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FOREWORD

From May 14 to 162025, Latvia University of Life Sciences and Technologies hosted the 31st
Annual I nternati onal Scienti fic Cobringiegr ence
together researchers, experts, and practitioners to discuss current sademgfa@pments and

practical solutions for the sustainable development of rural areas.

This year, a total of 108 presentations were successfully delivered at the conference. Registered
participants represented 10 different countries, and 122 participants attended the event in
person.

We believe that these Proceedings will be an excellent reference volume for researchers
worldwide and will stimulate further research in agriculture, forestry, food and veterinary
sciences, engineering, ICT, environment, economics, and education.

We would like to thank all authors and reviewers for their contribution in international scientific

level.

We also sincerely thank all section moderators for their dedication and professionalism, which
hel ped make the discussions smooth and meani
Fur manova, E. Dubr ovRivkaLsDuck&na, DG3 anbcueg,a ,S .L .Z eFveel rc
J. Kaneps, U. Skadins, V. Tetere, J. Piletheugaceva, A. Pilvere, G. Mazure, T. Rubina, T.

Sinkus, P. Miezaka. We extend our sincere thanks to the conference organizing team and all
our colleagues whose dedicated efforts made thastea success.

The O6Research for Rural Devel opment 6 confere
for international collaboration and scientific exchange in support of innovation and
sustainability in rural regions.

We hope to see you at the Latvia University of Life Sciences and Technologies next year during

the 329 International Scientific Conferenad®esearch for Rural Development Ba2which

will take place on May 135, 2026!

NatalijaSergejeva

Chairperson

Annual 31% InternationalScientific Conference
Researclior RuralDevelopmenR0256
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Abstract

Seekingto achievea balancedunctioningof agrocenosest is vital to maintaina high productivity level of the cropsgrown
with organicmanagemenpracticeswhich major problemis yield lossesdueto poor soil quality. Alfalfa (Medicagospp.)is
one of the most valuableforage crops of leguminousfamily, whoseroot systempenetrateso deeperlayers of the soil,

improving physicalandchemicalsoil propertiesHowever the useof alfalfais limited dueto its sensitivityto soil conditions.
Theaim of this studywasto assesa | f aagrbkaofpgical propertiesundervarioussoil conditions.Field experimentavere
conductedn four differentlocationswith optimal managementgro-biological propertiesof six alfalfa (Medicagosatival.

andM. varia Marth.) cultivarsof variousgeographiorigin wereevaluatedn a high productivity CambisolandLuvisol It was
determinedhat cultivar dVildaddistinguishedor goodoverwintering plantsof cultivarsé6 A n td @ Ma | dandiSkriverwd
weretaller atthebeginningof flowering, cultivaré B i rdistinguiShedor thehighesigrassyield, while 6 A n téanddgirutad
distinguishedor the dry matter(DM) yield. In alow productivity Retiso| the pH andmobile aluminiumconcentratiorhada
major influenceon overwintering,fresh matterand DM yields of the examinedalfalfa cultivars. Alfalfa overwinteringwas
10.11 20.7%while fresh matterand dry matteryields were 2.0/ 2.4 and 2.8 times lower comparedo alfalfa grownin high

productivity soil.

Keywords: Medicagospp.,agrabiologicaltraits, productivity,soil type.

Introduction

In Lithuania, agriculturalland soils markedlydiffer in
productivity. Nearly 40% of the soils areinsufficiently
fertile (Tripolskaja & Gi d | a @04®;ansreover,
thosein thewesterrpartof thecountryarecharacterised

by an acid reaction( Re p g& ko d 20&a0). & ,

Retisolshave a low buffering capacity and sorption,
leadingto rapid acidification, nutrient depletion,and

Alfalfa, aswell asthe otherlegumegrassesprefers
soil pH of 6.5/ 7.2. They cangrowin moreacidsoil as
well, where limy layer is not deepin the subsoil.
However,in acidsoils,alfalfabecomesnoresensitive
for overwintering, drought and diseasescirculating
duringthevegetatiorperiod( Da u g 382010)e n &
Not only in Lithuania, but also in other countries
aroundthe world, alfalfa breedingprogrammesgocus

reducedwater retention( Re p ¢& K am@| a u s kdnaintér hardinessseedand grassyields increase,

2016). Acidic soils are the most significant barrier to
agriculturalproductivity becausef the directeffectsof
pH on root environmentand plant growth (Tomchuk,
2018).Acidity limits root growth and, asa result, the
absorptionof waterand mineral nutrients.The topsoil
layer,which containanoreorganicmatter,is dominated
by H*, while Al3* toxicity is moreevidentin the layer
below. Acidic soil conditions induce plant stress,
leading to symptomssuch as slowed growth, weak
tillering, sparsecrop coveragedelayeddevelopmental
stages, and heightened susceptibility to diseases
(Goulding,2016;Wangetal., 2016).

Alfalfa is valuedfor the croplongevity, high fertility,
goodforagequality and beneficialcharacteristicgor
the environment(improves soil physical properties,
accumulates valuable nutrients and atmospheric
nitrogen).Alfalfa distinguishegrom the otherlegume
grassedor its resistanceto drought, becausestrong
roots enableeasiernutrientsand water accessibility
from deeperlayersof the soil. Growing pure alfalfa
cropsor their mixturestogethermwith the othergrasses
and legumes, the soil is enriched by nitrogen
(Arlauskiene & Ma i k gt a2004)e mharefore,
alfalfa is a goodforecrop( Sk uo&@8 Nek 80 g i
2012).Moreover,it is worthto plantalfalfa onthehill
slopes of 10i2 0 Asteepness (Jankauskas &
Jankau20R3).ena,

crop longevity, and resistanceto abiotic and biotic
stressesVarious breedingand selectionmethodsare
currently being usedto developalfalfa varietiesfor
different purposeswith highergrassandseedyields,
resistanceto diseasesoleranceto acid soils and
mobilealuminium( L i at et&l.j2@e24)a
Whenselectingalfalfa, it is very importantto compare
the new varieties being developed with those
developedn Lithuaniaandin othercountries Foreign
varietiesof alfalfahavegoodgrassandseedyieldsbut
aresensitiveto the climatic conditionsof our country
( Li at @K2).enraddition,the newly developed
varieties must not only be higher yielding than
previouslydevelopedvarieties,but alsodistinguished
by other desirabletraits such as plant height at the
beginningof flowering, leaf andinflorescenceshape,
colour,stemthicknessetc.

The study was aimed to evaluateand comparethe
productivity traits of alfalfa varieties in different
genesisoils.

Materials and Methods

Experimentaltrial in the field

Ehadaltivarsof alfalfaweresownin four locationsof
theexperimenfield. Thefirst experimenfield wasat
theV 4 ¢ a iBilanchof LithuanianResearciCentre
for Agriculture and Forestry(in the westernpart of
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Lithuania). The soil of the experimentalsite was
BathygleyicDystric Retisol (WRB, 2022), with a
texture of sandylight loam, high acid soil reaction,

phosphorusand potassiumrich soil, organic carbon
Corg. 1.23%, total nitrogen Nt 0.12°0.14% and
mobile Al 1.7823.41mgkg' ! (Tablel).

Table 1
S i tchasabteristics
Indices Experimentalsite
. vagai || Instituteof Utena Pasvalys
Pedologicalindices Branch Agriculture PVTD PVTD
Soil type Retisol Cambisol Luvisol Cambisol
Soil texture sandylight loam | light loam sandyloam | clayloam
Sand % 46.9 49.0 55.6 22.7
Silt, % 45.1 37.5 32.0 50.3
Clay, % 8.0 13.5 124 27.0
pHkci 4.4 4.7 6.97.3 6.4 6.4
Mobile Al, mgkg'? 1.78§23.41 0.00 0.00 0.00
Mobile P,Os, mgkg'* 177335 201 270 127 234
Mobile K;O, mg kg'! 195234 1017175 187 366
Niotai %0 0.120.14 0.14/0.16 0.130.15 | 0.150.16
OrganicC, % 1.23 1.47 1.06 1.35
Climatic indices 2021
Total annualprecipitation,mm 907.7 515.7 623.0 795.2
AnnualmeantemperatureA C 7.4 7.4 6.9 7.9
Growing seasofs total precipitation,mm 528.1 388.5 433.6 526.6
Growing seasofs meanair temperatureA C 13.3 13.7 13.2 13.6
2022
Total annualprecipitation,mm 803.2 628.4 807.0 6429
AnnualmeantemperatureA C 8.1 8.0 7.3 7.7
Growing seasofs total precipitationmm 461.4 472.1 579.8 427.1
Growing seasofs meanair temperatureA C 13.2 13.3 12.6 13.0
2023
Total annualprecipitation,mm 1045.6 504.7 754.5 578.6
AnnualmeantemperatureA C 8.6 8.8 8.2 8.4
Growing seasofs total precipitationmm 487.7 323.3 466.6 398.7
Growing seasofs meanair temperatureA C 13.8 14.4 13.8 14.1

Notes: Growing season$rom 4 to 10 montrs. PVTD i PlantVariety TestingDivision.

The secondexperimentfield was at the Institute of
Agriculture of Lithuanian Research Centre for
Agriculture and Forestry(Dotnuva,in the centralpart
of Lithuania). The soil of the experimentalsite was
Endocalcari Epigleyic Cambisol (WRB, 2022). The
physicochemicapropertiesof investigatedsoil were:
light loam texture, neutral soil reaction,phosphorus
rich soil andlow amountof potassiurrin soil, organic
carbonCorg 1.47%andtotal nitrogenNora 0.141 0.16%.
The soil of the experimentalsite in Utena (North-
easterrpartof Lithuania)wasLuvisol with a texture
of sandyloam, neutralsoil reaction,mediumamount
of phosphorusindpotassiunrich soil, organiccarbon
Corg. 1.06% total nitrogenNota 0.13 0.15%.

The soil of the experimentakite in Pasvalys(North
partof Lithuania)wasCambiso) with atextureof clay
loam, neutralsoil reaction phosphorusndpotassium
rich soil, organic carbon Cyrg. 1.35%, total nitrogen
Niotas 0.15°0.16%.

In order to evaluate agrabiological traits, alfalfa
cultivars were sown on neutral (Cambiso) and low-
yielding acid soil (Retiso). The seedf six cultivars

weresownin 2020.During the period of 2021 2023,
the agrobiological traits (overwintering,plant height
before flowering, fresh and dry matteryields) were
evaluatedTheplantsof alfalfacultivarswerecutthree
timesin Cambiso] however,the plantswere cut two
timesin Retiso] dueto slow regrowthafter cuts. In
eachlocation of the experimentthe seedsof alfalfa
cultivar were sown in two rows of 3 m lengthin a
randomizedlock designwith threereplicationsEach
alfalfa cultivarwassownin smallerexperimentaplots
of 1.5 m? with a 1.0 m spacingbetweendifferent
genotypesWeedcontrolin alfalfacropswasmanaged
using the herbicideBasagram80 (active ingredient:
bentazoM80gL dtarateof2Lha 7T .
Cultivar testingand registration

In this experimentLithuanianalfalfacultivars6 An fha n a

6 Bi réuMaal daridih @y ddtHeculfivar Skriverd
from Latvia and a new Lithuanian cultivar éMildad
(Medicago varia Martyn.) were used. In 2008, the
cultivar dviildad hasbegundevelopedby hybridization
method in the greenhouseconditions. Two cultivars
( 6 Au b I ©2891)werecrossedetween.
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After the developingof the breedingpopulationAl -
3058 dMlildag this population was transferred to
testingthe valuefor cultivationanduse(VCU) at the
State Variety Testing Division in two locations of
Lithuaniai North-eastern(UtenaStatePlant Variety
Testing Division) and North (PasvalysState Plant
Variety Testing Division). At the sametime other
testing of population Al 3058 dMlildad for DUS
(DistinctnessPYniformity, Stability) wascarriedoutin
2020 2023attheResearclCentrefor Cultivar Testing
(COBORU) in Poland. After the confirmation of
positive DUS and VCU tests,in 2024, the cultivar
Mildabwasincludedto the LithuanianNational List
of PlantVarietiesaswell asto EC Commoncatalogue
of varietiesof agriculturalplantspecies.
Weatherconditionsof experimentiocations
Lithuanian climate zone is semicontinental with
moderately warm summers and moderately cold
winters. The weatherconditionsof the experimental
yearsin thecentralregionof Lithuania(Dotnuva)were
cold andwet in winter and very warm and humid in
summer.Throughouthe studyperiod,the averageair
temperaturevasi 1 .ALn Januaryand 19.5 A Gn
July, with anannualprecipitationof 550 mm, varying
from 505mmin 2023to 628.4mmin 2022(Tablel).
During the studyperiodin the north-easterrregionof
Lithuania (Utena),the averageair temperaturevas’
1.7 A Cin Januaryand 18.9 A Cin July. Annual
precipitationwas 728 mm and rangedbetween623
mmin 2021and807mmin 2022(Tablel).

In thenorth-eastermegionof Lithuania(Pasvalys)the
averagegemperaturaluring the studyperiodwasi 0.6
A @ Januaryand19.1A @ July.Annualprecipitation
was672mmandrangedbetweerb79mmin 2023and
795mmin 2021 (Tablel).

The western region of Lithuania ( Va g a
distinguishes for the maritime climate and is
characterizedas moderately warm and humid. In
comparisonwith the other regions, the amount of
precipitationis the highestthere. During the study
period, the averageair temperaturewas 0.6 A Cin
Januaryand 18.3 A Cin July. The averageannual
precipitationwas 908 mm and rangedbetween803
mmin 2022and907mmin 2021(Tablel).
Statisticalanalysis

The statistical analyseswere performed using the
statisticalprogramSAS EnterpriseGuide,version7.13
(SAS Institute Inc., USA). The significance of the
differences between experimental treatments was
evaluatedy onefactoranalysiof varianc ANOVA).
Tukeyss HSD test was performed for multiple
comparisonsgtthesignificantprobabilitylevelp < 0.05.

Resultsand Discussion

LithuanianNational List of PlantVarietiescontains7
alfalfa (Medicago sativa L.) cultivars, 4 of them i
Lithuanian.In 2024, a new sandalfalfa (Medicagol
varia T. Martyn) cultivar dMildaé was included.
According to the studiesof economicvaluein 2022

2023,it wasdeterminedo beresistanto overwintering,
cropflattening(Table3). In thebeginningof flowering,
the plantswere 3.0 cm taller, comparedo the standard
Latvian cultivar &kriveruia éMildadwasmoreyielding
(1.93t hd Y for thedry matteryield thandSkriverwa The
indicatorsof foragequality weresimilar to the standard
cultivar: proteins 1 20.0% dildaé and 21.1%
@kriverlq fibre i 27.2%and26.3%,leafiness 45.8%
and45.2%,respectively.

Theresultsof the studyshowedthatthe overwintering,
plantheightbeforeflowering, freshmatteryield anddry
matteryield weresignificantly influenced(P < 0.0000)
by the soil pHkc, and the weather conditions of
experimentayear(Table2). Accordingto theresultsof
2022 2023, cultivar Vlildaéoverwinteredvery well (9

points). The overwintering of cultivars 6 An tdan a

6 Bi r daty&dadal onMha | évand @kriverld was
similar to dVlildaé (rangedfrom 8.6 to 8.9 points).Our

studyshowedhatall cultivarsof alfalfa differed by the

plant height before flowering under different

environmentatonditionsduring the growing seasorin

2022 2023.Plantheightis relatedto the environmental
conditions and the geneticsof individual genotypes
(Kavutetal.,2014;Djamanetal., 2020).

In the vegetationperiod of 2022, contrastiveweather
conditionsi rainy andwarmdominatedTheperiodof

springsummeilin 2023waslessrainy, hotteranddrier.

Thereforethe cultivarsof alfalfawerel.1timestaller

before flowering in 2022 than in 2023. During the

growing stagein 2022thatwasmentionedabove the

height of plants of cultivar dVlildad was similar to

6 An tog Ma | éanddkriverj andslightly lower

comparedto alfalfa cultivars6 B i ramdd@ydd rol
1.05 times, respectively.In 2023, alfalfa cultivar

AMildadwastaller thanLatvian cultivar &kriveryd but

i |lawerithan cultivar 6Gy d rol Inl&times each,

respectively.

Environmentaktonditionsplay a significantrolein the
variationof freshanddry matteryields amongalfalfa
cultivars(Veronesiet al., 2010).Freshmatteryield of
alfalfa cultivarswas 1.3 timeshigherin 2022thanin
2023.The freshmatteryield of cultivar Mildad (47.6
thd?!) wassimilartoé B i r(4r Ztha'). dvildadwas

more yielding comparedto cultivars 6 A n to and &

@kriverd by 1.1 times and was more yielding
comparedo Gy d rohmié Ma | dby In0&times.
In 2023, the fresh matteryield of cultivars dVildag

6 An tgadyad rolanda Ma | dmiagwsiilar and
rangedfrom 32.8t hd ! to 37.0t hd !, while the most
yielding cultivarwasé B i r(406thé?).

Thedry matteryield of alfalfawassimilarin 2022and
2023 8.8t hd!and9.6t hd?, respectivelyDry matter
yield of cultivarsdMildadanddG y d roéwassimilarin

2022, and these cultivars were more yielding
comparedo &kriverlj by 1.1 times. The dry matter
yield of cultivars6 A n t6anaddB i rwasthéhighest
and thesecultivars were by 1.4 times more yielding
comparedo &kriverwbandby 1.2timesmoreyielding
comparedo Mildaa
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Table 2

The ANOVAresultsfor the soil pHkci, underfield conditionseffectson alfalfa wintering, heightat before

flowering, freshanddry matteryields

Traits - Squrce
Cultivar Soil pHke Year

Overwintering(score) P<0.0000 P<0.0000 P<0.0000
Plantheightbeforeflowering (cm) P<0.0000 P<0.0000 P<0.0000
Freshmatteryield (t ha?) P<0.0000 P<0.0000 P<0.0000
Dry matteryield (t hd?) P<0.0000 P<0.0000 P<0.0000

Table 3

Thevaluefor cultivationanduse(VCU) of testedalfalfa cultivarsin a high productivitysoil in 20222023

2022 2023 2023
Traits (2021sowingyear) (2021sowingyear) (2022sowingyear)
PasvalysPlant Variety TestingDivision
Milda Skriveru Milda Skriveru Milda | Skriveru
Overwintering(1i 9 score) 9.0 9.0 9.0 9.0 9.0 9.0
Resistancéo subsidencéli 9 8.0 8.0 90 9.0 90 90
score)
Plantheight cm 91.0 96.0 79.0 73.0 70.0 65.0
Leafiness% 49.0 40.0 X X 53.0 57.0
Crudeprotein,% 19.9 22.8 20.7 22.5 20.0 19.7
Crudefibre, % 30.6 28.7 26.4 26.0 26.3 26.6
Dry matteryield, t hd?! 22.0 17.7 21.0 17.6 19.5 16.8
Vegetatiorperiod(daysuntil 1680 | 168.0 157.0 157.0 | 157.0 | 157.0
thefirst cut)
UtenaPlant Variety TestingDivision

Overwintering,(1i 9 score) 9.0 8.5 9.0 8.5 9.0 8.5
Resistancéo subsidencéli 9 73 76 9.0 90 8.5 85
score)
Plantheight,cm 72.0 68.0 63.0 59.0 64.0 60.0
Leafiness% 33.3 321 X X 47.9 51.5
Crudeprotein,% 18.7 20.7 18.9 20.7 21.8 20.0
Crudefibre, % 25.9 25.7 28.1 25.2 25.7 25.6
Dry matteryield, t hd* 10.99 9.77 8.51 9.14 8.2 7.64
]}i’resfiﬁ“ome”"ddaysu”“' the | 1780 | 178.0 167.0 166.0 | 166.0 | 166.0

Notes: x T notdeterminedl scorei verylow value,9 scorei very highvalue

Thealfalfa cultivarsdVliildag 6 A n td &ayad roand &
0 Ma | émiere similar for their dry matteryield in
2023, respectively9.5t hd*, 9.7t hd?, 9.7t hd* and
9.8 t hd' The dry matter yield of 4 cultivars
mentionedabovewas1.3timeshigherthan&kriverw

Dotnuva(centralpartof Lithuania).Cultivar éSkriverud
was 2.4 times moreyielding. In 2023, the dry matter
yield of cultivar dMildad was 2.1 times higher in
Pasvalyghanin Dotnuva.ln 2022,the dry matteryield
of cultivarséMildadanddkriveridwashigherin Utena

but1.2timeslessyielding comparedo 6 Bi r ut & 6comparedo Dotnuva,i by 1.3times,respectivelyDry

The fresh matter and dry matter yields of alfalfa
dependean growing conditionsin productivesoils of

different regions of Lithuania. According to the
economicvaluestudiesof 2022and2023in Pasvalys
(North part of Lithuania), the dry matter yield of

cultivar dMildaé was by 1.2 higherthan the standard
cultivar &Skriverd Studiesin Utena (North-eastern
part of Lithuania) showed,that dry matteryield of

alfalfadvildabéwasby 1.1timeshigherthan&kriverud
in 2022, while the yield of standardcultivar was
similarin 2023.

In 2022 thedry matteryield of alfalfadVildabwasby a
long way higher (2.7 times) in Pasvalys,than in

matteryield of cultivar Vlildadin 2023was higherin
Dotnuvathanin Utenai by 1.3times.
Acidic soilsaremostlyrelatedto high aluminiumions

concentratiorthere( O g e r ad0@0jReempdy,i&e n a

Kar | au 2%6).alandnjum ions interfere with
various physiologicaland cellular processesn the
roots. High concentration®f mobile Al are toxic to
plantsand causeoxidative stressand may disrupt
metabolicfunctionsof plants(Langeret al., 2009;
Bartoli etal.,2017).However,n acidicsoil with small
concentration®f mobile Al can sometimesncrease
plant growth or bring other desirableeffects
( Ki s n &rLépeika#e,2015). Root function is
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extremelydynamicand dependenbn internal plant
signals,root traits and morphology,andthe physical,
chemicaland soil environment(Kuka et al., 2016).
Our study showedthat overwintering of alfalfa
cultivarsin acidic soil with mobile Al (13.6mg kg'%)

concentrationyasbetter(by 1.2 times)in the second
winter thanin the third winter. Overwintering of

cultivars éMildaé and &kriverw was by 1.2 times
worse in the secondwinter comparedto cultivars
6 An td &y & rohndéaMa | dvin threthird winter,
cultivars Mildag Gy d rolanmdd Ma | dpersisted

Figure 1

(overwinteredsimilarly, andtheyoverwinteredy 1.3
timesbetterthan&kriverua

The heightbeforeflowering of studiedalfalfa cultivars
wasby 1.2 timeshigherin the secondyearof usethan
in the third yearof use.The cultivarsildag 6 Bi r
and6é Ma | éweretadlerby theheightbeforeflowering
in the secondyearof usethand A n tbandd@kriver
by 1.1times.Alfalfa 6 B i rdistinguiéhedor theplant
height (115.3 cm). In the third year of use, dVildag
6 B i randéSkriderdwereby 1.1timestalleratbefore
floweringcomparedo 6 A n tbanddéaMa | & i n a

Comparisorof agro-biological traits of alfalfa in productiveandlessproductivesoil
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The freshmatteryield of the alfalfa cultivarswas1.8
timeshigherin the secondyearof usethanin thethird

yearof use,becausgrasslandsf alfalfathinned.The
freshmatteryield of the secondyearof useof cultivars
0 Ma | éandékriverwdwassimilarto dViildag while
it wasby 1.1timeshigherthané A n t6ant6aGy d &
andby 1.3timeshigherthan6é Bi r ut a 6 .

In thethird yearof use thefreshmatteryield of alfalfa
6 Bi r ant éSkriverd was higher compared to
cultivars dViildadi by 1.2,6 Gy daiiby &4 and
0 Ma | &i byrl.&times.Thehighestdry matteryield

of thealfalfa cultivarsMildaéandd&kriverus(4.7t hd

1and4.8t hd* respectively)wasin the secondyearof

In summaryof the averagedata,in less productive
soils the amountof overwinteredalfalfa plantsin the
secondwinter was lower by 10.1%,andin the third
winter it waslower by 20.7%thanin productivesoils
Aigure 1g Analysedalfalfa plantsof the secondyear
ofausein the beginningof flowering were by 8.2%
taller in lessproductivesoils,andin the third yearof
usei taller by 7.1% comparedto alfalfa that was
growing in productive soils Aigure 1 The fresh
matteranddry matteryields of examinedalfalfa of the
secondyearof usein lessproductivesoilswere2.0and
2.4timeslower, andin thethird yearof usei 2.8and
2.8 times lower than in productivesoils Aigure 1

use.lt wasby 1.2timeshigherthancultivarsé A n t6 a nAdfalfa spreadis limited by the soil acidity and the

and 6 Ma | & In thathird year of use, the alfalfa
cultivar &kriverwd distinguishedfor the highestdry
matter yield (4.7 t hd?). This cultivar was more

Qi

abundancef moisturein thesoil( Da u g 2010)e n a,

Conclusions

yielding thandlildadi by 1.3times,6 Gy d&iTbyr & 1.New alfalfa cultivar AMildag similarly asthe other

1.7timesanddé A n toiaby B9times.

examined cultivars distinguishedfor the high and
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stable fresh matter and dry matter yields and are
adaptedo the corditions of Lithuanianclimate.

2. Thefreshmatteranddry matteryield of theexamined
alfalfacultivarsonaveragen threeyearswere40.4and
9.2t hd!in productivesoilsand17.4and3.6t hd?! in

less productive soils. In the beginning of flowering,

plants grown in productive soils were by 7.6 lower

comparedo thosegrownin lessproductivesoils.

3. Lithuaniancultivarscouldbegrownin moreacidsoil

aluminiumis not higherthan25.0mgkg'*.
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Abstract

Leaf blotches causediy Pyrenophoratritici -repentisandZymoseptoridritici areamongthe mostdevastingandwidespread
diseasef Latviaandotherregionswherewheatis extensivelygrown. Two field experimentsvereconductedverthreeyears
(20222024)in f a r nfields&iwatedin the Centralregionof Latvia. The aim of researctwasto evaluatevariousfungicide
and biological productapplicationschemeswith wheatsown following precedingcropsof either wheator oilseedrape.
Application schemesncludedfungicide applicationin different wheatgrowth stagesand doses,as well as one biological
product. Obtaineddataindicatesthat tan spot, causedby Pyrenophoratritici -repentis was the predominantdiseasewith
severityrangingfrom 3 to 32% dependingon a yearand pre-crop. Level of tan spotwas notably higherin repeatedvheat
sowings.Theseverityof Septorideafblotchrangedrom 0%to 7%, andwasnotinfluencedby pre-crop.Fungicideapplication
reducedheseverityof leafblotches however effectivenessariedsignificantlybothacrossandwithin treatmentsOnaverage,
moreeffectiveresultswereobservedvhenasinglefungicidetreatmentvasappliedattheendof headingandthebeginningof
flowering. Theefficacy of thelowestfungicidedosewasinconsistentexhibitinggreatewariability comparedo higherdoses.
Additionally, split sprayingdid not provide remarkableresultscomparedto a single application.Application of biological
productdid not providecontrol of diseasesStrong,positive correlationwasobservedetweerthe reductionin leaf blotches

severityandtheadditionalyield obtained

Keywords: Pyrenophoratritici -repentis Zymoseptoriaritici , severity,yield, plantprotection

Introduction

Wheat is one of the most widely cultivated and
economicallyimportantcropsin Latvia andglobally.
However,the spreadof variousdiseasesparticularly
leaf diseasesgposesone of the mostsignificantrisk to
crop production. Leaf blotches, caused by
Pyrenophoratritici -repentisand Zymoseptoridritici
areamongthemostdevastingandwidespreadliseases
in Latviaandotherregionswherewheatis extensively
grown (Savaryetal.,2019;G v a etal.2023).

The severityof leaf blotchesandthe associatedield
lossesarewell documentedyutresultsvary depending
onregionandothersfactors.Comprehensiveeviewof
the significanceof thesediseasefiasbeenconducted
in the Nordic and Baltic countries. The severity
fluctuatedbetween2% to 77% for tan spotand from
3% to 46% for Septorialeaf blotch respectively,
dependingon the yearand agronomicpractisegJalli
et al., 2020). According to the researchby Jalli et
al. (2020),yield lossegeachedetweerb29and1208
kg hat dueto thesediseases.

Effective control of leaf blotch requires complex
approach, in  which agronomic practises and
application of fungicides play principal role. Crop
rotation and soil tillage may reduce level of leaf
blotches,particularly tan spot. However,importance
of agronomicpractisein controlling of Septorialeaf
blotch remainsunclear, as the results of trials are
inconsisten{ Gv atalt 2823).Thelife cyclesof tan
spotandSeptorideafblotchdiffer underconditionsof
Latvia (Bankinaetal., 2021).The causalagentof tan
spot, Pyrenophoratritici -repentis primarily survives
in crop debris.Pseudothecidorm in the straw at the
endof vegetationseasorandcontinueto developinto

the following spring. Consequently the amount of
residuesdetermineslevel of tan spot. In contrast,
Zymoseptoriatritici overwintersin living wheat as
pycnidia.Theintensity of diseases influencedby the
potential for conidia to be transferredto the upper
leaves, which is dependent on meteorological
conditions.

Numerous experiments worldwide have been
conducted to determine the best strategies for
fungicide application against wheat leaf blotches.
However theresultshavebeencontralictory. Various
dosesof fungicides,timings of applicationand their
interactions have been evaluated. Effectivenessof
control dependson multiple factors, including the
resistancelevel of cultivars, weather conditions,
agronomic practices and the pressureof diseases
(Cruppeetal., 2021, Breunigetal., 2022).
Recentresearchfocuseson the potential to reduce
fungicide applications and develop alternative
methodsfor wheat leaf blotchescontrol. Although
some promising results have emerged, the
effectiveness of control and convenience of
applicationremaininsufficientfor practicaluse.

The aim of presentedesearchs to evaluateefficacy
of fungicide schemesand biological product for
controllingwheatleaf blotches.

Materials and Methods
Field studieswere conductedbver threeyears (2022
2024)in f a r mfelds&isiatedin the Centralregion

of Latvia, specifically at coordinatess 6 . 31 81 17 A
24 . 03E3Ad5A . 3 3 0.22049. A0 3 E.Ollis6 A

regionis characterizedy its highly fertile soils and
significantproportionof wheatin thesowingstructure.
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EFFICACY OF DIFFERENTFUNGICIDE DOSE¢
AND APPLICATION TIMES IN WINTER WHEAT
AGAINST LEAF BLOTCHES

Thevarietyé S k a gasseléctedor thestudydueto
its extensive cultivation in Latvia, good winter
hardinessandmoderateesistancéo leaf diseases.
Two field experimentswere establishedo evaluate
various fungicide and biological product application
schemeswith wheatsownfollowing precedingcrops
of eitherwheator oilseedrape.
Cropmanagemeryracticesnirroredthoseusedonthe
specific farm and were typical of commercialfields
with anintensivegrowingsystemcharacteristiof this
region.Reducedsoil tillage wasimplementedhrough
disk harrowing to a depth of 18 cm. Nitrogen
fertilization ratesrangedfrom 139to 160kg ha.
Theseedwastreatedwith fungicideatarateof 1 L t?,
containingfludioxonil (50g L-1) andtebuconazol¢10
g LY. Growth retardantswere applied twice during
seasorof vegetationwith no insecticidesused
Onefactortrials weredesignedvith ninevariantsand
four replicates, arrangedin a randomizeddesign.
Experimentaplots,eachmeasurin.51 10 m, were

establishedvithin productionfields. Variousdosesof

fungicidesandapplicationtimingswereevaluatedand
one biological product (the product is not yet
registered; therefore, the composition of the
microorganisméiasnot beendisclosed)wasincluded
asatreatmen{Tablel).

The severityof diseasesvas assessedisually at the
milk ripenessstage(GS 73 to 77 accordingto BBCH

scale),by evaluatingseverity (%) on the two upper
leaves.

The relative increasein vyield (%) dependingon

treatment and relative decreasein leaf blotches
severity(%) werecalculated.

Significance of differencesin diseaseseverity was
evaluatedusingthenonparametri&ruskal Wallis test
followed by D u n npésshoc test with the rstatix
package (Kassambara,2023). Pearson correlation
coefficientsweregeneratedisingthe ggpairsfunction
from the GGally paclkage(Schloerkeetal., 2025) and
visualisedwith theggplot2packaggWickham,2016.

Table 1
Fungicideandbiological productapplicationscheme
. . *Dose, Growth stages

No. Designation Product L hal accordingBBCH

1. A Control(fungicidewasnotused)
Bixafen 65 g L; prothioconazole130 g L

2. B fluopyram65g L1 1.50 59-61
Bixafen 65 g L; prothioconazole130 g L%

3 c fluopyramé5g L™ 115 5961
Bixafen 65 g L; prothioconazole130 g L

4 D ﬂuopyram 65 g L»l 075 59—61
Bixafen 65 g L; prothioconazole130 g L

5 E fluopyram65g L™ 1.50 51-53
Bixafen 65 g L; prothioconazole130 g L™

6 F fluopyram65g L™ 115 51-53
Bixafen 65 g L; prothioconazole130 g L

7 G ﬂUOpyram 65 g L»l 075 51—53
Prothioconazoled 60 65 g L™*; spiroxamine200

8 ’ 659 L%; proguinazidd065g L™ 0.75 32-33
Bixafen 65 g L%; prothioconazolel30 g L 0.75 5961
fluopyram65g L™ :
*BIF -BEAUB 15.00 32-33

9. |
BIF-BEAUB 15.00 51-53

*Fungicidedoseshasedn mainactiveingredient(prothioconazole).
**Code of biological productdevelopedy commerciacompanyBioefektsLtd.

Resultsand Discussion

Meteorological conditions varied throughout the
experimentaperiodA F i dl @W®pengof 2023was
notably dry, with higher temperaturecomparedto
other years, which significantly influenced the
developmenbf leaf blotches.
Obtaineddataindicatesthat tan spot, causedby

Pyrenophoratritici -repentis was the predominant
diseasaffectingwheatfrom 2022to 2024, with the
severityranging from 3 to 32% dependingon the
yearandprecropA F i @ uireeel of tan spotwas
notably higher in repeated wheat sowings
(p<0.001).
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Figure 1
Meteorologicalconditionsduring the period of vegetationin theyears20222024
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Figure 2

Theseverityof tan spot,causedoy Pyrenophoraritici -repentisat the milk stageof ripening dependingon year
andpre-crop
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In contrast, Septoria leaf blotch, caused by 0%to 7%, significantlylower comparingwith tanspot
Zymoseptoridritici, was recordedon the uppertwo Arigure 30 Level of Septorialeaf blotch was not
leavesonly in 2022and2024.1ts severityrangedrom influencedby pre-cropused.
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Figure 3

Theseverityof Septorialeaf blotch, causedoy Zymoseptoridritici at the milk stageof ripeningdependingon
yearandpre-crop
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Fungicideapplicationreducedhe severityof tanspot;  yearof cultivation nor the pre-crop had a significant
however, its effectivenessvaried significantly both impacton the effectivenes®f fungicides.
acrossand within treatmentsArigure 46 Neither the

Figure 4

The severityof tan spot, causedby Pyrenophoratritici -repentis,dependingon treatmentscheme:A 1 without
fungicide;B 1 fungicideat theBBCH59i 61,dosel.5L ha?; Ci fungicideatthe BBCH59i 61,dosel.15L ha?;

D1 fungicideattheBBCH59i 61,dose0.75L ha'; E fungicideattheBBCH53-55,dosel.5L ha'; Fi fungicide
at the BBCH53-55,dosel.15L ha'; G i fungicideat the BBCH53-55,dose0.75L ha?; H 1 fungicideat the
BBCH32-33.and59-61.,doses0.75L hatand0.75L ha?, | i BIF-BEAUBat the BBCH 32-33.and51-63.,
dosesl5L hatand15L hat
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Applying a single fungicide applicationat the end of providesuperiotresultscomparedo asingleapplication.
headingandthe startof flowering generallyproduced  Efficacy of Septorialeaf blotch control is difficult to
betterresults.The efficacy of the lowestfungicidedose  evaluate becausdevel of diseasevaslow. In general,
wasinconsistentexhibitinggreatevariability compared  level of diseasevasreducedn all schemeof fungicide
to higherdoses.Additionally, split sprayingdid not application putthebestvariantwasnotclearA Fi § @t e
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Figure 5

Theseverityof Septorialeaf blotch, causedoy Zymoseptoridritici, dependingn treatmentschemeA i without
fungicide;B 1 fungicideat theBBCH59i 61,dosel.5L ha?; Ci fungicideattheBBCH59i 61,dosel.15L hat;
D1 fungicideattheBBCH59i 61,dose0.75L ha'; ET fungicideattheBBCH53-55,dosel.5L ha'; F 1 fungicide
at the BBCH53-55,dosel.15L ha'; G fungicideat the BBCH53-55,dose0.75L ha'; H i fungicideat the
BBCH32-33.and59-61.,doses).75L hatand0.75L ha?; | i BIF-BEAUBat the BBCH 32-33.and51-63.,

dosesl5L hatand15L hat

7.5

Severity, %
wh
<

25

0.0/~

The biological product proved mostly ineffective,
resultingin notablyhigherboth leaf blotchesseverity
comparedo chemicaltreatments.

The yield of winter wheat varied significantly. In

untreatedrariantswherewheatfollowedwheatyields
rangedfrom 5.0to 9.2t ha?, in contrastwhenwheat
was grown after oilseed rape, yields were higher,
rangingfrom 7.9 to 9.4t ha'. On averagefungicide
applicationenhancegields,achievingvaluesbetween

Figure 6

5.9t0 9.9t hat afterwheat,and7.7to 9.9t ha' after
oilseedrape dependingnyearandspecifictreatment.
The harmfulness of diseaseswas calculated by

consideringthe relative reductionin diseaseseverity
and the correspondingrelative increasein yield.

Strong,positivecorrelationwasobservedetweerthe

reductionin leaf blotchesseverity and the additional
yield obtainedArigure 6&

Thecorrelationbetweerrelative decreasen leaf blotchesseverityat the milk ripeningandrelativeincreasein

winter wheatyield

30 r=0.921, p<0.001

[
<

10

Relative yield increase, %

0 10

Relative decrease of disease severity, %

Leaf blotches,causedy Pyrenophoratritici -repentis
and Zymoseptoridtritici were identified as the most
significantdiseasesverthethreeyears.This outcome
wasexpectedassimilar resultshavebeenreportedn

20 30

othersexperimentsonductedvorldwide.

