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FOREWORD 
 

From May 14 to 16, 2025, Latvia University of Life Sciences and Technologies hosted the 31st 

Annual International Scientific Conference óResearch for Rural Developmentô, bringing 

together researchers, experts, and practitioners to discuss current scientific developments 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 

helped make the discussions smooth and meaningful throughout the sessions: Z. VǭtoliǺa, K. 

Furmanova, E. Dubrovskis, T. Ǵince, S. Zeverte-Rivza, L. Duckena, D. Grabuģa, L. Feldmane, 

J. Kaneps, U. Skadins, V. Tetere, J. Pilecka-Ulcugaceva, 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 this event a success. 

The óResearch for Rural Developmentô conference continues to serve as an important platform 

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 32nd International Scientific Conference óResearch for Rural Development 2026ô, which 

will take place on May 13ï15, 2026! 

 

 

Natalija Sergejeva  

Chairperson 

Annual 31st International Scientific Conference 

óResearch for Rural Development 2025ô 
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Abstract 
Seeking to achieve a balanced functioning of agrocenoses, it is vital to maintain a high productivity level of the crops grown 

with organic management practices, which major problem is yield losses due to poor soil quality. Alfalfa (Medicago spp.) is 

one of the most valuable forage crops of leguminous family, whose root system penetrates to deeper layers of the soil, 

improving physical and chemical soil properties. However, the use of alfalfa is limited due to its sensitivity to soil conditions. 

The aim of this study was to assess alfalfaᾷs agro-biological properties under various soil conditions. Field experiments were 

conducted in four different locations with optimal management. Agro-biological properties of six alfalfa (Medicago sativa L. 

and M. varia Marth.) cultivars of various geographic origin were evaluated in a high productivity Cambisol and Luvisol. It was 

determined that cultivar óMildaô distinguished for good overwintering, plants of cultivars óAntanǟô, óMalvinaô and óSkriveruô 

were taller at the beginning of flowering, cultivar óBirutǟô distinguished for the highest grass yield, while óAntanǟô and óBirutǟô 

distinguished for the dry matter (DM) yield. In a low productivity Retisol, the pH and mobile aluminium concentration had a 

major influence on overwintering, fresh matter and DM yields of the examined alfalfa cultivars. Alfalfa overwintering was 

10.1ï20.7% while fresh matter and dry matter yields were 2.0ï2.4 and 2.8 times lower compared to alfalfa grown in high 

productivity soil. 

Keywords: Medicago spp., agro-biological traits, productivity, soil type.  

 

Introduction  

In Lithuania, agricultural land soils markedly differ in 

productivity. Nearly 40% of the soils are insufficiently 

fertile (Tripolskaja & Ġidlauskas, 2010); moreover, 

those in the western part of the country are characterised 

by an acid reaction (Repġienǟ & Skuodienǟ, 2010). 

Retisols have a low buffering capacity and sorption, 

leading to rapid acidification, nutrient depletion, and 

reduced water retention (Repġienǟ & Karļauskienǟ, 

2016). Acidic soils are the most significant barrier to 

agricultural productivity because of the direct effects of 

pH on root environment and plant growth (Tomchuk, 

2018). Acidity limits root growth and, as a result, the 

absorption of water and mineral nutrients. The topsoil 

layer, which contains more organic matter, is dominated 

by H+, while Al3+ toxicity is more evident in the layer 

below. Acidic soil conditions induce plant stress, 

leading to symptoms such as slowed growth, weak 

tillering, sparse crop coverage, delayed developmental 

stages, and heightened susceptibility to diseases 

(Goulding, 2016; Wang et al., 2016). 

Alfalfa is valued for the crop longevity, high fertility, 

good forage quality and beneficial characteristics for 

the environment (improves soil physical properties, 

accumulates valuable nutrients and atmospheric 

nitrogen). Alfalfa distinguishes from the other legume 

grasses for its resistance to drought, because strong 

roots enable easier nutrients and water accessibility 

from deeper layers of the soil. Growing pure alfalfa 

crops or their mixtures together with the other grasses 

and legumes, the soil is enriched by nitrogen 

(Arlauskiene & Maikġtǟnienǟ, 2004). Therefore, 

alfalfa is a good forecrop (Skuodienǟ & Nekroġienǟ, 

2012). Moreover, it is worth to plant alfalfa on the hill  

slopes of 10ï20Á steepness (Jankauskas & 

Jankauskienǟ, 2003).  

Alfalfa, as well as the other legume grasses, prefers 

soil pH of 6.5ï7.2. They can grow in more acid soil as 

well, where limy layer is not deep in the subsoil. 

However, in acid soils, alfalfa becomes more sensitive 

for overwintering, drought and diseases circulating 

during the vegetation period (Daugǟlienǟ, 2010).  

Not only in Lithuania, but also in other countries 

around the world, alfalfa breeding programmes focus 

on winter hardiness, seed and grass yields increase, 

crop longevity, and resistance to abiotic and biotic 

stresses. Various breeding and selection methods are 

currently being used to develop alfalfa varieties for 

different purposes, with higher grass and seed yields, 

resistance to diseases, tolerance to acid soils and 

mobile aluminium (Liatukienǟ et al., 2024).  

When selecting alfalfa, it is very important to compare 

the new varieties being developed with those 

developed in Lithuania and in other countries. Foreign 

varieties of alfalfa have good grass and seed yields but 

are sensitive to the climatic conditions of our country 

(Liatukienǟ, 2012). In addition, the newly developed 

varieties must not only be higher yielding than 

previously developed varieties, but also distinguished 

by other desirable traits such as plant height at the 

beginning of flowering, leaf and inflorescence shape, 

colour, stem thickness, etc.  

The study was aimed to evaluate and compare the 

productivity traits of alfalfa varieties in different 

genesis soils.  

 

Materials and Methods 
Experimental trial  in the field 

The cultivars of alfalfa were sown in four locations of 

the experiment field. The first experiment field was at 

the Vǟģaiļiai Branch of Lithuanian Research Centre 

for Agriculture and Forestry (in the western part of 
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Lithuania). The soil of the experimental site was 

Bathygleyic Dystric Retisol (WRB, 2022), with a 

texture of sandy light loam, high acid soil reaction,  

phosphorus and potassium rich soil, organic carbon 

Corg. 1.23%, total nitrogen Ntotal 0.12ï0.14% and 

mobile Al  1.78-23.41 mg kgī1 (Table 1). 

 
Table 1  
Sitesô characteristics 

Indices Experimental site 

Pedological indices 
Vǟģaiļiai 
Branch 

Institute of 
Agriculture 

Utena 
PVTD 

Pasvalys 
PVTD 

Soil type Retisol Cambisol Luvisol Cambisol 

Soil texture sandy light loam light loam sandy loam clay loam 

Sand, % 46.9 49.0 55.6 22.7 

Silt, % 45.1 37.5 32.0 50.3 

Clay, % 8.0 13.5 12.4 27.0 

pHKCl 4.4ï4.7 6.9ï7.3 6.4 6.4 

Mobile Al, mg kgï1 1.78ï23.41 0.00 0.00 0.00 

Mobile P2O5, mg kgï1 177ï335 201ï270 127 234 

Mobile K2O, mg kgï1 195ï234 101ï175 187 366 

Ntotal, % 0.12ï0.14 0.14ï0.16 0.13ï0.15 0.15ï0.16 

Organic C, % 1.23 1.47 1.06 1.35 

Climatic indices 2021 

Total annual precipitation, mm 907.7 515.7 623.0 795.2 

Annual mean temperature, ÁC 7.4 7.4 6.9 7.9 

Growing seasonôs total precipitation, mm 528.1 388.5 433.6 526.6 

Growing seasonôs mean air temperature, ÁC 13.3 13.7 13.2 13.6 

 2022 

Total annual precipitation, mm 803.2 628.4 807.0 642.9 

Annual mean temperature, ÁC 8.1 8.0 7.3 7.7 

Growing seasonôs total precipitation, mm 461.4 472.1 579.8 427.1 

Growing seasonôs mean air temperature, ÁC 13.2 13.3 12.6 13.0 

 2023 

Total annual precipitation, mm 1045.6 504.7 754.5 578.6 

Annual mean temperature, ÁC 8.6 8.8 8.2 8.4 

Growing seasonôs total precipitation, mm 487.7 323.3 466.6 398.7 

Growing seasonôs mean air temperature, ÁC 13.8 14.4 13.8 14.1 

Notes: Growing seasons from 4 to 10 months. PVTD ï Plant Variety Testing Division.  

 

The second experiment field was at the Institute of 

Agriculture of Lithuanian Research Centre for 

Agriculture and Forestry (Dotnuva, in the central part 

of Lithuania). The soil of the experimental site was 

Endocalcari Epigleyic Cambisol (WRB, 2022). The 

physicochemical properties of investigated soil were: 

light loam texture, neutral soil reaction, phosphorus 

rich soil and low amount of potassium in soil, organic 

carbon Corg 1.47% and total nitrogen Ntotal 0.14ï0.16%. 

The soil of the experimental site in Utena (North-

eastern part of Lithuania) was Luvisol, with a texture 

of sandy loam, neutral soil reaction, medium amount 

of phosphorus and potassium rich soil, organic carbon 

Corg. 1.06%, total nitrogen Ntotal 0.13ï0.15%. 

The soil of the experimental site in Pasvalys (North 

part of Lithuania) was Cambisol, with a texture of clay 

loam, neutral soil reaction, phosphorus and potassium 

rich soil, organic carbon Corg. 1.35%, total nitrogen 

Ntotal 0.15ï0.16%. 

In order to evaluate agro-biological traits, alfalfa 

cultivars were sown on neutral (Cambisol) and low-

yielding acid soil (Retisol). The seeds of six cultivars 

were sown in 2020. During the period of 2021ï2023, 

the agro-biological traits (overwintering, plant height 

before flowering, fresh and dry matter yields) were 

evaluated. The plants of alfalfa cultivars were cut three 

times in Cambisol; however, the plants were cut two 

times in Retisol, due to slow regrowth after cuts. In 

each location of the experiment, the seeds of alfalfa 

cultivar were sown in two rows of 3 m length in a 

randomized block design with three replications. Each 

alfalfa cultivar was sown in smaller experimental plots 

of 1.5 m2 with a 1.0 m spacing between different 

genotypes. Weed control in alfalfa crops was managed 

using the herbicide Basagran 480 (active ingredient: 

bentazon 480 g L ĭ) at a rate of 2 L ha ĭ. 

Cultivar testing and registration 

In this experiment, Lithuanian alfalfa cultivars óAntanǟô, 

óBirutǟô, óMalvinaô and óĢydrȊnǟô, the cultivar óSkriveruô 

from Latvia and a new Lithuanian cultivar óMildaô 

(Medicago varia Martyn.) were used. In 2008, the 

cultivar óMildaô has begun developed by hybridization 

method in the greenhouse conditions. Two cultivars 

(óAugȊnǟ IIô Ĭ 12991) were crossed between.  
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After the developing of the breeding population AI -

3058 óMildaô, this population was transferred to 

testing the value for cultivation and use (VCU) at the 

State Variety Testing Division in two locations of 

Lithuania ï North-eastern (Utena State Plant Variety 

Testing Division) and North (Pasvalys State Plant 

Variety Testing Division). At the same time other 

testing of population AI  3058 óMildaô for DUS 

(Distinctness, Uniformity, Stability) was carried out in 

2020ï2023 at the Research Centre for Cultivar Testing 

(COBORU) in Poland. After the confirmation of 

positive DUS and VCU tests, in 2024, the cultivar 

óMildaô was included to the Lithuanian National List 

of Plant Varieties as well as to EC Common catalogue 

of varieties of agricultural plant species.  

Weather conditions of experiment locations  

Lithuanian climate zone is semi-continental with 

moderately warm summers and moderately cold 

winters. The weather conditions of the experimental 

years in the central region of Lithuania (Dotnuva) were 

cold and wet in winter and very warm and humid in 

summer. Throughout the study period, the average air 

temperature was ī1.1 ÁC in January and 19.5 ÁC in 

July, with an annual precipitation of 550 mm, varying 

from 505 mm in 2023 to 628.4 mm in 2022 (Table 1). 

During the study period in the north-eastern region of 

Lithuania (Utena), the average air temperature was ï

1.7 ÁC in January and 18.9 ÁC in July. Annual 

precipitation was 728 mm and ranged between 623 

mm in 2021 and 807 mm in 2022 (Table 1). 

In the north-eastern region of Lithuania (Pasvalys), the 

average temperature during the study period was ï0.6 

ÁC in January and 19.1 ÁC in July. Annual precipitation 

was 672 mm and ranged between 579 mm in 2023 and 

795 mm in 2021 (Table 1). 

The western region of Lithuania (Vǟģaiļiai) 

distinguishes for the maritime climate and is 

characterized as moderately warm and humid. In 

comparison with the other regions, the amount of 

precipitation is the highest there. During the study 

period, the average air temperature was 0.6 ÁC in 

January and 18.3 ÁC in July. The average annual 

precipitation was 908 mm and ranged between 803 

mm in 2022 and 907 mm in 2021 (Table 1). 

Statistical analysis 

The statistical analyses were performed using the 

statistical program SAS Enterprise Guide, version 7.13 

(SAS Institute Inc., USA). The significance of the 

differences between experimental treatments was 

evaluated by one-factor analysis of variance (ANOVA). 

Tukeyôs HSD test was performed for multiple 

comparisons at the significant probability level p < 0.05. 

 

Results and Discussion 

Lithuanian National List of Plant Varieties contains 7 

alfalfa (Medicago sativa L.) cultivars, 4 of them ï 

Lithuanian. In 2024, a new sand alfalfa (Medicago Ĭ 

varia T. Martyn) cultivar óMildaô was included. 

According to the studies of economic value in 2022ï

2023, it was determined to be resistant to overwintering, 

crop flattening (Table 3). In the beginning of flowering, 

the plants were 3.0 cm taller, compared to the standard 

Latvian cultivar óSkriveruô. óMildaô was more yielding 

(1.93 t haï1) for the dry matter yield than óSkriveruô. The 

indicators of forage quality were similar to the standard 

cultivar: proteins ï 20.0% óMildaô and 21.1% 

óSkriveruô, fibre ï 27.2% and 26.3%, leafiness ï 45.8% 

and 45.2%, respectively.  

The results of the study showed that the overwintering, 

plant height before flowering, fresh matter yield and dry 

matter yield were significantly influenced (P < 0.0000) 

by the soil pHKCl, and the weather conditions of 

experimental year (Table 2). According to the results of 

2022ï2023, cultivar óMildaô overwintered very well (9 

points). The overwintering of cultivars óAntanǟô, 

óBirutǟô, óĢydrȊnǟô, óMalvinaô and óSkriveruô was 

similar to óMildaô (ranged from 8.6 to 8.9 points). Our 

study showed that all cultivars of alfalfa differed by the 

plant height before flowering under different 

environmental conditions during the growing season in 

2022ï2023. Plant height is related to the environmental 

conditions and the genetics of individual genotypes 

(Kavut et al., 2014; Djaman et al., 2020). 

In the vegetation period of 2022, contrastive weather 

conditions ï rainy and warm dominated. The period of 

spring-summer in 2023 was less rainy, hotter and drier. 

Therefore, the cultivars of alfalfa were 1.1 times taller 

before flowering in 2022 than in 2023. During the 

growing stage in 2022 that was mentioned above, the 

height of plants of cultivar óMildaô was similar to 

óAntanǟô, óMalvinaô and óSkriveruô, and slightly lower 

compared to alfalfa cultivars óBirutǟô and óĢydrȊnǟô 

1.05 times, respectively. In 2023, alfalfa cultivar 

óMildaô was taller than Latvian cultivar óSkriveruô, but 

lower than cultivar óĢydrȊnǟô 1.1 times each, 

respectively. 

Environmental conditions play a significant role in the 

variation of fresh and dry matter yields among alfalfa 

cultivars (Veronesi et al., 2010). Fresh matter yield of 

alfalfa cultivars was 1.3 times higher in 2022 than in 

2023. The fresh matter yield of cultivar óMildaô (47.6 

t haï1) was similar to óBirutǟô (47.7 t haī1). óMildaô was 

more yielding compared to cultivars óAntanǟô and 

óSkriveruô by 1.1 times and was more yielding 

compared to óĢydrȊnǟô and óMalvinaô by 1.05 times. 

In 2023, the fresh matter yield of cultivars óMildaô, 

óAntanǟô, óĢydrȊnǟô and óMalvinaô was similar and 

ranged from 32.8 t haī1 to 37.0 t haī1, while the most 

yielding cultivar was óBirutǟô (40.6 t haï1). 

The dry matter yield of alfalfa was similar in 2022 and 

2023- 8.8 t haï1 and 9.6 t haï1, respectively. Dry matter 

yield of cultivars óMildaô and óĢydrȊnǟô was similar in 

2022, and these cultivars were more yielding 

compared to óSkriveruô, by 1.1 times. The dry matter 

yield of cultivars óAntanǟô and óBirutǟô was the highest 

and these cultivars were by 1.4 times more yielding 

compared to óSkriveruô and by 1.2 times more yielding 

compared to óMildaô.  
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Table 2 

The ANOVA results for the soil pHKCl, under field conditions effects on alfalfa wintering, height at before 

flowering, fresh and dry matter yields 

Traits 
Source 

Cultivar Soil pHKCl Year 

Overwintering (score) P<0.0000 P<0.0000 P<0.0000 

Plant height before flowering (cm) P<0.0000 P<0.0000 P<0.0000 

Fresh matter yield (t haī1) P<0.0000 P<0.0000 P<0.0000 

Dry matter yield (t haī1) P<0.0000 P<0.0000 P<0.0000 

 

Table 3 

The value for cultivation and use (VCU) of tested alfalfa cultivars in a high productivity soil in 2022-2023 

Traits 

2022 

(2021 sowing year) 

2023 

(2021 sowing year) 

2023 

(2022 sowing year) 

Pasvalys Plant Variety Testing Division 

Milda Skriveru Milda Skriveru Milda Skriveru 

Overwintering (1ï9 score) 9.0 9.0 9.0 9.0 9.0 9.0 

Resistance to subsidence (1ï9 

score) 
8.0 8.0 9.0 9.0 9.0 9.0 

Plant height, cm 91.0 96.0 79.0 73.0 70.0 65.0 

Leafiness, % 49.0 40.0 x x 53.0 57.0 

Crude protein, % 19.9 22.8 20.7 22.5 20.0 19.7 

Crude fibre, % 30.6 28.7 26.4 26.0 26.3 26.6 

Dry matter yield, t haī1 22.0 17.7 21.0 17.6 19.5 16.8 

Vegetation period (days until 

the first cut) 
168.0 168.0 157.0 157.0 157.0 157.0 

 Utena Plant Variety Testing Division 

Overwintering, (1ï9 score) 9.0 8.5 9.0 8.5 9.0 8.5 

Resistance to subsidence (1ï9 

score) 
7.3 7.6 9.0 9.0 8.5 8.5 

Plant height, cm 72.0 68.0 63.0 59.0 64.0 60.0 

Leafiness, % 33.3 32.1 x x 47.9 51.5 

Crude protein, % 18.7 20.7 18.9 20.7 21.8 20.0 

Crude fibre, % 25.9 25.7 28.1 25.2 25.7 25.6 

Dry matter yield, t haī1 10.99 9.77 8.51 9.14 8.2 7.64 

Vegetation period days until the 

first cut 
178.0 178.0 167.0 166.0 166.0 166.0 

Notes: x ï not determined. 1 score ï very low value, 9 score ï very high value. 

 

The alfalfa cultivars óMildaô, óAntanǟô, óĢydrȊnǟô and 

óMalvinaô were similar for their dry matter yield in 

2023, respectively: 9.5 t haï1, 9.7 t haī1, 9.7 t haï1 and 

9.8 t haï1. The dry matter yield of 4 cultivars 

mentioned above was 1.3 times higher than óSkriveruô 

but 1.2 times less yielding compared to óBirutǟô.  

The fresh matter and dry matter yields of alfalfa 

depended on growing conditions in productive soils of 

different regions of Lithuania. According to the 

economic value studies of 2022 and 2023 in Pasvalys 

(North part of Lithuania), the dry matter yield of 

cultivar óMildaô was by 1.2 higher than the standard 

cultivar óSkriveruô. Studies in Utena (North-eastern 

part of Lithuania) showed, that dry matter yield of 

alfalfa óMildaô was by 1.1 times higher than óSkriveruô 

in 2022, while the yield of standard cultivar was 

similar in 2023. 

In 2022, the dry matter yield of alfalfa óMildaô was by a 

long way higher (2.7 times) in Pasvalys, than in 

Dotnuva (central part of Lithuania). Cultivar óSkriveruô 

was 2.4 times more yielding. In 2023, the dry matter 

yield of cultivar óMildaô was 2.1 times higher in 

Pasvalys than in Dotnuva. In 2022, the dry matter yield 

of cultivars óMildaô and óSkriveruô was higher in Utena 

compared to Dotnuva, ï by 1.3 times, respectively. Dry 

matter yield of cultivar óMildaô in 2023 was higher in 

Dotnuva than in Utena ï by 1.3 times. 

Acidic soils are mostly related to high aluminium ions 

concentration there (Oģeraitienǟ, 2000; Repġienǟ & 

Karļauskienǟ, 2016). Aluminium ions interfere with 

various physiological and cellular processes in the 

roots. High concentrations of mobile Al  are toxic to 

plants and cause oxidative stress and may disrupt 

metabolic functions of plants (Langer et al., 2009; 

Bartoli et al., 2017). However, in acidic soil with small 

concentrations of mobile Al  can sometimes increase 

plant growth or bring other desirable effects 

(Kisnerienǟ &  Lepeikaite, 2015). Root function is 
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extremely dynamic and dependent on internal plant 

signals, root traits and morphology, and the physical, 

chemical and soil environment (Kuka et al., 2016).  

Our study showed that overwintering of alfalfa 

cultivars in acidic soil with mobile Al  (13.6 mg kgï1) 

concentration, was better (by 1.2 times) in the second 

winter than in the third winter. Overwintering of  

cultivars óMildaô and óSkriveruô was by 1.2 times 

worse in the second winter compared to cultivars 

óAntanǟô, óĢydrȊnǟô and óMalvinaô. In the third winter, 

cultivars óMildaô, óĢydrȊnǟô and óMalvinaô persisted 

(overwintered) similarly, and they overwintered by 1.3 

times better than óSkriveruô.  

The height before flowering of studied alfalfa cultivars 

was by 1.2 times higher in the second year of use than 

in the third year of use. The cultivars óMildaô, óBirutǟô 

and óMalvinaô were taller by the height before flowering 

in the second year of use than óAntanǟô and óSkriveruô, 

by 1.1 times. Alfalfa óBirutǟô distinguished for the plant 

height (115.3 cm). In the third year of use, óMildaô, 

óBirutǟô and óSkriveruô were by 1.1 times taller at before 

flowering compared to óAntanǟô and óMalvinaô.  

 

Figure 1 

Comparison of agro-biological traits of alfalfa in productive and less productive soil 

 

 

 
Notes: pH ï soil acidity (pHKCl) by the potentiometric method in the extraction of 1 M KCl. Vertical dashes indicate the 

mean of standard error. 

 

The fresh matter yield of the alfalfa cultivars was 1.8 

times higher in the second year of use than in the third 

year of use, because grasslands of alfalfa thinned. The 

fresh matter yield of the second year of use of cultivars 

óMalvinaô and óSkriveruô was similar to óMildaô, while 

it was by 1.1 times higher than óAntanǟô and óĢydrȊnǟô 

and by 1.3 times higher than óBirutǟô.  

In the third year of use, the fresh matter yield of alfalfa 

óBirutǟô and óSkriveruô was higher compared to 

cultivars óMildaô ï by 1.2, óĢydrȊnǟô ï by 1.4 and 

óMalvinaô ï by 1.6 times. The highest dry matter yield 

of the alfalfa cultivars óMildaô and óSkriveruô (4.7 t haï

1 and 4.8 t haï1 respectively) was in the second year of 

use. It was by 1.2 times higher than cultivars óAntanǟô 

and óMalvinaô. In the third year of use, the alfalfa 

cultivar óSkriveruô distinguished for the highest dry 

matter yield (4.7 t haï1). This cultivar was more 

yielding than óMildaô ï by 1.3 times, óĢydrȊnǟô ï by 

1.7 times and óAntanǟô ï by 1.9 times.  

In summary of the average data, in less productive 

soils the amount of overwintered alfalfa plants in the 

second winter was lower by 10.1%, and in the third 

winter it was lower by 20.7% than in productive soils 

ᾸFigure 1ᾷ. Analysed alfalfa plants of the second year 

of use in the beginning of flowering were by 8.2% 

taller in less productive soils, and in the third year of 

use ï taller by 7.1% compared to alfalfa that was 

growing in productive soils ᾸFigure 1ᾷ. The fresh 

matter and dry matter yields of examined alfalfa of the 

second year of use in less productive soils were 2.0 and 

2.4 times lower, and in the third year of use ï 2.8 and 

2.8 times lower than in productive soils ᾸFigure 1ᾷ. 

Alfalfa spread is limited by the soil acidity and the 

abundance of moisture in the soil (Daugǟlienǟ, 2010). 

 

Conclusions  

1. New alfalfa cultivar ᾸMildaᾷ, similarly as the other 

examined cultivars distinguished for the high and 
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stable fresh matter and dry matter yields and are 

adapted to the conditions of Lithuanian climate. 

2. The fresh matter and dry matter yield of the examined 

alfalfa cultivars on average in three years were 40.4 and 

9.2 t haī1 in productive soils and 17.4 and 3.6 t haī1 in 

less productive soils. In the beginning of flowering, 

plants grown in productive soils were by 7.6 lower 

compared to those grown in less productive soils. 

3. Lithuanian cultivars could be grown in more acid soil 

if  pHKCl is not lower than 4.5 and the amount of mobile  

aluminium is not higher than 25.0 mg kgï1. 
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Abstract 
Leaf blotches, caused by Pyrenophora tritici -repentis and Zymoseptoria tritici  are among the most devasting and widespread 

diseases in Latvia and other regions where wheat is extensively grown. Two field experiments were conducted over three years 

(2022-2024) in farmerôs fields situated in the Central region of Latvia. The aim of research was to evaluate various fungicide 

and biological product application schemes, with wheat sown following preceding crops of either wheat or oilseed rape. 

Application schemes included fungicide application in different wheat growth stages and doses, as well as one biological 

product. Obtained data indicates that tan spot, caused by Pyrenophora tritici -repentis, was the predominant disease with 

severity ranging from 3 to 32% depending on a year and pre-crop. Level of tan spot was notably higher in repeated wheat 

sowings. The severity of Septoria leaf blotch ranged from 0% to 7%, and was not influenced by pre-crop. Fungicide application 

reduced the severity of leaf blotches; however, effectiveness varied significantly both across and within treatments. On average, 

more effective results were observed when a single fungicide treatment was applied at the end of heading and the beginning of 

flowering. The efficacy of the lowest fungicide dose was inconsistent, exhibiting greater variability compared to higher doses. 

Additionally, split spraying did not provide remarkable results compared to a single application. Application of biological 

product did not provide control of diseases. Strong, positive correlation was observed between the reduction in leaf blotches 

severity and the additional yield obtained. 

Keywords: Pyrenophora tritici -repentis, Zymoseptoria tritici , severity, yield, plant protection. 

 

Introduction  

Wheat is one of the most widely cultivated and 

economically important crops in Latvia and globally. 

However, the spread of various diseases, particularly 

leaf diseases, poses one of the most significant risk to 

crop production. Leaf blotches, caused by 

Pyrenophora tritici -repentis and Zymoseptoria tritici  

are among the most devasting and widespread diseases 

in Latvia and other regions where wheat is extensively 

grown (Savary et al., 2019; Ġvarta et al., 2023).  

The severity of leaf blotches and the associated yield 

losses are well documented, but results vary depending 

on region and others factors. Comprehensive review of 

the significance of these diseases has been conducted 

in the Nordic and Baltic countries. The severity 

fluctuated between 2% to 77% for tan spot and from 

3% to 46% for Septoria leaf blotch respectively, 

depending on the year and agronomic practises (Jalli 

et al., 2020). According to the research by Jalli et 

al. (2020), yield losses reached between 529 and 1208 

kg ha-1 due to these diseases. 

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 agronomic practise in controlling of Septoria leaf 

blotch remains unclear, as the results of trials are 

inconsistent (Ġvarta et al., 2023). The life cycles of tan 

spot and Septoria leaf blotch differ under conditions of 

Latvia (Bankina et al., 2021). The causal agent of tan 

spot, Pyrenophora tritici -repentis, primarily survives 

in crop debris. Pseudothecia form in the straw at the 

end of vegetation season and continue to develop into 

the following spring. Consequently, the amount of 

residues determines level of tan spot. In contrast, 

Zymoseptoria tritici  overwinters in living wheat as 

pycnidia. The intensity of disease is influenced by the 

potential for conidia to be transferred to 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, the results have been contradictory. Various 

doses of fungicides, timings of application and their 

interactions have been evaluated. Effectiveness of 

control depends on multiple factors, including the 

resistance level of cultivars, weather conditions, 

agronomic practices and the pressure of diseases 

(Cruppe et al., 2021; Breunig et al., 2022). 

Recent research focuses on the potential to reduce 

fungicide applications and develop alternative 

methods for wheat leaf blotches control. Although 

some promising results have emerged, the 

effectiveness of control and convenience of 

application remain insufficient for practical use. 

The aim of presented research is to evaluate efficacy 

of fungicide schemes and biological product for 

controlling wheat leaf blotches. 

 

Materials and Methods 

Field studies were conducted over three years (2022-

2024) in farmerôs fields situated in the Central region 

of Latvia, specifically at coordinates 56.318117Á N, 

24.03363Á E and 56.330209Á N., 24.032006Á E. This 

region is characterized by its highly fertile soils and 

significant proportion of wheat in the sowing structure. 

https://orcid.org/0000-0001-7745-2804
https://orcid.org/0000-0003-3203-7089
https://orcid.org/0000-0003-1498-9780
https://orcid.org/0000-0003-4096-2741
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The variety óSkagenô was selected for the study due to 

its extensive cultivation in Latvia, good winter 

hardiness, and moderate resistance to leaf diseases. 

Two field experiments were established to evaluate 

various fungicide and biological product application 

schemes, with wheat sown following preceding crops 

of either wheat or oilseed rape. 

Crop management practices mirrored those used on the 

specific farm and were typical of commercial fields 

with an intensive growing system characteristic of this 

region. Reduced soil tillage was implemented through 

disk harrowing to a depth of 18 cm. Nitrogen 

fertilization rates ranged from 139 to 160 kg ha-1.  

The seed was treated with fungicide at a rate of 1 L t-1, 

containing fludioxonil (50 g L- 1) and tebuconazole (10 

g L-1). Growth retardants were applied twice during 

season of vegetation, with no insecticides used. 

One-factor trials were designed with nine variants and 

four replicates, arranged in a randomized design. 

Experimental plots, each measuring 2.5 Ĭ 10 m, were

established within production fields. Various doses of 

fungicides and application timings were evaluated, and 

one biological product (the product is not yet 

registered; therefore, the composition of the 

microorganisms has not been disclosed) was included 

as a treatment (Table 1).  
The severity of diseases was assessed visually at the 

milk ripeness stage (GS 73 to 77 according to BBCH 

scale), by evaluating severity (%) on the two upper 

leaves. 

The relative increase in yield (%) depending on 

treatment and relative decrease in leaf blotches 

severity (%) were calculated. 

Significance of differences in disease severity was 

evaluated using the nonparametric KruskalïWallis test 

followed by Dunnôs post-hoc test with the rstatix 

package (Kassambara, 2023). Pearson correlation 

coefficients were generated using the ggpairs function 

from the GGally package (Schloerke et al., 2025) and 

visualised with the ggplot2 package (Wickham, 2016). 

 

Table 1 

Fungicide and biological product application scheme 

No. Designation Product 
*Dose,  

L ha-1 

Growth stages 

according BBCH 

1. A Control (fungicide was not used) 

2. B 
Bixafen 65 g L-1; prothioconazole 130 g L-1; 

fluopyram 65 g L-1 1.50 59-61 

3. C 
Bixafen 65 g L-1; prothioconazole 130 g L-1; 

fluopyram 65 g L-1 
1.15 59-61 

4. D 
Bixafen 65 g L-1; prothioconazole 130 g L-1; 

fluopyram 65 g L-1 0.75 59-61 

5. E 
Bixafen 65 g L-1; prothioconazole 130 g L-1; 

fluopyram 65 g L-1 1.50 51-53 

6. F 
Bixafen 65 g L-1; prothioconazole 130 g L-1; 

fluopyram 65 g L-1 
1.15 51-53 

7. G 
Bixafen 65 g L-1; prothioconazole 130 g L-1; 

fluopyram 65 g L-1 0.75 51-53 

8. H 

Prothioconazole 160 65 g L-1; spiroxamine 200 

65 g L-1; proquinazid 40 65 g L-1 0.75 32-33 

Bixafen 65 g L-1; prothioconazole 130 g L-1; 

fluopyram 65 g L-1 
0.75 59-61 

9. I 
**BIF -BEAUB 15.00 32-33 

BIF-BEAUB 15.00 51-53 

*Fungicide doses based on main active ingredient (prothioconazole).  

**Code of biological product developed by commercial company Bioefekts Ltd. 

 

Results and Discussion 

Meteorological conditions varied throughout the 

experimental period ᾸFigure 1ᾷ. Spring of 2023 was 

notably dry, with higher temperature compared to 

other years, which significantly influenced the 

development of leaf blotches. 

Obtained data indicates that tan spot, caused by 

 

Pyrenophora tritici -repentis, was the predominant 

disease affecting wheat from 2022 to 2024, with the 

severity ranging from 3 to 32% depending on the 

year and pre-crop ᾸFigure 2ᾷ. Level of tan spot was 

notably higher in repeated wheat sowings 

(p<0.001). 
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Figure 1 

Meteorological conditions during the period of vegetation in the years 2022-2024 

 
 

Figure 2 

The severity of tan spot, caused by Pyrenophora tritici -repentis at the milk stage of ripening depending on year 

and pre-crop 

 

 
 

In contrast, Septoria leaf blotch, caused by 

Zymoseptoria tritici , was recorded on the upper two 

leaves only in 2022 and 2024. Its severity ranged from 

0% to 7%, significantly lower comparing with tan spot 

ᾸFigure 3ᾷ. Level of Septoria leaf blotch was not 

influenced by pre-crop used. 
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Figure 3 

The severity of Septoria leaf blotch, caused by Zymoseptoria tritici  at the milk stage of ripening depending on 

year and pre-crop 

 
 

Fungicide application reduced the severity of tan spot; 

however, its effectiveness varied significantly both 

across and within treatments ᾸFigure 4ᾷ. Neither the 

year of cultivation nor the pre-crop had a significant 

impact on the effectiveness of fungicides. 

 

Figure 4 

The severity of tan spot, caused by Pyrenophora tritici -repentis, depending on treatment scheme: A ï without 

fungicide; B ï fungicide at the BBCH 59ï61, dose 1.5 L ha-1; C ï fungicide at the BBCH 59ï61, dose 1.15 L ha-1; 

D ï fungicide at the BBCH 59ï61, dose 0.75 L ha-1; E ï fungicide at the BBCH 53-55, dose 1.5 L ha-1; F ï fungicide 

at the BBCH 53-55, dose 1.15 L ha-1; G ï fungicide at the BBCH 53-55, dose 0.75 L ha-1; H ï fungicide at the 

BBCH 32.-33. and 59.-61., doses 0.75 L ha-1 and 0.75 L ha-1, I ï BIF-BEAUB at the BBCH 32.-33. and 51.-63., 

doses 15 L ha-1 and 15 L ha-1 

 

 
 

Applying a single fungicide application at the end of 

heading and the start of flowering generally produced 

better results. The efficacy of the lowest fungicide dose 

was inconsistent, exhibiting greater variability compared 

to higher doses. Additionally, split spraying did not 

provide superior results compared to a single application. 

Efficacy of Septoria leaf blotch control is difficult to 

evaluate, because level of disease was low. In general, 

level of disease was reduced in all schema of fungicide 

application, but the best variant was not clear ᾸFigure 5ᾷ.  
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Figure 5 

The severity of Septoria leaf blotch, caused by Zymoseptoria tritici,  depending on treatment scheme: A ï without 

fungicide; B ï fungicide at the BBCH 59ï61, dose 1.5 L ha-1; C ï fungicide at the BBCH 59ï61, dose 1.15 L ha-1; 

D ï fungicide at the BBCH 59ï61, dose 0.75 L ha-1; E ï fungicide at the BBCH 53-55, dose 1.5 L ha-1; F ï fungicide 

at the BBCH 53-55, dose 1.15 L ha-1; G ï fungicide at the BBCH 53-55, dose 0.75 L ha-1; H ï fungicide at the 

BBCH 32.-33. and 59.-61., doses 0.75 L ha-1 and 0.75 L ha-1; I ï BIF-BEAUB at the BBCH 32.-33. and 51.-63., 

doses 15 L ha-1 and 15 L ha-1 

 

 
 

The biological product proved mostly ineffective, 

resulting in notably higher both leaf blotches severity 

compared to chemical treatments. 

