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Skaitmeniniy jutikliy integravimas dirvozemio
savybiy prognozavimui Lietuvos agroklimatinése zonose (AgroSens)

Projekto tikslas — integruoti skaitmeninius dirvozemio Zzemélapius, bepiloCiy orlaiviy (UAV) vaizdus ir
dirvoZzemio jutikliy duomenis, taikant masininio mokymosi (ML) metodus, siekiant tiksliau prognozuoti
dirvoZzemio rodiklius, pavyzdziui, organinés anglies kiekj ir anglies bei azoto (C/N) santyk;.

Projekte derinami laboratoriniy tyrimy rezultatai, bepilocCiy orlaiviy (UAV) vaizdai ir kity dirvozemio
jutikliy duomenys.

Projekto vykdytojai: Renaldas Zydelis, Ardas Kavaliauskas, Asta Kazlauskaité-Jadzevi¢é ir Simona
Pranaitiené.
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Jvadas (1)

ES dirvoZzemiy stebésenos duomenys parode, kad 62

% dirvozemiy yra paZeisti (EUSO, 2026), todél ‘
siekiama iki 2050 m. uztikrinti sveikg dirvozemj (ES o : >
DirvoZemio direktyva). el iy L

Soil Degradation in the EU

The speedometear indicates the proportion of land likefy to be affected by
ane or more soll degradation processes of by soil seakng in the EU

It is basad on the convergence of evidence map below This map
shows where scentfic evidence convergas to indicate areas that are
likely o be affocted by 50il degradalion processes. AS swech, he map
provides an indication of where unhealthy soils may be located in the ELI

Number of soil degradation processes

Sodl o 1 2 El 49 5 a 7 a8
sealing

Hualtiyy woila unhuattiey soils per Corme Lusd cover class

Lietuvoje vykdytos skirtingos dirvozemio stebésenos
programos, ta¢iau dél nevienody metodiky ir riboto
duomeny prieinamumo informacija apie dirvoZzemio
bukle islieka fragmentuota. Todél triksta duomeny
apie pazeistus Lietuvos dirvoZzemius.

= T

Siuo metu (2025-2027 m.) vykdomas nacionalinis
dirvozemio stebésenos projektas. Pagal Europos
direktyvos reikalavimus kuriamas ir testuojamas ]
reprezentatyvus Lietuvos stebésenos tinklas. Projekto /
metu méginiai renkami 1 387 taskuose visoje ‘ -
Lietuvoje, apimant skirtingus dirvoZzemio rajonus ir

Zeménaudas. Gavus tyrimy rezultatus, bus galima Sl horoing BoRt i ki o ol
iSsamiau jvertinti Lietuvos dirvozemiy bukle ir

Linkages between the soil monitoring £

<
YAaidi il foRitoRing FeiRtS aecording t network and other EU environmental <
pa Ze I d I m u S . land use: monitoring networks: € 3
& s
= Arable land (including histosols) [[] By state soil monitoring L § o 4
«  Peatlands points, 2025 1 -
i A . o
= Other (urban areas) O By LUCAS network points, 2018« 1 2
*  Forests (including bog woodlands) (5 By LUCAS netwark points, 2027 Sy gy
* Wetlands (open mires Y @
(opa ) £\ By ICP-Forests network points A 3
Permanent grasslands and pastures Gk

Sand dunes = Pedological zone boundaries

o] Soil district index
and boundaries



Jvadas (2)

Siuo metu spar€iai didéja nuotoliniy metody ir
priemoniy taikymo poreikis dirvozemio aktualiy
savybiy (cheminiy, fizikiniy ir kt.) nustatymui ir jy
pokycio periodiniam stebéjimui.

Nuotoliniu budu gauti dirvozemio duomenys
naudingi tiksliajai Zemdirbystei, dirvozemio
Zemeélapiams rengti.

