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Abstract: This study is intended for forest owners considering options to increase the efficiency of the
production of forest seedlings in automated nurseries. In the short rotation technology of the Scots
pine (Pinus sylvestris L.), the production of seedlings was integrated in the process of grading seeds
by spectrometric features, followed by the fall outplanting of containerized seedlings to a restorable
post-pyrogenic site. There are studies of the spectrometric effect grading viable seeds, but a negligible
amount of testing has been conducted on the seedling’s field performance from these seeds. It was
very important for us to evaluate the morphogenesis of juvenile Scots pine trees in relation to the
change in morphological features—increase in root collar diameter (RCD-increment) and increase
in stem height (SH-increment)—in the second and third growing season from the field outplanting.
To determine the nature of the interaction between independent (RCD increase), dependent (SH-
increment), and categorical (seed spectrometric categories and timespans) variables, a regression
analysis was performed using the R statistical software. All coefficients of the linear models are
statistically significant at the 1% significance level, and all are positively associated with an increase
in seedling height. On average, a RCD increment by 0.1 cm causes a SH-increment by 0.72 ± 0.16 cm
(p = 9.779 × 10−6). In addition, in 2020, compared to 2019, the SH-increment was 5.46 ± 0.37 cm
(p < 0.001). The seeds’ differentiation into spectrometric categories is strongly correlated with the
stem height increment (p < 0.001). Thus, in order to improve the plant propagation protocol, it seems
advisable to first condition the seeds in accordance with the spectrometric feature, and to then apply
a coating (by pelleting or encapsulating) in order to improve the storage and seeding conditions. For
a medium-term assessment of the short rotation technology with an integrated seed spectrometric
grading in the future, the morphogenesis of Scots pine trees at 5, 7 and 10 growing seasons from the
seedlings field outplanting is controlled.

Keywords: forest landscape restoration; adaptive forest management; forest seeds; Pinus sylvestris L.;
seed coat colour grading; seed size grading; diameter increment; height increment; increase

1. Introduction

The title of the paper reflects the aim to determine the relationship between the grading
process of Scots pine seeds with the breakdown by spectrometric properties and sizes that
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are integrated into the containerized technology for the production of forest reproductive
material. Along with that, it is necessary to take into account the ecophysiological aspects
of the juvenile tree’s growth while implementing an integrated approach to ecological
restoration. Our approach includes the set of management concepts and technologies
as a set of operations [1], combining the AFM [2] (Adaptive Forest Management) and
FLR [3] (Forest Landscape Restoration) approaches. An important component of the
integrated approach is the adaptation of trees to climate change. Firstly, adaptation can
occur due to genetic mechanisms [4]. Secondly, adaptation may be due, but not always [5],
to phenological plasticity [4].

Since the spectrometric properties and the size of the seeds are both genetic and
phenological signs, the choice of the tree species for the study has not been made by chance.
First, according to Hallingbäck et al. (2021) “conifers present higher adaptation rates for tree
growth [4]”. Second, the Scots pine (Pinus sylvestris L.) is prevalent in “wide climatic niche [6]”.
Third, the ability of Scots pine trees as a head in mixed can stand with birch (Betula spp.) [7],
European beech (Fagus sylvatica L.) [8], under the conditions of climate change, giving a
greater increase than in monocultures, which makes this breed economically attractive for
a complex approach of restoration.

The Scots pine seed coat colour is under genetic control, and it can be used as a
phenotypic marker [9–14]. There is a more than century-old interest of scientists [15–18]
to study the seeds of Scots pine with different spectrometric properties [19,20] and, also,
to study the growth of juvenile trees obtained from these seeds [21]. As for the size of the
seeds, a direct correlation between the Scots pine seed size and seedling growth intensity is
not always observed, since both empty large seeds and fossilized seeds are often found in
seed lots. The former can be easily eliminated on an air separator, but the latter are very
difficult to eliminate due to having the same density as sound seeds.

The spectrometric parameters of the seed coat in the vast majority of these experiments
were determined by researchers in an organoleptic way, and color calibration did not occur
quantitatively. We can state, unequivocally, only that there is a difference in the seed’s
germination and the growth of the seedlings. There are studies in which the physiological
parameters of pine seedlings grown from light seeds prevail over seedlings from dark
seeds [16] and vice versa [21]. There are also studies of laboratory germination of seeds
that do not differ in germination energy and cumulative germination between color seed
groups [22].