The yield of winter wheat varied significantly. In 

untreated variants, where wheat followed wheat, yields 

ranged from 5.0 to 9.2 t ha-1, in contrast, when wheat 

was grown after oilseed rape, yields were higher, 

ranging from 7.9 to 9.4 t ha-1. On average, fungicide 

application enhanced yields, achieving values between 

5.9 to 9.9 t ha-1 after wheat, and 7.7 to 9.9 t ha-1 after 

oilseed rape, depending on year and specific treatment.  

The harmfulness of diseases was calculated by 

considering the relative reduction in disease severity 

and the corresponding relative increase in yield. 

Strong, positive correlation was observed between the 

reduction in leaf blotches severity and the additional 

yield obtained ᾸFigure 6ᾷ.

 

Figure 6 

The correlation between relative decrease in leaf blotches severity at the milk ripening and relative increase in 

winter wheat yield 

 
 

 

Leaf blotches, caused by Pyrenophora tritici -repentis 

and Zymoseptoria tritici  were identified as the most 

significant diseases over the three years. This outcome 

was expected, as similar results have been reported in 

others experiments conducted worldwide. 

The severity of diseases fluctuated depending on 

various factors, including meteorological conditions, 

characteristics of varieties and agronomic practises. 
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Repeated wheat sowings and reduced soil tillage 

essentially increase level of tan spot (Jalli et al., 2021); 

however, the effects on Septoria leaf blotch results are 

contradictory (Bankina et al., 2021).  

The obtained results regarding the dominance of tan 

spot align with previous findings in Latvia, especially in 

repeated wheat sowings (Bankina et al., 2021; Ġvarta et 

al., 2023). However, these data differ from the situation 

in most European countries, where tan spot is 

considered a minor disease. In contrast, Septoria leaf 

blotch is identified as the most devasting disease of 

winter wheat, including North Europe, excluding 

Norway and Sweden (Willocquet et al., 2021). 

The number of rainy days and high relative air humidity 

are the most important factors that influence level of 

Septoria leaf blotch (Andersson et al., 2022). This disease 

was not observed in 2023 due to insufficient precipitation 

during May and first decade of June ᾸFigure 1ᾷ, which 

prevented the release Zymoseptoria tritici  conidia from 

pycnidia on the leaves. These conidia, mainly formed in 

previous autumn, typically spread to the upper leaves 

under favourable conditions.  

The high amount of precipitation promotes the 

development of tan spot, as noted by Cook et al. 

(2024). This finding was confirmed in our trials: the 

highest pressure of tan spot was observed in 2022, 

when the first half of summer was more humid 

compared to other years. 

Different fungicides are widely used to protect wheat and 

increase yield; however, prothioconazole (14Ŭ-

demethylase inhibitor) is recognized as one of the most 

effective against tan spot (KaǺeps et al., 2024) and 

Septoria leaf blotch (Jorgensen et al., 2018); therefore, 

this fungicide has been chosen. Despite a significant 

number of field trials, the optimal timing and dosage of 

fungicide remain unclear. The results of presented study 

are also controversial. Although most of researchers have 

recognized heading as the best time for fungicide 

spraying (Peterson et al., 2023), the latest application 

produced better results according to the current study.  

This discrepancy can possibly be explained by variations 

in the spectrum of diseases. Tan spot develops quickly 

only after flowering, making the later treatment more 

suitable under specific conditions in Latvia.  

Despite variations in the effectiveness of fungicide 

applications, treatment increased yield by an average 

of 0.29 ha-1. Although two applications of fungicides 

are commonly recommended (Wang et al., 2024), the 

findings of this study did not support it, as Septoria leaf 

blotch was only a minor disease. Similarly, Wegulo et 

al. (2011) and Breunig et al. (2022) noted that two 

fungicide sprayings are necessary only during humid 

seasons with high pressure of diseases. 

The amount of additional yield depended on various 

factors, including disease pressure (Cruppe et al., 

2021), with the level of protection positively 

associated with yield (Willocquet et al., 2021). Similar 

conclusion was drawn in the presented study ï the 

greatest suppression of leaf blotch severity resulted in 

the higher additional yield. 

 

Conclusions  

1. Fungicide treatment is essential to protect winter 

wheat and ensure high yields; however, the timing and 

dosage of application depend on the specific 

conditions of the year and the individual field.  

2. Unfortunately, the biological product tested in this 

study was not effective.  

Fluctuations in the results indicate that standardised 

treatment schemes are ineffective under changing 

meteorological conditions and other influencing factors.  

3. Monitoring disease development and evaluating risk 

factors are crucial for effective and environmentally 

friendly disease control in winter wheat. 
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Abstract 
Following the regulations of the European Union ᾸFarm to Fork Strategyᾷ encourages a significant reduction in the use of plant 

protection products and mineral fertilizers by 2030. Potatoes are grown widely because they are a valuable source of nutrition. 

However, achieving high levels of yield and quality remains a challenge, particularly due to the risk of diseases. The causal 

agents of diseases belong to various kingdoms ï fungi, bacteria, and viruses. The potato late blight (caused by 

Phytophthora infestans), early blight (caused by Alternaria spp.), black scurf (caused by Rhizoctonia solani), silver scurf 

(caused by Helminthosporium solani), black dot (caused by Colletotrichum coccodes), fusarium dry root (caused by 

Fusarium spp.) and common scab (caused by Streptomyces spp.) are the most important potato leaf and tuber diseases. The 

market offers a wide variety of microbiological products, which contain microorganisms for the control of potato diseases. The 

active ingredients in these products are primarily microorganisms from the fungal and bacterial kingdoms, such as Bacillus spp., 

Trichoderma spp., Pseudomonas spp., or their combinations. However, they differ in effectiveness against pathogens, as well 

as in the timing of application, the number of applications, the form of the products, and the most favorable meteorological 

conditions during and after treatment. It has a future and potential to be a good alternative to chemical plant protection. The 

aim of this study was to summarize information from researches about the popular microbiological products, their component 

biology and effectiveness to control potato diseases. 

Keywords: Solanum tuberosum L., potato diseases, Bacillus spp., Trichoderma spp., Pseudomonas spp.  

 

Introduction  

Potato (Solanum tuberosum L.) is the most widely 

cultivated and one of the major tuber crops in the world. 

It is ranking third to fourth place among the most 

cultivated crops, following wheat (Triticum aestivum), 

rice (Oryza sativa) and sharing place with maize 

(Zea mays) (Simko, 2004; Kumar & Chandra, 2018; 

Campos & Ortiz, 2020). One of the main challenges in 

growing potatoes is the impact of diseases and pests, 

which can significantly affect plant development. 

Another major issue is the low availability of nutrients 

during the early stages of growth (Finckh et al., 2006).  

Potato yields worldwide show a significant difference 

between conventional and biological growing systems, 

with yield gaps typically ranging from 9% to 25%, and 

in some cases reaching as high as 70% (Ierna & Parisi, 

2014; Wilbois & Schmidt, 2019; ZarzyŒska et al., 

2023). This variation is strongly influenced by factors 

such as diseases and pests and the timing of disease 

development. Other factors that may influence the 

yield difference include the growing conditions of the 

year, lack of irrigation, and other cultivation 

technologies (De Ponti et al., 2012).  

Due to the increasing spread of plant diseases and 

pests, farmers are using chemical plant protection 

products with greater frequency. 

However, the European Unionôs óFarm to Forkô strategy 

encourages a major reduction in the use of plant 

protection products and mineral fertilizers by 2030 

(European Union, 2020). Over the past 20 years, global 

demand for pesticide-free food has grown, driven not 

only by concerns for human health but also by the desire 

to reduce environmental risks (Basu, 2009).  

Microorganisms play a crucial role in reducing the use 

of chemical pesticides in agriculture. These organisms

can promote plant growth and development, increase 

crop yield and quality, decompose organic matter, fix  

atmospheric nitrogen, and convert it into a form that is 

easily absorbed by plants and reduce or limit  the 

spread of plant pathogens through various mechanisms 

(Marjanoviĺ et al., 2024). 

The aims of this study were to summarize information 

from researches about the beneficial microbiological 

agents, their biology and effectiveness, as well as how 

it can be used in sustainable agricultural practices to 

control the development of common pathogens of 

potato diseases. 

 

Materials and Methods 

This review paper draws on scientific literature 

concerning microbiological plant protection products 

(bioagents), their suitability  for use, and their impact 

on potato leaf and tuber diseases. The study examines 

the experience of various countries with registered 

microbiological agents and analyzes most common 

potato diseases, their pathogens, and control options. 

 

Results and Discussion 

The most significant and potentially damaging potato 

leaf diseases are late blight (caused by 

Phytophthora infestans) and early blight (caused by 

Alternaria spp.). From tuber diseases the major ones 

are potato black scurf (caused by Rhizoctonia solani), 

silver scurf (caused by Helminthosporium solani), 

black dot (caused by Colletotrichum coccodes), 

common scab (caused by Streptomyces spp.) and 

bacterial blackleg (caused by Pectobacterium spp.), as 

well as many Virus kingdom microorganisms, such 

potato X, Y, M, S, mop-top viruses etc. (Finckh et al., 

2006; Fiers et al., 2012; Campos & Ortiz, 2020). 
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Potato leaf diseases 

Potato late blight  caused by Phytophthora infestans 

from the Chromista kingdom, Oomycota phylum, 

Peronosporales order. It is one of the most significant 

and destructive potato diseases in the world (Subhani, 

2016). It reproduces sexually through oospores and 

asexually through conidia and zoospores. This allows 

for a wider and faster development of the infection 

(Nowicki et al., 2012). The pathogen survives in potato 

tubers, plant debris in the form of mycelium and in the 

soil as oospores (Andrivon, 1995). Asexual spores are 

transmitted by wind and water. The optimal 

development temperature is moderately warm, the 

range of 10ï25 ÁC, with a relative humidity 90ï100% 

(Nowicki et al., 2012; Subhani, 2016). 

Potato early blight  caused by Alternaria spp. from the 

Fungi kingdom, Ascomycota phylum, Pleosporales 

order. Sexual reproduction is not observed, but the high 

species diversity indicates extensive pathogen 

recombination (Schmey et al., 2024). The pathogens 

reproduce asexually through conidia. The fungus 

Alternaria survive and overwinter in the form of 

mycelium or conidia in plant debris, the soil, and potato 

tubers. The spores can be dispersed by wind and water, 

sometimes with the help of insects (Tsedaley, 2014; 

Yuldashova et al., 2023). The optimal weather conditions 

for the pathogen development are hot and humid. The 

quick development of conidia occurs at temperatures 

between 20ï30 ÁC, with relative air humidity under 70% 

(Tsedaley, 2014; Escuredo et al., 2019). 

Potato tuber disease 

Black scurf, stem canker and root rot caused by 

Rhizoctonia solani from the Fungi kingdom, 

Basidiomycota phylum, Cantharellales order. 

R. solani survives in the form of mycelium in plant 

debris or as sclerotia in the soil, and spreads through 

infected seed material (Aydin, 2022; Nasimi et al., 

2024). The optimal growth temperature for the 

pathogen is moderate, the range of 15ï25 ÁC (Orozco-

Avitia et al., 2013). Increased soil moisture, about 

20%, is beneficial (Kiptoo et al., 2021).  

Silver scurf caused by Helminthosporium solani from 

the Fungi kingdom, Ascomycota phylum, 

Pleosporales order. Initially, the fungus produces 

mycelium, followed by the production of conidia. The 

pathogen survives in infected tubers and in the soil 

(Avis et al., 2010; Tiwari et al., 2020). The spread of 

the disease starts in the soil, with the first symptoms 

appearing during harvest, but the pathogen continues 

to develop even in storage. Optimal conditions are 

above +3 ÁC with a relative humidity of 90% (Abbas 

et al., 2013; Tiwari et al., 2020). Maximum sporulation 

and the highest number of conidia are observed at 

+24ÁC and humidity 90ï95% (Tiwari et al., 2021). 

However, the fungus can develop over a wide 

temperature range of 2ï30 ÁC (Abbas et al., 2013). 

Black dot caused by Colletotrichum coccodes from 

the Fungi kingdom, Ascomycota phylum, 

Glomerellales order. The pathogen survives in 

infected seed material and soil (Lees & Hilton, 2003; 

Cannon et al., 2012; Mattupalli et al., 2013; Johnson et 

al., 2018). Infection occurs early in the season, but 

visible symptoms and sclerotia begin to appear closer 

to harvest time (Mattupalli et al., 2013; Johnson et al., 

2018). The optimal temperature for conidia growth is 

+22 ÁC, while mycelium grows best in the temperature 

range from 25 to 31 ÁC, and moist soil conditions (Lees 

& Hilton, 2003). 

Potato common scab caused by Streptomyces spp. 

from the Monera kingdom, Actinobacteria class and 

Actinomycetales order. Streptomyces spp. infects tuber 

crops worldwide (Lerat et al., 2009; Hamedo & 

Makhlouf, 2013). Bacteria form structures that are 

morphologically similar to hyphae and spores. The 

mycelium is made up of hyphae, and spores being 

released from their ends (Braun et al., 2017). The 

pathogen survives in the soil, plant debris, and infected 

seed material. The pathogen spores can penetrate 

through damaged areas or lenticels (Dees & Wanner, 

2012; Braun et al., 2017). The optimal soil pH for the 

bacterium development is slightly acidic to neutral, 

between 5.5 and 7.5. It infects young tubers most 

intensively when the temperature is above +20 ÁC and 

the soil moisture is between 65ï70% or lower (Braun 

et al., 2017). 

Microbiological agents 

To achieve a high quality potato harvest, it is essential 

to follow a set of agrotechnical practices, primarily 

focused on prophylactic measures. This includes 

selecting the appropriate variety, implementing 

various cultivation technologies during the growing 

season, and ensuring proper storage conditions in 

warehouses (Tresnik, 2007). Some bacteria and fungi 

also have beneficial properties that can be applied in 

biological farming and sustainable agricultural 

practices. Products containing bacteria or their 

metabolites, enzymes, or antibiotics are frequently 

mentioned in the literature, such as Bacillus spp., 

Pseudomonas spp., Azospirillum spp., and 

Azotobacter spp. The most popular fungi are 

Trichoderma spp. and Aspergillus spp., which produce 

secondary metabolites. 

Bacteria from genera Bacillus is gram-positive, 

aerobic, rod-shaped, and motile bacteria (Maughan & 

Van der Auwera, 2011). The most well- known species 

is B. subtilis, which produce metabolites, such as 

enzymes, antibiotics, and enhance the plants resistance 

to pathogens and pests. Other species, for example, 

B. velezensis, B. macerans, B. azotofixans etc., are 

known as Plant Growth-Promoting Bacteria (PGPB). 

Bacteria found in the rhizosphere can protect plants in 

several ways: 1) they produce volatile organic 

compounds that increase root exudation; 2) produce 

secondary metabolites that have antibiotic compounds; 

3) form biofilms, colonize the roots and protect them 

from harmful effects of pathogens (Choudhary & 

Johri, 2009; Khan et al., 2022). 

Bacillus spp. increase yield and improve disease 

resistance in most cereal grains, legumes, as well as 

cucumbers, tomatoes, and potatoes (Miljakoviĺ et al., 
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2020). There are several ways to use Bacillus based 

treatments:  

1. Seed tuber treatment with a bioagent requires 

soaking potato seed tubers in a Bacillus containing 

solution for 20ï30 minutes, and this treatment 

improves both yield and biomass growth (Kumar 

et al., 2013). Additionally, it helps reduce the 

development of late blight during storage after 

harvest (Lastochkina et al., 2022), as well as 

reduces the incidence and severity of black scurf 

under greenhouse conditions (Saber et al., 2015).  

2. Seed tuber and foliar treatment. A bioagent based on 

talc, which is later prepared as a solution, is used. 

The seed tubers are treated as mentioned above, and 

40 days after planting (DAP), the same solution is 

used for foliar spraying (Wei et al., 2024).  

3. Soil and foliar treatment. Bacillus through soil 

treatment or drenching before planting potatoes is 

applied. Later, during the growing season, foliar 

spraying with the bioagent is carried out. These 

measures reduce the spread of late blight and 

improve various physiological parameters of potato 

plants compared to the control (Kumbar et al., 2019).  

Global research is exploring various bacterial species 

and their interactions with pathogens, particularly 

focusing on the Pseudomonas spp., Azospirillum spp., 

and Azotobacter spp., which are classified as PGPB. 

Pseudomonas spp. can form biofilms, release 

metabolites with potent antifungal properties, 

synthesize phytohormones, fix  atmospheric nitrogen, 

and facilitate nutrient decomposition and absorption 

(Sah et al., 2021). 

In a field trial, treating potato tubers with 

Pseudomonas based bioagents before planting helped 

limit  R. solani growth. A talc-based formulation was 

more effective than a Pseudomonas suspension, 

significantly reducing stem cancer and black scurf 

while increasing yield (Lal et al., 2022). In another 

study, three genera of microbiological agents 

(Pseudomonas spp., Trichoderma spp. and 

Bacillus spp.) showed high efficacy against 

Alternaria spp. in in vitro and under greenhouse 

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

effectiveness against H. solani, but the experiment was 

conducted only on plates (Elson et al., 1997). 

For foliar disease control, multiple bioagent spray 

applications were necessary. A multi-year study found 

that applying P. putida, B. subtilis, and T. erinaceum 

eight times effectively controlled P. infestans for 

60 days, reducing disease severity by nearly half 

(Islam et al., 2022). 

Azospirillum spp. promotes plant growth by fixing 

atmospheric nitrogen and producing phytohormones 

(Cass§n & Diaz-Zorita, 2016; Fukami et al., 2018). 

A. lipoferum effectively controls potato early blight 

(caused by Alternaria spp.) in both greenhouse and 

field conditions. In field trials, spraying the bioagent at 

BBCH 15ï17 reduced disease incidence by 40ï50% 

compared to the control (Mehmood et al., 2021). 

Azotobacter spp. are widely known for their nitrogen 

fixing properties; however, they are also capable of 

producing antifungal substances that limit  the activity 

of fungal pathogens near the root system (Jim®nez et 

al., 2011; Wani et al., 2016; Sumbul et al., 2020; Al -

Baldawy et al., 2023).  

Microbiological products containing combinations of 

different microorganisms, such as Pseudomonas spp., 

Bacillus spp. and Azotobacter spp., showed the lowest 

development compared to the control. These 

bioagents, in various combinations, were applied once 

to the seed tuber material at the planting (Aguk et al., 

2018). Seed tuber treatment with Azotobacter spp. may 

reduce the incidence of R. solani (Meshram, 1984). 

Trichoderma spp. produces secondary metabolites 

that enhance plant growth and development and is 

referred to as a plant growth promoting agent (PGPA) 

(Yao et al., 2023). Trichoderma spp. is the most widely 

used fungal genus in biological plant protection, 

accounting for about 90% of cases (Bğaszczyk et al., 

2014). This fungus is most commonly used as a soil 

disease controller, which can colonize plant roots, but 

it can also limit  pathogens on the aerial parts of the 

plant ï leaves, stems and spikes. Trichoderma interact 

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, 

Botrytis cinerea and secreting various enzymes; 2) by 

competing for nutrients, such as with B. cinerea; 3) by 

producing compounds similar to antibiotics that act 

against pathogens, such as B. cinerea, R. solani, and 

F. oxysporum (Bğaszczyk et al., 2014; Yao et al., 

2023); 4) Trichoderma is also capable of induced 

systemic resistance (ISR), activate plant self defense 

mechanisms (Dutta et al., 2023; Yao et al., 2023). 

The most common products on the market contain 

Trichoderma species such as T. viride, T. virens, and T. 

harzianum and the less commonly used species, 

T. asperellum, T. longibrachiatum, T. koningii, 

T. polysporum. These products are often available in the 

form of granules or powder, which are used to treat seed 

tuber material before sowing (Zin & Badaluddin, 2020; 

Yao et al., 2023). A spore solution containing bioagent 

was applied twice to the plants on the 15 and 45 DAP 

(Rakibuzzaman et al., 2021). Recent studies also examine 

the impact of Trichoderma spp. on potato early blight 

(caused by Alternaria spp.) (Metz & Hausladen, 2022).  

The combination of fungus T. harzianum and bacteria 

B. subtilis different strains has shown high 

effectiveness against the potato common scab (caused 

by Streptomyces spp.). Different concentrations of 

bioagents were used, which were added once to the 

seed potatoes in the furrows (Wang et al., 2019). In 

another experiment against potato black scurf, 

bioagent T. harzianum showed higher effectiveness 

than B. subtilis. In this case as well, the seed tuber 

material was treated once before planting by soaking 

the seeds in the isolate solution (Khalil et al., 2019). 
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Aspergillus spp. and Penicillium spp. both genera include 

beneficial and harmful microorganisms (Houbraken et al., 

2020). Certain species of both genera limited the growth of 

R. solani, P. infestans, and Fusarium spp. on the plate (Lal 

et al., 2016; Trabelsi et al., 2016). P. viridicatum and 

T. viride showed high effectiveness against late blight 

when applied as a bioagent suspension spray 40 DAP 

(Gupta et al., 2004). P. chrysogenum is effective against 

early blight reducing pathogen growth in both in vitro and 

in vivo conditions when potato leaves were treated with the 

bioagent solution (Hatem et al., 2022). 

Table 1 illustrates the interaction of various 

microbiological agents and potato disease pathogens, 

as well as the different methods of their application.  In 

the table, a cross indicates which specific pathogens 

are affected by the bioagent. 

Based on the information available in scientific publications, 

it is evident that various microbiological agents are used to 

control plant disease pathogens, with varying degrees of 

effectiveness. A large number of studies have been 

conducted under controlled laboratory conditions; however, 

there are relatively few field conditions studies. 

Table 1 

The interaction of beneficial microorganisms with pathogens and application of microbiological products 

Beneficial microorganisms in 

microbiological products 

Pathogens 
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Trichoderma spp. 

(Aldiba & Escov, 2019; 

Blaszczyk et al., 2014; Islam et 

al., 2022; Khalil et al., 2019; 

Metz & Hausladen, 2022; Wang 

et al., 2019; Yao et al., 2023; Zin 

& Badaluddin, 2020) 

Ĭ 

 

Ĭ 

 

Ĭ 

 
 
Ĭ 

 

Ĭ 

 

A wide range of applications. 

Seed tuber material treatment 

before sowing (in-furrow 

treatment, soaking, spraying, 

etc.). 

Soil and leaf spraying under 

greenhouse conditions. 

Foliar spraying on 34, 41, 48, 53, 

57, 62, 69 un 75 DAP*. 

Bacillus spp. 

(Aldiba & Escov, 2019; Islam et 

al., 2022; Kumbar et al., 2019; 

Lastochkina et al., 2022; Saber et 

al., 2015; Wang et al., 2019; Wei 

et al., 2024) 

 

 

Ĭ Ĭ 

 

Ĭ 

 
  

Ĭ 

 

Seed tuber material is treated with 

agent shortly before planting. 

Leaf spraying starts from the 34 

DAP. 

Pseudomonas spp. 

(Aldiba & Escov, 2019; Elson et 

al., 1997; Islam et al., 2022; Lal 

et al., 2022) 

Ĭ 

 

Ĭ 

 

Ĭ 

 

 

 

Ĭ 
  

Soil and leaf spraying under 

greenhouse conditions. 

Seed tuber material treatment 

before planting. 

Leaf spraying starts from the 34 

DAP in vitro conditions. 

Azospirillum spp. 

(Mehmood et al., 2021) 
 Ĭ     

In field trials, leaf spraying at 

BBCH 15ï17. 

Azotobacter spp. 

(Meshram, 1984; Sumbul et al., 

2020) 

  Ĭ Ĭ   
Seed tuber material treatment 

before planting. 

Aspergillus spp., Penicillium 

spp. 

(Gupta et al., 2004; Hatem et al., 

2022; Lal et al., 2016; Trabelsi et 

al., 2016) 

Ĭ 

 

Ĭ 

 

Ĭ 

 
   

Reduce pathogen growth 

on the plate. 

Foliar spraying at 40 DAP. 

 

*DAP ï days after planting. 

 

Conclusions  

1. The most significant potato pathogens are 

Phytophthora infestans, Alternaria spp., 

Rhizoctonia solani, Helminthosporium solani, 

Colletotrichum coccodes and Streptomyces spp. 

2. The most common and extensively studied 

microbiological agents come from the kingdoms of  

 

bacteria and fungi ï Bacillus spp., Trichoderma spp.; less 

studied genera include Pseudomonas spp., Azotobacter 

spp., Aspergillus spp. and Penicillium spp. 

3. The use of microbiological agents in the formulation 

of various products is increasing. These 

microbiological agents also have potential in low-input 
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agriculture, as they provide a good alternative to 

chemical plant protection products. 

4. Most microbiological agents show effectiveness 

against potato tuber diseases; however, some 

microorganisms, when applied to the leaves, also 

demonstrate effectiveness against potato early blight 

and late blight. Further research is necessary, as fewer 

studies have been conducted under field conditions 

compared to in vitro studies, and different strains of 

biological agents exhibit varying levels of 

effectiveness against diseases. 
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Abstract 
This review paper examines the importance of apple tree architecture parameters in breeding programmes, focussing on the 

roles of canopy volume, tree shape, and fruit-bearing habits in optimising orchard management and breeding efficiency. Canopy 

volume is a critical indicator of tree growth and productivity, often measured using advanced methods such as LiDAR and 

UAVs, which provide high-resolution 3D data, especially useful in dense orchards. Tree shape, including branching patterns, 

angles, and overall structure, plays a key role in optimizing light capture, airflow, space utilization, and tree vigour, which can 

be efficiently assessed through remote sensing technologies. Early selection of desirable branching traits, such as internode 

length and branch angle, enables optimisation of tree architecture and improved fruit production in high-density orchards. Fruit-

bearing habits, including the timing and position of flowering and fruiting, significantly influence yield regularity and fruit 

quality and can be analysed using technologies such as photogrammetry, multispectral imaging, and RGB cameras. These tools 

enable automated identification of key tree characteristics, allowing for better management of tree health, pruning, and fruit-

bearing zones. Despite advances in these technologies, further research is needed to better understand the relationship between 

tree shape, productivity, and longevity, to refine orchard management strategies and improve the efficiency of breeding 

programmes. This article emphasises the growing role of smart technologies in improving phenotyping and accelerating apple 

tree breeding processes.  

Keywords: Malus domestica, phenotyping, tree architecture traits, smart breeding.  

 

Introduction  

Apple trees are the most widely cultivated fruit crop 

species in Europe. In 2017, they comprised 36.6% of 

the total fruit tree area in the European Union, covering 

473,550 hectares (Eurostat, 2017). Similarly, apple 

trees are the main fruit tree species in Latvia, with an 

area of 3,508 hectares in 2023 (CSBRL, 2023). 

The most significant challenge facing agriculture 

today is climate change; therefore, specific solutions 

for various geographic regions are required to reduce 

environmental impacts while improving crop yield. 

Breeding innovative, resilient, and robust cultivars 

offer the ability to reduce environmental impact while 

promoting sustainable agriculture (Chawade 

et al., 2019; Naqvi et al., 2022). 

More than 100 apple tree breeding programmes are 

currently underway worldwide, aiming to develop 

promising apple cultivars (Letschka et al., 2021). For 

example, the University of Minnesota, one of the most 

prominent and extensive apple breeding institutions in 

the United States, currently has 20,000 to 25,000 apple 

seedlings in different stages of evaluation (Clark & 

Bedford, 2022). The Latvian apple breeding 

programme involves more than 5,000 apple seedlings 

handled and more than 40 unique characteristics 

phenotyped at various stages by the Institute of 

Horticulture (Ikase et al., 2022).  

Apple breeding is time-consuming and resource-

intensive, necessitating ongoing efforts to shorten the 

breeding cycle and reduce resource investment in trait 

phenotyping. The goal is to obtain faster and more 

accurate data to select the most promising hybrids. 

Consequently, there is a growing interest in the 

development and implementation of high-throughput 

field phenotyping tools to improve the efficiency of the 

breeding process (Chawade et al., 2019; Huang 

et al., 2020). 

Machine learning has advanced rapidly and is now 

widely used in plant genotyping and phenotyping 

globally. High-throughput tools enable the collection 

of large amounts of data on plant genotypes and 

phenotypes, thus optimising resource investment. 

Machine learning encompasses a range of computer-

based modelling techniques that identify data patterns 

and facilitate automated decision-making. These 

machine-learning algorithms are sufficiently robust to 

process even large-scale datasets (Naqvi et al., 2022). 

Advances in DNA sequencing have significantly 

enhanced genotyping efficiency; however, 

phenotyping has not progressed at the same pace. 

Automated phenotyping, in particular, has developed 

gradually over the past three decades, limiting 

breedersᾷ ability to accurately assess the genetics of 

quantitative traits, such as crown architecture 

parameters. Most breeders still rely on traditional 

phenotyping methods, which involve visual evaluation 

of traits, often influenced by the breederᾷs personal 

experience. This process is labour-intensive, time-

consuming, and requires considerable human 

resources to select the best hybrids from large 

populations. As a result, the adoption of high-

throughput phenotyping techniques is urgently 

needed. These methods not only accelerate the 

breeding process, but also conserve resources, provide 

more objective results, and are applicable year-round, 

including during winter (Reynolds et al., 2020; Yang 

et al., 2020). This review article provides a 

comprehensive summary of research on the potential 

application of smart technologies in apple tree 

breeding, with a particular focus on apple tree 
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architecture parameters. This paper aims to review the 

latest research achievements on the current state of the 

art in the application of smart technologies to apple 

tree breeding, with an emphasis on the exploration of 

potential phenotyping parameters that are associated 

with apple tree architecture. 

 

Materials and Methods 

This study used a monographic approach to analyse the 

architectural traits of apple trees and their possible 

utility  in breeding, with numerous phenotyping 

techniques used for precise identification. The analysis 

was based on scientific literature from a range of 

journals and monographs, drawing from studies 

conducted in the United States, China, the United 

Kingdom, Germany, France, the Netherlands, Japan, 

Australia, Canada, Italy, Spain, and other countries 

with advanced agricultural research programmes.  

 

Results and Discussion 

The architecture of the apple tree is the spatial 

configuration and structural desing of the components 

of the tree, including the trunk, branches, canopy, and 

root system. A comprehensive understanding of these 

architectural characteristics is necessary not only for 

effective tree management and yield forecasting but 

also for breeding programmes aimed at optimising the 

treeᾷs morphological qualities and functional 

performance (Jiang et al., 2025). The evaluation of 

architectural traits of apple trees, such as trunk height, 

branch number, and branch length, is crucial in 

breeding programmes because these characteristics 

influence the structure, light capture, and overall 

biomass of the tree, which in turn affect its growth and 

fruit production (B®land & Baldocchi, 2021). 

The branching topology of apple trees is a direct 

reflection of their gene expression and optimal 

adaptation to environmental factors. Consequently, a 

detailed and accurate characterisation of apple tree 

architecture facilitates a deeper understanding of how 

structural organisation governs functional 

performance and ecological adaptability (Lau 

et al., 2018).  

Assessment technologies for tree parameters 

Unmanned aerial vehicles (UAVs) equipped with 

cameras and sensors capture high-resolution images 

and 3D data, which provide detailed insights into tree 

architecture, height, canopy volume, 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 

UAVs offer high spatial resolution and are capable of 

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 pose a 

challenge in large-scale, real-time breeding 

applications (Wu et al., 2020). 

LiDAR  technology (light detection and ranging) is 

utilised to measure tree height, canopy structure, and 

volume by emitting laser pulses and analysing their 

return time (Sinha et al., 2022). This method is 

particularly advantageous in dense orchards where 

precise measurements are required, allowing for 

detailed 3D modelling of tree structures (Sinha 

et al., 2022). LiDAR is highly accurate and provides 

valuable data to assess tree height, canopy volume, and 

overall structure (Huang et al., 2020). However, it is 

often associated with high costs and requires advanced 

equipment and software for data processing (Madec 

et al., 2017). 

Satellites are used to capture images that assess large-

scale tree health, canopy size, and other architectural 

parameters in vast areas (Huang et al., 2020). 

Although they offer global coverage and continuous 

monitoring, the resolution of satellite imagery is lower 

compared to UAVs or LiDAR, which can make them 

less precise for individual tree analysis (Huang et al., 

2020). Additionally, the temporal resolution can be 

limited, meaning that detailed real-time monitoring 

may not be achievable (Sangjan & Sankaran, 2021). 

Despite these limitations, satellite technology provides 

valuable insights for monitoring overall orchard 

growth trends and offers a broader view of potential 

changes in tree performance over time (Huang 

et al., 2020). 

Multispectral  and hyperspectral imaging capture 

data at multiple wavelengths to assess vigour, leaf 

area, tree canopy characteristics, and tree health 

(Tsoulias et al., 2023). Multispectral and hyperspectral 

imaging are powerful tools for detecting early signs of 

stress or disease and for evaluating the treeᾷs overall 

vigour (Best et al., 2008). However, they tend to be 

expensive and require specialised equipment, and their 

data interpretation is often complex. Despite these 

challenges, these methods are invaluable in selecting 

traits such as optimal tree vigour and disease resistance 

in apple breeding programmes (Tsoulias et al., 2023). 

Automated ground-based systems, such as 

autonomous vehicles and robotic platforms, are 

increasingly used to capture measurements such as tree 

height, trunk diameter, and leaf area index (Sangjan & 

Sankaran, 2021). These systems offer high-throughput 

phenotyping and are cost-effective, particularly when 

applied to large-scale orchards (Sangjan & Sankaran, 

2021). Automated systems are less affected by weather 

conditions and can provide consistent, high-efficiency 

phenotyping (Best et al., 2008). However, their 

effectiveness can be limited by the complexity of the 

orchard terrain and plant arrangement, which may 

hinder their application in certain orchard 

environments. Despite these limitations, automated 

ground-based systems are valuable for evaluating traits 

such as tree vigour and structural attributes across 

many trees (Sangjan & Sankaran, 2021). 

Assessment of key tree parameters and traits 

Tree height is a significant selection criterion in apple 

breeding programmes, especially in field settings 
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(Moles et al., 2009), because a plantᾷs ecological 

strategy is significantly affected by its height. It has a 

major impact on a speciesᾷ ability to compete for light 

resources and is closely related to factors like lifespan 

and time to maturity. Furthermore, plant height is 

related to important ecosystem functions, including 

carbon sequestration capacity (Moles et al., 2009).  

Tree height is significantly influenced by both genetic 

and environmental factors, such as rootstock type, 

growing conditions (e.g., soil fertility, water 

availability, temperature), and orchard management 

practices (Hooijdonk et al., 2011; Xu & Ediger, 2021; 

Jiang et al., 2025).  

The height of trees can serve as an important selection 

criterion in breeding programmes to evaluate overall 

tree health (Chang et al., 2020), tree viability (Sestras 

R. E. & Sestras A. F., 2023), biomass (Gennaro et al., 

2020) and yield (Sarron et al., 2018). Breeding 

programmes for modern intensive orchards aim to 

develop compact apple trees that reach a height of 2.5 

to 3.5 metres within 3 to 4 years (Mukhanin et al., 

2006; Zemisov et al., 2021). 

Tree height is traditionally measured manually using a 

long stick or ruler from the ground to the top, which is 

time-consuming and error-prone, especially when 

analysing numerous trees (Qiu et al., 2024; Sestras R. E. 

& Sestras A. F., 2023; Sangjan & Sankaran, 2021). A 

laser rangefinder can also estimate tree height more 

accurately. Usually used in forestry, it also works for 

apple trees. This method is faster and less difficult than 

using a tape measure, but it needs a clear view of the treeᾷs 

apex (Larjavaara & Muller-Landau, 2013). As a result, 

tree height is rarely monitored directly in breeding 

programmes, but rather as part of overall growth vigour.  

Tree height, an important trait in apple breeding, can 

be accurately measured using high-throughput 

technologies such as UAVs, satellites, and LiDAR, 

with methods such as LiDAR-based systems showing 

strong correlations to manual measurements (Madec 

et al., 2017; Huang et al., 2020). 

Tree vigour is a genetically regulated trait influenced 

also by environmental conditions, rootstock, scion 

genotype, and orchard management practices. It refers to 

the ability of the tree to absorb, store and use 

carbohydrates for growth, leading to rapid shoot 

development and large canopies (Rebolledo et al., 2015). 

Vigour is a complex characterized by shoot elongation, 

leaf size, tree height, and trunk diameter, and it affects the 

overall growth capacity of the tree, the development of 

the root system, and fruit production (Hooijdonk 

et al., 2011; Hugalde et al., 2019). High vigour is 

associated with fast growth and large canopies, while 

lower vigour may lead to more controlled growth 

(Rebolledo et al., 2015). 