The severity of diseasesfluctuated dependingon

variousfactors, including meteorologicalconditions,
characteristicof varietiesand agronomicpractises.
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Repeatedwheat sowings and reduced soil tillage
essentiallyincreasdevel of tanspot(Jalli etal., 2021);
however the effectson Septorideaf blotchresultsare
contradictory(Bankinaetal., 2021).

The obtainedresultsregardingthe dominanceof tan
spotalignwith previousfindingsin Latvia,especiallyin

This discrepancyganpossiblybeexplainedby variations
in the spectrumof diseasesTan spotdevelopsquickly

only after flowering, making the later treatmentmore

suitableunderspecificconditionsin Latvia.

Despite variationsin the effectivenessof fungicide

applicationstreatmentincreasedyield by an average

repeatedvheatsowings(Bankinaetal.,2021;G v aet t aof 0.29 ha'. Although two applicationsof fungicides

al., 2023).However thesedatadiffer from the situation
in most European countries, where tan spot is
considereda minor diseaseln contrast,Septorialeaf
blotch is identified as the most devastingdiseaseof
winter wheat, including North Europe, excluding
NorwayandSwedenWillocquetetal., 2021).
Thenumberof rainy daysandhigh relativeair humidity
are the most important factors that influence level of
Septorideafblotch(Anderssoretal.,2022).Thisdisease
wasnotobservedn 2023dueto insufficientprecipitation
during May andfirst decadeof JuneA F i d @whieh
preventedhe releaseZymoseptoridritici conidiafrom
pycnidiaon the leaves.Theseconidia, mainly formedin
previousautumn, typically spreadto the upperleaves
underfavourableconditions.

The high amount of precipitation promotes the
developmentof tan spot, as noted by Cook et al.
(2024).This finding was confirmedin our trials: the
highestpressureof tan spot was observedin 2022,
when the first half of summer was more humid
comparedo otheryears.
Differentfungicidesarewidely usedto protectwheatand
increase vyield; however, prothioconazole ( 14
demethylasénhibitor) is recognizedas oneof the most
effective againsttan spot ( K a A&t pls 2024) and
Septorialeaf blotch (Jorgenseret al., 2018); therefore,
this fungicide has been chosen.Despite a significant
numberof field trials, the optimal timing and dosageof
fungicideremainunclear.Theresultsof presentedgtudy
arealsocontroversialAlthoughmostof researcherisave
recognized heading as the best time for fungicide
spraying (Petersoret al., 2023), the latest application
producedetterresultsaccordingo thecurrentstudy.
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arecommonlyrecommendedWanget al., 2024),the
findingsof thisstudydid notsupporit, asSeptorideaf
blotchwasonly a minor diseaseSimilarly, Weguloet
al. (2011) and Breunig et al. (2022) noted that two
fungicide sprayingsare necessarynly during humid
seasonsvith high pressuref diseases.

The amountof additionalyield dependedn various
factors, including diseasepressure(Cruppe et al.,
2021), with the level of protection positively
associateavith yield (Willocquetetal.,2021).Similar
conclusionwas drawn in the presentedstudy i the
greatessuppressiomwf leaf blotch severityresultedin
the higheradditionalyield.

Conclusions

1. Fungicide treatmentis essentialto protectwinter
wheatandensurehighyields;however thetiming and
dosage of application depend on the specific
conditions of the year and the individual field.
2. Unfortunately,the biological producttestedin this
studywasnot effective.

Fluctuationsin the results indicate that standardised
treatment schemes are ineffective under changing
meteorologicatonditionsandotherinfluencingfactors.
3. Monitoring diseasedevelopmentnd evaluatingrisk
factors are crucial for effective and environmentally
friendly diseaseontrolin winterwheat.
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Abstract

Following theregulationsof the Europearinion A armto Fork Strategfiencourageasignificantreductionin theuseof plant
protectionproductsandmineralfertilizersby 2030.Potatoesregrownwidely becauséheyareavaluablesourceof nutrition.
However,achievinghigh levelsof yield andquality remainsa challenge particularly dueto the risk of diseasesThe causal
agents of diseasesbelong to various kingdoms i fungi, bacteria, and viruses. The potato late blight (causedby
Phytophthoranfestan$, early blight (causedby Alternariaspp.), black scurf (causedby Rhizoctoniasolani), silver scurf
(causedby Helminthosporiunsolan)), black dot (causedby Colletotrichumcoccodef fusarium dry root (causedby
Fusariumspp.)and commonscab(causedby Streptomycespp.)are the mostimportantpotatoleaf andtuberdiseasesThe
marketoffersawide variety of microbiologicalproductswhich containmicroorganisméor the controlof potatodiseasesThe
activeingredientsn theseproductsareprimarily microorganism$rom thefungalandbacteriakingdoms suchasBacillus spp.,
Trichodermaspp.,Pseudomonaspp, or their combinationsHowever,they differ in effectivenessagainsipathogensaswell
asin the timing of application,the numberof applicationsthe form of the products,andthe mostfavorablemeteorological
conditionsduring and aftertreatmentlt hasa future andpotentialto be a goodalternativeto chemicalplant protection.The
aim of this studywasto summarizenformationfrom researcheaboutthe popularmicrobiologicalproductstheir component

biology andeffectivenesso control potatodiseases.

Keywords: Solanuntuberosuni., potatodiseasesBacillusspp., Trichodermaspp, Pseudomonaspp.

Introduction

Potato (SolanumtuberosumL.) is the most widely
cultivatedandoneof themajortubercropsin theworld.
It is ranking third to fourth place amongthe most
cultivatedcrops, following wheat(Triticum aestivun),
rice (Oryza sativg and sharing place with maize
(Zeamay$ (Simko, 2004; Kumar & Chandra,2018;
Campos& Ortiz, 2020).Oneof the mainchallengesn
growing potatoess the impact of diseasesnd pests,
which cansignificantly affectplantdevelopment.
Anothermajorissueis thelow availability of nutrients
duringtheearlystageof growth (Finckhetal., 2006).
Potatoyields worldwide showa significantdifference
betweerconventionabndbiologicalgrowingsystems,
with yield gapstypically rangingfrom 9%to 25%,and
in somecaseseachingashighas70%(lerna& Parisi,

2014; Wilbois & Schmidt 2019;Z a r z ydiEsalk a

2023).This variationis stronglyinfluencedby factors
suchas diseasesnd pestsand the timing of disease
development.Other factors that may influence the
yield differenceincludethe growing conditionsof the
year, lack of irrigation, and other cultivation
technologiegDe Pontietal., 2012).

Due to the increasingspreadof plant diseasesand
pests, farmers are using chemical plant protection
productswith greaterfrequency
HowevertheEuropead n i odnFéato o rskategy
encouragesa major reduction in the use of plant
protection products and mineral fertilizers by 2030
(Europeartnion, 2020).0Overthe past20 years global
demandfor pesticidefree food hasgrown, driven not
only by concerngor humanrhealthbutalsoby thedesire
to reduceenvironmentatisks (Basu,2009).
Microorganismsplay acrucialrolein reducingtheuse
of chemicalpesticidesn agriculture. Theseorganisms

can promoteplant growth and developmentjncrease
cropyield andquality, decompos@rganicmatter,fix
atmospherimitrogen,andconvertit into aform thatis
easily absorbedby plants and reduceor limit the
spreadf plantpathogenshroughvariousmechanisms
( Mar | &talgan24).

Theaimsof this studywereto summarizeénformation
from researcheaboutthe beneficial microbiological
agentstheir biology andeffectivenessaswell ashow
it canbe usedin sustainableagriculturalpracticesto
control the developmentof common pathogensof
potatodiseases.

Materials and Methods

This review paper draws on scientific literature
concerningmicrobiological plant protectionproducts
(bioagents)their suitahlity for use andtheir impact
on potatoleaf andtuberdiseasesThe studyexamines
the experienceof various countrieswith registered
microbiological agentsand analyzesmost common
potatodiseasegheir pathogensandcontroloptions.

Resultsand Discussion

The mostsignificantand potentiallydamagingpotato
leaf diseases are late blight (caused by
Phytophthorainfestan$ and early blight (causedby
Alternaria spp.). From tuber disease the major ones
arepotatoblack scurf(causedy Rhizoctoniasolan)),

silver scurf (causedby Helminthosporiumsolan),

black dot (caused by Colletotrichum coccode}k

common scab (causedby Streptomycesspp.) and
bacterialblackleg(causedy Pectobacteriunspp.) as
well as many Virus kingdom microorganismssuch
potatoX, Y, M, S, mop-top virusesetc. (Finckhetal.,

2006;Fiersetal.,2012;Campos& Ortiz, 2020).
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Potatoleaf diseases

Potato late blight causedby Phytophthorainfestans
from the Chromista kingdom, Oomycota phylum,
Peronosporalesrder.lt is oneof the mostsignificant
anddestructivepotatodisease# theworld (Subhani,
2016). It reproducessexually through oosporesand
asexuallythroughconidiaandzoosporesThis allows
for a wider and faster developmentof the infection
(Nowicki etal.,2012).Thepathogersurvivesin potato
tubers plantdebrisin theform of myceliumandin the
soil asoosporegAndrivon, 1995).Asexualsporesare
transmitted by wind and water. The optimal
developmenttemperatureis moderatelywarm, the
rangeof 10i 25 A Cwith a relative humidity 90i 100%
(Nowicki etal.,2012;Subhani2016).

Potato early blight causedy Alternaria spp.from the
Fungi kingdom, Ascomycotaphylum, Pleosporales
order.Sexualreproductionis not observedput the high
species diversity indicates extensive pathogen
recombination(Schmeyet al., 2024). The pathogens
reproduce asexually through conidia. The fungus
Alternaria survive and overwinter in the form of
myceliumor conidiain plantdebris,the soil, andpotato
tubers.The sporescanbe dispersedy wind andwater,
sometimeswith the help of insects(Tsedaley,2014;
Yuldashovaetal.,2023).Theoptimalweatheiconditions
for the pathogendevelopmentre hot and humid. The
quick developmentof conidia occursat temperatures
betweer20 30 A Gwith relativeair humidity under70%
(Tsedaley2014;Escuredeetal., 2019).

Potatotuber disease

Black scurf, stem canker and root rot causedby
Rhizoctonia solani from the Fungi kingdom,
Basidiomycota phylum, Cantharellales order.
R.solani survivesin the form of myceliumin plant
debrisor assclerotiain the soil, and spreadghrough
infected seedmaterial (Aydin, 2022 Nasimi et al.,
2024). The optimal growth temperaturefor the
pathogeris moderatetherangeof 15 25 A ¢Orozco
Avitia et al., 2013). Increasedsoil moisture about
20%, is beneficial(Kiptoo etal., 2021).

Silver scurf causedy Helminthosporiunsolanifrom
the Fungi kingdom, Ascomycota phylum,
Pleosporalesorder. Initially, the fungus produces
mycelium,followed by the produdion of conidia.The
pathogensurvivesin infectedtubersand in the soil
(Avis etal., 2010 Tiwari etal., 2020). The spreadof
the diseasestartsin the soil, with the first symptoms
appearingduring harvest,but the pathogencontinues
to developevenin storage.Optimal conditions are
above+3 A @vith a relative humidity of 90% (Abbas
etal.,2013;Tiwari etal.,2020).Maximumsporulation
and the highestnumberof conidia are observedat
+ 2 4 And humidity 90i 95% (Tiwari et al., 2021).
However, the fungus can develop over a wide
temperaturg@angeof 2i 30 A CAbbasetal., 2013).
Black dot causedby Colletotrichumcoccodesfrom
the Fungi kingdom, Ascomycota phylum,
Glomerellales order. The pathogen survives in
infectedseedmaterialandsoil (Lees& Hilton, 2003;

Cannoretal., 2012 Mattupallietal.,2013 Johnsoret
al., 2018). Infection occursearly in the seasonput
visible symptomsandsclerotiabeginto appearloser
to harvesttime (Mattupallietal.,2013;Johnsoretal.,
2018).The optimal temperaturdor conidiagrowthis
+22 A Qnhile myceliumgrowsbestin thetemperature
rangefrom 25to 31 A Capdmoistsoil conditions(Lees
& Hilton, 2003).

Potato common scab causedby Streptomycespp.
from the Monerakingdom, Actinobacteriaclassand
Actinomycetalesrder.Streptomycespp.infectstuber
crops worldwide (Lerat et al., 2009 Hamedo &
Makhlouf, 2013). Bacteriaform structuresthat are
morphologically similar to hyphaeand spores.The
mycelium is made up of hyphae,and sporesbeing
releasedfrom their ends (Braun et al., 2017). The
pathogersurvivesin thesoil, plantdebris,andinfected
seed material. The pathogensporescan penetrate
throughdamagecdareasor lenticels(Dees& Wanner,
2012;Braunetal., 2017).The optimal soil pH for the
bacteriumdevelopments slightly acidic to neutral,
between5.5 and 7.5. It infects young tubers most
intensivelywhenthetemperaturés above+20 A @nd
the soil moistureis between65i 70% or lower (Braun
etal., 2017).

Microbiological agents

To achievea high quality potatoharvestijt is essential
to follow a set of agrotechnicalpractices,primarily
focused on prophylactic measures.This includes
selecting the appropriate variety, implementing
various cultivation technologiesduring the growing
season,and ensuring proper storage conditions in
warehouseg¢Tresnik,2007). Somebacteriaandfungi
alsohavebeneficialpropertiesthat can be appliedin
biological farming and sustainable agricultural
practices. Products containing bacteria or their
metabolites,enzymes,or antibiotics are frequently
mentionedin the literature, such as Bacillus spp,
Pseudomonas spp, Azospirillum spp, and
Azotobactespp. The most popular fungi are
Trichodermaspp.andAspergillusspp, which produce
secondarynetabolites.

Bacteria from genera Bacillus is grampositive,
aerobic,rod-shapedandmotile bacteria(Maughan&
VanderAuwera,2011).Themostwell- knownspecies
is B.subtilis which produce metabolites,such as
enzymesantibiotics,andenhanceheplantsresistance
to pathogensand pests.Other speciesfor example,
B. velezensisB. macerans B. azotofixansetc., are
known asPlant Growth-PromotingBacteria(PGPB).
Bacteriafoundin therhizosphereanprotectplantsin
several ways: 1) they produce volatile organic
compoundghat increaseroot exudation;2) produce
secondarynetaboliteshathaveantibioticcompounds;
3) form biofilms, colonizethe rootsand protectthem
from harmful effects of pathogens(Choudhary &
Johri,2009;Khanetal., 2022).

Bacillus spp. increaseyield and improve disease
resistancan mostcerealgrains,legumes,aswell as

cucumberstomatoesandpotatoeg Mi | j atllo vi |
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2020). Thereare severalwaysto use Bacillus based

treatments:

1. Seedtuber treatmentwith a bioagent requires
soakingpotatoseedubersin a Bacilluscontaining
solution for 20i 30 minutes, and this treatment
improvesboth yield and biomassgrowth (Kumar
et al., 2013). Additionally, it helps reduce the
developmentof late blight during storage after
harvest (Lastochkinaet al., 2022), as well as
reducegthe incidenceand severity of black scurf
undergreenhouseonditions(Saberetal., 2015).

2. Seeduberandfoliar treatmentA bioagenbasedn
talc, which is later preparedas a solution, is used.
Theseedubersaretreatedasmentionedaboveand
40 daysafter planting (DAP), the samesolutionis
usedfor foliar spraying(Wei etal., 2024).

3. Soil and foliar treatment. Bacillus through soil
treatmentor drenchingbefore planting potatoesis
applied. Later, during the growing season foliar
spraying with the bioagentis carried out. These
measuresreduce the spread of late blight and
improvevariousphysiologicalparametersf potato
plantscomparedo thecontrol(Kumbaretal.,2019).

Globalresearchs exploringvariousbacterialspecies

and their interactionswith pathogens,particularly

focusingon the Pseudomonaspp.,Azospirillumspp.,
and Azotobacterspp.,which are classifiedas PGPB.

Pseudomonasspp. can form biofilms, release

metabolites with potent antifungal properties,

synthesizephytohormonesfix atmospherimitrogen,
and facilitate nutrient decompositionand absorption

(Sahetal., 2021).

In a field trial, treating potato tubers with

Pseudomonadasedioagentdeforeplantinghelped

limit R.solanigrowth A talc-basedformulation was

more effective than a Pseudomonassuspension,
significantly reducing stem cancerand black scurf
while increasingyield (Lal et al., 2022).In another
study, three genera of microbiological agents

(Pseudomonas spp., Trichoderma spp. and

Bacillusspp.) showed high efficacy against

Alternariaspp. in in vitro and under greenhouse

conditions(Aldiba & Escov,2019).P. putida shows

effectivenessgainsH. solani buttheexperimentvas

conductednly on plates(Elsonetal., 1997).

For foliar diseasecontrol, multiple bioagentspray

applicationsverenecessaryA multi-yearstudyfound

that applying P. putida, B. subtilis and T. erinaceum
eight times effectively controlled P.infestans for

60 days, reducing diseaseseverity by nearly half

(Islametal., 2022).

Azospirillum spp. promotesplant growth by fixing

atmosphericnitrogen and producing phytohormones

( Ca s& Biar-Zorita, 2016; Fukami et al., 2018).

A. lipoferum effectively controls potato early blight

(causedby Alternaria spp.)in both greenhouseand

field conditions.n field trials, sprayingthebioagentat

BBCH 15 17 reduceddiseasencidenceby 40i 50%

comparedo the control(Mehmoodetal., 2021).

Azotobacterspp. arewidely knownfor their nitrogen
fixing properties;however,they are also capableof
producingantifungalsubstancethatlimit the activity

of fungal pathogenseartherootsystem( J i m@&n e z

al., 2011;Wanietal., 2016 Sumbuletal., 2020 Al-
Baldawyetal., 2023).

Microbiological productscontainingcombinationsof
different microorganismssuchasPseudomonaspp.,
Bacillusspp.andAzotobactespp.,showedthe lowest
development compared to the control. These
bioagentsin variouscombinationsyereappliedonce
to the seedtubermaterialat the planting (Aguk etal.,
2018).Seedubertreatmentvith Azotobactespp.may
reducetheincidenceof R. solani(Meshram1984).
Trichodermaspp. produces secondary metabolites
that enhanceplant growth and developmentand is
referredto asa plantgrowth promotingagent(PGPA)
(Yaoetal.,2023).Trichodermaspp.is themostwidely
used fungal genus in biological plant protection,
accountingfor about90% of casegB@szczyket al.,
2014).This fungusis mostcommonlyusedasa soil
diseasecontroller,which cancolonizeplantroots,but
it canalsolimit pathogenson the aerial partsof the
planti leavesstemsandspikes.Trichodermainteract
with other pathogenic fungi: 1) by suppressing
entering the cells of other organisms, such as
Phytophthora sp., Pythium sp., R. solani
Colletotrichum spp., Sclerotinia sclerotiorum
Botrytiscinereaandsecretingvariousenzymes) by
competingfor nutrients suchaswith B. cinereg 3) by
producing compoundssimilar to antibiotics that act
againstpathogenssuchasB. cinereg R. solani and
F. oxysporum(B@szczyk et al., 2014; Yao et al.,
2023) 4) Trichodermais also capableof induced
systemicresistancgISR), activateplant self defense
mechanismg¢Duttaetal., 2023;Yao etal., 2023).

The most common products on the market contain
TrichodermaspeciesuchasT. viride, T. virens andT.
harzianum and the less commonly used species,
T.asperellum T. longibrachiatum T. koningii,
T. polysporumTheseproductsareoften availablein the
form of granulesor powder,which areusedto treatseed
tubermaterialbeforesowing (Zin & Badaluddin,2020;
Yao et al., 2023).A sporesolution containingbioagent
was appliedtwice to the plantson the 15 and 45 DAP
(Rakibuzzamaetal.,2021).Recenstudiesalsoexamine
the impact of Trichodermaspp. on potato early blight
(causedy Alternariaspp.)(Metz & Hausladen2022).
The combinationof fungusT. harzianumandbacteria
B. subtilis different strains has shown high
effectivenessagainsthe potatocommonscab(caused
by Streptomycesspp.). Different concentrationsof
bioagentswere used,which were addedonceto the
seedpotatoesin the furrows (Wanget al., 2019).1In
another experiment against potato black scurf,
bioagentT. harzianumshowed higher effectiveness
than B. subtilis In this caseas well, the seedtuber
materialwastreatedoncebeforeplanting by soaking
theseedsn theisolatesolution(Khalil etal., 2019).
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Aspergillusspp.andPenicillium spp.bothgeneranclude
beneficialandharmfulmicroorganismgHoubrakeretal.,
2020).Certainspecie®f bothgenerdimited thegrowthof
R.solanj P. infestansandFusariumspp.ontheplate(Lal
et al., 2016; Trabelsi et al., 2016). P. viridicatum and
T.viride showedhigh effectivenessagainstlate blight
when applied as a bioagentsuspensiorspray 40 DAP
(Guptaet al., 2004).P. chrysogenunis effective against
earlyblight reducingpathogergrowthin bothin vitro and
in vivoconditionsvhenpotatoleavesveretreatedwith the
bioagensolution(Hatemetal.,2022).

Table 1 illustrates the interaction of various
microbiologicalagentsand potatodiseasepathogens,
aswell asthedifferentmethodsof theirapplication.In
the table, a crossindicateswhich specific pathogens
areaffectedby thebioagent.
Basedntheinformationavailablan scientificpublications,
it is evidentthatvariousmicrobiologicalagentsareusedto
control plant diseasepathogenswith varying degreesof
effectiveness.A large number of studies have been
conductedindercontrollediaboratoryconditionshowever,
therearerelativelyfew field conditionsstudies.

Table 1
Theinteractionof beneficialmicroorganismswith pathogensandapplicationof microbiologicalproducts
Pathogens
Beneficial microorganismsin g1 54|88 8| Eg Notes
microbiological products Ll 2| 3 21 8| 8 @
£ ] : | © O]
| T |F|T|6| B
A wide rangeof applications.
Trichodermaspp. Seediubermaterialtreatment
(Aldiba & Escov,2019; beforesowing(in-furrow
Blaszczyketal., 2014;Islamet i i i i i treatmentsoaking spraying,
al., 2022 Khalil etal.,2019; etc.).
Metz & Hausladen2022;Wang Soil andleaf sprayingunder
etal.,2019;Yaoetal.,2023;Zin greenhouseonditions.
& Badaluddin2020) Foliar sprayingon 34,41,48,53,
57,62,69un 75 DAP*.
Bacillus spp.
(Aldiba & Escov,2019;Islamet Seedtubermaterialis treatedwith
al., 2022;Kumbaretal., 2019; I I T I agentshortlybeforeplanting.
Lastochkinaetal., 2022;Saberet Leaf sprayingstartsfrom the34
al., 2015;Wangetal.,2019;Wei DAP.
etal., 2024)
Soil andleaf sprayingunder
Pseudomonaspp. greenhouseonditions.
(Aldiba & Escov,2019;Elsonet | T I T |7 Seedtubermaterialtreatment
al.,1997;Islametal., 2022;Lal beforeplanting.
etal.,2022) Leaf sprayingstartsfrom the 34
DAP in vitro conditions
Azospirillum spp. i In field trials, leaf sprayingat
(Mehmoodetal., 2021) BBCH 15i 17.
Azotobacterspp. .
(Meshram1984;Sumbuletal., T[T Seectubbirmatle rialtreatment
2020) eforeplanting.
?sgerglllusspp.,Pen|C|II|um ] ] ] Reducepathogergrowth
(Guptaetal., 2004;Hatemetal., ! ! ! Foliar S%?;Cieng::ib DAP
2022;Lal etal., 2016;Trabelsiet '
al.,2016)
*DAP T daysafterplanting
Conclusions
1.The most significant potato pathogens are  bacteriaandfungii Bacillusspp., Trichodermaspp.;less
Phytophthora  infestans Alternaria spp.,  studied generainclude Pseudomonaspp., Azotobacter
Rhizoctoniasolani, Helminthosporium  solani spp.-,Aspergillusspp.andPenicilliumspp.

ColletotrichumcoccodesndStreptomycespp.
2.The most common and extensively studied
microbiological agents come from the kingdoms of

3. Theuseof microbiologicalagentsn theformulation
of wvarious products is increasing. These
microbiologicalagentslsohavepotentialin low-input
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agriculture, as they provide a good alternative to biological agents exhibit varying levels of
chemicalplantprotectionproducts. effectivenessgainstdiseases.

4. Most microbiological agentsshow effectiveness

against potato tuber diseases; however, some  Acknowledgements

microorganisms,when applied to the leaves,also  Theresearctwassupportedy theprojectAEv al uat i on
demonstrateeffectivenessagainstpotato early blight of the interaction betweenthe potato early blight
andlateblight. Furtherresearchs necessaryasfewer pathogen Alternaria spp. and the microbiological
studieshave been conductedunder field conditions  preparatiorBacillussubtilisMSCL 1441isolateunder

comparedo in vitro studies,and different strainsof invtrocondi.ti onsa
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Abstract

This review paperexamineshe importanceof appletreearchitecturgparametersn breedingprogrammesfocussingon the
rolesof canopyolume treeshapeandfruit-bearinghabitsin optimisingorchardmanagemerdandbreedingefficiency.Canopy
volumeis a critical indicatorof tree growth and productivity, often measuredising advancednethodssuchasLiDAR and
UAVs, which providehigh-resolution3D data,especiallyusefulin denseorchards Treeshapejncluding branchingpatterns,
anglesandoverallstructureplaysakey rolein optimizinglight capture airflow, spaceutilization, andtreevigour, which can
be efficiently assessethroughremotesensingtechnologiesEarly selectionof desirablebranchingtraits, suchasinternode
lengthandbranchangle enable®ptimisationof treearchitectureandimprovedfruit productionin high-densityorchardsFruit-
bearinghabits,including the timing and position of flowering andfruiting, significantly influenceyield regularity and fruit
guality andcanbeanalysedisingtechnologiesuchasphotogrammetrymultispectraimaging,andRGB camerasTheseools
enableautomateddentificationof key treecharacteristicsallowing for bettermanagemenof tree health,pruning,andfruit-
bearingzonesDespiteadvance thesetechnologiesfurtherresearchs neededo betterunderstandherelationshipbetween
tree shape,productivity, and longevity, to refine orchard managemenstrategiesand improve the efficiency of breeding
programmesT his article emphasisethe growingrole of smarttechnologiesn improving phenotypingandacceleratingapple

treebreedingprocesses.

Keywords: Malusdomesticaphenotypingtreearchitectureraits, smartbreeding.

Introduction

Apple treesare the mostwidely cultivatedfruit crop
speciedn Europe.ln 2017,they comprised36.6% of
thetotalfruit treearean theEuropearUnion, covering
473550 hectares(Eurostat,2017). Similarly, apple
treesarethe mainfruit tree speciesn Latvia, with an
areaof 3,508hectaresn 2023(CSBRL, 2023).

The most significant challenge facing agriculture
today is climate change;therefore,specific solutions
for variousgeographiaegionsarerequiredto reduce
environmentalimpacts while improving crop yield.
Breeding innovative, resilient, and robust cultivars
offer the ability to reduceenvironmentalmpactwhile
promoting sustainable agriculture (Chawade
etal.,2019;Nagvietal.,2022).

More than 100 apple tree breedingprogrammesare
currently underway worldwide, aiming to develop
promisingapplecultivars(Letschkaet al., 2021).For
exampletheUniversity of Minnesotapneof themost
prominentandextensiveapplebreedingnstitutionsin
theUnited Statescurrentlyhas20,000to 25,000apple
seedlingsin different stagesof evaluation(Clark &
Bedford, 2022). The Latvian apple breeding
programmenvolvesmorethan5,000appleseedlings
handled and more than 40 unique characteristics
phenotypedat various stagesby the Institute of
Horticulture(lkaseetal., 2022).

Apple breeding is time-consuming and resource
intensive,necessitatingpngoingeffortsto shortenthe
breedingcycleandreduceresourcanvestmenin trait
phenotyping.The goal is to obtain fasterand more
accuratedatato selectthe most promising hybrids.
Consequently,there is a growing interest in the
developmentand implementationof high-throughput
field phenotypingoolsto improvetheefficiencyof the

breeding process (Chawade et al., 2019; Huang
etal., 2020).

Machine learning has advancedrapidly and is now
widely usedin plant genotyping and phenotyping
globally. High-throughputtools enablethe collection
of large amountsof data on plant genotypesand
phenotypes,thus optimising resource investment.
Machinelearningencompassea rangeof computer
basedmodellingtechniqueghatidentify datapatterns
and facilitate automated decisionmaking. These
machinelearningalgorithmsaresufficiently robustto
processevenlargescaledatasetg§Nagvietal., 2022).
Advancesin DNA sequencinghave significantly
enhanced genotyping efficiency;  however,
phenotypinghas not progressedat the same pace.
Automatedphenotyping,jn particular,hasdeveloped
gradually over the past three decades, limiting
breederd ability to accuratelyassesghe geneticsof
quantitative traits, such as crown architecture
parametersMost breedersstill rely on traditional
phenotypingnethodswhichinvolve visualevaluation
of traits, often influencedby the breedeis personal
experience.This processis labourintensive, time-
consuming, and requires considerable human
resourcesto select the best hybrids from large
populations. As a result, the adoption of high-
throughput phenotyping techniques is urgently
needed. These methods not only acceleratethe
breedingprocessbutalsoconserveesourcesprovide
moreobjectiveresults,andareapplicableyearround,
including during winter (Reynoldset al., 2020; Yang
et al., 2020). This review article provides a
comprehensivsummaryof researcton the potential
application of smart technologiesin apple tree
breeding, with a particular focus on apple tree
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architecturgarametersThis paperaimsto reviewthe
latestresearclachievementsn the currentstateof the
art in the applicationof smarttechnologieso apple
treebreedingwith anemphasin the explorationof
potential phenotypingparameterghat are associated
with appletreearchitecture.

Materials and Methods
Thisstudyusedamonographi@pproacho analysehe
architecturaltraits of apple treesand their possible
utility in breeding, with numerous phenotyping
techniquesisedfor precisddentification.Theanalysis
was basedon scientific literature from a range of
journals and monographs,drawing from studies
conductedin the United States,China, the United
Kingdom, Germany,France,the NetherlandsJapan,
Australia, Canada,ltaly, Spain, and other countries
with advancedgriculturalresearctprogrammes.

Resultsand Discussion

The architectureof the apple tree is the spatial
configurationandstructuraldesingof the components
of thetree,includingthetrunk, branchescanopy,and
root system A comprehensiveinderstandingf these
architecturalcharacteristicds necessarnnot only for
effective tree managemenand yield forecastingbut
alsofor breedingprogrammesimedat optimisingthe
t r e enmorphological qualities and functional
performance(Jiang et al., 2025). The evaluationof
architecturatraits of appletrees,suchastrunk height,
branch number, and branch length, is crucial in
breeding programmesbecausethese characteristics
influence the structure, light capture, and overall
biomasof thetree,whichin turn affectits growthand
fruit production( B ® | &aBaldocchi,2021).

The branchingtopology of apple treesis a direct
reflection of their gene expressionand optimal
adaptationto environmentafactors.Consequentlya
detailed and accuratecharacterisatiorof apple tree
architectureacilitatesa deepemunderstandingf how
structural  organisation governs functional
performance and ecological adaptability (Lau
etal.,2018).

Assessmentechnologiedor treeparameters
Unmanned aerial vehicles (UAVS) equippedwith
camerasand sensorscapturehigh-resolutionimages
and 3D data,which providedetailedinsightsinto tree
architecture height, canopyvolume, and vigour (Wu
et al, 2020). UAVs are particularly useful for
collecting data on tree height, canopy volume,
branching patterns, and fruit-bearing zones, thus
improving the precision and efficiency of apple
breeding programmes(Huang et al., 2020). While
UAV:s offer high spatialresolutionandare capableof
covering large areas quickly, they are limited by
weather conditions and can be costly (Sangjan&
Sankaran,2021). Furthermore,the data processing
involved can be time-consuming,which can posea
challenge in largescale, reakttime breeding
applicationgWu etal., 2020).

LiDAR technology (light detectionand ranging) is
utilised to measurdree height,canopystructure,and
volume by emitting laser pulsesand analysingtheir
return time (Sinha et al., 2022). This method is
particularly advantageousn denseorchardswhere
precise measurementsare required, allowing for
detailed 3D modelling of tree structures (Sinha
etal.,2022).LiDAR is highly accurateand provides
valuabledatato assestreeheight,canopyolume,and
overall structure(Huanget al., 2020). However, it is
oftenassociateavith high costsandrequiresadvanced
equipmentand softwarefor data processing(Madec
etal., 2017).

Satellitesareusedto capturemagesthatassestarge
scaletree health,canopysize,and otherarchitectural
parameters in vast areas (Huang etal.,2020).
Although they offer global coverageand continuous
monitoring,theresolutionof satelliteimageryis lower
comparedo UAVs or LIDAR, which canmakethem
lessprecisefor individual tree analysis(Huanget al.,
2020). Additionally, the temporalresolutioncan be
limited, meaningthat detailed reattime monitoring
may not be achievable(Sangjan& Sankaran2021).
Despitethesdimitations, satellitetechnologyprovides
valuable insights for monitoring overall orchard
growth trendsand offers a broaderview of potential
changesin tree performance over time (Huang
etal., 2020).

Multispectral and hyperspectral imaging capture
data at multiple wavelengthsto assessvigour, leaf
area, tree canopy characteristics,and tree health
(Tsouliasetal.,2023).Multispectralandhyperspectral
imagingarepowerfultoolsfor detectingearly signsof
stressor diseaseand for evaluatingthe treels overall
vigour (Bestet al., 2008). However,they tendto be
expensiveandrequirespecialiseagtquipmentandtheir
data interpretationis often complex. Despite these
challengesthesemethodsareinvaluablein selecting
traitssuchasoptimaltreevigouranddisease&esistance
in applebreedingorogrammegTsouliasetal., 2023).
Automated ground-based systems, such as
autonomous vehicles and robotic platforms, are
increasinglyusedo captureneasuremensuchastree
height,trunk diameterandleafareaindex (Sangjan&
Sankaran2021).Thesesystemffer high-throughput
phenotypingand are costeffective, particularlywhen
appliedto largescaleorchards(Sangjan& Sankaran,
2021).Automatedsystemsarelessaffectedby weather
conditionsandcanprovideconsistenthigh-efficiency
phenotyping (Best etal., 2008). However their
effectivenescanbe limited by the complexity of the
orchard terrain and plant arrangementwhich may
hinder their application in certain orchard
environments.Despite these limitations, automated
groundbasedsystemsarevaluablefor evaluatingraits
such as tree vigour and structural attributesacross
manytrees(Sangjan& Sankaran2021).
Assessmentf keytree parametersand traits

Tree height is a significantselectiorcriterionin apple
breeding programmes,especially in field settings
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(Moles et al., 2009), becausea planfs ecological
strategyis significantly affectedby its height.It hasa
majorimpacton a speciedability to competeor light
resourcesindis closelyrelatedto factorslike lifespan
and time to maturity. Furthermore,plant height is
relatedto important ecosystenmfunctions, including
carbonsequestratiosapacity(Molesetal., 2009).
Treeheightis significantlyinfluencedby bothgenetic
and environmentalfactors, such as rootstock type,
growing conditions (e.g., soil fertility, water
availability, temperature)and orchard management
practicegHooijdonketal., 2011;Xu & Ediger,2021;
Jiangetal., 2025).

Theheightof treescanserveasanimportantselection
criterion in breedingprogrammesgo evaluateoverall
treehealth(Changetal., 2020),treeviability (Sestras
R.E. & SestradA. F., 2023),biomasgGennarcetal.,
2020) and yield (Sarron et al., 2018). Breeding
programmesfor modern intensive orchardsaim to
developcompactappletreesthatreacha heightof 2.5
to 3.5 metreswithin 3 to 4 years(Mukhaninet al.,
2006;Zemisovetal., 2021).

Tree heightis traditionally measurednanuallyusing a
long stick or ruler from the groundto the top, which is
time-consuming and errorprone, especially when
analysinghumeroudrees(Qiu etal., 2024;SestrasR. E.
& SestrasA. F., 2023; Sangjan& Sankaran2021).A
laser rangefindercan also estimatetree height more
accurately.Usually usedin forestry, it also works for
appletrees.This methodis fasterandlessdifficult than
usingatapemeasurehutit needsaclearviewofthet r e
apex(Larjavaara& Muller-Landau,2013).As a result,
tree height is rarely monitored directly in breeding
programmesdhutratheraspartof overallgrowthvigour.
Treeheight,an importanttrait in applebreeding,can
be accurately measured using high-throughput
technologiessuch as UAVSs, satellites,and LiDAR,
with methodssuchasLiDAR -basedsystemsshowing
strong correlationsto manualmeasurementéMadec
etal.,2017;Huangetal., 2020).

Tree vigour is a geneticallyregulatedtrait influenced
also by environmental conditions, rootstock, scion
genotypeandorchardmanagementracticeslt refersto
the ability of the tree to absorb, store and use
carbohydratesfor growth, leading to rapid shoot
developmenandlargecanopiegRebolledcetal., 2015).
Vigour is a complexcharacterizedby shootelongation,
leafsize treeheight,andtrunk diameterandit affectsthe
overall growth capacityof the tree, the developmentf
the root system, and fruit production (Hooijdonk
etal.,2011; Hugalde etal.,2019). High vigour is
associatedvith fast growth and large canopieswhile
lower vigour may lead to more controlled growth
(Rebolledcetal., 2015).

