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Abstract: In forest management in Poland, there are no standards for the quality and suitability for
planting seedlings produced in nursery containers; therefore, research contributing to the development
of such guidelines is important. We investigated the growth reaction of European beech and Norway
spruce seedlings growing in container technology one year after planting on an experimental forest
plantation. The seedlings used in the study were three experimental variants grown in a container
nursery differing in fertilization. Two heights of seedlings were measured, i.e., after the first growing
season on the experimental plantation and the initial (obtained in the forest nursery), and the annual
(AHI, cm) and relative height increments (RHI, %) were calculated. The regression of the RHI of
seedlings to their initial height was calculated, and the equations obtained were used to determine
the optimal range of seedling height at the stage of nursery growth at which they will achieve the
maximum increment in the first year of growth on the plantation. The change from foliar fertilization
to a mixed one affected beech and spruce seedling parameters; however, it did not affect the diversity
of their survival on the experimental plantation. Higher seedlings planted on the experimental
plantation were characterized by a smaller RHI. The optimal range for the height of seedlings obtained
at the nursery stage of growing, which determined the maximum value of the AHI after the first year
of growth after planting, was 18–36 cm for beech and 14–25 cm for spruce.

Keywords: European beech; Norway spruce; seedling height; relative height increment; survival;
container seedling; field performance

1. Introduction

Changes caused by technological progress and changing demand for seedlings have been observed
in Polish nurseries. In the 1950s and 60s, production was carried out in many small, temporary ground
nurseries. Currently, such nurseries are less numerous, are larger and more technologically advanced,
and in many of them a part of the production is carried out in the so-called container modules.
There are also 17 large container nurseries, where only seedlings with a covered root system are
produced. Since the beginning of the 21st century, the total annual production of seedlings in Poland
has not exceeded 1000 million, and in 2016, about 12% came from specialist production (containers,
Dünemann’s seedbeds, greenhouses) [1].

The use of containerized seedlings allows elimination of root damage and the reduction of planting
mistakes [2], which results in good adaptation of the seedlings on the forest plantations. Compared to
ground seedlings, container seedlings survive and grow better on the cultivations [3], regardless of the
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altitude [4]. This is due to the improved overcoming of post-planting stress, which is partly related to
the higher tolerance of container seedlings to drought [5]. The quality of the planting material depends
on a number of factors, including the type and characteristics of the soil or nursery substrate [6–9],
soil compaction [10–14], irrigation [15–18], light [19], and fertilization [20–22].

Soil or substrate fertilization, especially in container nurseries, is an element of seedling cultivation
strictly controlled by the nursery staff. In ground nurseries, the primary source of mineral nutrients
is soil, along with periodically applied organic fertilizers in the form of green manure or compost.
Foliar fertilizer is also applied sometimes, especially when initial fertility is insufficient [23]. In container
nurseries, fertilization is carried out mainly in liquid form combined with watering, and is the basic
source of nutrients for the seedlings [24]. Sometimes foliar fertilization is preceded by a small amount
of long-acting starter fertilizer. Studies on the cultivation of Acer mono seedlings showed that nitrogen
and phosphorus, when used in a 10:8 ratio, resulted in maximum height and root collar diameter [25].
Thus, fertilization can be used to shape the growth parameters of seedlings, and the seedling size
can be used to determine their suitability for planting and adaptation on forest plantations [26–28].
Results of different research shows that the fertilization procedure used in the nursery has an influence
on better growth parameters of seedlings; however, there is not always a connection with their better
survival and growth after outplanting [20,29–31]. This dissimilar adaptive effect may be due to the
different heights of the seedlings.

