanal, P.N., Dean, T.J., Roberts, S.D., Grebner, D.L., Straka, T.J., 2018. Explaining first-year seedling survival
from quality distributions of bare-root seedlings and microsites in industrial plantations. Open Journal of Forestry,
Volume 8, pp. 362-379. DOI: https://doi.org/10.4236/0jf.2018.83023.

Kasprzyk, W., Hauke-Kowalska, M., Barzdajn, W., Kowalkowski, W., Korzeniewicz, R., 2015. Poréwnanie
wplywu wybranych nawozéw na wzrost sadzonek debu szyputkowego (Quercus robur L..) w warunkach szkétki
lesnej. Acta Scientiarum Polonorum Seria Sitvarum Colendarum Ratio et Industria Lignaria, Volume 14 (4), pp. 313-322.
DOI: hteps://doi.org/10.17306/]. AFW.2015.4.26.

Korzeniewicz, R., Multariska, J., Kasprzyk, W., 2018. Wplyw nawozenia azotowego i podcinania korzeni na wzrost
i przezywalnos¢ buka zwyczajnego (Fagus sylvatica L.) w uprawie. Acta Scientiarum Polonorum Seria Silvarum
Colendarum Ratio et Industria Lignaria, Volume 17 (3), pp. 211-219. DOL: http://dx.doi.org/10.17306/]. AFW.2018.3.18.

Kozik, E., Bosiacki, M., Golez, A., 2009. Nawozy o spowolnionym dziataniu w produkeji roslin ogrodniczych. Cz. II.
Ocena wzrostu i stanu odzywienia zurawek (Heuchera 1..) uprawianych w doniczkach w zaleznosci od nawozenia
Osmocote. Journal of Research and Applications in Agricultural Engineering, Volume 54 (3), pp. 35-39.

Luis, V.C., Puértolas, J., Climent, J., Peters, J., Gonzdlez-Rodriguez, A.M., Morales, D., Jiménez, M.S.,
2009. Nursery fertilization enhances survival and physiological status in Canary Island pine (Pinus canariensis)
seedlings planted in a semiarid environment. Ewropean Journal of Forest Research, Volume 128, pp. 221-229. DOL:
hteps://doi.org/10.1007/s10342-009-0257-7.

Manton, M., Makrickas, E., Banaszuk, P., Kolos, A., Kamocki, A., Grygoruk, M., Stachowicz, M., Jaradius, L.,
Zableckis, N., Sendtikaitg, J., Peters, J., Napreenko, M., Wichtmann, W., Angelstam, P., 2021. Assessment
and Spatial Planning for Peatland Conservation and Restoration: Europe’s Trans-Border Neman River Basin as
a Case Study. Land, Volume 10 (2), p. 174. DOI: https://doi.org/10.3390/land10020174.

McAlister, J.A., Timmer, V.R., 1998. Nutrient enrichment of white spruce seedlings during nursery culture and initial
plantation establishment. 7ree Physiology, Volume 18 (3), pp. 195-202. DOL https://doi.org/10.1093/treephys/18.3.195.

Oliet, J.A., Ortiz de Urbina, E., Sdanchez-Pinillos, M., Tardio-Cerrillo, G., 2019. Matching seedling size to planting
conditions: interactive response with soil moisture. iForest, Volume 12, pp. 220-225. DOL https://doi.org/
10.3832/ifor2801-012.

PN-R-67025, 1999. Sadzonki drzew i krzewéw do upraw lesnych i na plantacje; Polski Komitet Normalizacyjny: Warszawa,
Poland, 1999; ISBN 978-83-236-2771-5.

Pototié, N., Seletkovig, L., Cater, M., Cosié, T, sango, M., Vedris, M., 2009. Ecophysiological response of sun-exposed
common beech (Fagus sylvatica 1..) seedlings under different fertilization levels. Sumarsti list, Volume 133 (5-6),
pp. 289-300.

Strojny, Z., 2004. Nawozy o spowolnionym dziataniu. Ogrodnicrwo, Volume 2, pp. 24-26.

Suszka, B., Muller, C., Bonet-Masimbert, M., 1994. Nasiona lesnych drzew lisciastych. Od zbioru do siewu. Wyd.
PWN, Warszawa.

Thompson, B.E., 1985. Seedling morphological evaluation — what you can tell by looking. W: Duryea M.L. (red.).
Proceedings: Evaluating seedling quality: principles, procedures, and predictive abilities of major tests.
Workshop held October 16-18, 1984. Forest Research Laboratory, Oregon State University, Corvallis, pp. 59-71.



The effect of starter fertilization 575

TIBCO Software Inc., 2017. Statistica (data analysis software system), version 13. https://www.tibco.com/.

Tkaczyk, M., Nowakowska, J.A., Oszako, T., 2014. Nawozy fosforynowe jako stymulatory wzrostu roslin w szkét-
kach lesnych. Sy/wan, Volume 158 (1), pp. 3-9. DOL https://doi.org/10.26202/sylwan.2013042.

Trubat, R., Cortina, J., Vilagrosa, A., 2010. Nursery fertilization affects seedling traits but not field performance in
Quercus suber L. Journal of Arid Environments, Volume 74 (4), pp. 491-497. DOL: https://doi.org/10.1016/j.jaridenv.
2009.10.007.