The primary objective of modern breeding is to
achieve balanced and indeterminate tree vigour,
preventing excessive and uncontrolled vegetative
growth (Blagek & K e | i r2@l8).8ccordingto the
ECPGR(Lateuret al., 2022),it canbe assessednd
classifiedinto five categoriesextremelyweak,weak,

indeterminate, vigorous, and extremely vigorous.
Vigour can be evaluatedwithin a single year by
examiningthe height and spreadof treesolder than
five yearswith accurate&eomparisonsequiringtheuse
of referencecultivarsplantedin the sameocationand
graftedonto the samerootstock(Lateuret al., 2022).
Tree vigour canalso be assessetty measuringboth
height and trunk diameter, with trunk diameters
recordedat 20 cm abovethe graft union. The trunk
crosssectional area (TCSA) is then calculatedto
assessthe t r e grdwth vigour (Mi | o get al.j |
2023). Vigour can also be classified into three
categoriesveak,medium,andstrong(SestrafR. E. &
Sestrad\. F.,2023. Althoughthismethods lesstime-
consumingandrequireslesseffort, it is lessaccurate.
Therefore, the use of remote sensingtechnologies
would beamorereliableapproachBestetal., 2008).
Growth vigour, akey trait in appletreebreeding,can
be assessedusing multispectral, hyperspectral
imaging, LIDAR, and UAVs to monitor variationsin
tree growth, although further researchis neededto
optimise thesetechnologiesfor largescalebreeding
programmesand commercialorchards(Scalisiet al.,
2021;Tsouliasetal., 2023 Jiangetal., 2025).
Canopy volume refersto the threedimensionalspace
occupiedby the branchesand leavesof an appletree,
including the entire live canopyfrom the baseof the
crown to the highestpoint and from the centreof the
crownto thefurthesttips while excludingdeadbranches.
It is akey parametefor evaluatinghe growth, structure,

e @rw overall healthof the tree (Usha& Singh,2013).A

larger, well-formed canopytypically reflectsa healthy
andvigoroustreecapableof efficiently capturingenergy
andallocatingnutrients(Wright etal., 2006).

In breeding programmes, canopy volume is an
important metric used to assesstree growth and
productivity, as it provides insights into how
efficiently a tree capturessunlightfor photosynthesis
(Usha & Singh, 2013). Canopy volume can be
measuredmanually, but accuratedeterminationof
canopysize can be challengingand labourintensive
due to complex growth patternsand irregular tree
shapesTraditionally, canopyvolumeis estimatedby
measuringa crown diameter and canopy height,
assuminga simplified 3D crown shape.However,
becausé¢he crown shapeandbranchpositioningvary,
calculatingthe precisevolume can be difficult. One
such method, proposedby (Wright et al., 2004),
calculatesthe canopyvolume (V) using the formula
V = (1/3) " r Jwhereh representshe canopyheight
andr is the averageradiusof the base,assuminghat
the surroundingtreesare straight. Thesemethodsare
commonly usedto evaluatecrown compactnessnd
overalltreevigourin appletreebreedingDubrasichet
al., 1997;Bestetal., 2008;Zemisovetal., 2021).

The volume of the canopycan be accuratelymeasured
usingLiDAR andUAV technologie$o create3D models
althoughmoreresearclis neededo exploreits impacton
long-termfruit yield, quality, andtreelongevity (Huang
etal.,2020;Sinhaetal.,2022;Paudektal., 2023).
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The global shapeof the tree refersto theoverallform
or outlineof theentiretree,encompassingotonly the
crownbutalsothetrunkandbrancheslt representthe
t r egeod@thpatternandis influencedby factorssuch
as genetics, pruning practices, and environmental
conditions(Othmanet al., 2015;Zhanget al., 2016).
In addition to the overall shapeof the tree, branch
patternsandanglesare crucial structuralfeaturesthat
affectthe canopyarchitectureof trees(Johansetal.,
2018).A well-structuredshapenfluenceshevolume,
compactness,and symmetry of the tree canopy,
improving light penetratiorandair circulationwithin
the canopy while reducing the risk of diseasedy
preventing overcrowding of the branches(Zhang
etal.,2016; Lordan et al., 2018; Wangetal., 2023).
The vigour of at r egeofwth can alsoinfluenceits
shape. Trees with excessivevigour may develop
irregular or overly dense shapes,which can be
corrected through pruning (Sestras R. E. &
Sestra®A. F.,2023).

Thelengthof theinternodesandthe angleof the layer
relativeto the shootare heritabletraits closelylinked
to the future canopyarchitectureof apple seedlings.
Thesdraitscanbeeffectivelyassesseih thefirst year
of growthin applehybrids.An obtuseanglerelativeto
theshootis characteristiof weepingappletreeswhile
shortinternodesare indicative of columnarforms or
compactrees.By evaluatingthesetraits, it is possible
to selectup to 90%of hybridswith thedesiredcanopy
architecturefrom hybrid families alreadyin the first
yearof seedlinggrowth (Bendokastal., 2012).

The trunk providessupportfor branchgrowth while
transportingwaterand nutrientsabsorbedy the roots,
aswell asorganicmattermadeby the leavesto ensure
normalgrowth of fruit trees(Jurjevi etal., 2020).The
diameteiof thetrunksof individualtreesis animportant
indicator to help describethe growth statusand the
developmentrendof appletrees(Krauseetal., 2019).
In breedingprogrammestree shapeis a key trait to
improve orchard efficiency and maximise
production.By selectingparenttreeswith desirable
shapessuchascompact,symmetrical,or pyramidal
forms, breederscan developnew cultivars that are
easierto manageand harvest(Zhang et al., 2016;
Lordanetal., 2018). Furthermore selectingoptimal
tree shapescan reduce the need for excessive
pruning, contributing to more efficient orchard
managemenfWangetal., 2023).

The shapeof thetreeis a critical consideratiorin the
developmentf newapplecultivarsfor high-densityor
modernorchardswhereuniformity, compactnesand
productivity are essential(Lordan et al., 2018). The
shapeof thetreebeforeproductionmaydiffer from its
form at harvesttime, makingit difficult to accurately
assessit using traditional methods. However, this
variationcanbemorepreciselyevaluatedisingremote
sensingtechnologiesas individually assessingach
tree in breeding programmesis often difficult and
time-consumingSestrafR. E. & SestradA. F.,2023).

The shapeof the tree canbe classifiedinto two main
groups:columnar,characterisedby a narrow, upright
form with minimal lateral branching,and ramified,
which features more extensive branching and a
broader, spreadout canopy. Only varieties with a
ramified tree type canbe more specifically classified
anddescribeasedon their shapejncluding upright,
upright to spreading, spreading, drooping, and
weepingforms (UPQV, 2023).The desiredtreeshape
in apple breedingprogrammegypically emphasises
compactsymmetricaformsfor high-densityorchards
to optimisespace Jight capture,andfruit production,
while also facilitating ease of managementand
harvestingChaploutskyietal., 2023).
Branchingpatternsaretypically measurecarlyin plant
developmentpften during thefirst yearof hybrid apple
tree growth, as theseearly traits are indicative of the
p | a nfaituies canopy architecture. By analysing
branchingpatternandanglesit is possibleo makeearly
selectionf desirablegenotypedor further breedingor
more efficient orchard management.In breeding
programmeghedesiredbranchinganglesor appletrees
are selectedbasedon the form of the tree,with narrow
angleqcloserto vertical) favouredfor columnarshapes,
wide anglesfor weepingforms, and moderateangles
(typically 4 5 &\ 0 fanbalancedyrowthandoptimalfruit
production(Bendokastal., 2012).

Theglobalshapeof thetree,includingparametersuch
ascrownwidth, perimeterandbranchingpatternscan
bepreciselymeasuredisingUAVs with deeplearning
algorithmsand LIiDAR althoughfurther researchis
needed to optimise algorithms and explore the
relationship between tree shape and productivity
(Johansenet al., 2018; Hadas et al., 2019; Wu
etal.,202Q Zhangetal.,2020).

Fruit -bearing habits referto the patternof flower and
fruit productionof thetreeovertime. Thisincludesthe
numberof flowersor fruits pertree,thedistributionof
spursor branchesearingfruit, the timing of fruiting
(annualor biennial), and the location of fruiting (in
newor olderwood). Thefruit-bearinghabitinfluences
the yield and quality of the fruit andis the key factor
in the orchardproductivity.

In fruit trees, the relationship between vegetative
growth andflowering, andfruiting processess key to
achievingregularfruit production.Forappletreesthis
relationshipis alsodeterminecby the specificvariety
andhow fruits arepositionedon long shootseitherin
lateralor terminallocations knownasthefruiting type
(Lawuri et al., 1997). Fruit tree cultivars are typically

categorisedas A a n n ubad d ryiomAliii enni al

b e ar(Evarg,2017).

Floweringis mainly influencedby physiologicalfactors,
especiallycarbohydrategnd hormones.The quality of
flower budsdependon their position; terminal budsin
fruiting branchesare larger and of higher quality dueto
bettemutrientsupplyandmoredeveloped/asculatissues.
In contrast,flower budsat the endsof long vegetative
growthstendto beof lower quality (Obrucheva014).
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The primary objectiveof breedingprogrammess to
develop apple varieties that exhibit consistentand
reliable bearing, ensuring fruit production every
seasorfLaurensetal., 2000).Thisincludesoptimising
fruit bearingon spursto maximisefruit productionper
unit of treesize,while alsofocussingon cultivarswith
predictableandhigh yields,andminimising excessive
vegetativegrowth that could negativelyimpact fruit
production(Sedov,2014).

Fruit-bearinghabitscan be evaluatedn a single year,
ideally on treesthat havenot beenexcessivelypruned
B ® | hetldssifiedinto five types:columnarbranches
producefruit only on spurswith few branchesTypel|
featuresshort,long-lived spurswith afruit zonecloseto
the trunk and sparse upright branching.Type Il also
bearsfruit on spurs,but the fruit zone movesslightly
outward and the tree spreadswith age due to more
frequentoranchingTypelll branchedruit in bothspurs
and 1 to 3-yearold shoots,spreadingoutward with
frequentbranching TypelV branchegprimarily fruit at
theendsof 1-yearold shootswith adroopingtendency
and fruit mostly at the extremities (Watkins &
Smith,1982;Lateuretal., 2022).
Fruit-bearinghabitscan be analysedand optimised
using high-throughputtechnologiessuchas UAVs
equippedwith multispectralsensorsRGB cameras,
and LiDAR to modeltree structures,assesscanopy
density,and identify fruiting zones,improve orchard
managemen(Straubet al., 2022; Mao et al., 2024).
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Conclusions

1. Canopyvolume,treeshapeandfruit-bearinghabits
are key traits in apple tree breeding programmes,
directly influencing productivity, fruit quality, and
orchardmanagemenrgfficiency.

2. Early identification of heritable traits related to
branching patternsand canopy structure allows for
fasterandmoreaccurateselectionof desirablehybrids
in appletreebreedingprogrammes.

3. The integration of advancedtechnologiessuch as
LIDAR, UAVs, andmultispectralimaging significantly
enhanceshe precisionof phenotyping,improving the
accuracyandefficiencyof breedingorogrammes.

4. Automated phenotyping systems and remote
sensingtechnologiesstreamlinethe breedingprocess
by reducing manual labour and providing high-
resolutionreattime dataon treearchitecture.

5. While highthroughput phenotyping has advanced,
challenges such as cost, data complexity, and
standardisatioremainMoreresearclis neededo enhance
thesdechnologiesor betterbreedingapplications.
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Abstract

The spatialcompositionof differentsoil typeshastraditionally beenevaluatedhroughsoil mappingandbroadscaleregional
assessmentsf soil properties However, mathematicabjuantificationof soil taxonomicdiversity in agriculturallandscapes
with varyingmanagemerintensitiesremainslargely unexploredTo addresghis gap,we appliedShannorDiversity Indexat
landscapdevel andpotentialpedodiversityindex (PDw) ata30T 30 m cell resolutionin two distinctagriculturallandscapes
in Latviai TaureneandPlatonemunicipalities’ characterizetyy differentsoil formationconditionsopographyheterogeneity
of soil cover,land-usestructureandfarmingpracticesSoil mappingdatabasedn theWorld Referencdasefor Soil Resources
(WRB) systemwas used.Soil taxonomicdiversity at the municipality level was assessedsinga single ShannorDiversity
Indexfor eachareacalculatedseparatelyor first-level referencesoil groupswithout qualifiersandsecondevel classification
with qualifiers.Croppingclassesveredeterminedusingdominantcrop typesovera 9-yearperiod (2015 2023)andgrouping
croptypesinto classesAt the broadsoil classificationlevel, the uplandlandscapef Taureneshowedhighersoil taxonomic
diversity than Platone,aligning with its more complex soil formation factorsand processesHowever,at a more detailed
classificationlevel, Platoneexhibited slightly higher diversity, contradictingestablishedheoreticalexpectationgor such
landscapesStudyresultsof both agriculturallandscapeshowthatthe highestsoil taxonomicdiversity valueswereobserved

in areaf temporarygrasslandsownin arableland

Keywords: taxonomy pedodiversity Shannorindex,land use,movingwindow.

Introduction

In Europe, soils are subjectedto various threats,
including water and wind erosion, the reduction of
organic matterin both mineral and organic soils, as
well assoil compaction(Stolteetal.,2016).Within the
framework of the EuropeanUnion Soil Strategyfor
2030, the importanceof soil researchis emphasized
notonly asameando improvesoil conditionsbutalso
to mitigate the climate impact of soil management
practices(Panagoset al., 2022). Rasmusser{2022)
identifies the study of soil spatial distribution, its
propertiesandtheprocessesccurringwithin it asone
of the key priorities in contemporarysoil science
research.

Therearenumerousstudiesworldwide on the patterns
of soil spatial distribution (McBratney, 1998),
highlightingthe significanceof variousenvironmental
factorsin shapingsoil processesmorphology, and
properties. Furthermore, soil processesand their
interactionsunderdifferent environmentakonditions
vary considerablycontributingto thediversity of soils
(Targulian& Krasilnikov,2007).

Measuring soil diversity (syn pedodiversity) is
inherently complex and lacks a universal approach
(Usher, 1983). As a result, multiple research
methodologiesand classificationsystemshave been
developedl b § &tal.£1995)proposechframework
based on the prevailing biological diversity
classification, categorizing soil diversity into four
hierarchicallevels dependingon the spatial scale of
analysis:micro-scalediversity at the polypedonlevel,
U-scale diversity representingsoil associationsat a
medium scale, o-scale diversity at the landscapeor
watershedevel, andf-scalediversity referringto soil
diversity at a geographicategionallevel. In contrast,
Mikhailova et al. (2021) provided an example of

dividing soil diversity into four distinct types:
taxonomicdiversity, which encompassegariationin
soil groups, types, and subtypes;genetic diversity,
referring to the diversity of soil genetic horizons;
parametriaiversity,which accountdor differencesn
soil physicaland chemicalproperties;and functional
diversity, which describes variability in soil
characteristicsunder different land use conditions.
This soil diversity classificationaligns more closely
with contemporaryrendsin soil research.
Significant uncertainties persist regarding the
applicationof specific soil classificationsystemsin
determiningspatial distribution patterns.As a result,
soil scientistsoften disagreeon the extentto which
environmentalfactors influence soil distribution at
regional and local scales (Gray et al., 2009).
Incomplete knowledge of environmentalconditions
can sometimes lead to an overestimation or
underestimation of soil formation processes,
complicating the use and comparisonof different
classificationsystemg(Reintam,2002; McBratney et
al., 2003).

Previousresearchhas madesignificant contributions
to the statisticalassessmenof STD, particularly in
forestecosystemsi-or example,Samecet al. (2018)
study conductedn the CzechRepublichasprovided
valuable insights into the diversity of forest soils,
offering a methodological framework for similar
investigations. An innovative methodology for
evaluating STD was introduced in the studies by
Vacek et al. (2020) and V a g & &l. (2023). These
works propose a new method of analysisi the
potentialpedodiversityindex (PDy). This approachis
basedon the widely usedShannordiversity (entropy)
index(Shannon1948),whichis extensivelyappliedin
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ecology and landscape research. The index is
calculatedwithin rastercellsusingthemovingwindow
method, which uses a fixed geometric shape to
repeatedly scan the area, calculating local values
within eachwindow asit movesacrossthe territory,
allowing for a spatially explicit assessmentf STD.
PDH is definedasa pressureof the surroundingson
the soil unit changeat a particularsoil point location
(Vaceketal., 2020).

Basedon thesefoundationspur studyaimsto further
explore STD the contextof agriculturalland usein
Latvia. Agricultural practices influence soll
properties, biodiversity, and ecosystemfunctions,
thereby shaping soil diversity at both local and
regional scales (Trivedi et al., 2016, Briones &
Schmidt 2017). Intensive land use can lead to soil
homogenization,loss of taxonomic diversity, and
degradatiorof soil functions,whereadow-intensityor
diversified land use may enhancesoil heterogeneity
and resilience(Burton et al., 2023. Studieson soil
diversity in relation to agricultural intensity help to
assestheimpactof landmanagementracticeon soil
sustainability inform precisionagriculturestrategies,
and support policy-making for sustainabldand use
planning. Therefore,our aim was to assesghe soll
taxonomicdiversity andits possiblerelationshipwith
different agricultural crop classesn two contrasting
landscape Latvia.

Materials and Methods
For the geospatiabnalysisof STD, publicly available

soil mappingdatafrom the 6 E2 S OI| L grageRtl 6 (Wickham, 2016),

wereused basednthe WRB system(lUSS Working
GroupWRB, 2022). The datacoverthe Taureneand
Platonemunicipalities(Figure 1) at a 1:10,000scale.
Data are available on the national geospatial
informationportal (www.geolatvija.lv)underaCC4.0
license and on the Latvian open data portal
(www.data.gov.lvjundera CC 1.0 licenseStatePlant

combinedwith diversemicroclimatic and geological
conditionsdrive spatiallyheterogeneousedogenesis,
resulting in more complex soil properties and
distributions.

STD at municipality level wasanalysedby calculating
asingleS h a n ndiversitysndexfor eachstudyarea
for thefirst level classificatiorfor uniquereferencesoil
groupswithout qualifiersandseparatelyfor the second
level classificationwith qualifiers. The soil mapping
procesgslid notencompasall potentialqualifiersfor the
relevantsoil groups(Nikodemuset al., 2023), which
may leadto a simplified representatiowf actualSTD.
For spatialdatavisualization ArcGIS desktopsoftware
wasused(ESRI|, 2020).

To examine the relationship between STD and
agriculturalland-use,the PotentialPedodiversityndex
(PDy) was calculatedat a fine-scale30 T 30 m cell
resolution,but only using the first-level classification
(Referencé&oil Groupswithoutqualifiers).PDy wasthe
main methodof assessingTD in this article. Since
municipality-level soil mapping was conductedat a
1:10,000scale with aminimumelementangoil contour
sizeof 0.3 hatheinitial vectordatawererasterizecata
30-meterresolution.A 300-meterradiuswas selected
for the moving window analysis. The analysiswas
conductedusingR programmindanguagen R Studio
version4.4.2. Following packagesvere used:6 s foré
spatial data operations(Pebesma2018 Pebesma&

Bivand, 2023), 6 d p Ifoy data manipulation,6t er r a 6

(Hijmans, 2024a)and 6 r a s(Hijmang) 2024b) for

raster file management,d g g p Ifop tvigualization
6doPar ol Imalti-dore

processingR Core Team,2024),6 F S faréposthoc

testing (Ogle et al., 2025), 6 a g r i forordfesenceé
diversityindexcalculationgDe Mendiburu,2021),and

0 n o rfdr pedfarndngnormalitytestsonlargedatasets
(Gross& Ligges,2015).

The mathematicalfoundation of the PDy index is

based on the Shannondiversity index (Shannon,

Protection Service, 2024 (Valsts augua i z s a r d 948y adaptedor soil data(Vaceket al., 2020).The

dienests2024). Soil mappingwas conductedby the
University of Latvia, Facultyof GeographyandEarth
Sciencesduring2021i 2023(Nikodemusetal., 2023).
Platoneand Taurenerepresentontrastingpedological
environmentsPlatoneis locatedin Zemgalelowland
plain into transition zone betweenthe Baltic Ice lake
sands(in northern part) and clay sedimentsof the
meltwaterbasinsin glacial lowland (in southernpart);
furthermorealluvial sandysedimentsaredistributedin
certainareagGeologicalmapof Latvia,1981;Z e |& s
Markots, 2004; Z e | eft &., 2011) and represeniow
topographicvariation,rangingin elevationfrom just0.7
to 24 metersabovesealevel. This flat terrain fosters
relativelyhomogeneousoil formationprocesses.

In contrast,Taureneeaturesa glacigenicdepositsand
undulated topography (Geological map of Latvia,
1981;Z e | & Markots,2004;Z e letak, 2011),with
elevationsbetween175 and 256 metersabove sea
level. Its pronouncedrelative elevation changes,

PDy indexwascalculatednitially by determiningthe
proportion (Pa) of cells occupiedby eachsoil type
relativeto thetotal numberof soil cells(Pat)within the
defined search window. Results were then log-
transformed,and the product of Pa and Pat was
multiplied by this transformedvalue. Finally, these
individual contributionswere summedand multiplied
by -1 to yield the PDy index (Equation 1). PDy
calculation codelines can be found in associated
ma s t teesigarmexsection( Gu p €02%).a ,

00 B —aé&— (1)
where:
PDy T potentialpedodiversityindex,
Pa 7 numberof cells occupiedby a given soil type
within the searchwindow;
Pat i total numberof cells occupiedby all soil types
within the searchwindow.
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The classification of cropping classes was based ontypes are encoded using a standardized -thigig

dominant crop types observed over gear period

threelevel hierarchical classification based on crop

(2015 2023), which we use as a proxy for recent fand characteristics and usage (LR Ministiiabinets,
use practices. Spatial data were sourced from the Field023). For analysis, secoievel groups were used for

Register of the Rural Support Service (RS@uku

grasslands and firdével groups for other crops. Crop

atbalsta dienests, 2025), comprising land parcels antypes were then grouped into classes and used in
their associated crop types from 2015 to 2023. Crodurther analysis (Table 1).

Figure 1
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The AndersonDarling normality test confirmed that differences across all crop groups. To further
the distribution of PDy values in both territories  investigate specific pairwise differences between
deviatedsignificantly from normality. Consequently, groups, a posthoc Dunnis test with Bonferroni
the nonparametric Wilcoxon rank-sum test was  correctionfor multiple comparisonswvas conducted.
employedto assessvhetherthe medianPDy values We | ¢ ANOY¥A was used to assessdifferences
differed significantly betweerthe two territories.The  betweerdiversity valuesvarianceof two territories.
KruskalWallis rank-sum test was usedto evaluate

Table 1
Classificationof agricultural land into agricultural crop classes
Crop namesand codesafter Cabinetof Ministers of the Republicof Latvia (Latvijas

ce Croptype RepublikasMinistru Kabinets,2023)
1 Fallow Greenmanurefallow (612)
2 Vegetables Starchpotatoeg825), Potatoesiot elsewherespecified(820), Otherunspecifiedcabbages

(870), Tablebeetschard/ leaf beety(844),0nions,shallots chives,Welshonionsand
Japanesbunchingonions(846),Garlic (847)

3 Fabaceaéelds Redclover(723),White clover (724),Alfalfa (726), Field beang410),Peag420),Soybean
Legumes (443)

4 Permanent Permanengrassland$710)

grasslands**
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cex Croptype Crop namesand codesafter Cabinetof Ministers of the Republicof Latvia (Latvijas
RepublikasMinistru Kabinets,2023)

5 Permanentrops | Appletrees(911),Peartrees(912), Sweetandsourcherries(932),Plumtrees(914),Aronia
(orchardsshort (918), Seabuckthorn(919), Blackcurrantg922), Quincebusheg928), Fruit treesandberry
rotationcoppice, | bushegexceptstrawberries)eachoccupyinglessthan0.1 hain acontinuousarea(950),
energycrops) Woody plantnurserieson agriculturalland (640)

6 Others(not Othercropssownpurein arableland (872), Mustard,includingwhite mustard(215), Various
specifically cropsin smallarableareasor multiple cropsgrownin a continuoudield, eachoccupyingless
classified) than0.1ha,or areasusedfor flower cultivation (811)

7 Temporary Mixture of grasse®r forageherbs(including proteincrops)sownin arableland (720),
grasslandsown | Mixture of grassesndlegumessownin arableland,with legumes>50% (760)
in arableland***

8 Graincrops Oats(140),0atswith grassor legumeundersowing141), Springwheat(111), Winter wheat
(112), Springbarley(131), Springbarleywith grassor legumeundersowing133), Winter
barley(132),Rye(121), Cerealandpeamixturewith peas>50% (445), Otherunspecified
maize(741)

9 Oil andfibre Winterrapesee212)

crops

10 | Singlespecies Redoatgrassfor seedproduction(735)

grassswards

*CC i agriculturallandcropclass;** - Permanengrasslandsaregrasslandareaghatuntil 2014weredeclaredaspermaner
meadowsandpasturesAreasdeclarecaspermanengrasslandgcludethosethatfor five consecutivggearshavebeendeclares
asarabldandsownwith mixturesof grassesind/orfodderherbs(suchastimothy, alfalfa, vetch,sainfoin,easterrgalegarougt
hawkbit) or aspuregrasssownfields, or aspurefodderherbfields. In additionto permanengrasslandsareasecognizedas
biologically valuablegrasslandsr grasslandsnportantfor biodiversityd suchasprotectedyrasslandhabitatsor bird habitat:
resultingfrom thecessatiomf agriculturalactivitiesd arealsodeclarecaspermanengrasslandé atvijasRepublikasMlinistru
Kabinets,2023).*** Temporarygrasslandsownin arableland are grasslandareashathavebeendeclaredfor lessthanfive
consecutivgrearsasmixturesof grassesr forageherbg(includingproteincrops)sownin arableland(code720),0r asmixtures
of grassesndlegumessownin arableland with legumescomprisingmorethan50% (code760).

Resultsand Discussion

S h a n ndiversitgindex at municipality level
Thenumberof uniqgueReferenc&oil GroupgRSG)was
consistenacrosdothterritories,with 12 groupspresent
in each Similarly, thenumberof uniquesoil andprincipal
qualifier combinationsshowedonly a slight difference
betweenthe two territories: Platone had 223 unique

topographye.g.Taurenewherehigh STD complicates
spatialcapture At broademappingscalessmallscale
soil variationsi and consequenthspecificqualifiersi
may not be adequately captured, potentially
contributingto the lack of distinct patternsobservedat
themunicipallevel. Thehigheroverall[STDrecordedn
Taurenewithout consideringgualifiers,contrastedvith

combinationswhile Taurenehad 208. The S h a n n o mréadersoil group diversity observedn Platonewhen

Diversity Index for broad RSGswithout qualifierswas
1.90for Taureneandl1.35for PlatoneThus,atbroadsoil
classificationlevel Taureneareawas assesseds more
diversethan Platonearea.This is in line with previous
studiesshowingmuchhigherdiversity of soil formation
processesand their driving factors in heterogeneous
upland areas (Kasparinskis & Nikodemus, 2012;
Nikodemuset al., 2024) wheresmaltscaletopographic
variability cansignificantly influencesoil formationand
heterogeneity G r abal, 2023).In Platonethe largest
soil areaswere dominatedby Luvisols and Planosols,
which covered62% and 12% of the total mappedarea,
respectivelywhile otherRSGseachconstitutedessthan
10%.In contrastdominantRSGsdistributionin Taurene
exhibitedgreateriversity, with thethreemostprevalent
RSGs being Luvisols (33%), Retisols (19%), and
Phaeozemgl4%).

The S h an n Divedsity Index for RSGs with
qualifierswas 3.72 for Taureneand3.92 for Platone.
Theseresultscontrastwith our resultsbasedon RSGs
without qualifiers.

Thesefindingsarein line with recentiteratureon local
scale,e.g.Nikodemuset al. (2024),which underscores
the challengesof mapping regions with complex

qualifiers are included, suggestsa need for more
detailed soil mapping. This would ensure that
ecologically relevant soil variations, particularly in
geomorphologicalllcomplexand heterogeneouareas
suchas Taurene are accuratelyrepresentedPrevious
researcthasdemonstratethat smallscaletopographic
variability cansignificantlyinfluencesoil formationand
heterogeneity G r ebal, 2023).

However,studieson STDin our regionremainscarce,
and no well-establishedreferencevalues exist for
agricultural lands. For the Boreal biogeographical
region the reported Shannonindex is 3.27 for the
secondevel WRB groupsand2.49for thefirst-level
WRB groups( | b 8ef &.z2013). However, this
coarsescalevaluescannotbe comparedo landscape
level results.Thus,we could not compareour results
to drawmoredetailedconclusions.

Potential pedodiversityndex at cell level

The absolutedifferencesbetweenPDy in the two
territories were minimal as well, with Taurene
showing a slightly higher overall index values
compared to Platone. Statistically significant
differencesbetweerthe mediansof the two territories
(W > 8 AL, p < 0.001)were observed The median

a7
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PDy valuefor Taurenewas0.93,while for Platone;it
was0.86.We | cANOWA alsoindicatedsignificant
differencesin group variances(Fgagsg= 328.1,p <
0.001), a finding supportedby the histograms.The
spatial distribution of the index displayed a more
distinctpatternin Platonewith the highestPDy values
locatedin the northern part of the municipality. In
contrast, Taureneexhibited no clear spatial patterns
(Figure2). Higher STD in northernpartof Platonearea
could be explained by soil genesisand geological
formation of area,e.g. varying soil textureof the soil
parent material (Kasparinskis& Nikodemus,2012).
Accordingto geologicalmapof Latvia (1981)i areaof
Platonemunicipalityis locatedin Zemgaldowlandinto
transition zone betweenthe Baltic Ice lake sands(in
northern part) and clay sedimentsof the meltwater
basingn glaciallowland(in southerrpart);furthermore,
alluvial sandysedimentsaredistributedin certainareas
( Z e& Nlaskots,2004).Thecontactzoneof diverseor
doublesided soil parentmaterial (clay in subsoiland

Figure 2

sand in topsoil) is characterizedby heterogeneity
conditions, e.g. higher variety of soil formation
processes(e.g., accumulation of organic matter,
podzolization, increase of soil moisture conditions,
gleying, etc.) insteadof homogeneouslay sediments
(in southermpartof Platonemunicipality area).

In Taurenearea such relationshipsare not visible.
However,soil diversity is being providedmainly by
undulated topography and glacigenic deposits
(Geologicalmap of Latvia, 1981;Z e | & Markots,
2004;Z e letak,2011).

Relationship betweensoil taxonomic diversity and
agricultural crop classes

It is well establishedhat the local soil biodiversity
decreaseswith increasing agricultural land use
intensity(Tsiafoulietal., 2015).In addition,intensive
agriculturedrives profoundchangesn soil properties
to the degreethatthe soil canno longerbe considered
representative of its undisturbed counterpart
(Amundsoretal., 2003).

Potentialsoil diversityindexin Platone(left) and Taurene(right) andvaluedistribution histogramgFreqony
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Our two study regions differed considerably in
agricultural crop class composition(Figure 3). Only
28% of the TaureneMunicipality areawas usedfor
agriculture,and almost82% of this areacorresponded
tothe4" classi permanengrassland€Onthecontrary,
45% of the Platone Municipality was covered by
agriculturallands, and 86% of them were intensively
usedandcorrespondetb the8" classi graincrops.
Statistical tests confirmed significant differences
betweengroup medians( @ = 3,118.9,p < 0.001).
Posthoc testing revealed several significant

PDy

differencesbetweenthe croppinggroups,with group
10 (singlespeciegrassswards)exhibiting the lowest
PDy valuescomparedto the others,while group 7
(temporarygrasslandsownin arableland)showedhe
highestvaluesin therange(Figure4). Furthermoreno
significant differencesin soil groups were found
across cropping classes.Permanentgrasslandsin
Taurenehad much higher PDy valuesthan thosein
Platone gventhoughtheybelongto thesamdand-use
class.This unexpectedlifferencesuggestghat STD
hardly explains land use patterns Therefore, other
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factorsrelatedto land usei such as historical land
managementgrop rotation, fertilization, or farmer
decisions- shouldbe consideredn future analysedo
gain a deeper understandingof the relationship
betweenSTD andcrop choices

Current researchtrends show that major land use
intensity studieshavenot evenlisted STD asa factor
(MarcosMartinezetal.,2017;Van Vliet etal., 2015),

Figure 3

yettheassessmermtndconservatiorf soil diversityas
an importantpart of the Europeamaturalheritageis
gaining increasingrecognition( | b Seflak, 2013).
Thus, we call for greaterintegration of different
aspectof soil diversity including STD into land use
research, policy frameworks, and sustainable
agriculturalpracticego ensurats protectionandlong-
termecologicalresilience.

Agricultural crop classesn Platone(left) and Taurene(right)
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Figure 4

Soiltaxonomiccompositiorand medianPDy index(black points)in differentcroppingclassesn Platone(left)
and Taurene(right). Thecodesfor croppingclassesare the sameasin Tablel
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It isimportantto notethatPDy indexcannobeusedn the
sameway as ShannonDiversity, becauset doesnot
directly measureliversityin agivenareabutrathershows
a tendencyfor diversity to changein relationto nearby
areas(Vacek et al., 2020). Therefore,high PD, values
shouldnotbeinterpretedn thesamemannerasaregular
diversity index, as demonstratedh our study througha
comparisonof the absoluteindex calculated at the
municipalityscaleversughePDy calculatedateachraster
cell, which yieldedsubstantialiydifferentresultsbetween
the two territories. PDy allows for highresolution
mapping of soil taxonomic diversity by assigninga
diversity index valueto individual mapunits, potentially
makingit usefulfor inclusionin detailedspatiaimodels.
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Conclusions

1. Minor absolutedifferenceswere observedn STD
betweenthe two municipalities, with PDy values
generally being slightly higher in Taurene,a less
intensivelymanagedireacomparedo Platonewhich
hasrelatively highercroppingintensity.

2. To enhancethe accuracyof STD assessmenin
topographicallycomplexterrains higherresolutionsoil
mapping should be conducted to improve the
representationf smallscalesoil formationsthatarenot
detectablatlargermappingscales.

3. Temporarygrasslandsownin arablelandwererelated
to high soil diversity areaswhile singlespeciesgrass
swarddieldswereconfinedto areasvith low soil diversity.
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4. In both agricultural landscapesthe highestSTD
valueswereobservedn areaof temporarygrasslands
sownin arableland. Otherfactorsrelatedto land use
should be consideredin future analysesto gain a
deepeunderstandingf relationshippbetweerSTDand
croppingclasses.

5. At municipal level, Taureneexhibited higher soil
taxonomic diversity than Platone,consistentwith its
more heterogeneousplandlandscapeand previously

documentedcomplexity of soil formation processes.

Platoneshoweda slightly higher ShannonDiversity
Index valuesper cell than Taurene which contradicts
theoreticalassumptiongboutsoil taxonomicdiversity
in suchlandscapes.

6. Further researchshould focus on high-resolution
modelling of the PDy index, incorporating other
environmentafactorsavailableat a detailedscale such
as topographic indicators or soil parent material.

Additionally, otherdiversitymetrics,suchasSi mp s on 6 s

Diversity Indexor PatchRichnesaindEvennessshould
be calculatedusing a similar approachto determine
whethemtherindexescouldrevealrelationshigbetween
STDandcroppingclassedetter.
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Abstract

Different potatogenotypesvary in nitrogenuptakeand biomassproductionat different availablenitrogenlevels. In vitro
experiment®ffer acontrolledenvironmento furtherexplorethesevariations. The studyaimedto evaluatehe morphological
traits of various potato genotypesin a two-factorial experiment,analysingmicroplant responseslependingon nitrogen
availability in the growthmediumin vitro. The study,conductedn 2022in Priekuli, Latvia, testedl9 potatogenotypesinder
varying nitrogenlevelsin anin vitro medium.The experimentwas carriedout in threetime-shifted serieseachwith four
replications.The Murashigeand Skoogbasalmediumusedfor the experimentsncludedN concentration®f 60 mmol L
(N60), 20 mmol L T (N20), and7.5mmol L (N7.5). The morphologicaltraits analyzedin the potatomicroplantsincluded
plant height, fresh weight (FW) and dry weight (DW) of the total plant, aswell as FW and DW of the shootsand roots.
Additionally, calculatedraitsincludedtheroot % shareyootto-shootratio andthenitrogenstressolerancecoefficient(NstC)
of thegenotypesResultsshowedsignificantdifferencesn biomassproductionbetweerdifferentN levels(p<0.05)aswell as
significantdifferencedetweergenotypegrownunderthe sameN level wereidentified. NstC differed betweergenotypes.

Keywords: potatomicroplants nitrogenstressolerancenitrogenavailability.

Introduction

Potato(Solanumuberosuri..) is animportantcropfor
globalfoodandnutritionalsecurity As acropit requires
alargeamountof nitrogen(N) (Haverkortet al., 2003;
Vos, 2009;Hirel etal., 2007;Lammertsvan Buerenet
al., 2014; Tiwari et al., 2018). To comply with
environmentallyfriendly and sustainableagricultural
practicesthe fundamentagoal of crop productionis to
optimise high nutrient efficiency in crops, thereby
ensuring that economic benefits increase and
environmentabpollution due to nitrate lossis reduced
(Getahunet al., 2020; Stefaniaket al., 2021). One
approachis the developmentof enhancegfficiency
fertilizer andoptimisednutrientmanagementHopkins
etal., 2008),butthe secondapproachs the breedingof
cultivarswith improvednitrogenuseefficiency (NUE)
(Schumé& Jansen2014).

Although field trials are crucial, pre-screeningof
genotypesundercontrolledenvironmentakonditions
can be helpful in the breedingand selectionprocess
(Schum & Jansen,2014). In vitro trials for NUE
evaluationarerare,only a few of themaredescribed
by Hajari et al. (2014,2015),Shumé& Jansen(2014)
and Schumet al. (2017). In vitro trials allow us to
investigatemanyplantsundercontrolledconditionsin
a short period; neverthelessthis also allows us to
observeaootdevelopmentwhichis usuallyimpossible
in field trials (RabanteHaneetal., 2022).

Knowledge about the key traits affecting NUE is
essential to investigate plant growth. NUE is
connectedwith N metabolism in potato plants,
affecting N uptake, assimilation, utilization and
remobilizationin different parts of the plant (roots,
stems,leaves,stolons/tubers)Foulkeset al., 2009).
High N supply can ensure more shoot growth,
resultingin higherplant(Tiwari etal., 2018).
Rootsareanimportantpartof plantsandprovideuptake
of waterandnutrients(White etal., 2013).Potatohasa
relatively shallow root system, which results in a

deficientacquisitionof nutrients(Wishartet al., 2013).
According to Ospinaet al. (2014) physiologicaland
molecular mechanismsare involved in N uptake,
transport,assimilation,andutilization in potatoplants.
Variousgenotypehavedifferentresponseso nitrogen
levels (Dimanteet al., 2024). Many physiologicaland
molecularmechanismamongdifferentpotatocultivars
influence N uptake, transport, assimilation and
utilization (Zebarthet al., 2004; Ospinaet al., 2014).
Potatogenotypesnay performbetterunderreduced\

availability and different meteorological conditions
(Skrabuleetal., 2023).