Application of the spectrometric effect in the detection of pine seeds [23] allows us to
accurately grade seeds according to the absorption index depending on the wavelength [24].
The effect of the spectrometric effect with accurate grading of Scots pine seeds on the
morphogenesis of Scots pine in the juvenile stage is not practically represented in the
empirical literature, especially for the currently widely used short rotation technology
for obtaining forest reproductive material of Scots pine in an automated containerized
nursery, with the transfer of containerized seedlings to a restorable post-pyrogenic site.
Ontogenesis at the juvenile stage of the development of woody plants makes it possible to
fully assess the degree of difference between phenetic traits, since by the age of “8–10 there
is a tendency to equalize the heights of trees of different types of morphogenesis, as well
as a change in their ranks according to the intensity of growth [25]”. Aiming to assess the
effect of seed coat color to the quality of seedlings, we have measured seedling height (SH)
and root collar diameter (RCD) as the most widely used attributes measured in seedling
quality assessment [14,26,27].

Growth rates—RCD-increment and SH-increment—of juvenile crops of Scots pine
(P. sylvestris L.) after transplantation into the field will be important to a forest farmer
when modeling the biomass of a future forest, since “trees and forests grow and react to
environmental changes in several ways simultaneously, for example, changes in radial
growth and height growth” [28].

The purpose of this paper is to detect the effect of the RCD-increment on the SH-
increment, focusing on the seed’s spectrometric categories in an ongoing experiment to
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obtain forest reproductive material of Scots pine (P. sylvestris L.). The study includes im-
proving the quality of Scots pine (P. sylvestris L.) seeds by spectrometric grading, seeding
in a containerized nursery, outplanting containerized seedlings on the post-fire experi-
mental site [14], and control of the ontogenesis of trees during the first, second, and third
growing seasons.

2. Materials and Methods

2.1. Experimental Setup

The study design (Appendix A) was carried out according to the Fall Planting sce-
nario [29] for containerized nursery by integrating seed spectrometric grading.

2.1.1. Seed Collecting, Pretreatment and Differentiation

P. sylvestris L. seeds were obtained from cones collected in a natural stand no more
than 1.3◦ away from the experimental site in latitude [30] in the Pavlovsky district of the
Voronezh Region (Russia).

For differentiation (1-milestone on Figure A1, Appendix A), seeds were taken that
had been previously prepared with a drum-type wet de-winger (Dewinger-800—BCC AB,
Landskrona, Sweden), and were then dried in a chamber (DL-1200—BCC AB, Sweden) at
a moisture level of 7.5% [14]. Empty seeds were then eliminated by gravity method [31]
using gravity separator (Mini-Series—BCC AB, Landskrona, Sweden). The seeds were
then separated according to the spectrometric feature in the visible and infrared regions of
optical radiation wavelengths.

The technological criteria for seed differentiation are presented in Table 1. Further,
seeds in each category (2, 3, and 4), using the Cleaner and Seed Sizer (Mini-Series—BCC AB,
Landskrona, Sweden), were divided into two dimensional fractions and received categories
5, 6, 7 and 8, 9, and 10, respectively. For this purpose, sieves with round punching holes
with diameters of 2.5 and 3.25 mm were used.

Table 1. Technological criteria for Scots pine seed differentiation used in the study. The choice of
wavelength is related to the peculiarities of seed grading by spectrometric properties (reproduced
from [23]).

Seed Category Wavelength nm
Differentiation
Criterion R [32]

The Diameter of the Sieve
Openings, mm

Number of Seeds, pcs. (Number
of Containers × Number of
Seeds Sown in 1 Container)

1 970 0.3417–0.3230

Without size separation

10 × 40
2

675

0.3010–0.1871 5 × 40
3 0.5229–0.3468 5 × 40
4 0.1549–0.0706 5 × 40
5 0.3010–0.1871 2.5 10 × 40
6 0.3010–0.1871 3.25 10 × 40
7 0.5229–0.3468 2.5 10 × 40
8 0.5229–0.3468 3.25 10 × 40
9 0.1549–0.0706 2.5 10 × 40
10 0.1549–0.0706 3.25 10 × 40

2.1.2. Container’s Seeding

The seeds were sown using an automatic line (BCC AB, Landskrona, Sweden). The line
included a batch mixer, a flexi filler for filling containers with substrate (acid peat), a dibbler,
a precision seeder, and a mulcher. After filling 40-cell containers (Hiko V-120 SideSlit—BCC
AB, Landskrona, Sweden) with the cell size 40 × 40 × 110 mm, a cone-shaped hole is formed
by the substrate in each cell. At the bottom of the wells, all 40 cells of the container were then
simultaneously automatically sown (2-milestone on Figure A1, Appendix A) with a single
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seed and mulched with perlite. Containers with seeds were positioned in greenhouse #2
with automatized watering, temperature, and humidity control. The greenhouse vegetation
of seedlings (5-timespan on Figure A1, Appendix A) lasted until the relocation of containers
(6-milestone on Figure A1, Appendix A) to the tempering platform. Seedlings tempering
vegetation (7-timespan on Figure A1, Appendix A) lasted until outplanting seedlings
(8-milestone on Figure A1, Appendix A) to the experimental site.

