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Abstract. The quality of forest crops significantly depends on the characteristics of the planting
stock. To obtain high-quality conifer seedlings, the process of container cultivation is used
and optimized and a double-cropping mode is introduced. The aim of this study has been to
conduct a comparative analysis of one-year-old containerized seedlings of Pinus sylvestris L.
according to morphometric parameters under a double-cropping regime under short growing
season conditions at high latitudes. The experiment has been carried out in a forest nursery in
southern Karelia, Russia. The duration of the first rotation (1rot) has been 146 days, the second
one (2rot) — 91 days, the control one (Orot) — 132 days. The following parameters of seedlings have
been determined: seedling height (SH, cm), root length (cm), bud length (mm), root collar diameter
(RCD, mm), tree dry mass (TDM, g), shoot dry mass (SDM, g), root dry mass (RDM, g) and
needle dry mass. The integral quality indices have been assessed, such as: shoot : root dry mass
ratio (SRR) = SDM/RDM, sturdiness quotient (SQ) = SH(cm)/RCD(mm) and Dickson Quality
Index (DQI) = TDM/(SH + SRR). The lowest values of seedling dry mass have been revealed in
the 2rot variant. For all variants, the difference between the mean SQ and DQI values has been
statistically significant at the p < 0.05 level. SRR was the lowest in the 1rot seedlings. The high
correlation coefficients between the TDM and RCD for all variants confirm the high significance
of the latter index. The results indicate the need to adjust the time regime and use additional
agricultural practices to obtain high-quality planting stock.

Keywords: Pinus sylvestris L., seedling quality, morphometric parameters, quality index,
DQI, forest nursery, double-cropping
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Annomayun. KauecTBO JECHBIX KyJNbTYyp CYIIECTBEHHO 3aBUCHUT OT XapaKTEPUCTHK
MOCaZ0YHOT0 MaTepuana. /[ MogydyeHHs KadyeCTBEHHBIX CESHIIEB XBOWHBIX MOPOJ
HCTIONB3YETCSI M ONTUMHU3UPYETCS MPOIlecC KOHTCHHEPHOTO BhIpAIIMBAHUS, BHEAPICTCS €ro
JIByXpOTalMOHBIN pexkuM. L{enbio uccnenoBanus 6bU10 MPOBEICHNE CPAaBHUTEIBHOTO aHAIN3a
1-7eTHUX KOHTEHHEPHBIX CestHIEB Pinus sylvestris L. 1o MOpHOMETPUYCCKUM MapamMeTpam
MPU JIByXPOTAIIMOHHOM DEXHME BBIPAIIMBAHUSA B YCIOBUSAX KOPOTKOTO BETETallMOHHOTO
Meprosia B BBICOKMX IIMPOTaX. DKCIEPUMEHT MPOBOAMIN B JIECHOM MUTOMHHMKE Ha IOTE
Pecniyonuku Kapenuu. [IponomkuTensHOCTh 11 BapuanTa 1-it potauuu — 146 qHeid, 2-i —
91 nens, s KOHTpOIbHOTO — 132 nHA. Ompeaensny napaMeTphbl CEsTHIEB: BBICOTY, JTHHBI
KOPHS M MOYKH, JUAMETP Y KOPHEBOH HIEHKH, CyXyI0 MacCy BCETO CEsHIa, ero Haa3eMHOI
4acTH, KOpHs, XBoU. OIIEHNBAIN HHTETpajbHbIC TTOKA3aTeIN KadeCcTBa: COOTHOIICHHUE CyXOi
Macchl Ha/I3EMHOM 1 TO3eMHOM YacTeil; Koo HUIMEeHT BBIHOCIMBOCTH, PABHBIH OTHOIICHHIO
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BBICOTHI CESIHIIAa K €r0 JIMaMeTpy y KOPHEBOH ILEHKH, a Takke MHJIEKC KayecTBa J[MKCOHa.
Camble HH3KHE MaccChl CESIHIICB BBISIBICHBI B BapuaHTte 2-M portauuu. PasHuia cpeaHux
K02(h(HUIMEHTOB BHIHOCIMBOCTH U MHJIEKCOB KauecTBa J[MKCOHA MEXly BCEMH BapHaHTaMH
OblTa cTaTHCTHYECKN 3HAaYMMOIt Ha ypoBHe p < 0,05. CooTHOIIEHHE CYXO0# Macchl HaJ3eMHOM
U TI0/I3eMHO#1 YacTel 0Ka3ajloch cCaMbIM HU3KHM Y CestHIEeB 1-i poraumu. Beicokue koaddu-
LIUEHTBI KOPPEISLUHI MEKIY Maccoil cesHIa ¥ JUaMeTpOM KOPHEBOMW IIEHKH ISl BCEX Bapu-
AHTOB TTOJITBEPIKIAIOT 3HAYMMOCTh MOCIIEAHETO IToKa3aresl. Pe3yiabTarsl CBUACTEIBCTBYIOT O
HEOOXOAMMOCTH KOPPEKTUPOBKH BPEMEHHOTO PEXKUMa M MCIOJIB30BaHUSI JTOMOIHUTEIBHBIX
arpoIpUeMoB JUIs IOTyYeHHUs Ka4eCTBEHHOTO 0CaJ04YHOT0 MaTepHana.