The primary objective of modern breeding is to 

achieve balanced and indeterminate tree vigour, 

preventing excessive and uncontrolled vegetative 

growth (Blaģek & Kelinov§, 2013). According to the 

ECPGR (Lateur et al., 2022), it can be assessed and 

classified into five categories: extremely weak, weak, 

indeterminate, vigorous, and extremely vigorous. 

Vigour can be evaluated within a single year by 

examining the height and spread of trees older than 

five years, with accurate comparisons requiring the use 

of reference cultivars planted in the same location and 

grafted onto the same rootstock (Lateur et al., 2022). 

Tree vigour can also be assessed by measuring both 

height and trunk diameter, with trunk diameters 

recorded at 20 cm above the graft union. The trunk 

cross-sectional area (TCSA) is then calculated to 

assess the treeᾷs growth vigour (Miloġeviĺ et al., 

2023). Vigour can also be classified into three 

categories weak, medium, and strong (Sestras R. E. & 

Sestras A. F., 2023). Although this method is less time-

consuming and requires less effort, it is less accurate. 

Therefore, the use of remote sensing technologies 

would be a more reliable approach (Best et al., 2008). 

Growth vigour, a key trait in apple tree breeding, can 

be assessed using multispectral, hyperspectral 

imaging, LiDAR, and UAVs to monitor variations in 

tree growth, although further research is needed to 

optimise these technologies for large-scale breeding 

programmes and commercial orchards (Scalisi et al., 

2021; Tsoulias et al., 2023; Jiang et al., 2025). 

Canopy volume refers to the three-dimensional space 

occupied by the branches and leaves of an apple tree, 

including the entire live canopy from the base of the 

crown to the highest point and from the centre of the 

crown to the furthest tips while excluding dead branches. 

It is a key parameter for evaluating the growth, structure, 

and overall health of the tree (Usha & Singh, 2013). A 

larger, well-formed canopy typically reflects a healthy 

and vigorous tree capable of efficiently capturing energy 

and allocating nutrients (Wright et al., 2006).  

In breeding programmes, canopy volume is an 

important metric used to assess tree growth and 

productivity, as it provides insights into how 

efficiently a tree captures sunlight for photosynthesis 

(Usha & Singh, 2013). Canopy volume can be 

measured manually, but accurate determination of 

canopy size can be challenging and labour-intensive 

due to complex growth patterns and irregular tree 

shapes. Traditionally, canopy volume is estimated by 

measuring a crown diameter and canopy height, 

assuming a simplified 3D crown shape. However, 

because the crown shape and branch positioning vary, 

calculating the precise volume can be difficult.  One 

such method, proposed by (Wright et al., 2004), 

calculates the canopy volume (V) using the formula 

V = (1/3) ˊrĮh, where h represents the canopy height 

and r is the average radius of the base, assuming that 

the surrounding trees are straight. These methods are 

commonly used to evaluate crown compactness and 

overall tree vigour in apple tree breeding (Dubrasich et 

al., 1997; Best et al., 2008; Zemisov et al., 2021). 

The volume of the canopy can be accurately measured 

using LiDAR and UAV technologies to create 3D models 

although more research is needed to explore its impact on 

long-term fruit yield, quality, and tree longevity (Huang 

et al., 2020; Sinha et al., 2022; Paudel et al., 2023). 
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The global shape of the tree refers to the overall form 

or outline of the entire tree, encompassing not only the 

crown but also the trunk and branches. It represents the 

treeôs growth pattern and is influenced by factors such 

as genetics, pruning practices, and environmental 

conditions (Othman et al., 2015; Zhang et al., 2016). 

In addition to the overall shape of the tree, branch 

patterns and angles are crucial structural features that 

affect the canopy architecture of trees (Johansen et al., 

2018). A well-structured shape influences the volume, 

compactness, and symmetry of the tree canopy, 

improving light penetration and air circulation within 

the canopy while reducing the risk of diseases by 

preventing overcrowding of the branches (Zhang 

et al., 2016; Lordan et al., 2018; Wang et al., 2023). 

The vigour of a treeᾷs growth can also influence its 

shape. Trees with excessive vigour may develop 

irregular or overly dense shapes, which can be 

corrected through pruning (Sestras R. E. & 

Sestras A. F., 2023). 

The length of the internodes and the angle of the layer 

relative to the shoot are heritable traits closely linked 

to the future canopy architecture of apple seedlings. 

These traits can be effectively assessed in the first year 

of growth in apple hybrids. An obtuse angle relative to 

the shoot is characteristic of weeping apple trees, while 

short internodes are indicative of columnar forms or 

compact trees. By evaluating these traits, it is possible 

to select up to 90% of hybrids with the desired canopy 

architecture from hybrid families already in the first 

year of seedling growth (Bendokas et al., 2012). 

The trunk provides support for branch growth while 

transporting water and nutrients absorbed by the roots, 

as well as organic matter made by the leaves to ensure 

normal growth of fruit trees (Jurjeviĺ et al., 2020). The 

diameter of the trunks of individual trees is an important 

indicator to help describe the growth status and the 

development trend of apple trees (Krause et al., 2019). 

In breeding programmes, tree shape is a key trait to 

improve orchard efficiency and maximise 

production. By selecting parent trees with desirable 

shapes, such as compact, symmetrical, or pyramidal 

forms, breeders can develop new cultivars that are 

easier to manage and harvest (Zhang et al., 2016; 

Lordan et al., 2018). Furthermore, selecting optimal 

tree shapes can reduce the need for excessive 

pruning, contributing to more efficient orchard 

management (Wang et al., 2023). 

The shape of the tree is a critical consideration in the 

development of new apple cultivars for high-density or 

modern orchards, where uniformity, compactness, and 

productivity are essential (Lordan et al., 2018). The 

shape of the tree before production may differ from its 

form at harvest time, making it difficult  to accurately 

assess it using traditional methods. However, this 

variation can be more precisely evaluated using remote 

sensing technologies, as individually assessing each 

tree in breeding programmes is often difficult  and 

time-consuming (Sestras R. E. & Sestras A. F., 2023).  

The shape of the tree can be classified into two main 

groups: columnar, characterised by a narrow, upright 

form with minimal lateral branching, and ramified, 

which features more extensive branching and a 

broader, spread-out canopy. Only varieties with a 

ramified tree type can be more specifically classified 

and described based on their shape, including upright, 

upright to spreading, spreading, drooping, and 

weeping forms (UPOV, 2023). The desired tree shape 

in apple breeding programmes typically emphasises 

compact, symmetrical forms for high-density orchards 

to optimise space, light capture, and fruit production, 

while also facilitating ease of management and 

harvesting (Chaploutskyi et al., 2023). 

Branching patterns are typically measured early in plant 

development, often during the first year of hybrid apple 

tree growth, as these early traits are indicative of the 

plantᾷs future canopy architecture. By analysing 

branching patterns and angles, it is possible to make early 

selections of desirable genotypes for further breeding or 

more efficient orchard management. In breeding 

programmes, the desired branching angles for apple trees 

are selected based on the form of the tree, with narrow 

angles (closer to vertical) favoured for columnar shapes, 

wide angles for weeping forms, and moderate angles 

(typically 45Áï60Á) for balanced growth and optimal fruit 

production (Bendokas et al., 2012). 

The global shape of the tree, including parameters such 

as crown width, perimeter and branching patterns, can 

be precisely measured using UAVs with deep learning 

algorithms and LiDAR although further research is 

needed to optimise algorithms and explore the 

relationship between tree shape and productivity 

(Johansen et al., 2018; Hadas et al., 2019; Wu 

et al., 2020; Zhang et al., 2020). 

Fruit -bearing habits refer to the pattern of flower and 

fruit production of the tree over time. This includes the 

number of flowers or fruits per tree, the distribution of 

spurs or branches bearing fruit, the timing of fruiting 

(annual or biennial), and the location of fruiting (in 

new or older wood). The fruit-bearing habit influences 

the yield and quality of the fruit and is the key factor 

in the orchard productivity. 

In fruit trees, the relationship between vegetative 

growth and flowering, and fruiting processes is key to 

achieving regular fruit production. For apple trees, this 

relationship is also determined by the specific variety 

and how fruits are positioned on long shoots, either in 

lateral or terminal locations, known as the fruiting type 

(Lauri et al., 1997). Fruit tree cultivars are typically 

categorised as Ᾰannually bearingᾷ or Ᾰbiennially 

bearingᾷ (Evans, 2017).  

Flowering is mainly influenced by physiological factors, 

especially carbohydrates and hormones. The quality of 

flower buds depends on their position; terminal buds in 

fruiting branches are larger and of higher quality due to 

better nutrient supply and more developed vascular tissues. 

In contrast, flower buds at the ends of long vegetative 

growths tend to be of lower quality (Obrucheva, 2014). 
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The primary objective of breeding programmes is to 

develop apple varieties that exhibit consistent and 

reliable bearing, ensuring fruit production every 

season (Laurens et al., 2000). This includes optimising 

fruit bearing on spurs to maximise fruit production per 

unit of tree size, while also focussing on cultivars with 

predictable and high yields, and minimising excessive 

vegetative growth that could negatively impact fruit 

production (Sedov, 2014). 

Fruit-bearing habits can be evaluated in a single year, 

ideally on trees that have not been excessively pruned 

B®land be classified into five types: columnar branches 

produce fruit only on spurs with few branches. Type I 

features short, long-lived spurs with a fruit zone close to 

the trunk and sparse, upright branching. Type II  also 

bears fruit on spurs, but the fruit zone moves slightly 

outward and the tree spreads with age due to more 

frequent branching. Type III  branches fruit in both spurs 

and 1 to 3-year-old shoots, spreading outward with 

frequent branching. Type IV branches primarily fruit at 

the ends of 1-year-old shoots, with a drooping tendency 

and fruit mostly at the extremities (Watkins & 

Smith, 1982; Lateur et al., 2022). 

Fruit-bearing habits can be analysed and optimised 

using high-throughput technologies such as UAVs 

equipped with multispectral sensors, RGB cameras, 

and LiDAR to model tree structures, assess canopy 

density, and identify fruiting zones, improve orchard 

management (Straub et al., 2022; Mao et al., 2024).  

Conclusions  

1. Canopy volume, tree shape, and fruit-bearing habits 

are key traits in apple tree breeding programmes, 

directly influencing productivity, fruit quality, and 

orchard management efficiency. 

2. Early identification of heritable traits related to 

branching patterns and canopy structure allows for 

faster and more accurate selection of desirable hybrids 

in apple tree breeding programmes. 

3. The integration of advanced technologies such as 

LiDAR, UAVs, and multispectral imaging significantly 

enhances the precision of phenotyping, improving the 

accuracy and efficiency of breeding programmes. 

4. Automated phenotyping systems and remote 

sensing technologies streamline the breeding process 

by reducing manual labour and providing high-

resolution real-time data on tree architecture. 

5. While high-throughput phenotyping has advanced, 

challenges such as cost, data complexity, and 

standardisation remain. More research is needed to enhance 

these technologies for better breeding applications. 
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Abstract 
The spatial composition of different soil types has traditionally been evaluated through soil mapping and broad-scale regional 

assessments of soil properties. However, mathematical quantification of soil taxonomic diversity in agricultural landscapes 

with varying management intensities remains largely unexplored. To address this gap, we applied Shannon Diversity Index at 

landscape level and potential pedodiversity index (PDH) at a 30 Ĭ 30 m cell resolution in two distinct agricultural landscapes 

in Latvia ï Taurene and Platone municipalities ï characterized by different soil formation conditions, topography, heterogeneity 

of soil cover, land-use structure and farming practices. Soil mapping data based on the World Reference Base for Soil Resources 

(WRB) system was used. Soil taxonomic diversity at the municipality level was assessed using a single Shannon Diversity 

Index for each area, calculated separately for first-level reference soil groups without qualifiers and second-level classification 

with qualifiers. Cropping classes were determined using dominant crop types over a 9-year period (2015ï2023) and grouping 

crop types into classes. At the broad soil classification level, the upland landscape of Taurene showed higher soil taxonomic 

diversity than Platone, aligning with its more complex soil formation factors and processes. However, at a more detailed 

classification level, Platone exhibited slightly higher diversity, contradicting established theoretical expectations for such 

landscapes. Study results of both agricultural landscapes show that the highest soil taxonomic diversity values were observed 

in areas of temporary grasslands sown in arable land.  

Keywords: taxonomy, pedodiversity, Shannon index, land use, moving window.  

 

Introduction  

In Europe, soils are subjected to various threats, 

including water and wind erosion, the reduction of 

organic matter in both mineral and organic soils, as 

well as soil compaction (Stolte et al., 2016). Within the 

framework of the European Union Soil Strategy for 

2030, the importance of soil research is emphasized 

not only as a means to improve soil conditions but also 

to mitigate the climate impact of soil management 

practices (Panagos et al., 2022). Rasmussen (2022) 

identifies the study of soil spatial distribution, its 

properties, and the processes occurring within it as one 

of the key priorities in contemporary soil science 

research. 

There are numerous studies worldwide on the patterns 

of soil spatial distribution (McBratney, 1998), 

highlighting the significance of various environmental 

factors in shaping soil processes, morphology, and 

properties. Furthermore, soil processes and their 

interactions under different environmental conditions 

vary considerably, contributing to the diversity 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 

methodologies and classification systems have been 

developed. Ib§¶ez et al. (1995) proposed a framework 

based on the prevailing biological diversity 

classification, categorizing soil diversity into four 

hierarchical levels depending on the spatial scale of 

analysis: micro-scale diversity at the polypedon level, 

Ŭ-scale diversity representing soil associations at a 

medium scale, ɔ-scale diversity at the landscape or 

watershed level, and ⱦ-scale diversity referring to soil 

diversity at a geographical regional level. In contrast, 

Mikhailova et al. (2021) provided an example of 

dividing soil diversity into four distinct types: 

taxonomic diversity, which encompasses variation in 

soil groups, types, and subtypes; genetic diversity, 

referring to the diversity of soil genetic horizons; 

parametric diversity, which accounts for differences in 

soil physical and chemical properties; and functional 

diversity, which describes variability in soil 

characteristics under different land use conditions. 

This soil diversity classification aligns more closely 

with contemporary trends in soil research.  

Significant uncertainties persist regarding the 

application of specific soil classification systems in 

determining spatial distribution patterns. As a result, 

soil scientists often disagree on the extent to which 

environmental factors influence soil distribution at 

regional and local scales (Gray et al., 2009). 

Incomplete knowledge of environmental conditions 

can sometimes lead to an overestimation or 

underestimation of soil formation processes, 

complicating the use and comparison of different 

classification systems (Reintam, 2002; McBratney et 

al., 2003). 

Previous research has made significant contributions 

to the statistical assessment of STD, particularly in 

forest ecosystems. For example, Samec et al. (2018) 

study conducted in the Czech Republic has provided 

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 Vaġ§t et al. (2023). These 

works propose a new method of analysis ï the 

potential pedodiversity index (PDH). This approach is 

based on the widely used Shannon diversity (entropy) 

index (Shannon, 1948), which is extensively applied in 
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ecology and landscape research. The index is 

calculated within raster cells using the moving window 

method, which uses a fixed geometric shape to 

repeatedly scan the area, calculating local values 

within each window as it moves across the territory, 

allowing for a spatially explicit assessment of STD. 

PDH is defined as a pressure of the surroundings on 

the soil unit change at a particular soil point location 

(Vacek et al., 2020). 

Based on these foundations, our study aims to further 

explore STD the context of agricultural land use in 

Latvia.  Agricultural practices influence soil 

properties, biodiversity, and ecosystem functions, 

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 

degradation of soil functions, whereas low-intensity or 

diversified land use may enhance soil heterogeneity 

and resilience (Burton et al., 2023). Studies on soil 

diversity in relation to agricultural intensity help to 

assess the impact of land management practices on soil 

sustainability, inform precision agriculture strategies, 

and support policy-making for sustainable land use 

planning. Therefore, our aim was to assess the soil 

taxonomic diversity and its possible relationship with 

different agricultural crop classes in two contrasting 

landscapes in Latvia. 

 

Materials and Methods 

For the geospatial analysis of STD, publicly available 

soil mapping data from the óE2SOILAGRIô project 

were used, based on the WRB system (IUSS Working 

Group WRB, 2022). The data cover the Taurene and 

Platone municipalities (Figure 1) at a 1:10,000 scale. 

Data are available on the national geospatial 

information portal (www.geolatvija.lv) under a CC 4.0 

license and on the Latvian open data portal 

(www.data.gov.lv) under a CC 1.0 license State Plant 

Protection Service, 2024 (Valsts augu aizsardzǭbas 

dienests, 2024). Soil mapping was conducted by the 

University of Latvia, Faculty of Geography and Earth 

Sciences, during 2021ï2023 (Nikodemus et al., 2023). 

Platone and Taurene represent contrasting pedological 

environments. Platone is located in Zemgale lowland 

plain into transition zone between the Baltic Ice lake 

sands (in northern part) and clay sediments of the 

meltwater basins in glacial lowland (in southern part); 

furthermore, alluvial sandy sediments are distributed in 

certain areas (Geological map of Latvia, 1981; Zelļs & 

Markots, 2004; Zelļs et al., 2011) and represent low 

topographic variation, ranging in elevation from just 0.7 

to 24 meters above sea level. This flat terrain fosters 

relatively homogeneous soil formation processes. 

In contrast, Taurene features a glacigenic deposits and 

undulated topography (Geological map of Latvia, 

1981; Zelļs & Markots, 2004; Zelļs et al., 2011), with 

elevations between 175 and 256 meters above sea 

level. Its pronounced relative elevation changes, 

combined with diverse microclimatic and geological 

conditions, drive spatially heterogeneous pedogenesis, 

resulting in more complex soil properties and 

distributions. 

STD at municipality level was analysed by calculating 

a single Shannonôs diversity index for each study area 

for the first level classification for unique reference soil 

groups without qualifiers and separately for the second 

level classification with qualifiers. The soil mapping 

process did not encompass all potential qualifiers for the 

relevant soil groups (Nikodemus et al., 2023), which 

may lead to a simplified representation of actual STD. 

For spatial data visualization, ArcGIS desktop software 

was used (ESRI, 2020). 

To examine the relationship between STD and 

agricultural land-use, the Potential Pedodiversity Index 

(PDH) was calculated at a fine-scale 30 Ĭ 30 m cell 

resolution, but only using the first-level classification 

(Reference Soil Groups without qualifiers). PDH was the 

main method of assessing STD in this article. Since 

municipality-level soil mapping was conducted at a 

1:10,000 scale, with a minimum elementary soil contour 

size of 0.3 ha the initial vector data were rasterized at a 

30-meter resolution. A 300-meter radius was selected 

for the moving window analysis. The analysis was 

conducted using R programming language in R Studio 

version 4.4.2. Following packages were used: ósfô for 

spatial data operations (Pebesma, 2018; Pebesma & 

Bivand, 2023), ódplyrô for data manipulation, óterraô 

(Hijmans, 2024a) and órasterô (Hijmans, 2024b) for 

raster file management, óggplot2ô for visualization 

(Wickham, 2016), ódoParallelô for multi-core 

processing (R Core Team, 2024), óFSAô for post-hoc 

testing (Ogle et al., 2025), óagricolaeô for reference 

diversity index calculations (De Mendiburu, 2021), and 

ónortestô for performing normality tests on large datasets 

(Gross & Ligges, 2015).  

The mathematical foundation of the PDH index is 

based on the Shannon diversity index (Shannon, 

1948), adapted for soil data (Vacek et al., 2020). The 

PDH index was calculated initially  by determining the 

proportion (Pa) of cells occupied by each soil type 

relative to the total number of soil cells (Pat) within the 

defined search window. Results were then log-

transformed, and the product of Pa and Pat was 

multiplied by this transformed value. Finally, these 

individual contributions were summed and multiplied 

by -1 to yield the PDH index (Equation 1). PDH 

calculation codelines can be found in associated 

masterôs thesis annex section (Ģuperka, 2025). 
 

          ὖὈ В ὰὲ                                 (1) 

 

where: 

PDH  ï potential pedodiversity index, 

Pai ï number of cells occupied by a given soil type 

within the search window; 

Pati ï total number of cells occupied by all soil types 

within the search window. 
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The classification of cropping classes was based on 

dominant crop types observed over a 9-year period 

(2015ï2023), which we use as a proxy for recent land-

use practices. Spatial data were sourced from the Field 

Register of the Rural Support Service (RSS, Lauku 

atbalsta dienests, 2025), comprising land parcels and 

their associated crop types from 2015 to 2023. Crop 

types are encoded using a standardized three-digit, 

three-level hierarchical classification based on crop 

characteristics and usage (LR Ministru Kabinets, 

2023). For analysis, second-level groups were used for 

grasslands and first-level groups for other crops. Crop 

types were then grouped into classes and used in 

further analysis (Table 1).  

 

Figure 1 

Study areas and reference bounding box coordinates (decimal degrees): A ï Platone Municipality, B ï Taurene 

Municipality

 
 

The Anderson-Darling normality test confirmed that 

the distribution of PDH values in both territories 

deviated significantly from normality. Consequently, 

the non-parametric Wilcoxon rank-sum test was 

employed to assess whether the median PDH values 

differed significantly between the two territories. The 

Kruskal-Wallis rank-sum test was used to evaluate 

differences across all crop groups. To further 

investigate specific pairwise differences between 

groups, a post-hoc Dunnᾷs test with Bonferroni 

correction for multiple comparisons was conducted. 

Welchôs ANOVA was used to assess differences 

between diversity values variances of two territories. 

 

Table 1 

Classification of agricultural land into agricultural crop classes 

CC* Crop type 
Crop names and codes after Cabinet of Ministers of the Republic of Latvia (Latvijas 

Republikas Ministru Kabinets, 2023) 

1 Fallow Green manure fallow (612) 

2 Vegetables Starch potatoes (825), Potatoes not elsewhere specified (820), Other unspecified cabbages 

(870), Table beets, chard / leaf beets (844), Onions, shallots, chives, Welsh onions and 

Japanese bunching onions (846), Garlic (847) 

3 Fabaceae fields 

Legumes  

Red clover (723), White clover (724), Alfalfa (726), Field beans (410), Peas (420), Soybean 

(443) 

4 Permanent 

grasslands** 

Permanent grasslands (710) 

A 

B 
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CC* Crop type 
Crop names and codes after Cabinet of Ministers of the Republic of Latvia (Latvijas 

Republikas Ministru Kabinets, 2023) 

5 Permanent crops 

(orchards, short-

rotation coppice, 

energy crops) 

Apple trees (911), Pear trees (912), Sweet and sour cherries (932), Plum trees (914), Aronia 

(918), Sea buckthorn (919), Blackcurrants (922), Quince bushes (928), Fruit trees and berry 

bushes (except strawberries), each occupying less than 0.1 ha in a continuous area (950), 

Woody plant nurseries on agricultural land (640) 

6 Others (not 

specifically 

classified) 

Other crops sown pure in arable land (872), Mustard, including white mustard (215), Various 

crops in small arable areas or multiple crops grown in a continuous field, each occupying less 

than 0.1 ha, or areas used for flower cultivation (811) 

7 Temporary 

grasslands sown 

in arable land***   

Mixture of grasses or forage herbs (including protein crops) sown in arable land (720), 

Mixture of grasses and legumes sown in arable land, with legumes >50% (760) 

8 Grain crops Oats (140), Oats with grass or legume undersowing (141), Spring wheat (111), Winter wheat 

(112), Spring barley (131), Spring barley with grass or legume undersowing (133), Winter 

barley (132), Rye (121), Cereal and pea mixture with peas >50% (445), Other unspecified 

maize (741) 

9 Oil and fibre 

crops  

Winter rapeseed (212) 

10 Single-species 

grass swards 

Red oat grass for seed production (735) 

*CC ï agricultural land crop class; **  - Permanent grasslands are grassland areas that until 2014 were declared as permanent 

meadows and pastures. Areas declared as permanent grasslands include those that for five consecutive years have been declared 

as arable land sown with mixtures of grasses and/or fodder herbs (such as timothy, alfalfa, vetch, sainfoin, eastern galega, rough 

hawkbit) or as pure grass sown fields, or as pure fodder herb fields. In addition to permanent grasslands, areas recognized as 

biologically valuable grasslands or grasslands important for biodiversity ð such as protected grassland habitats or bird habitats 

resulting from the cessation of agricultural activities ð are also declared as permanent grasslands (Latvijas Republikas Ministru 

Kabinets, 2023). *** Temporary grasslands sown in arable land are grassland areas that have been declared for less than five 

consecutive years as mixtures of grasses or forage herbs (including protein crops) sown in arable land (code 720), or as mixtures 

of grasses and legumes sown in arable land with legumes comprising more than 50% (code 760). 

Results and Discussion 

Shannonôs diversity index at municipality level 

The number of unique Reference Soil Groups (RSG) was 

consistent across both territories, with 12 groups present 

in each. Similarly, the number of unique soil and principal 

qualifier combinations showed only a slight difference 

between the two territories: Platone had 223 unique 

combinations, while Taurene had 208. The Shannonôs 

Diversity Index for broad RSGs without qualifiers was 

1.90 for Taurene and 1.35 for Platone. Thus, at broad soil 

classification level Taurene area was assessed as more 

diverse than Platone area. This is in line with previous 

studies showing much higher diversity of soil formation 

processes and their driving factors in heterogeneous 

upland areas (Kasparinskis & Nikodemus, 2012; 

Nikodemus et al., 2024) where small-scale topographic 

variability can significantly influence soil formation and 

heterogeneity (GroÇ et al., 2023). In Platone, the largest 

soil areas were dominated by Luvisols and Planosols, 

which covered 62% and 12% of the total mapped area, 

respectively, while other RSGs each constituted less than 

10%. In contrast, dominant RSGs distribution in Taurene 

exhibited greater diversity, with the three most prevalent 

RSGs being Luvisols (33%), Retisols (19%), and 

Phaeozems (14%).  

The Shannonôs Diversity Index for RSGs with 

qualifiers was 3.72 for Taurene and 3.92 for Platone. 

These results contrast with our results based on RSGs 

without qualifiers.  

These findings are in line with recent literature on local 

scale, e.g. Nikodemus et al. (2024), which underscores 

the challenges of mapping regions with complex 

topography, e.g. Taurene, where high STD complicates 

spatial capture. At broader mapping scales, small-scale 

soil variations ï and consequently specific qualifiers ï 

may not be adequately captured, potentially 

contributing to the lack of distinct patterns observed at 

the municipal level. The higher overall STD recorded in 

Taurene without considering qualifiers, contrasted with 

greater soil group diversity observed in Platone when 

qualifiers are included, suggests a need for more 

detailed soil mapping. This would ensure that 

ecologically relevant soil variations, particularly in 

geomorphologically complex and heterogeneous areas 

such as Taurene, are accurately represented. Previous 

research has demonstrated that small-scale topographic 

variability can significantly influence soil formation and 

heterogeneity (GroÇ et al., 2023). 

However, studies on STD in our region remain scarce, 

and no well-established reference values exist for 

agricultural lands. For the Boreal biogeographical 

region, the reported Shannon index is 3.27 for the 

second-level WRB groups and 2.49 for the first-level 

WRB groups (Ib§¶ez et al., 2013). However, this 

coarse-scale values cannot be compared to landscape-

level results. Thus, we could not compare our results 

to draw more detailed conclusions.  

Potential pedodiversity index at cell level 

The absolute differences between PDH in the two 

territories were minimal as well, with Taurene 

showing a slightly higher overall index values 

compared to Platone. Statistically significant 

differences between the medians of the two territories 

(W > 8 Ö 108, p < 0.001) were observed. The median 
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PDH value for Taurene was 0.93, while for Platone, it 

was 0.86. Welchôs ANOVA also indicated significant 

differences in group variances (F(84,889) = 328.1, p < 

0.001), a finding supported by the histograms. The 

spatial distribution of the index displayed a more 

distinct pattern in Platone, with the highest PDH values 

located in the northern part of the municipality. In 

contrast, Taurene exhibited no clear spatial patterns 

(Figure 2). Higher STD in northern part of Platone area 

could be explained by soil genesis and geological 

formation of area, e.g. varying soil texture of the soil 

parent material (Kasparinskis & Nikodemus, 2012). 

According to geological map of Latvia (1981) ï area of 

Platone municipality is located in Zemgale lowland into 

transition zone between the Baltic Ice lake sands (in 

northern part) and clay sediments of the meltwater 

basins in glacial lowland (in southern part); furthermore, 

alluvial sandy sediments are distributed in certain areas 

(Zelļs & Markots, 2004). The contact zone of diverse or 

double-sided soil parent material (clay in subsoil and 

sand in topsoil) is characterized by heterogeneity 

conditions, e.g. higher variety of soil formation 

processes (e.g., accumulation of organic matter, 

podzolization, increase of soil moisture conditions, 

gleying, etc.) instead of homogeneous clay sediments 

(in southern part of Platone municipality area). 

In Taurene area such relationships are not visible. 

However, soil diversity is being provided mainly by 

undulated topography and glacigenic deposits 

(Geological map of Latvia, 1981; Zelļs & Markots, 

2004; Zelļs et al., 2011). 

Relationship between soil taxonomic diversity and 

agricultural crop classes 

It is well established that the local soil biodiversity 

decreases with increasing agricultural land use 

intensity (Tsiafouli et al., 2015). In addition, intensive 

agriculture drives profound changes in soil properties 

to the degree that the soil can no longer be considered 

representative of its undisturbed counterpart 

(Amundson et al., 2003). 

 

Figure 2 

Potential soil diversity index in Platone (left) and Taurene (right) and value distribution histograms (Freq on y 

axis indicates number of 30x30m cells) 

 

 
 

Our two study regions differed considerably in 

agricultural crop class composition (Figure 3). Only 

28% of the Taurene Municipality area was used for 

agriculture, and almost 82% of this area corresponded 

to the 4th class ï permanent grasslands. On the contrary, 

45% of the Platone Municipality was covered by 

agricultural lands, and 86% of them were intensively 

used and corresponded to the 8th class ï grain crops.  

Statistical tests confirmed significant differences 

between group medians (ɢ(9) = 3,118.9, p < 0.001). 

Post-hoc testing revealed several significant 

differences between the cropping groups, with group 

10 (single-species grass swards) exhibiting the lowest 

PDH values compared to the others, while group 7 

(temporary grasslands sown in arable land) showed the 

highest values in the range (Figure 4). Furthermore, no 

significant differences in soil groups were found 

across cropping classes. Permanent grasslands in 

Taurene had much higher PDH values than those in 

Platone, even though they belong to the same land-use 

class. This unexpected difference suggests that STD 

hardly explains land use patterns. Therefore, other 
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factors related to land use ï such as historical land 

management, crop rotation, fertilization, or farmer 

decisions - should be considered in future analyses to 

gain a deeper understanding of the relationship 

between STD and crop choices. 

Current research trends show that major land use 

intensity studies have not even listed STD as a factor 

(Marcos-Martinez et al., 2017; Van Vliet et al., 2015), 

yet the assessment and conservation of soil diversity as 

an important part of the European natural heritage is 

gaining increasing recognition (Ib§¶ez et al., 2013). 

Thus, we call for greater integration of different 

aspects of soil diversity including STD into land use 

research, policy frameworks, and sustainable 

agricultural practices to ensure its protection and long-

term ecological resilience.

 
Figure 3 

Agricultural crop classes in Platone (left) and Taurene (right) 

 

 
 

 

 

Figure 4 

Soil taxonomic composition and median PDH index (black points) in different cropping classes in Platone (left) 

and Taurene (right).  The codes for cropping classes are the same as in Table 1 

 

  
 

It is important to note that PDH index cannot be used in the 

same way as Shannon Diversity, because it does not 

directly measure diversity in a given area but rather shows 

a tendency for diversity to change in relation to nearby 

areas (Vacek et al., 2020). Therefore, high PDH values 

should not be interpreted in the same manner as a regular 

diversity index, as demonstrated in our study through a 

comparison of the absolute index calculated at the 

municipality scale versus the PDH calculated at each raster 

cell, which yielded substantially different results between 

the two territories. PDH allows for high-resolution 

mapping of soil taxonomic diversity by assigning a 

diversity index value to individual map units, potentially 

making it useful for inclusion in detailed spatial models. 

Conclusions 

1. Minor absolute differences were observed in STD 

between the two municipalities, with PDH values 

generally being slightly higher in Taurene, a less 

intensively managed area, compared to Platone, which 

has relatively higher cropping intensity. 

2. To enhance the accuracy of STD assessment in 

topographically complex terrains, higher-resolution soil 

mapping should be conducted to improve the 

representation of small-scale soil formations that are not 

detectable at larger mapping scales. 

3. Temporary grasslands sown in arable land were related 

to high soil diversity areas while single-species grass 

swards fields were confined to areas with low soil diversity. 
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4. In both agricultural landscapes, the highest STD 

values were observed in areas of temporary grasslands 

sown in arable land. Other factors related to land use 

should be considered in future analyses to gain a 

deeper understanding of relationship between STD and 

cropping classes.  

5. At municipal level, Taurene exhibited higher soil 

taxonomic diversity than Platone, consistent with its 

more heterogeneous upland landscape and previously 

documented complexity of soil formation processes. 

Platone showed a slightly higher Shannon Diversity 

Index values per cell than Taurene, which contradicts 

theoretical assumptions about soil taxonomic diversity 

in such landscapes. 

6. Further research should focus on high-resolution 

modelling of the PDH index, incorporating other 

environmental factors available at a detailed scale, such 

as topographic indicators or soil parent material. 

Additionally, other diversity metrics, such as Simpsonôs 

Diversity Index or Patch Richness and Evenness, should 

be calculated using a similar approach to determine 

whether other indexes could reveal relationship between 

STD and cropping classes better. 
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Abstract 
Different potato genotypes vary in nitrogen uptake and biomass production at different available nitrogen levels. In vitro 

experiments offer a controlled environment to further explore these variations. The study aimed to evaluate the morphological 

traits of various potato genotypes in a two-factorial experiment, analysing microplant responses depending on nitrogen 

availability in the growth medium in vitro. The study, conducted in 2022 in Priekuli, Latvia, tested 19 potato genotypes under 

varying nitrogen levels in an in vitro medium. The experiment was carried out in three time-shifted series each with four 

replications. The Murashige and Skoog basal medium used for the experiments included N concentrations of 60 mmol L ĭ 

(N60), 20 mmol L ĭ (N20), and 7.5 mmol L ĭ (N7.5). The morphological traits analyzed in the potato microplants included 

plant height, fresh weight (FW) and dry weight (DW) of the total plant, as well as FW and DW of the shoots and roots. 

Additionally, calculated traits included the root % share, root-to-shoot ratio and the nitrogen stress tolerance coefficient (NstC) 

of the genotypes. Results showed significant differences in biomass production between different N levels (p<0.05) as well as 

significant differences between genotypes grown under the same N level were identified. NstC differed between genotypes.   

Keywords: potato microplants, nitrogen stress tolerance, nitrogen availability.  

 

Introduction  

Potato (Solanum tuberosum L.) is an important crop for 

global food and nutritional security. As a crop it requires 

a large amount of nitrogen (N) (Haverkort et al., 2003; 

Vos, 2009; Hirel et al., 2007; Lammerts van Bueren et 

al., 2014; Tiwari et al., 2018). To comply with 

environmentally friendly and sustainable agricultural 

practices, the fundamental goal of crop production is to 

optimise high nutrient efficiency in crops, thereby 

ensuring that economic benefits increase and 

environmental pollution due to nitrate loss is reduced 

(Getahun et al., 2020; Stefaniak et al., 2021). One 

approach is the development of enhanced-efficiency 

fertilizer and optimised nutrient management (Hopkins 

et al., 2008), but the second approach is the breeding of 

cultivars with improved nitrogen use efficiency (NUE) 

(Schum & Jansen, 2014).  

Although field trials are crucial, pre-screening of 

genotypes under controlled environmental conditions 

can be helpful in the breeding and selection process 

(Schum & Jansen, 2014). In vitro trials for NUE 

evaluation are rare, only a few of them are described 

by Hajari et al. (2014, 2015), Shum & Jansen (2014) 

and Schum et al. (2017). In vitro trials allow us to 

investigate many plants under controlled conditions in 

a short period; nevertheless, this also allows us to 

observe root development, which is usually impossible 

in field trials (Rabante-Hane et al., 2022).  

Knowledge about the key traits affecting NUE is 

essential to investigate plant growth. NUE is 

connected with N metabolism in potato plants, 

affecting N uptake, assimilation, utilization and 

remobilization in different parts of the plant (roots, 

stems, leaves, stolons/tubers) (Foulkes et al., 2009). 

High N supply can ensure more shoot growth, 

resulting in higher plant (Tiwari et al., 2018).  

Roots are an important part of plants and provide uptake 

of water and nutrients (White et al., 2013). Potato has a 

relatively shallow root system, which results in a 

deficient acquisition of nutrients (Wishart et al., 2013). 