2.1.3. Container’s Germination

Germination was defined as the appearance of a seedling through mulch. The germina-
tion percentage was calculated in each container for seeds of all categories (see Table 1) from
30 (3-milestones on Figure A1, Appendix A) to 50 (4-milestones on Figure A1, Appendix A)
days by analogy with Mañas et al. [33] after sowing. The container’s germination may be
characterized by substrate [34], temperature conditions [35], and seed viability [36].

2.1.4. Experimental Site

Container-grown seedlings were outplanted on 24 October 2017 (8-milestone on
Figure A1, Appendix A) at the experimental site. The experimental site was founded under
Dr. Arthur Novikov leadership and is a scientific object of Voronezh State University of
Forestry and Technologies (VSUFT). The site is located (51.827861; 39.363806; 100.8 m a.s.l.)
on pyrogenically disturbed areas in 2010 of the Educational and Experimental Forestry
Center of VSUFT. At a distance of 1.0 m, with the help of a plow aggregated with a
tractor in the sandy soil, parallel furrows were cut to a depth of about 0.2 m. Seedlings
were planted on a previously furrowed soil (without uprooting the remaining stumps) in
the bottom of the furrow under the Kolesov sword at a distance of 0.7 m (between the
seedlings in one row) × 1 m (between rows) [14]. According to Grossnickle and MacDonald
(2017) [29], fall-planting seedlings are characterized by increased resistance to drought,
initial frost resistance, moderately intensive root growth, and the balanced nutrition of
seedlings. However, choosing autumn as the planting period, it is necessary to take into
account biological risks (Table 2)—-namely, slightly reduced growth with unchanged
preservation [37]—-and they can be planted if the climatic conditions are favorable [38].

Table 2. Biological risk levels of containerized seedlings outplanted on the field (adapted from the
publication with an open access license: Grossnickle, S.C.; MacDonald, J.E. Fall Planting Option: A

Biological Perspective to Support a Successful Outcome; 2017. Available online: https://vimeo.com/4456
51112 [29]) (accessed on 12 January 2023).

Environmental Stress Spring Planting Summer Planting Fall Planting

Atmospheric

Air Temperature (Frost) High Low Moderate
Air Temperature (Heat) Low High Moderate
Vapor Pressure Deficit Low High Moderate

Edaphic

Drought Moderate High Moderate
Flooding High Low Low

Low Soil-Root Temperature High Low Moderate
Soil Surface Temperature Low High Moderate

Frost Heaving Moderate Low Moderate

2.1.5. Thermophysiological Conditions during Growing Season

The beginning and end of the first, second, and third growing season vegetation
periods (VP1, VP2, and VP3 on Figure 1) were determined based on the fact that, according
to Redko (1983), the biological (thermophysiological) minimum of vegetation for the

https://vimeo.com/445651112
https://vimeo.com/445651112
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Scots pine is equal to 4.5 ◦C [39]. The conditional point of the beginning of the growing
season is the day when the average daily temperature is higher by 4.5 ◦C. The end of the
growing season end was determined based on the vegetative timespan of the Scots pine
(P. sylvestris L.) in the conditions of the experimental site that stops in the period of the end
of August to the beginning of September [40], although it is possible for growth to continue
until September–October [41]. Considering the research in the field of the vegetation of
Scots pine, the moment at the end of the previous growing season after transplanting from a
containerized nursery is the moment of the beginning of the next growing season—-namely,
the day after which a significant excess of the thermophysiological minimum is predicted
according to meteorological services (which, in our case, was 28 March). Thus, the time
milestones for measuring the biometric parameters of seedlings for the second growing
season (VP2) were set on 28 March 2020, and the third growing season (VP3) was SET
on 28 March 2021. At the same time, the temperature conditions of the second and third
growing seasons are presented below in Table 3.

С
С

 

tt

Figure 1. Box plots for SH-increment and RCD-increment from (1–10) seed grading categories during
VP2 (left) and VP3 (right) timespans accordingly. SH is seedling height, RCD is root collar diameter.