Kniwouesvie cnosa: Pinus sylvestris L., xauecTBO cesHIEB, MOP(HOIOTHIECKUE MTPU3HAKH, UH-
Jekc kauecTsa, DQI, siecHOI MUTOMHUK, ABYXPOTAI[IOHHOE BBIPAIIMBaHNE
bnazooapnocmu: Pabora BBHINONHEHA 3a cYeT CPEACTB (eaepanpbHOro OKeTa IIo
roc3anannio Kapenbckoro nayunoro nientpa PAH (Mucturyt neca Kapenabckoro HayqHoro
nentpa PAH).

/s yumuposanus: Robonen E.V., Chernobrovkina N.P., Raevsky B.V., Zaitseva M.I.,
Nelaeva K.G. Double-Cropping of Pinus sylvestris L. Containerized Seedlings under Short
Growing Season Conditions at High Latitudes // U3B. By30B. JlecH. xypH. 2024. Ne 6.
C. 50-65. https://doi.org/10.37482/0536-1036-2024-6-50-65

Introduction

The quality of the created forest plantations, especially at an early growth
stage, significantly depends on the planting stock characteristics [7, 10, 16—18, 20,
21, 31, 38, 43]. Along with increased growth energy, seedlings must have increased
resistance to unfavorable environmental factors [41]. By using high-quality seedlings,
it is possible to improve establishment and growth, as well as reduce planting density
and thinning costs. The process of growing containerized planting stock is being
actively implemented and optimized [5, 24, 34].

In the Republic of Karelia, containerized seedlings have been produced for
more than three decades. To ensure successful seedling establishment in the field,
understanding the impact of nursery practices on seedling quality is essential [29].

The modern practices of coniferous seedlings cultivation involve double-
cropping containerized seedlings in a single year [9, 15]. First-rotation sowing is
carried out with an increase in the duration of daylight, in the second rotation — with
the maximum duration of daylight [15].

However, in Russian mid-boreal forest nurseries, multi-rotation cultivation
poses challenges due to the short growing season and possible asynchrony of
environmental factors (decrease in temperature and photoperiod duration) suppressing
the shoot growth and triggering the process of apical bud formation, as well as the
development of stress resistance [3, 8, 15, 27]. There is a risk that the seedlings will
be unprepared for the stress of planting and winter conditions.

For Karelia, which is experiencing a shortage of coniferous seedlings for
reforestation, the intensification of the cultivation process is an urgent issue. Before
the widespread introduction of double-rotation cultivation, it is necessary to conduct
production testing of this regime under conditions of a short growing season, obtain
data on the morphometric parameters of seedlings and, based on an analysis of
the results obtained, draw a conclusion on the possibility of introducing the tested
regime or the need to adapt it to these conditions. It is important to identify which
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indicators may not meet the standard ones in order to effectively look for ways to adapt
the method. The most commonly used morphometric standards for seedling quality are
dry mass and linear dimensions of the whole seedling and its organs [18, 21, 25, 35].
Integral indices are widely used to assess the quality of seedlings of woody plants of
various species: sturdiness quotient (SQ), shoot:root dry mass ratio (SRR) and Dickson
Quality Index (DQI) [2, 13].

The aim of this study has been to conduct a comparative analysis of one-
year-old containerized seedlings of Scots pine (Pinus sylvestris L.) according to
morphometric parameters under a double-cropping growing regime under conditions
of a short growing season at high latitudes.

Research Objects and Methods

The Experiment Design. Double-cropping cultivation of one-year-old containerized
seedlings Pinus sylvestris L. was carried out in a forest nursery (in the village of Vilga,
southern Karelia, Russia, 61°82'N, 34°16'E) during the 2020 growing season. Scots pine
seeds of quality class 1 (germination rate of at least 90 %) harvested in the Medvezhy-
egorsk central forestry (62°55' N) have been used. The seedlings have been grown in
Plantek 81F rigid plastic trays (81 cells per tray, 546 cells per m2, cell volume 85 cm?,
depth 10 cm). The containers have been filled with a substrate consisting of slightly
decomposed high-moor sphagnum peat, dolomite meal and a complex fertilizer as the
main additive. Two seeds have been sown in each cell. After germination, one plant per
cell has been randomly retained and the rest have been removed. The seedlings have
been grown in a greenhouse according to a standard protocol with foliar top-dressing
with complex fertilizers and regular watering. The electrical conductivity of the sub-
strate during cultivation has been maintained at the level of 1.5-1.8 mS/cm. Fungicides
have been used to prevent mold infection.