According to Ospina et al. (2014) physiological and 

molecular mechanisms are involved in N uptake, 

transport, assimilation, and utilization in potato plants. 

Various genotypes have different responses to nitrogen 

levels (Dimante et al., 2024). Many physiological and 

molecular mechanisms among different potato cultivars 

influence N uptake, transport, assimilation and 

utilization (Zebarth et al., 2004; Ospina et al., 2014). 

Potato genotypes may perform better under reduced N 

availability and different meteorological conditions 

(Skrabule et al., 2023).  

The objective of this study was to assess the biomass 

production, root-to-shoot ratio, and nitrogen stress 

tolerance in 19 potato genotypes grown in vitro under 

three nitrogen levels. 

 

Materials and Methods 

Plant material 

A set of 19 potato (Solanum tuberosum L.) genotypes was 

used for in vitro trials, including ten Latvian cultivars from 

various maturity groups: óAgrie Dzeltenieô, óMadaraô, 

óMontaô, óRigondaô (early) óPrelmaô and óLenoraô 

(medium early), óMagdalenaô, óBraslaô, óImantaô, óJoglaô 

(medium late), as well as, five breeding clones with high 

potential from AREI: S 03067-33 and S 01085-21, S 

11161-85, S 11152-7. Additionally, four popular cultivars 

from external breeding companies were included: German 

varieties óVinetaô, óJellyô, óVerdiô and óKurasô; the latter is 

widely known in starch production and was bred in the 

Netherlands.  

Stock cultures of virus-tested in vitro microplants were 

kept in glass test tubes on agar-solidified Murashige & 

Skoog basal medium (MS medium) (Murashige & 

Skoog, 1962) supplemented with 30 g L-1 sucrose and 

no growing regulators. Cultures were incubated at 

22Ñ1 ƺC, photoperiod 16/8 h; light intensity 15.5Ñ2.5 

W m-2 and subcultured every four to six weeks until 

the necessary number of microplants was obtained. 
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Shoot tips of approximately 1.5 ï 2.0 cm in length 

were excised from newly developed microplants and 

used for in vitro trials in different nitrogen levels.  

In  vitro testing 

For in vitro testing, ten shoot tips were placed in perforated 

polypropylene plates within MagentaÊ vessels (575 mL), 

each containing 50 mL of liquid MS medium 

supplemented with 30 g L ĭ sucrose and 1.5 mL L ĭ 

PPMÊ. The pH (measured in KCl) of the medium was 

adjusted to 5.7 Ñ 0.1. The experiments included a standard 

N level of 60 mmol L ĭ (N60) and two reduced N levels of 

20 mmol L ĭ (N20), and 7.5 mmol L ĭ (N7.5). Media was 

adjusted with respective concentrations of NH4NO3, KNO3 

and KCl. Cultures were incubated for 24 days according to 

the environmental conditions of the stock culture. 

The in vitro trial was repeated in three independent time-

shifted trials, each series comprised four replications per 

N level. Overall, the experiment included two factors: 

genotype and nitrogen concentration in the MS medium. 

A total of 19 genotypes and 3 nitrogen levels were tested, 

resulting in 57 treatment combinations. Each replicate 

included 10 plants, which meant 40 plants per treatment 

per series. With 3 series, that totals 120 plants for each 

treatment, according to genotype and nitrogen level. In 

total, 360 microplants per genotype were used in the 

study. 

Morphological traits and measurements 

Morphological traits of microplants were measured for 

each unit of 10 plantlets, and data were averaged 

across replications and experimental series. To 

compare and analyse differences between the N levels, 

the morphological traits assessed in the potato 

microplants were plant fresh weight (FW) and dry 

weight (DW), and FW and DW of the shoots and roots. 

To compare the differences between the root and shoot 

systems development, the root percentage share of 

total FW was determined as well as the root-to-shoot 

ratio (R:S ratio) was calculated using the formula 

developed by Wilson (1988), Equation (1): 

 

  ὙȡὛ ὶὥὸὭέ                  (1) 

 
DW roots ï the dry weight of roots; 

DW shoots ï the dry weight of shoots. 

 
Nitrogen stress tolerance coefficient (NstC) of the 

genotypes  

 

       ὔίὸὅ                 (2) 

 

Ps ï Total DW under stress conditions (N7.5); 

Pc ï Total DW under control conditions (N60); 

meanPs ï mean of all genotypes under N7.5; 

meanPc ï mean of all genotypes under N60. 

 
Potato genotypes were evaluated based on their stress 

susceptibility index (NstC) (2), calculated using total 

plant dry weight according with the formula established 

by Fisher and Maurer (1978), Equation (2). 

 

Statistical analysis 

To analyse the impact of factors, a factor analysis of 

variance (ANOVA) was conducted. Tukeyôs post hoc 

test, with a significance level set at Ŭ = 0.05, was used 

to identify groups with significant differences. The 

statistical analysis was carried out using Jamovi 

software (version 2.6.23) (Jamovi The Jamovi), which 

operates in conjunction with R version 4.4. 

 

Results and Discussion 

Biomass production  

Nitrogen reduction in medium affected morphological 

traits of potato genotypes. The two-factor analysis 

showed that there was significant effect of Genotype 

and N level on dependent variables such as total FW, 

FW of shoots and roots, shoot length and total DW 

(p<0.005), and that there was an interaction between 

genotype and N level concerning the dependent 

variables, (p<0.005) (Table 1). 

The total FW per replication (10 microplants) was 

determined for each treatment, and average values 

across four replications are presented. These ranged 

from 2.21 g to 19.01 g at N60, 3.55 g to 14.09 g at N20, 

and 2.05 g to 8.04 g at N7.5 (Table 1). Cultivars 

óRigondaô, óMontaô, óAgrie Dzeltenieô, and breeding 

line S 01085-21 showed the highest total FW under 

N60 (Figure 1). Additionally, these genotypes 

demonstrated a significant reduction in biomass as 

nitrogen availability decreased in the media. However, 

genotypes such as S 03067-33, S04065-2, S 11161-85, 

óJoglaô, and óKurasô did not show significant 

differences between the N60 and N20 treatments.  The 

ᾸMadaraᾷ cultivar showed higher total FW with N20 

compared to N60. The difference between N20 and 

N7.5 resulted in a total FW of 2.89 g.  

The average shoot FW per 10 microplants ranged from 

2.11 g to 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 

most genotypes decreased with reduced nitrogen 

supply (Figure 2). However, in three genotypes (S 

03067-33, óMagdalenaô, óMadaraô), we observed that 

shoot FW was higher at N20 compared to N60, but 

only for óMadaraô difference between N20 and N60 

was significantly higher. These tendencies were not 

sustained at N7.5.  

The average root FW per 10 microplants ranged from 

0 g to 8.91 g in N60, 0.27 g to 5.07 g at N20, and 0 g 

to 1.62 g at N7.5 (Table 1). Root FW decreased under 

lower nitrogen supply in all genotypes except 

óPrelmaô, which showed higher root FW at N20 

compared to N60. 

Root percentages of the total plant fresh mass 

The root percentage share of total FW ranged from 

0.00% (S 11152-7) to 46.87% (óRigondaô) at N60 

(Table 1).  In the reduction of available nitrogen, two 

different responses were observed among genotypes 

after 24 days in the media. Most genotypes showed a 

constant decrease in root FW percentage with 
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increasing nitrogen deficiency stress, while some 

genotypes showed improved root development under 

N20 and N7.5 conditions.  For example, ᾸPrelmaᾷ 

showed a 6.93% FW root percentage at N20 compared 

to N60, but ᾸMagdalenaᾷ showed by a 3.98% better 

root percentage at N7.5, than observed at N20. 

 

Table 1 

Overview of plant performance across all genotypes at different N levels 

Trait N60 N20 N7.5 F statistics 

 Mean Min/Max Mean Min/Max Mean Min/Max N level (N) 
Genotype 

(G) 
N x G 

Fresh weight Total  

(g/10 plants) 
7.70 2.21/19.01 6.56 3.55/14.09 3.67 2.05/8.04 547.06***  15.68***  3.91***  

Fresh weight  

Shoots (g/10 plants) 
5.35 2.11/11.99 4.95 0.70/12.05 2.96 1.36/7.39 321.44***  12.14***  1.75* 

Fresh weight  

Roots (g/10 plants) 
2.35 0.00/8.91 1.62 0.27/5.07 0.71 0.00/1.62 482.97***  15.59***  7.38***  

Shoot length (cm) 8.66 2.90/13.20 4.46 1.10/9.80 3.11 1.20/9.00 1215.27***  15.07***  5.04***  
Dry weight Total 

(g/10 plants) 
0.59 0.23/1.10 0.63 0.28/1.05 0.46 0.23/0.83 111.86***  11.35***  2.02***  

Dry weight  Shoots 

(g/10 plants) 
0.47 0.14/0.86 0.53 0.17/0.95 0.40 0.21/0.80 66.86***  10.40***  1.81***  

Dry weight  Roots 

(g/10 plants) 
0.12 0.00/0.40 0.10 0.01/0.21 0.06 0.00/0.15 280.31***  18.31***  4.82***  

R:S ratio 0.44 0.00/0.88 0.36 0.07/7.24 0.25 0.00/0.55 25.54***  1.48ns 1.52** 
Root percentage 

(%) 
29.94 0.00/46.87 24.47 6.31/87.87 19.13 0.00/35.33 155.51***  14.24***  3.7***  

*Significantly different at the 0.05 probability level p<0.05; **  p<0.01; ***p<0.001; ns ï not significant 

 
Figure 1 

Total fresh weight (g, per 10 microplants) of genotypes under different N levels 

 
 

The average R:S ratio per 10 microplants ranged from 

0 to 0.88 in N60, 0.07 to 7.24 in N20, and 0 to 0.55 in 

N7.5 (Table 1) ANOVA revealed a significant effect 

of nitrogen levels on the root-to-shoot (R:S) ratio 

Tukeyôs post-hoc test showed the pairwise compa-

risons between N60 - N20, N60 - N7.5, and N20 - N7.5 

that resulted in p<0.05. The highest R:S was observed 

for óPrelmaô in N20 (7.24) (Figure 3). Statistical 

analysis showed that the effect of genotype was not 

significant in relation to the R:S ratio within each N 

treatment, but there was a significant interaction 

between the genotype and N level (p<0.005) in relation 

to the R:S ratio. Most of the genotype R:S ratio 

reduced as the N level reduced. 

However, for some genotypes - such as óAgrie Dzeltenieô,  

óMontaô, S 03067-33, and S 11161-85 - the R:S ratio did 

not differ significantly between N20 and N7.5. For 

ᾸMagdalenaᾷ, which previously showed a higher root 

percentage at N7.5 than at N20, the difference in R:S 

ratio was minimal (0.07). Interesting results showed 

óPrelmaô, whose R:S ratio didnôt significantly differ 

between N60 (0.14) and N7.5 (0.16), but was 

significantly higher at N20 (0.76).  

 

Stress susceptibility index (NstC) 

Further analysis of biomass production depending on N 

concentration in the medium was conducted using the 

ranking method, where genotypes were ranked 

according to the stress susceptibility based on total DW 

of microplants.  The NstC reflects the rate of change for 
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each genotype and the stability of a specific parameter 

under stress conditions, with higher values indicating 

lower tolerance (Figure 4). The NstC was calculated 

between the N60 (standard) and N7.5 (N stress) 

treatments. The average NstC across genotypes was 

1.02 with eight genotypes falling below average value, 

indicating greater tolerance to nitrogen reduction. The 

lowest values were detected for S 01085-21 (-0.92), 

óAgrie Dzeltenieô (0.52), óMadaraô (0.53) and S 11161-

85 (0.53), while genotypes S 04065-2 (1.66), óLenoraô 

(1.67) and óVerdiô (1.71) demonstrated lower tolerance 

to N availability changes. 

 

Figure 2 

Shoot fresh weight (g, per 10 microplants) of genotypes under different N levels 

 
Figure 3 

R:S ratio of genotypes under different N levels 

 

 
The observed significant differences between 

genotypes and N treatments (p<0.005) indicate that 

both genetic factors and nitrogen availability are 

essential for plant development and biomass 

production, showing that the response of a genotype 

under various levels of nitrogen may differ as 

described by Dimante et al. (2024).  

In our study genotypes óRigondaô, óMontaô, óAgrie 

Dzeltenieô and breeding line S 01085-21 showed 

increased total FW at N60, demonstrating the 

significance of selecting genotypes that can improve 

biomass production under optimal conditions.  The 

results align with the findings of Shum & Jansen 

(2014), Schum et al. (2017), and Tiwari et al. (2018), 

which indicate that increased nitrogen supply 

improves shoot growth and total plant biomass 

accumulation. The observed reduction in biomass 

related to lower nitrogen 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 03067-33, S04065-2, S 11161-85, 

óJoglaô and óKurasô) did not show significant 

differences between the N60 and N20 treatments. The 

óMadaraᾷ cultivar showed higher total FW at N20 

compared to N60. The analysis of shoot and root FW 

indicated that shoots typically formed the largest part 

of biomass in most genotypes. The individual response 

of the óMadaraô, óMagdalenaô and S 03067-33, which 

showed higher shoot FW under N20 compared to N60, 

suggests that a stronger nitrogen level reduction may 

not negatively affect shoot FW in some genotypes.  
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This is consistent with findings by Skrabule et al. 

(2023), who reported that certain genotypes may 

perform better under reduced nitrogen conditions. This 

observation may also suggest adaptive mechanisms for 

nutrient uptake across different potato genotypes, 

aligning with the findings of White et al. (2013), which 

indicate the essential role of roots in providing nutrient 

acquisition.  

 

Figure 4 

Stress susceptibility index (NstC) of genotypes under different N levels 

 
 

Observations of the development of roots under in vitro 

conditions are significant due to the potato's relatively 

shallow root system, which often limits nutrient 

acquisition (Wishart et al., 2013). The R:S ratio 

determines the growth relationship between the plantᾷs 

roots and its upward structures, such as stems and 

leaves. This ratio provides insights into a plantᾷs health, 

resource distribution, and overall growth strategy. 

Under reduced nitrogen availability, two different 

responses were observed among genotypes. In some 

genotypes, the R:S ratio between N20 and N7.5 didnôt 

significantly differ, like óAgrie Dzeltenieô, óMontaô, S 

03067-33 and S 11161-85. We observed an indication 

that the highest R:S ratio was at N20, suggesting a 

change in growth strategy in response to lower nitrogen 

levels. Interaction between genotype and nitrogen 

supply under in vitro conditions is best described by 

Schum & Jansen (2014) and Schum et al. (2017), who 

suggest that certain genotypes may demonstrate distinct 

adaptive traits. Still, no significant differences in R:S 

ratios among genotypes (p>0.05) within N treatments 

were observed in our experiment, suggesting that 

although all genotypes react to nitrogen availability, 

their overall growth patterns are similar.  

Most genotypes demonstrated a decrease in root FW 

under conditions of reduced nitrogen availability. 

However, óPrelmaô demonstrated a 6.93% increase in 

root weight at N20 compared to N60. This indicates a 

possible adaptive strategy for improving nutrient intake 

under unfavourable conditions, which may be essential to 

plant survival (Foulkes et al., 2009; Schum et al., 2017). 

The R:S ratio for óPrelmaô showed no significant 

difference between N60 and N7.5, suggesting that this 

cultivar may function well under nitrogen-limited 

conditions. In case of ᾸMagdalenaᾷ higher root percentage 

at N7.5, did not result in higher R:S ratio. The notable 

increase in root percentage share of total FW for specific 

genotypes under reduced nitrogen conditions suggests a 

strategic adaptation to improve nutrient absorption during 

stress, as previously documented (Ospina et al., 2014).   

Adaptive traits may improve breeding programs aimed at 

improving NUE in potatoes.  

The NstC offers a quantitative measure of genotypic 

stability under stress conditions. High NstC values 

indicate lower tolerance to nitrogen deficiency, while 

lower values suggest better adaptability (Schum & 

Jansen, 2014). Eight genotypes (S 01085-21, óAgrie 

Dzeltenieô, óMadaraô, S 11161-85, óPrelmaô, óKurasô, 

óMagdalenaô and S 03067-33) were below average 

values indicating that these genotypes have a higher 

tolerance to nitrogen reduction. When comparing NstC 

tendencies with additional traits, we can find some 

similarities that genotypes óPrelmaô, óMagdalenaô, 

óKurasô and óAgrie Dzeltenieô showed good results 

regarding to root development under different N levels 

while óMadaraô had positive response in shoot FW.  

Still, the variations in response to nitrogen availability 

among genotypes, support the concept that genetic 

differences significantly influence nitrogen uptake and 

utilization (Zebarth et al., 2004; Skrabule et al., 2023). 

 

Conclusions  

1. Reduced nitrogen availability negatively impacts 

potato growth, as shown by the overall decrease in 

shoot and root FW among the majority of genotypes.   

2. Certain genotypes have adaptive mechanisms for 

enhanced nutrient uptake, supporting the theory that 

specific genetic traits give advantages in nitrogen-

limited environments. 

3. R:S ratio presents insight into growth strategies in 

connection with the availability of nitrogen. The 

highest R:S ratio in limiting N levels shows a change 

in growth patterns, demonstrating adaptive responses 

to nutrient limitation. 
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4. The NstC provides valuable insights into the 

genotypic stability of various plant genotypes under 

nitrogen deficiency. 

5. Genotypes with lower tolerance to nitrogen 

reduction are not always expressed by morphological 

traits that indicate complex interactions between 

genetic traits and nitrogen utilization. 
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Abstract  
The study investigates the effects of seed inoculation with Rizoline-r and foliar application of KALNINI on the growth, 

physiological parameters, and yield of soybean (Glycine max L.) grown under organic-mimicking conditions. The objective 

was to enhance nitrogen fixation, photosynthetic efficiency, and yield performance in sustainable farming systems without 

synthetic inputs. A full -factorial randomized pot experiment was conducted using three soybean varieties (Laulema, Paradis, 

Tiguan), seed inoculation (3 L t ĭ Rizoline-r), and foliar application of 1% KALNINI at the third trifoliate and full  flowering 

stages. The experiment simulated organic production by excluding synthetic fertilisers and pesticides. Results showed that seed 

inoculation increased plant height by 6.1% and biomass accumulation by 11.0%, while foliar treatment significantly enhanced 

leaf area index by 28.6% and chlorophyll content by 14.5%. The combined application of both treatments demonstrated a 

synergistic effect, resulting in the greatest improvements in all traits assessed. Notably, pod formation increased by 34.3%, and 

seed yield rose by 15.9% compared to the untreated control. These physiological and agronomic enhancements suggest 

improved plant metabolism, nitrogen uptake, and stress tolerance. The findings underline the potential of integrating microbial 

inoculants and foliar biostimulants into organic-compatible cropping systems. Such strategies can reduce dependency on 

synthetic agrochemicals while improving productivity and sustainability. Further research under diverse environmental and 

soil conditions is recommended to confirm the consistency and adaptability of these results and to develop region-specific 

treatment protocols suitable for wide adoption in low-input agriculture. 

Keywords: organic soybean, seed inoculation, foliar fertilization, nitrogen fixation, yields improvement. 

 

Introduction  

Soybean (Glycine max L.) is a vital crop with 

significant economic and nutritional value due to its 

high protein and oil content. In sustainable agriculture, 

particularly under organic-compatible systems, 

improving soybean productivity without synthetic 

inputs remains a major challenge. One promising 

approach involves the application of biological seed 

inoculants and natural foliar formulations to stimulate 

plant development and enhance yield potential. 

Seed inoculation with microbial preparations, such as 

Rizoline-r, plays an important role in improving 

nitrogen fixation, root architecture, and overall plant 

vigour. These preparations contain beneficial strains 

that establish symbiotic interactions in the rhizosphere, 

increasing nutrient availability and promoting 

sustainable crop 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 

reproductive success (Di Mauro et al., 2023). 

Research confirms that the combination of seed 

inoculation and foliar fertilisation can positively affect 

plant biomass, pod development, and seed quality 

(Negrea et al., 2022; Suciu et al., 2022). Several 

studies support the role of foliar fertilisation with 

micronutrientsðsuch as molybdenum, phosphorus, 

calcium, and boronðin increasing nodulation, leaf 

area index, and protein content (Jarecki, 2023; 

Domingos et al., 2019; Muminova et al., 2022). 

Additional research demonstrates that inoculation with 

Bradyrhizobium japonicum combined with foliar 

feeding significantly enhances grain quality and yield 

(BŁrdaἨ et al., 2023; Delfim et al., 2022). While 

Machado et al. (2021) showed that foliar treatments 

influenced thousand-grain weight, Muminova et al. 

(2022) emphasised the role of genotype and 

environment in determining treatment efficacy. 

Korobko (2023) further underlined the synergistic 

effect of inoculants and foliar nutrients in organic 

soybean cultivation systems. 

The effectiveness of these inputs depends on multiple 

agrotechnical factors. For instance, localised 

rhizosphere loosening has been shown to improve 

soybean root development and pod formation 

(Pashchenko et al., 2019). Moreover, recent field 

studies highlight the importance of adapting 

agronomic practices and sowing time to seasonal 

variability in order to stabilise yields under low-input 

conditions (Syromyatnikov et al., 2023). 

The present study evaluates the combined impact of 

Rizoline-r seed inoculation and KALNINI  foliar 

application on soybean growth, physiological traits, 

and yield performance under organic-mimicking 

conditions. The objective is to determine the extent of 

treatment synergy and its practical implications for 

sustainable soybean production. 

 

Materials and Methods 

The study was carried out in a controlled greenhouse 

environment at the Institute of Plant Protection 
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Research ᾸAgrihortsᾷ of Latvia University of Life 

Sciences and Technologies. The aim of the 

experiment was to evaluate the individual and 

combined effects of seed inoculation with Rizoline-r 

and foliar application of KALNINI on the growth, 

physiological development, and yield of soybean 

(Glycine max L.) cultivated under organic-mimicking 

conditions (Regulation (EU) 2018/848). A full -

factorial randomised experimental design was used, 

consisting of two independent factors: seed 

inoculation and foliar fertilisation. Seed inoculation 

included two levels: untreated control and seeds 

treated with Rizoline-r, a microbial bioinoculant 

based on Bradyrhizobium japonicum (applied at a 

dose of 3 litres per tonne of seed). Foliar fertilisation 

also included two levels: no treatment and spraying 

with KALNINI at a concentration of 1% during the V3 

(third trifoliate leaf) and R2 (full  flowering) stages. 

Each treatment combination was replicated three 

times, resulting in a total of 12 experimental units. 

Each unit consisted of one soybean plant grown in a 

10-litre plastic pot filled with a peat-based organic 

substrate. The substrate had the following 

characteristics: pH 6.1, electrical conductivity 1.8 dS 

m ĭ, organic matter content 78%, and a loose 

structure suitable for root development under low-

input conditions. 

Environmental conditions in the greenhouse were 

maintained close to optimal for soybean growth: the 

air temperature was kept at 24 Ñ 2 ÁC, relative 

humidity at 60ï70%, and a 16-hour photoperiod was 

provided using natural light supplemented by LED 

lamps. Air  temperature and humidity were monitored 

using digital sensors, and substrate moisture was 

maintained at approximately 70% of field capacity 

through regular manual irrigation. 

Although three soybean varieties (Laulema, Paradis, 

and Tiguan) were used in the experiment to reflect 

different maturity groups (early-, mid-, and late-season 

types), no statistical comparison between varieties was 

conducted; therefore, variety was not considered a 

research factor in this study. Seeds were sown directly 

into pots after surface disinfection and drying.  

Rizoline-r, the seed inoculant used in this experiment, 

is a liquid microbial preparation produced by BTU-

Center GmbH (Germany). It contains strains of 

Bradyrhizobium japonicum, which are known to 

promote nitrogen fixation and early root development. 

The foliar product KALNINI is an experimental, non-

commercial fertiliser developed by ZS Kalninkalni 

(Latvia), intended for application in organic and low-

input systems. According to the manufacturer, it 

consists of trace elements suspended in a humate-

based carrier. The formulation was tested under 

research-only conditions and applied using a handheld 

sprayer with fine mist nozzles to ensure uniform leaf 

coverage. 

Growth stages were 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 measured to evaluate the treatment effects: 

Plant height and stem diameter were measured at the 

R5 stage using a calibrated ruler and digital caliper. 

Leaf Area Index (LAI)  was determined using a 

portable leaf area meter to assess canopy 

development. Relative chlorophyll content (SPAD 

values) was measured at R2 using the LEAF CHL 

STD meter (FT GREEN LLC, USA). Biomass 

accumulation was assessed at physiological maturity 

(R7) by drying and weighing the above-ground part 

of each plant and expressing the result as g m Į. 

Number of pods per plant was counted manually at 

harvest. Seed yield was measured after threshing and 

adjusted to standard moisture content, then 

extrapolated from per-plant data to tonnes per hectare 

(t ha ĭ). 

All  measurements were recorded using standardised 

protocols. Statistical analysis of the results was 

carried out using the software packages SPSS 27.0 

and R. Two-way ANOVA (Analysis of Variance) 

was applied to assess the significance of the main 

effects (seed inoculation and foliar treatment) and 

their interaction. Tukeyôs HSD test was performed 

for post-hoc comparisons between means where 

significance was observed (p < 0.05). Additionally, 

regression analysis was used to assess relationships 

between physiological traits (SPAD, LAI)  and yield 

components (biomass, seed yield), while Pearson 

correlation coefficients were calculated to evaluate 

interdependencies among measured variables. The 

statistical approach provided a comprehensive 

understanding of how Rizoline-r and KALNINI 

influence soybean performance under organic-

compatible conditions. For regression analysis, 

treatment groups were numerically coded under a 

variable named ʍ (Treatment Level), reflecting 

increasing input intensity: 0 = CTRL ï untreated 

control; 1 = RZL ï seed inoculation with Rizoline-r; 

2 = KLN ï foliar application of KALNINI;  3 = 

RZL+KLN ï combined application of both 

treatments. 

This coding was used in linear regression models to 

quantify trends across treatments. Each regression 

equation shows the expected change in the outcome 

variable (e.g., plant height, yield) per unit increase in 

TreatmentLevel. The coefficient reflects treatment 

effect strength, and the RĮ value indicates how well the 

model explains variability. 

While boxplots show group medians and variability, 

regression highlights the average linear trend across 

treatment intensity. All  regressions were statistically 

significant and consistent with the descriptive data. 

 

Results and Discussion 

Seed inoculation with Rizoline-r significantly 

increased soybean plant height across growth stages. 
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During the pod-filling  phase, inoculated plants 

averaged 117.6 cm, 13% taller than the control (104.1 

cm), indicating enhanced vegetative growth due to 

improved nitrogen fixation. 

 

Figure 1 

Effect of Seed Inoculation and Foliar Application on 

Soybean Plant Height 

 
 

Figure 1 presents plant height distribution across 

treatments: Control (CTRL), Rizoline-r (RZL), 

KALNINI  (KLN), and Rizoline-r + KALNINI  

(RZL+KLN). Compared to the control, Rizoline-r 

increased height by 6.1% (110.5 cm), KALNINI  by 

8.4% (112.8 cm), and their combined application by 

13% (117.6 cm). The boxplot highlights the highest 

variability in the RZL+KLN group, with median 

values showing an increasing trend with treatment. 

Statistical analysis confirmed significant differences 

(p < 0.05), with the RZL+KLN treatment having the 

strongest impact. 

 

Figure 2 

Regression Analysis of Plant Height Across Treatment 

Groups. Regression equation: y = 104.1 + 4.5x (RĮ = 

0.75, p = 0.044) 

 

 
 
Figure 2 illustrates the regression analysis of plant 

height across treatment groups, demonstrating a 

significant positive correlation between treatment 

application and soybean growth. The combined 

application of Rizoline-r and KALNINI  resulted in the 

highest plant height (117.6 cm). The regression 

analysis supports that the effect of combined treatment 

is statistically significant. 

KALNINI  foliar application significantly enhanced 

the Leaf Area Index (LAI),  which was 18% higher 

during the flowering stage compared to untreated 

plants, suggesting improved canopy development and 

photosynthetic potential. 

 

Figure 3 

Effect of Seed Inoculation and Foliar Application on 

Leaf Area Index (LAI) 

 
 

Figure 3 illustrates the impact of seed inoculation and 

foliar application on LAI:  Control (2.1), Rizoline-r 

(2.5), KALNINI  (2.7), RZL+KLN (3.1). Tukeyôs 

HSD test confirmed significant differences (p < 

0.001), with the combined treatment showing the 

strongest effect. 

 

Figure 4 

Regression Analysis of Leaf Area Index Across 

Treatment Groups. Regression equation: y = 2.1 + 

0.35x (RĮ = 0.84, p = 0.043) 

 

 
 

The regression Figure 4 indicates a strong linear 

correlation between treatment intensity and LAI,  

confirming the physiological benefit of integrated 

application. 

Foliar application of KALNINI  at the V3 and R2 

stages improved SPAD values, indicating higher 

chlorophyll content and nitrogen assimilation.  

Figure 5 shows SPAD values: Control (35.2), RZL 

(38.5), KLN (40.3), RZL+KLN (43.2). Tukeyôs HSD 
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test indicated significance for all treatments (p < 

0.001). 

 

Figure 5 

Effect of Seed Inoculation and Foliar Application on 

Chlorophyll Content (SPAD) 

 
 

Figure 6 

Regression Analysis of Chlorophyll Content (SPAD) 

Across Treatment Groups. Regression equation: y = 

35.2 + 2.7x (RĮ = 0.80, p = 0.018) 

 

 
 

The fitted regression Figure 6 line supports the 

observation that foliar application combined with 

inoculation substantially improves photosynthetic 

efficiency.  

Reproductive development was also influenced.  

 

Figure 7 

Effect of Seed Inoculation and Foliar Application on 

Pod Formation 

 

 

Figure 7 shows that pod number increased from 35 

pods plant ĭ (CTRL) to 47 pods plant ĭ in the 

RZL+KLN group (+34.3%). Rizoline-r increased pod 

count by 17.1%, and KALNINI  by 25.7%, both 

statistically significant (p < 0.001). 

 

Figure 8 

Regression Analysis of Pod Formation Across 

Treatment Groups. Regression equation: y = 35 + 

4.1x (RĮ = 0.84, p = 0.005) 

 

 
 

The regression Figure 8 confirms a direct positive 

trend between pod number and treatment intensity. 

 

Figure 9 

Effect of Seed Inoculation and Foliar Application on 

Seed Yield 

 

 
 

Figure 9 illustrates the effect of seed inoculation with 

Rizoline-r and foliar application of KALNINI  on seed 

yield in soybean plants. The Control (CTRL) group 

had the lowest yield at 1.64 t ha ĭ. Rizoline-r (RZL) 

increased yield by 8.5% to 1.78 t ha ĭ, while KALNINI  

(KLN)  enhanced it by 12.8% to 1.85 t ha ĭ. The highest 

yield was observed in the combined treatment group 

(RZL+KLN), reaching 1.90 t ha ĭ, a 15.9% 

improvement over the control. The boxplot 

demonstrates the greatest variability and improvement 

in the RZL+KLN group, confirming the synergistic 

effect of microbial inoculation and foliar fertilization 

on crop productivity. 

Tukeyôs HSD test confirmed statistically significant 

differences among all treatment groups. The increase 
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in seed yield in the RZL+KLN group compared to the 

control was highly significant (p < 0.001). KALNINI  

alone improved yield significantly (p < 0.01), and 

Rizoline-r also contributed a measurable increase (p < 

0.05). The difference between KALNINI  and 

Rizoline-r alone was significant (p < 0.05), indicating 

that foliar fertilization has a more pronounced effect 

when used independently. Nonetheless, the combined 

treatment significantly outperformed KALNINI  alone 

with an additional 5.4% yield increase (p < 0.05), 

confirming its superior effectiveness in enhancing 

organic soybean productivity. 

 

Figure 10 

Regression Analysis of Seed  

Yield Across Treatment Groups. Regression equation: 

y = 1.64 + 0.09x (RĮ = 0.92, p = 0.033) 

 

 
 

The regression Figure 10 line confirms that seed yield 

increased linearly with treatment intensity, and 

validates the practical effectiveness of combining 

Rizoline-r and KALNINI.  

 

Figure 11 

Effect of Seed Inoculation and Foliar Application on 

Biomass Accumulation 

 

 
 

Figure 11 illustrates the impact of seed inoculation with 

Rizoline-r and foliar application of KALNINI  on above-

ground biomass accumulation in soybean plants. The 

Control (CTRL) group exhibited the lowest biomass at 

1,550.0 g m Į. Seed inoculation with Rizoline-r (RZL) 

increased biomass by 11.0% to 1,720.0 g m Į, while 

foliar treatment with KALNINI  (KLN) led to a 15.8% 

increase, reaching 1,795.0 g m Į. The highest biomass 

was recorded in the combined treatment (RZL+KLN), 

where plants accumulated 1,881.7 g m Į, representing a 

21.4% increase over the control. 

Tukeyôs HSD test confirmed that all treatments 

significantly enhanced biomass accumulation 

compared to the control (p < 0.001). KALNINI  alone 

was significantly more effective than Rizoline-r (p < 

0.05), and the combined application significantly 

outperformed both individual treatments. The 

synergistic interaction between the microbial inoculant 

and the foliar fertilizer resulted in an additional 4.8% 

biomass gain over KALNINI  alone (p < 0.05), 

highlighting the practical benefits of integrating both 

technologies in organic crop management. 

 

Figure 12 

Regression Analysis of Biomass Accumulation Across 

Treatment Groups. Regression equation: y = 1550 + 

110x (RĮ = 0.85, p = 0.004) 

 

  
 

This regression Figure 12 line indicates a strong, 

statistically significant relationship between biomass 

and treatment level. These data reinforce that the 

combined application of microbial inoculants and 

foliar fertilizers significantly enhances total 

productivity under organic conditions. 

Table 1 summarizes the quantified effects of seed 

inoculation with Rizoline-r and foliar fertilization with 

KALNINI  on soybean growth, physiological 

parameters, and productivity under organic conditions. 

The table presents key experimental outcomes, their 

agronomic relevance, and supporting statistical 

evidence based on ANOVA, Tukeyôs HSD tests, and 

regression analysis. 

The results show that seed inoculation with Rizoline-r 

notably improved early-stage vegetative growth, 

including a 6.1% increase in plant height (110.5 cm vs. 

104.1 cm; p < 0.05). Foliar application of KALNINI  

significantly enhanced photosynthetic function, 

resulting in a 14.5% increase in chlorophyll content 

(SPAD) and a 28.6% rise in LAI,  indicating better 

nitrogen uptake and canopy development (p < 0.01). 

The combined treatment (RZL+KLN)  consistently 

produced the highest performance across all indicators, 

including a 15.9% increase in seed yield (1.90 vs. 1.64 t 

ha ĭ), a 21.4% improvement in total biomass 
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accumulation (1,881.7 vs. 1,550.0 g m Į), and a 34.3% 

increase in pod formation (47 vs. 35 pods plant ĭ), all 

statistically highly significant (p < 0.001). Additionally, 

physiological enhancements such as a 22.7% 

improvement in SPAD values and a 47.6% increase in 

LAI  reflect better stress tolerance and adaptability. 

These outcomes confirm the synergistic benefit of 

integrating microbial inoculants and foliar nutrients in 

organic soybean cultivation. The statistical 

significance of treatment effects (with regression RĮ 

ranging from 0.75 to 0.92) validates the reproducibility 

and agronomic relevance of the findings for 

sustainable agricultural systems. 

The combined application of biological seed inoculants 

and foliar biostimulants significantly enhanced soybean 

performance under organic-mimicking greenhouse 

conditions. The observed increases in chlorophyll 

content, leaf area index, and biomass accumulation 

confirm the physiological benefits of such treatments 

and are consistent with findings from previous studies. 

Foliar fertilisation has been shown to improve nutrient 

assimilation and photosynthetic efficiency, especially 

when applied during critical growth stages. For 

instance, Jarecki (2023) and Domingos et al. (2019) 

reported similar improvements in leaf area and grain 

protein concentration following foliar applications of 

molybdenum, phosphorus, and calcium. The current 

studyᾷs results also support the synergistic interaction 

between seed inoculation and foliar feeding, which 

was highlighted by BŁrdaἨ et al. (2023), who found 

improved physiological parameters and seed yield 

when both treatments were combined. 

 

Table 1 

Summary of the Effects of Seed Inoculation with Rizoline-r and Foliar Application of KALNINI on Soybean Growth 

and Productivity 

Aspect Key Findings Practical Implications 
Supporting Data and 

Significance 

Seed Inoculation 

Effectiveness 

Stimulated early plant 

growth, particularly stem 

elongation and vigor 

Recommended for organic 

systems to improve initial 

nitrogen fixation and vegetative 

development 

+6.1% plant height 

(110.5 cm vs. 104.1 cm), 

p < 0.05 

Foliar 

Fertilization 

Impact 

Enhanced chlorophyll 

synthesis and 

photosynthetic activity 

Apply KALNINI  during V3 and 

R2 stages for optimal 

chlorophyll and nutrient 

assimilation 

+14.5% SPAD (40.3 vs. 