The objectiveof this studywasto assesshe biomass
production, root-to-shoot ratio, and nitrogen stress
tolerancen 19 potatogenotypegrownin vitro under
threenitrogenlevels.

Materials and Methods

Plant material

A setof 19 potato(Solanuntuberosuni_.) genotypesvas
usedfor in vitro trials, includingtenLatviancultivarsfrom

various maturity groups: GAgrie Dzelteni® 6 Madar a 6,

Montad ,6 Ri g o(ealyg @ P r e lamdaddenord

(mediumearly), Magdalené Brasld ¢ | mad d adl a 6

(mediumlate),aswell as,five breedingcloneswith high

potential from AREI: S 0306#33 and S 0108521, S
1116185, S111527. Additionally, four popularcultivars
from externabreedingcompaniesvereincluded:German
varietiesd/inetad ¢ J e Vérdidando K u rtreelsttéris

widely known in starchproductionandwas bredin the
Netherlands.

Stockculturesof virus-testedn vitro microplantsvere
keptin glasstesttubeson agarsolidified Murashige&

Skoog basal medium (MS medium) (Murashige &

Skoog,1962)supplementeavith 30 g L sucroseand
no growing regulators. Cultures were incubated at
2 2 Na@, photoperiodl6/8 h; light intensity 15.5N 2 .
W mr2 and subculturedevery four to six weeksuntil

the necessarynumberof microplantswas obtained.
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Shoottips of approximatelyl.57 2.0 cm in length
were excisedfrom newly developedmicroplantsand
usedfor in vitro trialsin differentnitrogenlevels.

In vitro testing

Forin vitro testing tenshoottipswereplacedn perforated
polypropyleneplateswithin Magent& vessel§575mL),
each containing 50 mL of liqud MS medium
supplementedwith 30 g  Lsucfoseand 1.5 mL L
PPNE . The pH (measuredn KCI) of the mediumwas
adjustedo5 . 7 Theefperimentincludeda standard
N levelof 60mmolL (N60)andtwo reducedN levelsof
20mmolL (N20),and7.5mmolL (N7.5).Mediawas
adjustedvith respectiveoncentrationsf NHsNOs, KNOs
andKClI. Cultureswereincubatedor 24 daysaccordingo
theenvironmentatonditionsof the stockculture.

Thein vitro trial wasrepeatedn threeindependentime-
shiftedtrials, eachseriescomprisedour replicationgper
N level. Overall, the experimentincludedtwo factors:
genotypeandnitrogenconcentratiorin the MS medium.
A totalof 19 genotypesind3 nitrogenlevelsweretested,

by FisherandMaurer(1978),Equation(2).

Statisticalanalysis

To analysethe impactof factors,a factor analysisof
variance(ANOVA) wasconductedT u k eppsbhec
test,with asignificancelevel setat U= 0.05,wasused
to identify groupswith significant differences.The
Statistical analysis was carried out using Jamovi
software(version2.6.23)(JamoviThe Jamovi),which
operatesn conjunctionwith R version4.4.

Resultsand Discussion

Biomassproduction

Nitrogenreductionin mediumaffectedmorphological
traits of potato genotypes.The two-factor analysis
showedthat therewas significant effect of Genotype
andN level on dependenvariablessuchastotal FW,
FW of shootsand roots, shootlength and total DW
(p<0.005),andthat therewas an interactionbetween
genotype and N level concerning the dependent

resultingin 57 treatmentcombinations.Eachreplicate
included10 plants,which meant40 plantspertreatment
per seriesWith 3 series thattotals 120 plantsfor each
treatmentaccordingto genotypeand nitrogenlevel. In

variables(p<0.005)(Tablel).

The total FW per replication (10 microplants) was
determined for each treatment, and average values
across four replications are presented. These ranged

total, 360 microplantsper genotypewereusedinthe from 2. 21 g to 19.01 g at N60O
study. and 2.05 g to 8.04 garsat N7 . ¢t
Morphological traits and measurements 60Ri gondabd, 6Mont ad, 6Agrie Dz
Morphologicaltraitsof microplantsveremeasuredor line S 0108821 showed the highest total FW under
eachunit of 10 plantlets, and data were averaged N60 (Figure 1). Additionally, these genotypes
across replications and experimental series. To demonstrated a significant reduction in biomass as
compareandanalysalifferencesdetweertheN levels, nitrogen availability decreased in the media. Howgver
the morphological traits assessedin the potato  genotypes such as S 03083, S0406%2, S 1116485,
microplantswere plant fresh weight (FW) and dry 6Joganad 6Kur asbd did not s hc
weight(DW), andFW andDW of theshootsandroots.  differences between the N60 and N20 treatments. The
To comparehedifferencesetweertherootandshoot ~ AMadard cultivar showed higher total FW with N20
systemsdevelopmentthe root percentageshare of compared to N60. The difference between N20 and
total FW wasdeterminedaswell astherootto-shoot  N7.5 resulted in a total FW of 2.89 g.
ratio (R:S ratio) was calculatedusing the formula  The average shoot FW per 10 microplants ranged from
developedy Wilson (1988),Equation(1): 2.11 gto 11.99 g at N60, 0.7 g to 12.05 gat N20, and
1.36 g to 7.39 g at N7.5 (Table 1). The shoot FW of
VA 50 Of most genotypes decreased with reduced nitrogen
YW 00 (1) supply (Figure 2). However, in three genotypes (S
0306733, OMagdMaldama®d, , we obser

DWrootsi thedry weightof roots;
DW shoots' thedry weightof shoots.

shoot FW was higher at N20 compared to N60, but
only for &éMadaraod6 difference
was significantly higher. These tendencies were not

Nitrogen stresstolerance coefficient (NstC) of the sustained at N7.5.

genotypes Theaverageaoot FW per 10 microplantsrangedfrom
0gt08.91gin N60,0.27gto 5.07g atN20,and0 g
00 06 @) to1.62g atN7.5(Tablel). RootFW decreasednder

lower nitrogen supply in all genotypes except

0 Pr e Iwhmehdshowed higher root FW at N20
comparedo N60.

Rootpercentage®f the total plant fresh mass

The root percentageshareof total FW rangedfrom
0.00% (S 111527) to 46.87%( 6 Ri g atnNbG 6 )
(Tablel). In thereductionof availablenitrogen,two
different responsesvere observedamonggenotypes
after 24 daysin the media.Most genotypeshoweda
constant decreasein root FW percentage with

Psi Total DW understressconditions(N7.5);
Pci Total DW undercontrolconditions(N60);
meanPd meanof all genotypesinderN7.5;
meanPd meanof all genotypesinderN60.

Potatogenotypesvere evaluatedbasedon their stress
susceptibilityindex (NstC) (2), calculatedusing total
plantdry weightaccordingwith the formula established
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increasing nitrogen deficiency stress, while some
genotypesshowedimprovedroot developmentinder

showeda 6.93%FW rootpercentagatN20 compared
to N60, but AMagdalen& showedby a 3.98% better

N20 and N7.5 conditions. For example,A P r e | maofpercentagatN7.5,thanobservedat N20.

Table 1
Overviewof plant performanceacrossall genotypest differentN levels
Trait NGO N20 N7.5 F statistics
. . . Genotype
Mean | Min/lMax | Mean | MinflMax | Mean | Min/Max | Nlevel(N) ©) NxG
FrestweightTotal | 26 | 5511901| 656 | 3551400 367 | 205804| 547068 | 1568 | 301"
(9/10plants)
Freshweight
Shootiglopansy| >3 | 2111199 495 | 0701205 296 | 136739| 3214F | 1214 | 175
Freshweight
Roosylopans) | 235 | 000BOL| 162 | 027507 | 071 | 000162| 48297 | 1559 | 7.38°
Shoolengthcm) | 866 | 290/1320] 446 | 1.10/9.80| 311 | 120000 | 121527 | 1507 | 504
DryweightTotal | 0o | 023110 063 | 028105| 046 | 023083 | 11186 | 11.35° | 202
(0/10plants)
DryweightShoots | 7 | 0140086 | 053 | 017095| 040 | 021080| 6686 | 1040° | 181
(9/10plants)
DryweightRo0ts | 15 | 000040 | 010 | 001021 | 006 | 000015| 28031 | 1831 | 482"
(9/10plants)
R:Sratio 044 | 0000083| 036 | 007/724| 025 | 000055| 2554 | 148 | 157
(F(f/‘;)omerce”tage 2094 | 0004687| 2447 | 631/8787| 1913 | 000/3533| 15551 | 1424 | 3.7
*Significantly differentatthe0.05probabilitylevel p<0.05;** p<0.01;***p<0.001; nsi notsignificant

Figure 1

Total freshweight(g, per 10 microplants)of genotypesinderdifferentN levels
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TheaverageR:Sratio per 10 microplantsrangedfrom
0t00.88in N60,0.07to 7.24in N20,and0 to 0.55in
N7.5 (Table1) ANOVA revealeda significanteffect
of nitrogen levels on the rootto-shoot (R:S) ratio
T u k e po$thoc test showedthe pairwise compa
risonsbetweerN60- N20,N60- N7.5,andN20- N7.5
thatresultedn p<0.05.The highestR:Swasobserved
for 6 Pr e innN&® (7.24) (Figure 3). Statistical
analysisshowedthat the effect of genotypewas not
significantin relationto the R:S ratio within eachN
treatment, but there was a significant interaction
betweerthegenotypeandN level (p<0.005)in relation
to the R:S ratio. Most of the genotypeR:S ratio
reducedastheN levelreduced.

However for somegenotypes suchas@grie Dzelteni® |,

Montad $0306%33,andS 1116185- theR:Sratiodid
not differ significantly betweenN20 and N7.5. For
Avlagdaleng which previously showeda higher root
percentageat N7.5 than at N20, the differencein R:S
ratio was minimal (0.07). Interestingresults showed
0 Pr e lwhoaed®;S ratio d i d sigdificantly differ
between N60 (0.14) and N7.5 (0.16), but was
significantly higheratN20 (0.76).

Stresssusceptibilityindex (NstC)

Furtheranalysisof biomasgroductiondependingon N

concentratiorin the mediumwas conductedusingthe
ranking method, where genotypes were ranked
accordingo the stresssusceptibilitybasedn total DW

of microplants. The NstCreflectstherateof changefor
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eachgenotypeandthe stability of a specificparameter
under stressconditions,with higher valuesindicating
lower tolerance(Figure 4). The NstC was calculated
betweenthe N60 (standard)and N7.5 (N stress)
treatments.The averageNstC acrossgenotypeswas
1.02with eightgenotypedalling below averagevalue,

Figure 2

indicating greatertoleranceto nitrogenreduction.The
lowest valueswere detectedfor S 0108521 (-0.92),
Agrie Dzelteni®(0.52),6 Ma d @.63andS1116%

85 (0.53),while genotypesS 040652 (1.66),d_enorad
(1.67)anddverdido (1.71)demonstratetbwer tolerance
to N availability changes.

Shootfreshweight(g, per 10 microplants)of genotypesinderdifferentN levels
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Figure 3
R:Sratio of genotypesinderdifferentN levels
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The observed significant differences between
genotypesand N treatments(p<0.005) indicate that
both genetic factors and nitrogen availability are
essential for plant development and biomass
production,showingthat the responseof a genotype
under various levels of nitrogen may differ as
describedy Dimanteetal. (2024).

I n our study genotypes
Dzeltenied and
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increased total FW at N60, demonstrating thecompared to N60The analysis of shoot and root FW

significance of selecting genotypes that can improveindicated that shoots typically formed the largest part
biomass production under optimal conditions. Theof biomass in most gengigs. The individual response

results algn with the findings of Shum & Jansen o f
(2014), Schum et al. (2017), and Tiwari et al. (2018),showed higher shoot FW under N20 compared to N60,
which indicate that increased nitrogen supply suggests that a stronger nitrogen level reduction may
improves shoot growth and total plant biomassnot negatively affect shoot FW in some genotypes.
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accumulation. The observed reduction in biomass

related to lower nitrogn availability supports the

hypothesis that decreased nitrogen levels may prevent
growth and affect nutrient transport and assimilation
(Tiwari et al., 2018). Still, we detected that some

genotypes (S 030633, S04068, S 1116185,
6Jogl ab

an i ndi Kshow assgdifjcant d
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This is consistent with findings by Skrabule et al. nutrient uptake across different potato genotypes,
(2023), who reported that certain genotypes mayaligning with the findings of White et al. (2013), which
perform better under reduced nitrogen conditions. Thisndicate the essential role of roots in providing nutrient

observation may also suggest adaptive mechanisms facquisition.

Figure 4

Stresssusceptibilityindex(NstC)of genotypesinderdifferentN levels
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Observationsf thedevelopmenof rootsunderin vitro
conditionsare significantdueto the potato'srelatively
shallow root system, which often limits nutrient
acquisition (Wishart et al., 2013). The R:S ratio
determineghe growth relationshipbetweerthe plants
roots and its upward structures,such as stemsand

leavesThisratioprovidesinsightsintoap | a hetltfi, s

resourcaistribution,andoverallgrowth strategy.
Under reduced nitrogen availability, two different
responsesvere observedamonggenotypesln some
genotypesthe R:Sratio betweerN20 andN7.5d i d
significantly differ, like GAgrie Dzelteni® (Montad S
0306733 and S 1116185. We observedan indication
that the highestR:S ratio was at N20, suggestinga
changdn growthstrategyin responséo lower nitrogen
levels. Interaction between genotype and nitrogen
supply underin vitro conditionsis bestdescribedby
Schumé& Janser(2014)and Schumetal. (2017),who
suggesthatcertaingenotypesnaydemonstratelistinct
adaptivetraits. Still, no significant differencesin R:S
ratios amonggenotypeqp>0.05)within N treatments
were observedin our experiment, suggestingthat
althoughall genotypesreactto nitrogen availability,
their overallgrowth patternsaresimilar.

Most genotypesdemonstratech decreasen root FW
under conditions of reduced nitrogen availability.
However,6 P r e dlemenstratech 6.93% increasein
root weight at N20 comparedto N60. This indicatesa
possibleadaptivestrategyfor improving nutrientintake
underunfavourableonditionswhichmaybeessentiato
plantsurvival (Foulkeset al., 2009; Schumetal., 2017).
The R:S ratio for 6 P r e showveed no significant
differencebetweenN60 and N7.5, suggestinghat this
cultivar may function well under nitrogerlimited
conditionsln caseof AMagdalendhigherrootpercentage
at N7.5, did not resultin higherR:S ratio. The notable
increasen root percentagshareof total FW for specific
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genotypesinderreducecdhitrogenconditionssuggests
strategi@daptatiorio improvenutrientabsorptiorduring
stress as previouslydocumentedOspinaet al., 2014).
Adaptivetraitsmayimprovebreedingorogramsimedat
improvingNUE in potatoes.

The NstC offers a quantitativemeasureof genotypic
stability under stressconditions. High NstC values
indicatelower toleranceto nitrogendeficiency,while
lower values suggestbetter adaptability (Schum &

Jansen2014). Eight genotypes(S 0108521, Agrie

n drelteni® 6 Ma d EBr1HGOEE5,0 Pr e b ikad as 6,

dViagdalené and S 0306%33) were below average
valuesindicating that thesegenotypeshavea higher
toleranceo nitrogenreduction Whencomparing\stC
tendencieswith additional traits, we can find some
similarities that genotypes6 P r e | Gvtegdalend |,
6 K u raadd8grie Dzelteni® showedgood results
regardingo rootdevelopmentnderdifferentN levels
while 6 Ma d &ad po8itive responsen shoot FW.
Still, thevariationsin responseo nitrogenavailability
among genotypes,supportthe conceptthat genetic
differencessignificantlyinfluencenitrogenuptakeand
utilization (Zebarthetal.,2004;Skrabuleetal., 2023).

Conclusions

1. Reducednitrogen availability negativelyimpacts
potato growth, as shown by the overall decreasen
shootandroot FW amongthe majority of genotypes.
2. Certain genotypeshave adaptivemechanismdor
enhancechutrient uptake,supportingthe theory that
specific genetic traits give advantagedn nitrogen
limited environments.

3. R:Sratio presentdnsight into growth strategiesn
connection with the availability of nitrogen. The
highestR:Sratio in limiting N levelsshowsa change
in growth patterns,demonstratingadaptiveresponses
to nutrientlimitation.
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KALNINI ENHANCE ORGANIC SOYBEAN GROWTH AND YIELD

*Yurii Syromiatnykov 4% lize Vircaval
Fi Ni p',witaliysSnitko®

1 atvia University of Life SciencesandTechnologiesl.atvia

2BTU-CenterEuropeGmbH,Germany

3Instituteof EcologicalAgrotechnologiesikraine

4StateBiotechnologicalJniversity, Ukraine

SInstituteof VegetableandMelon Growingof the NationalAcademyof AgrarianScience®f Ukraine(NAAS)
*Correspondingauthors email: yurii.syromiatnykov@Ibtu.lv

, Anastasia Yakovlevd'®', Svetlana Semenenk&'™', Maksims

Abstract

The study investigatesthe effects of seedinoculationwith Rizoliner and foliar applicationof KALNINI on the growth,
physiologicalparametersandyield of soybeanGlycinemaxL.) grown underorganiemimicking conditions.The objective
wasto enhancenitrogenfixation, photosyntheticefficiency, andyield performancean sustainabldarming systemswithout
syntheticinputs.A full-factorialrandomizedot experimenwasconductedisingthreesoybearvarieties(Laulema Paradis
Tiguarn), seedinoculation(3 L t Rizoliner), andfoliar applicationof 1% KALNINI at the third trifoliate andfull flowering
stagesTheexperimensimulatedbrganicproductionby excludingsyntheticfertilisersandpesticidesResultsshowedhatseed
inoculationincreaseglantheightby 6.1%andbiomassaccumulatiorby 11.0%,while foliar treatmensignificantlyenhanced
leaf areaindex by 28.6% and chlorophyll contentby 14.5%. The combinedapplicationof both treatmentsddemonstrated
synergisticeffect,resultingin thegreatestmprovementsn all traitsassessedNotably,podformationincreasedy 34.3%,and
seedyield rose by 15.9% comparedto the untreatedcontrol. Thesephysiologicaland agronomicenhancementsuggest
improvedplantmetabolismpitrogenuptake andstresgolerance Thefindingsunderlinethe potentialof integratingmicrobial
inoculantsand foliar biostimulantsinto organiccompatiblecropping systems.Such strategiescan reducedependencyn
syntheticagrochemicalsvhile improving productivity and sustainability.Furtherresearchunderdiverseenvironmentabnd
soil conditionsis recommendedo confirm the consistencyand adaptabilityof theseresultsand to developregionspecific

treatmenprotocolssuitablefor wide adoptionin low-inputagriculture.
Keywords: organicsoybeanseednoculation foliar fertilization, nitrogenfixation, yieldsimprovement.

Introduction

Soybean (Glycine max L.) is a vital crop with
significant economicand nutritional value due to its
high proteinandoil content.In sustainablegriculture,
particularly under organiccompatible systems,
improving soybean productivity without synthetic
inputs remains a major challenge.One promising
approachinvolves the applicationof biological seed
inoculantsandnaturalfoliar formulationsto stimulate
plantdevelopmenandenhanceyield potential.
Seedinoculationwith microbial preparationssuchas
Rizoliner, plays an important role in improving
nitrogenfixation, root architecture and overall plant
vigour. Thesepreparationsontain beneficial strains
thatestablistsymbioticinteractionsn therhizosphere,
increasing nutrient availability and promoting
sustainablecrop performance (Gadzovskiy et al.,
2020). Additionally, foliar applications supply
nutrients directly to the foliage during critical
developmental stages, potentially enhancing
chlorophyll content, photosynthetic activity, and
reproductivesuccesgDi Mauroetal., 2023).
Researchconfirms that the combination of seed
inoculationandfoliar fertilisation canpositively affect
plant biomass, pod development,and seed quality
(Negreaet al., 2022; Suciu et al., 2022). Several
studies support the role of foliar fertilisation with
micronutrient® such as molybdenum, phosphorus,
calcium, and borord in increasingnodulation, leaf
area index, and protein content (Jarecki, 2023
Domingosetal.,2019;Muminovaetal., 2022).

Additionalresearcliemonstratethatinoculationwith

Bradyrhizobium japonicum combined with foliar

feedingsignificantly enhancegrain quality andyield

( BL rd al’lH2023; Delfim et al., 2022). While

Machadoet al. (2021) showedthat foliar treatments
influenced thousanegrain weight, Muminova et al.

(2022) emphasisedthe role of genotype and
environment in determining treatment efficacy.

Korobko (2023) further underlined the synergistic
effect of inoculantsand foliar nutrientsin organic
soybearcultivation systems.

The effectivenes®f theseinputsdepend®n multiple

agrotechnical factors. For instance, localised
rhizosphereloosening has been shown to improve
soybean root development and pod formation
(Pashchenkoet al., 2019). Moreover, recent field

studies highlight the importance of adapting
agronomic practicesand sowing time to seasonal
variability in orderto stabiliseyields underlow-input

conditions(Syromyatnikowetal., 2023).

The presentstudy evaluateshe combinedimpact of

Rizoliner seed inoculation and KALNINI foliar

applicationon soybeangrowth, physiologicaltraits,

and yield performance under organiemimicking

conditions.The objectiveis to determinethe extentof

treatmentsynergy and its practical implications for

sustainablesoybearproduction.

Materials and Methods
The study was carriedout in a controlledgreenhouse
environment at the Institute of Plant Protection
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ResearchMgrihortsit of Latvia University of Life
Sciences and Technologies. The aim of the
experiment was to evaluate the individual and
combinedeffectsof seedinoculationwith Rizoliner
and foliar applicationof KALNINI on the growth,
physiological development,and yield of soybean
(GlycinemaxL.) cultivatedunderorganiecmimicking
conditions (Regulation (EU) 2018/848). A full-
factorial randomisedexperimentaldesignwas used,
consisting of two independent factors: seed
inoculationandfoliar fertilisation. Seedinoculation
included two levels: untreatedcontrol and seeds
treated with Rizoliner, a microbial bioinoculant
basedon Bradyrhizobiumjaponicum (applied at a
doseof 3 litres pertonneof seed) Foliar fertilisation
alsoincludedtwo levels: no treatmentand spraying
with KALNINI ataconcentratiorof 1% duringtheV3
(third trifoliate leaf) and R2 (full flowering) stages.
Each treatmentcombination was replicated three
times, resultingin a total of 12 experimentalunits.
Eachunit consistedf one soybearplantgrownin a
10-litre plastic pot filled with a peatbasedorganic
substrate. The substrate had the following
characteristicspH 6.1, electricalconductivity1.8dS
m Torganic matter content 78%, and a loose
structuresuitable for root developmentunderlow-
input conditions.

Environmental conditions in the greenhousewere
maintainedcloseto optimal for soybeangrowth: the
air temperaturewas kept at 24 N 2  ArBlative
humidity at 60i 70%, and a 16-hour photoperiodwas
provided using natural light supplementecby LED
lamps.Air temperatureand humidity weremonitored
using digital sensors,and substratemoisture was
maintainedat approximately70% of field capacity
throughregularmanualirrigation.

Although three soybearvarieties(Laulema Paradis
and Tiguan) were usedin the experimentto reflect
differentmaturitygroups(early-, mid-, andlate-season
types),no statisticalcomparisorbetweervarietieswas
conducted;therefore, variety was not considereda
researchactorin this study.Seedsveresowndirectly
into potsaftersurfacedisinfectionanddrying.
Rizoliner, the seedinoculantusedin this experiment,
is a liquid microbial preparationproducedby BTU-
Center GmbH (Germany). It contains strains of
Bradyrhizobium japonicum which are known to
promotenitrogenfixation andearlyroot development.
The foliar productKALNINI is an experimentalpon
commercial fertiliser developedby ZS Kalninkalni
(Latvia), intendedfor applicationin organicandlow-
input systems.According to the manufacturer,it
consistsof trace elementssuspendedn a humate
based carrier. The formulation was tested under
researckonly conditionsandappliedusingahandheld
sprayerwith fine mist nozzlesto ensureuniform leaf
coverage.

Growth stageswere monitored according to the
BBCH scale,including VE (emergence)V3 (third

trifoliate), R1 (beginning of flowering), R2 (full
flowering), R5 (pod development), and R7
(physiological maturity). The following parameters
were measuredto evaluatethe treatmenteffects:
Plantheightandstemdiameterweremeasuredtthe
R5 stageusinga calibratedruler anddigital caliper.
Leaf Area Index (LAI) was determinedusing a
portable leaf area meter to assess canopy
development.Relative chlorophyll content (SPAD
values)was measuredat R2 using the LEAF CHL
STD meter (FT GREEN LLC, USA). Biomass
accumulationwasassessedt physiologicalmaturity
(R7) by drying and weighing the abovegroundpart
of each plant and expressingthe resultasg m |
Numberof podsper plant was countedmanually at
harvestSeedyield wasmeasuredafterthreshingand
adjusted to standard moisture content, then
extrapolatedrom perplantdatato tonnesperhectare
(tha T1T) .

All measurementaererecordedusing standardised
protocols. Statistical analysis of the results was
carried out using the software packagesSPSS27.0
and R. Two-way ANOVA (Analysis of Variancg
was appliedto assesghe significanceof the main
effects (seedinoculation and foliar treatment)and
their interaction.T u k e WSD sest was performed
for posthoc comparisonsbetween means where
significancewas observed(p < 0.05). Additionally,
regressiomanalysiswas usedto assesselationships
betweenphysiologicaltraits (SPAD, LAI) andyield
components(biomass, seed yield), while Pearson
correlation coefficientswere calculatedto evaluate
interdependencieamong measuredvariables. The
statistical approach provided a comprehensive
understandingof how Rizoliner and KALNINI
influence soybean performance under organic
compatible conditions. For regression analysis,
treatmentgroups were numerically coded under a
variable named m (Treatment Level), reflecting
increasinginput intensity: 0 = CTRL 1 untreated
control;1 = RZL i seedinoculationwith Rizoline-r;
2 = KLN 1 foliar application of KALNINI; 3 =
RZL+KLN 1 combined application of both
treatments.

This codingwas usedin linear regressiormodelsto
quantify trends acrosstreatments.Each regression
equationshowsthe expectedchangein the outcome
variable(e.g.,plantheight,yield) perunit increasdn
TreatmentLevel. The coefficient reflects treatment
effectstrengthandtheR jvalueindicateshowwell the
modelexplainsvariability.

While boxplots show group mediansand variability,
regressiorhighlights the averagelinear trend across
treatmentintensity. All regressionavere statistically
significantandconsistentvith the descriptivedata.

Resultsand Discussion
Seed inoculation with Rizoliner significantly
increasedsoybearplant heightacrossgrowth stages.
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During the podilling phase, inoculated plants  analysissupportghattheeffectof combinedreatment
averaged 17.6cm, 13%taller thanthecontrol (104.1 s statisticallysignificant.
cm), indicating enhancedvegetativegrowth due to KALNINI foliar application significantly enhanced

improvednitrogenfixation. the Leaf Area Index (LAI), which was 18% higher
during the flowering stage comparedto untreated
Figure 1 plants,suggestingmprovedcanopydevelopmenand
Effectof SeednoculationandFoliar Applicationon photosynthetigotential.
SoybearPlant Height
Figure 3
125 Effectof Seedinoculationand Foliar Applicationon
- LeafArealndex(LAl)
£120
= 3.4t
= —
20115 Z a9l
2 332
£ 110 = 3.0/
™ 10s E28
S 2.6
<
1001t KLN RZL+KLN Eh 4
— 2. 2
Figure 1 presentsplant height distribution across 2.0
treatments: Control (CTRL), Rizoliner (RZL), CTRL KLN RZL+KLN

KALNINI  (KLN), and Rizoliner + KALNINI

(RZL+KLN). Comparedto the control, Rizoliner Figure3illustratestheimpactof seednoculationand
increasedheightby 6.1% (110.5cm), KALNINI by foliar applicationon LAI: Control (2.1), Rizoliner

8.4% (112.8 cm), and their combinedapplicationby (2.5), KALNINI (2.7), RZL+KLN (3.1). Tuk ey 6s
13% (117.6 cm). The boxplot highlights the highest  HSD test confirmed significant differences(p <
variability in the RZL+KLN group, with median  0.001), with the combinedtreatmentshowing the
values showing an increasingtrend with treatment.  strongeseffect.

Statistical analysisconfirmed significant differences

(p < 0.05),with the RZL+KLN treatmenthavingthe Figure 4

strongestmpact. Regression Analysis of Leaf Area Index Across
TreatmentGroups Regressionequation: y= 2.1 +
Figure 2 0.35x( R4 0.84,p=0.043)

RegressioMnalysisof PlantHeightAcrossTreatment
Groups Regressiorequation:y = 104.1+ 4.5x( R

0.75,p = 0.044) 34
332
125 5 20|
- 2 2.8
5 120/ 5 2.6/
= <
T S22
= 110} 2.0}
& CTRL  RZL  KLN RZL+KLN

105

The regressionFigure 4 indicates a strong linear
lO?jTRL RZL KIN RZIAKLN corr(_elat_ion between treatment inter]sity gnd LAI,
confirming the physiological benefit of integrated
application.
Figure 2 illustratesthe regressionanalysisof plant  Foliar applicationof KALNINI at the V3 and R2
height across treatment groups, demonstratinga stagesimproved SPAD values, indicating higher
significant positive correlation between treatment  chlorophyll contentandnitrogenassimilation.
application and soybean growth. The combined  Figure 5 showsSPAD values:Control (35.2), RZL
applicationof Rizoliner andKALNINI resultednthe  (38.5),KLN (40.3),RZL+KLN (43.2).T u k eHSD s
highest plant height (117.6 cm). The regression
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test indicated significancefor all treatments(p <
0.001).

Figure 5

Effectof Seedinoculationand Foliar Applicationon
ChlorophyllContent(SPAD)
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Figure 6

Regressiomnalysisof Chlorophyll Content(SPAD)
AcrossTreatmentGroups.Regressiorequation:y =
35.2+ 2.7x( RF0.80,p= 0.018)
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The fitted regressionFigure 6 line supports the
observationthat foliar application combined with
inoculation substantially improves photosynthetic
efficiency.
Reproductivedevelopmentvasalsoinfluenced.

Figure 7
Effectof Seednoculationand Foliar Applicationon
8 45.0

Pod Formation

+
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Figure 7 showsthat pod numberincreasedrom 35
pods p | a @TRL) to 47 pods p | a nnt the
RZL+KLN group(+34.3%).Rizoliner increasegod
count by 17.1%, and KALNINI by 25.7%, both
statisticallysignificant(p < 0.001).

Figure 8

Regression Analysis of Pod Formation Across
TreatmentGroups. Regressionequation: y = 35 +
4.1x( RH0.84,p = 0.005)
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The regressionFigure 8 confirms a direct positive
trendbetweerpod numberandtreatmenintensity.

RZL KIN RZL+KLN

Figure 9
Effectof Seednoculationand Foliar Applicationon
SeedYield
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Figure illustratesthe effect of seedinoculationwith
Rizoliner andfoliar applicationof KALNINI onseed
yield in soybeanplants. The Control (CTRL) group
hadthe lowestyield at 1.64t h a Rizaliner (RZL)
increasedield by 8.5%t01.78th a while KALNINI
(KLN) enhancedt by 12.8%to 1.85th a ThHehighest
yield was observedn the combinedtreatmentgroup
(RZL+KLN), reaching 1.90 t ha & ,15.9%
improvement over the control. The boxplot
demonstratethe greatesvariability andimprovement
in the RZL+KLN group, confirming the synergistic
effect of microbialinoculationandfoliar fertilization
on crop productivity.

T u k e yS® gest confirmed statistically significant
differencesamongall treatmentgroups.The increase
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in seedyield in theRZL+KLN groupcomparedo the
controlwashighly significant(p < 0.001).KALNINI
alone improved yield significantly (p < 0.01), and
Rizoliner alsocontributedameasurabléncreasgp <
0.05). The difference between KALNINI and
Rizoliner alonewassignificant(p < 0.05),indicating
that foliar fertilization hasa more pronouncedeffect
whenusedindependentlyNonethelessthe combined
treatmensignificantly outperformed<ALNINI alone
with an additional 5.4% yield increase(p < 0.05),
confirming its superior effectivenessin enhancing
organicsoybearproductivity.

Figure 10

Regressiomnalysisof Seed

Yield AcrossTreatmentGroups.Regressiorequation:
y=1.64+ 0.09x( Rf0.92,p= 0.033)
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TheregressiorFigure 10 line confirmsthatseedyield
increased linearly with treatment intensity, and
validates the practical effectivenessof combining
Rizoliner andKALNINI.

Figure 11
Effectof SeednoculationandFoliar Applicationon
BiomassAccumulation
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Figurellillustratestheimpactof seednoculationwith
Rizoliner andfoliar applicationof KALNINI onabove
ground biomassaccumulationin soybeanplants. The
Control (CTRL) groupexhibitedthe lowestbiomassat
1,550.0g m Heedinoculationwith Rizoliner (RZL)
increasecbiomassby 11.0%to 1,720.0g m while
foliar treatmentwith KALNINI (KLN) led to a 15.8%

increasereachingl,795.0g m The highestbiomass
wasrecordedn the combinedtreatmentRZL+KLN),

whereplantsaccumulated.,881.7gm  jepresenting

21.4%increaseoverthe control.

T u k e HSIDs test confirmed that all treatments
significantly enhanced biomass accumulation
comparedo the control (p < 0.001).KALNINI alone
was significantly more effective than Rizoliner (p <

0.05), and the combined application significantly
outperformed both individual treatments. The

synergistidnteractionbetweerthemicrobialinoculant
andthe foliar fertilizer resultedin anadditional4.8%

biomass gain over KALNINI alone (p < 0.05),

highlighting the practicalbenefitsof integratingboth

technologiesn organiccropmanagement.

Figure 12

Regressiornalysisof BiomassAccumulationAcross
TreatmentGroups.Regressiorequation:y = 1550+
110x( RH0.85,p= 0.004)
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This regressionFigure 12 line indicatesa strong,
statistically significant relationshipbetweenbiomass
and treatmentlevel. These data reinforce that the
combined application of microbial inoculants and
foliar fertilizers significantly enhances total
productivity underorganicconditions.

Table 1 summarizesthe quantified effects of seed
inoculationwith Rizoline-r andfoliar fertilization with
KALNINI  on soybean growth, physiological
parametersandproductivityunderorganicconditions.
The table presentskey experimentaloutcomestheir
agronomic relevance, and supporting statistical
evidencebasedon ANOVA, T u k eHSD tsts,and
regressioranalysis.
Theresultsshowthatseedinoculationwith Rizoline-r
notably improved early-stage vegetative growth,
includinga6.1%increasen plantheight(110.5cmvs.
104.1cm; p < 0.05). Foliar applicationof KALNINI
significantly enhanced photosynthetic function,
resultingin a 14.5%increasein chlorophyll content
(SPAD) and a 28.6% rise in LAI, indicating better
nitrogenuptakeandcanopydevelopmen{p < 0.01).
The combinedtreatment(RZL+KLN) consistently
producedhe highestperformancecrossll indicators,
includinga 15.9%increasén seedyield (1.90vs. 1.64t
ha ®8)21.4% improvement in total biomass
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accumulation(1,881.7vs. 1,550.0g m Janda 34.3%
increasen pod formation (47 vs. 35 podsp | a natl
statisticallyhighly significant(p < 0.001).Additionally,
physiological enhancementssuch as a 22.7%
improvemenin SPAD valuesanda 47.6%increasen
LAI reflectbetterstressoleranceandadaptability.
These outcomesconfirm the synergistic benefit of
integratingmicrobialinoculantsandfoliar nutrientsin
organic soybean cultivation. The statistical
significanceof treatmenteffects (with regressionr |
rangingfrom 0.75to 0.92)validateghereproducibility
and agronomic relevance of the findings for
sustainablegriculturalsystems.
Thecombinedapplicationof biologicalseednoculants
andfoliar biostimulantssignificantlyenhancedoybean
performance under organiecmimicking greenhouse

conditions. The observed increasesin chlorophyll

1 cpntent, leaf area index, and biomassaccumulation

confirm the physiologicalbenefitsof suchtreatments
andareconsistentvith findingsfrom previousstudies.
Foliarfertilisationhasbeenshownto improvenutrient
assimilationand photosynthetiefficiency, especially
when applied during critical growth stages. For
instance,Jarecki(2023) and Domingoset al. (2019)
reportedsimilar improvementdn leaf areaandgrain
protein concentratiorfollowing foliar applicationsof
molybdenum,phosphorusand calcium. The current
studys resultsalsosupportthe synergisticinteraction
betweenseedinoculation and foliar feeding, which
was highlightedby B £ r etaalH2023), who found
improved physiological parametersand seed yield
whenbothtreatmentsverecombined.

Table 1
SummanyftheEffectsof Seednoculationwith Rizoliner andFoliar Applicationof KALNINI on SoybearGrowth
and Productivity
Aspect KeyFindings Practical Implications Suppprtl_n_gData and
Significance
. Stimulatedearly plant Recomme_ndetbr organic +6.1%plantheight
Seedinoculation ) systemso improveinitial
X growth, particularlystem | . . . (110.5cmvs.104.1cm),
Effectiveness . ; nitrogenfixation andvegetative
elongationandvigor p <0.05
development
. Apply KALNINI duringV3 and
Foliar Enhancechlorophyll R2 stagedor optimal +14.5%SPAD (40.3vs.
Fertilization synthesisaand .
L chlorophyllandnutrient 35.2),p<0.01
Impact photosyntheti@ctivity e
assimilation
. . . Usebothtechnologiegointly to | +15.9%yield (1.90vs.
Combined nghestvalu_esm all maximizeproductivity and 1.64th a +21)4%
Treatment measuredraitsdueto T : . .
Performance synergisticeffect resourceaff|0|ency|_n organic biomasq1,881.7vs.
soybearfarming 1,550.0gm Jp¥k0.001
. . Increased-Al and Improvescropresilience, +47.6%LAI (3.1vs.
Physiological chlorophyllcontent,
Improvements contributingto better canopycoverageand 2.1), +22.7%SPAD
P 9 photosyntheticsurface (43.2vs.35.2),p < 0.001
stresdolerance
Reproductive Increasegpod number eﬁ{l?s:gezﬁg;ﬁ]iﬁjcgz +34.3%podsp | ant
Performance andseedset Y haty (47vs.35),p<0.001
potential
Differencesconfirmed Resultsarestatistically Al indicatorssianificant
Statistical by ANOVA, Tu k e y| validatedandreproducible gnitic
N . . atp < 0.05,regression
Significance HSD, andregressior{ R undercontrolledorganic i
" R]0:750.92
>0.75) conditions

The extrapolatedyrain yield values,althoughderived
from a controlled setting, align with outcomesfrom

comparablepot and smaltplot trials (Di Mauro et al.,

2023;Delfim etal., 2022),suggestinghatthe observed
trendsmay translateunderfield conditions.Moreover,
the responsivenessf yield componentssuch as pod

numberandthousandseedweightreinforcesherole of

foliar inputsin enhancingeproductivesuccessasalso
reportecby Machadcetal. (2021).