In the variants of the first (1rot) and second (2rot) rotations, sowing was carried
out on May 2 and June 26, respectively (Table 1). The control variant (Orot — no rotation
within the season) was sown on May 16. Containers with the 1rot seedlings were moved
from the greenhouse to the hardening plot on June 20. Containers with the 2rot seedlings
were placed in the greenhouse on June 26. On August 25, they were transferred to the
hardening plot (Table 1). The cultivation of Orot seedlings in the greenhouse and in the
hardening plot has been carried out according to a standard protocol [43].

Table 1

The experiment design for growing one-year-old containerized seedlings
of Scots pine (Pinus sylvestris L.)

BV May | June | July | Aug | Sept | GS Sum over season
GGD/OGD, days TGD, days | TGD’, % | GGD', %
Irot | 30/0 | 20/10 | 0/31 | 0/31 0/24 50/96 146 111 34.25
2rot | 0/0 5/0 31/0 | 25/6 | 0/24 61/30 91 69 67.03
Orot | 16/0 | 30/0 | 31/0 | 25/6 | 0/24 102/30 132 100 77.27

Note: EV — experiment variants; GGD (numerator) — greenhouse growing duration; OGD
(denominator) — open growing duration; GS — growing season; TGD — total growing duration;
TGD,’ = TGD/TGD,,-100; GGD," = GGD/ TGD; 100; i — experiment variant.

Orot
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The Morphometric Methods. On September 24, 30 seedlings have been
randomly selected from each variant when froming a sample for morphometric
measurements. A total of 90 Scots pine seedlings have been selected. Each
seedling has been divided into stem, needles, bud and root. The root system
of the seedlings was washed with tap water to remove all soil particles. The
height from the root collar to the base of the terminal bud (SH, cm), root
length (RL, cm), bud length (BL, mm) and root collar diameter (RCD, mm)
have been measured in seedlings. The wet masses of seedling organs have
been determined gravimetrically, the water content (%) in the organs has been
determined, and the dry masses have been calculated for: the tree (TDM, g),
the shoot (SDM, g), the root (RDM, g), the needles (NDM, g) and the buds
(BDM, g). To quantify the quality of seedlings, the integral indicators are: SRR =
= SDM/RDM, SQ = SH(cm)/RCD(mm) and DQI = TDM/(SH + SRR).

The Data Analysis. Morphometric parameters of one-year-old Pinus sylvestris L.
containerized seedlings have been characterized by the mean + standard deviation
(SD), as well as minimum and maximum values depending on the growing regime
variant: lrot, 2rot or Orot. The data has been analyzed using one-way ANOVA to
indentify differences in the mean parameters between the three growing regimes.
The Tukey test has been used for pair-wise comparisons (as a posteriori test) of
growing regimes. All probabilities were tested at a significance level of 0.05.
The variables have been tested for correlations using the Pearson correlation analysis.
The Pearson correlation coefficients calculated for each pair of morphometric parameters
are presented in correlation matrices according to the experiment variants. Paired
linear regression analysis has been used to examine the relationship between variables.
A higher coefficient of determination (R?) has been used to select the best regression
models. To study the relationship between the morphometric parameters of the
seedlings and the time mode of the growing regime, normalized values of the total
growing duration (TGD') and the greenhouse growing duration (GGD') have been
used (Table 1).

The variables have been tested for correlation with the morphometric para-
meters of the seedlings. To study the dependence of the morphometric parameters
of seedlings on the time mode of the growing regime, multiple regression models
have been constructed with two explanatory variables of the form: y, = a + f-TGD," +
+ B-GGD + .

Results and Discussion

The Morphometric Parameters of the Seedlings. The SH in the control (Orot)
variant has been significantly higher than that in the 1rot and 2rot variants (Table 2).
The SH did not differ significantly between the 1rot and 2rot (o = 0.05), amounting to
64 and 72 % of the control, respectively.

The RCD has been significantly smaller in the 2rot variant compared to that in
the lrot one.