35.2), p < 0.01 

Combined 

Treatment 

Performance 

Highest values in all 

measured traits due to 

synergistic effect 

Use both technologies jointly to 

maximize productivity and 

resource efficiency in organic 

soybean farming 

+15.9% yield (1.90 vs. 

1.64 t ha ĭ), +21.4% 

biomass (1,881.7 vs. 

1,550.0 g m Į), p < 0.001 

Physiological 

Improvements 

Increased LAI  and 

chlorophyll content, 

contributing to better 

stress tolerance 

Improves crop resilience, 

canopy coverage, and 

photosynthetic surface 

+47.6% LAI  (3.1 vs. 

2.1), +22.7% SPAD 

(43.2 vs. 35.2), p < 0.001 

Reproductive 

Performance 

Increased pod number 

and seed set 

Enhances reproductive 

efficiency and final yield 

potential 

+34.3% pods plant ĭ  

(47 vs. 35), p < 0.001 

Statistical 

Significance 

Differences confirmed 

by ANOVA, Tukeyôs 

HSD, and regression (RĮ 

> 0.75) 

Results are statistically 

validated and reproducible 

under controlled organic 

conditions 

All  indicators significant 

at p < 0.05, regression 

RĮ: 0.75ï0.92 

 
The extrapolated grain yield values, although derived 

from a controlled setting, align with outcomes from 

comparable pot and small-plot trials (Di Mauro et al., 

2023; Delfim et al., 2022), suggesting that the observed 

trends may translate under field conditions. Moreover, 

the responsiveness of yield components such as pod 

number and thousand seed weight reinforces the role of 

foliar inputs in enhancing reproductive success, as also 

reported by Machado et al. (2021). 

Genotype and environmental interactions remain 

critical in determining treatment efficacy, 

particularly in organic systems where variability is 

high (Muminova et al., 2022; Korobko, 2023). 

However, the relatively uniform response observed in 

this study suggests that the combined approach of 

microbial and foliar application can serve as a stable 

yield-improving strategy even under variable growth 

conditions. 

In summary, our results support existing evidence that 

biologically-based inputs can enhance key 

physiological and yield traits in soybean. Further field-

based validation is recommended to confirm 

scalability and reproducibility under practical farming 

conditions. 
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Conclusions  

The study demonstrated that both seed inoculation 

with Rizoline-r and foliar fertilization with KALNINI  

significantly improved the growth, physiological 

parameters, and yield of soybean (Glycine max L.) 

cultivated under organic-mimicking conditions. Their 

combined application produced a consistent 

synergistic effect, leading to superior performance 

across all measured traits. 

1. Vegetative Growth Enhancement: Inoculation with 

Rizoline-r and foliar application of KALNINI  

increased plant height by 13% and total above-ground 

biomass by 21.4% compared to the untreated control. 

These improvements reflect better nitrogen fixation 

and more efficient nutrient assimilation, especially in 

early growth stages. 

2. Physiological and Photosynthetic Improvements: 

The treatments improved photosynthetic capacity, 

with SPAD values rising by 22.7% and leaf area index 

(LAI)  by 47.6% in the combined treatment group. 

These physiological changes are indicative of 

improved chlorophyll synthesis, canopy development, 

and stress resilience. 

3. Reproductive Development and Yield Performance: 

Pod number per plant increased by 34.3%, and seed 

yield rose by 15.9% (from 1.64 to 1.90 t ha ĭ) in the 

combined treatment. These results confirm the 

substantial impact of integrated biostimulant strategies 

on reproductive efficiency and yield formation under 

organic-compatible cultivation. 

Statistical validation through two-way ANOVA, 

Tukeyôs HSD, and regression analyses (with RĮ values 

ranging from 0.75 to 0.92) confirms that the treatment 

effects are highly significant and consistent. These 

findings support the adoption of microbial seed 

inoculants and natural foliar fertilizers as practical 

tools to improve crop productivity in sustainable and 

low-input farming systems. 

Future research should focus on validating these 

results across diverse soil types, climatic conditions, 

and on-farm scales to develop adaptable protocols for 

broader use in certified organic agriculture. 
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Abstract 
Biopreparations, including microbial inoculants and organo-mineral fertilisers, offer a sustainable approach to improving crop 

yield and quality. This study examined their effects on the sweet potato (Ipomoea batatas) and Jerusalem artichoke (Helianthus 

tuberosus) under agroecological conditions in Ukraine. The highest sweet potato yield (17.4 t ha ĭ average over three years) 

was achieved through foliar application of Humifriend (1.5 L ha ĭ) and Help-Rost (2 L ha ĭ). For Jerusalem artichoke, the best 

result (32.6 t ha ĭ) followed fertigation with Mykofriend (1 L ha ĭ) and two foliar applications of Help-Rost (2 L ha ĭ). Key 

quality traits assessed included dry matter, starch, total sugar, and vitamin C content. Significant increases in dry matter, total 

sugar, and vitamin C were recorded for both crops, with the strongest effects observed in total sugar for sweet potato and dry 

matter for Jerusalem artichoke. In contrast, starch content in Jerusalem artichoke showed no significant response. These results 

highlight the potential of Mykofriend and Help-Rost to enhance root crop productivity and nutritional value while reducing 

environmental impact. The findings support broader use of biopreparations in sustainable agriculture and emphasise the 

importance of optimising treatment strategies to maximise agronomic performance. 

Keywords: microbial inoculants, organo-mineral fertilizers, tuber crops, sustainable fertilization, biofertilizers. 

 

Introduction  

The increasing demand for ecologically sound, 

resource-efficient, and climate-resilient agricultural 

systems has catalyzed a paradigm shift toward the use 

of biopreparations such as microbial inoculants, 

biofertilizers, and organo-mineral amendments as 

viable and sustainable alternatives to synthetic 

agrochemicals. These biologically active inputs 

enhance nutrient cycling, improve soil structure, 

increase plant resilience to abiotic stress, and support 

ecosystem services that are often degraded under 

intensive conventional practices (Bolokhovskyi et al., 

2025). Their integration into agroecological systems is 

becoming a cornerstone of regenerative agriculture and 

long-term soil fertility  strategies (Sofo et al., 2022). 

Biopreparations function through complex 

biochemical and ecological interactions within the soil 

and plant continuum. Consortia of beneficial 

microorganisms including Azotobacter, Bacillus spp., 

mycorrhizal fungi, and Pseudomonas fluorescens can 

boost nutrient availability, suppress phytopathogens, 

and stimulate plant hormone pathways that enhance 

root growth and stress tolerance (Nakielska et al., 

2024). When combined with organic amendments 

such as humic substances, amino acid complexes, or 

composted biomass, these inputs not only enrich 

microbial diversity but also restructure the soil matrix 

to improve aeration, moisture retention, and cation 

exchange capacity (Breza-Boruta & Bauza-

Kaszewska, 2023). Furthermore, such biologically 

driven systems reduce the need for chemical fertilisers, 

which lowers environmental contamination risks and 

contributes to cleaner food production (Vasylovych, 

2024; Romanowska-Duda et al., 2020). 

These benefits are particularly significant for tuber 

crops such as Jerusalem artichoke (Helianthus 

tuberosus) and sweet potato (Ipomoea batatas), which 

serve as important sources of carbohydrates, fiber, 

antioxidants, and bioactive compounds. They are 

widely used not only in food systems but also in feed, 

energy, and pharmaceutical industries. Prior studies 

have demonstrated that bio-based inputs can 

substantially increase tuber yield and nutritional value, 

particularly in terms of dry matter, total sugars, starch, 

and vitamin C content, through enhanced nutrient 

uptake and plant metabolic efficiency (Ahmed & 

Alian, 2023; Antonious, 2024; Liu et al., 2024). In 

parallel, the valorization of sweet potato processing 

residues, especially peels, has attracted attention as a 

model for circular bioeconomy and industrial 

upcycling (Jiang et al., 2024). 

The effectiveness of biopreparation-based fertilisation 

systems is closely linked to the physical properties of 

soil, including bulk density, porosity, moisture 

retention capacity, and aeration. These factors 

significantly influence microbial colonization and 

rhizosphere activity. Long-term tillage practices can 

alter the structure of bacterial communities and 

improve soil physicochemical characteristics. In 

particular, rotary and chisel tillage reduce compaction, 

increase organic matter content, and enhance 

phosphorus availability. These improvements create a 

favorable environment for beneficial microorganisms, 

stimulating their metabolic activity in the root zone. 

Maintaining a structured and biologically active 

topsoil is essential for sustaining stable microbe-plant 

interactions and ensuring the success of microbial 

inoculants under field conditions (Sun et al., 2023). 

Recent research confirms the synergistic effects of 

combining reduced tillage with microbial and organic 

inputs. These integrative systems promote microbial 

biomass, elevate soil organic carbon levels, and improve 

nutrient availability, which collectively enhance yield 

and soil resilience (Kanarek et al., 2022). Field studies 

have also documented productivity and quality gains 

when microbial treatments are used alongside composts, 

https://orcid.org/0000-0003-2053-8142
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humic substances, or digestates, particularly in low-

input and organic farming systems (Williams et al., 

2020; Yang et al., 2022). 

Despite these promising advances, field-level data on 

the combined use of microbial biopreparations and 

organo-mineral fertilisers under Ukrainian 

agroecological conditions remain scarce, especially for 

underutilized yet high-potential crops like the sweet 

potato and Jerusalem artichoke. Preliminary findings 

suggest that products such as Mykofriend, Help-Rost, 

and Humifriend can improve not only yields but also 

key biochemical parameters. However, their consistent 

performance across diverse environments and crop 

phenophases requires further validation. 

This study aims to evaluate the agronomic 

performance of selected microbial and humic 

biopreparations on Ipomoea batatas and Helianthus 

tuberosus grown in steppe soils of eastern Ukraine. 

The goal is to develop practical recommendations for 

sustainable fertilisation systems that enhance 

productivity, nutrient use efficiency, and product 

quality while minimizing environmental impact. 

 

Materials and Methods 

Field experiments were carried out from 2021 to 2024 

at the Donetsk Experimental Station of the Institute of 

Vegetable and Melon Growing, NAAS of Ukraine, to 

assess the effects of selected biopreparations on the 

yield and biochemical quality of Ipomoea batatas and 

Helianthus tuberosus. The site is located on typical 

chernozem soils with 4.3% humus, hydrolysable 

nitrogen at 139 mg kg ĭ, available phosphorus ranging 

from 106 to 119 mg kg ĭ, and exchangeable potassium 

at 93 mg kg ĭ. The soil had a slightly acidic reaction (pH 

5.7 in KCl), hydrolytic acidity of 2.8 mEq per 100 g, and 

base saturation of 26.0 mEq per 100 g. These properties 

reflect a moderately fertile matrix responsive to 

microbial and humic amendments, especially under 

steppe climate stressors (Breza-Boruta & Bauza-

Kaszewska, 2023; Vasylovych, 2024). 

A randomized complete block design (RCBD) with 

three replications per treatment was used. Each plot 

measured 33.6 mĮ, with a central accounting area of 21 

mĮ for data collection. Soil preparation included deep 

rotary tillage and strip loosening (25ï30 cm) using a 

method adapted to improve seedbed aeration, reduce 

compaction, and ensure uniform seeding conditions 

under field environments. The selection of tillage 

depth and type was based on regionally tested practices 

that demonstrated improved water retention and 

reduced soil density under traditional and chisel tillage 

systems (Syromyatnikov et al., 2023, 2024). Five 

treatment variants were applied to the sweet potato 

cultivar óSlobozhansky Rubyô. The control (Ctrl) 

received manure (20 t ha ĭ) and wood ash (1 t ha ĭ). 

The Ctrl+MF treatment added Mykofriend at 1 L ha ĭ 

via fertigation. Ctrl+HR included two foliar 

applications of Help-Rost at 2 L ha ĭ. Ctrl+MF+HR 

combined both Mykofriend and Help-Rost at the same 

doses. Finally, Ctrl+Hum+HR integrated Humifriend 

(1.5 L ha ĭ) and Help-Rost (2 L ha ĭ). Slips were 

planted in a (100+40) Ĭ 25 cm layout, reaching 58,000 

plants ha ĭ. Drip irrigation and black polyethylene 

mulch (120 Õm) were used throughout the season to 

conserve moisture and control weeds, aligning with 

conservation agriculture principles (Romanowska-

Duda et al., 2023). 

A parallel treatment scheme was used for Jerusalem 

artichoke cultivar óDieteticô. The unfertilized control 

(Ctrl) was compared to four biopreparation variants. In 

Ctrl+MF, tubers were soaked in Mykofriend (2 L t ĭ) 

before planting. Ctrl+MF+Fert involved additional 

fertigation with Mykofriend (1 L ha ĭ) during early 

vegetative growth. Ctrl+HR included three foliar sprays 

of Help-Rost (2 L ha ĭ) at key growth stages: 5ï6 leaves, 

and 25 and 35 days after. The combined Ctrl+MF+HR 

treatment used both tuber inoculation and foliar Help-

Rost. Jerusalem artichoke was planted at 29,000 plants 

ha ĭ using a 70 Ĭ 50 cm spacing. Soil pre-treatment 

followed the same tillage strategy as for sweet potato. 

The biopreparations tested included Mykofriend, 

Humifriend, and Help-Rost. Mykofriend is a complex 

microbial inoculant containing Glomus spp., 

Trichoderma harzianum, and rhizobacteria (Bacillus 

subtilis, B. megaterium, Paenibacillus polymyxa, 

Pseudomonas fluorescens) at 1.0ï1.5 Ĭ 10 CFU mL ĭ. 

Humifriend is a humic-based biostimulant enriched 

with fulvic acids, amino acids, micronutrients, and 

microbial metabolites. Help-Rost is a foliar organo-

mineral fertilizer containing essential nutrients, 

phytohormones, and growth regulators, suitable for 

organic farming (Nakielska et al., 2024). 

Harvested tubers were evaluated annually for 

marketable yield (t ha ĭ). Biochemical analyses were 

conducted on 1.5 kg composite samples per treatment. 

Dry matter was determined by oven drying at 105 ÁC to 

constant weight (AOAC 930.15). Starch was assessed 

enzymatically (AOAC 996.11), total sugars by Luffï

Schoorl titration (AOAC 923.09), and vitamin C using 

2,6-dichlorophenolindophenol titration (AOAC 

967.21). All  measurements were performed in triplicate. 

Statistical analysis involved one-way ANOVA using 

R software (v4.3.1). Normality and homogeneity of 

variances were checked via ShapiroïWilk  and 

Leveneôs tests. Tukeyôs HSD test (p < 0.05) was used 

for post hoc comparisons among treatments. 

 

Results and Discussion 

The effect of various fertilisation systems on the yield 

and quality of Ipomoea batatas was evaluated over the 

three-year period from 2021 to 2023. As shown in 

Figure 1, the average yield in the control treatment 

(Ctrl), which included only manure (20 t ha ĭ) and ash 

(1 t ha ĭ), was 11.2 t ha ĭ. The lowest yield in this group 

was recorded in 2023 (8.6 t ha ĭ), whereas the highest 

was observed in 2021 (15.9 t ha ĭ). The treatment 

Ctrl+Hum+HR, which combined Humifriend (1.5 L 

ha ĭ) and Help-Rost (2 L ha ĭ), resulted in the highest 
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average yield of 17.4 t ha ĭ, with respective annual 

values of 22.7, 13.6, and 16.1 t ha ĭ. Other 

biopreparation-based treatments also demonstrated 

notable improvements in productivity, with 

Ctrl+MF+HR and Ctrl+Help consistently 

outperforming the control. 

 

Figure 1 

Sweet potato yield and quality indicators under different fertilisation treatments (2021ï2023) 

Lines represent the same treatment across years and do not imply sequential dependence 

 

 
 

The analysis of tuber quality in sweet potato indicated 

that biopreparations positively influenced several key 

parameters. The highest dry matter content (19.12%) 

was recorded in the Ctrl+MF+HR treatment, whereas 

the highest starch content (14.45%) and total sugar 

content (3.90%) were observed in the Ctrl+Hum+HR 

variant. The vitamin C content was highest in the 

control treatment (5.51Ĭ10 Į mg g ĭ) and lowest in the 

Ctrl+MF+HR treatment (4.75Ĭ10 Į mg g ĭ). 

The effects of the treatments on the yield and quality 

of Helianthus tuberosus from 2022 to 2024 are 

presented in Figure 2. In the unfertilised control, the 

average yield was 26.2 t ha ĭ, increasing from 22.3 t 

ha ĭ in 2022 to 31.6 t ha ĭ in 2024. Application of 

Mykofriend (2 L t ĭ) for tuber treatment (Ctrl+MF) 

resulted in an average yield of 31.5 t ha ĭ, while 

Mykofriend fertigation (Ctrl+MF+Fert) produced 31.3 

t ha ĭ. The highest average yield (32.6 t ha ĭ) was 

obtained with the combined application of Mykofriend 

and Help-Rost (Ctrl+MF+HR), which yielded 27.6, 

31.5 and 38.8 t ha ĭ in the respective years. 

 

 

Figure 2 

Jerusalem artichoke yield and quality indicators under different treatments (2022ï2024) 

Lines connect values of the same parameter across independent treatments for visual clarity only 

 

 
 

Quality analysis in Jerusalem artichoke demonstrated 

increases in dry matter, total sugar, and vitamin C 

levels following treatment. The control group 

exhibited a stable dry matter content of approximately 
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22.2%, whereas the Ctrl+MF+HR treatment raised this 

parameter to an average of 22.9%. Similarly, total 

sugar content increased from 17.3% in the control to 

18.3% in Ctrl+MF+HR. The concentration of vitamin 

C, expressed in mg g ĭ, rose from 7.53Ĭ10 Į in the 

control to 8.12Ĭ10 Į in the Ctrl+MF+Fert treatment. 

Statistical analysis confirmed that the differences in yield 

between treatments were significant for both crops (the 

sweet potato exhibited a P-Value = 0.000004, whereas 

Jerusalem artichoke showed a P-Value = 0.027). 

The distribution of yield values by treatment is  

depicted in Figure 3. For the sweet potato, the highest 

median yield (22 t ha ĭ) was obtained under the 

Ctrl+Hum+HR treatment, whereas Ctrl+MF+HR 

yielded 19 t ha ĭ. The control treatment exhibited the 

lowest median yield at 16 t ha ĭ. In the case of 

Jerusalem artichoke, the highest median yield (40 t 

ha ĭ) was recorded for Ctrl+MF+HR, while the control 

showed the lowest value (27.5 t ha ĭ). Broader 

interquartile ranges were observed in the treated 

groups compared to the controls, particularly for 

Jerusalem artichoke. 

 

Figure 3 

Yield Distribution of Sweet Potato and Jerusalem Artichoke Across Different Treatments 

 

 
 

Quality parameters were also significantly influenced 

by the biopreparation treatments. The ANOVA results 

indicate strong statistical significance (p < 0.001) for 

dry matter, total sugar, and vitamin C content in both 

crops. Starch content was significantly affected only in 

the sweet potato, whereas in Jerusalem artichoke the 

differences were not statistically significant (p = 

0.332). The detailed analysis of sweet potato quality is 

illustrated in Figure 4. Dry matter content increased 

from a median of 22% in the control to 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 peaked at 4.9% in 

Ctrl+Hum+HR, compared to 4.5% in the control. 

Vitamin C content slightly decreased in the treated 

plots, with the control maintaining the highest median 

value (6.0Ĭ10 Į mg g ĭ). 

For Jerusalem artichoke, the distribution of quality 

parameters is presented in Figure 5. Dry matter content 

increased from 19% in the control to 21.5% in the 

Ctrl+Hum+HR treatment, while starch content 

remained low across all treatments. The highest total 

sugar content (4.3%) and vitamin C concentration 

(5.4Ĭ10 Į mg g ĭ) were observed in Ctrl+Hum+HR. 

Although the vitamin C content was generally lower in 

the treated groups than in the control (5.5Ĭ10 Į mg 

g ĭ), the differences observed remained within the 

range of acceptable biological variability. 

The application of biopreparations significantly 

improved the yield and quality of both Ipomoea 

batatas and Helianthus tuberosus under Ukrainian 

agroecological conditions. Among all variants, 

combined treatments particularly Ctrl+Hum+HR and 

Ctrl+MF+HR consistently delivered superior 

outcomes. The sweet potato yield increased from 

11.2 t ha ĭ in the control to 17.4 t ha ĭ in 

Ctrl+Hum+HR, while Jerusalem artichoke yield rose 

from 26.2 t ha ĭ to 32.6 t ha ĭ under Ctrl+MF+HR. 

These results correspond with findings by (Antonious, 

2024), who reported enhanced sweet potato 

productivity and nutritional quality following 

applications of biochar and organic fertilizers an effect 

attributed to improved nutrient availability, soil 

structure, and microbial activity. 
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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 

parameters. These effects align with the findings of 

(Ahmed & Alian, 2023), who reported that Jerusalem 

artichoke harvested later in the season accumulated 

more sugars and inulin. This may reflect improved root 

function and extended vegetative growth stimulated by 

microbial and humic amendments. 

 

 

Figure 4 

Impact of Biopreparations on Key Quality Attributes of Sweet Potato 

 

  

  
 

Figure 5 

Effect of Biopreparations on Key Quality Parameters of Jerusalem Artichoke 

 

  

  
 

Vitamin C trends varied between crops. In the sweet 

potato, the control retained the highest ascorbic acid 

content, while biopreparation-treated plots showed a 

modest decline. This may indicate a physiological shift 

towards increased carbohydrate biosynthesis at the 

expense of antioxidant accumulation, as also observed by 

(Antonious, 2024). In contrast, Jerusalem artichoke 

vitamin C content improved in the Ctrl+MF+Fert and 

Ctrl+MF+HR treatments, suggesting that foliar nutrient 

application may alleviate oxidative stress and promote 

antioxidant metabolism consistent with outcomes seen in 

organically grown root crops (Romanowska-Duda et al., 
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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 synergistic potential 

of microbial inoculants and humic stimulants. The role of 

Mykofriend containing arbuscular mycorrhizal fungi, 

Trichoderma harzianum, and beneficial rhizobacteria in 

supporting root growth and nutrient uptake appears 

central to these results, especially when combined with 

Humifriend and Help-Rost (Breza-Boruta & Bauza-

Kaszewska, 2023; Nakielska et al., 2024). 

These synergistic effects are echoed in the work of 

(Romanowska-Duda et al., 2023), who demonstrated 

that integrating digestate and ash with biopreparations 

enhanced yield and physiological performance in 

sorghum. A similar mechanism may explain the high 

performance of Jerusalem artichoke in our 

Ctrl+MF+HR variant, where repeated foliar sprays 

sustained metabolic activity during tuber formation. The 

pathogen-suppressive and stress-mitigating properties 

of microbial consortia, as shown in strawberries 

(Nakielska et al., 2024), may also explain the improved 

stability and quality observed in treated plots. Starch 

content in Jerusalem artichoke remained statistically 

unchanged across treatments (p > 0.05), in line with 

earlier findings by Yang et al., 2022, who indicated 

that starch and inulin profiles are more sensitive to 

harvest timing and environmental factors than to 

fertilizer treatments. Our data reflects this, showing 

increases in sugar content without proportional gains 

in starch. Yield variability observed in Figure 3 indicates 

that Jerusalem artichoke responded more strongly to 

environmental modifications induced by biopreparations 

than the sweet potato. This may be due to the greater 

adaptive plasticity of H. tuberosus, as suggested by 

Anwar et al. (2020), who reported that compost 

application and canopy management significantly 

influenced yield and biochemical composition. 

While our findings confirm the agronomic benefits of 

microbial and humic formulations, they also highlight 

areas for further research. The physiological basis for the 

observed reduction in vitamin C in sweet potato remains 

unclear and warrants investigation. Future work may 

employ chlorophyll fluorescence techniques as proposed 

by (Pszcz·ğkowski et al., 2023) to non-invasively monitor 

photosynthetic performance and clarify plant responses to 

biopreparation treatments under field conditions. 

 

Conclusions 

1. The integrated application of biopreparations 

enhances crop yield and quality. The combined use of 

microbial inoculants (Mykofriend, Help-Rost) and 

humic substances (Humifriend) significantly improved 

the yield and nutritional quality of sweet potato 

(Ipomoea batatas) and Jerusalem artichoke (Helianthus 

tuberosus). Treatments such as Ctrl+Hum+HR and 

Ctrl+MF+HR demonstrated the highest efficacy, 

particularly in increasing dry matter, starch, and total 

sugar content. While vitamin C levels slightly declined 

in the sweet potato, they were maintained or increased 

in Jerusalem artichoke under fertigation regimes. 

2. Statistical validation confirms the effectiveness of 

biological treatments. The observed differences in 

agronomic and quality parameters were statistically 

significant, supporting the efficacy of biopreparation-

based fertilisation strategies. These treatments offer a 

sustainable alternative to conventional fertilisers, 

reducing dependence on synthetic agrochemicals 

while maintaining high productivity and crop value. 

3. Future optimisation should focus on physiological 

mechanisms and monitoring tools. Further studies 

should explore the underlying physiological basis for 

changes in antioxidant content and assess the utility  of 

chlorophyll fluorescence as a non-invasive tool for 

monitoring plant responses. The findings support 

broader adoption of biopreparation-based technologies 

in organic and low-input farming systems to improve 

soil health, enhance crop performance, and promote 

sustainable agricultural development. 
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Abstract 
Climate change and humans affect changes in biotopes, which cause loss in habitat diversity. One of the factors that is 

considered vulnerable to biodiversity in Europe is eutrophication. It affects both aquatic and terrestrial habitats, by enriching 

them with nutrients, causing their flora and fauna to change. Eutrophication is usually detectable in places where nutrient poor 

habitats are slowly disappearing, for example, lichen rich pine forests that can be found in inland dunes. The aim of this study 

is to assess the impact of eutrophication on Cladinosoïcallunosa and Vacciniosa forest type on flat terrain and on dunes. A 

total of 12 plots have been established, six in each forest type. Sample plots are square, sized 400 m2 each. In all plots, the 

height and diameter of the growing trees were measured, and all plant species, the projective cover of moss, herbaceous, shrub 

and tree layer and individual species were recorded. In addition, four soil profiles were created and 21 soil samples were 

analysed. The hypothesis of the work is that the eutrophication of Cladinosoïcallunosa is more rapid in flat and lower terrain 

than in dune tops. This study showed that terrain does not significantly affect tree heights and diameters, but it does affect the 

soil. The soil in dune tops is less acidic than in the plains. The effect of eutrophication is not noticeable in the Cladinosoï

callunosa forests, but only in the Vacciniosa forests, where it is higher in the plains. 

Keywords: eutrophication, inland dunes, Cladinosoïcallunosa, Vacciniosa, soil. 

 

Introduction  

Latvia is located in the boreal biogeographic region, 

hemiboreal zone, which borders on the continental 

geobotanical region (Esseen et al., 1997; Cervellini et 

al., 2020). Boreal forests occupy about 29% of all 

forest areas and about a third of the worldᾷs timber 

exports are obtained from these forests (Kayes & 

Mallik, 2020). The dominant species are Scotôs pine, 

Norway spruce, birches and aspen, but in total about 

20 tree species grow in this region, which is less than 

in other biogeographic regions of Europe 

(Puumalainen et al., 2003; Kayes & Mallik, 2020). In 

the hemiboreal zone, the dominance of deciduous trees 

typical of the temperate zone is increasing in the Baltic 

States, but the amount of coniferous forests is 

decreasing (J»giste et al., 2018). Pine stands are 

decreasing most in Latvia. They are being replaced by 

birches; in some cases, it can be replaced also by 

spruce and other deciduous trees. In total, coniferous 

forests occupy about 45% of the forest area in Latvia 

(LaiviǺġ et al., 2021). 

Pines can grow in poor soils where there is not much 

competition although they grow best in moderately rich 

forest types - Myrtillosa, Hylocomiosa (Dreimanis, 

2016). Conifers, especially pines, are characterized by 

podzol sand soils, where the amount of nutrients 

depends on the fallen deadwood and plant litter, its 

composition and meteorological conditions. Podzols are 

acidic, poor-reaction soils, which are usually formed on 

carbonate-free sandy mother rocks (KǕrkliǺġ, 2008). In 

the soil horizons, including fungi form organic acids 

that degrade minerals, except quartz, and leach clay 

particles and nutrients from the upper horizons, forming 

a grey low-fertility  leaching horizon and a wash-in, or 

illuvial  horizon, in which fulvic acids with iron, 

aluminium hydroxides can form a dense iron 

sedimented horizon layer. Coniferous soil is acidic and 

low in nutrients; therefore, some plants have adapted to 

fixing nitrogen, such as Pleurozium schreberi (Brid.) 

Mitt. and Hylocomium splendens (Hedw.) B., S. et G., 

which contain cyanobacteria capable of fixing 

atmospheric nitrogen (Stuiver et al., 2015).  

Since the degradation of organic matter in boreal 

coniferous forests is slow, the fallen deadwood and 

plant litter layer is thick and interferes with the growth 

of seedlings, forest fires are necessary for the natural 

regeneration of forests (Kayes & Mallik, 2020). Due 

to proper forest management, the number of wildfires 

has decreased, but under the influence of climate 

change the number of wildfires may increase due to the 

increased amount of forest debris and higher 

temperatures (DeAngelis, 2008; Manton et al., 2022). 

After forest fires the amount of potassium and 

phosphorus increases in oligotrophic soils (Gilliam, 

1991). In mesotrophic soils, after ground and surface 

fires soil fertility, species diversity and soil moisture 

increase (LaiviǺġ et al., 2019).  

Cladinosoïcallunosa is an oligotrophic dry site forest 

type that is rare in Latvia (Liepa et al., 2014). It 

occupies approximately 1% of all Latvian forests. In 

this forest type, the ground cover is dominated by 

small shrubs, mosses and lichens typical of boreal 

forests (LaiviǺġ, 1998) - more than 50 plant species 

(Liepa et al., 2014). In the forest stand, only pine is 

purposefully grown for forestry, and they form forest 

stands of quality class IV-V (Buġs, 1981). The average 

standing volume of Cladinosoïcallunosa pine stands 

is 150 m3 per 1 ha (National forest monitoring, 2018). 

Naturally Cladinosoïcallunosa pine regenerates 

slowly, only 10% after final felling can regenerate 

within 10 years (Buġs, 1981); therefore, Cladinosoï

callunosa is most often regenerated artificially ï by 

seeding or planting (Dreimanis, 2016). Cladinosoï

callunosa is a very poor mineral soil, formed by quartz 

sand (Buġs, 1981). The organic top layer of the soil is 

thin, approximately 1-3 cm thick (Liepa et al., 2014). 

In Cladinosoïcallunosa podzol is formed - a soil type 

in which leaching of nutrients from the upper soil 

horizons is a distinct feature. As for oligotrophic soils, 

Cladinosoïcallunosa nutrients penetrate the soil with 

https://orcid.org/0000-0002-2098-7194
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atmospheric precipitation (Liepa et al., 2014). In 

Latvia, Cladinosoïcallunosa is most often found in 

dune landscapes and wind-borne sand dunes, with the 

largest areas occurring at the seaside (Buġs, 1981). 

Vacciniosa is an oligomesotrophic dry forest type that 

occupies approximately 3% of Latvian forests (Liepa 

et al., 2014; National forest monitoring, 2018). More 

than 80 plant species are found in the Vacciniosa 

ground cover (Liepa et al., 2014). The forest stand is 

mainly composed of pine, which forms the stands of 

site index or site quality class III  although low-value 

birch or spruce stands can also be formed (Buġs, 1981). 

The average standing volume is 200 m3 per 1 ha 

(National forest monitoring, 2018). Understorey is 

rare, and it comprises spruce, birch, juniper and 

mountain ash (Liepa et al., 2014). 

Vacciniosa soil is slightly more fertile than that of 

Caldinoso-callunosa; it is podzolized, with an 

approximately 4 cm thick organic top layer, most often 

sandy bedrock (Liepa et al., 2014). On slopes and in 

places with greater water inflow, soil horizons are 

more clearly distinguishable and deeper (Buġs, 1981). 

The soil is poor in minerals, an iron sedimentation 

horizon layer may form in it. Vacciniosa as well as 

Cladinoso-callunosa are found in dune areas and 

inland sand drifts (Buġs, 1981). In Vacciniosa a small 

overgrowth is formed after the final felling, which 

does not interfere with forest regeneration (Buġs, 

1981). Forests are regenerated artificially by sowing 

pine seeds in furrows or planting two-year-old 

seedlings (Dreimanis, 2016). 

Eutrophication is an increase in the biomass of living 

organisms and an increase in the intensity of biological 

processes caused by an increase of nutrients. As a 

result of climate change, the vegetation period 

increases, the amount of precipitation increases and 

growing conditions for some species improve and for 

some ï worsen. Forest eutrophication is a process that 

occurs naturally very slowly, but it is accelerated by 

climate changes and anthropogenic factors.  Under the 

influence of eutrophication and other factors, nutrient-

poor forest areas in which stable stands of Pinus 

sylvestris are formed, decrease. They may become 

unstable, and an admixture of other less economically 

valuable trees and shrubs can form in those stands, 

which can overshadow and compete with the desired 

stands of Pinus sylvestris. When these stands become 

more fertile, the number of herbaceous plants 

increases, thus increasing competition (LaiviǺġ, 1998). 

The process of eutrophication also occurs in soils, 

where soils change from oligotrophic to mesotrophic. 

One of the forest types where the disappearance and 

replacement of characteristic ground vegetation 

species can be observed is Cladinosoïcallunosa, 

which transforms into Vacciniosa in the process of 

eutrophication. 

Nitrogen emissions are one of the major air pollutants 

affecting the eutrophication process (Bonten et al., 

2016). In Europe, eutrophication is considered one of 

the most serious environmental threats. Although the 

areas affected by eutrophication are slowly declining, 

they still threaten a large number of Latvian 

ecosystems - about 85% compared to other European 

countries. Eutrophication processes and their 

development are clearly indicated on poor forest types, 

whereas proportion of these forest types have been 

decreasing in Latvia since 1940 (LaiviǺġ, 1998).  

Eutrophication of Latvian forest ecosystems is caused 

by an increase in the amount of atmospheric nitrogen 

in the soil and pollution, as a result of which the plant 

community typical of conifers is replaced by that of 

broad-leaves. This eutrophication is sometimes 

difficult  to notice because plants that grow in nitrogen-

rich soils cannot survive in drought (Reinecke et al., 

2013). Forest eutrophication is positive if  the purpose 

of forest cultivation is the introduction of new species 

or the cultivation of broad-leaved trees. As a result of 

human-influenced eutrophication, the change of tree 

species occurs in coniferous forests - hardwood 

species appear in the undergrowth or in birch or aspen 

stands start to appear instead of conifers. Cladinosoï

callunosa and Vacciniosa birch admixture, which can 

occur due to eutrophication, reduces wood production. 

With each tenth of admixture, wood production 

decreases by approximately 7% (Buġs, 1981). The 

increase in nitrogen in the soil not only negatively 

affects the productivity of pine and other oligotrophic 

plant areas, but also increases the plant intolerance to 

various pathogens, causing additional stress (Lupi et 

al., 2013). By changing the plant composition of the 

ecosystem, eutrophication also changes the access to 

light and increases competition between plants, 

creating winner-plants that are more shade-tolerant, 

and loser-plants that are light tolerant species (Johnson 

et al., 2008). Although the replacement of coniferous 

forests by hardwood forests is predictable, the current 

speed of change is negatively affecting not only the 

productivity of forest stands, but also animal habitats 

and ecosystem services.  

As nutrients in the soil increase, areas can become 

overgrown with shrubs and vascular plants, which 

interfere with the establishment of living spaces for 

partridges, capercaillie and other birds that require 

mosaic patches with open area (Smith et al., 1999). 

With the change in tree species, many birds find it 

difficult  to establish nesting sites (DeAngelis, 2008). 

One of the biotopes threatened by eutrophication and 

the biotic homogenization caused by it in Central 

Europe is lichen-rich pine forest, where lichens are 

replaced by mosses and small shrubs (StefaŒska-

Krzaczek, 2018). 

Vegetation in forests is most affected by the amount of 

nitrogen in the soil, which is increased by the effects 

of eutrophication (Reinecke et al., 2013). An increase 

in the amount of nitrogen in the soil promotes 

graminification, which is the spread of grasses outside 

grasslands. Dactylis glomerata L., Veronica 

chamaedrys L. and Artemisia vulgaris L. can be used 

as indicator species for graminification (LaiviǺġ, 

1998). Additional species observed in the studies on 
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the effects of nitrogen on vegetation are Deschampsia 

flexuosa (L.) Nees, less commonly Chamaenerion 

angustifolium (L.) Scop and Rubus idaeus L. (Van 

Dobben et al., 1999). In Central European forests, it 

has been observed that under the influence of increased 

amount of nitrogen forests are slowly changing their 

taxonomic group from less to more fertile. In 

particular, the replacement of lichen-rich oligotrophic 

forests by mesotrophic forests has been observed 

(Reinecke et al., 2013). This indicates a possible 

replacement of Cladinoso-callunosa by Vacciniosa, 

and replacement of Vacciniosa by Myrtillosa, thus 

reducing the vegetation characteristic of Cladinoso-

callunosa and increasing the vegetation of more fertile 

forest types in forest stands. 