Nuotoliniu bidu gauti duomenys gali bati
naudojami, prognozuojant dirvoZzemio savybiy
rodiklius, taciau jvairios aplinkos sglygos gali
trikdyti prognoziy tiksluma.

Tradiciniai dirvoZzemio tyrimo metodai yra brangus,
imlas laikui ir ribotai atspindi erdvinj kintamumag,
todél jie turéty buti derinami su nuotoliniais
duomenimis.
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Collection of Ground Truth Soil Datasets Acquisition of UAV, Sentinel-2, and

Ty ri m 0 ti ks I a S (SOC, Soil Texture, pH, and SWC) EMI Data Under Bare Soil Conditions

////////
e — Satellite
- data &
Dy collection T L Li W
SR -
/

Tyrimo tikslas: jvertinti skirtingy
skaitmeniniy jutikliy (bepilocCiy

skraidykliy, palydoviniy vaizdy ir ,
dirvozemio EMI jutikliy) bei jy
kombinacijy tiksluma prognozuojant -l
dirvoZzemio savybes (granuliometrine

e Sl e [ e T11
sudétj — molio, smélio ir dulkiy daleles, [\] ﬁ

Mapping of Soil Properties

————C

dirvozemio organine anglj, pH ir

. - . ] . ) Seven modeling scenarios incorporating UAV, Z\\\ ;[
dirvoZzemio drégme), kartu analizuojant dierent combinafions of esa savsars s
kasty ir tikslumo santykj bei praktinj O - B

oy Q 0 R e A - N
pritaikomuma lauko mastu. oL X 1O
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Tyrimy vietove ir
dirvozemio eminiai

<
& |Farfes
o i L Bepilotés  Palydovini
2 ﬂm\ Plot . . .. Eminiy P . e EMI
3R Eminiai e 1 skraidyklés  y vaizduy o
a I8}, Laukas as surinkimo v e . Surinkimo
Vi) & (ha) (n) Jaikas skrydzio surinkimo laikas
VST laikas laikas
LT RUM 2.8 72 (70)* 2021-05-10 2021-05-10 2021-05-12 2021-10-21
LT VIE 2.7 70 (66)* 2021-05-10 2021-05-10 2021-05-11 2021-10-20
7 LT VEZ 2.3 57(52)* 2021-05-14 2021-05-14 2021-05-12 2021-10-21
g} LT LYD 4.7 112 (106)* 2021-08-10 2021-08-10 2021-08-09 2021-10-20
LT VAL 5'3) 77G9%  2021-09-10  2021-09-10  2021-09-08  2021-10-19
.
2
AL L pisrict
boundaries
a,b, ¢, d syb-district

[SP e

boundaries
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Sentinel-2
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Modeliavimo metodas naudojant masinin;j
mokymasi

® RStudio —
File Edit Code View Plots Session Build Debug Profile Tools Help
L - T o

- Addins ~

. > Modeliai kurti kiekvienam
T= in - @ laukui ir kiekvienam rodikliui

O Untitles1 © @ gettingetanaa

Source on i | 5] [ Hesoies = -  mp

:% + | R~ | i Global Environment = o

43 # -——-use spatialpeintspatacrane fon, results="hide", fig.s de*, warning=FaLs para t k t _ f .

w7 PR e i e s e atsKiral (S1te-SpecClllC poZ1uris ),
L ] :Z sp_df <- Spatlalpomtsuatawanadgsrfs = aﬂ\_f]‘é;?,tsé\vlz,;‘}é::. = S R P P

47 proj4s NDVI Formal class RasterLayer

4 CRS("+proj=utm +zone=32 +e11ps=GRS80 + =0,0,0,0,0,0,0 +units=m +no_defs")) ) sagawi Formal class RasterLayer

50 sp_df ) sTope Formal class RasterlLayer .