The masses of both the whole seedling and its individual organs have been
significantly lower at the 2rot variant compared to the 1rot and Orot ones (a = 0.05).
The mass of seedlings and their individual organs, with the exception of the RDM,
has had similar values in the 1rot and Orot variants.
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Table 2

The morphometric parameters of one-year-old Pinus sylvestris L. containerized seedlings
(mean £ SD; minimum and maximum values) according to the experiment variants

RCD, BL, mm RL,

EV | Value | TDM,g | SDM, g | NDM, g | RDM, g | SH, cm
mm cm

Mean | 1.05a 0.54a 0.43a 0.51a 6.3a 1.94a 6.70a 139a
+SD | 0.08 0.05 0.05 0.04 0.6 0.08 0.50 11
Min | 0.75 0.33 1.60 0.01 4.0 0.25 0.33 100
Max | 1.54 0.83 2.40 0.06 9.0 0.71 0.77 200
Mean | 0.62b | 0.39b 0.31b | 0.23b 7.3a 1.70b | 4.50b 188b
+SD | 0.05 0.03 0.03 0.02 0.5 0.07 0.40 17

1rot

2rot
Min 0.42 0.23 1.40 0.01 53 0.17 0.13 110
Max 0.83 0.55 2.10 0.01 9.2 0.44 0.35 290
Mean | 0.91a 0.57a 0.43a 0.34c 10.4b 1.82ab | 5.50c 139a
+SD 0.16 0.10 0.08 0.07 1.1 0.21 0.70 19
Orot

Min | 0.44 0.24 1.20 0.01 3.0 0.14 0.16 95

Max | 1.67 1.07 2.60 0.02 7.0 0.76 0.60 245

F-value* | 27.31 11.49 10.22 | 57.57 | 39.77 5.03 22.51 | 15.42
p-level 0.000 | 0.00004 | 0.0001 | 0.0000 | 0.0000 | 0.009 | 0.0000 | 0.0000

Note: Here and in Table 4 different letters indicate a significant difference between the vari-
ants as assessed using the Tukey test (o = 0.05); df = 77.

The Pearson linear correlation analysis has been used between all the observed
variables (Table 3).

Table 3
The Pearson correlation coefficients between the morphometric parameters
of one-year-old Pinus sylvestris L. containerized seedlings
according to the experiment variants (p < 0.05)

TDM | sDM | SH | RCD | BDM | BL | NDM | RDM

Irot

SDM 0.894 1.000

SH 0.010 [ 0.182 | 1.000

RCD 0.719 0.659 | 0.196 | 1.000

BDM —=0.002 0.073 0.042 | -0.090 | 1.000

BL -0.370 | -0.303 | —0.011 [-0.075| 0.056 | 1.000

NDM 0.842 [OWGEN| 0.150 | 0.540 [-0.022]-0.366| 1.000

RDM 0.791 0.433 | —0.229 | 0.547 |-0.103|-0,332| 0.371 1.000

RL 0.172 0.081 | —=0.029 | 0.091 |-0.073|-0.156| 0.036 0.235
2rot

SDM 1.000

SH 0.226 0.299 1.000

RCD 0.552 0.562 | 0.298 | 1.000
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The end of Table 3
TDM SDM SH RCD BDM BL NDM RDM
BDM -0.245 | -0.153 | 0.103 |-0.121| 1.000
BL -0.240 | —0.177 | =0.067 | 0.009 | 0.153 | 1.000
NDM 0.148 | 0.535 |-0.155|-0.115| 1.000
RDM 0.825 0.574 0.046 | 0.383 |-0.326|-0.274| 0.557 1.000
RL -0.100 | -0.123 | =0.146 | -0.043 |-0.233 |-0.116 | -0.116 | -0.034
Orot
SDM 1.000
SH 0.618 0.554 1.000
RCD 0.874 0.827 0.800 | 1.000
BDM 0.039 —0.030 | 0.374 | 0.144 | 1.000
BL 0.498 0.469 0.882 | 0.798 | 0.232 | 1.000
0.357 | 0.696 |-0.112| 0.284 | 1.000
0.660 | 0.865 | 0.145 | 0.497 | 0.783 1.000
0.439 | 0.187 | 0.266 | 0.275 |-0.006 | 0.249

Note: Here and in Table 5 the significance of the correlation between the parameters measured
is indicated by the intensity of the coloring.

A strong correlation has been found between the following indicators: the

TDM, SDM, NDM and the RCD. No significant correlation between the bud dry
mass and the RL with other parameters has been found in all the experiment variants.
The correlation coefficients between the variables in the 1rot and 2rot variants have
been lower than in the Orot variant.

The Integral Quality Indices. For all analyzed variants, the difference in the average
SQ values has been statistically significant at the level of p < 0.05 and has amounted to
57 and 72 % of the control for the 1rot and 2rot variants, respectively (Table 4).