Genotype and environmental interactions remain
critical in determining treatment efficacy,

particularly in organic systemswhere variability is

high (Muminova et al., 2022; Korobko, 2023).
However therelativelyuniformrespons@bservedn
this study suggestghat the combinedapproachof
microbial andfoliar applicationcanserveasa stable
yield-improving strategyevenundervariablegrowth
conditions.

In summary pur resultssupportexistingevidencehat
biologically-based inputs can enhance key
physiologicalandyield traitsin soybeanFurtherfield-
based validation is recommended to confirm
scalabilityandreproducibilityunderpracticalfarming
conditions.
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Conclusions

The study demonstratedhat both seedinoculation
with Rizoliner andfoliar fertilization with KALNINI
significantly improved the growth, physiological
parametersand yield of soybean(Glycine maxL.)
cultivatedunderorganiecmimicking conditions.Their
combined application produced a consistent
synergistic effect, leading to superior performance
acrossall measuredraits.

1. VegetativeGrowth Enhancementnoculationwith
Rizoliner and foliar application of KALNINI
increaseglantheightby 13%andtotal aboveground
biomassby 21.4%comparedo the untreateccontrol.
Theseimprovementsreflect better nitrogen fixation
andmore efficient nutrientassimilation,especiallyin
earlygrowthstages.

2. Physiologicaland Photosyntheticimprovements:
The treatmentsimproved photosynthetic capacity,
with SPADvaluesrising by 22.7%andleafareaindex
(LAI) by 47.6% in the combinedtreatmentgroup.
These physiological changes are indicative of
improvedchlorophyll synthesiscanopydevelopment,
andstresgesilience.

3. ReproductivdbevelopmenandYield Performance:
Pod numberper plantincreasedby 34.3%,and seed
yield roseby 15.9%(from 1.64t0 1.90t h a inithe
combined treatment. These results confirm the
substantiaimpactof integratecbiostimulantstrategies
on reproductiveefficiency andyield formation under
organieccompatiblecultivation.

Statistical validation through two-way ANOVA,
T u k eHBD,andregressioranalysegwith R Jvalues
rangingfrom 0.75to 0.92) confirmsthatthe treatment
effects are highly significant and consistent.These
findings support the adoption of microbial seed
inoculantsand natural foliar fertilizers as practical

References

Btr daH, M. , Rusu, T. ,

Russu, F.,

tools to improve crop productivity in sustainableand
low-input farming systems.

Future researchshould focus on validating these
resultsacrossdiversesoil types, climatic conditions,
andon-farm scaleso developadaptablerotocolsfor
broaderusein certifiedorganicagriculture.

Acknowledgements

This researchwas conductedas part of the project
dalementof technologyfor sustainablecultivation of
organic soybeans without the use of synthetic
fertilizers and pesticided supportedby the Latvia
Universityof Life SciencesandTechnologiegL.BTU)
throughthePostdoctoraResearcl@Grant(ContractNo.
3.2-10/197). The study was funded within the
framework of the Recoveryand ResilienceFacility
Project (No. 5.2.1.1.i.0/2/24/I/CFLA/002) aimed at
strengtheningnstitutional capacityfor excellencein
educatiorandresearclatLBTU.

The authorsgratefully acknowledgethe Institute of
Plant Protection ResearchfAgrihortsi for providing
the researchinfrastructureand experimentafacilities
necessaryor this study. We alsothankthe technical
staff andcolleaguedor their assistancén greenhouse
operationsplantmonitoring,andlaboratoryanalyses.
We appreciatehe ScientificandProjectDevelopment
Centerof LBTU for their valuableadministrativeand
methodologicabupportduring the projectpreparation
andimplementatiorphases.

Specialthanksare extendedto BTU-Center Europe
GmbHfor providingtheRizoliner seedinoculantand
to ZS Kalninkalni for supplying the experimental
foliar biostimulantK ALNINI. Theircontributionsvere
essentialto the successfulcompletion of the field
experiments.

i mon, A.,

fertilization on the physiological parameters, yield, and quality indices of the soybeaAgropomy 13(5),

1287.https://doi.org/10.3390/agronomy13051287
Delfim, J., Dameto, L. S., Moraes, L., & Moreira, A. (2022). Nitrogen and nickel foliar application on grain yield,

yield components, and quality of soybe@ommunications in Soil Science and Plant Ana)Jys3610), 1226
1234.https://doi.org/10.1080/00103624.2022.2046023

Di Mauro, G., Schwalbert, R., Prado, S. A., Saks, M. G., Ramirez, H., Costanzi, J., & Parra, G. (2023). Exploring

practical nutrition options for maximizing seed yield and protein concentration in sogheapean Journal
of Agronomy 146, Article 126794https://doi.org/10.1016/j.eja.2023.126794
Didur, I. (2022). The influence of pmowing treatment of seed and extoat nutrition on the dynamics of

Che™Han,

formation of the leaf surface area of soybean plamAgriculture and Forestry 274), 54.
http://doi.org/10.37128/270%82620224-1
Domi ngos, C. S., Net o, M. E., Besen, M. R., Zampar,

A. (2019). Foliar applications of phosphorus, calcium, boron and potassium and their impacts on the seed yield
and physiological and nutrithal qualities of soybeaEmirates Journal of Food and Agricultyrgl(8), 600
607.https://doi.org/10.9755/ejfa.2019.v31.i8.1995

Gadzovskiy, G., Svistunova, I., Martynov, O., Kalenska, S., Mazurenko, B., & Novytska, N. (2020). Effect of seed
inoculation and foliar fertilizing on structure of soybean yield and yield structure in Western Polissya of
Ukraine.Agronomy Resear¢ci8(4). https://doi.org/10.15159/AR.20.203

Jarecki, W. (2023). Soybean response to seed inoculation or coatingradtyrhizobium japonicurand foliar
fertilization with molybdenumPlants 1213), Article 2431.https://doi.org/10.3390/plants12132431

RESEARCHFORRURAL DEVELOPMENT 2025, VOLUME 40 66



SEEDINOCULATION WITH RIZOLINE-R AND Yurii Syromiatnykoy llze Vircava Anastasi
FOLIAR APPLICATION OF KALNINI ENHANCE Yakovleva,SvetIanangenenkdvlaksims
ORGANIC SOYBEAN GROWTHAND YIELD Fi Ni pMitaliyi Snitkg

Korobko, A. (2023). Vegetation period of soy varieties of different maturity groups depending on inoculation and
extraroot nutrients under climate changegriculture and Forestry 2(29). https://doi.org/10.37128/2707
582620232-18

Machado, F. R., Possenti, J. C., Vismara, E., Deuner, C., & Favoretto, V. (2021). Yield components and nutritional
quality of soybean grain as a function of foliar fertilizers application tikie.vi st a Brasil eira d
A g r 8§ 1625 etps://doi.org/10.5039/agraria.v16i2a8851

Muminova, S. S., Tastanbekova, G. R., Kashkarov, A. A., Azhimetova, G., & Balgabaev, A. (2022). Effect of foliar
mineral fertilizer and plant growth regulator application on seed yield and yield components of sG§jeaa (
may cultivars.Eurasian Journal of Soil Scienckl(4), 322 328.https://doi.org/10.18393/ejss.1135498

Negrea, A, Rezi, R. , Ur dt, c., Ptcurar, L., & Rusu,
fertilization. AgroLife Scientific Journall1(1). https://doi.org/10.17930/agl2022116

Pashchenko, V. F., Syromyatnikov, Y. N., & Hramov, N. S. (2019). The influence of local loosening of the soil
on soybean productivitylractors and Agricultural MachinerB6(5), 79 86. https://doi.org/10.31992/0321
444320195-79-86

Suci u, V., Rusu, T. , Urdt, c., Munt ean, E. , Rezi, R.
fertilizers on yield component attributes, yield and quality in soybean AgppLife Scientific Journall1(2).
https://doi.org/10.17930/agl2022126

Syromyatnikov, Y., Semenenko, |., Maksimovich, K., Troyanovskaya, I., Karnaukhov, A., Orekhovskaya, A., &
Voinash, S. (2023). Influence of agrotechnical practices and sowing time in various weather on soybean yield.

Acta Technologica Agricultura@6(1), 9 16. https://doi.org/10.2478/at20230002

67 RESEARCHFORRURAL DEVELOPMENT 2025,VOLUME 40



AGRICULTURAL SCIENCES DOI: 10.22616/RRD.31.2025.80

EFFECTIVENESS OF BIOPREPARATIONS FOR GROWING SWEET POTATO
AND JERUSALEM ARTICHOKE IN SUSTAINABLE AGRICULTURE

Oleksandr Kuts! ', *Svitlana Semenenkd"~, lvan Semenenkd

linstituteof EcologicalAgrotechnologies\kraine

2DonetskResearclstationof Instituteof VegetableandMelon Growing of the National Academyof Agrarian
SciencesUkraine

*Correspondinga u t hemail\setlanaviadimirovna27 @ukret

Abstract

Biopreparationsincluding microbialinoculantsandorganemineralfertilisers,offer a sustainabl@pproacho improving crop
yield andquality. This studyexaminedheir effectsonthe sweetpotato(lpomoeabatatag andJerusalenartichoke(Helianthus
tuberosu} underagroecologicatonditionsin Ukraine. The highestsweetpotatoyield (17.4t h a avérageoverthreeyears)
wasachievedhroughfoliar applicationof Humifriend(1.5L h a aridilelp-Rost(2L h a For)erusalenartichoke thebest
result(32.6t h a folloyved fertigationwith Mykofriend (1 L h a andjwo foliar applicationsof Help-Rost(2L h a Key) .
quality traits assessethcludeddry matter,starch total sugar,andvitamin C content.Significantincreasesn dry matter,total
sugar,andvitamin C wererecordedor both crops,with the strongeseffectsobservedn total sugarfor sweetpotatoanddry
matterfor Jerusalenartichoke.In contraststarchcontentin Jerusalenartichokeshowedho significantresponseTheseresults
highlight the potentialof Mykofriend and Help-Rostto enhanceoot crop productivity and nutritional value while reducing
environmentalimpact. The findings supportbroaderuse of biopreparationsn sustainableagricultureand emphasisehe

importanceof optimisingtreatmenstrategieso maximiseagronomicperformance.
Keywords: microbialinoculantsprganemineralfertilizers, tubercrops,sustainabldertilization, biofertilizers

Introduction

The increasing demand for ecologically sound,
resourceefficient, and climateresilient agricultural
systemshascatalyzeda paradigmshift towardthe use
of biopreparationssuch as microbial inoculants,
biofertilizers, and organemineral amendmentsas
viable and sustainable alternatives to synthetic
agrochemicals. These biologically active inputs
enhance nutrient cycling, improve soil structure,
increaseplant resilienceto abiotic stress,and support
ecosystemservices that are often degradedunder
intensive conventionalpractices(Bolokhovskyi et al.,
2025). Their integrationinto agroecologicabystemss
becominga cornerston®f regenerativeagricultureand
long-termsoil fertility strategiegSofoetal., 2022).
Biopreparations function  through  complex
biochemicalndecologicalinteractionsvithin thesoil
and plant continuum. Consortia of beneficial
microorganismsncluding AzotobacterBacillus spp.,
mycorrhizalfungi, and Pseudomonafuorescensan
boost nutrient availability, suppresgphytopathogens,
and stimulate plant hormonepathwaysthat enhance
root growth and stresstolerance (Nakielska et al.,
2024). When combined with organic amendments
suchashumic substancesamino acid complexespr
compostedbiomass, these inputs not only enrich
microbial diversity but alsorestructurethe soil matrix
to improve aeration, moisture retention, and cation
exchange capacity (BrezaBoruta & Bauza
Kaszewska,2023). Furthermore, such biologically
drivensystemseducetheneedfor chemicalffertilisers,
which lowers environmentakontaminatiorrisks and
contributesto cleanerfood production(Vasylovych,
2024;Romanowsk&éudaetal., 2020).
Thesebenefitsare particularly significant for tuber
crops such as Jerusalem artichoke (Helianthus
tuberosuyandsweetpotato(lpomoeabatatag, which
serve as important sourcesof carbohydratesfiber,

antioxidants, and bioactive compounds.They are
widely usednotonly in food systemsut alsoin feed,
energy,and pharmaceuticalndustries.Prior studies
have demonstrated that bio-based inputs can
substantiallyincreasduberyield andnutritionalvalue,
particularlyin termsof dry matter total sugarsstarch,
and vitamin C content, through enhancednutrient
uptake and plant metabolic efficiency (Ahmed &
Alian, 2023; Antonious, 2024; Liu et al., 2024). In
parallel, the valorization of sweetpotato processing
residuesgspeciallypeels,hasattractedattentionasa
model for circular bioeconomy and industrial
upcycling(Jiangetal., 2024).

The effectivenes®f biopreparatiorbasedertilisation
systemss closelylinked to the physicalpropertiesof
soil, including bulk density, porosity, moisture
retention capacity, and aeration. These factors
significantly influence microbial colonization and
rhizosphereactivity. Long-term tillage practicescan
alter the structure of bacterial communities and
improve soil physicochemical characteristics. In
particular rotaryandchiseltillage reducecompaction,
increase organic matter content, and enhance
phosphorusvailability. Theseimprovementsreatea
favorableenvironmenfor beneficialmicroorganisms,
stimulating their metabolicactivity in the root zone.
Maintaining a structured and biologically active
topsoilis essentiafor sustainingstablemicrobeplant
interactionsand ensuring the successof microbial
inoculantsunderfield conditions(Sunetal., 2023).
Recentresearchconfirms the synergistic effects of
combiningreducedtillage with microbial and organic
inputs. Theseintegrative systemspromote microbial
biomasselevatesoil organiccarborlevels,andimprove
nutrient availability, which collectively enhanceyield
andsoil resilience(Kanareket al., 2022).Field studies
have also documentedoroductivity and quality gains
whenmicrobialtreatmentsireusedalongsidecomposts,
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humic substancesor digestatesparticularly in low-
input and organic farming systems(Williams et al.,
2020;Yangetal., 2022).
Despitethesepromisingadvancesfield-level dataon
the combineduse of microbial biopreparationsand
organemineral  fertilisers  under  Ukrainian
agroecologicatonditionsremainscarcegspeciallyfor
underutilizedyet high-potential crops like the sweet
potatoand Jerusalenartichoke.Preliminaryfindings
suggesthatproductssuchasMykofriend, Help-Rost,
and Humifriend canimprove not only yields but also
keybiochemicaparameterddowever theirconsistent
performanceacrossdiverse environmentsand crop
phenophase®quiresfurthervalidation.

This study aims to evaluate the agronomic
performance of selected microbial and humic
biopreparationn Ipomoeabatatasand Helianthus
tuberosusgrown in steppesoils of easternUkraine.
Thegoalis to developpracticalrecommendationfor
sustainable fertilisation systems that enhance
productivity, nutrient use efficiency, and product
quality while minimizing environmentalmpact.

Materials and Methods

Field experimentsvere carriedout from 2021to 2024
at the DonetskExperimentalStationof the Institute of
Vegetableand Melon Growing, NAAS of Ukraine,to
assesghe effects of selectedbiopreparationson the
yield andbiochemicalquality of Ipomoeabatatasand
Helianthus tuberosus The site is located on typical
chernozem soils with 4.3% humus, hydrolysable
nitrogenat 139mg k g availablephosphorusanging
from 106t0 119mgk g aridexchangeablpotassium
at93mgk g THesoil hadaslightly acidicreaction(pH
5.7in KClI), hydrolyticacidity of 2.8mEqper100g, and
basesaturatiorof 26.0mEqper100g. Theseproperties
reflect a moderately fertile matrix responsive to
microbial and humic amendmentsgspecially under
steppe climate stressors (BrezaBoruta & Bauza
Kaszewska2023 Vasylovych,2024)

A randomizedcompleteblock design(RCBD) with
threereplicationsper treatmentwas used.Each plot
measure@3.6m ] with acentralaccountingareaof 21
m | for datacollection.Soil preparatiorincludeddeep
rotary tillage and strip loosening(25i 30 cm) usinga
methodadaptedo improve seedbedheration,reduce
compaction,and ensureuniform seedingconditions
under field environments.The selection of tillage
depthandtypewasbasednregionallytestedpractices
that demonstratedimproved water retention and
reducedsoil densityundertraditionalandchiseltillage
systems(Syromyatnikov et al., 2023 2024). Five
treatmentvariantswere applied to the sweetpotato
cultivar 6 S| o b o zRiualmy3&e ycontrol (Ctrl)
receivedmanure(20t h a afdwoodash(l1th a
The Ctrl+MF treatmentaddedMykofriendat1 L h a
via fertigation. Ctrl+HR included two foliar
applicationsof Help-Rostat2 L h a Cirl+MF+HR
combinedbothMykofriend andHelp-Rostatthe same

doses Finally, Ctrl+Hum+HR integratedHumifriend
(1.5L h a andHelpRost(2 L h a Slips were
plantedin a(100+40)I 25cmlayout,reachings8,000
plants h a Drip irrigation and black polyethylene
mulch (120 & m yere usedthroughoutthe seasorto
conservemoisture and control weeds,aligning with
conservation agriculture principles (Romanowska
Dudaetal., 2023)

A parallel treatmentschemewas usedfor Jerusalem
artichokecultivar 6 Di e t Tke unfertdized control
(Ctrl) wascomparedo four biopreparatiorvariants.In
Ctrl+MF, tuberswere soakedin Mykofriend 2Lt T )
before planting. Ctrl+MF+Fert involved additional
fertigation with Mykofriend (1 L h a duripg early
vegetativegrowth.Ctrl+HR includedthreefoliar sprays
of Help-Rost(2L h a atkeygrowthstages5i 6 leaves,
and25 and35 daysafter. The combinedCtrl+MF+HR
treatmentusedboth tuberinoculationandfoliar Help-
Rost.Jerusalenartichokewasplantedat 29,000plants
h a usinga 70 I 50 cm spacing.Soil pretreatment
followed the sametillage strategyasfor sweetpotato.
The biopreparationstested included Mykofriend,
Humifriend,andHelp-Rost.Mykofriend is a complex
microbial inoculant containing Glomus spp.,
Trichodermaharzianum and rhizobacteria(Bacillus
subtilis B. megaterium Paenibacillus polymyxa
Pseudomonafiuorescenpat1.0i 1.51 1 OCFUmL T .
Humifriend is a humicbasedbiostimulantenriched
with fulvic acids, amino acids, micronutrients,and
microbial metabolites Help-Rost is a foliar organe
mineral fertilizer containing essential nutrients,
phytohormonesand growth regulators,suitable for
organicfarming (Nakielskaetal., 2024)

Harvested tubers were evaluated annually for
marketableyield (t h a Hiorhemicalanalyseswvere
conductedbn 1.5 kg compositesampleger treatment.
Dry matterwasdeterminedy ovendryingatl 0 5 to A C
constantweight (AOAC 930.15).Starchwas assessed
enzymatically(AOAC 996.11),total sugarsby Luffi
Schoorltitration (AOAC 923.09),andvitamin C using
2,6-dichlorophenolindophenol titration  (AOAC
967.21) All measurementsereperformedn triplicate.
Statisticalanalysisinvolved oneway ANOVA using
R software (v4.3.1). Normality and homogeneityof
variances were checked via Shapird Wilk and
L e v e tessd 1 k eHED test(p < 0.05)wasused
for posthoccomparisonamongtreatments.

Resultsand Discussion

The effectof variousfertilisation systemon the yield

andquality of Ipomoeabatataswasevaluatedverthe
threeyear period from 2021 to 2023. As shownin

Figure 1, the averageyield in the control treatment
(Ctrl), whichincludedonly manure(20th a andash
Y1th a wasll.2th a THelowestyieldin thisgroup

T wasrecordedn 2023(8.6th a whéreashehighest

was observedin 2021 (15.9t h a Thé treatment
Ctrl+Hum+HR, which combinedHumifriend (1.5 L
h a andMHelp-Rost(2L h a rdsyltedin the highest
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averageyield of 17.4t h a with, respectiveannual
values of 22.7, 13.6, and 16.1 t h a Qther
biopreparatiorbasedreatmentalsodemonstrated

Figure 1
Sweet potato yield and quality

notable improvements in productivity, with
Ctrl+MF+HR and  Ctrl+Help consistently
outperformingthe control.

indicators under different fertilisation treatments (2021 2023)

Linesrepresenthe sametreatmentacrossyearsanddo notimply sequentiadependence
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Theanalysisof tuberquality in sweetpotatoindicated
that biopreparationpositively influencedseveralkey
parametersThe highestdry mattercontent(19.12%)
wasrecordedn the Ctrl+MF+HR treatmentwhereas
the higheststarch content(14.45%) and total sugar
content(3.90%)wereobservedn the Ctrl+Hum+HR
variant. The vitamin C contentwas highestin the
controltreatmen{ 5 . 5 1mgg O dndllowestin the
Ctrl+MF+HRtreatmen{ 4 . 7 5nig 0 7 ) .
The effectsof the treatmentson the yield and quality
of Helianthus tuberosusfrom 2022 to 2024 are

Figure 2

Jerusalem artichoke vyield and quality

Dry Matter (%)

indicators

~#= Average Yield (2021-2023)

Starch (%) —* Vitamin C (mgg™)

presentedn Figure 2. In the unfertilised control, the
averageyield was26.2t h a in€reasingfrom 22.3t
h a in12022to 31.6t h a in12024. Application of
Mykofriend (2 L t  for)tuber treatment(Ctrl+MF)
resultedin an averageyield of 31.5t h a while
Mykofriend fertigation(Ctrl+MF+Fert)produced31.3
t h a The.highestaverageyield (32.6t h a wa9
obtainedwith thecombinedapplicationof Mykofriend
and Help-Rost (Ctrl+MF+HR), which yielded 27.6,
31.5and38.8t h a in therespectiveyears.

under different treatments (2022 2024)

Linesconnectvaluesof the sameparameteracrossindependentreatmentdor visualclarity only
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Quality analysisin Jerusalenartichokedemonstrated

increasesn dry matter, total sugar,and vitamin C

Dry Matter (%) ~*~ Vitamin C (mgg™)

~*= Total Sugar (%) Starch (%)

levels following treatment. The control group
exhibiteda stabledry mattercontentof approximately
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22.2% whereagheCtrl+MF+HR treatmentaisecthis
parameterto an averageof 22.9%. Similarly, total
sugarcontentincreasedrom 17.3%in the control to
18.3%in Ctrl+MF+HR. The concentratiorof vitamin
C, expressedn mg g fosefrom 7 . 5 3 TinltiGe
controlto8 . 1 2 linthe Ctr]+MF+Ferttreatment.
Statisticalanalysisconfirmedthatthedifferencesn yield
betweentreatmentswvere significantfor both crops(the
sweetpotatoexhibiteda P-Value = 0.000004 whereas
Jerusalemartichokeshoweda P-Value = 0.027).
The distribution of yield valuesby treatmentis

depictedin Figure 3. For the sweetpotato,the highest
median yield (22 t h a wag obtained under the
Ctrl+Hum+HR treatment, whereas Ctrl+MF+HR
yielded19t h a THe control treatmentexhibitedthe

| lowest medianyield at 16 t h a I the case of
Jerusalemartichoke, the highestmedianyield (40 t
h a washecordedor Ctrl+MF+HR, while thecontrol
showed the lowest value (27.5t h a Bryader
interquartile ranges were observedin the treated
groups comparedto the controls, particularly for
Jerusalenartichoke.

Figure 3
Yield Distribution of SweePotatoand JerusalemArtichokeAcrossDifferent Treatments

Ctrl+MF+Fert| Sweet Potato —

_— Jerusalem Artichoke ¢+ &
Ctrl+Hum+HR r m
—
CtrH‘HR r l_Dj_|
, —
Ctrl+-MF+HR + "Dj"
—
Ctrl+MF |_I:|:|_|
—
Ctl'l r | FIDj_' | | | | | | | |
0 5 10 15 20 25 30 35 40 45 50
Yield (t-ha™")

Quality parametersvere alsosignificantly influenced
by the biopreparationireatmentsThe ANOVA results
indicatestrongstatisticalsignificance(p < 0.001)for

dry matter,total sugar,andvitamin C contentin both

crops.Starchcontentwassignificantlyaffectedonly in

the sweetpotato,whereasn Jerusalenartichokethe

differences were not statistically significant (p =

0.332).Thedetailedanalysisof sweetpotatoquality is

illustratedin Figure 4. Dry mattercontentincreased
from a medianof 22% in the controlto 24.5%in the
Ctrl+Hum+HR treatment. Starch content also rose
from 16% in the control to 17.2% under the same
treatment. Total sugar content peakedat 4.9% in

Ctrl+Hum+HR, comparedto 4.5% in the control.

Vitamin C contentslightly decreasedn the treated
plots, with the controlmaintainingthe highestmedian
value( 6 . 0 mdgg0 7]) .

For Jerusalemartichoke, the distribution of quality
parameterg presenteéh Figure5. Dry mattercontent
increasedfrom 19% in the control to 21.5%in the
Ctrl+Hum+HR treatment, while starch content
remainedlow acrossall treatmentsThe highesttotal

sugar content (4.3%) and vitamin C concentration
(5. 4Imfy @ Wereobservedin Ctrl+Hum+HR.
Althoughthevitamin C contentwasgenerallylowerin
the treatedgroupsthan in the control ( 5. 5 Img O
g TIthe differencesobservedremainedwithin the
rangeof acceptabléiologicalvariability.

The application of biopreparations significantly
improved the yield and quality of both Ipomoea
batatas and Helianthus tuberosusunder Ukrainian
agroecological conditions. Among all variants,
combinedtreatmentgarticularly Ctrl+Hum+HR and
Ctrl+tMF+HR  consistently delivered superior
outcomes.The sweet potato yield increasedfrom
11. 2 tn hhe dontrol to 17 . 4 tin
Ctrl+Hum+HR, while Jerusalenartichokeyield rose
from26. 2 to 38 a6 TundehCarl+NIF+HR.
Theseresultscorrespondvith findingsby (Antonious,
2024) who reported enhanced sweet potato
productivity and nutritional quality following
applicationf biocharandorganicfertilizersaneffect
attributed to improved nutrient availability, soil
structure andmicrobialactivity.
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Dry matter and total sugar content also increased
significantly under the biopreparation treatments,
supporting their role in promoting carbohydrate
accumulation. The treatments Ctrl+Hum+HR and
Ctrl+MF+HR showed the highest gains in both
parametersTheseeffectsalign with the findings of

(Ahmed& Alian, 2023) who reportedthat Jerusalem
artichoke harvestedlater in the seasonaccumulated
moresugarsandinulin. Thismayreflectimprovedroot
functionandextendedregetativegrowthstimulatecby
microbialandhumicamendments.

Figure 4
Impactof Biopreparationson Key Quality Attributesof SweetPotato
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Effectof Biopreparationson Key Quality Parametersof JerusalemArtichoke
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Vitamin C trendsvaried betweencrops. In the sweet
potato, the control retainedthe highestascorbicacid
content, while biopreparatiorireated plots showed a
modestdecline. This may indicatea physiologicalshift
towards increased carbohydrate biosynthesisat the
expens®f antioxidanaccumulationasalsoobservedy

(Antonious, 2024). In contrast, Jerusalemartichoke
vitamin C contentimprovedin the Ctrl+MF+Fert and
Ctri+MF+HR treatmentssuggestinghat foliar nutrient
applicationmay alleviate oxidative stressand promote
antioxidantmetabolisntonsistentvith outcomeseenn
organicallygrownroot crops(Romanowska&Dudaetal.,
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2020). Statistical analysis confirmed strong treatment
effects(p < 0.05) on yield, dry matter,total sugar,and
vitamin C content,highlighting the synergisticpotential
of microbialinoculantsandhumicstimulantsTherole of
Mykofriend containing arbuscularmycorrhizal fungi,
Trichodermaharzianum andbeneficialrhizobacterian
supporting root growth and nutrient uptake appears
centralto theseresults,especiallywhen combinedwith
Humifriend and Help-Rost (BrezaBoruta & Bauza
Kaszewska?2023;Nakielskaetal., 2024)

These synergistic effects are echoedin the work of
(Romanowsk&Duda et al., 2023), who demonstrated
that integratingdigestateand ashwith biopreparations
enhancedyield and physiological performancein
sorghum.A similar mechanismmay explain the high
performance of Jerusalem artichoke in our
Ctrl+MF+HR variant, where repeatedfoliar sprays
sustainednetabolicactivity duringtuberformation.The
pathogersuppressiveand stressmitigating properties
of microbial consortia, as shown in strawberries
(Nakielskaetal., 2024),mayalsoexplaintheimproved
stability and quality observedin treatedplots. Starch
contentin Jerusalemartichokeremainedstatistically
unchangedicrosstreatmentgp > 0.05),in line with
earlier findings by Yang et al., 2022 who indicated
that starchand inulin profiles are more sensitiveto
harvest timing and environmentalfactors than to
fertilizer treatments.Our data reflects this, showing
increasesn sugarcontentwithout proportionalgains
in starch.Yield variability observedn Figure3 indicates
that Jerusalemartichoke respondedmore strongly to
environmentamodificationsinducedby biopreparations
than the sweetpotato. This may be due to the greater
adaptive plasticity of H. tuberosus as suggestedby
Anwar et al. (2020, who reported that compost
application and canopy management significantly
influencedyield andbiochemicatomposition.

While our findings confirm the agronomicbenefits of
microbial and humic formulations, they also highlight
areador furtherresearchThe physiologicabasisfor the
observedeductionin vitamin C in sweefpotatoremains
unclear and warrantsinvestigation. Future work may
employchlorophyllfluorescenceéechniquessproposed
by( Ps z ¢ z -etalk2028)t0 koinrinvasivelymonitor
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photosynthetiperformancandclarify plantresponse®
biopreparatiotreatmentsinderfield conditions.

Conclusions

1. The integratedapplicationof biopreparations
enhancegrop yield and quality. The combineduseof
microbial inoculants(Mykofriend, Help-Rost) and
humic substancegHumifriend) significantly improved
the yield and nutritional quality of sweetpotato
(Ipomoeabatatag andJerusalenartichoke(Helianthus
tuberosu}. Treatmentssuchas Ctrl+Hum+HR and
Ctrl+MF+HR demonstratedhe highestefficacy,
particularly in increasingdry matter, starch,and total
sugarcontent.While vitamin C levelsslightly declined
in the sweetpotato,they were maintainedor increased
in Jerusalemartichokeunder fertigation regimes.
2. Statisticalvalidation confirms the effectivenesf
biological treatments.The observeddifferencesin
agronomicand quality parameterswere statistically
significant, supportingthe efficacy of biopreparation
basedfertilisation strategiesThesetreatmentoffer a
sustainable alternative to conventional fertilisers,
reducing dependenceon synthetic agrochemicals
while maintaininghigh productivityandcropvalue.

3. Futureoptimisationshouldfocus on physiological
mechanismsand monitoring tools. Further studies
shouldexplorethe underlyingphysiologicalbasisfor
changesn antioxidantcontentandassesshe utility of
chlorophyll fluorescenceas a norrinvasive tool for
monitoring plant responses.The findings support
broaderadoptionof biopreparatiorbasedechnologies
in organicandlow-input farming systemgo improve
soil health, enhancecrop performanceand promote
sustainablegriculturaldevelopment.
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Abstract

Climate changeand humansaffect changesin biotopes,which causelossin habitatdiversity. One of the factorsthat is
considerediulnerableto biodiversityin Europeis eutrophicationlt affectsboth aquaticandterrestrialhabitats by enriching
themwith nutrients causingheirflora andfaunato changeEutrophicatioris usuallydetectablen placeswherenutrientpoor
habitatsareslowly disappearingior examplelichenrich pineforeststhatcanbefoundin inland dunesTheaim of this study
is to assesshe impactof eutrophicatioron Cladinosd callunosaand Vacciniosaforesttype on flat terrainandon dunes.A

total of 12 plots havebeenestablishedsix in eachforesttype. Sampleplots are square sized400 m? each.In all plots, the
heightanddiameterof thegrowingtreesweremeasuredandall plantspeciesthe projectivecoverof mossherbaceousshrub
andtree layer andindividual specieswere recorded.In addition, four soil profiles were createdand 21 soil sampleswere
analysedThehypothesiof thework is thatthe eutrophicatiorof Cladinosd callunosais morerapidin flat andlower terrain
thanin dunetops.This studyshowedthatterraindoesnot significantly affecttreeheightsanddiametersput it doesaffectthe
soil. The soil in dunetopsis lessacidic thanin the plains. The effect of eutrophications not noticeablein the Cladinosd

callunosaforests butonly in the Vacciniosaforests whereit is higherin the plains.
Keywords: eutrophicationinland dunes Cladinosé callunosa Vacciniosasoil.

Introduction

Latvia is locatedin the borealbiogeographiaegion,
hemiborealzone, which borderson the continental
geobotanicategion(Esseeretal., 1997;Cervellini et
al., 2020). Boreal forests occupy about 29% of all

forest areasand abouta third of thew o r | tichles
exports are obtained from these forests (Kayes &

Mallik, 2020). The dominantspeciesare Scots pine,
Norway spruce birchesand aspenput in total about
20 treespeciegyrow in this region,whichis lessthan
in other biogeographic regions of Europe
(Puumalaineret al., 2003;Kayes& Mallik, 2020).In

thehemiboreakone thedominanceof deciduougdrees
typical of thetemperateoneis increasingn the Baltic

States, but the amount of coniferous forests is

decreasing(J»giste et al., 2018). Pine standsare
decreasingnostin Latvia. Theyarebeingreplacedy
birches;in some cases,it can be replacedalso by

spruceand otherdeciduoudrees.In total, coniferous
forestsoccupyabout45% of the forestareain Latvia
( Laietal, 2021).

Pinescangrow in poor soils wherethereis not much
competitionalthoughtheygrow bestin moderatelyrich

forest types - Myrtillosa, Hylocomiosa (Dreimanis,
2016). Conifers,especiallypines,are characterizedby

podzol sand soils, where the amount of nutrients
dependson the fallen deadwoodand plant litter, its

compositiorandmeteorologicatonditions Podzolsare
acidic,poorreactionsoils,which areusuallyformedon
carbonatefree sandymotherrocks( KrkliA ¢2008).In

the soil horizons,including fungi form organic acids
that degrademinerals, exceptquartz, and leach clay
particlesandnutrientsfrom theupperhorizonsforming

a grey low-fertility leachinghorizonanda washin, or

illuvial horizon, in which fulvic acids with iron,

aluminium hydroxides can form a dense iron

sedimentedhorizonlayer. Coniferoussoil is acidicand
low in nutrientsitherefore someplantshaveadaptedo

fixing nitrogen,such as Pleuroziumschreberi(Brid.)

Mitt. andHylocomiumsplendengHedw.)B., S.etG.,

which contain cyanobacteria capable of fixing
atmospheriaitrogen(Stuiveretal., 2015).

Since the degradationof organic matter in boreal
coniferousforestsis slow, the fallen deadwoodand
plantlitter layeris thick andinterfereswith thegrowth
of seedlingsforestfires are necessaryor the natural
regeneratiorof forests(Kayes& Mallik, 2020). Due
to properforestmanagementhe numberof wildfires
has decreasedput under the influence of climate
changehenumberof wildfires mayincreasealueto the
increased amount of forest debris and higher
temperaturegDeAngelis,2008; Mantonet al., 2022).
After forest fires the amount of potassium and
phosphorusincreasesn oligotrophic soils (Gilliam,
1991).In mesotrophicsoils, after groundand surface
fires soil fertility, speciesdiversity and soil moisture
increasd L a i etal.,A049).

Cladinosd callunosais an oligotrophicdry siteforest
type that is rare in Latvia (Liepa et al., 2014). It
occupiesapproximatelyl% of all Latvian forests.In
this forest type, the ground cover is dominatedby
small shrubs, mossesand lichens typical of boreal
forests( L a i ¥998)\-gmore than 50 plant species
(Liepa et al., 2014). In the foreststand,only pine is
purposefullygrown for forestry,andthey form forest
standf qualityclasslV-V ( B u 1p81).Theaverage
standingvolume of Cladinosa callunosapine stands
is 150m? per1 ha(Nationalforestmonitoring 2018).
Naturally Cladinosd callunosa pine regenerates
slowly, only 10% after final felling can regenerate
within 10 years( B u §981); therefore,Cladinosd
callunosais most often regeneratedrtificially 7 by
seedingor planting (Dreimanis, 2016). Cladinosd
callunosais avery poormineralsoil, formedby quartz
sand( B u 1P81).Theorganictop layer of the soil is
thin, approximatelyl-3 cm thick (Liepaetal., 2014).
In Cladinosd callunosapodzolis formed- a soil type
in which leaching of nutrientsfrom the upper soil
horizonsis adistinctfeature As for oligotrophicsoils,
Cladinosa callunosanutrientspenetratehe soil with
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atmosphericprecipitation (Liepa et al., 2014). In
Latvia, Cladinosa callunosais most often found in
dunelandscapeandwind-bornesandduneswith the
largestareasoccurringatthe seasidéd B u 1Pp81).
Vacciniosais anoligomesotrophiary foresttypethat
occupiesapproximately3% of Latvian forests(Liepa
etal., 2014; Nationalforestmonitoring 2018). More
than 80 plant speciesare found in the Vacciniosa
groundcover (Liepaet al., 2014). The foreststandis
mainly composedf pine, which forms the standsof
site index or site quality classlIl althoughlow-value
birchor sprucestandsanalsobeformed( B u Xp81).
The averagestandingvolume is 200 m® per 1 ha
(National forest monitoring 2018). Understoreyis
rare, and it comprisesspruce, birch, juniper and
mountainash(Liepaetal.,2014).