Vaario, L-M., Tervonen, A., Haukioja, K., Haukioja, M., Pennanen, T., Timonen, S., 2008. The effect of nursery
substrate and fertilization on the growth and ectomycorrhizal status of containerized and outplanted seedlings of
Picea abies. Canadian Journal of Forest Research, Volume 39(1), pp. 64-75. DOLI: https://doi.org/10.1139/X08-156.

Wesoty, W., Hauke, M., Sienkiewicz, A., 2009. Nawozenie dolistne oraz stosowanie nawozéw wielosktadnikowych
o dtugim okresie dziatania, w szkétkach kontenerowych i otwartych. W: Wesoty, W., Hauke, M., (red.) Szkétkarstwo
lesne od A do Z. Wyd. Centrum Informacyjne Laséw Paristwowych, Warszawa, pp. 241-254.

Zajaczkowski, P., 2004. Nawozy o kontrolowanym uwalnianiu sktadnik6éw. Las Polski, Volume 1, pp. 22-23.

STRESZCZENIE

Wplyw nawozenia startowego nawozami wielosktadnikowymi
na wzrost sadzonek buka zwyczajnego Fagus sylvatica L.

Sztuczne podloza szkétkarskie przygotowuje si¢ z réznych komponentéw, takich jak: torf wysoki,
kora, trociny, perlit, wermikulit czy piasek, ktdre sg ubogie w sktadniki mineralne i wymagajg
nawozenia przedsiewnego. W pracy zbadano wplyw zastosowania nawozéw Yara Mila Complex
(YMCQ) i Osmocote Exact Standard 3-4M (OE) w czterech wariantach nawozenia startowego na
cechy sadzonek buka zwyczajnego (tab. 1). Doswiadczenie wazonowe zatozono w szkélee, w wa-
runkach kontrolowanych (namiot foliowy). Pod koniec wrze$nia z kazdego wariantu nawozenio-
wego pobrano po 90 sadzonek (po 30 w powtdrzeniu). Pomierzono cechy wzrostowe (wysokos¢,
dtugosé systemu korzeniowego i grubos¢é w szyjce korzeniowej), a nastepnie zeskanowano pedy
i systemy korzeniowe sadzonek i przeanalizowano je w programie WinRhizo. Okreslono réwniez
ich suchg mase¢ oraz wyznaczono sumaryczng dhugosé, przecigtng srednicg i objetosé korzeni
oraz pedéw, a takze dlugosé korzeni szkieletowych (srednica >2 mm) i korzeni drobnych (sred-
nica <2 mm). Zastosowano trzy wskazniki okreslajace przydatnos¢ hodowlang sadzonek. Pierwszy
to wspdlczynnik wytrzymatosci (SQ), liczony jako iloraz wysokosci i Srednicy w szyjce korzeniowej.
Drugi to wspétczynnik pedowo-korzeniowy (S/R), ktéry okresla stosunek suchej masy czgsci
nadziemnej do podziemnej sadzonki, natomiast trzeci stworzony z wykorzystanych wskaznikGw
to indeks jakosci Dicksona (DQI), liczony jako iloraz suchej masy sadzonki do sumy wartosci
obydwu wczesniej opisanych wskaznikéw. Istotnos¢ réznic miedzy srednimi wartosciami anali-
zowanych cech wzrostowych i wspétczynnikéw okreslajgcych przydatnosé hodowlang sadzonek
sprawdzono jednoczynnikows analizg wariancji. Aby oceni¢ zaleznosci wystgpujace micdzy
badanymi cechami i wariantami nawozenia, przeprowadzono analiz¢ sktadowych gtéwnych (PCA).

Nawozenie startowe mieszaning obydwu nawozéw w dawce 1,0 kg Yara Mila Complex
i 1,0 kg Osmocote Exact spowodowato wyraznie wyzsze wartosci wigkszosci cech wzrostowych sa-
dzonek buka zwyczajnego. W tym wariancie nawozeniowym uzyskano takze najwyzsze wartosci
parametréw systemu korzeniowego. Wyzsze przecigtne wartosci parametréw sadzonek z wariantu
nawozenia IYMC+1OE nie przetozyly si¢ jednak na wartosci wskaznikéw $wiadczace o lepszej
przydatnosci hodowlanej (tab. 2). Analiza trzech wskaznikéw przydatnosci hodowlanej wyka-
zala, Ze potencjalnie najlepszg adaptacjg na uprawie — wysoka wartos¢ indeksu jakosci Dicksona
(DQY) i niska wspétczynnika pgdowo-korzeniowego (S/R) oraz wspélczynnika wytrzymatosci (SQ)
- bedg charakteryzowaly si¢ sadzonki wyhodowane w wariancie nawozenia mieszanego Yara Mila
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Complex 1,5 kg + Osmocote Exact 0,5 kg (ryc. 1-2). Wariant ten mozna uznac za optymalny dla
hodowli sadzonek buka zwyczajnego w warunkach kontrolowanych na podtozu trocinowo-tor-
fowym.

Waznym aspektem przeprowadzonej oceny hodowli sadzonek buka zwyczajnego jest po-
réwnanie wptywu zastosowania danego wariantu nawozenia na koszt wyhodowania jednej sa-
dzonki. Zmiana obecnie stosowanego nawozenia nawozem YMC w dawce 2,5 kg na 1 m® podtoza
na wariant wykazany w badaniach jako optymalny, tj. mieszaning nawozéw YMC i OE w dawce
odpowiednio 1,51 0,5 kg, zwigkszy koszt wyhodowania sadzonki zaledwie 0 1,2% (ok. 0,7 grosza).