The aim of the study was to evaluate the growth of European beech and Norway spruce seedlings in
the first year after planting them on the experimental forest plantation, depending on the experimental
variant determined by different methods of fertilization (starter and foliar) applied at the production
stage in the container nursery. The occurrence of the so-called post-planting shock was evaluated and
the optimal range of the height of the planting material, at which the planted seedlings will have the
maximum height increments, was determined. Two research hypotheses were made: (1) a change in
the fertilization method during seedling production will have a positive effect on their post-planting
adaptation, and (2) the seedling height obtained at the production stage in the nursery does not affect
its growth on forest plantations.

2. Materials and Methods

European beech and Norway spruce seedlings were produced in a nursery farm in Nędza
(Rudy Raciborskie Forest District) on a 1-year cycle, using peat substrate with the addition of perlite
(10%). The Hiko V265 container with a cell capacity of 265 cm3 was used for beech, while the Hiko
V120SS container with a cell capacity of 120 cm3 was used for spruce. The seedlings of each species
were grown in three different fertilization variants. In the control variant (VCON), fertilization was
carried out in accordance with the developed practice for the cultivation of either species. Beech
seedlings were fertilized only in a foliar manner with Floralesad fertilizer at 11.35 dm3

·ar−1, while
for spruce it was 21.25 dm3

·ar−1. Additionally, starter fertilization with Osmocote bloom fertilizer,
with a long nutrient release period (2–3 months), was applied at 2.5 kg per 1 m3 of substrate. In both
modified variants (VGRO, VLAI), Osmocote bloom fertilizer (2.5 kg·m–3) and foliar fertilization with
Floralesad fertilizer were applied initially. In the VGRO variant, foliar fertilization was discontinued
after obtaining the desired share of class seedlings (beech—70%; spruce—90%), determined on the basis
of plant height and root collar diameter given in the PN-R-67025 standard [32]. In the VLAI variant,
foliar fertilization was discontinued after reaching the desired value of the leaf area index (LAI), which
was 8.120 for beech and 3.225 for spruce [33]. For the VCON variant, fertilization was discontinued
at the end of August. The VGRO and VLAI variants used 3.85 dm3

·ar−1 of Floralesad fertilizer for
spruce and 3.11 dm3

·ar−1 for beech. In all variants, the substrate bulk moisture content was controlled
using a semi-automatic measuring and control system consisting of TDR (time domain reflectometer)
probes and an MPI DN (multi point interface) recorder, which indicated the production field substrate
moisture content in 32 points [18,34]. Only when the value of humidity approached the warning
level (80%), the person operating the sprinkler system, depending on the weather conditions, made a
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decision about the need for irrigation. In 2016, humidity conditions were similar to the climatological
standard and favorable for the growth of the seedlings. The precipitation abundance index (W) [35]
was 42%, which meant that water had to be supplied to the production fields only on an ad hoc basis,
and substrate humidity was maintained at 85% (±4%).

Beech seedlings bred in the container nursery were outplanted in autumn 2016 and spruce in
spring 2017. They were grown for one vegetation season before the measurements were carried out.
Both experimental plots were located in the Rudy Raciborskie Forest District in subdivision 247ac in
Rudy forest range (50◦10′19′′ N; 18◦24′52′′ E). The experimental plantations were established in a
fresh mixed-forest habitat in the strongly fresh moisture variant. For both, in division 247 and in the
neighboring divisions, the dominant species is the Scots pine, mostly in the near-cutting or cutting
phase. The Beech experimental plantation was established on a clear-cutting gap of about 20 acres,
cut in a 120-year-old pine stand (subdivision 247c), and the spruce plantation in a clear-cutting area
made in a similar pine stand (subdivision 247a). Both experimental plantations were prepared in this
same time and protected with a forest net against the damage from game. The preparation of the soil
consisted of uncovering the mineral layer by plowing out about 0.7 m wide furrows.

An experimental plantation with 9 variant plots, distributed according to the Latin square
scheme (3 variants × 3 repetitions), was established for each species. Each plot was marked, and the
outer seedlings were labeled with a description of the experimental variant. One hundred seedlings
(10 × 10 seedlings) were planted on one plot at a spacing of 1.5 × 1.0 m (distance between strips ×
distance of seedlings on the strip). A total of 900 seedlings were planted for one species—300 for each
fertilization variant.