2.2. Data Processing

2.2.1. Data Measuring

Biometric parameters were measured for the seedling outplanting of Scots pine as
follows. Seedling Height (SH) was measured from the root collar to the base of the terminal
bud [33] using a metal ruler with an accuracy of 1 mm [42]. For stem diameter or Root
Collar Diameter (RCD), two measurements were taken from each seed’s technological
category (Table 1). The second measurement was the transverse section of the first and
the mean diameter was calculated. A 0.1 mm resolution digital caliper was used. Stem
diameter [42–44] is a fairly stable and statistically significant indicator for the characteristics
of both the growth and the survival of the tree. SH, meanwhile, characterizes both the
photosynthetic ability [45] and the area of their transpiration, since it strongly correlates
with the number of needles.
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Table 3. Temperature data for the growing season during the study in the Voronezh Region (51.650,
39.250) (adapted from the site with an open access license: http://pogoda-service.ru/ [accessed on
30 December 2022]).

Vegetation Period VP2

Month April 2019 May 2019 June 2019 July 2019 August 2019 September 2019 October 2019

Mean 10.10 17.40 22.21 19.21 19.39 14.35 10.34
Average deviation 4.20 2.74 2.43 1.84 2.81 4.99 3.30

Variance 25.40 13.46 9.08 5.25 12.12 29.43 17.81
Standard deviation 5.04 3.67 3.01 2.29 3.48 5.42 4.22

Coefficient of variation 0.50 0.21 0.14 0.12 0.18 0.38 0.41
Oscillation factor 1.83 1.02 0.59 0.50 0.72 1.09 1.76

Asymmetry 0.28 −0.60 −0.61 0.15 0.19 −0.24 −1.00
Kurtosis −0.70 1.68 0.42 −0.23 −0.36 −1.57 0.68

Vegetation Period VP3

Month April 2020 May 2020 June 2020 July 2020 August 2020 September 2020 October 2020

Mean 7.69 13.39 21.16 21.87 20.21 16.85 11.27
Average deviation 3.56 2.88 2.69 2.80 2.11 2.76 3.28

Variance 17.49 11.03 10.86 10.86 6.00 13.35 13.33
Standard deviation 4.18 3.32 3.29 3.29 2.45 3.65 3.65

Coefficient of variation 0.54 0.25 0.16 0.15 0.12 0.22 0.32
Oscillation factor 2.17 1.06 0.55 0.53 0.46 0.90 1.14

Asymmetry 0.50 0.70 −0.75 0.36 −0.03 0.31 −0.48
Kurtosis −0.66 0.05 −0.43 −0.94 −0.81 0.28 −1.16

2.2.2. Statistical Procedure

All the statistical analyses were carried out using R Studio software (IDE for R pro-
gramming language) [46].

The distribution of SH-increment and RCD-increment seedlings for two and three
timespans as differences between VP2 and VP1, and VP3 and VP2 (Figure 1). Biometric
measurements (n > 1000) were represented by descriptive statistics and visualized by
boxplots, which allowed the estimation of median values of variables as well as a tablecloth
determining the preliminary nature of the interaction between independent (stem diameter),
dependent (seedling height), and categorical (seed categories and timespans) variables.

The linear model from the R-package “NLMe” [47,48] has been used to analyze
differences in annual RCD-increment under different seed grading categories. As a result of
regression analysis of n = 543 juvenile trees (N = 1086), two regression models with RCD2,
SH2 and RCD3, SH3 increments for categorical variables have been analyzed. In order to
check the overall significance of a categorical variable, which has many levels in regression
(for us, this is the interaction of diameter and categories; Diameter:factor (Category)), we
have carried out ANOVA.

Linear OLS model verification has been carried out according to the following criteria:
(1) linearity in parameters; (2) normal distribution of residuals (with a large sample accord-
ing to the central limit theorem of statistics (this condition can be eliminated, and it makes
sense in the case of small samples); (3) homoscedasticity; (4) multicollinearity; and (5) the
presence of outliers. The regression relationship was visualized by a regression line with a
95% confidence interval. The model whose only predictor represents the best fit (with the
smallest Root-Mean-Squared Error (RMSE) and the largest coefficient of determination R2)
is ultimately defined as a basic linear model [49].

We run following regressions, estimated with ordinary least squares (OLS):

Height = Intercept + Diameter + Diameter:factor (Category) + factor (Year); (1)

Height = Intercept+ Diameter:factor (Category) + factor (Year). (2)

http://pogoda-service.ru/
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3. Results

Germination of seeds in containers of an automated nursery is shown in Table 4.