Vacciniosasoil is slightly more fertile than that of
Caldinosecallunosa it is podzolized, with an
approximatelyt cmthick organictoplayer,mostoften
sandybedrock(Liepaet al., 2014).0n slopesandin
placeswith greaterwater inflow, soil horizons are
moreclearly distinguishableanddeeper( B u 1P81).
The soil is poor in minerals,an iron sedimentation
horizon layer may form in it. Vacciniosaaswell as
Cladinosecallunosa are found in dune areasand
inland sanddrifts ( B u 1P81).In Vacciniosaa small
overgrowthis formed after the final felling, which

areasaffectedby eutrophicatiorare slowly declining,
they still threaten a large number of Latvian
ecosystems about85% comparedo otherEuropean
countries. Eutrophication processes and their
developmenareclearlyindicatedon poorforesttypes,
whereasproportion of theseforest types have been
decreasingin Latvia since 1940 ( L a i 1998)g ,
Eutrophicatiorof Latvianforestecosystemss caused
by anincreasdn the amountof atmospheriqitrogen
in the soil andpollution, asa resultof which the plant
communitytypical of conifersis replacedby that of
broadleaves. This eutrophication is sometimes
difficult to noticebecaus@lantsthatgrowin nitrogen
rich soils cannotsurvivein drought(Reineckeet al.,
2013).Foresteutrophicatioris positiveif the purpose
of forestcultivationis theintroductionof newspecies
or the cultivation of broadleavedtrees.As aresultof
humaninfluencedeutrophicationthe changeof tree
species occurs in coniferous forests - hardwood
speciesappealin theundergrowthor in birch or aspen
standsstartto appeaitinsteadof conifers.Cladinosad
callunosaandVacciniosabirch admixture,which can
occurdueto eutrophicationreducesvoodproduction.
With each tenth of admixture, wood production
decreasedy approximately7% ( B u ¢981). The
increasein nitrogenin the soil not only negatively
affectsthe productivity of pineandotheroligotrophic

does not interfere with forest regeneration( B u § splantareasput alsoincreaseshe plantintoleranceto

1981). Forestsare regeneratedrtificially by sowing
pine seedsin furrows or planting two-yearold

seedlinggDreimanis,2016).

Eutrophicationis anincreasen the biomassof living

organisma&andanincreaseén theintensityof biological
processesausedby an increaseof nutrients.As a
result of climate change, the vegetation period
increasesthe amountof precipitationincreasesand
growing conditionsfor somespeciesmproveandfor

somei worsen Foresteutrophicatioris a procesghat
occursnaturally very slowly, but it is acceleratedy

climatechangesindanthropogenidactors. Underthe
influenceof eutrophicatiorandotherfactors,nutrient

poor forest areasin which stable standsof Pinus
sylvestrisare formed, decrease They may become
unstableandanadmixtureof otherlesseconomically
valuabletreesand shrubscan form in those stands,
which canovershadowand competewith the desired
standsof Pinussylvestris Whenthesestandsbecome
more fertile, the number of herbaceousplants

various pathogenscausingadditional stress(Lupi et
al., 2013). By changingthe plant compositionof the
ecosystemeutrophicationalso changeghe accesgo
light and increases competition between plants,
creatingwinnerplants that are more shadetolerant,
andloserplantsthatarelight tolerantspeciegJohnson
etal., 2008). Although the replacemenbf coniferous
forestsby hardwoodforestsis predictablethe current
speedof changeis negativelyaffecting not only the
productivity of foreststands put alsoanimalhabitats
andecosystenservices.

As nutrientsin the soil increase,areascan become
overgrown with shrubsand vascular plants, which
interfere with the establishmenbf living spacedor
partridges,capercaillie and other birds that require
mosaicpatcheswith openarea(Smith et al., 1999).
With the changein tree species,many birds find it
difficult to establismestingsites(DeAngelis,2008).
Oneof the biotopesthreatenedy eutrophicatiorand
the biotic homogenizationcausedby it in Central

increaseshusincreasingcompetition( L a i 1998f ¢ ,Europeis lichenrich pine forest, where lichens are

The processof eutrophicationalso occursin soils,

wheresoils changefrom oligotrophicto mesotrophic.
One of the foresttypeswherethe disappearancand
replacement of characteristic ground vegetation
speciescan be observedis Cladinosa callunosa

which transformsinto Vacciniosain the processof

eutrophication.

Nitrogenemissionsareoneof the majorair pollutants
affecting the eutrophicationprocess(Bonten et al.,

2016).In Europe,eutrophicatioris consideredne of

the mostseriousenvironmentathreats.Although the

replaced by mossesand small shrubs( St e f-a Es k a

Krzaczek,2018).

Vegetationin forestsis mostaffectedby theamountof
nitrogenin the soil, which is increasedy the effects
of eutrophication(Reineckeet al., 2013).An increase
in the amount of nitrogen in the soil promotes
graminification,whichis the spreadf grassesutside
grasslands. Dactylis glomerata L., Veronica
chamaedryd.. and Artemisiavulgaris L. canbe used

as indicator species for graminification ( Lai vi Ag,

1998). Additional speciesobservedn the studieson
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the effectsof nitrogenon vegetatiorare Deschampsia
flexuosa (L.) Nees, less commonly Chamaenerion
angustifolium(L.) Scop and RubusidaeusL. (Van

Dobbenet al., 1999).In Central Europearforests,it

hasbeenobservedhatundertheinfluenceof increased
amountof nitrogenforestsare slowly changingtheir

taxonomic group from less to more fertile. In

particular,thereplacemenbf lichertrich oligotrophic

forests by mesotrophicforests has been observed
(Reineckeet al., 2013). This indicates a possible
replacementof Cladinosecallunosaby Vacciniosa

and replacementof Vacciniosaby Myrtillosa, thus

reducingthe vegetationcharacteristicof Cladinose

callunosaandincreasinghevegetatiorof morefertile

foresttypesin foreststands.

In perturbanforests,eutrophicationgdueto pollution,

is visible notonly in the groundcover,but alsoin the

undergrowth( L a i etialA ¢021). In coniferous
forests,the presencef Acerplatanoides.. andother
deciduous trees in the undergrowth is observed
( L aietal.,2081).In addition,dueto thesuccession
of the undergrowthandgroundcover,forestsbecome
wetter and darker or shadier, which reducesthe

number of sunloving speciesin the ground cover

( Lai 1998.d.ichens suffer the most from the

increasedamount of shade,they are replaced by

mossessmall shrubsand grassegVVan Dobbenet al,

1999; St e f K&Exielaet al., 2018). In urban

forests, ground cover species such as Impatiens
parvifloraDC.,ChelidoniurmmajusL., Stellariamedia
(L)) Vill.,, Urtica dioica L., Geum urbanum L.,

Plantago major L., Artemisia campestrisL. and

Berteroa incana (L.) DC. may be used as

eutrophication indicator species in pine forests
( L ai w9984).deytrophicationalso has a positive

effect on the spreadof invasivespeciesgspeciallyin

periurban forests. The impact of eutrophicationon

invasive speciesin Latvia has not been directly

studied,but it hasbeenobservedhatunstableground

cover plant communitieswhereinvasivespeciescan
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beintroducedareusuallyperi-urbanforests( L ai vi Ag,

1998).

Vegetation succession caused by eutrophication
occursslowly butatanoticeablerate.In Germanythe
studieson the eutrophicationof oligotrophic forests
found thatover a 45-year period, mostof the studied
areas had faced a complete or partial vegetation
replacementthus locally increasingthe number of
speciesin ground but decreasingthem regionally
(Reineckeetal., 2013).Although eutrophicatiormost
often hasirreversibleeffectson vegetation,in some
places the decreaseof vegetation replacementis
possibleasforeststandsgrow. A decreasen grasses
was observedin maturepine forestsin Sweden,but
this did not changethe irreversibleeffectson lichens
(Jonsson, 2021). Under the influence of
eutrophication, light demanding species and
oligotrophic species disappear, shadetolerant and
nitrogendemandingspeciesappear,andthe areasin
which oligotrophic speciescan survive are reduced,
thus reducing the diversity of regional speciesand
creatingbiotichomogenizatiofReineckeetal.,2013).
The aim of the study wasto comparethe impact of
eutrophicationon vegetationand soils on different
microrelief, specifically, on dunetops and on plain
sitesof CladinosecallunosaandVacciniosforess.

Materials and Methods

Theterritory of theresearclistheS t r aresabf dunes,
locatedin Valmieraregion,wherethe dominantforest
types are Cladinosoecallunosa and Vacciniosa The

forests there are located in the Seda plain,

approximately60-65 metersabovesealevel, in a place
where inland dunes have formed. The averageair

temperaturén Valmieraregionis + 6.5 AC, theaverage
temperaturén July,thewarmesimonth,is +17.8/C, but

in February,the coldest month, -3.9 AC. The total

amountof precipitationon averageis 685.5mm. The

durationof thevegetatiorperiodis 192daysArigure1d
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12 squaresampleplotsmeasuring20x 20 meterswere
establishedThe sampleplots werelocatedin the 70-
yearold Cadinosecallunosa and Vacciniosa forest
standsn theinland dunearea- threeandthreeon the
dunetopsandthreeandthreeon plains,respectively.
In eachplot, all growing treeswere listed and their
speciesdetermined.The diameter of the treeswas
measuredvith acalliperataheightof 1.3metersfrom
theroot collar or at breastheight,with anaccuracyof
N0.1cm. A Suuntoaltimeterwasusedto measurghe
heightof the trees,with an accuracyof N0.1m. All
specieswere determinedin the sample plots. The
projective coversof eachvegetationlayer and each
separatespeciesgxceptfor lichen and mossspecies,

were estimatedoy sightandrecordedin percentages.

Four vegetationlayers were used: E3 - tree layer,
which includesall woody plantstaller than7 m, E2 -
shrublayer,which consistof shrubsandtrees0.57 m
high, E1 7 herbaceouslant layer, which includes
herbaceouslants, small shrubsand young woody
plantsnotexceeding).5m, andEOT mossandlichen
layer (Mueller-Dombois& Ellenberg,1974).

In addition, soil profiles were createdin four sample
plotsi respectivelyon the Cladinosecallunosadune
topsandplainandalsothesaméeor Vacciniosdorests.
Descriptionswere createdfor the soil profiles. Soil
analysis was performed to study the soil. A
potentiometemwas usedto determinesoil reactionor

Figure 2

active and exchangeacidity. Based on the results
obtainedt wasdeterminedvhich soil groupeachsoil
sample correspondsto. The content of organic
substancefor the soil horizonswas determinedusing
the ashingmethod.Hydrolytic acidity, the amountof
potassiumandphosphoru#n thesoil andthealuminum
concentrationverecalculated KkIiA ¢008).

For eachplot the averageree diameter,averageree
basalareayolume,growingstockandnumberof trees
per ha were calculated using generally accepted
formulasin forestinventory.

To comparehecalculatecandmeasuredaluesof the
Cladinosecallunosaand Vacciniosahills and plains,
a oneway ANOVA with a 95% confidencelevel or
significancelevel U=0.05wasused.

Resultsand Discussion

Growingtrees In total, 53 treesweremeasuredn the
plots of CladinoseCallunosadunetops, of which 52
arePinussylvestris The averagediameterof treeson
CladinoseCallunosadunesis 21.72cm, the diameter
in the sampleplots variesfrom 10 to 39.4cm. Most
treescorrespondo the diametergradeof 24 cm. This
diametergradealso hasthe largeststandingvolume,
which canbeobservedn Aigure2d
Theaveragaliametercorrespondto thesitequality class
IV, whichis 20.9m. The averageheightis 18.35m. In
thesampleplots,theheightsvaryfrom 12to 25m.

Distribution of the volumeby diametergradesin the hills and plains of CladinoseCallunosaforests
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m Cladinoso-Callunosa hill

Comparingtheaverageheightto the averageheightof
61-70-year old Pinussylvestrisvhichis 21.73m, it is
muchsmaller,but comparingit to the averageheight
of the pineson the first layer accordingto the site
quality classesijt canbe observedhat sucha height
correspondgo the standsof the site quality classlll,

wheretheaverageheightis 16.74m. The heightof the
treeds definitely affectedby bothsitequality classand

m Cladinoso-Callunosa plain

age (National forest monitoring, 2018). The average
standingvolumeperhectards 160.3m?. Theobtained
volume per ha is similar to the one obtainedby the

National Forest Monitoring cycle Ill, where the

average standing volume per ha in Cladinose

Callunosais 158 m® ha' (Nationalforestmonitoring

2018). The averagenumber of treesper hectarein

thesesampleplotsis 441.
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A total of 41 treesweremeasuredn the sampleplots
of CladinoseCallunosaplain,andall of thesereesare
Pinus sylvestris.The averagediameterin the sample
plotsis 19.75cm, the diametertherevaryingfrom 9.9
to 32.8cm, andmosttreesarein the 20 cm diameter
grade.The averagediameteris slightly smallerthan
the averagediameterof Pinus sylvestrisof the site
quality class IV obtained by the National Forest
Monitoring - 20.9 cm, but much larger than the
averagaiameterof thatof Pinussylvestrisof the site
quality V, which is 17.39cm. The averageheightis
18.69m. In thesampleplots,theheightvariesfrom 12
to 22.1 m. Unlike the height on the Cladinose
Callunosabhill, this heightcorrespondgo the 61-70-
yearold Pinus sylvestris of the first layer, whose
averageheight is 21.73 m. The averagestanding
volume per hectareis 98 m®, which is muchlessthan
that obtainedon the hills and by the National Forest
Monitoring, andthe numberof treesperhectaras 341

volume per hectareobtainedin the Il cycle by the
National ForestMonitoring (Nationalforestmonitoring,
2018).Thenumberof treesperhais 457.

A totalof 66treesall of whicharePinussylvestriswere
measuredn the sampleplots of the Vaccinosaforest
plains. In all plots, treesare divided into two layers
basedntreeheightsTheaveragaliameteiis 21.75cm,
andin the sampleplotsthediametewariesfrom 13.6to
38 cm, but most trees are from 18 to 21.9 cm in
diameter,which is the 20 cm diametergrade,but this
diametergradeis not the onewith the largestvolume.
The higheststandingvolumeis for the 24 cm diameter
grade. Comparing the obtained diameter,it can be
concludedhatthis stands mostlikely of thesitequality
classlV, sincethis diameteiis the averagebetweerthe
averagediametersof pinesof the site quality classlll
andsitequality classlV obtainedby theNationalForest
Monitoring, respectively 22.58 cm and 20.9 cm
Aigure3d(Nationalforestmonitoring 2018).

(Nationalforestmonitoring,2018).

Comparinghe CladinoseCallunosahill andplain, it can
be observedhatalthoughthe averagediameteris larger
onthehills thanontheplains,whencheckinghesevalues

The height varying from 13.2 to 32 m, is 19.46 m on

average. The height is lower than that offtyear

old pines of the first layer, which have an average
height of 21.73 m, but higher than the average heights

by univariateanalysisof variancejt canbefoundthatthe
differencesare not significantat 95% confidencelevel

(p=0.109>0.05).No significant differences exist in

heightsbetweenthe sampleplots (p=0.514>0.05)The
greatestlifferences observedn thestandingsolumeand
thenumberof trees.Ontheplainsthe standingvolumeis

by 62 m*ha' smallerthanin thehills, butwhenchecking
the data of the sampleplots with univariate variance
analysis, at 95% confidence level, no significant
differencesarefound (p=0.426>0.05)This differenceis

mostlikely affectedby thesmallnumberof treesin some
sampleplots. It can be concludedthat no significant
differences have been found between Cladinose

Callunosabhills and plains regardingthe parameterof

foreststandandgrowingtrees.

In thesampleplotsof Vacciniosahill forests58treesare
listed, threeof which areBetulapendulaand5571 Pinus
sylvestrisn all sampleplots, the foreststandis divided

into two layers.In the sampleplots, the diametervaries
from 8.4 to 39.9 cm, but the averagediameteris 22.11
cm,whichis alittle smallerthanthe averagaliameterof

the pines.Pinussylvestrisof the site quality classlll of

the National ForestMonitoring obtainedin the Ill rd

cycle,whichis 22.58cm, but largerthanthatof the site
clasdV clasgines 20.9cm(Nationalforestmonitoring,
2018).Mosttreesarein the 24 cm diametergrade- with

adiameterfrom 22to 25.9cmrespectivelyOn thehills,

the 24 cm diameter grade accountsfor the largest
standingvolume.Theheight,whichvariesfrom 11 to 31

m, is 19.53m on averagewhichis lessthanthe national
averagédneightof 61-70-yearold Ist layerPinussylvestris
(21.73m), butit correspond$ theaverageheightof the
site quality class lll pine stands (National forest
monitoring,2018).Thestandingvolumefor thefirst layer
perhectards 177.23mq, butfor thesecondayer- 14.86
m?. Thetotal standingvolumewhichis 192.09m*hat is

slightly lessthan219.22,which is the averagestanding

of the pines of the first layer of the sieality class
Il and IV, for the site quality class IH 16.74 m, for
the site quality class IV 14.81 m National forest
monitoring 2018).

The standingvolume per hectarefor the first layer

treesis 188.3m?® andfor thesecondayertrees- 14.67
m®. The total standingvolume is 202.97 m® ha?,

which, ason the Vaccinosahills, is slightly lessthan
the averagein Vaccinosaplains - 219.22 m® hat

(Nationalforestmonitoring 2018).0On averagethere
are 550 trees per ha on the plains of Vaccinosa
Comparingthe plain and the hill of Vaccinosa no

significantdifferenceswerefound eitherin diameters
(p=0.702>0.05)r in heights(p=0.902>0.05)There
are no significant differencesalso betweenstanding
volume (p=0.738>0.05) and number of trees
(p=0.239>0.05)Therearenosignificantdifferencesn

the indices of inventory and growing treesbetween
Vaccinosahill andplainforests.

Comparing Vacciniosa with CladinoseCallunosa

therearesignificantdifferencedn the diameterof the

hills of Vacciniosa and CladinoseCallunosa
(p=0.034<0.05)where the diameterin Vacciniosais

significantly larger than in CladinoseCallunosa but

thereareno significantdifferencesn treeheightsonthe
hills (p=0.14>0.05)The oppositecan be observedor

the plains of CladinoseCallunosa and Vacciniosa

there are no significant differencesin the diameters
(p=0.179>0.05)but a significant differencehasbeen
foundin the heights(p=0.049<0.05)the heightof the
treesgrowingontheplainsof VVacciniosas greatetthan
that of the treesgrowing on the plains of Cladinose

Callunosa forests. Judging by thesedata, it can be
concludedhatthelocationof theplacein therelief does
notsignificantlyaffectthe courseof treegrowthandthe

parametersf foreststandinventorythatis affectedby

theforesttypeandthefactorsrelatecto it.
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Figure 3

Distribution of the stock by diameter grades in the hills and plains of Vacciniosa
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Soil characterizationand analysis Four soil profiles
wereestablishedh theresearctarea:onthehill of and
ontheplainof CladinoseCallunosaandonthehill of
andontheplain of Vacciniosa

A typical podzolwasfound on CladinoseCallunosa
hill, accordingto the FAO soil classification Dystric
Arenosol. The soil profile createdon Cladinose
Callunosa plain was classified as ortstein podzol,
accordingo the FAO soil classification Albic Rustic
OrtsteinicPodzol.

Accordingto thesoil classificationthe profile created
on Vacciniosahill is an illuvial humus podzol or,
according to the FAO soil classification Dystric
Arenosol.Accordingto the Latvian classification the
soil profile on Vacciniosaplain is peaty podzolic
glayishsoil, accordingto the FAO soil classification
HemicFolic Histosol.

Comparingall soils, it was concludedthat the most
alkaline soil is on CladinoseCallunosa hill, where
alreadyat adepthof 50 cmthepH H2O is approximately
6.7,whichis closeto neutralacidity. Themostacidicsoil
is on Vacciniosgplain, whereat a depthof 50 cmthepH
H0 is only 2.9, but higherup it is 2.475,which is the
lowest pH of all the samplesor horizons.The highest
level of pH in CladinoseCallunosa could be due to
humaninfluence sincecharcoalvasfoundin thesoilsof
CladinoseCallunosaindicatingburning.Vacciniosahill
hasamoreneutralsoil thanthatof CladinoseCallunosa
plain,butthedifferencesrenotsignificant. Whentesting
pH H20 with univariateanalysisof variancejt wasfound
that, at 95% confidencelevel, there are significant
differencesbetweenthe soils, which, upon additional
testing, are formed exactly by Vacciniosa plain
(p=0.034<0.05)Therearealsosignificantdifferencesiot
only betweerthe soil of Vacciniosgplain andothersoils
butalsobetweerpH KCI (p=0.034<0.05)Sinceboththe

m Vacciniosa plain

exchange and active acidity in this profile are
significantly lower, the hydrolytic acidity in the soil is
alsosignificantlyhigher. Thesdifferencesouldindicate
thatthesiteis not correctlyassessedsVacciniosabutit
shouldbeseparatedndtheforesttypechangedAll soils
havevery acidicupperhorizons.Comparedo theforest
soil studyconductedn 2012, whereon averagethe pH
H.0O in thehorizonsof theorganictop layerof Vacciniosa
and CladinoseCallunosais from 3.6 to 4.2, they are
moreacidic,butin thelowerlayerstheycorrespondo the
studyof 2012 (Kasparinskis2012).A potentialcauseof
soil acidificationis theincreasean nitrogenconcentration
in the soil, which changeghe vegetation.Thereis no
significantdifferencefor potassiuntoncentratiorn soils
at 95% confidence level. When comparing the
concentratiorof phosphorugV) oxidein thesoil, it can
be concluded that there are significant differences
betweenthe soil of Vacciniosaplain andthe other soils
(p=0.007<0.05).The soil of Vacciniosaplain contains
significantly less phosphorugV) oxide than the other
soils, which meansthat Vacciniosaplain presumably
contains smaller amount of nitrophilic plants, since
nitrophilic species require sufficient amount of
phosphorugo survive (Roth et al., 2021). The sameis
true regardingthe concentratiorof aluminiumin soils,
but the concentratiorof aluminiumon Vacciniosaplain
is significantly higher than in other soils
(p=0.0005<0.05).

Numberof vegetationspecieslin total, 24 plant species
havebeendeterminedn all 12 sampleplots:two - in tree
layer,four - in shrub,nine- in herbaceouplantandnine
- in mossand lichen layers. Five speciesoccurin all
sampleplots: Pinus sylvestris Calluna vulgaris L.Hull,
Cladinaarbuscula CladinarangiferinaandPleurozium
schreberi About 50 plant speciescan be found in
CladinoseCallunosaandabout80 speciesn Vacciniosa
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(Liepa et al., 2014). On average 13 plant speciesare
registeredn onesampleplot. In all placesthenumberof
speciesn themossandlichen layeris the sameputthe
speciedgiffer slightly. Thegreateshumbeiof speciegan
befoundonVacciniosaplain, while thesmallesis found
on CladinoseCallunosaplain.

Projective cover of vegetation species Vacciniosa
plain hasthe largestprojective coversof herbaceous
plantandtreelayers(Table 1). CladinoseCallunosa
hill and Vacciniosaplain have the sameprojective
coverof shrublayer- 4%, butin CladinoseCallunosa
it is madeup only of Betulapendula

In Vacciniosathis coveris madeup of five species.
The largest projective cover of mossesand lichens
occurson the plain of CladinoseCallunosa but the
smallest on both reliefs of Vacciniosa forests.
CladinoseCallunosa hill and plain have the same
projective tree layer cover. Pinus sylvestris (mean
projectivecover55%)andBetulapendulawerefound
in thetreelayerof CladinoseCallunosahills.
Betulapendulaalsooccursin the shrublayertogether
with Juniperus communisL. Calluna vulgaris L.,
Vacciniumyvitis-idea L. and Vacciniummyrtillus L.
occurin theherbaceoutayer.

Table 1
Projectivecoverageof vegetatiorlayers,%
Layer ﬁ"? |§I:a$|:q V hill V plain
E3 55 55 69 74
E2 4 1 2 4
El 40 48 32 73
EOQ 97 98 94 94

AbbreviationsC-Ci CladinoseCallunosa Vi Vacciniosa

On the plains of CladinoseCallunosa only Pinus
sylvestris has been found in the tree layer (mean
projective cover 55%). On the plains of Cladinose
Callunosa no shrub layer has beenfound. Calluna
vulgaris Vaccinium vitis-idea and Vaccinium
myrtillus occurin the herbaceoutayer.

In thetreelayerof Vacciniosgplain, thedominantreeis
Pinus sylvestris (averageprojective cover 67%). The
shrublayer includesJuniperuscommunighat hasbeen
foundin all sampleplots,BetulapendulaandPiceaabies
Calluna vulgaris Vaccinium vitis-idea Vaccinium
myrtillus, Festucaovina occurin the herbaceousayer.
Only pinesarelistedin thetreelayerof Vacciniosgplain
(meanprojectivecover 74%). Therearefive speciesn
the shrub layer with a very small projective cover -
Juniperus communis Betula pendula Picea abies
Frangula alnus Mill. and Salix cinerea L. In the
herbaceousplantlayer, the largestprojectivecoversare
made by Calluna vulgaris Vaccinium vitis-idea
Vaccinium myrtillus, Festucaovina and Deshampsia
flexuosaLedumpalustreL. wasalsofound.

All siteshaveapproximatel{thesameprojectivecover
of the mossandlichen layer andthe samenumberof
species, only the species differ. In Cladinose
Callunosaandon Vacciniosahill, Cetraria islandica

is found. Polytrichum communeis not found on

CladinoseCallunosa hills, and Polytrichum
juniperinumis foundonly on Vacciniosaplain.

When comparing the projective covers, it can be

concludedthat in the tree layer of both Cladinose

Callunosaand Vacciniosabirch admixtureis rarely

found. It has beenfound only on hills. The largest
projective cover of the shrublayer is on Cladinose

Callunosahill and on Vacciniosaplain, but on the

plain of Vacciniosathis layer is made up of more
speciessomeof which arenot typical for Vacciniosa

On Vacciniosa plain, the projective cover of the

herbaceouslant layer is considerablylarger. The

distinct dominanceof the herbaceougplant layer is

most likely the reasonwhy Cetraria islandica (L.)

Ach. was not found on the plain of Vacciniosa In

Vacciniosa- especiallyon Vacciniosaplain - the

amountof lichensdecreasedyutthevariety of mosses
increasesAlso, in Germanythefindingsfrom studies
on the successionof pine forests report about the

replacementof lichens by herbaceousplants in

oligotrophicforests(Reineckeetal., 2013).

The studieson the speciesoccurrenceratio and the

consistencyclassesshow that there are speciesthat
often appeatin the sampleplotsandarepresentn all

thesampleplots.More commonspecieggroupsV and
IV) are typical of CladinoseCallunosa and
Vacciniosawhereaghespecieghatoccurmorerarely
are those which are not typical of Vacciniosaand
CladinoseCallunosa (Frangula alnus is typical of

Myrtillosa and Salix cinereais moretypical of wetter
soils (Straupe& Indriksons,2014). Another atypical
speciess Ledumpalustre which hasbeenfoundin all

Vacciniosasample plots, but it typically grows in

swampy areas (Straupe & Indriksons, 2014). By

projective cover it is most often found just on

Vacciniosaplain. In theareasvhich havebeendefined
asVacciniosathe soil canbe atypically peaty,with a

thick top layer of peat,which is why Ledumpalustre
canbefoundthere.

The following indicator speciesof graminification
Deshampsidlexuosawasfoundboth - on the hill and
ontheplain of Vacciniosa Atypical speciesarefound

exactlyin thosesampleplotswhich havelower lichen

projective cover and numberof speciesjndicating a

possible increasedamount of nitrogen in the soll,

which can promotesuccessior{ L a i et al. A22608;
Reinecke et al., 2013). Since the occurrence of

graminificationindicatorspeciess low, the procesof

graminification in CladinoseCallunosais probably
much slower than in Vacciniosa regardlessof the
relief of the site. Otherstudyin 1998verified thatin

oligotrophic forests,the processof graminificationis

slower than in mesotrophicand eutrophic forests
( L ai Y¥9B8N ghus,the procesof graminification
is slower in less fertile forests. Since the soil in

CladinoseCallunosaand Vacciniosais very acidic,
many nitrophilous speciesare unableto establishin

suchsoil and the increasein nitrogenin the soil is

ratherdifficult to observgDiekmannetal.,1999).The
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increasein nitrogenconcentratiorand acidity in dry
andacidicsoilsis difficult to noticeby usingindicator
specieslt canbeobservedy studyingchangesn the
distribution of plants of the genus Vaccinium
(Diekmannetal., 1999).Whenstudyingthe projection
cover of forest atypical speciesand graminification
indicatorspeciesijt canbe concludedthat succession
is easierto observesotheimpactof eutrophicatioras
well as the impact of peopleis the greateston the
Vacciniosaplains,but the impactof eutrophicationis
notobservablén CladinoseCallunosa

Conclusions

1. The relief doesnot significantly affect the height,
diameterandstandingsolumeof trees Treeheightsand
diameterglepencbn theforesttype. Treediameterson

Vacciniosa hills are significantly larger than on

CladinoseCallunosahills, but thereareno differences
betweenthe heights. Tree heights are significantly
greater on Vacciniosa plains than on Cladinose

Callunosabuttherearenodifferencesn treediameters.
2. Forestsoils differ in different reliefs; on hills the

References

podzolizatiorprocesss slowerandno ortsteinlayeris
formed,on plainsthe soil is moreacidicthanon hills.
3. A statisticallysignificantly higherconcentratiorof
aluminiumin the soil andlower concentratiorof P.Os
hasbeenfoundonVacciniosgplainthanonVacciniosa
hill andin thesoilsof CladinoseCallunosa.

4. Thepeatysoil foundonVacciniosgplainandLedum
palustre growing in the sampleplots of Vacciniosa
indicatethe possiblewaterlogging of the soil.

5. Whenstudyingthe differencesin soil propertiesit
canbe concludedhatsuccessiors influencedby the
accumulationof organic substancesand not by the
increasein the concentratiorof nutrientsin the soil.
This fact is also confirmedby the low occurrenceof
graminificationindicatorspecies.

6. The impact of eutrophication has been more
observedon Vacciniosaplain thanon Vacciniosahill
or in CladinoseCallunosa No impact of
eutrophicationwasobservedn CladinoseCallunosa
To observe eutrophication and succession of
vegetationin CladinoseCallunosa repeatediarger
scalestudieswould benecessary.

Bonten,L. T. C., Reinds,G. J., & PoschM. (2016) A modelto calculateeffectsof atmospheridepositionon
soil acidification,eutrophicatiorand carbonsequestratiorEnvironmentaModelling & Software 79, 75i 84.

https://doi.org/10.1016/j.envsoft.2016.01.009

B u gKs(1981).Me deak o | and ii jp@ [Forgstegolagyandtypology].R@a,ZinUt n e .

Cervellini,M., Zannini,P.,Di Musciano M., Fattorini,S.,J i

m ®Alfare, B., Rocchini,D., é , & Chiarucci,A.

(2020). A grid-based map for the BiogeographicalRegions of Europe. Biodiversity data journal, 8.

https://doi.org/10.3897/BDJ.8.e5372

DeAngelis, D. L. (2008). Boreal Forest.In Encyclopediaof Ecology https://dokumen.pub/encyclopeeh&
ecology1-4-2nbspedd780444641300444641300.html

DiekmannM., Brunet,J.,R ¢, h | ji .&d-alkengrerGrerup,U. (1999).Effectsof NitrogenDeposition:Results
of a TemporalSpatial Analysis of DeciduousForestsin South Sweden.Plant Biology, 1(4), 471 481.
https://doi.org/10.1111/j.1438677.1999.tb00730.x )

DreimanisA. (2016).Me g s a i m pamatfFgrestybasics]JelgavalatvijasL a u k s a i nunniievcegrbsaist Ut e

EsseenP-A.,E h n s tBr, Eriospn,L., & S| ° bke (1997).BorealForestsEcologicalBulleting 46, 16i 47.

Gilliam, F. S., (1991). The significanceof fire in an oligotrophic forestecosystemFire and the environment:
ecological and cultural perspectives(General Technical Report SEGTR-69). USDA Forest Service,
SoutheasterforestExperimentStation.https://www.srs.fs.usda.gov/pubs/gtr/gtr_se069/gtr_se069.pdf

JonssonB. G.,DahlgrenJ.,E k s t M.2BsseenP.A.,Gr af sA.,6¢% mth,& WesterlundB. (2021).Rapid
Changesn GroundVegetationof MatureBorealForests An Analysisof SwedishNationalForestinventory
Data.Forests,12(4), 475.https://doi.org/10.3390/f12040475

J » g iKs Frelich, L., LaarmannD., Vodde, F., Baders,E., Donis, J., € , & Stanturf,J. (2018). Imprints of
managementhistory on hemiboreal forest ecosystemsin the Baltic States. Ecosphere, 9(11).
https://doi.org/10.1002/ecs2.2503

Kayes,l. & Mallik, A. (2020).BorealForestsDistributions,Biodiversity,andManagementLife on Land, 1-12.
https:doi.org/10.1007/978-319-710655_171

KasparinskisR. (2012).Latvijasme Gai g g Aw d z vuatoid & tb ek rfiakigri {Diyérsity of Latvianforest
soils and factorsinfluencing them], [Doctoral dissertation L atvia University] https://www.lu.lv/fileadmin/
user_upload/lu_portal/zinas/Promocijas_darbs_Kasparinskis.pdf

KOr k A. |(290j3) Augsnesliagnostikaun apraksts[Son diagnosticsanddescription] Jelgaval LU.

Lai vMAT98). Latviasb o r eplrliomg gui nant r onpeii zt U coi f[Syakatittwrdpizagionand
eutrophlcanornf borealpineforestsin Latvia]. Latvijasv e g e t 11e1B7. a

Lai vM..K@ | vZoK K a vli IﬁagpeD Matisone,l., K Ur k I.,i& &anj A. £2019).Sausasnezotrofas
priedesme § a uidz re s skikjageins e t etk rmngadsp ffme g d dGhangesn ‘adry mesotrophic
pineforeststandaffectedby wildfire: third yearaftertheforestfire]. LatvijasV e g e t 295433. a ,

RESEARCHFORRURAL DEVELOPMENT 2025, VOLUME 40 82


https://www.lu.lv/fileadmin/user_upload/lu_portal/zinas/Promocijas_darbs_Kasparinskis.pdf
https://www.lu.lv/fileadmin/user_upload/lu_portal/zinas/Promocijas_darbs_Kasparinskis.pdf

EUTROPHICATIONOFS T R E NINLAND DUNE IngaStraupe Antra Jansont
TRACT IN LATVIA levaErdberg

Lai vM.,A @ k s G.e& Kaype,D. (2021).Nemoralisatiorof Pinussylvestrisand PiceaabiesForestStands
in theHemi-BorealZone:A CaseStudyfrom Latvia. Proceeding®f the Latvian Academyof SciencesSection
B, 75(4,733),299-309. https://doi.org/10.2478/prole2021-0043

Liepa,l., Mi e z@. tLwgyza,S.,Gu | &, sStraupel., Indriksons,A., é , & Dubrovskis,D. (2014).Latvijas
me g d p o [TgpglogyadL a t viorestd].delgaval LU.

Lupi, C., Morin, H., DeslauriersA., Rossi,S., & Houle,D. (2013).Role of soil nitrogenfor the conifersof the
boreal forest: a critical review. International Journal of Plant & Soil Science, 2(2), 155189.
https://doi.orgl0.9734/13PSS/2013/4233

Manton,M., Ruffner,C.,Ki b i r, Brazhits,G., MarozasV., P u k i R.,Makrickiene,E., & Angelstam,
P. (2022).Fire Occurrencén Hemi-Boreal ForestsExploring Naturaland Cultural ScotsPine Fire Regimes
Using Dendrochronologyn Lithuania.Land,11(2), 260.https://doi.org/10.3390/land11020260

Mueller-Dombois,D. & Ellenbergx,H. (1974).Aimsand method®f vegetatiorecology New York, Wiley.

Naci onfé g enitorings [National forest monitoring]. (2018). Salaspils, LVMI ASi | avad.
https://www.silava.lv/petnieciba/nacionalaiezamonitorings

Puumalainen).,Kennedy,P.,& Folving, S. (2003).Monitoring forestbiodiversity:a Europeamerspectivevith
referenceto temperateand boreal forest zone. Journal of Environmental Management,67(1), 5-14.
https://doi.org/10.1016/S0364797(02)00183!

ReineckeJ.,Klemm, G., & Heinken,T. (2013).Vegetationchangeandhomogenizatiorof speciescompaosition
in temperateutrientdeficientScotspine forestsafter 45 yr. Journal of VegetationScience25(1), 113 121.
https://doi.org/10.1111/jvs.12069

Roth,M., Michiels,H., PuhlmannH., SuckerC.,& Hauck,M. (2021).Multiple soil factorsexplaineutrophication
signals in the understorey vegetation of temperate forests. Journal of Vegetation Science, 32(4).
https://doi.org/10.1111/jvs.13063

Smith, V. H., Tilman, G. D., & Nekola, J. C. (1999). Eutrophication:impactsof excessnutrient inputs on
freshwatermarine,and terrestrialecosystemsEnvironmentalPollution, 100(1-3), 179-196. https://doi.org/
10.1016/S0269491(99)000943

St ef &K@xielkE . Fagt y nw,8izy pBL,&& N c E. (2018).Diversity lossof lichenpineforestsin
Poland EuropeanJournalof ForestResearch137(4), 419-431.https://doi.org/10.1007/s10342.8-11134

Straupe,l. & Indriksons,A. (2014). Koki, k r T unizemsedzeaugi Latvijas me ¢ a u[d@rees, shrubsand
understonyplantsin L a t vforestd].delgaval .LU.