21 plot(sp_af. sp_df Formal class SpatialPointsDataFrame L k d d 1 t . 70

5 L2 2 > dUKO duomenys padalytl.

53

1ist. of . packages chr [1:21] "sp” "raster” “ggplot2” "rgdal” "dplyr” “GIs

5 ‘ = SRS new. packages chr [1:20] "sp” “raster” "ggplot2” "rgdal” "dplyr” "cis % mOkmei, 30 % Validacijai

56 ECa <- raster("E path "Fi/R tutuorial/r tut/Day2_Exl_spatial/"

57 sagawi <- raster e .f.k k .
e S A A T R (stratifikuota atranka);

58 slope < raster("slop
59 NDVI <- raster("NDVI.Tif")

60

61 ECa; sagawi; slope; NDVL

62 Files Plots Packages Help Viewer =0

63 plot(eca)
64 plot(sagawi
65 plat(slope)

- R > Naudotas Random Forest

67 points(sp_df)

A zoom | Beget~ |0 | ‘2 Publish ~

5 , g algoritmas (R, caret);
by % === 2 o s @
"5 ras_stack <- stack(eca, sagawi, slope, NDVI %
74 full_df <- extract(ras_stack, sp_df, sp =
head (full_df)
class(full_df) § 07 L . t
g o> auko duomenys sujungti su
Console  Terminal ©  Jobs s 08 b _l v k _d kl_
Dt dl o ep1ocly skraldyxily,
names : slope S | 05 . LI L]
s meriar palydoviniais ir EMI
dimensions : 246, 294, 72324 (nrow, ncol, ncell) o 04 . . . .
T t Nl e ¥ -
i s Bn Ll e i, g L B R . duomenimis (7 modeliavimo
crs : +proj=utm +zone=32 +e11ps=GRS80 +units=m +no_defs =]
source t NDVI.Tif = 4 = .
B ioes somer Dl il g scenarijai)

T T T T T
534900 535000 535100 535200 535300
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7 modeliavimo scenarijai

Scenarijus

Kintamieji

Pikselio dydis

Bepiloté skraidyklé

Dirvozemio EMI jutiklis

Palydoviniai Sentinel-2a
vaizdai

Bepiloté skraidyklé +
Dirvozemio EMI jutiklis

Bepiloté skraidyklé +
Palydoviniai Sentinel-2a
vaizdai

Dirvozemio EMI jutiklis
+ Palydoviniai Sentinel-
2a vaizdai

Bepiloté skraidyklé +
Dirvozemio EMI jutiklis
+ Palydoviniai Sentinel-

2a vaizdai

UAV

EMI

S2

UAV+EMI

UAV + 82

EMI + S2

UAV +EMI +
S2

I viso 5: spectral bands (Blue, Green, Red,
NIR, Red Edge)

I8 viso 1: ECa

I8 viso 10: spectral bands (B2, B3, B4, BS, B6,
B7, B8, B84, Bl1, B12)

I8 viso 6: 5 spectral UAV bands (Blue, Green,
Red, NIR, Red Edge) + ECa

I8 viso 15: 5 spectral UAV bands (Blue,
Green, Red, NIR, Red Edge) + 10 Sentinel-2
spectral bands (B2,B3,B4, BS, B6, B7,BS,
B84, Bl1, B12)

I§ visol1: Eca + 10 Sentinel-2 spectral bands
(B2,B3,B4, BS, B6, B7,B8, B84, Bl11, BI12)

I8 viso 16: 5 spectral UAV bands (Blue,
Green, Red, NIR, Red Edge) + 10 Sentinel-2
spectral bands (B2,B3,B4, BS, B6, B7,BS,
B84, Bl1, B12) + ECa

2.6 cm pikselis™!

1.6 m pikselis !

10 m or 20 m
pikselis !

1.6 m pikselis !

10 m or 20 pikselis -
1

10 m or 20 m
pikselis !