Table 4. Scots pine seedling final container’s germination percentage 30 and 50 days after sowing.
Different letters mean significant differences at p < 0.05, according to Tukey’s HSD test. Data are
expressed as mean ± standard error (Adapted with permission by Arthur I. Novikov from Ref. [32]).

Seed Category 30 Days Germination 50 Days Germination

1 96.50 b ± 0.41 99.00 b ± 0.41
2 77.50 c ± 2.62 79.50 c ± 2.78
3 86.00 a ± 3.22 88.00 a ± 3.48
4 86.00 a ± 3.22 88.50 a ± 3.41
5 92.00 ab ± 1.53 94.50 ab ± 1.43
6 89.25 a ± 1.29 92.00 ab ± 1.28
7 82.50 a ± 3.84 86.50 a ± 2.48
8 87.00 a ± 2.26 89.25 a ± 2.24
9 89.00 a ± 2.15 92.00 ab ± 2.03
10 76.00 c ± 4.43 76.00 c ± 4.09

To assess the relationship between SH-increment and RCD-increment, it seems appro-
priate not to use the absolute values of the SH-increment and RCD-increment but, rather,
their increment for the corresponding timespans, VP2 and VP3 (Table 5).

Table 5. Descriptive statistics of SH- and RCD-increments for VP2 and VP3 timespans.

Parameters SH-Increase, cm RCD-Increase, mm

VP2 timespan (Figure 1)

Number of values (nbr.val) 543 543
Number of null (nbr.nul) 6 6

Number of missed observations (nbr.na) 0 0
Min 0 0
Max 23.50 7.9
Sum 5193.0 1317.1

Median 9.50 2.5
Mean 9.56 2.4

Mean standard error (SE.mean) 0.18 0.06
Variance (var) 17.69 1.76

Standard deviation (std.dev) 4.21 1.33
Coefficient of variation (coef.var) 0.439 0.547

VP3 timespan (Figure 1)

Number of values (nbr.val) 543 543
Number of null (nbr.nul) 10 10

Number of missed observations (nbr.na) 0 0
Min 0 0
Max 55.5 18.7
Sum 9744.4 1964.2

Median 17.3 3.1
Mean 17.95 3.6

Mean standard error (SE.mean) 0.43 0.1
Variance (var) 99.0 5.79

Standard deviation (std.dev) 9.95 2.4
Coefficient of variation (coef.var) 0.554 0.665

Descriptive statistics reveal a moderate increase in the average value of increments, a slight
increase in the degree of variability of the variables (coefficient of variation) in the VP3-timespan,
and some loss of seedlings (nbr.nul) (which were cut off by the cultivator during agrotechnical
care due to the incorrectly chosen tractor trajectory followed by the driver).
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The distribution of descriptive statistics by seed categories (see Table 1) and the choice
of the central trend is demonstrated by Figure 1.

The preliminary nature of the interaction between the independent (stem diameter),
dependent (seedling height), and categorical (seed categories and timespans) variables is
visualized in Figure 2.

ffi

ffi
ff

tt ff

ff

ffi

ffi

Figure 2. Scatterplot of SH-increment from RCD-increment (the color marks the difference by
observation periods: VP2-2019, VP3- 2020, and the size of the dots determines the seed category from
1 to 10 (from Table 1). SH is seedling height; RCD is root collar diameter; VP is vegetation period.

From Figure 2, it is possible to assume a linear relationship between two variables,
and, therefore, it is possible to build a linear regression where the dependent variable
(predictor) is an increase in SH-increment and the independent variable (regressor) is a
RCD-increment. It is also assumed that the SH-increment is affected by the division of
seeds into categories and observation periods (temperature changes from Table 2).

The estimation of the model coefficients by formula (lm1) is given in Table 6.

Table 6. Evaluation of the significance of the coefficients of the regression Linear Model 1.