Samples of mineral soil from depth 0–25 cm were collected on each variant plot and its chemical
properties were analyzed separately, as shown in Table 1. Soil samples were air-dried and sieved
(2 mm mesh). The following characteristics were determined in soil samples: electrical conductivity
(EC) measured conductometrically and pH measured potentiometrically at 21 ◦C; soil organic carbon
(SOC) and total nitrogen (Nt), using a LECO TruMac CNS analyzer. Base cations (Na+, K+, Ca2+, Mg2+)
were extracted in 1 M CH3COONH4 (pH = 7). The concentrations of Na+, K+, Ca2+, and Mg2+ in the
extracts were measured using atomic absorption spectrometry by an ICP-OES (iCAP™ 6000 Series).
All laboratory analyses were carried out at the certified Laboratory of Geochemistry of Forest
Environment and Lands Intended for Reclamation of the Department of Ecology and Silviculture of the
University of Agriculture in Krakow (Polish Centre for Accreditation No AB 1656). According to Polish
Soil Systematic [36], soil on the experimental plantation, such as a Brunic Arenosols, were determined.

Table 1. Mean values ± standard error (SE) of soil basic chemical properties on the experimental plot.

Soil Parameter Mean ± SE

pH in KCl 3.37 ± 0.01
pH in H2O 4.24 ± 0.01

Hydrolytic acidity (me·100 g−1) 7.156 ± 0.111
EC (µS·cm−1) 28.3 ± 0.4

N
ut

ri
en

tc
on

te
nt

Total nitrogen (%) 0.052 ± 0.001
Soil Organic Carbon (%) 1.309 ± 0.031

Calcium—Ca2+ (me·100 g−1) 0.177 ± 0.005
Potassium—K+ (me·100 g−1) 0.051 ± 0.001

Magnesium—Mg2+ (me·100 g−1) 0.066 ± 0.002
Sodium—Na+ (me·100 g−1) 0.025 ± 0.000

Phosphorus—P2O5 (me·100 g−1) 0.541 ± 0.022
Content of exchangeable cations—SH (me·100 g−1) 0.319 ± 0.007

Cation exchange capacity—TH = HH + SH (me·100 g−1) 7.475 ± 0.117
Share of exchangeable cations—VH = SH/TH·100 (%) 4.198 ± 0.052

The height of the seedling after planting (after growing in the nursery) and the height after the
first growth season were measured, and the number of seedlings lost, the number of live seedlings
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with and without annual height increment, and the number of seedlings damaged during maintenance
works carried out on the experimental area were recorded. Only those trees on which no damage
was observed were included in the assessment. The average height before and after the first growing
season, annual height increment (AHI) and relative height increment (RHI) of seedlings for each
species, and experimental variant were calculated. RHI was calculated as the quotient of the seedling
annual growth increment to its initial height (after outplanting). Differences between the variants
were evaluated using a single-way analysis of variance (fixed model) and homogeneous groups were
determined using Tukey’s test. The analyses were carried out with Statistica 12 software [37].

For each species, for all experimental variants in total, the diagrams of relationship of the RHI of
seedlings after the first year of growth on the experimental plantation and the height obtained at the
stage of production in the nursery were prepared. A logarithmic function was used to describe this
relationship. The obtained regression equations were used to calculate RHI values for different initial
heights of seedlings, which were then used to determine the absolute height increment. An optimal
range for the initial height of the seedlings at which a large AHI can be expected, which determined
the limit of the maximum value of AHI reduced by 5%, was proposed.

3. Results

The survival rate of beech on the plantation was 99.3%, of which 3.1% of the seedlings did not
demonstrate an annual increment and 0.2% were mechanically damaged during maintenance work.
A slightly lower survival rate (93.9%) was obtained for spruce. Lack of growth was seen in 2.1% of
seedlings, while 19.5% of the spruce seedlings were damaged during maintenance. In most of the
damaged spruce seedlings, only an annual increment was broken, while some of them were completely
cut out, as shown in Table 2.