10 m or 20 m
pikselis !
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Soil organic carbon, %

Dirvozemio rodikliy
kintamumas skirtinguose
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Sutrumpinimai:

LT_RUM - Rumoky laukas (Vilkaviskio rajonas)
LT_VIE - Vieviniy laukas (Elektrény rajonas)
LT_VEZ - VéZaiciy laukas (Klaipédos rajonas)
LT_LYD - Lyduokiy laukas (Ukmergés rajonas)
LT_VAL - Valinavos laukas (Kédainiy rajonas)
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Field Data used SoC SWC pH

e (modelling Scenario) R?> RMSE NSE R? RMSE NSE Rr? RMSE NSE
UAV 0.84 0.14 0.79 0.73 23 0.71 0.06 0.47 0.05

EMI 0.37 0.35 0.24 0.38 2.89 0.37 0.08 0.4 0.08

S2 0.86 0.15 0.86 0.62 2.8 0.6 0.1 0.39 0.07

LT RUM UAV+EMI 051 029 047 051 304 047 018 038 0.l
- UAV + 82 0.66 0.22 0.63 0.63 2.7 0.62 0.1 0.39 0.29
EMI +S2 0.61 0.24 0.58 0.66 2.67 0.63 0.15 0.37 0.13
UAV + EMI + S2 0.67 0.22 0.64 0.63 2.71 0.62 0.08 0.39 0.04
UAV 0.41 0.21 0.26 0.2 143 0.16 0.04 0.68 0.09
EMI 0.19 0.25 0.1 0.02 1.03 0.05 0.18 0.61 0.17

S2 0.15 0.19 0.13 0.01 1.23 0.01 0.07 0.46 0.08

LT VIE UAV + EMI 027 021 024 011 087 002 023 06 022
- UAV + 82 0.25 0.21 0.17 0.01 1.24 0.02 0.12 0.44 0.02
EMI +S2 0.23 0.18 0.22 0.02 1.22 0.01 0.15 0.43 0.06
UAV + EMI + S2 0.21 0.21 0.14 0.01 1.23 0.01 0.22 0.4 0.19

UAV 0.54 0.15 0.53 0.08 3.74 0.04 0.05 0.28 0.11

EMI 0.15 0.22 0.07 0.01 3.19 0.09 0.01 0.21 0.03

S2 0.2 0.27 0.26 0.11 2.89 0.11 0.02 0.45 0.05

LT VEZ UAV + EMI 06 014 059 043 275 023 0.02 02 008
B UAV + 82 0.73 0.19 0.39 0.19 2.77 0.18 0.02 0.45 0.03
EMI + S2 0.02 0.28 0.14 0.19 2.83 0.14 0.03 0.41 0.04
UAV +EMI + S2 0.18 0.22 0.13 0.18 2.79 0.17 0.03 0.41 0.06
UAV 0.77 0.23 0.74 0.35 345 0.35 0.44 0.54 0.42

EMI 0.1 0.69 0.08 0.01 3.99 0.02 0.1 0.71 0.05

S2 0.46 0.37 0.34 0.07 3.29 0.03 0.36 0.49 0.32

LT LYD UAV + EMI 0.81 0.21 0.79 0.21 3.09 0.13 0.28 0.62 0.27
- UAV + 82 0.65 0.32 0.5 0.12 3.27 0.04 0.26 0.52 0.24
EMI + S2 0.2 0.38 0.16 0.09 3.19 0.08 0.52 0.39 0.47

UAV + EMI + S2 0.34 0.42 0.19 0.1 3.54 0.07 0.44 0.54 0.42
UAV 0.19 0.14 0.17 0.16 1.89 0.15 0.03 0.15 0.12
EMI 0.02 0.14 0.03 0.09 2.05 0.08 0.01 0.12 0.09

S2 0.45 0.1 0.39 0.15 2.06 0.09 0.04 0.13 0.05
LT VAL UAV + EMI 0.02 0.14 0.06 0.12 1.87 0.1 0.31 0.16 0.16
- UAV + 82 0.22 0.12 0.14 0.14 1.98 0.11 0.07 0.14 0.05
EMI + S2 0.49 0.1 0.4 0.14 2.07 0.1 0.04 0.13 0.27
UAV + EMI + S2 0.42 0.1 0.28 0.13 2.05 0.08 0.01 0.13 0.24