Parameters Estimate Std. Error t Value Pr (>|t|)

(Intercept) 4.50103 0.32526 13.8381 <2.2 × 10−16 ***
Diameter 0.71517 0.16096 4.4433 9.779 × 10−6 ***

Factor (Year) 2021 5.46314 0.36893 14.8080 <2.2 × 10−16 ***

Diameter:factor (Category) 2 1.37861 0.17592 7.8364 1.110 × 10−14 ***
Diameter:factor (Category) 3 1.74795 0.25418 6.8769 1.036 × 10−11 ***

Diameter:factor (Category) 4 1.99833 0.18922 10.5609 <2.2 × 10−16 ***
Diameter:factor (Category) 5 1.66659 0.18925 8.8064 <2.2 × 10−16 ***
Diameter:factor (Category) 6 1.39031 0.17747 7.8341 1.129 × 10−14 ***
Diameter:factor (Category) 7 1.12723 0.22678 4.9705 7.767 × 10−7 ***

Diameter:factor (Category) 8 1.10347 0.24033 4.5915 4.921× 10−6 ***
Diameter:factor (Category) 9 2.77707 0.22863 12.1463 <2.2 × 10−16 ***

Diameter:factor (Category) 10 1.47394 0.19960 7.3845 3.065 × 10−13 ***
Notes: Significant codes: ‘***’ 0.001. Residual standard error: 5.764 on 1074 degrees of freedom. Multiple R-
squared: 0.5666, Adjusted R-squared: 0.5622. F-statistic: 127.7 on 11 and 1074 DF, p-value: < 2.2 × 10−16. Akaike
Information Criterion (AIC). 6900.373.
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To check the overall significance of a categorical variable on many levels (we have
this interaction of diameter and categories, Diameter:factor (Category)), we analyze
ANOVA (Table 7).

Table 7. ANOVA (Type II tests) analysis for the categorical variable used in the Linear Model 1.
Evaluation of the significance of the coefficients of the regression linear model 1. Significant codes:
‘***’ 0.001. Height—dependent variable.

Source of Variance
Sum of

Squires (SS)
Degrees of

Freedom (Df)
F-Statistic p-Value

Diameter 22,056 1 663.9 <2.2 × 10−16 ***
Factor (Year) 7351 1 221.3 <2.2× 10−16 ***

Diameter:factor (Category) 5525 9 18.5 <2.2× 10−16 ***
Residuals 35,681 1074

We can notice that the categorical variable (Diameter:factor (Category)) is statistically
significant (p < 0.001). All coefficients are statistically significant at the level of 1%, and they
are all positively associated with an increase in seedling height—-for example, an increase
in diameter by 0.1 cm causes an increase in height by 0.715 cm on average, and, in addition,
in 2020 (the second observation period), compared to 2019, the increase was 5.46 cm more,
and the division into categories was also affected. In particular, for seed Category 2, the
increase was 1.37 cm more compared to seed Category 1.

The verification of Model 1 is shown in Figure 3.

Figure 3. Diagrams for checking the conditions of applicability of Model 1.

The visualization of Model 1 is shown in Figure 4.
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Figure 4. Visualization of Model 1 (regression line with 95% confidence interval).

The analysis of the diagrams in Figure 5 shows that all of the conditions are more or
less met, except for the normality of the distribution of residues on the “tails”, but this can
be neglected since the sample is rather large, with more than 1000 observations.

Figure 5. Diagrams for checking the conditions of applicability of Regression Model 2.
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The estimation of the model coefficients by formula (lm2) given in Table 8.

Table 8. Evaluation of the significance of the coefficients of the regression Linear Model 2.

Parameters Estimate Std. Error t Value Pr (>|t|)

(Intercept) 4.50103 0.32526 13.8381 <2.2 × 10−16 ***

factor (Year) 2021 5.46314 0.36893 14.8080 <2.2 × 10−16 ***

Diameter:factor
(Category) 1

0.71517 0.16096 4.4433 9.779 × 10−6 ***

Diameter:factor
(Category) 2

2.09377 0.16495 12.6933 <2.2 × 10−16 ***

Diameter:factor
(Category) 3

2.46312 0.26121 9.4297 <2.2 × 10−16 ***

Diameter:factor
(Category) 4

2.71350 0.19612 13.8358 <2.2 × 10−16 ***

Diameter:factor
(Category) 5

2.38175 0.20249 11.7624 <2.2 × 10−16 ***

Diameter:factor
(Category) 6

2.10548 0.16939 12.4298 <2.2 × 10−16 ***

Diameter:factor
(Category) 7

1.84240 0.23564 7.8188 1.267 × 10−14 ***

Diameter:factor
(Category) 8

1.81864 0.24322 7.4773 1.572 × 10−13 ***

Diameter:factor
(Category) 9

3.49224 0.23920 14.5995 <2.2 × 10−16 ***

Diameter:factor
(Category) 10

2.18911 0.17705 12.3642 <2.2 × 10−16 ***

Notes: Significant codes: ‘***’ 0.001. Residual standard error: 5.764 on 1074 degrees of freedom. Multiple R-
squared: 0.5666, Adjusted R-squared: 0.5622. F-statistic: 127.7 on 11 and 1074 DF, p-value: < 2.2 × 10−16. Akaike
Information Criterion (AIC) 6900.373.