Table 4

The integral quality indices SQ, SRR, DQI of one-year-old Pinus sylvestris L.
containerized seedlings (mean + SD) according
to the experiment variants

SQ SRR DQI
Value
1rot 2rot Orot 1rot 2rot Orot 1rot 2rot Orot
Mean 3.3a 42b | 5,8¢c 1.1a 1.7b 1.7b | 0.23a | 0.10b | 0.12¢
+SD 86 1 0.9 0.3 0.3 0.3 0.06 | 0.02 | 0.05
F-value* 46.67 33.07 62.5
Note: df ="77.

The SRR of the 1rot seedlings has been more than one and a half times lower
than that of the seedlings of the other two variants. The SRR values have been equal
in the 2rot and Orot variants. The DQI values for all variants have had significant
differences and ranged from 0.10 to 0.23.
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A high correlation has been found between DQI and the following variables:
the TDM, SDM, NDM and RCD, and a significant correlation with the SH in the Orot
variant (Table 5).

Table 5

The Pearson correlation coefficients between the integral quality indices SQ, SRR, DQI
and the morphometric parameters of one-year-old Pinus sylvestris L.
containerized seedlings according to the experiment variants

SQ SRR DQI

Irot 2rot Orot Irot 2rot Orot Irot 2rot Orot
TDM | -0.287 | =0.124 | =0.507 | 0.279 | 0.031 | -0.065 | 0.748 | 0.829
SDM | -0.109 | =0.054 | =0.514 | 0.671 | 0.366 | 0.137 | 0.484 | 0.670

SH 0.893 | 0.831 | 0.163 | 0.403 | 0.284 | —0.207 | =0.586 | =0.266 | 0.517
RCD | -0.251 | =0.276 | =0.447 | 0.235 | 0.150 | -0.146 | 0.505 | 0.531 | 0.875
BDM | 0.071 | 0.186 | 0.240 | 0.146 | 0.174 | -0.307 | =0.094 | =0.330 | =0.015

BL | -0.008 | =0.049 | 0.012 | -=0.059 | 0.103 | -0.053 | =0.274 | —=0.140 | 0.452
NDM | -0.084 | =0.191 | -0.586 | 0.686 | 0.353 | 0.158 | 0.443 | 0.724

RDM | -0.429 | =0.203 | —0.446 | -0.356 | =0.518 | =0.377 | 0.843 | 0.855
RL | -0.043 | =0.117 | 0.309 | -0.065 | 0.070 | -0.521 | 0.197 | -0.017 | 0.063

In the 1rot and 2rot experiment variants, a significant correlation has been found
between the DQI values only with the following variables: the TDM, SDM, NDM and
the RCD. There has been no correlation between DQI and the SH in these variants.

The regression analysis has shown that the DQI value has been significantly and
positively correlated with the RCD only in the Orot variant (R2= 0.77; see Fig. below).

Olrot R*=10,2648
o2rot R*=0,2824

AOrot R2=0,7652

O lrot R2=10,7148
O2rot  R2=0,6898
1 aorot 2=0,0265 &

045 -
0,40 -
0,35 -
0,30 -

— 0,25 -

20,20 |
0,15 -
0,10 -
0,05 -
0,00

SQ
— N W kA~ N 9 0 O
1

1 12141618 2 22242628 0 50 100 150
RCD, mm SH, mm

Paired linear regression analysis of the ratios of integral quality indicators DQI and SQ
and morphometric variables (linear dimensions) of one-year-old containerized Pinus sylvestris L.
seedlings according to the experiment variants
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The Relationship between the Morphometric Parameters of the Seedlings and
Temporal Indicators of the Growing Regime. The dependence of the morphometric
parameters of the seedlings on the normalized temporal indicators of the growing
regime TGD'" and GGD’ has been studied.

The TDM, SDM, NDM, RDM, RCD, BL and the integral quality index DQI
have positively correlated with the total growing duration (TGD’). A strong positive
correlation with TGD’ has been observed for the TDM and RDM, as well as DQI
(Table 6).

Table 6

The Pearson correlation coefficients between the morphometric parameters
of one-year-old containerized Pinus sylvestris L. seedlings and the normalized temporal
indicators of the growing regime TGD' and GGD’, (p<0.05)

TDM | SDM | NDM | RDM SH RCD BL QS SRR DQI
TGD" | 0.643 | 0.450 | 0.447 | 0.730 | -0.097 | 0.330 | 0.579 |-0.260 | -0.517 | 0.680
GGD' |-0422|-0.141 | -0.190 |-0.646 | 0.645 |-0.264 |-0.496| 0.785 | 0.664 | -0.770

The SH, as well as the QS and SRR indicators have positively correlated with
the duration of the seedlings’ stay in the greenhouse (GGD'). The RDM and DQI
have shown a strong negative relationship with GGD’. The TDM, BL and RCD have
shown a moderate negative relationship with GGD'.