Table 2. Summary of seedling parameter statistics for different experimental variants; seedlings:
A—with annual height increment; B—without annual height increment; C—with mechanical damage;
D—dead (a, b, c—homogeneous groups for p < 0.05; Tukey’s test).

Species Experimental
Variant

Number of Planted
Seedlings (pcs.)

Survival ± SE
(%)

Seedlings Share (%)

A B C D

European
beech

VCON 300 100.0 ± 0.0 a 97.0 3.0 0.0 0.0
VGRO 300 98.0 ± 0.8 b 97.0 1.0 0.0 2.0
VLAI 300 100.0 ± 0.0 a 94.1 5.3 0.6 0.0
Total 900 99.3 96.0 3.1 0.2 0.7

Norway
spruce

VCON 300 90.4 ± 1.7 b 72.7 1.7 16.0 9.6
VGRO 300 95.7 ± 1.2 a 73.4 1.3 21.0 4.3
VLAI 300 95.7 ± 1.2 a 71.8 2.3 21.6 4.3
Total 900 93.9 72.3 2.1 19.5 6.1

Beech seedlings clearly differed in height obtained at the nursery growth stage (2016). The lowest
were those from the control variant (24.2 cm), i.e., with only foliar fertilization. The seedlings from the
VGRO variant (36.5 cm) and the VLAI variant (40.7 cm), i.e., with mixed fertilization, were definitely
taller. However, the lowest seedlings in the nursery stage showed the highest increment in the first
year after planting, both in absolute and relative terms, which for the VCON variant amounted to
32.9%, with 17.2% and 13.7% for the VGRO and VLAI variants, respectively. A significant effect of the
experimental variant was demonstrated for each of the analyzed features, as shown in Table 3.

The height of spruce obtained at the nursery cultivation stage was completely different. Contrary
to beech, the tallest seedlings were from the control variant (27.2 cm), with a slightly shorter VGRO

variant (24.8 cm), followed by the VLAI variant (22.2 cm), which was the shortest. After the first year of
growth, the disproportion between the height of spruce trees from individual variants increased even
further, as the maximum growth was observed for the tallest spruce trees, and the minimum for the
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shortest. The relative growth was, however, similar in all experimental variants (29.3–31.1%) and no
significant impact of the variant was obtained only for this feature, as shown in Table 3. The differing
result for spruce may have been influenced by the lack of growth in the large number of seedlings
mechanically damaged during maintenance works (19.5%).

Table 3. Mean values (±SE) of the analyzed features of container seedlings of European beech
and Norway spruce of different experimental variants (a, b, c—homogeneous groups for p < 0.05;
Tukey’s test).

Trait
Average Value ± SE in the Variant

F Test
Significance

Level (p)VCON VGRO VLAI

European beech
Height in 2016 (cm) 24.2 ± 0.4 c 36.5 ± 0.4 b 40.7 ± 0.5 a 435.65 <0.001
Height in 2017 (cm) 31.3 ± 0.5 c 42.6 ± 0.5 b 46.2 ± 0.5 a 257.71 <0.001
Absolute height
increment (cm)—AHI 7.1 ± 0.3 b 6.1 ± 0.2 a 5.4 ± 0.2 a 14.07 <0.001

Relative height
increment (%)—RHI 32.9 ± 1.6 a 17.2 ± 0.6 b 13.7 ±0.6 b 95.27 <0.001

Norway spruce
Height in 2016 (cm) 27.2 ± 0.4 a 24.8 ± 0.3 b 22.2 ± 0.2 c 68.17 <0.001
Height in 2017 (cm) 34.9 ± 0.4 a 32.1 ± 0.3 b 28.5 ± 0.3 c 103.45 <0.001
AHI (cm) 7.7 ± 0.2 a 7.3 ± 0.2 a 6.3 ±0.2 b 13.74 <0.001
RHI (%) 30.0 ± 1.1 a 31.1 ± 1.1 a 29.3± 0.9 a 0.63 0.511