To check the overall significance of a categorical variable with many levels in regression
(we have this interaction of diameter and categories, Diameter:factor (Category)), we
analyze ANOVA (Table 9).

Table 9. ANOVA (Type II tests) analysis for the Diameter:factor (Category) variable used in the linear
model 1 (lm1). Evaluation of the significance of the coefficients of the regression Linear Model 2.
Significant codes: ‘***’ 0.001. Height—dependent variable.

Source of Variance
Sum of

Squires (SS)
Degrees of

Freedom (Df)
F-Statistic p-Value

Factor (Year) 7,351 1 221.3 <2.2 × 10−16 ***

Diameter:factor (Category) 27,581 10 83.0 <2.2 × 10−16 ***

Residuals 35,681 1074

We can notice here that the categorical variable (Diameter:factor (Category)) is gen-
erally significant (null hypothesis is rejected at 1% of significance). All coefficients are
statistically significant at the level of 1%, and all of them are positively associated with an
increase in the height of the seedling.

The verification of the applicability conditions of Model 2 is shown in Figure 5.
The visualization of Model 2 by formula (lm2) is shown in Figure 6.
Both regressions describe the relationship between the predictor and the regressor

adequately (Akaike criteria are equal).
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Figure 6. Visualization of Model 2 (regression line with 95% confidence interval).

4. Discussion

In the first approximation, the morphological features of Scots pine seedlings outplanted
from an automated nursery were compared. For trees grown from seeds ripened in a natural
stand (60◦ north latitude), the SH increase on VP3 timespan was 14.4 cm [50] vs. 17.3 cm for all
of the trees of the current study (52◦ north latitude) without differentiation by spectrometric
category. However, in the first study, the measurement of SH was estimated at the highest
seedling [50], whereas in the current one, it is measured by the average value of the entire
set of measurements. Moreover, the compared study did not take into account RCD,
which has a closer positive correlation with the growth after planting seedlings in the
field, and which is a better (compared to SH) indicator of the quality of seedlings [51,52].
Moreover, SH can have both positive and negative effects on the growth of seedlings in the
field [53]. For pine species, there are studies of the relationship between SH and RCD as
SH RCD−1 [44] in other sources as SQ (sturdiness coefficient) [54], which show that SQ is
the most reliable sign of a plant for predicting ontogenesis on the field.

The interaction between RCD and SH will make it possible to predict the quality
indicators of the seedlings: for example, the seedling sturdiness quotient (SH RCD-1)
included in the Dickson Quality Index [55] as well as the possibility of excluding the
operation of measuring the height of the seedling using only the RCD measurement.
Moreover, a close correlation between these indicators, as shown in a recent study by Jiang
et al. [56], may contribute to the selection of the best trees. Another possibility is the one
shown in Rodríguez de Prado et al. [57], the height–diameter (H–D) ratio, which, due to
the strong correlation between the two, can be “an important tool for estimating the height
of trees in mixing forest at various spatio-temporal scales”. Another possibility is the one in
Vospernik et al. [58], where the RCD-increment in Scots pine (P. sylvestris L.) depends on the
age, the temperature gradient, and mixture with Quercus robur L. According to Degtyareva,
a botanist, the «stronger correlation between RCD-increment and SH-increment, the more
intense the growth of the tree».

From the point of view of seedling production technology in containerized nurseries,
the differentiation of seeds into discrete size groups will have a positive impact. The
workflow of automatic seeding machines requires seeds aligned in size, otherwise it is
possible to obtain more than one seed into one cell or none at all. This violates the growth
space of the seedlings. Outplanting container-grown block of two (or more) seedlings on
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the site disrupts their normal growth due to competition. The costs of container-grown
seedling production are rising, too. According to a number of authors, uniform geometric
parameters, and, hence, the weight of seeds in fractions, are preferable, since they affect the
speed of both seed growth [59,60] and seedling size [61,62].

Regarding the expediency of separating seeds by quantitative characteristics, some
scientists consider the elimination of whole genotypes [63,64] at the same time, so the
opinion about the effect on the exclusion of certain maternal genotypes is not so much of
separation operations as of a wide range of annual variations in the genetic structure of
seeds that are produced at permanent forest seed sites [65]. The results given above show
that the seed size itself is not related to ground germination, but that it may be related to it
through genetic lines.