To study the dependence of the morphometric characteristics of seedlings
on the normalized total growing duration and the greenhouse growing, multiple
regression models have been constructed (Table 7).

Table 7

The parameters of the multiple regression models with two explanatory variables
of the form: y,= a + B,*TGD’,+ B,*GGD’;+ ¢, y — the morphometric parameters
of one-year-old containerized Pinus sylvestris L. seedlings

o B, B,

Coef | t-stat | p-value | Coef | t-stat | p-value | Coef | t-stat | p-value

TDM | 17.80 | 0.076 | 0.940 |9.590 |5.589 | 0.000 | -0.840 |-0.483 | 0.630 [0.415|27.31

RDM | 110.5 | 1.080 | 0.284 |4.434|5.911| 0.000 | 27723 |-3.574| 0.001 [0.599|57.57

SH |—44.63 2613 | 0.011 |{0.600|4.794| 0.000 | 1.223 | 9.620 | 0.000 [0.550(47.07

QS [-1.839 |2352| 0.021 |0.024 {4.203 | 0.000 | 0.072 | 12.36 | 0.000 |0.688|84.80

SRR | 1.111 |3.292 | 0.002 |-0004 [-1.743| 0.085 | 0.013 | 5.282 | 0.000 |0.462|33.06

DQI | 0.167 | 3.354 | 0.001 |0.001 [4.098| 0.000 |-0003 [—6.845| 0.000 |0.666 |76.67

The proportion of variance due to regression in the total variance of the “y”
indicator, characterized by the determination coefficient R2, exceeded 50 % (R2>0.5)
in the RDM, QS and DQI models, which allows them to be considered significant
(for o < 0.05).
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The Morphometric Parameters of the Seedlings. The morphometric parameters
of the seedlings and their organs at the end of the growing season have reflected
the growth activity depending on the conditions and duration of cultivation. Many
studies show that the seedling RCD, the shoot height, and the SRR strongly correlate
with the establishment rate during planting [10, 20].

A comparative analysis of the seedlings in our experiment has revealed
significant differences in the linear dimensions and biomass of plants depending on
the rotation regime. In terms of height, the seedlings of the 1rot and 2rot variants have
been significantly inferior to the Orot (control) variant, amounting to 64 and 72 %,
respectively. The RCD has been significantly lower in the 2rot variant compared
to the lrot one, but has not differed significantly from the Orot one. In terms of bud
length, the 2rot seedlings have also had the lowest value (83 % of the Orot variant); the
leader has been the 1rot variant (123 % of the Orot variant). In terms of the mass of both
the whole seedling and individual organs, the worst results have been obtained in the
2rot variant. There have been no significant differences in the TDM, SDM and NDM
between the 1rot and Orot variants. The RDM in the Irot variant has been 1.5 times
higher than in the Orot variant, and more than twice as high as in the 2rot variant.

Allometric models can be useful in practice for estimating the seedling mass
based on available linear dimension data. Models have been developed to predict
seedling biomass, including total biomass, aboveground and underground biomass
of tropical woody plant seedlings based on the RCD, SH, and wood density [37].
Understanding the existing correlations between morphometric parameters is
necessary to build similar models that will help develop better production methods
and ensure high quality seedlings [4].

The Pearson linear correlation analysis has been performed between all the
observed variables. There has been no significant correlation between the bud dry
mass and the RL with other indicators in all experiment variants, so they have been
excluded from further consideration. The bud length has shown an ambiguous
correlation with other indicators between the experiment variants. Thus, in the 1rot
and 2rot variants, its correlation with most indicators is weak negative, and in the Orot
variant it is strong or moderately positive.

Of greatest interest has been the identification of a correlation between the linear
dimensions of the above-ground part, which can be determined without damaging the
plant, and the values of the dry mass of the organs of the whole seedling. The SH
has shown a moderate positive relationship with the biomass indices only in the Orot
variant. The RCD, on the contrary, has shown a high and medium positive correlation
with the parameters of both the above-ground and underground parts of the seedlings
in all variants, with the exception of a weak negative correlation with the RDM in the
Irot variant. The 1rot and 2rot variants generally have lower correlation coefficients
between the variables.