Stuiver,B., Gundale M., Wardle,D., & Nilsson,M.-C. (2015).Nitrogenfixation ratesassociateavith thefeather
moss Pleuroziumschreberiand Hylocomiumsplendensduring forest stand developmentollowing clear
cutting. ForestEcologyand Management347,130-139. https://doi.org/10.1016/j.foreco.2015.03.017

Van DobbenH., Braak,C. J.,& Dirkse, G. (1999).Undergrowthasa biomonitorfor depositionof nitrogenand
acidity in pine forest. Forest Ecology and Management,114(1), 83-95. https://doi.org/10.1016/s0378
1127(98)00383

83 RESEARCHFORRURAL DEVELOPMENT 2025,VOLUME 40


https://doi.org/10.1016/S0269-7491(99)00091-3
https://doi.org/10.1016/S0269-7491(99)00091-3

FORESTRY DOI: 10.22616/RRD.31.2025.010

VARIATION IN STEM WOOD DENSITY OF JUVENILE POPULUS SPP.CLONES

*Alise Bleive? JUOni &, Plasmar®l Liepi Ag
!Latvia University of Life SciencesandTechnologiesJjelgava
2Latvian StateForestResearchnstitute Silava, Latvia
*Correspondinga u t hemailfalsse.bleive@silava.lv

Abstract

Wood from Populusspp.hasbeenwidely utilized in Europefor years.Treestemdensityis a crucialaspecof understanding
wood quality and mechanicapropertiessuchas strength.Density patternsareinfluencedby the genetictraits of clonesand
environmentatonditions.Stemdensitymostly tendsto increasen the directionfrom the pith to the bark anddecreasérom
thebasetowardthetop. Theresearchaimedto assesthewood densityvariationsof variouspoplarclones Empiricalmaterial
wasobtainedfrom a 12-yearold Populusspp plantationin the easterrpartof Latvia. In the springof 2024,27 cloneswere
analysedisingonerandomlychosenhealthytreefrom each.Theanalysisnvolved measuringreeheightanddeterminingthe
varianceof weightedstemdensityin bothradialandlongitudinaldirections.In total, 881 specimengrom crosscutdiscswere
analysedDespitethe variationof meanweightedstemdensityamongPopulusspp clones rangingfrom 291kg m to 382kg
m3 (mean320.8kg m3), no significantdifferenceswverefound. While previousresearcthasextensivelyexaminedvariations
in poplarwooddensityalongthestemlength,ourfindingsindicatethattheaveragedensitytendsto increaseowardstheupper
partof the stem.Althoughvariationof meanwooddensitywithin treestemrelativeheightsis not statisticallysignificant,there
is a significantvariation (p=0.03)of meandensityat differentdistance from the pith (radial position).Our study showsthat
thewooddensityof poplarclonesis highestnearthe pith, thengraduallydecreasebeforeincreasingagaincloserto the bark

Keywords: Populusspp, clonesweightedstemdensity,crosscut discs,relativeheight

Introduction

Sustainablegforestry managemenpractices,including
shortrotation forestry (SRF), play a crucial role in

carbonsequestratiomnd biomassproduction,aligning
with both environmentaland economic objectives.
Amongthetreespeciesitilizedin SRF,poplar(Populus
spp) is recognizedor its rapidgrowthcycleof 10to 15
years, high productivity, and versatile wood
applications, making it an attractive option for

plantationforestryalsoin Latvia( G U n étal.,f2G19)

E u r o pnéy dative poplarspeciesthe black poplar
(Populusnigra), has a wide distribution, stretching
from the Mediterranearto approximately6 4 orth
latitude, covering areas including Denmark and
southern Sweden, but excluding the Baltic region
(Vanden Broek, 2003) Although poplar is not
indigenousto Latvia, forestry regulationspermit its
use in forest plantations,and it is currently being
cultivatedin SRFsystemsTheintroductionof poplars
in Latvia beganin the early 20th century( S a 1&i
Smilga, 1960) Experimental studies have
demonstratedhat various clones,derivedfrom both
Europeanand North American speciesand their
interspecific hybrids, exhibit significant economic
potentialin the region (Jansonst al., 2014; Adler et
al.,2021)

Poplar wood is characterizedby its lightness and
moderatestrengthlt hasexcellenworkability, makingit

suitable for veneer production and plywood
manufacturing(Goli et al., 2014) However, its low

durability requirestreatmentfor outdoor applications
(Md Rowsoretal.,2021) Itsfine grainandability to take
stainsand finishes make poplar popular for furniture,
cabinetry,and mouldings(Balatineczet al., 2001) The
high cellulosecontentand easeof pulping makepoplar
anessentiatesourcdor paperproductionandpackaging
materialyBoevaSpiridonovaetal.,2007)

Despitethe fact that the main purposeof cultivating
shortrotation poplar plantations is for biofuel
production, this wood has potential applicationsin
higher valueaddedproductssuchas plywood, wood
panel production, the furniture industry, and bio
refineries.Therefore,it is very importantto studynot
only the productivity and suitability of variouspoplar
clonespotentially grown in Latvia to local growing
conditions but also the wood quality, which would
allow evaluating the suitability of this wood for
differentapplications.

The aim of this studyis to evaluatethe wood density
of different poplar clonesand the variation of stem
wooddensityin radialandaxial directions.Theresults
of the studywill be usedto makedecisionsaboutthe
suitability of different clones for various wood
utilization purposes.

Materials and Methods

A §hestudysiteis a poplarplantationlocatedin eastern

Latvia(56.71686127.681861)established 2013on
former arable land with sandy loam soil. The
plantationwas designedas a randomizedfour-block
experiment,consistingof 108 different Populusspp
clones,with five treesper clonein eachblock. The
treeswereplantedin rowsata densityof 31 3 meters
using oneyearold containerizedseedlings.Initially,
the site wasfenced,andgroundcovervegetationwas
treatedwith herbicidesThesoil waspreparedhrough
ploughingandcontinuouscultivationbeforeplanting.
In May 2024 ,whenthe plantationreachedl 2 yearsof
age,27 of themostproductivecloneswereselectedor
further wood property analysis. Only healthy,
undamagedrees(without stemor branchingdefects)
were chosenas sampletreesfor felling. The study
includedfour hybrid groups:

Populusd el t oi des T IDxT)i 6 BeBdgoadr, p a

RESEARCHFORRURAL DEVELOPMENT 2025, VOLUME 40

84


https://orcid.org/0009-0008-4919-018X
https://orcid.org/0000-0002-1179-8586

VARIATION IN STEM WOOD DENSITY OF JUVENILE

POPULUS SPP. CLONES

Alise Bleive,J U rPiatacis
Kaspard i e

P. maxi mowi ¢z i (MXTPi.otLri(i S0ah b 2 )drigypeal

60PQRUG) 6;
Hybrids of P. trichocarpa from the Swedish

University of Agricultural Scienceg T k)i 6 Sk U

15. 8916586820 . @%LK2UL. 881 U
21. 08283 . 4523 . 68L23. 681U
2306Sk2b . 6812 . 681-2,6. 48U
27 . 89544 . DIEHW . 8BLEL . @ADL U

72 .0ODR22. 1606 ;

Clonesfrom naturalP.trichocarpapopulations(T) 1
0 SRFG SRR 6 SRFL® SKRB 6 S RIF7
60 SFRB 6.

Eachtree stemwas divided into sectionsof different
lengths startingfrom thebaseandextendingowardthe
top of thetree.In total, 7 to 8 woodendiscsweretaken
from eachtree. Thepositionsof thediscsalongthestem
representedifferent height levels: 10%, 30%, 50%,
70%,and90%,aswell asat 0.2 m (stumpheight),1 m,
and1.3 m abovetheroot collar. All sawndiscswere?2
to 3 cm thick. The samplediscs were transportedto
LSFRI Silavafor furtherbasicdensityanalysis.

The extractionof the woodenspecimensiecessaryor
the study was carried out accordingto methodology
describedn L i e tialA(2018) Initially, eachcross
sectional disc diameter was measuredalong two
perpendiculadirections(diametewith bark). Thiswas
followed by the preparatiornof specimengrom cross
sectionalwooden discs, as shown in Figurel. The
number of specimensobtained from a single disc
dependedn its radius.Eachspecimerhada width of
20mm.

Not only woodenspecimendutalsobark specimens
wereobtained with the lastwoodenspecimerbeing
debarkedlIf thelastwoodensegmentvaslessthan5
mm wide, it was not separatedas an individual
specimerbut combinedwith the previousone.If the
diametemf theanalysedrosssectionaldiscwasless
than2 cm, it wasnotdividedinto separatesegments
- only debarked(resulting in one wood and bark
segment).If the crosssectionaldiameterwas less
than5 mm, the basicdensityanalysiswasconducted
with the bark. All specimenswere assignedan
individual code,andit wascrucialto avoidincluding
knotsandwood defectsin them.In total, 668 wood
and 213 bark specimenswere obtainedfrom 215
crosscutdiscs

Subsequentlyall woodenspecimensvere immersed
in waterfor 24 hours.This was followed by density
measurementsusing Precisa XB 220A scales,
equippedvith adensitymeasuremerset(PrecisaPart
No: 350/ 8556). The specimensverethenovendried
at 103 105 A Cfor a minimum of five days until a
constantveightwasreachedo calculatebasicdensity.
The dry weight was measuredimmediately after
removingthe specimengrom theoven.
Theequatiorby Liepa(1996)wasusedto calculatethe
volumeof eachsampletree.

The basic density of the wooden specimenswas

(@)

Preparationof basic densityspecimengrom sample
discs

Theaveragalensityof eachcrosssectionaldisc,based
on the wooden and bark specimensand their
correspondingareason the crosssectionaldisc, was
calculatedusingequation(1):

’ @

where” is crosssectionalwooden disc average
basicdensity,g cm?; S, S, S, arewoodenspecimen
basicdensityg cm®; S, i barkspecimerbasicdensity
gcm®; ay, ap, an is areaoccupiedoy woodspecimerin

acrosssectionaldisccn?; a, 1 areaoccupiedby bark
wood specimerin acrosssectionaldisccn?.

The weighted average formula (Equation2) was
appliedto determinethe meandensityof eachsample
disc with bark, basedon the specimensand their
respectivareasTheweighteddensityvaluesfrom the
samplediscswereusedto illustratethe axial variation
in stemdensity.The densityof eachstemsectionwas
averagedusing the values from the crosssectional
discsat both endsof the section,exceptfor the top
segmentswherethe density of the basesampledisc
wasutilized( L i egpai.,2047)

6 'Q@MOOND Qi OOVBI Coe—— & o)

whereD; T densityof wood/barkspecimensy cni3; V,

i volumeof stemsectionm®; ni numberof different
specimens.

The volume of eachstemsegment(locatedbetween
two samplediscs) was calculatedusing S ma | i
formula (Equation3):

0 — ©)

whereVsi 1 volumeof stemsection,m3; Isi T lengthof
stemsectioni, cm;giiT lowers u r f aosssdctonal
area of an ellipse of sectioni, mm?; g 1 upper
s ur f erasssdértionakhreaof anellipseof sectioni,
mn?; g1 crosssectionalareaof anellipse,m?.

Thenormality of thedatadistributionwastestedusing
the KolmogorowSmirnov test, which confirmedthat

determinedby calculatingthe ratio of thes p e ¢ i metiie &atasetdid not follow a normal distribution.

dry massto its greenvolume.

Consequentlythe KruskatWallis testwas employed
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to determine statistically significant differences
betweerthemeanvalues.

Resultsand Discussion

This study examinesthe wood density of various
poplar clones at a juvenile age (density data
representedn Arigure 2 with analysisconductecbn
a singletree per clone. The higheststemdensitywas
observedor 6 S 1-:2U6 .- 382kg m'3, while thelowest
wasfor 6 B eB 190 291 kg m3, indicatingmoderate
variations among the studied clones. While the
findings provide initial insights into clonespecific
variationsin wood density, the limited samplesize
presentssignificantconstraintson datainterpretation.
The results may not fully capture intra-clonal
variability, asfactorssuchasenvironmentainfluences
andgrowth conditionscould leadto variationswithin
thesameclone(Pliuraetal.,2007;Nielsenetal.,2014;
Karacicetal.,2021) Additionally, analysingonly one
tree per clone restricts the ability to draw broader
conclusions about the species or to establish
statistically robustcomparisonsThereis a needfor
multiple density measurementsdue to significant
within-stem variations in basic density based on
measuremertteightandradial position.

The economicandtechnologicafeasibility of poplars
largely dependsn havinga reliablefeedstocksupply
andmaintainingits quality characteristicdn Sweden,
poplarfeedstockis combinedwith othertree species
duringthepulpingprocesswhile its topsandbranches
serve as fuel in combined heat and power plants
(Karacicetal.,2021) Heatandpowerplantshavebeen
promotedto usebiomassasan energysourcethrough
lower taxes on biomasscomparedto fossil fuels.
Along with the widespreaduse of firewood for
householdheating, woody biomassalready plays a
significant role in the Scandinavianenergy sector
(Nielsenetal.,2014)

Sincethe beginningof poplar plantationcultivation,
thesetrees have primarily beenusedfor producing
wood for mechanicapulp and plywood. However,in
recentyears.their usein solid wood productshasalso
been explored (Pliura et al., 2007) Fastgrowing
speciedike poplararewidely usedfor pulp production
due to their high cellulose (>50%) and low lignin
(<20%) content,ensuringa steadyfibre supplyfor the
pulp industry. Additionally, poplars require less
bleachingdueto their naturallylight-colouredwood.
Wood density have outright impact on the fibre
elasticity. The characteristicsof pulp are closely
linked to wood density.Low-densitywood produces
paper with high sheetdensity and strong tensile,
bursting, and folding properties (Balatinecz &
Kretschmann,2001b; Yadav et al., 2022) In our
study, 6 BeB1g0 6 SL-203 . ® & l-7U2 . and
O0Li & @O deghibited lower densities(291, 296,
298,302 and303kg m?3, respectively) makingthem
potentially more suitable for paper and pulp
production.In contrast,kraft pulp, usedfor making
strongcardboardsndpaper canbenefitfrom higher

densityraw material. Adler etal. (2022)highlight the
potentialfor poplar biomasscultivation on marginal
landsfor the productionof biomaterialsandbiofuels.
Poplarwood is also a sustainableraw material for
producingcellulosefibres, suchasviscose,which is
usedin textile manufacturing Fibre productionfrom
poplar in Northern Europe could replace 42% of
global cotton productionwhile also contributing5.2
million m? of biofuel annually.

Mean densityof poplarwood varieswidely between
clones While somehavelow densityof around300kg
m3, otherscanreacheven600 kg m* (Balatineczet
al., 2014) Poplarwood stiffnessandbendingstrength
can be comparedto specieslike pine and spruce
(Balatinecz& Kretschmann2001b) Forplywoodand
veneerproduction, poplar cloneswith density of at
least300 kg m shouldbe selectedBalatineczet al.,
2014) In the currentstudy,almostall clonesmetthis
requirementHowever,thefollowing clonesexhibited
higherdensityvalues:d S 26 . 0151:2UL . 9D, U
21 . 815 5 ®ith densities382,363,348,347
kg m3, respectively Thesecharacteristicsnakethem
more suitable for applications in furniture,
constructionandbioenergy.

In Latvia, one of successfullyusedpoplar clonesfor
bioenergyis P.maximowiczil trichocarpaknown as
6 OP 4 2(Bopulus trichocarpa 1 Populus
maximowiczji. Its propagation does not require
royalty payments,and it demonstratespromising
biomass growth increments under shortrotation
forestrymanagementyhich maintainshigh interestin
this clone. Liziniewicz (2023) reportsthat the wood
densityof 6 O P 4l@néis around354kg m3, while in

our researcht wasloweri 303kgm=3( 6 OP 826 ) ,

kgm3( 6Li sad) .
Themearnweightedstemdensityamongdifferentorigin
groupsvariesfrom 270to 340kg m™ Figure3.

The highestmeanweightedstemdensitywasobserved
for TXT group(hybridsof P.trichocarpafrom Swedish
University of Agricultural Sciences)i 325 kg m,
followed by T group (clonesfrom individuals from
natural P.trichocarpapopulations)i 319 kg m3, the
MxT group(P.maximowiczik P.trichocarpg i 302kg
m3 andthe DxT (P.deltoidesx P.trichocarpg - 291kg
m3, TXT andT groupshavethe higheststemdensities,
suggestingthat these origin groups produce denser
wood. Thereareno significantdifferencesbetweerthe
meandensitief differentorigin groups(p>0.05).
Nielsenetal. (2014)reportecahighmeanstemdensity
of 365 kg m™ for the P. trichocarpax P. deltoides
origin groupin 13-yearold poplarclones.in ourstudy,
this specificgroupwastheleastrepresentedyith only
oneclone( 6 B-B 1 @ @which had a weightedstem
densityof 291kg m3.

To improve data interpretation, additional data is
needed eithermoreclonesfrom this origin groupor
moreinvestigatedreesfromtheé B eB 1g&léne.
The variationin wood densityalongthe heightof the
treemustbeconsideredvhenselectingpartsof thetree
for differentapplications.
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Figure 2

Weightedstemdensity of analysed27 Populusspp.
clones(Horizontal line representaneanstemdensity
of all analysecclones)
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Weightedstemdensityby origin groupsof analysed
Populus spp. clones (Whiskersdenote N standard
deviationintervals)
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The highestdensityis found at the top of the tree, or

90%heightlevel, 338kg m3, while thelowestdensity
occursin thelower-mid sectionor atthe 10%and30%
height levels, 316 kg m?3 (Figure4). Although the
variationin meanwood density acrossrelative stem
heights is not statistically significant (p>0.05), a

significant variation (p=0.03) in mean density was
found at different distancedrom the pith (within tne

radial position).

This confirmsthatwood densityincreasetowardthe
top. The upperpartsof the treearetypically exposed
to strongerwinds and environmentalstressesyhich

may influencetheir structure,makingthemdenserin

sometreespeciedo withstandtheseforces.Although

the variation in meanwood density acrossrelative
stemheightsis not statisticallysignificant(p>0.05),a

significant variation (p=0.03) in mean density was
found at different distancedrom the pith (within the

radialposition).

Figure 4

Wood density at six relative heightsand at stump
height (Whiskers denote N standard deviation
intervals. Horizontal line representsthe estimated
meanof wooddensityin the entire stem)
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Figure 5
Variation in stemwoodlensityof Populusspp

Populus spp.
100

754
Density, kg™

360
|II 340
o 320

300

Tree relative height, %
n
(=]
T

280

40 5 0o 5 10
Distance from the pith, cm

| g tebak (2016)and Kord et al. (2010) reportthat
poplar tree density tendsto decreasdrom the base
upwardsthe stem,andincreasefrom the pith toward
the bark. This statemenis partially contradictoryto
the resultsof the currentstudy. Higher wood density
wasfoundin the upperpart of poplartreesandat the
pith of the stembase similar to the findings of Pliura
etal. (2007)and Taeroeetal. (2015)
A radial densitypatternwasobservedat the stembase
level - density decreasedrom the pith to the bark.
However,from the middle of the treeto the top, wood
densitydecreaseth theoppositedirection,from barkto
pith Figure5. Neverthelesspur s t u digdings on
radial density variations align with Einspahret al.
(1972) who reportedthat P. tremuloidesvood density
is highestnearthe pith, followed by a slight decrease
beforeincreasingagaincloserto the bark. Kord et al.
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(2010)alsonotedthatwood densitymayincreasdrom

thepith to thebarkasthetreeagessincejuvenilewood
typically has a lower density than mature wood. A

similar tendencyis describedor axial variation.Wood
densityvariesnotonly within thetreestembutalsodue
to multiple factors,includingtreeage,growingdensity,
environmental conditions such as precipitation,
temperatureP e t et 8.42010) confirms that poplar
wooddensityincreasesvith treeage.

Forthetreeswe measuredthe stemdiameterat breast
height(DBH) rangedfrom 8.6 to 20.3cm (mean13.9
cm), while tree height varied from 13.3to 19.6 m

(meanl6.7m). Treevolumerangedfrom 0.04to0 0.31
m? (mean0.13md). Liziniewicz (2023)describeslow

correlation betweendiameterand wood density in

hybrid aspenandpoplars.Similarly, in our study,the
correlation between DBH, tree height and wood

densitywasvery weakandstatisticallyinsignificant.

However,analysingonly onetree per clonelimits the
ability to fully capturdntra-clonalvariability. Cloneswith

lower density,suchas6 B eB 1gGaidd6é O P 4ntapbe
preferablefor pulp and paperproductiondueto their
impacton fibre elasticity. Meanwhile,higherdensity
cloneslike 6 S 26 .arid6 S 22Ul .a@r@oresuitable
for plywood, veneerand solid wood products.
2. Our studyrevealghatthewood densityof poplarclones
is highest near the pith, then slightly decreasedefore
increasingagaincloserto the bark. Despiteextensiveprior

researcton poplarwood densityvariationalongthe stem,
ourfindingsindicatethatmeandensityincreasetowardthe
top of thetree.As densityvariationincreasesvith treeage it

is importantto analysestandsof differentagesn thefuture
studiesandexpanahesamplesizetoimprovedataaccuracy.
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Abstract

Energy wood is a key componentof L a t v rer@wiableenergy sector, contributing 76.2% of total renewableenergy
consumptiorin 2023.Although energywoodis harvested/earround,its demandandquality vary seasonallyinfluencedby

storageduration,weatherconditions,and storagepractices.This study aimedto asses$ow storagedurationand weather
conditionsimpactthe quality andvalueof energywood storedin windrows.To achievethis, 10 deciduoustandamanagedy

JSCA L at Stater & s e(lsvM)swiereselectedTenwindrowsof energywoodwerecreatedor long-termstorageMonthly

laboratoryanalysesvere conductedon wood samplesrom the windrows and during chippingto measuremoistureandash
contentandcalorific value. Thefindingsrevealnotableseasonafluctuationsin therelativemoisturecontentof energywood,

driven by meteorologicatonditions.Intensivedrying during springand summerreducedhe averagemoisturecontentfrom

39.58%in springto 33.57%in summer.Conversely autumnandwinter showedan increasan moisturecontent,rising from

42.20%in autumnto 49.52%in winter. The studyalsoconfirmedthatthe netcalorific value of energywood improvesasits

moisturecontentdecreasesThesefindings emphasizehe importanceof selectingoptimal storagelocationsand planning
appropriatedrying durationsto maximizethe energyefficiency of energywood. By addressingnoisturecontentmonitoring
andstoragechallengesl_atvia canfurtherenhanceahe sustainabilityandefficiency of its energywood productionprocesses.

Keywords: energywood, moisturecontentashcontentcalorific value,windrows

Introduction
Energywoodis primarily sourcedrom lessproductive

(116 months), roadside stacking with optional
coveringfor coniferrich wood (Latvian StateForests,

trees,undergrowth andlogging residues L a z dtU n2021), and windrow storage(3i 12 months)with at

al., 2008a; L a z d i2&.3 ,IRENA, 2018). Its

efficiency is influenced by quality factors such as
moisture content, calorific value, and ash content,
which changeduring storage(Petterssor& Nordfjell,

2007; Routaet al., 2016). Moisture content,the key
determinanof quality, affectscalorific value,storage
duration, and transportationcosts. Freshly prepared
energy wood typically contains 50-60% moisture,
decreasingo 20-30%in warmseasonsutrisingagain
in autumnand winter due to hygroscopicproperties
(Gautanmetal.,2012;Routaetal.,2015,2016 Eliasson
et al., 2019). Optimizing drying and minimizing

reabsorptionare essential for maintaining quality
(Routaetal., 2015,2016).Ash contentvariesby tree
speciessite conditions,and age. Youngertreesand
hardwoodstend to have higher ash content,ranging
from 1.0%to0 3.0%( T h ° r ri§8%; Petterssor&

Nordfjell, 2007). Calorific value is also species
dependent,with softwood generally having higher
energycontent( T h © r M9B%;B is mig, 2008).In

Latvia, energy wood production primarily involves
logging residues and smalldiameter wood from

thinning and regeneratiorfellings (IwarssonWide et
al., 2008;L a z ddtal.,2008b;K a | &tpl.a2014).
JSCAL at StateF®ds e(EVM}» rfianage$0% of

stateowned forests, promoting energy wood
productionto enhanceenergy independenceGiven
L at v climaic conditions, LVM has developed
guidelines for optimal production and storage,
including stackingloggingresiduesalongforestroads
for efficient transport(Latvian State Forests 2016,
2021). The LVM guidelines specify a maximum
energywood lengthof 4 m, with partialdelimbingfor

easierchipping(Latvian StateForests2016).Storage
occursin threestagesinitial piling in thefelling area

leastthree monthsin spring or summerto facilitate
drying. The final stepinvolveschippinganddelivery
to consumersA key challengeremainsthe lack of
systematic moisture content monitoring during
storage Addressinghis requirespredictivemodelling
basedon empirical data on moisture content, ash
content,and calorific value changesover time. This
studyaimsto evaluatethe impactof storageduration
andweatherconditionson energywood quality.

Materials and Methods

To obtainthe empirical datanecessaryor achieving
the study aim, 10 standswere selectedin areas
managedby LVM, where overgrowth removal and

energywood preparatiorhadbeencarriedout. For the

trials, deciduousstandswere selectedwith a conifer

admixture not exceeding20%) where the average
diameterof dominanttreesdid not exceedl2 cm, or

wherethickertreeshadbeenfelled andremovecdeither
beforeor after the preparationof energywood from

smalldiametertrees.

In planningthe trial sites,areaswere selectedwhere
storageyards could accommodatemultiple energy
woodpiles,eachcontaininggé0i 80LV m j(loosecubic

meters)of deciduousenergywood. The piles were
positionedto ensuresimilar exposureto the forest
edge, prevailing winds, and terrain. According to

guidelinesdevelopedy LVM (Latvian StateForests

2021) the plannedwidth of the unloadingareawasup

to5m.

Harvestingwasconductedn SeptembeR021usinga

mid-sizedharvesterJohnDeerel070D,equippedvith

a Bracke C16 harvestinghead. At the trial sites,
harvesting involved preparing whole, unbranched
stems,with the option to cut the trunksinto multiple
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segmentsas needed Energywood was forwardedin
SeptembédrOctober 2021 wusing a mid-sized
forwarder, John Deere 1010D, equipped with
IntermercatograpplescalesXW 50 PS,immediately
aftermaterialpreparation.

Thetrial designspecifiedthatthe windrowsof energy
wood would havea maximumlength of 18 m (with
actuallengthsrangingfrom 12 to 16 m), a maximum
width of 8 m, anda maximumheightof 4 m. In total,
10 windrows of energy wood (coordinates for
windrows1i5:5 6 . 3 5N1 B4 .A0 E;5obrdinates

for windrows6i 10:5 6 . 3 6N6 2L 8 .A0 5E§ Weke A

createdfor long-term storageas part of the trial. To
assessenergy wood residues after chipping and
enhancemoisture control, the designatedareasfor
energywood stackswere coveredwith a paperbased

Figure 1

laminatebeforethe formation of windrows (Eliasson
etal., 2019) The methodologyinvolveschippingone
pile everythreemonths.

The storageperiod of energywood was divided into
threephasesThefirst phasebeganon thefirst day of
storage(October2021)andlastedfor 343 days(until
SeptembeB0, 2022). The secondgphasestartedon the
344thday of storage(Octoberl, 2022)andlastedfor
364days(until the708thdayof storageSeptembeB0,
2023).Thethird storagephasebeganon the 709thday
of storageandlastedfor 297 days(until the1006thday
of storageJuly 23,2024).

Weather data Aigure 18 were collected from the
nearesimeteorologicaktationin Bauska(coordinates
56. 3 R2UA 2 E)lapploximately20 km from
thetrial site( L V G N2@24)

Changesn daily maximunair temperaturegandtotal precipitationduring the storageof energywood
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To more accurately characterize the impact of
meteorologicatonditionson changesn the quality of
energywood during storage the ForestFire Weather
Index (FWI) systemwas utilized, which is widely
appliedfor assessindorestfire risks (Van Wagner&

Pickett,1985;Miller, 2020).The FWI systenrelieson
daily meteorologicadata( L V G M2Q24)including
maximumdaily air temperaturg A @ninimum daily
relative humidity (%), averagedaily wind speed(km

h  &nytotal daily precipitation(mm). It modelshow
weatherconditionsinfluencethe moisturecontentof

forest biomassand the potential for fire spread.To

predict changesin the moisture content of energy
wood, the componentsof the FWI system were
calculatedusingCanadiar-WI formulas(VanWagner
& Pickett, 1985; Miller, 2020) Theseformulas are
usedto computetheFineFuelMoistureCode(FFMC),

Duff MoistureCode(DMC), andDroughtCode(DC).

A higher FFMC value, on a scale from 0 to 101
(representingvery dry material), indicates lower
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moisture contentin energy wood (Van Wagner &
Pickett,1985)

After the formation of the energywood windrow, as
well as during the survey and measurementof
windrows, wood sampleswere collected from each
windrow for laboratoryanalysis.Samplesveretaken
from six locations:two at the ends,two from the top,
andtwo from the front sectionof eachwindrow. The
wood samplesverecollectedto ensurerepresentation
of different wood diameter groups. Industrially
processecthip samplesvere collectedfrom multiple
locationswithin the chip pile. The samplesprimarily
consistingof branchesanda few stemsectionswere
processedusing a gardeningchipper. The resulting
chipswerethoroughlymixed,andasinglesamplewas
collected from each windrow. Moisture and ash
contentaswell asthecalorific value,weredetermined
in thelaboratoryfor wood samplegakenfrom energy
wood windrows once a month and for samples
collectedduring energywoodchipping.
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The data from continuous measurementswere
preparedfor analysis. As part of the study, ISO

standardmethodsand CEN technical specifications
adapted to Latvian standardswere used in the

laboratoryto testwood samplesbtainedfrom energy
wood windrows and crushed under laboratory
conditions,as well asindustrially crushed(chipped)
wood samples.The LVS EN ISO 181342:2024
standard(LVS EN1S0181342:2024,2024)wasused
to determinethe moisturecontentof the wood. Wood

samplesveredried usingthe ovendry methodin the

atmospheratatemperaturef 105A Qntil aconstant
massvasreachedandthepercentagenoisturecontent
wascalculatedbasedon the masslossof the samples.
The relative moisture content(Wo, %) of the wood

samplesvascalculatedusingEquationl.

| |
7 ———— pmumb 1)

where:

Wy i relativemoisturecontentof wood, %;
Mmoist | Weightof naturallymoistwood, g;
mary I Weightof dry matter,g.

ThelLVS EN1S018122:202&tandard(LVS EN ISO
18122:2022,2022) was used to determinethe ash
content. Wood samples (air-dried ground wood
materials) were ashed in a muffle furnace at a
temperatureof 550 A Cfollowing the muffle furnace
manufacturelinstructionsand pre-set programs.The
ash content (P, %) of the analysed sample was
calculatedusingEquation2.

o AApnTr+ @

where:

al massof ashesg;

b1 weightof air-dry sampleg;
1007 conversiorcoefficient;
Km T moisturecoefficient.

ThelLVS EN ISO 18125:201%pecification(LVS EN
ISO 18125:2017,2017) was usedto determinethe
grosscalorific value (MJ k g of energywood. The
testsampleswere burnedin a high-pressureconstant
volume oxygen bomb calorimeter. A system
calibration procedure was performed before
processingachsampleto ensurethe reliability of the
results.Thegrosscalorific valueof thetestsamplevas
calculatedby consideringthe calorific value of the
calorimeterdeterminediuringthecalibrationprocess,
andthetemperaturehangecausedy the combustion
of the testsample,including correctionsfor ignition
energy, burner efficiency, and thermal by-products
such as nitric acid and sulfuric acid. The PARR
Instrument 6200 calorimeter used in the tests
automatically calculates the gross calorific value

(Equation3), applyingthe correctionfactorsspecified
by the equipmenmanufactureto adjustthe results.

A A A
( = ®

where:

H. i grosscalorific value,MJ kg?;

T 1 observedemperaturgise;

Wi effectiveheatcapacityof a calorimeter;

e i heatof combustionof air in the combustiontank
forming nitric acid;

& 1 heatgeneratedy the reactionof sulfur dioxide,
waterandnitrogento form nitric acid;

31 heatgeneratedby theburner;

m1 massof thesampleg.

For statistical calculations, data analysis, and
visualization,the R softwarewas used.As the data
follow normal distribution, oneway analysis of
variance(Oneway ANOVA) wasappliedto compare
the meanvaluesobtainedin the calculationsand to
determinesignificant differences.T u k e Ho@iestly
SignificantDifferencetest(Tukey HSD) wasusedto
identify which group means are statistically
significantly different.

Resultsand Discussion

Moisture content

The energywood was preparedin Septembe2021,
with the first storage period beginning upon its
deliveryin October2021.Dataontherelativemoisture
content(MC) from 10 piles of energywood indicate
that the initial MC of the delivered material ranged
from 41.1%to 50.2%.

Assessinghangesn therelativeMC of energywood
over storage seasons,the average relative MC
increased during winter (DecembeirFebruary)
compared to autumn (SeptembédrNovember) by
5.06% (1st storageperiod) to 8.55% (2nd storage
period), dependingon the storage period. During
winter, the highest average relatve MC
( 50 . 34 Nvasobsevédn the 1ststorageperiod,
while the lowest( 4 8 . 5 5 Nvasretatdiédin the
2ndstorageperiod.

In spring (March May) and summer(Juné August),
the drying of the material becomesmore intensive,
significantly influencedby highermaximumdaily air
temperaturesand lower total daily precipitation.
ComparingheaverageaelativeMC recordedn spring
to thatin winter, the spring valueswere 8.84% (2nd
storageperiod)to 10.09%(1st storageperiod) lower.
During spring, the highest average relative MC
( 4 0. 2 9 Nvasob®etvédn the 1ststorageperiod,
while the lowest( 3 8 . 7 5 Nv@sree@didin the
3rd storageperiod.

As the drying processcontinuesin summer,the
averageelativeMC of energywoodfurtherdecreases.
Comparingthe winter valuesto thoserecordedin
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summerareductionof 13.69%(1ststorageperiod)to
17.24% (3rd storageperiod) was observed.During
summer, the highest average relative MC
( 3 6. 69 Nasfdudddn)the 1st storageperiod,
while thelowest( 3 1 . 6 4 Nvasret@dédgin the
2ndstorageperiod.

Comparedo summerthe averagemoisturecontentin
autumnincreasedby 8.36% (2nd storageperiod) to
8.90%(3rd storageperiod).During autumn(excluding
the 1st storageperiodwhenthe materialwasinitially
transported),the highest averagerelative moisture
content ( 4 1 . 3 0 N\was abde¥vpdin the 3rd
storageperiod, while the lowest( 3 9 . 9 9 Nvhs
recordedn the2ndstorageperiod.
Aigure2areflectsthe changesn averageelativeMC
of energywooddependingon the storageseasonwith
quartile distribution used to characterizethe data.
Fromthepresentediata,it is evidentthatrelativeMC
is highestduring the winter seasonwith a medianof
49.6%. The valuesare concentratedvithin the range
of 49.1%to 50.0%, indicating low variability. In the
summerseasonMC is the lowest, with a medianof
32.4% and a wider range of fluctuations (Q1i Q3:
32.0'34.5%),indicatinggreatewariability. During the
autumnseasonrelative MC is relatively high, with a
medianof 41.3%,and a greaterspreadin the datais
observed(Q1i Q3: 40.6 43.3%). The spring season
doesnot differ significantly, with a medianof 39.7%
andasmallspread Q1i Q3:39.2 40.0%).Thecreated
diagrameffectively illustratesthe relative MC trends,
variability, and centralvaluesfor eachseasonwhich
may be significantwhenselectingappropriatestorage
conditionsfor energywood.

In deciduousstandsthe averageMC of energywood
preparedn Septembeandstackedn freshwindrows
in Octoberwas4 7 . 29 N1. 37 %.

To morepreciselycharacterize&hangesn therelative
MC of energywood during storage,the FWI index
Aigure 3gwas applied,incorporatingmeteorological

(o]

Figure 2
Theseasonabariationsof theaveragerelative MC of
energywoodduring storage
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At the startof the 2nd storageperiod,seasonagffects
led to repeatedmoistureabsorption,continuing until
the 466th storage day (January 2023), with the
moisture contentreaching53.1% due to a low FWI
index. Betweenthe 467th and 494th storagedays
(February2023),the averageMC decreasedo 50.9%
asthe FWI indexgraduallyincreasedFromthe 526th
to 647th storagedays (April 7 July 2023), intense
drying occurred,with the averageMC dropping to
24.1%,explainedby thehigh FWI indexcharacteristic
of summer.During the latter half of summer(647tH
678thstoragalays,July, August2023),the FWI index
decreasedgausingthe MC to rise to 35.37%.At the
end of the 2nd storageperiod (708th storageday,
SeptembeR023),the MC was30.75%.

At the beginningof the 3rd storageperiod, the MC
increasedrapidly due to seasonaleffects, reaching
54.5% by the 831stday (January,2024). From the
832nd storageday (February, 2024), the moisture
contentbeganto decline,reachingd3.1%by the 921st
day (April, 2024)andfurther decreasingo 28.9%by
the 952nd storageday (May, 2024), driven by an

observationsfor the respective period ( L V GMC ,ncreasingFWI index. From the 953rd storageday

2024)anddatafrom the FWI system(Van Wagner&
Pickett, 1985; Miller, 2020). The results show that
duringthe 1ststorageperiod,the averageelativeMC
increasedo 52.56%by the 101ststorageday (January
2022), attributed to a low FWI index indicating
unfavorabledrying conditions.Fromthe 102ndto the
190thstorageday (February2022),the MC decreased
to 32.90%,driven by a rising FWI index, indicating
favorable drying conditions starting in  April
(approximatelysix monthsafter storagebegan).
Betweenthe 191st and 251st storage days (May
2022),the MC increasedo 42.16%,coincidingwith
aperiodof arelativelylow FWI index.Subsequently,
from the252ndto the313thstorageday(July, August
2022), the MC decreasedo 34.94%, explainedby
seasonakffectsreflectedin the FWI index. At the
onset of autumn (314th storage day, September
2022),the MC increasedhgain,reaching37.54%by
the endof the 1ststorageperiod (343rdstorageday,
SeptembeR022).

(Jun,2024),the MC increasedgain,reaching33.85%
by the 1006thstorageday (July, 2024).

The drying processof energy wood intensifies in

springandsummerdueto highertemperaturedpwer
precipitation, solar radiation, and wind, accelerating
water evaporationfrom wood fibers. Routa et al.