The problem of the maximum production of seedlings from seeds cannot be com-
pletely solved by separation in the visible wavelength range. In any batch of Scots pine
seeds, regardless of geometric, dimensional and color characteristics, non-viable fossils
petrified [66] or yielded only empty seeds [67], which do not have a strong correlation
with the optical flux absorption index in the visible range or the geometric parameters of
the seed. The presence of non-viable seeds in the sown material will lead to inefficient
use of the volume of one container and, as a result, inefficient use of the greenhouse and
automated containerized nursery as a whole.

The separation of the seeds into discrete spectrometric categories, 2, 3, and 4, may be
of some importance when conducting phenetic studies [5,68] related to the study of the
features of the color-seeded forms of Scots pine because it provides a clear gradation of
spectrometric characteristics.

Moreover, a long-term study by Baltzer et al. (2021) on post-pyrogenic sites of the black
spruce biome found that “the set of seedlings in the first years after a fire is a critical factor
determining the composition of mature stands for boreal tree species [69]”. Consequently,
the planning of the trajectory of the restoration of successions in post-pyrogenic sites [48,70]
should extend block I of the FLR algorithm [1] conditional operators for both the selection
of the mixture and the method of seed conditioning, as well as the type of restoration—
spontaneous [71] or afforestation—and the corresponding scheme of aerial sowing of seeds
or planting seedlings.

There is a reasonable opinion that in a tree there are usually only two significantly
different seed colors, e.g., black and a lighter black (or speckled), while the seeds with
either a lighter color or a darker color are usually of lower quality. There are cones with
brown seeds for the good ones and light brown seeds for the inferior ones. The next pair is
beige and lighter beige. The lighter-colored seeds in the cone are always of lower quality.
Therefore, when mixing cones [72] from the same stand, they should not be sorted into
light and dark. Ideally, the seeds should be color segregated according to individual trees.
However, this is difficult, labor intensive, energy consuming, and costly.

The statement is quite controversial, since the authors have encountered studies with
good growth of seedlings from light seeds. At the same time, it is very useful to convey
the impetus for future research, especially in terms of finding an optical criterion for the
separation of seeds between individual trees [73] that takes into account the development
of modern methods of information processing based on neural networks.

In the future, it is planned to control the Scots pine trees parameters (SH increase and
RCD increase) for 5, 7, and 10 years from the moment of the outplanting of seedlings in
the field. Moreover, an ambitious goal is planned: to trace the path of each seed from its
morphometric and spectrometric parameters to the growth of the seedling—-that is, to
create a “genetic passport of the tree”, synchronized with the FLR Library [74].

5. Conclusions

The economically valuable operation of the process of improving the selection quality
of seeds for the effective use of containerized nursery areas and the maximum yield of
reproductive material is separation by spectrometric feature. This will make it possible to
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fully realize the energy potential of seeds in conditions of favorable controlled temperature
and humidity before outplanting containerized seedlings into the field.

In order to comply with the genetic and technological aspects of the differentiation of
Scots pine seeds and the improvement of the plant propagation protocol, it is advisable
to condition seeds according to a spectrometric trait, subsequent coat them (pelleting or
encapsulating), and, immediately before sowing, mechanically size-sort them in order to
improve the work of seeders.

The categorical variable (Diameter:factor (Category)) is generally significant (p-value
is less than 1% of significance). All coefficients are statistically significant at the level of 1%,
and they are all positively associated with an increase in seedling height: for example, an
increase in diameter by 1 mm causes an increase in height by 0.715 cm on average, and,
addition, the increase in VP3 compared to VP2 was 5.46 cm greater, whilst differentiation
into seed categories also statistically significantly affects SH. In particular, for 2-category
seeds, the increase was 1.37 cm more than for 1-category seeds.

Both regression models of the RCD-increment and SH -increment relationship predict
variables with a high degree and have equal values of the AIC criterion.

In the plant propagation protocol of Scots pine trees, it is advisable to first grade
seeds according to spectrometric feature, and to then coat them to improve storage and
automated seeding.
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Appendix A

The stages of this study on the integration of spectrometric grading of Pinus sylvestris
L. seeds into the Fall-Planting scenario [29] of a containerized nursery. The numbers are
indicated by the time milestones (1–4, 6, 8, 10, 12, 14) and the timespans (5, 7, 9, 11, 13) of
Scots pine growing. This is adapted and supplemented from [32].
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Figure A1. Gantt-diagram for this study.
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