In peri-urban forests, eutrophication, due to pollution, 

is visible not only in the ground cover, but also in the 

undergrowth (LaiviǺġ et al., 2021). In coniferous 

forests, the presence of Acer platanoides L. and other 

deciduous trees in the undergrowth is observed 

(LaiviǺġ et al., 2021). In addition, due to the succession 

of the undergrowth and ground cover, forests become 

wetter and darker or shadier, which reduces the 

number of sun-loving species in the ground cover 

(LaiviǺġ, 1998). Lichens suffer the most from the 

increased amount of shade, they are replaced by 

mosses, small shrubs and grasses (Van Dobben et al, 

1999; StefaŒska-Krzaczek et al., 2018). In urban 

forests, ground cover species such as Impatiens 

parviflora DC., Chelidonium majus L., Stellaria media 

(L.) Vill.,  Urtica dioica L., Geum urbanum L., 

Plantago major L., Artemisia campestris L. and 

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

eutrophication indicator species in pine forests 

(LaiviǺġ, 1998). Eutrophication also has a positive 

effect on the spread of invasive species, especially in 

peri-urban forests. The impact of eutrophication on 

invasive species in Latvia has not been directly 

studied, but it has been observed that unstable ground 

cover plant communities, where invasive species can 

be introduced, are usually peri-urban forests (LaiviǺġ, 

1998).  

Vegetation succession caused by eutrophication 

occurs slowly but at a noticeable rate. In Germany, the 

studies on the eutrophication of oligotrophic forests 

found that over a 45-year period, most of the studied 

areas had faced a complete or partial vegetation 

replacement, thus locally increasing the number of 

species in ground but decreasing them regionally 

(Reinecke et al., 2013). Although eutrophication most 

often has irreversible effects on vegetation, in some 

places the decrease of vegetation replacement is 

possible as forest stands grow. A decrease in grasses 

was observed in mature pine forests in Sweden, but 

this did not change the irreversible effects on lichens 

(Jonsson, 2021). Under the influence of 

eutrophication, light demanding species and 

oligotrophic species disappear, shade-tolerant and 

nitrogen demanding species appear, and the areas in 

which oligotrophic species can survive are reduced, 

thus reducing the diversity of regional species and 

creating biotic homogenization (Reinecke et al., 2013). 

The aim of the study was to compare the impact of 

eutrophication on vegetation and soils on different 

microrelief, specifically, on dune tops and on plain 

sites of Cladinoso-callunosa and Vaccinios forests.   

 

Materials and Methods 

The territory of the research is the Strenļi area of dunes, 

located in Valmiera region, where the dominant forest 

types are Cladinoso-callunosa and Vacciniosa. The 

forests there are located in the Seda plain, 

approximately 60-65 meters above sea level, in a place 

where inland dunes have formed. The average air 

temperature in Valmiera region is + 6.5 ÁC, the average 

temperature in July, the warmest month, is +17.8ÁC, but 

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

amount of precipitation on average is 685.5 mm. The 

duration of the vegetation period is 192 days ᾸFigure 1ᾷ. 

 

Figure1 

Location of the research site 
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12 square sample plots measuring 20 x 20 meters were 

established. The sample plots were located in the 70-

year-old Cadinoso-callunosa and Vacciniosa forest 

stands in the inland dune area - three and three on the 

dune tops and three and three on plains, respectively. 

In each plot, all growing trees were listed and their 

species determined. The diameter of the trees was 

measured with a calliper at a height of 1.3 meters from 

the root collar or at breast height, with an accuracy of 

  Ñ0.1 cm. A Suunto altimeter was used to measure the 

height of the trees, with an accuracy of   Ñ0.1 m. All  

species were determined in the sample plots. The 

projective covers of each vegetation layer and each 

separate species, except for lichen and moss species, 

were estimated by sight and recorded in percentages. 

Four vegetation layers were used: E3 - tree layer, 

which includes all woody plants taller than 7 m, E2 - 

shrub layer, which consists of shrubs and trees 0.5-7 m 

high, E1 ï herbaceous plant layer, which includes 

herbaceous plants, small shrubs and young woody 

plants not exceeding 0.5 m, and E0 ï moss and lichen 

layer (Mueller-Dombois &  Ellenberg, 1974). 

In addition, soil profiles were created in four sample 

plots ï respectively on the Cladinoso-callunosa dune 

tops and plain and also the same for Vacciniosa forests. 

Descriptions were created for the soil profiles. Soil 

analysis was performed to study the soil. A 

potentiometer was used to determine soil reaction or 

active and exchange acidity. Based on the results 

obtained, it was determined which soil group each soil 

sample corresponds to. The content of organic 

substances for the soil horizons was determined using 

the ashing method. Hydrolytic acidity, the amount of 

potassium and phosphorus in the soil and the aluminum 

concentration were calculated (KǕrkliǺġ, 2008).  

For each plot the average tree diameter, average tree 

basal area, volume, growing stock and number of trees 

per ha were calculated using generally accepted 

formulas in forest inventory. 

To compare the calculated and measured values of the 

Cladinoso-callunosa and Vacciniosa hills and plains, 

a one-way ANOVA with a 95% confidence level or 

significance level Ŭ =0.05 was used. 

 

Results and Discussion 

Growing trees. In total, 53 trees were measured in the 

plots of Cladinoso-Callunosa dune tops, of which 52 

are Pinus sylvestris. The average diameter of trees on 

Cladinoso-Callunosa dunes is 21.72 cm, the diameter 

in the sample plots varies from 10 to 39.4 cm.  Most 

trees correspond to the diameter grade of 24 cm. This 

diameter grade also has the largest standing volume, 

which can be observed in ᾸFigure 2ᾷ.  

The average diameter corresponds to the site quality class 

IV, which is 20.9 m. The average height is 18.35 m. In 

the sample plots, the heights vary from 12 to 25 m. 
 

Figure 2 

Distribution of the volume by diameter grades in the hills and plains of Cladinoso-Callunosa forests 
 

 
 

Comparing the average height to the average height of 

61-70-year- old Pinus sylvestris which is 21.73 m, it is 

much smaller, but comparing it to the average height 

of the pines on the first layer according to the site 

quality classes, it can be observed that such a height 

corresponds to the stands of the site quality class III,  

where the average height is 16.74 m. The height of the 

trees is definitely affected by both site quality class and 

age (National forest monitoring, 2018). The average 

standing volume per hectare is 160.3 m3. The obtained 

volume per ha is similar to the one obtained by the 

National Forest Monitoring cycle III,  where the 

average standing volume per ha in Cladinoso-

Callunosa is 158 m3 ha-1 (National forest monitoring, 

2018). The average number of trees per hectare in 

these sample plots is 441. 
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A total of 41 trees were measured in the sample plots 

of Cladinoso-Callunosa plain, and all of these trees are 

Pinus sylvestris. The average diameter in the sample 

plots is 19.75 cm, the diameter there varying from 9.9 

to 32.8 cm, and most trees are in the 20 cm diameter 

grade. The average diameter is slightly smaller than 

the average diameter of Pinus sylvestris of the site 

quality class IV obtained by the National Forest 

Monitoring - 20.9 cm, but much larger than the 

average diameter of that of Pinus sylvestris of the site 

quality V, which is 17.39 cm. The average height is 

18.69 m. In the sample plots, the height varies from 12 

to 22.1 m. Unlike the height on the Cladinoso-

Callunosa hill,  this height corresponds to the 61-70-

year-old Pinus sylvestris of the first layer, whose 

average height is 21.73 m. The average standing 

volume per hectare is 98 m3, which is much less than 

that obtained on the hills and by the National Forest 

Monitoring, and the number of trees per hectare is 341 

(National forest monitoring, 2018). 

Comparing the Cladinoso-Callunosa hill  and plain, it can 

be observed that although the average diameter is larger 

on the hills than on the plains, when checking these values 

by univariate analysis of variance, it can be found that the 

differences are not significant at 95% confidence level 

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

heights between the sample plots (p=0.514>0.05). The 

greatest difference is observed in the standing volume and 

the number of trees. On the plains the standing volume is 

by 62 m3 ha-1 smaller than in the hills, but when checking 

the data of the sample plots with univariate variance 

analysis, at 95% confidence level, no significant 

differences are found (p=0.426>0.05). This difference is 

most likely affected by the small number of trees in some 

sample plots. It can be concluded that no significant 

differences have been found between Cladinoso-

Callunosa hills and plains regarding the parameters of 

forest stand and growing trees. 

In the sample plots of Vacciniosa hill  forests, 58 trees are 

listed, three of which are Betula pendula and 55 ï Pinus 

sylvestris. In all sample plots, the forest stand is divided 

into two layers. In the sample plots, the diameter varies 

from 8.4 to 39.9 cm, but the average diameter is 22.11 

cm, which is a little smaller than the average diameter of 

the pines. Pinus sylvestris of the site quality class III  of 

the National Forest Monitoring obtained in the III  rd 

cycle, which is 22.58 cm, but larger than that of the site 

class IV class pines - 20.9 cm (National forest monitoring, 

2018). Most trees are in the 24 cm diameter grade - with 

a diameter from 22 to 25.9 cm respectively. On the hills, 

the 24 cm diameter grade accounts for the largest 

standing volume. The height, which varies from 11 to 31 

m, is 19.53 m on average, which is less than the national 

average height of 61-70-year-old Ist layer Pinus sylvestris 

(21.73 m), but it corresponds to the average height of the 

site quality class III  pine stands (National forest 

monitoring, 2018). The standing volume for the first layer 

per hectare is 177.23 m3, but for the second layer - 14.86 

m3. The total standing volume which is 192.09 m3 ha-1 is 

slightly less than 219.22, which is the average standing 

volume per hectare obtained in the III  cycle by the 

National Forest Monitoring (National forest monitoring, 

2018). The number of trees per ha is 457. 

A total of 66 trees, all of which are Pinus sylvestris, were 

measured in the sample plots of the Vaccinosa forest 

plains. In all plots, trees are divided into two layers 

based on tree heights. The average diameter is 21.75 cm, 

and in the sample plots the diameter varies from 13.6 to 

38 cm, but most trees are from 18 to 21.9 cm in 

diameter, which is the 20 cm diameter grade, but this 

diameter grade is not the one with the largest volume. 

The highest standing volume is for the 24 cm diameter 

grade. Comparing the obtained diameter, it can be 

concluded that this stand is most likely of the site quality 

class IV, since this diameter is the average between the 

average diameters of pines of the site quality class III  

and site quality class IV obtained by the National Forest 

Monitoring, respectively 22.58 cm and 20.9 cm 

ᾸFigure 3ᾷ (National forest monitoring, 2018).  

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

average. The height is lower than that of 61-70-year-

old pines of the first layer, which have an average 

height of 21.73 m, but higher than the average heights 

of the pines of the first layer of the  site quality class 

III and IV, for the site quality class III - 16.74 m, for 

the site quality class IV - 14.81 m (National forest 

monitoring, 2018). 

The standing volume per hectare for the first layer 

trees is 188.3 m3 and for the second layer trees - 14.67 

m3. The total standing volume is 202.97 m3 ha-1, 

which, as on the Vaccinosa hills, is slightly less than 

the average in Vaccinosa plains - 219.22 m3 ha-1 

(National forest monitoring, 2018). On average, there 

are 550 trees per ha on the plains of Vaccinosa. 

Comparing the plain and the hill  of Vaccinosa, no 

significant differences were found either in diameters 

(p=0.702>0.05) or in heights (p=0.902>0.05). There 

are no significant differences also between standing 

volume (p=0.738>0.05) and number of trees 

(p=0.239>0.05). There are no significant differences in 

the indices of inventory and growing trees between 

Vaccinosa hill  and plain forests. 

Comparing Vacciniosa with Cladinoso-Callunosa, 

there are significant differences in the diameters of the 

hills of Vacciniosa and Cladinoso-Callunosa 

(p=0.034<0.05), where the diameter in Vacciniosa is 

significantly larger than in Cladinoso-Callunosa, but 

there are no significant differences in tree heights on the 

hills (p=0.14>0.05). The opposite can be observed for 

the plains of Cladinoso-Callunosa and Vacciniosa: 

there are no significant differences in the diameters 

(p=0.179>0.05), but a significant difference has been 

found in the heights (p=0.049<0.05); the height of the 

trees growing on the plains of Vacciniosa is greater than 

that of the trees growing on the plains of Cladinoso-

Callunosa forests. Judging by these data, it can be 

concluded that the location of the place in the relief does 

not significantly affect the course of tree growth and the 

parameters of forest stand inventory that is affected by 

the forest type and the factors related to it. 



Inga Straupe, Antra Jansone,  

Ieva Erdberga 

EUTROPHICATION OF STRENĻU INLAND  DUNE 

TRACT IN LATVIA  

  

RESEARCH FOR RURAL DEVELOPMENT 2025, VOLUME 40 80 

Figure 3 

Distribution of the stock by diameter grades in the hills and plains of Vacciniosa 

 

 
 

Soil characterization and analysis. Four soil profiles 

were established in the research area: on the hill  of and 

on the plain of Cladinoso-Callunosa and on the hill  of 

and on the plain of Vacciniosa.  

A typical podzol was found on Cladinoso-Callunosa 

hill,  according to the FAO soil classification - Dystric 

Arenosol. The soil profile created on Cladinoso-

Callunosa plain was classified as ortstein podzol, 

according to the FAO soil classification - Albic Rustic 

Ortsteinic Podzol.  

According to the soil classification, the profile created 

on Vacciniosa hill  is an illuvial  humus podzol or, 

according to the FAO soil classification Dystric 

Arenosol. According to the Latvian classification, the 

soil profile on Vacciniosa plain is peaty podzolic 

glayish soil, according to the FAO soil classification - 

Hemic Folic Histosol. 

Comparing all soils, it was concluded that the most 

alkaline soil is on Cladinoso-Callunosa hill, where 

already at a depth of 50 cm the pH H2O is approximately 

6.7, which is close to neutral acidity. The most acidic soil 

is on Vacciniosa plain, where at a depth of 50 cm the pH 

H2O is only 2.9, but higher up it is 2.475, which is the 

lowest pH of all the samples or horizons. The highest 

level of pH in Cladinoso-Callunosa could be due to 

human influence, since charcoal was found in the soils of 

Cladinoso-Callunosa, indicating burning. Vacciniosa hill  

has a more neutral soil than that of Cladinoso-Callunosa 

plain, but the differences are not significant. When testing 

pH H2O with univariate analysis of variance, it was found 

that, at 95% confidence level, there are significant 

differences between the soils, which, upon additional 

testing, are formed exactly by Vacciniosa plain 

(p=0.034<0.05). There are also significant differences not 

only between the soil of Vacciniosa plain and other soils 

but also between pH KCl (p=0.034<0.05). Since both the 

exchange and active acidity in this profile are 

significantly lower, the hydrolytic acidity in the soil is 

also significantly higher. These differences could indicate 

that the site is not correctly assessed as Vacciniosa, but it 

should be separated and the forest type changed. All  soils 

have very acidic upper horizons. Compared to the forest 

soil study conducted in 2012, where on average the pH 

H2O in the horizons of the organic top layer of Vacciniosa 

and Cladinoso-Callunosa is from 3.6 to 4.2, they are 

more acidic, but in the lower layers they correspond to the 

study of 2012 (Kasparinskis, 2012). A potential cause of 

soil acidification is the increase in nitrogen concentration 

in the soil, which changes the vegetation. There is no 

significant difference for potassium concentration in soils 

at 95% confidence level. When comparing the 

concentration of phosphorus (V) oxide in the soil, it can 

be concluded that there are significant differences 

between the soil of Vacciniosa plain and the other soils 

(p=0.007<0.05). The soil of Vacciniosa plain contains 

significantly less phosphorus (V) oxide than the other 

soils, which means that Vacciniosa plain presumably 

contains smaller amount of nitrophilic plants, since 

nitrophilic species require sufficient amount of 

phosphorus to survive (Roth et al., 2021). The same is 

true regarding the concentration of aluminium in soils, 

but the concentration of aluminium on Vacciniosa plain 

is significantly higher than in other soils 

(p=0.0005<0.05). 

Number of vegetation species. In total, 24 plant species 

have been determined in all 12 sample plots: two - in tree 

layer, four - in shrub, nine - in herbaceous plant and nine 

- in moss and lichen layers. Five species occur in all 

sample plots: Pinus sylvestris, Calluna vulgaris L.Hull, 

Cladina arbuscula, Cladina rangiferina and Pleurozium 

schreberi. About 50 plant species can be found in 

Cladinoso-Callunosa and about 80 species in Vacciniosa 
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(Liepa et al., 2014). On average, 13 plant species are 

registered in one sample plot. In all places, the number of 

species in the moss and lichen layer is the same, but the 

species differ slightly. The greatest number of species can 

be found on Vacciniosa plain, while the smallest is found 

on Cladinoso-Callunosa plain. 

Projective cover of vegetation species. Vacciniosa 

plain has the largest projective covers of herbaceous 

plant and tree layers (Table 1). Cladinoso-Callunosa 

hill  and Vacciniosa plain have the same projective 

cover of shrub layer - 4%, but in Cladinoso-Callunosa 

it is made up only of Betula pendula.  

In Vacciniosa this cover is made up of five species. 

The largest projective cover of mosses and lichens 

occurs on the plain of Cladinoso-Callunosa, but the 

smallest on both reliefs of Vacciniosa forests. 

Cladinoso-Callunosa hill  and plain have the same 

projective tree layer cover. Pinus sylvestris (mean 

projective cover 55%) and Betula pendula were found 

in the tree layer of Cladinoso-Callunosa hills. 

Betula pendula also occurs in the shrub layer together 

with Juniperus communis L. Calluna vulgaris L., 

Vaccinium vitis-idea L. and Vaccinium myrtillus L. 

occur in the herbaceous layer. 

 

Table 1 

Projective coverage of vegetation layers, % 

Layer 
C-C 

hill  

C-C 

plain 
V hill  V plain 

E3 55 55 69 74 

E2 4 1 2 4 

E1 40 48 32 73 

E0 97 98 94 94 
Abbreviations: C-C ï Cladinoso-Callunosa; V ï Vacciniosa. 
 

On the plains of Cladinoso-Callunosa, only Pinus 

sylvestris has been found in the tree layer (mean 

projective cover 55%). On the plains of Cladinoso-

Callunosa, no shrub layer has been found. Calluna 

vulgaris, Vaccinium vitis-idea and Vaccinium 

myrtillus occur in the herbaceous layer. 

In the tree layer of Vacciniosa plain, the dominant tree is 

Pinus sylvestris (average projective cover 67%). The 

shrub layer includes Juniperus communis that has been 

found in all sample plots, Betula pendula and Picea abies. 

Calluna vulgaris, Vaccinium vitis-idea, Vaccinium 

myrtillus, Festuca ovina occur in the herbaceous layer. 

Only pines are listed in the tree layer of Vacciniosa plain 

(mean projective cover 74%). There are five species in 

the shrub layer with a very small projective cover - 

Juniperus communis, Betula pendula, Picea abies, 

Frangula alnus Mill.  and Salix cinerea L. In the 

herbaceous plant layer, the largest projective covers are 

made by Calluna vulgaris, Vaccinium vitis-idea, 

Vaccinium myrtillus, Festuca ovina and Deshampsia 

flexuosa, Ledum palustre L. was also found. 

All  sites have approximately the same projective cover 

of the moss and lichen layer and the same number of 

species, only the species differ. In Cladinoso-

Callunosa and on Vacciniosa hill,  Cetraria islandica 

is found. Polytrichum commune is not found on 

Cladinoso-Callunosa hills, and Polytrichum 

juniperinum is found only on Vacciniosa plain. 

When comparing the projective covers, it can be 

concluded that in the tree layer of both Cladinoso-

Callunosa and Vacciniosa birch admixture is rarely 

found. It has been found only on hills. The largest 

projective cover of the shrub layer is on Cladinoso-

Callunosa hill  and on Vacciniosa plain, but on the 

plain of Vacciniosa this layer is made up of more 

species, some of which are not typical for Vacciniosa. 

On Vacciniosa plain, the projective cover of the 

herbaceous plant layer is considerably larger. The 

distinct dominance of the herbaceous plant layer is 

most likely the reason why Cetraria islandica (L.) 

Ach. was not found on the plain of Vacciniosa. In 

Vacciniosa - especially on Vacciniosa plain - the 

amount of lichens decreases, but the variety of mosses 

increases. Also, in Germany, the findings from studies 

on the succession of pine forests report about the 

replacement of lichens by herbaceous plants in 

oligotrophic forests (Reinecke et al., 2013). 

The studies on the species occurrence ratio and the 

consistency classes show that there are species that 

often appear in the sample plots and are present in all 

the sample plots. More common species (groups V and 

IV)  are typical of Cladinoso-Callunosa and 

Vacciniosa, whereas the species that occur more rarely 

are those which are not typical of Vacciniosa and 

Cladinoso-Callunosa (Frangula alnus is typical of 

Myrtillosa and Salix cinerea is more typical of wetter 

soils (Straupe & Indriksons, 2014). Another atypical 

species is Ledum palustre, which has been found in all 

Vacciniosa sample plots, but it typically grows in 

swampy areas (Straupe & Indriksons, 2014). By 

projective cover it is most often found just on 

Vacciniosa plain. In the areas which have been defined 

as Vacciniosa, the soil can be atypically peaty, with a 

thick top layer of peat, which is why Ledum palustre 

can be found there. 

The following indicator species of graminification  

Deshampsia flexuosa was found both - on the hill  and 

on the plain of Vacciniosa. Atypical species are found 

exactly in those sample plots which have lower lichen 

projective cover and number of species, indicating a 

possible increased amount of nitrogen in the soil, 

which can promote succession (LaiviǺġ et al., 2008; 

Reinecke et al., 2013). Since the occurrence of 

graminification indicator species is low, the process of 

graminification in Cladinoso-Callunosa is probably 

much slower than in Vacciniosa, regardless of the 

relief of the site. Other study in 1998 verified that in 

oligotrophic forests, the process of graminification is 

slower than in mesotrophic and eutrophic forests 

(LaiviǺġ, 1998) ï thus, the process of graminification 

is slower in less fertile forests. Since the soil in 

Cladinoso-Callunosa and Vacciniosa is very acidic, 

many nitrophilous species are unable to establish in 

such soil and the increase in nitrogen in the soil is 

rather difficult  to observe (Diekmann et al., 1999). The 
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increase in nitrogen concentration and acidity in dry 

and acidic soils is difficult  to notice by using indicator 

species. It can be observed by studying changes in the  

distribution of plants of the genus Vaccinium 

(Diekmann et al., 1999). When studying the projection 

cover of forest atypical species and graminification 

indicator species, it can be concluded that succession 

is easier to observe, so the impact of eutrophication as 

well as the impact of people is the greatest on the 

Vacciniosa plains, but the impact of eutrophication is 

not observable in Cladinoso-Callunosa. 

 

Conclusions  

1. The relief does not significantly affect the height, 

diameter and standing volume of trees. Tree heights and 

diameters depend on the forest type.  Tree diameters on 

Vacciniosa hills are significantly larger than on 

Cladinoso-Callunosa hills, but there are no differences 

between the heights. Tree heights are significantly 

greater on Vacciniosa plains than on Cladinoso-

Callunosa, but there are no differences in tree diameters. 

2. Forest soils differ in different reliefs; on hills the  

podzolization process is slower and no ortstein layer is 

formed, on plains the soil is more acidic than on hills.  

3. A statistically significantly higher concentration of 

aluminium in the soil and lower concentration of P2O5 

has been found on Vacciniosa plain than on Vacciniosa 

hill  and in the soils of Cladinoso-Callunosa. 

4. The peaty soil found on Vacciniosa plain and Ledum 

palustre growing in the sample plots of Vacciniosa 

indicate the possible water-logging of the soil. 

5. When studying the differences in soil properties, it 

can be concluded that succession is influenced by the 

accumulation of organic substances and not by the 

increase in the concentration of nutrients in the soil. 

This fact is also confirmed by the low occurrence of 

graminification indicator species. 

6. The impact of eutrophication has been more 

observed on Vacciniosa plain than on Vacciniosa hill  

or in Cladinoso-Callunosa. No impact of 

eutrophication was observed in Cladinoso-Callunosa. 

To observe eutrophication and succession of 

vegetation in Cladinoso-Callunosa, repeated larger-

scale studies would be necessary. 
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Abstract 
Wood from Populus spp. has been widely utilized in Europe for years. Tree stem density is a crucial aspect of understanding 

wood quality and mechanical properties such as strength. Density patterns are influenced by the genetic traits of clones and 

environmental conditions. Stem density mostly tends to increase in the direction from the pith to the bark and decrease from 

the base toward the top. The research aimed to assess the wood density variations of various poplar clones. Empirical material 

was obtained from a 12-year-old Populus spp. plantation in the eastern part of Latvia. In the spring of 2024, 27 clones were 

analysed using one randomly chosen, healthy tree from each. The analysis involved measuring tree height and determining the 

variance of weighted stem density in both radial and longitudinal directions. In total, 881 specimens from crosscut discs were 

analysed. Despite the variation of mean weighted stem density among Populus spp. clones, ranging from 291 kg m-3 to 382 kg 

m-3 (mean 320.8 kg m-3), no significant differences were found. While previous research has extensively examined variations 

in poplar wood density along the stem length, our findings indicate that the average density tends to increase towards the upper 

part of the stem. Although variation of mean wood density within tree stem relative heights is not statistically significant, there 

is a significant variation (p=0.03) of mean density at different distances from the pith (radial position). Our study shows that 

the wood density of poplar clones is highest near the pith, then gradually decreases before increasing again closer to the bark. 

Keywords: Populus spp., clones, weighted stem density, cross-cut discs, relative height. 

 
Introduction  

Sustainable forestry management practices, including 

short-rotation forestry (SRF), play a crucial role in 

carbon sequestration and biomass production, aligning 

with both environmental and economic objectives. 

Among the tree species utilized in SRF, poplar (Populus 

spp.) is recognized for its rapid growth cycle of 10 to 15 

years, high productivity, and versatile wood 

applications, making it an attractive option for 

plantation forestry also in Latvia (ĠǛnhofa et al., 2019).  

Europeᾷs only native poplar species, the black poplar 

(Populus nigra), has a wide distribution, stretching 

from the Mediterranean to approximately 64Á north 

latitude, covering areas including Denmark and 

southern Sweden, but excluding the Baltic region 

(Vanden Broek, 2003). Although poplar is not 

indigenous to Latvia, forestry regulations permit its 

use in forest plantations, and it is currently being 

cultivated in SRF systems. The introduction of poplars 

in Latvia began in the early 20th century (SaliǺġ & 

Smilga, 1960). Experimental studies have 

demonstrated that various clones, derived from both 

European and North American species and their 

interspecific hybrids, exhibit significant economic 

potential in the region (Jansons et al., 2014; Adler et 

al., 2021). 

Poplar wood is characterized by its lightness and 

moderate strength. It has excellent workability, making it 

suitable for veneer production and plywood 

manufacturing (Goli et al., 2014). However, its low 

durability requires treatment for outdoor applications 

(Md Rowson et al., 2021). Its fine grain and ability to take 

stains and finishes make poplar popular for furniture, 

cabinetry, and mouldings (Balatinecz et al., 2001). The 

high cellulose content and ease of pulping make poplar 

an essential resource for paper production and packaging 

materials (Boeva-Spiridonova et al., 2007).  

Despite the fact that the main purpose of cultivating 

short-rotation poplar plantations is for biofuel 

production, this wood has potential applications in 

higher value-added products such as plywood, wood 

panel production, the furniture industry, and bio 

refineries. Therefore, it is very important to study not 

only the productivity and suitability of various poplar 

clones potentially grown in Latvia to local growing 

conditions but also the wood quality, which would 

allow evaluating the suitability of this wood for 

different applications. 

The aim of this study is to evaluate the wood density 

of different poplar clones and the variation of stem- 

wood density in radial and axial directions. The results 

of the study will  be used to make decisions about the 

suitability of different clones for various wood 

utilization purposes.  

 

Materials and Methods 

The study site is a poplar plantation located in eastern 

Latvia (56.716861, 27.681861), established in 2013 on 

former arable land with sandy loam soil. The 

plantation was designed as a randomized four-block 

experiment, consisting of 108 different Populus spp. 

clones, with five trees per clone in each block. The 

trees were planted in rows at a density of 3 Ĭ 3 meters 

using one-year-old containerized seedlings. Initially, 

the site was fenced, and ground cover vegetation was 

treated with herbicides. The soil was prepared through 

ploughing and continuous cultivation before planting. 

In May 2024, when the plantation reached 12 years of 

age, 27 of the most productive clones were selected for 

further wood property analysis. Only healthy, 

undamaged trees (without stem or branching defects) 

were chosen as sample trees for felling. The study 

included four hybrid groups: 

Populus deltoidesĬP.trichocarpa (DxT) ï óBelg-B10ô; 

https://orcid.org/0009-0008-4919-018X
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P.maximowicziiĬP.trichocarpa (MxT) ï óLisa (OP42)ô, 

óOP24 (LG)ô; 

Hybrids of P. trichocarpa from the Swedish 

University of Agricultural Sciences (TĬTSLU) ï óSLU-

15.8ô, óSLU-1559ô, óSLU-20.2ô, óSLU-21.8ô, óSLU-

21.9ô, óSLU-23.4ô, óSLU-23.5ô, óSLU-23.6ô, óSLU-

230ô, óSLU-25.5ô, óSLU-25.6ô, óSLU-26.1ô, óSLU-

27.8ô, óSLU-44.13ô, óSLU-59.3ô, óSLU-66.4ô, óSLU-

72.9ô, óSLU-722.16ô; 

Clones from natural P.trichocarpa populations (T) ï 

óSRF-2ô, óSRF-20ô, óSRF-21ô, óSRF-45ô, óSRF-47ô, 

óSRF-68ô.  

Each tree stem was divided into sections of different 

lengths, starting from the base and extending toward the 

top of the tree. In total, 7 to 8 wooden discs were taken 

from each tree. The positions of the discs along the stem 

represented different height levels: 10%, 30%, 50%, 

70%, and 90%, as well as at 0.2 m (stump height), 1 m, 

and 1.3 m above the root collar. All  sawn discs were 2 

to 3 cm thick. The sample discs were transported to 

LSFRI Silava for further basic density analysis.  

The extraction of the wooden specimens necessary for 

the study was carried out according to methodology 

described in LiepiǺġ et al. (2018). Initially, each cross-

sectional disc diameter was measured along two 

perpendicular directions (diameter with bark). This was 

followed by the preparation of specimens from cross-

sectional wooden discs, as shown in Figure 1. The 

number of specimens obtained from a single disc 

depended on its radius. Each specimen had a width of 

20 mm.  

Not only wooden specimens but also bark specimens 

were obtained, with the last wooden specimen being 

debarked. If  the last wooden segment was less than 5 

mm wide, it was not separated as an individual 

specimen but combined with the previous one. If  the 

diameter of the analysed cross-sectional disc was less 

than 2 cm, it was not divided into separate segments 

- only debarked (resulting in one wood and bark 

segment). If  the cross-sectional diameter was less 

than 5 mm, the basic density analysis was conducted 

with the bark. All  specimens were assigned an 

individual code, and it was crucial to avoid including 

knots and wood defects in them. In total, 668 wood 

and 213 bark specimens were obtained from 215 

cross-cut discs. 

Subsequently, all wooden specimens were immersed 

in water for 24 hours. This was followed by density 

measurements using Precisa XB 220A scales, 

equipped with a density measurement set (Precisa, Part 

No: 350ï8556). The specimens were then oven-dried 

at 103ï105 ÁC for a minimum of five days until a 

constant weight was reached to calculate basic density. 

The dry weight was measured immediately after 

removing the specimens from the oven.  

The equation by Liepa (1996) was used to calculate the 

volume of each sample tree. 

The basic density of the wooden specimens was 

determined by calculating the ratio of the specimenᾷs 

dry mass to its green volume. 

Figure 1 

Preparation of basic density specimens from sample 

discs 

 

 
 

The average density of each cross-sectional disc, based 

on the wooden and bark specimens and their 

corresponding areas on the cross-sectional disc, was 

calculated using equation (1):  

 

        ”                 (1) 

 
where ”  is cross-sectional wooden disc average 

basic density, g cm-3; S1, S2, Sn are wooden specimen 

basic density g cm-3; Sb ï bark specimen basic density 

g cm-3; a1, a2, an is area occupied by wood specimen in 

a cross-sectional disc cm2; ab ï area occupied by bark 

wood specimen in a cross-sectional disc cm2.  

The weighted average formula (Equation 2) was 

applied to determine the mean density of each sample 

disc with bark, based on the specimens and their 

respective areas. The weighted density values from the 

sample discs were used to illustrate the axial variation 

in stem density. The density of each stem section was 

averaged using the values from the cross-sectional 

discs at both ends of the section, except for the top 

segments, where the density of the base sample disc 

was utilized (LiepiǺġ et al., 2017). 

 

  ὡὩὭὫὬὸὩὨ ὃὺὩὶὥὫὩ ὈὩὲίὭὸώ
В

В
    (2) 

 

where Di ï density of wood/bark specimens, g cm-3; Vi 

ï volume of stem section m3; n ï number of different 

specimens. 

The volume of each stem segment (located between 

two sample discs) was calculated using Smalianôs 

formula (Equation 3): 
 

                              ὠ                      (3) 

 

where Vsi ï volume of stem section, m3; lsi ï length of 

stem section i, cm; g1i ï lower surfaceôs cross-sectional 

area of an ellipse of section i, mm2; g2i ï upper 

surfaceôs cross-sectional area of an ellipse of section i, 

mm2; g ï cross-sectional area of an ellipse, m2. 

The normality of the data distribution was tested using 

the Kolmogorov-Smirnov test, which confirmed that 

the dataset did not follow a normal distribution. 

Consequently, the Kruskal-Wallis test was employed 
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to determine statistically significant differences 

between the mean values.  

 

Results and Discussion 

This study examines the wood density of various 

poplar clones at a juvenile age (density data 

represented in ᾸFigure 2ᾷ, with analysis conducted on 

a single tree per clone. The highest stem density was 

observed for óSLU-26.1ô - 382 kg m-3, while the lowest 

was for óBelg-B10ô - 291 kg m-3, indicating moderate 

variations among the studied clones. While the 

findings provide initial insights into clone-specific 

variations in wood density, the limited sample size 

presents significant constraints on data interpretation. 

The results may not fully  capture intra-clonal 

variability, as factors such as environmental influences 

and growth conditions could lead to variations within 

the same clone (Pliura et al., 2007; Nielsen et al., 2014; 

Karacic et al., 2021). Additionally, analysing only one 

tree per clone restricts the ability to draw broader 

conclusions about the species or to establish 

statistically robust comparisons. There is a need for 

multiple density measurements due to significant 

within-stem variations in basic density based on 

measurement height and radial position.  

The economic and technological feasibility of poplars 

largely depends on having a reliable feedstock supply 

and maintaining its quality characteristics. In Sweden, 

poplar feedstock is combined with other tree species 

during the pulping process, while its tops and branches 

serve as fuel in combined heat and power plants 

(Karacic et al., 2021). Heat and power plants have been 

promoted to use biomass as an energy source through 

lower taxes on biomass compared to fossil fuels. 

Along with the widespread use of firewood for 

household heating, woody biomass already plays a 

significant role in the Scandinavian energy sector 

(Nielsen et al., 2014).  

Since the beginning of poplar plantation cultivation, 

these trees have primarily been used for producing 

wood for mechanical pulp and plywood. However, in 

recent years, their use in solid wood products has also 

been explored (Pliura et al., 2007). Fast-growing 

species like poplar are widely used for pulp production 

due to their high cellulose (>50%) and low lignin 

(<20%) content, ensuring a steady fibre supply for the 

pulp industry. Additionally, poplars require less 

bleaching due to their naturally light-coloured wood.  

Wood density have outright impact on the fibre 

elasticity. The characteristics of pulp are closely 

linked to wood density. Low-density wood produces 

paper with high sheet density and strong tensile, 

bursting, and folding properties (Balatinecz &  

Kretschmann, 2001b; Yadav et al., 2022). In our 

study, óBelg-B10ô, óSLU-23.5ô, óSLU-72.9ô and 

óLisaô, óOP42ô exhibited lower densities (291, 296, 

298, 302 and 303 kg m-3, respectively), making them 

potentially more suitable for paper and pulp 

production. In contrast, kraft pulp, used for making 

strong cardboards and paper, can benefit from higher-

density raw material. Adler et al. (2022) highlight the 

potential for poplar biomass cultivation on marginal 

lands for the production of biomaterials and biofuels. 