(2016)notedthatdrier conditionsin theseseasonsan
reduce wood moisture content (MC) by 20i 30%,
especiallyin well-stackedyentilatedmaterials.

In summer,higher temperaturesand lower humidity
further increase evaporation, making it the most
effective period for MC reduction (Pettersson&

Nordfjell, 2007). Previous studies (Pettersson&

Nordfjell, 2007; Gautamet al., 2012; Routa et al.,

2016; Eliassonet al., 2019) confirm these trends,
aligningwith thiss t u dindidgs.

Conversely, in autumn and winter, energy wood

absorbsmoisture due to its hygroscopicproperties,
increasechumidity, andlower temperature¢Gautam
et al., 2012). Afzal et al. (2010) explainedthat low
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temperaturegeduce evaporation,leading to moisture
retentionjncreasedveight,andlower netcalorific value.

Figure 3

Seasonatlimatic variationssignificantly impact wood
MC (Eliassoretal., 2019).

Changesn theaveragerelative moisturecontentof energywoodduring storage
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Effective storageand drying planningare crucial for
optimizingenergyefficiency.Gautanmetal. (2012)and
Eliassonet al. (2019) highlightedthat properstorage
locationanddrying durationcanenhancelrying rates.
Theinitial MC of freshly preparecenergywoodvaries
by regionandis influencedby standlocation,species
compositionandpreparatiortime.

in AC of energywood during storageexist, they are
not statisticallysignificant.

The obtainedresults show that the averageAC of
freshly prepareddeciduousenergywood is 0.97%.
Following the transportationof the material, an
increasein ash contentis observedby the 160th
storageday (March 2022), reachingan averageof

Thisstudyfoundaninitial MC of 4 7 . 2 9 Ndimil& 7 %2.10%. The intensivedrying of energywood affects

to Canadiar{ 4 5 . Sfifd@§sjAfzal etal.,2010)but
differing from Swedish (Nilsson et al., 2013) data
(25. 6194 33 &N andEn¥gh (Nurmi, 1999)
data (56%). Regional climate conditions during

preparatiorandstackingsignificantly affectinitial MC,

with highervaluesobservedn wetterclimates(Afzal et
al.,2010;Nilssonetal.,2013).Speciexompositioralso
playsarole,asconiferougesiduesetainmoremoisture
dueto needlestructurg(Nurmi, 1999).

For a more accurateassessmerdf energywood MC

during storage multiple influencingfactorsshouldbe
consideredThe FWI index (Van Wagner& Pickett,
1985; Miller, 2020)usedin this study helpsevaluate
drying dynamicsunder varying climatic conditions

its quality, resultingin adecreasé averageAC from

the 161st storageday (April 2022), reaching an

averageof 0.75% by the 251st storageday (June
2022).An increasen theaverageAC of energywood

is observedhgainstartingfrom the252ndstorageday

(July 2022),andby theendof thefirst storageperiod

(343rdstoragaday,SeptembeR022) theaverageAC

reache.35%.

The second storage period begins with a gradual
decreasén AC, reachingan averageof 1.45%by the

435th storage day (December2022). A repeated
increasein AC is observedstarting from the 436th
storageday (January2023), reachingan averageAC

of 2.20%by the525thstorageday (March2023).This

andthe long-termimpactonwood quality ( L V G M C correspondgo the trends observedin AC changes

2024).

Ash content

Changesin the ash content (AC) of energy wood

during storageare presentedn Arigure 4dandcanbe
attributedto changesn energywood quality andthe

influenceof the surroundingenvironment.

Overall, the ashcontent(AC) of energywood during
storageis variable,with observedluctuationsin AC

throughoutthe materialimprovemenfprocesganging
from approximatelyl% to 2%. Although differences

duringthefirst storageperiod(anincreasen AC from
Januaryto March).Startingfrom the 526thstorageday
(April 2023),the averageAC of the materialranged
from 1.07%to 1.70%,and by the end of the second
storageperiod (708th storageday, Septembe023),
theaverageAC wasapproximatelyl.35%.

Overall, during the third storageperiod, the average
AC of energywoodrangedrom 1.20%(983rd 1006th
storageaday,July 2024)to 1.80%(709tH 739thstorage
day,October2023).
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The studyfound thatthe averageashcontent(AC) of

with previousresearch( T h ° r nl98%; Peftdérsson

deciduousenergywood rangedfrom 1 . 4 8 N Go. 5 & %lordfiell, 2007), which attributes higher AC in

1 . 5 8 N (acrdssthiee storageperiods, consistent

Figure 4

deciduousvoodto its greatetbark content.

Changesn theaverageAC of energywoodduring storage

= - = e o
=1 tn =1 wn =

A erage ash content, %

)
on

No significantAC changesvereobservedver 1,006
days,thoughthe highestAC appearedn the second
storageperiod, similar to findings from Swedenand
Canada(Petterssont& Nordfjell, 2007; Afzal et al.,
2010; Gautamet al., 2012). A slight increasemay
resultfrom dustand soil depositionduring extended
drying (Lehtikangas,2001). While seasonaleffects
and drying duration can slightly raise AC, proper
storagecanhelp minimizethesechanges.

Calorific value

Changesdn thenetcalorific value(CV) of energywood
during storageare shownin A F i gsuane can be
explainedby the influenceof favorableor unfavorable
conditionsfor wooddrying, asindicatedby changesn
the FWI indexduringtherespectiveperiod.

Figure 5

The obtainedresultsshow that the net CV of freshly
prepareddeciduousenergywood is on average2.38
MWht T .

During the 1ststorageperiod,until the 160thstorage
day (March 2022),the averageCV of energywood
rangedfrom 2.15MWh t (72nd 101ststorageday,
January2022) to 2.62 MWh t (1i0thi 40th storage
day, November 2021). Starting from the 161st
storageday (April 2022), an increasein the CV of

energywoodwasobservedrangingfrom 2.71MWh

t (191si221st storageday, May 2022) to 3.20
MWh t (161st 190th storageday, April 2022).By

the endof the 1ststorageperiod (343rdstorageday,

September2022), the averageCV of energywood

reached.95MWht T .

Changesn the netcalorific valueof energywoodduring storage

=

Average calorif value, MWh t!
19

Average calorif value ==
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The 2nd storage period (beginning on the 344th  Conclusions

storageday, October 2022) startedwith a gradual 1. The study results confirm significant seasonal
decreasén CV until the 525th storageday (March changesn therelativeMC of energywoodinfluenced
2023),with observechverageCV valuesrangingfrom by meteorological conditions. During spring and
2.09MWht (4B5th 525thstorageday,March2023)  summer,asintensivedrying occurs,the relative MC
to 2.90 MWh t (344th 374th storageday, October  candecreasdrom an averageof 39.58% (spring)to
2022). 33.57%(summer).In autumnandwinter, anincrease
A repeatedncreasen the CV of energywoodwas  in therelativeMC is observedrising from anaverage
observedstartingfrom the 526th storageday (April of 42.20% (autumn) to 49.52% (winter), largely
2023)andcontinueduntil theendof the 2nd storage  influenced by the hygroscopic properties of the
period(708thstorageday, Septembe023),with the material.

average CV values ranging from 2.94 MWh t 2. TheaverageAC of deciduousesnergywoodduring
(526tH 555thstorageday, April 2023)to 3.78 MWh storage ranged from 1.48% to 1.58%. However,
t (6IL7th 647thstorageday, July 2023).By theend  changesn the averageAC valuesare not statistically
of the 2nd storage period (708th storage day, significantandcouldbeexplainedby thedepositionof
September2023), the averageCV of energywood dustandmineralsoil particleson the storedmaterial.
was3.40MWht T . 3. When planning the storage of energy wood,
Overall, during the 3rd storageperiod (beginningon seasonafluctuationsshouldbe consideredAlso, the
the 709thstorageday, October2023),the averageCV obtained results show that the averagenet CV of
of energywood rangedfrom 2.14 MWh t (770tH energywoodincreasesluringstorageandtherelative
800th storageday, DecemberR023)to 3.57MWht T MC of the material is one of the main factors
(709th 739thstorageday, May 2024). influencingthe netCV of energywood.
Theresultsindicatethatduringthe 1ststorageperiod, 4. The findings highlight that the effective selection
thenetCV of energywood(with thefollowing average  of storagelocationsand appropriatedrying durations
parameters:relative MC of 4 4 . 4 3 N 6AC DO % can significantly improve the energy efficiency of
1. 48 N0andHC%f 19. 04 N0k & 6dag  energywood. To provide recommendationgor the
2. 59 MWhB 9T . optimal storageduration of energywood, it is also
An increasein the net calorific value was observed  necessaryo evaluatethe impactof masslosson the
during the 2nd storageperiod (with the following quality of energywood.
averageparameterscelativeMCof3 9 . 9 7 NAC 7 3 %,

of 1. 58 N0oandHC«f 1 9. 13 MO k ¢ 2 7 )Acknowledgements

reachingz . 8 7 fMWh 6 97 . The study hasbeenimplementedwithin the scopeof
A furtherincreasdn the netCV wasobservediuring the cooperation agreementof the Latvian State
the 3rd storageperiod (with the following average Institute of ForestryScienceA S i | (BS¥RI Silava)
parameters:relative MC of 4 1. 2 8 NAC 53 % andJSCA L a t stdteh 6 s €13/M)sod September
1. 51 N0and H®of 19.69 N 0.40 MJ k g T )13,2021andin accordancevith theagreemenho. 5-
reaching2.88N0.51MWht T . 5.9.1 007r_101_21_ 86f LSFRI.
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Abstract

This researchfocuseson developingan innovative, multi-criteria approachto forest harvestingplanning, providing an
alternativeto traditionalclearcuttingandselectioncuttingmethodsThe studyintegratesautomatelanningalgorithmswith
geospatialanalysisto promotemore sustainabldorest managemenpracticesthat prioritize ecologicalintegrity and social
value,particularlyin areaswith significantnaturalandrecreationalmportance The proposedapproachs basedon the useof
opensourcealgorithms,enablingindividual forest ownersor usersto selectlogging areasby weighing ecosystenservice
indicatorsand remotesensingcriteria specific to eachforest stand.By incorporatingadaptiveharvestingparametersthis
methodallows for tailored decisionmaking that reducesthe environmentaimpact of forestry activities while maintaining
flexibility in addressingariousforestmanagementdbjectives Theprimaryobjectiveof thisresearclis to createascientifically
validatedframeworkthatbalancegimberextractionwith the preservatiorof diverseforestecosystenservicesThe approach
accountdor availablebiodiversity data,supportsrecreationalise,and considersothersociatecologicalfunctionsof forests.
The study includesthe developmentand testingof dataprocessingand analysisalgorithmsthat optimize forestharvesting
strategiesasedon ecosystenserviceassessment3he proposednethodsarefield-testedin managedorestareasto verify
their practicalapplicabilityin reatworld conditions.This researctcontributeso advancingsustainabléorestmanagemertby
offering datadriven, ecosystenrbasedsolutionsthat addresscontemporarychallengesn balancingtimber productionwith
broadersociatecological values,while also empoweringforest ownersto make more informed, site-specific harvesting
decisions.

Keywords: automatedplanningalgorithms ecosystenservicessustainabléorestmanagementimber harvestingolanning
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Introduction

Forestaremanagedo fulfil variouseconomicandsocial
objectives, with some areas prioritized for timber
productionothersdedicatedo biodiversityconservation
or recreation,and many designedto supportmultiple
functions (Lindenmayeret al., 2012). Achieving these
diversegoalswhile adaptingto different environmental
conditionsrequiresforest ownersto apply a variety of
silvicultural practicegEyvindsonetal., 2021).Although
several advancedplanning systemsare available to
support multifunctional forest management by
integrating ecageographicalvariablesand optimizing
harvestingstrategiege.g.,Masonet al., 2018; Marto et
al., 2019; Tahri et al., 2021;L @ metsl., 2023), their
practical application remains limited. Many rely on
regionspecific datasetsor proprietary data formats,
reducingtheir adaptabilityin diverseforest conditions
(Erikssonretal.,2014).Additionally, thescarcityof open
sourcesolutionsand dependencen openly accessible
datafurther restrictsaccesdo effective planningtools,
particularly for regions seeking flexible, low-cost
alternativesor aiming to prioritize ecosystenservices
alongsiddimberproduction.

In Latviaandthebroadetborealregion,clearcutting
with subsequerdtandregeneratiooy plantingis the
primary logging practice.This methodis widely
appliedto promotetimber production, particularly
for key speciessuchas Pinus sylvestrisand Picea
abies ensuringefficient standrenewaland forest

productivity (Pachetal., 2018).
The dominanceof clearcutting reflectsboth economic
considerationsand the limited implementation of
advancegblanningtoolsthataccounfor multifunctional
objectives.Expandingthe use of datadriven planning
approaches that integrate ecosystem services,
biodiversitydata,andterrainconstraintould supporta
shift towardmoresustainabl@ndmultifunctionalforest
managemerracticegLarsenetal., 2022).
The aim of this paperis to presenta workflow for a
mixed-method approachto automatedsmallscale
clearcutting that considersdiverseecc-geographical
conditions and ecosystemservices. The proposed
method supportssustainableforest managemenby
modelling logging operations in a way that
incorporates site-specific environmental factors,
terrainconstraintsandecosystenservicevalues.The
workflow integrates multiple open data sources
relevantto forest structure,ecological features,and
landscapeconditions. A customized metaheuristic
algorithm is usedto identify harvestingsites while
balancing multiple constraints, refining outputs
throughiterative,randomizedsearchstrategies.

Theresearchasksaddresseth this studyinclude:

1 developingandimplementinganautomatedclgorithm
that generatespatially explicit clearcut units while
accountindgor ecologicalndlegal constraints;

1 integratingremotesensingand ecosystenservice
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1 indicators with forest inventory data to guide  Materials and Methods

Thefollowing methodsutlinethedatasourcesprocessing
tools, andworkflow stepsusedto developan automated
smallscale clearcutting approachthat considersece
geographicatonditionsandecosystenservices.

harvestingdecisionsatthe standlevel;

i testingthe workflow in managedorestareasand
evaluatingthe resultingharvestingphasesn terms
of spatial balance,consistencyof environmental

metrics,andoperationafeasibility.

Table 1
Summanyof thedataused
Dataset Description Link
StateForestService Boundariesandattributes(stand https://data.gov.lv/dati/lv/dataset/m
ForestCompartmenData) compositionage,treespeciestc.),of -valstsregistramezadati.jsonld

forestcompartmentsvectordata

Latvian Geospatial

4p | AS data(basefor DSM, DTM,

https://s3.storage.pub.lvdc.gov.v/lg

InformationAgency TRI, TPI, slope,aspectroughnessDTW)| opendata/las

LiDAR Data

Ministry of Agriculture | Vectordataof ditch networksdrainage | https://www.melioracija.attps://lvm

DrainageCadastréddata | pipes,andrelaedinfrastructureVector | geoserver.lvm.lv/geoserver/zmni/oy
data

NatureConservation 0OZOLSsystemdatai informationon https://ozols.gov.lv/arcgis/services/

AgencyData protectechatureterritories,species OLS DABASDATI_PUB_INSPIRE

é distributions andhabitatdata.Vectordatg MapServer/WFSServer
SpeciedrotectionPlandata.Vectordata| https://www.daba.gov.Iv/lv/sugurn-

biotopuaizsardzibagplani
InformationSystem Protectedsites,landmarksandareasof https://geoserver.mantojums.lv/geo
AderitagéiData culturalsignificanceandtheir protection | ver/ows

zonesVectordata

Latvian StateForest
Researchnstitute

Dataon ecosystenserviceassessments,
SQLgyery

L 0 b etali(2023

ASilavaiResearcliata
é

LIFE ProgrammeStudyi ADemonstratio
of ClimateChangeMitigation Potentialin
Fertile OrganicSoilsin the Baltic States
andFinlandd(LIFE OrgBalt,LIFE18
CCM/LV/001158).Rasterdata

https://silava.forestradar.com/data/i
radati/DTW/DTW_10ha_
https://silava.forestradar.com/data/i
ra-dati/DTW/DTW_30ha_

OpenStreetMaplata

roadandtrail networkdatawith the
optionto supplemenit with customdata

for improveddetail or accuracy

https://download.geofabrik.de/euro
latvie-latestfree.shp.zip

Table 1 summarizeskey datasets,ncluding forest
terrain models, drainage

compartments, LiDAR

networks, biodiversity, cultural heritage, ecosystem

Table 2

Data Processingand AnalysisTools

services,and road data, ensuringbroad coveragefor
forestplanning.Table2 lists dataprocessingools.

Tool

Description

Purpose

Python>=3.12

Programmindanguagaisedasthefoundationfor data
loadingandprocessingode.

Coreprogrammingenvironment.

data.

Geopandas Library for analyzingandprocessingjeospatiatiata, Geospatiatlataanalysisand
including geostatistics. processing.

Pygro Library for high-performanceeadingandwriting of Efficient vectordatal/O
vectordatain GDAL/OGR-supportedormats. operations.

Fiona Library for spatialmanipulationandqueryingof Vectordatamanipulationand
vectordata. selection.

Rasterio Library for processing@ndmanipulatingraster/image | Rasterdatahandlingandanalysis.
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Tool Description Purpose
Py7zr Library for processinglataarchivesin formatssuchas | Archive extractionand
7z,rar,andZIP. compression.
PythonPDAL | PythonAPI for PDAL (PointDataAbstraction PointcloudandLiDAR data
Library) to manageandprocesgointcloudsandLAS | processing.
data.
GDAL Commandline tool for terrainderivativegeneration Terrainmetricderivationfrom
(gdaldem) (slope,aspectTPI, TRI). DEMs.
Shapely Library for manipulationof geometricobjects Geometryoperationsandspatial
(polygons lines, points) filtering.
JSON/ Configurationandvalidationformatfor pipeline Parametedefinition and
JSONschema| execution structuredautomation
Requests HTTP library for queryingdataservicesand Automatedaccesdo online spatial
downloadingopengeospatiatiata data
Pandas Library for tabulardatahandlingandanalysis Attribute tableprocessing,
filtering, andstatistics

The data processingworkflow beginswith the user
definingthe areaof interestwhich triggersautomated
dataacquisitionfrom opensources.The core of the
systemis a modularPythonlibrary that handlesdata
import, preprocessingspatial analysis, and output
generationlt operateghrougha sequencef defined
stepsthatallow reproducibilityandcustomization.
Preprocessingncludesformat harmonization spatial
alignment,andderivationof additionalvariablesfrom
primary datasources.Terrain metricssuchas slope,
aspect,roughnesstopographicposition index (TPI),
and depthto-water (DTW) are calculated from
LiDAR-based digital elevation models using the
GDAL Aydaldendi utility and PDAL library. Canopy
height is derived from LiDAR point clouds and
normalizedheight models. Vector datasetssuch as
forest compartmentsprotectedareas,and drainage
networks arefiltered, cleanedandclippedto thearea
of interestusingFiona,Pyogrio,andGeopandas.
Dataaccesandmodelexecutionaremanagedhrough
a JSONbasedconfigurationstructure.This allows the
userto define which datasetsare downloadedreused,
excluded,or convertedaswell as setkey parameters
such as spatial resolution, masking thresholds,and
classification rules. Cached downloads and
standardizedolder structuresimprove reproducibility
andcomputationaéfficiency.

The core algorithm is a customizedmetaheuristic
routine that generatesand refines spatially explicit
clearcutting units. Candidatepolygonsarecreatedoy
constrainedVoronoi tessellation(Oar et al., 2016)
within forest compartmentsEach unit is evaluated
with a scoring function combining canopy height,
slope, and ecosystemservice values derived from
speciedlistributionlayers.Unsuitableunitsarefiltered
out basedon thresholdgle.g.,slope> 1 ODXW <0.2
m, overlapwith protectedzones).
Harvestingunitsaregroupednto threecuttingphases.
A distancebasedadjacencyconstrainfpreventsspatial
clustering by excluding neighboringpolygons from

being scheduledin the samephase.The algorithm
iteratesthrough randomizedorderings and filtering
stepsuntil the spatialand ecologicalbalanceacross
phasess maximized.

An Operational Guidance Map is generated by
combiningrasterandvectorconstraintgnto a unified
planninglayer.WetareagDTW <0.2m) areclassified
as no-go zones,moderatelywet soils (0.2 1.0 m) as
caution zones, and accessibleterrain as suitable.
Additional exclusionlayersinclude specieshabitats,
culturalheritagezonesandterrainbarriers.

The final outputis packagedas a ZIP archive for
integration with forest managemensystems.Users
can select which background variables and
classificationgo includein the export. The processed
units are transferred into operational maps and
machinereadablegplansto supportharvestingogistics
andecologicalcompliance.
Theprocessingnvironments implementedn Python
(v3.12) and utilizes the following libraries:
Geopandasfiona, Pyogrio, Rasterio, pythonpdal,
Requestsand Py7zr. Data interactionsare managed
via standardized protocols (e.g., HTTP, WEFES),
ensuring compatibility with Latvian national open
dataservicesandspatialmetadatdrameworks.

Resultsand Discussion

The cutting sequenceresults Aigure 18 illustrate a

structuredapproacho timber harvestingdesignedo

achieveabalancedlistributionof clearingsovertime.

Each forest compartment was subdivided into

tessellategblanningunitsandscheduledor harvesting
in three successivephaseswith a 20-year interval

betweerphasesndacumulativeharvesshareof 60%

of thetotalarea Thesephasesepresenspatialbatches
designedo maintainecologicalcontinuity and avoid

operationabverlap.Thealgorithmallocatedeachunit

to a phasewhile avoiding adjacencyand balancing
ecological and terrain characteristics. The map
visualizes this phase allocation, showing how
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openingsarespatiallyarrangedo minimizetherisk of
largecontiguoustlearcutswhile ensuringgradualand
distributedtimber extraction.

To evaluatethe performanceof the spatialallocation
algorithm, the model was configuredto run 50
randomizediterations.Eachiteration generateda
different tessellationand harvestingphaseassignment
basedon varying randomseeds,while applying
consistentecologicalscoring and spatial constraints.
Thisiterativesetupallowedexplorationof variability in
polygon layout and indicator distribution. The result
wasselectedasedn achieving(i) minimalintra-phase
variancein canopyheight, depthto-water, and
ecosystenservicevalues,and (ii) maximal spatial
separatiorbetweercuttingunitswithin the samephase,
as measuredy adjacencyindex and unit dispersion.
While no formal validation againstfield data was
performedall iterationsadheredo legalandecological
constraintge.qg.,exclusionof steepslopesandprotected
areas, nonadjacency rule). The consistency of
ecologicalscoring and spatial constraintsacrossruns

Figure 1
Harvestingphases

2L

Tables 3 and 4 show that topographic conditions,
canopy height, and ecosystemservice potential are
consistentlydistributedacrossall harvestingphases.
Table 3 provides a summary of the spatial and
environmental properties of the generatedcutting
units,includingtheirareadistributionandmearnvalues
for terrainand canopystructureindicators,which are
relevant for planning feasibility and ecological

suggestghat the algorithm reliably producesfeasible,
ecologicallybalancedsolutions.Theseinternal checks
serve as proxies for performanceassessmenin the
absencef groundtruth validation.

Although preciseestimationof timber volumeis not
directly possible, a wide range of metrics was
calculated for each tessellation unit to support
informed decisionmaking. These include canopy
height model (CHM) values as a proxy for stand
structure and biomass potential; depthto-water
(DTW) as an indicator of site accessibilityand soil
moisture conditions; and ecosystemservice (ES)
values representing ecological and social forest
functions. For each harvestingphase,averageand
standard deviation values of these metrics are
summarizedn Table4, providinganoverviewof how
environmentalconditions are distributed acrossthe
spatial schedule. Additionally, the Operational
Guidance Map supports harvester and forwarder
navigationby classifyingterraininto suitable caution,
andno-go zonespasedn combinedconstraints.

[ rorest compartments
Harvest phases

L1 No harvesting
- Initial cutting
I 2nd phase

[ 3rd phase

balance The low variation in averagevalues and
standarddeviationsbetweenphasessuggestghat the
algorithm maintained spatial balance and avoided
front-loading of high-value or environmentally
sensitivestands.This outcomesupportsthe intended
goal of distributing ecological and operational
characteristicevenly acrossthe plannedharvesting
timeline.
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Table 3

Summanyof areadistributionand selectecenvironmentametricsacrossharvestingphases

Area (ha) Meanarea| DTM SLOPE| CHM hCHM

(ha) (mean) | (mean) | (mean) (mean)

Total processedrea 157.09 0.14 9.49 4.19 10.71 16.32
Areain Phasel (0i 20yrs) 66.15 0.12 9.64 4.25 10.60 16.37
Areain Phase2 (20i 40 yrs) 30.53 0.17 9.23 4.09 10.78 16.22
Areain Phase3 (40i 60 yrs) 30.77 0.16 9.41 4.20 10.98 16.36
No-harvestarea 29.64 0.15 9.38 4.12 10.67 16.23

Thedevelopedvorkflow integratecageographicallata,  resultsshow a balancedphaseallocation that promotes
ecosystenservicevaluesandterrainconstraintspffering gradual extraction while maintaining stable forest
a flexible, datadriven approachto sustainableforest  conditions and minimizing concentrateddisturbance.
managementThis methodsupportsmitigation of trade While theseoutcomesareillustrative and not predictive,
offs betweerbioeconomygoals biodiversityconservation, they demonstratethe wo r k f lakilitw dosintegrate
andecosystenserviceprovisionby explicitly embedding  complexspatialdatainto harvestplanning. Furtherreat

ecologicaland spatial criteria in the schedulingprocess.  world evaluation is necessaryto assesslongterm

Unlike conventionalplanning approacheshat prioritize ecological outcomes, particularly with respect to

timberyield or compartmenbasedotation,thisworkflow biodiversity, landscape connectivity, and changing
emphasizespatial distribution of ecologicalvalue. The environmentatonditions.

gﬁtr)r!?ntr;of ecosystemservicepotentialacrossharvestingphases
[} ) _
3| S| 5/ S 2| &|&|8|e| BIE3E E
= e = b i o ® O
Total processed| 3.08| 2.84 | 3.98| 2.97 | 4.38| 3.48| 4.31| 4.24| 1.00| 2.10| 2.10| 1.11 | 2.06

?’l:;lsel. (0r 20 3.07| 2.83| 398|297 |432|348|4.27|4.25|1.01|2.08|208|1.12]| 2.06
Prf?;.sé (20i40 | 3.10| 2.85|3.99| 298| 4.44| 3.48| 431|4.21|0.99]| 2.12| 2.12| 1.12 | 2.06
Prf?;.ses (40i60 | 3.10| 2.85| 3.96| 2.95| 4.43| 3.46| 4.34|4.21| 099 2.11| 2.11| 1.09 | 2.05
Nrj-)harveslarea 3.10| 2.84 | 3.98| 297|442 | 3.48| 4.39| 4.28|1.01| 2.13| 2.13| 1.12| 2.06

Recentdevelopmentsn spatial forest planninghave  economic returns, the structure of the algorithm
emphasizetheneedto find awayto fulfill bothtimber  presentechere sharesthe core principle of balancing
production goals and ecological integrity goals, spatial objectivesthrough randomizedand iterative
particularlythroughthe useof optimizationalgorithms  allocation.However,our approactdepartsrom theirs
that can handle spatial constraints and multiple by prioritizing ecologicalindicators- suchas canopy
objectives. Borges et al. (2014) highlight how height,depthto-water,andecosystenservicepotential
simulatedannealingandrelatecheuristicshavebecome - rather than economicnet presentvalue. This shift
essentiatoolsfor spatialharvesischedulingespecially  reflects a broader move in forest planning toward
when seeking to avoid fragmentation, ensure  embeddingecological constraintsdirectly into the
connectivity, or control block sizes. This view is spatial allocation logic, rather than treating them as
echoedin Bettinger et al. (2009), who stressthat  secondaryfilters. Schooleret al. (2023) demonstrate
heuristic planning must be transparent in its how multi-objective optimization can be used to
assumptionsand evaluatedfor spatial realismrather  balancetimber yield with habitat suitability, using
than pure computationaloutput. While B o r gwerk 6 speciesspecificmodelsasproxiesfor ecologicalvalue.
focuses on simulated annealing in a context of While theirfocusis onsinglespeciedhabitatdynamics,
minimizing habitat fragmentation and maximizing  our method generalizes ecological considerations
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through terrain metrics and ecosystem service
indicators, allowing broader applicability across
diversestandtypes.

Moreover theevaluatiorof cuttingunit propertiesn our
study- including shapecomplexityandadjacencyndex
- resonatesvith Borgesetal. (2014)emphasi®n spatial
feasibility and implementation cost. Our workflow
ensureshatharvestedinitsremaincompactecologically
balanced,and nonradjacentwithin each phase. This
supportsboth biodiversity retentionand smootherfield
logistics, aligningwith J a n etal§2024),who argue
that planning systemamustaccountfor how and when
harvestingoccurs not justwhatis harvestedwing etal.
(2019)emphasizehat the real value of spatialdecision
supporiiesin its adaptabilityto differentdataavailability
and managemengoals - somethingour opensource,
datadrivendesignalsoenablesFinally, the spatialparity
achieved across phases, as shown in Table 4,
demonstrateghat heuristic spatial schedulingcan be
guidedby ecologicalvaluedistributiongatherthansolely
by timber yield or infrastructure constraints. This
represents practical contributionto ecosystenbased
forestmanagementyherespatialplanningis responsive
to bothecologicalintegrity andoperationaheeds.

Conclusions

1. Thepresenteanethoddemonstratethatit is possible
to allocatesmallscaleclearcuttingphase$n away that
maintainsspatial balanceacrossecologicalindicators
andminimizesspatialclustering.The resultsshowlow

intraphase variation in canopy height, terrain
accessibility andecosystenservicevalues,supporting
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Abstract

Thesharptoothedbarkbeetle(lps acuminatugGyllenhal,1827))is oneof the major pestsof Scotspine (Pinussylvestrisl.).
In additionto I. acuminatusseveralotherpestsattackhealthyor weakenedine trees,including pine shootbeetleq Tomicus
spp.).the six-toothedbark beetle(lps sexdentatus pine bark beetleg Pityogenespp.)andpine weevils (Pissodespp.). The
resultsof two separatestudiesarepresentedn this paper.(1) We analysechow |. acuminatusreedingsuccesss influenced
by other major stemcolonizingpestsin a pine standaffectedby forestfire. The spatialdistribution of the four mostfound
insectpestspecies |. acuminatusTomicuspiniperda T. minor, andPissodespp.- within thetreetrunk wasmappedIt was
determinedhatthelengthof the stemsectioncolonizedby I. acuminatuss significantly affectedby the presenc®f Pissodes
weevilsbutnotby Tomicusminoror T. piniperda AlthoughTomicusminor typically colonizeshe samepartof thepinetrunk
asl. acuminatustheywererarely found on the sametree.If I. acuminatusolonizesa pinetreefirst, Tomicusminor tendsto
avoidit. Thelengthof the sectioncolonizedby |. acuminatusncreasesvith tree height, with taller treessupportinglonger
infestations(2) Additionally, dataon |. acuminatugeproductiorratesin pinewasteafterthinningactivitieswascollected.On
average2.19N0.65mothergalleriesper1 m |of barkwerefoundontheremainingtreetopsandbranchesindicatingthatforest

managemenpracticescontributeto the availability of suitablebreedingmaterialfor this species.
Keywords: Ips acuminatusforestfire, insectpests stemcolonisation Pinussylvestris

Introduction

In recentyears bark beetlepopulationshavebeenrising
acros€urope causingvidespreadlamageo forestsand
posingsignificant challengego forestmanagemenand
conservatiorefforts. Scotspine (Pinus sylvestrisL.) is
primarily attackedy barkbeetlespeciesrom thelpsand
TomicusgeneraHowever,otherpests suchasPissodes
spp.weevilsand Phaenopsspp.jewel beetlescanalso
cause significant damage (Ozols, 1985; Vega and
Hofstetter, 2015). All these insects are considered
secondarypests, as they primarily attack hosts with
impaired defences.Climate variability and weather
extremessuchasfloods, droughtsandfires, accelerate
pest outbreaks,by weakeningtrees natural defences
(HI 8v& ®w§ e goa2). In responseto these
stressorstrees accumulateand producevolatiles that
mightattractinsectspeciegandfurtherweakerhosttrees.
The sharptoothed bark beetle (Ips acuminatus
Gyllenhaal) has experienceda notable surge in
populationgrowth and the damageit causeswithin
pine ecosystems ( Gr ®g &i Ewans, 2004,
Papeketal., 2024). |. acuminatus predominantly
targets mid- to matureaged, weakenedScots pine
standsparticularlythe upperpartandbrancheof the
treewith thin phloem.

One key factor contributingto pestmultiplication is
the presenceof logging residues,and their timely
removalcanhelppreventoutbreaksl. acuminatusan
successfullybreedin pine logging residuedeft after
final felling (Foit, 2015).Understandind. acuminatus
presencen logging residuesandits interactionswith
otherstemcolonizinginsectsin pine standss crucial
for assessings impacton foresthealth.

This researchconsistedof two separatestudies: (1)
analysingheoccurrencef |. acuminatusn loggingwaste
after clearcuts, and (2) examining |. acuminatus
interactionswith othermajorstemcolonizingpestsn fire-
affected pine stands,while also mapping the spatial

distributionof the four mostcommonlyfoundinsectpest
species- |. acuminatusthe commonpine shootbeetle
Tomicuginiperdal., thelessepineshootbeetleT. minor
Hart.,andPissodespp.weevils- within thetreetrunk.

Materials and Methods

The occurrenceof I. acuminatusand other stem
colonizinginsectsin freshwood wastewasevaluated
in 11 pine standclearcutsduring the summerof 2003
and 2004. Samplesof branchesand treetopswere
collectedfrom loggingresiduegiled in stacksaswell
asfrom thoseplacedon skiddingtrails. Eachsample
consistedof a 30 cm long section,which was fully
debarkedandinsectgallerieswerecounted.

The densitiesof insectcolonies(larval galleriesand
pupal chambers)were calculatedper 1 m? of bark
surface based on sample diameter. In total, 114
samplesveretakenfrom stacksand68 from skidding
trails. Sample diametersranged from 2.1 cm to
37.2cm,with anaverageof 7 . 5 Ni.. 4

For solitary larval galleries(e.g.Monochamuspp.),the
numberof gallerieswere recorded.For insectcolonies
(e.g. I. acuminatuy nuptial chamberswere counted,
while for Pissodesveevilspupalchambersverecounted.
To assesthetreemortality andbreedingsuccessf pine
pests9 permanentircularstudysites,eachcovering500
m|] were established. The study area is in the
northwesterpartof Latvia,whereanextensivdorestfire
occurredin Stikli Bog in July of 2018, affecting large
area®f peatlandandforestecosystemsStudysiteswere
all Scotspine dominatedon dry and wet organic soils
(Myrtillosa andCaricosephragmitosi

At eachstudy site, all standingtrees,both deadand
alive, with a diameterexceedingl2 cm at a heightof
1.3mweremarkedForliving trees(treeswith agreen
crown), crown defoliation was assessedin 5%
increments, interpreting defoliation intensity,
(Tablel), andneedlediscoloration(yes/no).For both
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living andrecentlydeadtrees,the presenceof beetle
exit holeson the visible part of the trunk bark was
evaluatedEvaluationwasdonefour times(2019July
andSeptembep020Januaryand August).

Table1
Pinecrowndefoliationpercentageand descriptive
level

Needlelosspercentage | Defoliation level
0i10% No defoliation

111 25% Mild defoliation

26i 60 % Moderatedefoliation
61199 % Severalefoliation
100% Deadtree

In the area,dataon speciepresenceavereobtainedby

felling pine trees with visible fresh crown
discoloration:22 treesin 2019,25in 2020,and15in

2022.Up to threepine treeswerefelled at eachstudy
site. Tree lengthswere measuredand the bark was
removedto assesghe presenceof bark beetlesand
weevils. Specier genusidentificationwasbasedon

their characteristigallery systems.

For the Tomicuspiniperda T. minor, . acuminatus
and Pissodesspp., the shortestdistance from the
felling point wherethe specieswas detectedandthe
trunk diameterat thatlocationwererecordedor each
tree.Additionally, thefarthestdistanceérom thefelling

point and the trunk diameter at the last recorded
location of the specieswere also measuredFor the

Figure 1

Pissodeswveevils, no separatiorbasedonly on pupal
chambersvaspossibletherefore all individualswere
recordedasPissodespp.
To analysethe factorsinfluencingl. acuminatugree
colonizationsuccessand potential competitionfrom
other major pine wood-boring pestspeciesa Linear
Mixed-EffectsModel wasused(Imer proceduren R).
Thefollowing modelwasapplied:
model=Imer(la~L + Tm+ Tp+ P+ (1| Year)),
family = gaussian,
where:
la i proportion of the pine stem colonized by
I. acuminatug% of total treelength),
L T pinetreelength(m),
Tm T proportion of the pine stem colonized by
Tomicusminor,
Tp 1 proportion of the pine stem colonized by
Tomicuspiniperda
P 7 proportion of the pine stem colonized by
Pissodespp.,
Yeari yearin which treeswere sampled(random
effect).

Resultsand Discussion

The analysisof dendrophagougsectcolonizationin
freshlogging residuesrevealedsignificant differences
in speciesabundancéetweerresiduesstoredin stacks
(piles) and those placed on skidding trails (trails).
Overall, most speciesexhibited higher colonization
ratesin pilescomparedo trails, indicatinga preference
for stackedvoodasabreedinghabitatA F i d @r. e

Theoccurrenceof Ipsacuminatusandotherdendrophagoumsectsn freshloggingresiduegiledin stackqpiles)

andplacedon skiddingtrails (trails)
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I. acuminatusverefoundin bothwood wastestorage
conditions,with a slightly higherdensityin piles. On

average2.19 N 0.65 colonies(nuptial chambersand
associatedhotherandlarval galleries)perl m Jof bark

B Piles

O Trails

Rhagium inqusitor
Ortothomicus spp.
Ips acuminatus
Hylastes spp.

Pityogenes bidentatus
Pityogenes quadridens

Acanthocinus aedilis

were found on the remainingtreetopsand branches,
indicatingthatforestmanagemengracticescontribute
to theavailability of suitablebreedingmaterialfor this

species.
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Figure 2
Ips acuminatuglistribution, pine defoliationand mortality over studiedperiodin Stikli bog
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