A clear relationship was observed when comparing the height of individual beech and spruce
seedlings and their RHI. An increase in the height of the seedlings used to establish the cultivation
was accompanied by a decrease in RHI, and the change could be described by a regression equation,
based on the natural logarithm, as shown in Figure 1.
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Figure 1. Relationship between the initial height of the seedlings of European beech (a) and Norway
spruce (b) used to establish the experimental plantation and their relative height increment after the
first year of growth.

Using the obtained regression equations, an attempt was made to determine the optimal range for
the initial height of the seedlings, at which the maximum increment would be observed. For European
beech, the optimal initial height of the seedlings was in the range 18 to 36 cm, while for Norway spruce,
shorter seedlings in the height range 14–25 cm turned out to be better, as shown in Figure 2.
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Figure 2. Forecasted height increment of seedlings of European beech (a) and Norway spruce (b) in the
first year of growth on the experimental plantation depending on their initial height; vertical dotted
lines define the proposed range of optimal height.

4. Discussion

The adaptive success of the seedlings being planted on the forest plantation, especially in areas
exposed to seasonal droughts, depends on the characteristics of the seedlings, which may develop
due to the external conditions, e.g., fertilization during the growing season [20]. The seedlings of
both investigated species, i.e., European beech and Norway spruce, differed in the analyzed features
depending on the method of fertilization during the production period in the container nursery.
This was most visible in beech, where the maximum average height was found in the VLAI variant
seedlings, and the minimum in the VCON variant. The Norway spruce showed opposite results, with the
maximum average height in the VCON variant and the minimum in the VLAI variant. Beech responded
positively to the application of starter fertilization in combination with foliar fertilization, achieving a
higher average height than with foliar fertilization alone. Starter fertilization and foliar fertilization
discontinuation after reaching the desired share of class seedlings (VGRO variant) and after reaching the
desired LAI index (VLAI variant), resulted in a weaker spruce growth, which attained the maximum
average height in the control variant. For the same fertilization (starter + foliar) in each of the
variants, the differences in growth resulted from longer foliar fertilization (10 cycles of 0.77 dm3

·ar−1).
The amount of fertilizer supplied to the seedlings during the production process is very important
and is shown by research carried out for Quercus suber, where nutrient deficiency caused a lower total
biomass of the seedlings (which was probably related to a lower value of the sturdiness quotient),
but this did not affect their adaptation to the cultivation [20]. Similarly, Jackson et al. [31] showed
no correlation between the level of nitrogen fertilization and subsequent adaptation in the forest
plantation of container seedlings of Pinus palustris, however, at the production stage in the nursery they
observed significant differences resulting from the applied dose of fertilizer. Slightly different results
were obtained by McAlister and Timmer [29], analyzing the effect of increased nitrogen fertilization in
the production of Picea glauca in a ground nursery. High nutrient content in seedlings at the end of the
3-year production period resulted in an increase in the seedling biomass in the first year after planting,
and the highest increments were observed in the variant with more intensive nitrogen fertilization.
According to these authors, it was the effect of re-translocation of nutrient reserves accumulated at the
stage of cultivation in the nursery to growth zones. The suggestion is consistent with the result obtained
for spruce seedlings from the control variant, which were the tallest at the nursery cultivation stage
and grew the most in absolute terms in the first year after planting on the forest plantation. A similar
relationship was observed for Betula pubescens and Picea sitchensis seedlings grown in containers [28].