Poplar wood is also a sustainable raw material for 

producing cellulose fibres, such as viscose, which is 

used in textile manufacturing. Fibre production from 

poplar in Northern Europe could replace 42% of 

global cotton production while also contributing 5.2 

million m2 of biofuel annually.  

Mean density of poplar wood varies widely between 

clones. While some have low density of around 300 kg 

m-3, others can reach even 600 kg m-3 (Balatinecz et 

al., 2014). Poplar wood stiffness and bending strength 

can be compared to species like pine and spruce 

(Balatinecz & Kretschmann, 2001b). For plywood and 

veneer production, poplar clones with density of at 

least 300 kg m-3 should be selected (Balatinecz et al., 

2014). In the current study, almost all clones met this 

requirement. However, the following clones exhibited 

higher density values: óSLU-26.1ô, óSLU-21.9ô, óSLU-

21.8ô, óSLU-1559ô, with densities, 382, 363, 348, 347 

kg m-3, respectively. These characteristics make them 

more suitable for applications in furniture, 

construction, and bioenergy.  

In Latvia, one of successfully used poplar clones for 

bioenergy is P.maximowiczii Ĭ trichocarpa known as 

óOP42ô (Populus trichocarpa Ĭ Populus 

maximowiczii). Its propagation does not require 

royalty payments, and it demonstrates promising 

biomass growth increments under short-rotation 

forestry management, which maintains high interest in 

this clone. Liziniewicz (2023) reports that the wood 

density of óOP42ô clone is around 354 kg m-3, while in 

our research it was lower ï 303 kg m-3 (óOP42ô), 302 

kg m-3 (óLisaô).  

The mean weighted stem density among different origin 

groups varies from 270 to 340 kg m-3 Figure 3. 

The highest mean weighted stem density was observed 

for TxT group (hybrids of P.trichocarpa from Swedish 

University of Agricultural Sciences) ï 325 kg m-3, 

followed by T group (clones from individuals from 

natural P.trichocarpa populations) ï 319 kg m-3, the 

MxT group (P.maximowiczii x P.trichocarpa) ï 302 kg 

m-3 and the DxT (P.deltoides x P.trichocarpa) - 291 kg 

m-3. TxT and T groups have the highest stem densities, 

suggesting that these origin groups produce denser 

wood. There are no significant differences between the 

mean densities of different origin groups (p>0.05).  

Nielsen et al. (2014) reported a high mean stem density 

of 365 kg m-3 for the P. trichocarpa x P. deltoides 

origin group in 13-year-old poplar clones. In our study, 

this specific group was the least represented, with only 

one clone (óBelg-B10ô), which had a weighted stem 

density of 291 kg m-3. 

To improve data interpretation, additional data is 

needed - either more clones from this origin group or 

more investigated trees from the óBelg-B10ô clone. 

The variation in wood density along the height of the 

tree must be considered when selecting parts of the tree 

for different applications. 
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Figure 2 

Weighted stem density of analysed 27 Populus spp. 

clones (Horizontal line represents mean stem density 

of all analysed clones) 

 
 

Figure 3 

Weighted stem density by origin groups of analysed 

Populus spp. clones (Whiskers denote Ñ standard 

deviation intervals) 

 
The highest density is found at the top of the tree, or 

90% height level, 338 kg m-3, while the lowest density 

occurs in the lower-mid section, or at the 10% and 30% 

height levels, 316 kg m-3 (Figure 4). Although the 

variation in mean wood density across relative stem 

heights is not statistically significant (p>0.05), a 

significant variation (p=0.03) in mean density was 

found at different distances from the pith (within tne 

radial position). 

This confirms that wood density increases toward the 

top. The upper parts of the tree are typically exposed 

to stronger winds and environmental stresses, which 

may influence their structure, making them denser in 

some tree species to withstand these forces. Although 

the variation in mean wood density across relative 

stem heights is not statistically significant (p>0.05), a 

significant variation (p=0.03) in mean density was 

found at different distances from the pith (within the 

radial position).  

Figure 4 

Wood density at six relative heights and at stump 

height (Whiskers denote Ñ standard deviation 

intervals. Horizontal line represents the estimated 

mean of wood density in the entire stem) 

 
Figure 5 

Variation in stemwood density of Populus spp 

 
Iġtok et al. (2016) and Kord et al. (2010) report that 

poplar tree density tends to decrease from the base 

upwards the stem, and increase from the pith toward 

the bark. This statement is partially contradictory to 

the results of the current study. Higher wood density 

was found in the upper part of poplar trees and at the 

pith of the stem base, similar to the findings of Pliura 

et al. (2007) and Taeroe et al. (2015).  

A radial density pattern was observed at the stem base 

level - density decreased from the pith to the bark. 

However, from the middle of the tree to the top, wood 

density decreased in the opposite direction, from bark to 

pith Figure 5. Nevertheless, our studyôs findings on 

radial density variations align with Einspahr et al. 

(1972), who reported that P. tremuloides wood density 

is highest near the pith, followed by a slight decrease 

before increasing again closer to the bark. Kord et al. 

3
8

2
3

6
3

3
4

8
3

4
7

3
3

6
3

3
6

3
3

3
3

2
6

3
2

4
3

2
3

3
2

2
3

2
0

3
2

0
3

1
5

3
1

4
3

1
3

3
1

2
3

0
9

3
0

9
3

0
9

3
0

8
3

0
3

3
0

3
3

0
2

2
9

8
2

9
6

2
9

1
0

50

100

150

200

250

300

350

400

450
S

L
U

-2
6

.1

S
L

U
-2

1
.8

S
L

U
 7

2
2

.1
6

S
L

U
-2

3
.4

S
R

F
-6

8

S
L

U
-2

5
.5

S
L

U
-2

3
0

S
R

F
-4

7

S
R

F
-2

1

S
L

U
-2

5
.6

S
L

U
-1

5
.8

O
P

4
2

 (
L
G

)

S
L

U
-7

2
.9

B
e
lg

-B
1
0

W
e

ig
h
te

d
 s

te
m

 d
e

n
s
it
y
, 

k
g
 m-3

Poplar clone

325
319

302

291

270

280

290

300

310

320

330

340

TxT T MxT DxTW
e

ig
h
te

d
 s

te
m

 d
e

n
s
it
y
, 

k
g
 m

-3

Origin groups

331

316 316

329
336

338

290

300

310

320

330

340

350

360

0 0.1 0.3 0.5 0.7 0.9E
s
ti
m

a
te

d
 w

o
o

d
 d

e
n
s
it
y
, k
g

m
-3

Relative height



Alise Bleive, JǕnis Platacis,  

Kaspars LiepiǺġ 

VARIATION  IN STEM WOOD DENSITY OF JUVENILE 

POPULUS SPP. CLONES  

 

RESEARCH FOR RURAL DEVELOPMENT 2025, VOLUME 40 88 

(2010) also noted that wood density may increase from 

the pith to the bark as the tree ages, since juvenile wood 

typically has a lower density than mature wood. A 

similar tendency is described for axial variation. Wood 

density varies not only within the tree stem but also due 

to multiple factors, including tree age, growing density, 

environmental conditions such as precipitation, 

temperature. Petr§ġ et al. (2010) confirms that poplar 

wood density increases with tree age.  

For the trees we measured, the stem diameter at breast 

height (DBH) ranged from 8.6 to 20.3 cm (mean 13.9 

cm), while tree height varied from 13.3 to 19.6 m 

(mean 16.7 m). Tree volume ranged from 0.04 to 0.31 

m3 (mean 0.13 m3). Liziniewicz (2023) describes a low 

correlation between diameter and wood density in 

hybrid aspen and poplars. Similarly, in our study, the 

correlation between DBH, tree height and wood 

density was very weak and statistically insignificant.  

 

Conclusions  

1. The highest density was recorded for óSLU-26.1ô (382 

kg m-3), and the lowest for óBelg-B10ô (291 kg m-3). 

However, analysing only one tree per clone limits the 

ability to fully capture intra-clonal variability. Clones with 

lower density, such as óBelg-B10ô and óOP42ô, may be 

preferable for pulp and paper production due to their 

impact on fibre elasticity. Meanwhile, higher-density 

clones like óSLU-26.1ô and óSLU-21.9ô are more suitable 

for plywood, veneer and solid wood products.  

2. Our study reveals that the wood density of poplar clones 

is highest near the pith, then slightly decreases before 

increasing again closer to the bark. Despite extensive prior 

research on poplar wood density variation along the stem, 

our findings indicate that mean density increases toward the 

top of the tree. As density variation increases with tree age, it 

is important to analyse stands of different ages in the future 

studies and expand the sample size to improve data accuracy.  
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Abstract 
Energy wood is a key component of Latviaᾷs renewable energy sector, contributing 76.2% of total renewable energy 

consumption in 2023. Although energy wood is harvested year-round, its demand and quality vary seasonally, influenced by 

storage duration, weather conditions, and storage practices. This study aimed to assess how storage duration and weather 

conditions impact the quality and value of energy wood stored in windrows. To achieve this, 10 deciduous stands managed by 

JSC ᾸLatviaᾷs State Forestsᾷ (LVM)  were selected. Ten windrows of energy wood were created for long-term storage. Monthly 

laboratory analyses were conducted on wood samples from the windrows and during chipping to measure moisture and ash 

content, and calorific value. The findings reveal notable seasonal fluctuations in the relative moisture content of energy wood, 

driven by meteorological conditions. Intensive drying during spring and summer reduced the average moisture content from 

39.58% in spring to 33.57% in summer. Conversely, autumn and winter showed an increase in moisture content, rising from 

42.20% in autumn to 49.52% in winter. The study also confirmed that the net calorific value of energy wood improves as its 

moisture content decreases. These findings emphasize the importance of selecting optimal storage locations and planning 

appropriate drying durations to maximize the energy efficiency of energy wood. By addressing moisture content monitoring 

and storage challenges, Latvia can further enhance the sustainability and efficiency of its energy wood production processes. 

Keywords: energy wood, moisture content, ash content, calorific value, windrows.  

 

Introduction  

Energy wood is primarily sourced from less productive 

trees, undergrowth, and logging residues (LazdǕns et 

al., 2008a; LazdiǺġ, 2012; IRENA, 2018). Its 

efficiency is influenced by quality factors such as 

moisture content, calorific value, and ash content, 

which change during storage (Pettersson & Nordfjell, 

2007; Routa et al., 2016). Moisture content, the key 

determinant of quality, affects calorific value, storage 

duration, and transportation costs. Freshly prepared 

energy wood typically contains 50-60% moisture, 

decreasing to 20-30% in warm seasons but rising again 

in autumn and winter due to hygroscopic properties 

(Gautam et al., 2012; Routa et al., 2015, 2016; Eliasson 

et al., 2019). Optimizing drying and minimizing 

reabsorption are essential for maintaining quality 

(Routa et al., 2015, 2016). Ash content varies by tree 

species, site conditions, and age. Younger trees and 

hardwoods tend to have higher ash content, ranging 

from 1.0% to 3.0% (Thºrnqvist, 1985; Pettersson & 

Nordfjell, 2007). Calorific value is also species-

dependent, with softwood generally having higher 

energy content (Thºrnqvist, 1985; BȊmanis, 2008). In 

Latvia, energy wood production primarily involves 

logging residues and small-diameter wood from 

thinning and regeneration fellings (Iwarsson Wide et 

al., 2008; LazdǕns et al., 2008b; KalǛja et al., 2014). 

JSC ᾸLatviaôs State Forestsᾷ (LVM)  manages 50% of 

state-owned forests, promoting energy wood 

production to enhance energy independence. Given 

Latviaôs climatic conditions, LVM  has developed 

guidelines for optimal production and storage, 

including stacking logging residues along forest roads 

for efficient transport (Latvian State Forests, 2016, 

2021). The LVM  guidelines specify a maximum 

energy wood length of 4 m, with partial delimbing for 

easier chipping (Latvian State Forests, 2016). Storage 

occurs in three stages: initial piling in the felling area 

(1ï6 months), roadside stacking with optional 

covering for conifer-rich wood (Latvian State Forests, 

2021), and windrow storage (3ï12 months) with at 

least three months in spring or summer to facilitate 

drying. The final step involves chipping and delivery 

to consumers. A key challenge remains the lack of 

systematic moisture content monitoring during 

storage. Addressing this requires predictive modelling 

based on empirical data on moisture content, ash 

content, and calorific value changes over time. This 

study aims to evaluate the impact of storage duration 

and weather conditions on energy wood quality. 

 

Materials and Methods 

To obtain the empirical data necessary for achieving 

the study aim, 10 stands were selected in areas 

managed by LVM,  where overgrowth removal and 

energy wood preparation had been carried out. For the 

trials, deciduous stands were selected (with a conifer 

admixture not exceeding 20%) where the average 

diameter of dominant trees did not exceed 12 cm, or 

where thicker trees had been felled and removed either 

before or after the preparation of energy wood from 

small-diameter trees. 

In planning the trial sites, areas were selected where 

storage yards could accommodate multiple energy 

wood piles, each containing 60ï80 LV mį (loose cubic 

meters) of deciduous energy wood. The piles were 

positioned to ensure similar exposure to the forest 

edge, prevailing winds, and terrain. According to 

guidelines developed by LVM  (Latvian State Forests, 

2021), the planned width of the unloading area was up 

to 5 m. 

Harvesting was conducted in September 2021 using a 

mid-sized harvester, John Deere 1070D, equipped with 

a Bracke C16 harvesting head. At the trial sites, 

harvesting involved preparing whole, unbranched 

stems, with the option to cut the trunks into multiple 

https://orcid.org/0000-0001-8971-4218
https://orcid.org/0000-0002-3469-0359


THE IMPACT OF STORAGE DURATION ON CHANGES IN THE 

QUALITY OF ENERGY WOOD IN LATVIA 

Santa Kaleja, Agris Zimelis,  

Gints Spalva 

 

91 RESEARCH FOR RURAL DEVELOPMENT 2025, VOLUME 40 

segments as needed. Energy wood was forwarded in 

SeptemberïOctober 2021 using a mid-sized 

forwarder, John Deere 1010D, equipped with 

Intermercato grapple scales XW 50 PS, immediately 

after material preparation. 

The trial design specified that the windrows of energy 

wood would have a maximum length of 18 m (with 

actual lengths ranging from 12 to 16 m), a maximum 

width of 8 m, and a maximum height of 4 m. In total, 

10 windrows of energy wood (coordinates for 

windrows 1ï5: 56.35184Á N, 24.0751Á E; coordinates 

for windrows 6ï10: 56.36618Á N, 24.05872Á E) were 

created for long-term storage as part of the trial. To 

assess energy wood residues after chipping and 

enhance moisture control, the designated areas for 

energy wood stacks were covered with a paper-based 

laminate before the formation of windrows (Eliasson 

et al., 2019). The methodology involves chipping one 

pile every three months. 

The storage period of energy wood was divided into 

three phases. The first phase began on the first day of 

storage (October 2021) and lasted for 343 days (until 

September 30, 2022). The second phase started on the 

344th day of storage (October 1, 2022) and lasted for 

364 days (until the 708th day of storage, September 30, 

2023). The third storage phase began on the 709th day 

of storage and lasted for 297 days (until the 1006th day 

of storage, July 23, 2024). 

Weather data ᾸFigure 1ᾷ were collected from the 

nearest meteorological station in Bauska (coordinates 

56.3791Á N, 24.2217Á E), approximately 20 km from 

the trial site (LVǤMC, 2024). 

 

Figure 1 

Changes in daily maximum air temperatures and total precipitation during the storage of energy wood 

 

To more accurately characterize the impact of 

meteorological conditions on changes in the quality of 

energy wood during storage, the Forest Fire Weather 

Index (FWI) system was utilized, which is widely 

applied for assessing forest fire risks (Van Wagner & 

Pickett, 1985; Miller, 2020). The FWI system relies on 

daily meteorological data (LVǤMC, 2024) including 

maximum daily air temperature (ÁC), minimum daily 

relative humidity (%), average daily wind speed (km 

h ĭ), and total daily precipitation (mm). It models how 

weather conditions influence the moisture content of 

forest biomass and the potential for fire spread. To 

predict changes in the moisture content of energy 

wood, the components of the FWI system were 

calculated using Canadian FWI formulas (Van Wagner 

& Pickett, 1985; Miller, 2020). These formulas are 

used to compute the Fine Fuel Moisture Code (FFMC), 

Duff Moisture Code (DMC), and Drought Code (DC). 

A higher FFMC value, on a scale from 0 to 101 

(representing very dry material), indicates lower 

moisture content in energy wood (Van Wagner & 

Pickett, 1985). 

After the formation of the energy wood windrow, as 

well as during the survey and measurement of 

windrows, wood samples were collected from each 

windrow for laboratory analysis. Samples were taken 

from six locations: two at the ends, two from the top, 

and two from the front section of each windrow. The 

wood samples were collected to ensure representation 

of different wood diameter groups. Industrially 

processed chip samples were collected from multiple 

locations within the chip pile. The samples, primarily 

consisting of branches and a few stem sections, were 

processed using a gardening chipper. The resulting 

chips were thoroughly mixed, and a single sample was 

collected from each windrow. Moisture and ash 

content, as well as the calorific value, were determined 

in the laboratory for wood samples taken from energy 

wood windrows once a month and for samples 

collected during energy wood chipping. 
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The data from continuous measurements were 

prepared for analysis. As part of the study, ISO 

standard methods and CEN technical specifications 

adapted to Latvian standards were used in the 

laboratory to test wood samples obtained from energy 

wood windrows and crushed under laboratory 

conditions, as well as industrially crushed (chipped) 

wood samples. The LVS EN ISO 18134-2:2024 

standard  (LVS EN ISO 18134-2:2024, 2024) was used 

to determine the moisture content of the wood. Wood 

samples were dried using the oven dry method in the 

atmosphere at a temperature of 105 ÁC until a constant 

mass was reached, and the percentage moisture content 

was calculated based on the mass loss of the samples. 

The relative moisture content (W0, %) of the wood 

samples was calculated using Equation 1. 

 

7
Í  Í

Í
ρππϷ (1) 

 

where: 

W0 ï relative moisture content of wood, %; 

mmoist ï weight of naturally moist wood, g; 

mdry ï weight of dry matter, g. 

 

The LVS EN ISO 18122:2022 standard  (LVS EN ISO 

18122:2022, 2022) was used to determine the ash 

content. Wood samples (air-dried ground wood 

materials) were ashed in a muffle furnace at a 

temperature of 550 ÁC, following the muffle furnace 

manufacturer instructions and pre-set programs. The 

ash content (P, %) of the analysed sample was 

calculated using Equation 2. 

 

0Ϸ  
Á ρππ

Â
  +  (2) 

 

where: 

a ï mass of ashes, g; 

b ï weight of air-dry sample, g; 

100 ï conversion coefficient; 

Km ï moisture coefficient. 

 

The LVS EN ISO 18125:2017 specification (LVS EN 

ISO 18125:2017, 2017) was used to determine the 

gross calorific value (MJ kg ĭ) of energy wood. The 

test samples were burned in a high-pressure constant 

volume oxygen bomb calorimeter. A system 

calibration procedure was performed before 

processing each sample to ensure the reliability of the 

results. The gross calorific value of the test sample was 

calculated by considering the calorific value of the 

calorimeter, determined during the calibration process, 

and the temperature change caused by the combustion 

of the test sample, including corrections for 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 

(Equation 3), applying the correction factors specified 

by the equipment manufacturer to adjust the results. 

 

(
74  Å  Å  Å

Í
 (3) 

 

where: 

Hc ï gross calorific value, MJ kg-1; 

T ï observed temperature rise; 

W ï effective heat capacity of a calorimeter; 

e1 ï heat of combustion of air in the combustion tank 

forming nitric acid; 

e2 ï heat generated by the reaction of sulfur dioxide, 

water and nitrogen to form nitric acid; 

e3 ï heat generated by the burner; 

m ï mass of the sample, g. 

 

For statistical calculations, data analysis, and 

visualization, the R software was used. As the data 

follow normal distribution, one-way analysis of 

variance (One-way ANOVA) was applied to compare 

the mean values obtained in the calculations and to 

determine significant differences. Tukeyᾷs Honestly 

Significant Difference test (Tukey HSD) was used to 

identify which group means are statistically 

significantly different. 

 

Results and Discussion 

Moisture content 

The energy wood was prepared in September 2021, 

with the first storage period beginning upon its 

delivery in October 2021. Data on the relative moisture 

content (MC) from 10 piles of energy wood indicate 

that the initial MC of the delivered material ranged 

from 41.1% to 50.2%. 

Assessing changes in the relative MC of energy wood 

over storage seasons, the average relative MC 

increased during winter (DecemberïFebruary) 

compared to autumn (SeptemberïNovember) by 

5.06% (1st storage period) to 8.55% (2nd storage 

period), depending on the storage period. During 

winter, the highest average relative MC 

(50.34Ñ0.92%) was observed in the 1st storage period, 

while the lowest (48.55Ñ2.74%) was recorded in the 

2nd storage period. 

In spring (MarchïMay) and summer (JuneïAugust), 

the drying of the material becomes more intensive, 

significantly influenced by higher maximum daily air 

temperatures and lower total daily precipitation. 

Comparing the average relative MC recorded in spring 

to that in winter, the spring values were 8.84% (2nd 

storage period) to 10.09% (1st storage period) lower. 

During spring, the highest average relative MC 

(40.29Ñ1.64%) was observed in the 1st storage period, 

while the lowest (38.75Ñ0.38%) was recorded in the 

3rd storage period.  

As the drying process continues in summer, the 

average relative MC of energy wood further decreases. 

Comparing the winter values to those recorded in 
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 summer, a reduction of 13.69% (1st storage period) to 

17.24% (3rd storage period) was observed. During 

summer, the highest average relative MC 

(36.69Ñ2.51%) was found in the 1st storage period, 

while the lowest (31.64Ñ2.78%) was recorded in the 

2nd storage period.  

Compared to summer, the average moisture content in 

autumn increased by 8.36% (2nd storage period) to 

8.90% (3rd storage period). During autumn (excluding 

the 1st storage period when the material was initially  

transported), the highest average relative moisture 

content (41.30Ñ2.17%) was observed in the 3rd 

storage period, while the lowest (39.99Ñ1.93%) was 

recorded in the 2nd storage period.  

ᾸFigure 2ᾷ reflects the changes in average relative MC 

of energy wood depending on the storage season, with 

quartile distribution used to characterize the data. 

From the presented data, it is evident that relative MC 

is highest during the winter season, with a median of 

49.6%. The values are concentrated within the range 

of 49.1% to 50.0%, indicating low variability. In the 

summer season, MC is the lowest, with a median of 

32.4% and a wider range of fluctuations (Q1ïQ3: 

32.0ï34.5%), indicating greater variability. During the 

autumn season, relative MC is relatively high, with a 

median of 41.3%, and a greater spread in the data is 

observed (Q1ïQ3: 40.6ï43.3%). The spring season 

does not differ significantly, with a median of 39.7% 

and a small spread (Q1ïQ3: 39.2ï40.0%). The created 

diagram effectively illustrates the relative MC trends, 

variability, and central values for each season, which 

may be significant when selecting appropriate storage 

conditions for energy wood. 

In deciduous stands, the average MC of energy wood 

prepared in September and stacked in fresh windrows 

in October was 47.29Ñ1.37%.  
To more precisely characterize changes in the relative 

MC of energy wood during storage, the FWI index 

ᾸFigure 3ᾷ was applied, incorporating meteorological 

observations for the respective period (LVǤMC, 

2024) and data from the FWI system (Van Wagner & 

Pickett, 1985; Miller, 2020). The results show that 

during the 1st storage period, the average relative MC 

increased to 52.56% by the 101st storage day (January 

2022), attributed to a low FWI index indicating 

unfavorable drying conditions. From the 102nd to the 

190th storage day (February 2022), the MC decreased 

to 32.90%, driven by a rising FWI index, indicating 

favorable drying conditions starting in April  

(approximately six months after storage began). 
Between the 191st and 251st storage days (May 

2022), the MC increased to 42.16%, coinciding with 

a period of a relatively low FWI index. Subsequently, 

from the 252nd to the 313th storage day (July, August 

2022), the MC decreased to 34.94%, explained by 

seasonal effects reflected in the FWI index. At the 

onset of autumn (314th storage day, September 

2022), the MC increased again, reaching 37.54% by 

the end of the 1st storage period (343rd storage day, 

September 2022). 

Figure 2 

The seasonal variations of the average relative MC of 

energy wood during storage 

 
 

At the start of the 2nd storage period, seasonal effects 

led to repeated moisture absorption, continuing until 

the 466th storage day (January 2023), with the 

moisture content reaching 53.1% due to a low FWI 

index. Between the 467th and 494th storage days 

(February 2023), the average MC decreased to 50.9% 

as the FWI index gradually increased. From the 526th 

to 647th storage days (April  ï July 2023), intense 

drying occurred, with the average MC dropping to 

24.1%, explained by the high FWI index characteristic 

of summer. During the latter half of summer (647thï

678th storage days, July, August 2023), the FWI index 

decreased, causing the MC to rise to 35.37%. At the 

end of the 2nd storage period (708th storage day, 

September 2023), the MC was 30.75%.  

At the beginning of the 3rd storage period, the MC 

increased rapidly due to seasonal effects, reaching 

54.5% by the 831st day (January, 2024). From the 

832nd storage day (February, 2024), the moisture 

content began to decline, reaching 43.1% by the 921st 

day (April,  2024) and further decreasing to 28.9% by 

the 952nd storage day (May, 2024), driven by an 

increasing FWI index. From the 953rd storage day 

(Jun, 2024), the MC increased again, reaching 33.85% 

by the 1006th storage day (July, 2024). 

The drying process of energy wood intensifies in 

spring and summer due to higher temperatures, lower 

precipitation, solar radiation, and wind, accelerating 

water evaporation from wood fibers. Routa et al. 

(2016) noted that drier conditions in these seasons can 

reduce wood moisture content (MC) by 20ï30%, 

especially in well-stacked, ventilated materials. 

In summer, higher temperatures and lower humidity 

further increase evaporation, making it the most 

effective period for MC reduction (Pettersson & 

Nordfjell, 2007). Previous studies (Pettersson & 

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

2016; Eliasson et al., 2019) confirm these trends, 

aligning with this studyôs findings. 

Conversely, in autumn and winter, energy wood 

absorbs moisture due to its hygroscopic properties, 

increased humidity, and lower temperatures (Gautam 

et al., 2012). Afzal et al. (2010) explained that low 
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temperatures reduce evaporation, leading to moisture 

retention, increased weight, and lower net calorific value. 

Seasonal climatic variations significantly impact wood 

MC (Eliasson et al., 2019). 

 

Figure 3 

Changes in the average relative moisture content of energy wood during storage 

 

Effective storage and drying planning are crucial for 

optimizing energy efficiency. Gautam et al. (2012) and 

Eliasson et al. (2019) highlighted that proper storage 

location and drying duration can enhance drying rates. 

The initial MC of freshly prepared energy wood varies 

by region and is influenced by stand location, species 

composition, and preparation time. 

This study found an initial MC of 47.29Ñ1.37%, similar 

to Canadian (45.5Ñ5%) findings (Afzal et al., 2010) but 

differing from Swedish (Nilsson et al., 2013) data 

(25.6Ñ4.3% to 43.8Ñ6.5%) and Finnish (Nurmi, 1999) 

data (56%). Regional climate conditions during 

preparation and stacking significantly affect initial MC, 

with higher values observed in wetter climates (Afzal et 

al., 2010; Nilsson et al., 2013). Species composition also 

plays a role, as coniferous residues retain more moisture 

due to needle structure (Nurmi, 1999). 

For a more accurate assessment of energy wood MC 

during storage, multiple influencing factors should be 

considered. The FWI index (Van Wagner & Pickett, 

1985; Miller, 2020) used in this study helps evaluate 

drying dynamics under varying climatic conditions 

and the long-term impact on wood quality (LVǤMC, 

2024). 

Ash content 

Changes in the ash content (AC) of energy wood 

during storage are presented in ᾸFigure 4ᾷ and can be 

attributed to changes in energy wood quality and the 

influence of the surrounding environment.  

Overall, the ash content (AC) of energy wood during 

storage is variable, with observed fluctuations in AC 

throughout the material improvement process ranging 

from approximately 1% to 2%. Although differences 

in AC of energy wood during storage exist, they are 

not statistically significant. 

The obtained results show that the average AC of 

freshly prepared deciduous energy wood is 0.97%. 

Following the transportation of the material, an 

increase in ash content is observed by the 160th 

storage day (March 2022), reaching an average of 

2.10%. The intensive drying of energy wood affects 

its quality, resulting in a decrease in average AC from 

the 161st storage day (April  2022), reaching an 

average of 0.75% by the 251st storage day (June 

2022). An increase in the average AC of energy wood 

is observed again starting from the 252nd storage day 

(July 2022), and by the end of the first storage period 

(343rd storage day, September 2022), the average AC 

reaches 2.35%. 

The second storage period begins with a gradual 

decrease in AC, reaching an average of 1.45% by the 

435th storage day (December 2022). A repeated 

increase in AC is observed starting from the 436th 

storage day (January 2023), reaching an average AC 

of 2.20% by the 525th storage day (March 2023). This 

corresponds to the trends observed in AC changes 

during the first storage period (an increase in AC from 

January to March). Starting from the 526th storage day 

(April  2023), the average AC of the material ranged 

from 1.07% to 1.70%, and by the end of the second 

storage period (708th storage day, September 2023), 

the average AC was approximately 1.35%. 

Overall, during the third storage period, the average 

AC of energy wood ranged from 1.20% (983rdï1006th 

storage day, July 2024) to 1.80% (709thï739th storage 

day, October 2023). 
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The study found that the average ash content (AC) of 

deciduous energy wood ranged from 1.48Ñ0.54% to 

1.58Ñ0.57% across three storage periods, consistent 

with previous research (Thºrnqvist, 1985; Pettersson 

& Nordfjell, 2007), which attributes higher AC in 

deciduous wood to its greater bark content. 

 

Figure 4 

Changes in the average AC of energy wood during storage  

 
 

No significant AC changes were observed over 1,006 

days, though the highest AC appeared in the second 

storage period, similar to findings from Sweden and 

Canada (Pettersson & Nordfjell, 2007; Afzal et al., 

2010; Gautam et al., 2012). A slight increase may 

result from dust and soil deposition during extended 

drying (Lehtikangas, 2001). While seasonal effects 

and drying duration can slightly raise AC, proper 

storage can help minimize these changes. 

Calorific value 

Changes in the net calorific value (CV) of energy wood 

during storage are shown in ᾸFigure 5ᾷ and can be 

explained by the influence of favorable or unfavorable 

conditions for wood drying, as indicated by changes in 

the FWI index during the respective period. 

The obtained results show that the net CV of freshly 

prepared deciduous energy wood is on average 2.38 

MWh t ĭ. 

During the 1st storage period, until the 160th storage 

day (March 2022), the average CV of energy wood 

ranged from 2.15 MWh t ĭ (72ndï101st storage day, 

January 2022) to 2.62 MWh t ĭ (10thï40th storage 

day, November 2021). Starting from the 161st 

storage day (April  2022), an increase in the CV of 

energy wood was observed, ranging from 2.71 MWh 

t ĭ (191stï221st storage day, May 2022) to 3.20 

MWh t ĭ (161stï190th storage day, April  2022). By 

the end of the 1st storage period (343rd storage day, 

September 2022), the average CV of energy wood 

reached 2.95 MWh t ĭ. 

 

Figure 5 

Changes in the net calorific value of energy wood during storage 
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The 2nd storage period (beginning on the 344th 

storage day, October 2022) started with a gradual 

decrease in CV until the 525th storage day (March 

2023), with observed average CV values ranging from 

2.09 MWh t ĭ (495thï525th storage day, March 2023) 

to 2.90 MWh t ĭ (344thï374th storage day, October 

2022). 

A repeated increase in the CV of energy wood was 

observed starting from the 526th storage day (April  

2023) and continued until the end of the 2nd storage 

period (708th storage day, September 2023), with the 

average CV values ranging from 2.94 MWh t ĭ 

(526thï555th storage day, April  2023) to 3.78 MWh 

t ĭ (617thï647th storage day, July 2023). By the end 

of the 2nd storage period (708th storage day, 

September 2023), the average CV of energy wood 

was 3.40 MWh t ĭ. 

Overall, during the 3rd storage period (beginning on 

the 709th storage day, October 2023), the average CV 

of energy wood ranged from 2.14 MWh t ĭ (770thï

800th storage day, December 2023) to 3.57 MWh t ĭ 

(709thï739th storage day, May 2024). 

The results indicate that during the 1st storage period, 

the net CV of energy wood (with the following average 

parameters: relative MC of 44.43Ñ6.79%, AC of 

1.48Ñ0.54%, and HC of 19.04Ñ0.56 MJ kg ĭ) was 

2.59Ñ0.39 MWh t ĭ.  

An increase in the net calorific value was observed 

during the 2nd storage period (with the following 

average parameters: relative MC of 39.97Ñ9.73%, AC 

of 1.58Ñ0.57%, and HC of 19.13Ñ0.42 MJ kg ĭ), 

reaching 2.87Ñ0.59 MWh t ĭ. 

A further increase in the net CV was observed during 

the 3rd storage period (with the following average 

parameters: relative MC of 41.28Ñ8.53%, AC of 

1.51Ñ0.41%, and HC of 19.69 Ñ 0.40 MJ kg ĭ), 

reaching 2.88 Ñ 0.51 MWh t ĭ. 

Conclusions  

1. The study results confirm significant seasonal 

changes in the relative MC of energy wood influenced 

by meteorological conditions. During spring and 

summer, as intensive drying occurs, the relative MC 

can decrease from an average of 39.58% (spring) to 

33.57% (summer). In autumn and winter, an increase 

in the relative MC is observed, rising from an average 

of 42.20% (autumn) to 49.52% (winter), largely 

influenced by the hygroscopic properties of the 

material. 

2. The average AC of deciduous energy wood during 

storage ranged from 1.48% to 1.58%. However, 

changes in the average AC values are not statistically 

significant and could be explained by the deposition of 

dust and mineral soil particles on the stored material. 

3. When planning the storage of energy wood, 

seasonal fluctuations should be considered. Also, the 

obtained results show that the average net CV of 

energy wood increases during storage, and the relative 

MC of the material is one of the main factors 

influencing the net CV of energy wood. 

4. The findings highlight that the effective selection 

of storage locations and appropriate drying durations 

can significantly improve the energy efficiency of 

energy wood. To provide recommendations for the 

optimal storage duration of energy wood, it is also 

necessary to evaluate the impact of mass loss on the 

quality of energy wood. 
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Abstract 
This research focuses on developing an innovative, multi-criteria approach to forest harvesting planning, providing an 

alternative to traditional clear-cutting and selection-cutting methods. The study integrates automated planning algorithms with 

geospatial analysis to promote more sustainable forest management practices that prioritize ecological integrity and social 

value, particularly in areas with significant natural and recreational importance. The proposed approach is based on the use of 

open-source algorithms, enabling individual forest owners or users to select logging areas by weighing ecosystem service 

indicators and remote sensing criteria specific to each forest stand. By incorporating adaptive harvesting parameters, this 

method allows for tailored decision-making that reduces the environmental impact of forestry activities while maintaining 

flexibility  in addressing various forest management objectives. The primary objective of this research is to create a scientifically 

validated framework that balances timber extraction with the preservation of diverse forest ecosystem services. The approach 

accounts for available biodiversity data, supports recreational use, and considers other social-ecological functions of forests. 

The study includes the development and testing of data processing and analysis algorithms that optimize forest harvesting 

strategies based on ecosystem service assessments. The proposed methods are field-tested in managed forest areas to verify 

their practical applicability in real-world conditions. This research contributes to advancing sustainable forest management by 

offering data-driven, ecosystem-based solutions that address contemporary challenges in balancing timber production with 

broader social-ecological values, while also empowering forest owners to make more informed, site-specific harvesting 

decisions.  

Keywords: automated planning algorithms, ecosystem services, sustainable forest management, timber harvesting planning.  

 

Introduction  

Forests are managed to fulfil  various economic and social 

objectives, with some areas prioritized for timber 

production, others dedicated to biodiversity conservation 

or recreation, and many designed to support multiple 

functions (Lindenmayer et al., 2012). Achieving these 

diverse goals while adapting to different environmental 

conditions requires forest owners to apply a variety of 

silvicultural practices (Eyvindson et al., 2021). Although 

several advanced planning systems are available to 

support multifunctional forest management by 

integrating eco-geographical variables and optimizing 

harvesting strategies (e.g., Mason et al., 2018; Marto et 

al., 2019; Tahri et al., 2021; Lªm¬s et al., 2023), their 

practical application remains limited. Many rely on 

region-specific datasets or proprietary data formats, 

reducing their adaptability in diverse forest conditions 

(Eriksson et al., 2014). Additionally, the scarcity of open-

source solutions and dependence on openly accessible 

data further restricts access to effective planning tools, 

particularly for regions seeking flexible, low-cost 

alternatives or aiming to prioritize ecosystem services 

alongside timber production. 