The Integral Seedling Quality Indices. Morphometric parameters used to assess
the quality of seedlings should be studied comprehensively rather than individually.
If considered separately, there is a risk of selecting taller and weaker seedlings and
rejecting smaller and stronger ones that may have better establishment rates. In order
to minimize possible errors that may arise when using only one or two parameters,
the work has used integral seedling quality indices based on two or more of the most
significant morphometric parameters [1, 13, 14, 32, 35, 40].
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Many studies show that the seedling RCD, shoot height, SRR and other integral
indices strongly correlate with establishment and growth rates upon planting [10, 20].
The integral indices (SRR, SQ, and DQI) have been evaluated in this study for three
growing regimes. The best results for all three integral indices have been obtained in
the 1rot variant.

The SRR is considered an effective and reliable indicator for assessing the
quality of seedlings [4]. The seedlings with a very high SSR indicate a disproportionate
development of the above- and underground parts of the seedlings, which leads to
uneven water distribution in the plant and its poor establishment. Their initial growth
is inhibited after planting in the field [6, 36].

The low ratio of the dry mass of the above-ground part of the seedling to the dry
mass of the root (SSR) has been shown to be particularly important for establishment
upon planting under soil moisture deficiency conditions [20]. This can be explained by the
increased water and nutrient consumption provided by the larger root system compared
to the lower requirements of a smaller above-ground part. On the other hand, a very low
SSR may indicate insufficient shoot growth [28, 38]. The SSR ratio varies depending
on the plant species and age. In coniferous seedlings, this ratio usually exceeds 1.
The recommended SRR for many conifers grown in nurseries is within 2.5 [26].

The lowest SRR value in our experiment has been obtained in the 1rot variant.
In the seedlings of the 2rot and Orot variants, the values of this ratio have not differed
significantly, but have been noticeably higher than in the seedlings of the 1rot variant.
Our results show that the 1rot seedlings, characterized by a low ratio of aboveground
mass to root mass due to a more developed root system, have a higher chance of
establishing when transplanted to a forest cultivation area. The RCD of the stem at
the seedling stage can help predict future growth quality after transplantation, but
only in combination with SH does it provide information on whether the seedlings
are highly vigorous, vigorous or weak [10, 22, 28].

SQ is an important morphometric indicator of seedling quality [11, 12, 26, 28].
In our experiment, the lowest SQ value has been obtained in the lrot variant and
amounted to 57 % of the Orot variant. A lower SQ indicates a stronger and higher quality
plant. The SQ can be used to assess the survival and growth of seedlings [28]. In the 2rot
variant, the SQ has also been lower than in the Orot one (72 % of the Orot variant).

DQI takes into account several variables and can therefore provide important
information about the overall quality of seedlings [25, 28, 39]. It includes five
morphometric parameters (the TDM, SDM, RDM, SH and RCD) and serves as an
effective indicator of quality and is often used in seedling research. A higher DQI value
indicates a more desirable phenotype, stability and balance of biomass distribution in
seedlings [28]. The DQI values for all experiment variants had significant differences.
The best DQI value has been found in the 1rot variant; it has been two or more times
higher than in the 2rot and Orot variants.

The Regression Models of the Relationship between Seedling Quality
Coefficients and Morphometric Indicators. For the construction of regression models,
suitable variables have been identified using correlation analysis. For Dixon quality
index, a high positive correlation has been found with the following variables: TDM,
SDM, NDM, RDM, RCD, and a significant one with the SH in the Orot variant; a high
positive correlation with the TDM and RDM in the 1rot and 2rot experiment variants.
No correlation has been found between DQI and the SH.
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The high correlation of morphometric parameters and the calculated DQI in
the Orot variant has indicated a good balance of the seedling organs in terms of mass
and linear dimensions in this experiment variant.

Regression models have been constructed to identify the relationship between the
DQI and SQ quality indices and some morphometric parameters. A statistically significant
dependence of DQI on the TDM (0.95 > R2> 0.58) and RDM (0.88 > R2>(0.61) has been
shown in all experiment variants. The relationship between DQI and RCD has been found
only in the Orot variant (R2= (.77). A strong positive relationship between the SQ and SH
has been obtained in the 1rot (R2=0.71) and 2rot (R2= 0.67) variants.

Since the coefficients used here, primarily DQI, are considered good indicators
of seedling quality, allowing to predict field survival and further growth, as shown
by many studies [4, 10, 20], the absence of a strong or moderate correlation between
the linear dimensions of the shoot and these quality indices obviously does not allow
to use only non-damaging methods for a reliable assessment of seedling quality.
To obtain a more reliable assessment, it is also desirable to determine the biomass
of organs, as well as their physiological parameters.