The root system may have had an influence on better adaptation of beech in cultivation. This is
indicated by the relationship between root volume and water absorption efficiency observed for different
species. Seedlings with a larger root system volume avoided moisture stress better, especially during
periods with less water availability, which favored their better adaptation even to a few years after
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planting on the forest plantation [21,38–40]. According to Hobbs [41], the structure of the root system
of the seedlings, which should have a fibrous structure and be characterized by the presence of multiple
root ends, is also an important factor.

In the earlier nursery practice, the effect of production was evaluated in accordance with the
requirements of the PN-R-67025 standard [32], however, in the case of container seedlings, it is not very
useful. It is not possible to classify seedlings according to the length of the root system, because their
growth is limited by the height of the container. A good indicator of the suitability of seedlings for
establishing cultivations is the proportion of their height to the root collar diameter, the size of which
determines the structure of the seedlings (stocky or spindly) and at the same time indicates greater
resistance to abiotic damage. This proportion is particularly important for the production of container
seedlings, where high and undesirable values can appear [26,42]. According to Roller [43], a sturdiness
quotient (SQ) value of more than 60 resulted in significant damage to Picea mariana seedlings in the
cultivation due to wind, drought, and frost. All spruce seedlings grown in 2016 in the container
nursery were characterized by an excessively high above-ground part and the SQ ratio was above 70.
This index was particularly high in the VCON variant (SQ > 100), which probably resulted in more
than double the higher number of dead seedlings after the first year of growth on the experimental
plantation compared to the other two variants. This is confirmed by the results of analyses carried
out by Vaario et al. [44], in which the low value of roots to shoots dry mass ratio resulted in poor
adaptation and growth in spruce seedlings on a forest plantation. The obtained results suggest that
shorter seedlings after planting on the cultivation grow relatively faster and after some time may
equal the initially taller individuals, which grow weaker. This result is consistent with the results
obtained by Ivetić et al. [45]. However, shorter seedlings with fast weed infestation in the experimental
plantation are more likely to be damaged by careless maintenance. Such a case was observed for
spruce, where a large number of damaged (mostly short) seedlings could result in a different absolute
increment relationship compared to beech. In both species, the highest relative increment occurred in
the shortest seedlings, while the tallest seedlings at the stage of cultivation in the container nursery
grew the least in the first year after establishment of the forest plantation. However, the survival rate
for both species was satisfactory, with a small number of seedlings characterized by a lack of height
increment. A slightly higher share of seedlings without increment (5.3%) was observed only in the
VLAI variant for beech, i.e., in the variant with the initial tallest seedlings. It is therefore necessary
to find a compromise between the height of the seedlings obtained in nursery production and their
viability and growth on the plantation. For this purpose, it is possible to use regression equations
(of the relative increment and height of seedlings after the nursery cultivation stage), which enable the
indication of the optimal seedling height range, at which the seedlings will obtain the maximum height
increments on the forest plantation. The optimal height of seedlings proposed for beech is 18–36 cm,
and for spruce 14–25 cm. It can thus be concluded that usually very tall spruce seedlings are produced
in current nursery practice, and they grow poorly on the forest plantation and do not make full use of
the incremental potential of this species.

5. Conclusions

• The change of foliar fertilization to a mixed one at the stage of production in the container nursery
affected the parameters of beech and spruce seedlings; however, it did not affect the diversity of
their survival on the experimental forest plantation.

• Taller seedlings planted on the forest plantation were characterized by a lesser RHI after the
first year of their establishment, and its dependence on the height of seedlings obtained in the
container nursery was described well by logarithmic regression equations.

• For spruce and beech, the highest annual height increment (AHI) was recorded in the VCON

variant, and the lowest in the VLAI variant. However, a difference was obtained in the relative
height increment (RHI) in both species. This is due to the different height of seedlings after
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production in a container nursery, which is most likely the result of a different amount of fertilizers
used in individual experimental variants.

• The optimal range for the height of seedlings obtained at the stage of nursery cultivation, which
determined the maximum value of the AHI after the first year of growth on the forest plantation,
was 18–36 cm for beech and 14–25 cm for spruce.
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