In Latvia and the broader boreal region, clear-cutting 

with subsequent stand regeneration by planting is the 

primary logging practice. This method is widely 

applied to promote timber production, particularly 

for key species such as Pinus sylvestris and Picea 

abies, ensuring efficient stand renewal and forest  

 

productivity (Pach et al., 2018).  

The dominance of clear-cutting reflects both economic 

considerations and the limited implementation of 

advanced planning tools that account for multifunctional 

objectives. Expanding the use of data-driven planning 

approaches that integrate ecosystem services, 

biodiversity data, and terrain constraints could support a 

shift toward more sustainable and multifunctional forest 

management practices (Larsen et al., 2022). 

The aim of this paper is to present a workflow for a 

mixed-method approach to automated small-scale 

clear-cutting that considers diverse eco-geographical 

conditions and ecosystem services. The proposed 

method supports sustainable forest management by 

modelling logging operations in a way that 

incorporates site-specific environmental factors, 

terrain constraints, and ecosystem service values. The 

workflow integrates multiple open data sources 

relevant to forest structure, ecological features, and 

landscape conditions. A customized meta-heuristic 

algorithm is used to identify harvesting sites while 

balancing multiple constraints, refining outputs 

through iterative, randomized search strategies. 

The research tasks addressed in this study include: 

¶ developing and implementing an automated algorithm 

that generates spatially explicit clear-cut units while 

accounting for ecological and legal constraints; 

¶ integrating remote sensing and ecosystem service  
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¶ indicators with forest inventory data to guide 

harvesting decisions at the stand level; 

¶ testing the workflow in managed forest areas and 

evaluating the resulting harvesting phases in terms 

of spatial balance, consistency of environmental 

metrics, and operational feasibility. 

Materials and Methods 

The following methods outline the data sources, processing 

tools, and workflow steps used to develop an automated 

small-scale clear-cutting approach that considers eco-

geographical conditions and ecosystem services. 

Table 1 

Summary of the data used 

Dataset Description Link  

State Forest Service 

Forest Compartment Data 

Boundaries and attributes (stand 

composition, age, tree species etc.), of 

forest compartments. Vector data 

https://data.gov.lv/dati/lv/dataset/meza

-valsts-registra-meza-dati.jsonld 

Latvian Geospatial 

Information Agency 

LiDAR Data 

4 p/mĮ LAS data (base for DSM, DTM, 

TRI, TPI, slope, aspect, roughness, DTW) 

https://s3.storage.pub.lvdc.gov.lv/lgia-

opendata/las 

Ministry of Agriculture 

Drainage Cadastre Data 

Vector data of ditch networks, drainage 

pipes, and related infrastructure. Vector 

data 

https://www.melioracija.lvhttps://lvm

geoserver.lvm.lv/geoserver/zmni/ows 

Nature Conservation 

Agency Data 

é 

OZOLS system data ï information on 

protected nature territories, species 

distributions, and habitat data. Vector data 

https://ozols.gov.lv/arcgis/services/OZ

OLS_DABASDATI_PUB_INSPIRE/

MapServer/WFSServer 

Species Protection Plan data. Vector data https://www.daba.gov.lv/lv/sugu-un-

biotopu-aizsardzibas-plani 

Information System 

ᾸHeritageᾷ Data 

Protected sites, landmarks, and areas of 

cultural significance and their protection 

zones. Vector data 

https://geoserver.mantojums.lv/geoser

ver/ows 

Latvian State Forest 

Research Institute 

ᾸSilavaᾷ Research data 

é 

Data on ecosystem service assessments, 

SQL qyery 

Lǭbiete et al. (2023) 

LIFE Programme Study ï ᾸDemonstration 

of Climate Change Mitigation Potential in 

Fertile Organic Soils in the Baltic States 

and Finlandᾷ (LIFE OrgBalt, LIFE18 

CCM/LV/001158). Raster data 

https://silava.forestradar.com/data/rast

ra-dati/DTW/DTW_10ha_ 

https://silava.forestradar.com/data/rast

ra-dati/DTW/DTW_30ha_ 

OpenStreetMap data road and trail network data with the 

option to supplement it with custom data 

for improved detail or accuracy 

https://download.geofabrik.de/europe/

latvia-latest-free.shp.zip 

Table 1 summarizes key datasets, including forest 

compartments, LiDAR terrain models, drainage 

networks, biodiversity, cultural heritage, ecosystem 

services, and road data, ensuring broad coverage for 

forest planning. Table 2 lists data processing tools. 

 

Table 2 

Data Processing and Analysis Tools 

Tool Description Purpose 

Python >= 3.12 Programming language used as the foundation for data 

loading and processing code. 

Core programming environment. 

Geopandas Library for analyzing and processing geospatial data, 

including geostatistics. 

Geospatial data analysis and 

processing. 

Pygro Library for high-performance reading and writing of 

vector data in GDAL/OGR-supported formats. 

Efficient vector data I/O 

operations. 

Fiona Library for spatial manipulation and querying of 

vector data. 

Vector data manipulation and 

selection. 

Rasterio Library for processing and manipulating raster/image 

data. 

Raster data handling and analysis. 
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Tool Description Purpose 

Py7zr Library for processing data archives in formats such as 

7z, rar, and ZIP. 

Archive extraction and 

compression. 

Python-PDAL Python API for PDAL (Point Data Abstraction 

Library) to manage and process point clouds and LAS 

data. 

Point cloud and LiDAR data 

processing. 

GDAL 

(gdaldem) 

Command-line tool for terrain derivative generation 

(slope, aspect, TPI, TRI). 

Terrain metric derivation from 

DEMs. 

Shapely Library for manipulation of geometric objects 

(polygons, lines, points). 

Geometry operations and spatial 

filtering. 

JSON / 

JSONschema 

Configuration and validation format for pipeline 

execution. 

Parameter definition and 

structured automation. 

Requests HTTP library for querying data services and 

downloading open geospatial data. 

Automated access to online spatial 

data. 

Pandas Library for tabular data handling and analysis. Attribute table processing, 

filtering, and statistics. 

The data processing workflow begins with the user 

defining the area of interest, which triggers automated 

data acquisition from open sources. The core of the 

system is a modular Python library that handles data 

import, preprocessing, spatial analysis, and output 

generation. It operates through a sequence of defined 

steps that allow reproducibility and customization. 

Preprocessing includes format harmonization, spatial 

alignment, and derivation of additional variables from 

primary data sources. Terrain metrics such as slope, 

aspect, roughness, topographic position index (TPI), 

and depth-to-water (DTW) are calculated from 

LiDAR-based digital elevation models using the 

GDAL Ᾰgdaldemᾷ utility  and PDAL library. Canopy 

height is derived from LiDAR point clouds and 

normalized height models. Vector datasets, such as 

forest compartments, protected areas, and drainage 

networks, are filtered, cleaned, and clipped to the area 

of interest using Fiona, Pyogrio, and Geopandas. 

Data access and model execution are managed through 

a JSON-based configuration structure. This allows the 

user to define which datasets are downloaded, reused, 

excluded, or converted, as well as set key parameters 

such as spatial resolution, masking thresholds, and 

classification rules. Cached downloads and 

standardized folder structures improve reproducibility 

and computational efficiency. 

The core algorithm is a customized meta-heuristic 

routine that generates and refines spatially explicit 

clear-cutting units. Candidate polygons are created by 

constrained Voronoi tessellation (Oar et al., 2016) 

within forest compartments. Each unit is evaluated 

with a scoring function combining canopy height, 

slope, and ecosystem service values derived from 

species distribution layers. Unsuitable units are filtered 

out based on thresholds (e.g., slope >10Á, DTW <0.2 

m, overlap with protected zones). 

Harvesting units are grouped into three cutting phases. 

A distance-based adjacency constraint prevents spatial 

clustering by excluding neighboring polygons from 

being scheduled in the same phase. The algorithm 

iterates through randomized orderings and filtering 

steps until the spatial and ecological balance across 

phases is maximized. 

An Operational Guidance Map is generated by 

combining raster and vector constraints into a unified 

planning layer. Wet areas (DTW <0.2 m) are classified 

as no-go zones, moderately wet soils (0.2ï1.0 m) as 

caution zones, and accessible terrain as suitable. 

Additional exclusion layers include species habitats, 

cultural heritage zones, and terrain barriers. 

The final output is packaged as a ZIP archive for 

integration with forest management systems. Users 

can select which background variables and 

classifications to include in the export. The processed 

units are transferred into operational maps and 

machine-readable plans to support harvesting logistics 

and ecological compliance. 

The processing environment is implemented in Python 

(v3.12) and utilizes the following libraries: 

Geopandas, Fiona, Pyogrio, Rasterio, python-pdal, 

Requests, and Py7zr. Data interactions are managed 

via standardized protocols (e.g., HTTP, WFS), 

ensuring compatibility with Latvian national open-

data services and spatial metadata frameworks. 

 

Results and Discussion 

The cutting sequence results ᾸFigure 1ᾷ illustrate a 

structured approach to timber harvesting, designed to 

achieve a balanced distribution of clearings over time. 

Each forest compartment was subdivided into 

tessellated planning units and scheduled for harvesting 

in three successive phases, with a 20-year interval 

between phases and a cumulative harvest share of 60% 

of the total area. These phases represent spatial batches 

designed to maintain ecological continuity and avoid 

operational overlap. The algorithm allocated each unit 

to a phase while avoiding adjacency and balancing 

ecological and terrain characteristics. The map 

visualizes this phase allocation, showing how 
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openings are spatially arranged to minimize the risk of 

large contiguous clear-cuts while ensuring gradual and 

distributed timber extraction. 

To evaluate the performance of the spatial allocation 

algorithm, the model was configured to run 50 

randomized iterations. Each iteration generated a 

different tessellation and harvesting phase assignment 

based on varying random seeds, while applying 

consistent ecological scoring and spatial constraints. 

This iterative setup allowed exploration of variability in 

polygon layout and indicator distribution. The result 

was selected based on achieving (i) minimal intra-phase 

variance in canopy height, depth-to-water, and 

ecosystem service values, and (ii)  maximal spatial 

separation between cutting units within the same phase, 

as measured by adjacency index and unit dispersion. 

While no formal validation against field data was 

performed, all iterations adhered to legal and ecological 

constraints (e.g., exclusion of steep slopes and protected 

areas, non-adjacency rule). The consistency of 

ecological scoring and spatial constraints across runs 

suggests that the algorithm reliably produces feasible, 

ecologically balanced solutions. These internal checks 

serve as proxies for performance assessment in the 

absence of ground-truth validation. 

Although precise estimation of timber volume is not 

directly possible, a wide range of metrics was 

calculated for each tessellation unit to support 

informed decision-making. These include canopy 

height model (CHM) values as a proxy for stand 

structure and biomass potential; depth-to-water 

(DTW) as an indicator of site accessibility and soil 

moisture conditions; and ecosystem service (ES) 

values representing ecological and social forest 

functions. For each harvesting phase, average and 

standard deviation values of these metrics are 

summarized in Table 4, providing an overview of how 

environmental conditions are distributed across the 

spatial schedule. Additionally, the Operational 

Guidance Map supports harvester and forwarder 

navigation by classifying terrain into suitable, caution, 

and no-go zones, based on combined constraints. 

 

Figure 1 

Harvesting phases 

Tables 3 and 4 show that topographic conditions, 

canopy height, and ecosystem service potential are 

consistently distributed across all harvesting phases. 

Table 3 provides a summary of the spatial and 

environmental properties of the generated cutting 

units, including their area distribution and mean values 

for terrain and canopy structure indicators, which are 

relevant for planning feasibility and ecological 

balance. The low variation in average values and 

standard deviations between phases suggests that the 

algorithm maintained spatial balance and avoided 

front-loading of high-value or environmentally 

sensitive stands. This outcome supports the intended 

goal of distributing ecological and operational 

characteristics evenly across the planned harvesting 

timeline. 
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Table 3 

Summary of area distribution and selected environmental metrics across harvesting phases 

 
Area (ha) 

Mean area 

(ha) 

DTM 

(mean) 

SLOPE 

(mean) 

CHM 

(mean) 

hCHM 

(mean) 

Total processed area 157.09 0.14 9.49 4.19 10.71 16.32 

Area in Phase 1 (0ï20 yrs) 66.15 0.12 9.64 4.25 10.60 16.37 

Area in Phase 2 (20ï40 yrs) 30.53 0.17 9.23 4.09 10.78 16.22 

Area in Phase 3 (40ï60 yrs) 30.77 0.16 9.41 4.20 10.98 16.36 

No-harvest area 29.64 0.15 9.38 4.12 10.67 16.23 

 

The developed workflow integrates eco-geographical data, 

ecosystem service values, and terrain constraints, offering 

a flexible, data-driven approach to sustainable forest 

management. This method supports mitigation of trade-

offs between bioeconomy goals, biodiversity conservation, 

and ecosystem service provision by explicitly embedding 

ecological and spatial criteria in the scheduling process. 

Unlike conventional planning approaches that prioritize 

timber yield or compartment-based rotation, this workflow 

emphasizes spatial distribution of ecological value. The 

results show a balanced phase allocation that promotes 

gradual extraction while maintaining stable forest 

conditions and minimizing concentrated disturbance. 

While these outcomes are illustrative and not predictive, 

they demonstrate the workflowôs ability to integrate 

complex spatial data into harvest planning. Further real-

world evaluation is necessary to assess long-term 

ecological outcomes, particularly with respect to 

biodiversity, landscape connectivity, and changing 

environmental conditions. 

 

Table 4 

Summary of ecosystem service potential across harvesting phases 
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Total processed 

area 

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 

Phase 1 (0ï20 

yrs) 

3.07 2.83 3.98 2.97 4.32 3.48 4.27 4.25 1.01 2.08 2.08 1.12 2.06 

Phase 2 (20ï40 

yrs) 

3.10 2.85 3.99 2.98 4.44 3.48 4.31 4.21 0.99 2.12 2.12 1.12 2.06 

Phase 3 (40ï60 

yrs) 

3.10 2.85 3.96 2.95 4.43 3.46 4.34 4.21 0.99 2.11 2.11 1.09 2.05 

No-harvest area 3.10 2.84 3.98 2.97 4.42 3.48 4.39 4.28 1.01 2.13 2.13 1.12 2.06 

 

Recent developments in spatial forest planning have 

emphasized the need to find a way to fulfill  both timber 

production goals and ecological integrity goals, 

particularly through the use of optimization algorithms 

that can handle spatial constraints and multiple 

objectives. Borges et al. (2014) highlight how 

simulated annealing and related heuristics have become 

essential tools for spatial harvest scheduling, especially 

when seeking to avoid fragmentation, ensure 

connectivity, or control block sizes. This view is 

echoed in Bettinger et al. (2009), who stress that 

heuristic planning must be transparent in its 

assumptions and evaluated for spatial realism rather 

than pure computational output. While Borgesô work 

focuses on simulated annealing in a context of 

minimizing habitat fragmentation and maximizing 

economic returns, the structure of the algorithm 

presented here shares the core principle of balancing 

spatial objectives through randomized and iterative 

allocation. However, our approach departs from theirs 

by prioritizing ecological indicators - such as canopy 

height, depth-to-water, and ecosystem service potential 

- rather than economic net present value. This shift 

reflects a broader move in forest planning toward 

embedding ecological constraints directly into the 

spatial allocation logic, rather than treating them as 

secondary filters. Schooler et al. (2023) demonstrate 

how multi-objective optimization can be used to 

balance timber yield with habitat suitability, using 

species-specific models as proxies for ecological value. 

While their focus is on single-species habitat dynamics, 

our method generalizes ecological considerations 
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through terrain metrics and ecosystem service 

indicators, allowing broader applicability across 

diverse stand types. 

Moreover, the evaluation of cutting unit properties in our 

study - including shape complexity and adjacency index 

- resonates with Borges et al. (2014) emphasis on spatial 

feasibility and implementation cost. Our workflow 

ensures that harvested units remain compact, ecologically 

balanced, and non-adjacent within each phase. This 

supports both biodiversity retention and smoother field 

logistics, aligning with Janov§ et al. (2024), who argue 

that planning systems must account for how and when 

harvesting occurs, not just what is harvested. Wing et al. 

(2019) emphasize that the real value of spatial decision 

support lies in its adaptability to different data availability 

and management goals - something our open-source, 

data-driven design also enables. Finally, the spatial parity 

achieved across phases, as shown in Table 4, 

demonstrates that heuristic spatial scheduling can be 

guided by ecological value distributions rather than solely 

by timber yield or infrastructure constraints. This 

represents a practical contribution to ecosystem-based 

forest management, where spatial planning is responsive 

to both ecological integrity and operational needs. 

 

Conclusions 

1. The presented method demonstrates that it is possible 

to allocate small-scale clear-cutting phases in a way that 

maintains spatial balance across ecological indicators 

and minimizes spatial clustering. The results show low 

intra-phase variation in canopy height, terrain 

accessibility, and ecosystem service values, supporting 

the claim that spatially structured harvesting can be 

ecologically and operationally coherent. 

2. Although developed for the Latvian context, the 

workflowôs reliance on modular inputs and open 

geospatial tools makes it technically adaptable to other 

regions with compatible data layers. This positions the 

method as a prototype for broader applications in contexts 

where fine-resolution environmental data are available. 

3. Future development should focus on adding 

dynamic components such as connectivity indices, 

temporal stand development, and cost-based 

constraints. This would extend the method from spatial 

prioritization toward full -scale operational forest 

planning under multi-objective criteria. 

4. By embedding ecosystem service values into the 

decision logic, the method anticipates future policy 

directions such as payments for ecosystem services 

and biodiversity credits. While markets for such 

instruments remain emergent, this design enables 

alignment with incentive-based governance models 

that are increasingly discussed in European and global 

forest policy frameworks. 

 

Acknowledgements 

The presented workflow is part of the project No. 23-

00-A01612-000004 ᾸDevelopment of an IT Tool for 

Automated Logging Planning Algorithms, Data 

Processing, and Analysisᾷ, supported by the Rural 

Support Service and the Ministry of Agriculture of the 

Republic of Latvia through the European Agricultural 

Fund for Rural Development programme. 

 

 

References 

Bettinger, P., Sessions, J., & Boston, K. (2009). A review of the status and use of validation procedures for 

heuristics used in forest planning. International Journal of Forest Engineering, 13(2), 15ï26. 

https://doi.org/10.1080/14942119.2002.10702483  

Eriksson, L. O., Garcia-Gonzalo, J., Trasobares, A., Hujala, T., Nordstrºm, E. M., &  Borges, J. G. (2014). 

Computerized decision support tools to address forest management planning problems: history and approach 

for assessing the state of art world-wide. Computer-Based Tools for Supporting Forest Management: The 

Experience and the Expertise World-wide, 3-25. https://core.ac.uk/download/pdf/231205385.pdf#page=7  

Eyvindson, K., Duflot, R., Trivi¶o, M., Blattert, C., Potterf, M., &  Mºnkkºnen, M. (2021). High boreal forest 

multifunctionality requires continuous cover forestry as a dominant management. Land Use Policy, 100, 

Article 104918. https://doi.org/10.1016/j.landusepol.2020.104918  

Eyvindson, K., Repo, A., &  Mºnkkºnen, M. (2018). Mitigating forest biodiversity and ecosystem service losses 

in the era of bio-based economy. Forest Policy and Economics, 92, 119-127. https://doi.org/10.1016/ 

j.forpol.2018.04.009  

Fassnacht, F. E., White, J. C., Wulder, M. A., &  NÞsset, E. (2024). Remote sensing in forestry: current challenges, 

considerations and directions. Forestry: An International Journal of Forest Research, 97(1), 11-37. 

https://doi.org/10.1093/forestry/cpad024  

Geofabrik GmbH. (n.d.). Download server for OpenStreetMap data ï Latvia. Geofabrik. Retrieved January 3, 

2025, from https://download.geofabrik.de/europe/latvia-latest-free.shp.zip 

Hunault-Fontbonne, J. &  Eyvindson, K. (2023). Bridging the gap between forest planning and ecology in 

biodiversity forecasts: A review. Ecological Indicators, 154, Article 110620. https://doi.org/10.1016/ 

j.ecolind.2023.110620 
Information System ᾸHeritageᾷ. (n.d.). Protected sites and cultural landmarks data. https://geoserver. 

mantojums.lv/geoserver/ows 

https://doi.org/10.1080/14942119.2002.10702483
https://core.ac.uk/download/pdf/231205385.pdf#page=7
https://doi.org/10.1016/j.landusepol.2020.104918
https://doi.org/10.1016/j.forpol.2018.04.009
https://doi.org/10.1016/j.forpol.2018.04.009
https://doi.org/10.1093/forestry/cpad024
https://download.geofabrik.de/europe/latvia-latest-free.shp.zip
https://doi.org/10.1016/j.ecolind.2023.110620
https://doi.org/10.1016/j.ecolind.2023.110620
https://geoserver.mantojums.lv/geoserver/ows
https://geoserver.mantojums.lv/geoserver/ows


AUTOMATED FOREST  

HARVESTING ALGORITHMS:  

ECOSYSTEM-BASED ALTERNATIVES  

TO CLEAR-CUTTING METHODS 

Ivo Vinogradovs, Zintis Erics, Juris ZariǺġ, Zane 

Lǭbiete, PǛteris BrȊns, JǕnis ǤǛrmanis, Anita 

Skudra, Laura Veinberga, Baiba Jansone, ǔris 

Jansons, Linards Sisenis, Anita ZariǺa  

 

105 RESEARCH FOR RURAL DEVELOPMENT 2025, VOLUME 40 

Janov§, J., Bºdeker, K., Bingham, L., Kindu, M., & Knoke, T. (2024). The role of validation in optimization models 

for forest management. Annals of Forest Science, 81(1), 19. https://doi.org/10.1186/s13595-024-01235-w 

Lªm¬s, T., Saengstuvall, L., ¥hman, K., Lundstrºm, J., ¡revall, J., Holmstrºm, H., ... & Eggers, J. (2023). The 

multi-faceted Swedish Heureka forest decision support system: context, functionality, design, and 10 years 

experiences of its use. Frontiers in forests and global change, 6, Article 1163105. 

https://doi.org/10.3389/ffgc.2023.1163105 
Larsen, J. B., Angelstam, P., Bauhus, J., Carvalho, J. F., Diaci, J., Dobrowolska, D., ... &  Schuck, A. (2022). 

Closer-to-Nature Forest Management. From Science to Policy 12, 12, 1-54. https://doi.org/10.36333/fs12 
Latvian Geospatial Information Agency. (n.d.). LiDAR data (4 p/mĮ). https://s3.storage.pub.lvdc.gov.lv/lgia-

opendata/las 

Latvian State Forest Research Institute ᾸSilavaᾷ. (n.d.). LIFE OrgBalt DTW model data (DTW_10ha). 

https://silava.forestradar.com/data/rastra-dati/DTW/DTW_10ha 

Latvian State Forest Research Institute ᾸSilavaᾷ. (n.d.). LIFE OrgBalt DTW model data (DTW_30ha). 

https://silava.forestradar.com/data/rastra-dati/DTW/DTW_30ha 

Lindenmayer, D. B., Franklin, J. F., L»hmus, A., Baker, S. C., Bauhus, J., Beese, W., é, & Gustafsson, L. (2012). 

A major shift to the retention approach for forestry can help resolve some global forest sustainability issues. 

Conserv Lett, 5, 421ï431. https://doi.org/10.1111/j.1755-263X.2012.00257.x 
Lǭbiete, Z., Vinogradovs, I., &  Donis, J. (2023). EkosistǛmu pakalpojumu novǛrtǛġana un galvenǕs cirtes krǕjas 

novǛrtǛġana [Ecosystem service assessment and final felling stand evaluation]. Unpublished project 

deliverable. Salaspils, LVMI  Silava.  

Marto, M., Reynolds, K. M., Borges, J. G., Bushenkov, V. A., Marques, S., Marques, M., ... &  Tom®, M. (2019). 

Web-based forest resources management decision support system. Forests, 10(12), Article 1079. 

https://doi.org/10.3390/f10121079 
Mason, W. L., Lof, M., Pach, M., &  Spathelf, P. (2018). The development of silvicultural guidelines for creating 

mixed forests. In Bravo-Oviedo, A., Pretzsch, H., &  del Rio, M. (Eds.), Dynamics, Silviculture and Management 

of Mixed Forests, 31. Springer, Cham (pp. 255-270). https://doi.org/10.1007/978-3-319-91953-9_7 

Ministry of Agriculture. (n.d.). Drainage Cadastre vector data. https://www.melioracija.lv; 

https://lvmgeoserver.lvm.lv/geoserver/zmni/ows  
Nature Conservation Agency. (n.d.). OZOLS system and species protection data. https://www.daba.gov.lv/lv/ 

sugu-un-biotopu-aizsardzibas-plani 

Oar, B. A., Oar, M. A., Pommerening, A., Lodares, D., &  Tavira, S. C. (2016). A forest simulation approach using 

weighted Voronoi diagrams. An application to Mediterranean fir  Abies pinsapo Boiss stands. Forest systems, 

25(2), 6. https://doi.org/10.5424/fs/2016252-08021  

Pach, M., Sansone, D., Ponette, Q., Barreiro, S., Mason, B., Bravo-Oviedo, A., ... &  Corona, P. (2018). Silviculture 

of mixed forests: a European overview of current practices and challenges. Dynamics, silviculture and 

management of mixed forests, 185-253. https://doi.org/10.1007/978-3-319-91953-9_6  

Schooler, S. L., Svoboda, N. J., Kroll,  C. N., Finnegan, S. P., &  Belant, J. L. (2023). Multi -objective optimization 

for timber harvest management incorporating wildlife  habitat goals. Landscape ecology, 38(12), 3097-3113. 

https://doi.org/10.1007/s10980-023-01766-z 

State Forest Service. (n.d.). Forest compartment data. https://data.gov.lv/dati/lv/dataset/meza-valsts-registra-

meza-dati.jsonld 

Tahri, M., Kaspar, J., Vacik, H., &  Marusak, R. (2021). Multi -attribute decision making and geographic 

information systems: Potential tools for evaluating forest ecosystem services. Annals of Forest Science, 78, 1-

19. https://doi.org/10.1007/s13595-021-01049-0  

Wing, B. M., Boston, K., &  Ritchie, M. W. (2019). A technique for implementing group selection treatments with 

multiple objectives using an airborne lidar-derived stem map in a heuristic environment. Forest Science, 65(2), 

211-222. https://doi:10.1093/forsci/fxy050 

 

https://doi.org/10.1186/s13595-024-01235-w
https://doi.org/10.3389/ffgc.2023.1163105
https://doi.org/10.36333/fs12
https://s3.storage.pub.lvdc.gov.lv/lgia-opendata/las
https://s3.storage.pub.lvdc.gov.lv/lgia-opendata/las
https://silava.forestradar.com/data/rastra-dati/DTW/DTW_10ha
https://silava.forestradar.com/data/rastra-dati/DTW/DTW_30ha
https://doi.org/10.1111/j.1755-263X.2012.00257.x
https://doi.org/10.3390/f10121079
https://doi.org/10.1007/978-3-319-91953-9_7
https://www.melioracija.lv/
https://lvmgeoserver.lvm.lv/geoserver/zmni/ows
https://www.daba.gov.lv/lv/sugu-un-biotopu-aizsardzibas-plani
https://www.daba.gov.lv/lv/sugu-un-biotopu-aizsardzibas-plani
https://doi.org/10.5424/fs/2016252-08021
https://doi.org/10.1007/978-3-319-91953-9_6
https://doi.org/10.1007/s10980-023-01766-z
https://data.gov.lv/dati/lv/dataset/meza-valsts-registra-meza-dati.jsonld
https://data.gov.lv/dati/lv/dataset/meza-valsts-registra-meza-dati.jsonld
https://doi.org/10.1007/s13595-021-01049-0
https://doi:10.1093/forsci/fxy050


FORESTRY DOI: 10.22616/RRD.31.2025.013 

RESEARCH FOR RURAL DEVELOPMENT 2025, VOLUME 40 106 

SPATIAL COMPETITION BETWEEN IPS ACUMINATUS  AND OTHER MAIN 

PINE TREE COLONIZING PESTS  
 

Elza OtaǺǵe, Agnis Ġmits, *Lǭva LegzdiǺa 

Latvian State Forest Research Institute ᾸSilavaᾷ, Latvia 

*Corresponding authorôs email: liva.legzdina@silava.lv 

 

Abstract 
The sharp-toothed bark beetle (Ips acuminatus (Gyllenhal, 1827)) is one of the major pests of Scots pine (Pinus sylvestris L.). 

In addition to I. acuminatus, several other pests attack healthy or weakened pine trees, including pine shoot beetles (Tomicus 

spp.), the six-toothed bark beetle (Ips sexdentatus), pine bark beetles (Pityogenes spp.) and pine weevils (Pissodes spp.). The 

results of two separate studies are presented in this paper. (1) We analysed how I. acuminatus breeding success is influenced 

by other major stem-colonizing pests in a pine stand affected by forest fire. The spatial distribution of the four most found 

insect pest species - I. acuminatus, Tomicus piniperda, T. minor, and Pissodes spp. - within the tree trunk was mapped. It was 

determined that the length of the stem section colonized by I. acuminatus is significantly affected by the presence of Pissodes 

weevils but not by Tomicus minor or T. piniperda. Although Tomicus minor typically colonizes the same part of the pine trunk 

as I. acuminatus, they were rarely found on the same tree. If  I. acuminatus colonizes a pine tree first, Tomicus minor tends to 

avoid it. The length of the section colonized by I. acuminatus increases with tree height, with taller trees supporting longer 

infestations. (2) Additionally, data on I. acuminatus reproduction rates in pine waste after thinning activities was collected. On 

average, 2.19 Ñ 0.65 mother galleries per 1 mĮ of bark were found on the remaining treetops and branches, indicating that forest 

management practices contribute to the availability of suitable breeding material for this species. 

Keywords: Ips acuminatus, forest fire, insect pests, stem colonisation, Pinus sylvestris. 

 

Introduction  

In recent years, bark beetle populations have been rising 

across Europe, causing widespread damage to forests and 

posing significant challenges to forest management and 

conservation efforts. Scots pine (Pinus sylvestris L.) is 

primarily attacked by bark beetle species from the Ips and 

Tomicus genera. However, other pests, such as Pissodes 

spp. weevils and Phaenops spp. jewel beetles, can also 

cause significant damage (Ozols, 1985; Vega and 

Hofstetter, 2015). All  these insects are considered 

secondary pests, as they primarily attack hosts with 

impaired defences. Climate variability and weather 

extremes, such as floods, droughts and fires, accelerate 

pest outbreaks, by weakening trees natural defences 

(Hl§vkov§ & Doleģal, 2022). In response to these 

stressors, trees accumulate and produce volatiles that 

might attract insect species and further weaken host trees. 

The sharp-toothed bark beetle (Ips acuminatus 

Gyllenhaal) has experienced a notable surge in 

population growth and the damage it causes within 

pine ecosystems (Gr®goire & Evans, 2004; 

Papek et al., 2024). I. acuminatus predominantly 

targets mid- to mature-aged, weakened Scots pine 

stands, particularly the upper part and branches of the 

tree with thin phloem. 

One key factor contributing to pest multiplication is 

the presence of logging residues, and their timely 

removal can help prevent outbreaks. I. acuminatus can 

successfully breed in pine logging residues left after 

final felling (Foit, 2015). Understanding I. acuminatus 

presence in logging residues and its interactions with 

other stem-colonizing insects in pine stands is crucial 

for assessing its impact on forest health. 

This research consisted of two separate studies: (1) 

analysing the occurrence of I. acuminatus in logging waste 

after clearcuts, and (2) examining I. acuminatus 

interactions with other major stem-colonizing pests in fire-

affected pine stands, while also mapping the spatial 

distribution of the four most commonly found insect pest 

species - I. acuminatus, the common pine shoot beetle 

Tomicus piniperda L., the lesser pine shoot beetle T. minor 

Hart., and Pissodes spp. weevils - within the tree trunk. 

 

Materials and Methods 

The occurrence of I. acuminatus and other stem-

colonizing insects in fresh wood waste was evaluated 

in 11 pine stand clearcuts during the summer of 2003 

and 2004. Samples of branches and treetops were 

collected from logging residues piled in stacks as well 

as from those placed on skidding trails. Each sample 

consisted of a 30 cm long section, which was fully  

debarked, and insect galleries were counted.  

The densities of insect colonies (larval galleries and 

pupal chambers) were calculated per 1 m2 of bark 

surface based on sample diameter. In total, 114 

samples were taken from stacks and 68 from skidding 

trails. Sample diameters ranged from 2.1 cm to 

37.2 cm, with an average of 7.5Ñ0.4 cm. 

For solitary larval galleries (e.g. Monochamus spp.), the 

number of galleries were recorded. For insect colonies 

(e.g. I. acuminatus), nuptial chambers were counted, 

while for Pissodes weevils pupal chambers were counted. 

To assess the tree mortality and breeding success of pine 

pests, 9 permanent circular study sites, each covering 500 

mĮ, were established. The study area is in the 

northwestern part of Latvia, where an extensive forest fire 

occurred in Stikli Bog in July of 2018, affecting large 

areas of peatland and forest ecosystems. Study sites were 

all Scots pine dominated on dry and wet organic soils 

(Myrtillosa and Caricoso-phragmitosa). 

At each study site, all standing trees, both dead and 

alive, with a diameter exceeding 12 cm at a height of 

1.3 m were marked. For living trees (trees with a green 

crown), crown defoliation was assessed in 5% 

increments, interpreting defoliation intensity, 

(Table 1), and needle discoloration (yes/no). For both 
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living and recently dead trees, the presence of beetle 

exit holes on the visible part of the trunk bark was 

evaluated. Evaluation was done four times (2019 July 

and September 2020 January and August). 

 

Table 1 

Pine crown defoliation percentage and descriptive 

level 

Needle loss percentage Defoliation level 

0ï10 % No defoliation 

11ï25 % Mild  defoliation 

26ï60 % Moderate defoliation 

61ï99 % Severe defoliation 

100 % Dead tree 

 

In the area, data on species presence were obtained by 

felling pine trees with visible fresh crown 

discoloration: 22 trees in 2019, 25 in 2020, and 15 in 

2022. Up to three pine trees were felled at each study 

site. Tree lengths were measured, and the bark was 

removed to assess the presence of bark beetles and 

weevils. Species or genus identification was based on 

their characteristic gallery systems.   

For the Tomicus piniperda, T. minor, I. acuminatus, 

and Pissodes spp., the shortest distance from the 

felling point where the species was detected, and the 

trunk diameter at that location were recorded for each 

tree. Additionally, the farthest distance from the felling 

point and the trunk diameter at the last recorded 

location of the species were also measured. For the 

Pissodes weevils, no separation based only on pupal 

chambers was possible; therefore, all individuals were 

recorded as Pissodes spp. 

To analyse the factors influencing I. acuminatus tree 

colonization success and potential competition from 

other major pine wood-boring pest species, a Linear 

Mixed-Effects Model was used (lmer procedure in R). 

The following model was applied: 

model = lmer (Ia ~ L + Tm + Tp + P + (1 | Year)), 

family = gaussian, 

where: 

Ia ï proportion of the pine stem colonized by 

I. acuminatus (% of total tree length), 

L ï pine tree length (m), 

Tm ï proportion of the pine stem colonized by 

Tomicus minor, 

Tp ï proportion of the pine stem colonized by 

Tomicus piniperda, 

P ï proportion of the pine stem colonized by 

Pissodes spp., 

Year ï year in which trees were sampled (random 

effect). 

 

Results and Discussion 

The analysis of dendrophagous insect colonization in 

fresh logging residues revealed significant differences 

in species abundance between residues stored in stacks 

(piles) and those placed on skidding trails (trails). 

Overall, most species exhibited higher colonization 

rates in piles compared to trails, indicating a preference 

for stacked wood as a breeding habitat ᾸFigure 1ᾷ. 

Figure 1 

The occurrence of Ips acuminatus and other dendrophagous insects in fresh logging residues piled in stacks (piles) 

and placed on skidding trails (trails) 

 

I. acuminatus were found in both wood waste storage 

conditions, with a slightly higher density in piles. On 

average, 2.19 Ñ 0.65 colonies (nuptial chambers and 

associated mother and larval galleries) per 1 mĮ of bark 

were found on the remaining treetops and branches, 

indicating that forest management practices contribute 

to the availability of suitable breeding material for this 

species. 
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Figure 2 

Ips acuminatus distribution, pine defoliation and mortality over studied period in Stikli bog 

 
 
































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