The Morphometric Parameters of the Seedlings Depending on the Temporal
Growing Regime. Quantitative indicators of the biomass of a seedling and its organs
at the end of the growing season characterize growth activity and depend on the
conditions or duration of their cultivation. A comparative analysis of the morphometric
parameters of seedlings and their organs, carried out in this experiment, has made
it possible to reveal differences depending on both the total duration of cultivation
during the season and the duration of cultivation under different conditions: in a
greenhouse or in open ground.

The dependence of the morphometric parameters of seedlings on the norma-
lized temporal indicators of the growing regime TGD' and GGD' has been stud-
ied. Some linear dimensions and dry mass of the seedling and its individual organs,
as well as the DQI integral quality index, have positively correlated with TGD'.
In particular, the TDM, RDM and DQI have strongly positively correlated with TGD'
(R = 0.643, 0.730 and 0.680, respectively). A strong positive correlation has been
observed for the SH, QS and SRR with GGD' (R = 0.645, 0.785 and 0.664, respec-
tively). A strong negative relationship has been found between the RDM and DQI with
GGD' and a moderate negative one between the TDM, BL and RCD with GGD'.

Multiple regression models of the form: y, = a + B,-TGD, + B-GGD, +
+ &, with two explanatory variables have been constructed to study the de-
pendence of the morphometric parameters of seedlings on TGD' and GGD'.
The significance of the models for the RDM, SH, QS and DQI indices (for o < 0.05)
has been shown, since the proportion of variance due to the total variance of
the four studied indicators, characterized by the determination coefficient R2
has exceeded 50 % (R2 > 0.5).

The analysis of multiple regression models has shown that 60 % of the variations
in root mass, 55 % of the variations in SH, 69 % of the variation in QS and 67 % of the
variations in DQI have been explained by TGD’ and GGD'. The regression model for
the root mass indicates a positive relationship with TGD’ and a negative relationship
with GGD'. That is, the long stay of seedlings in the greenhouse significantly nega-
tively correlates with the mass of the roots. The SH, on the contrary, has depended
positively on both GGD’ and TGD', and to a greater extent on GGD'.
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DQI has depended positively on the TGD’ and negatively on the GGD'.
The results obtained show that in order to obtain high-quality planting stock with
a high DQI quality coefficient, a relative stay in the greenhouse in all experiment
variants is sufficient, however, the total duration of cultivation in the 2rot variant
should be increased.

The morphometric parameters of planting stock must be taken into account when
choosing the soil conditions of the site planned for planting. When planted in damp
areas characterized by well-developed surrounding herbaceous vegetation, seedlings
with a tall and massive above-ground part, with a large photosynthetic surface area,
have an advantage in a fierce competition for light. They can be recommended for
creating forest plantations in such areas. In our experiment, seedlings of the Orot
variant, having the greatest SH, but the worst SRR indicators, are better suited to
damp areas with conditions favorable for their growth.

On the contrary, the seedlings of smaller size, but having a small transpiring
surface area relative to the absorbing root system, with low SRR values, are more
easily established in areas exposed to water stress [17, 26]. The 1rot seedlings with
the lowest SRR value are better suited for dry areas with poor vegetation.

When choosing the edaphic conditions for a planting site, it is necessary to take
into account the morphometric parameters of seedlings grown under different growing
regimes in order to maximize their post-planting survival and further growth. Periods
of spring drought may become more frequent due to global warming, which must
be taken into account when improving methods for growing planting stock adapted
to conditions of water deficiency [30]. The selection of seedlings with the desired
genetic, morphometric and physiological parameters is necessary to maximize the
use of site resources [16, 23, 30, 33]. The phenotypic characteristics formed during
the cultivation of seedlings in forest nurseries ensure their preliminary adaptation to
the planting site.

Conclusions

A production test of the double-rotation cultivation of one-year-old Pinus
sylvestris L. containerized seedlings has been conducted in a forest nursery
under conditions of a short growing season at high latitudes. The morphometric
characteristics of seedlings have been obtained and analyzed, and the possibility of
introducing the tested regime into forest nursery practice without adaptation to these
climatic conditions has been assessed.

The absence of a significant correlation between the linear dimensions of the
above-ground part and DQI and other integral indices in two experiment variants
indicates the insufficiency of non-damaging assessment methods for obtaining
objective information on the quality of seedlings. For a more accurate assessment, it
is advisable to determine the mass of seedling organs and physiological parameters.

A comparative assessment of the of the morphometric parameters of pine
seedlings of three cultivation variants, including the use of integral quality indices,
has shown that in order to obtain high-quality standard planting stock in northern
latitudes, it is necessary to adapt the double-rotation cultivation regime by adjusting
the time regime and applying additional agricultural techniques.
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