Data used Clay Silt Sand
Field (modelling R* RMSE NSE R*  RMSE NSE R* RMSE NSE
Scenario)
UAV 053 409 047 005 491 002 051 601 045
EMI 054 429 047 003 401 003 032 593 027
2 064 395 058 035 299 026 051 552 051
LT RUM UAV + EMI 059 381 051 004 478 002 044 621 042
- UAV +82 055 424 052 028 327 01 047 575 046
EMI +S2 059 365 058 034 294 029 049 565 048
UAV+EMI+S2 058 406 056 034 309 021 046 575 046
UAV 045 317 043 0.1 533 0.16 002 399 003
EMI 057 219 056 001 611 005 002 713 0.02
2 041 321 034 006 579 0.06 002 354 0.06
LT VIE UAV + EMI 045 27 044 002 555 002 016 605  0.06
- UAV +$2 056 31 029 005 524 005 008 334 003
EMI +S2 043 324 049 012 649  0.06 005 376 005
UAV+EMI+S2 054 304 046 012 579 0.6 006 347 003
UAV 048 183 045 015 347 013 023 252 011
EMI 0.66 15 059 042 397 041 046 221 043
2 03 26 031 011 284 009 007 243 004
LT VEZ UAV +EMI 079 126 071 054 371 049 046 314 045
- UAV + 82 037 202 031 0.4 244 033 008 258 017
EMI +S2 045 182 046 018 286 0.2 006 244 005
UAV+EMI+S2 046 185 034 031 263 023 005 265 003
UAV 036 241 032 047 417 043 037 347 034
EMI 034 304 034 012 557 012 003 514 004
2 046 237 041 043 376 041 011 345 0.06
LT LYD UAV +EMI 042 239 041 055 397 049 043 346 037
- UAV +$2 056 229 045 049 361 045 023 316 022
EMI +S2 038 231 037 0.4 409 035 014 408 0.14
UAV+EMI+S2 043 241 04 05 419 043 015 389  0.14
UAV 019 267 039 001 358 008 0.12 3 027
EMI 0.1 215 0.14 002 384 003 021 295 0.2
2 0.01 19 003 008 374 0.7 011 301 009
LT VAL UAV +EMI 017 179 015 017 322 013 057 273 045
- UAV +$2 002 182 004 002 364 0.1 006 315 001
EMI +S2 013 184 017 0.02 37 015 0.1 306 0.06
UAV +EMI+S2 0.1 18 012 003 358 007 004 321 004
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Dirvozemio organinés anglies zemélapis, naudojant
skirtingus modeliavimo scenarijus Rumoky lauke
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Molio daleliy zemélapis, naudojant skirtingus
iavimo scenarijus Lyduokiy lauke

model
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Eminiy skai¢iaus mazinimas:
poveikis tikslumui ir islaidoms

Modeliuojant ir mazinant lauko éminiy kiekj (nuo 25 iki 75
%) tik nezymiai mazéjo dirvoZzemio organinés anglies ir
molio prognoziy tikslumas;

Mazéjant éminiy kiekiui Zzenkliai mazéjo cheminiy analiziy
sgnaudos (nuo ~240-270 iki ~60-68 €/ha)

Sgnaudos hektarui iSlieka gana didelés, siekiant itin detaliy
zemélapiy (2.6 cm)

Teoriskai sgnaudas buty galima dar mazinti, taciau tam
reikalingi didesni tyrimy laukai, kad buty uztikrintas
pakankamas éminiy kiekis modeliavimui (geostatistiniu
poziuriu rekomenduojama apie 100 tasky, taciau ir su 20—

50 tasky galima pasiekti gana gery rezultatq).

LAMMC



Apibendrinimas

Auksciausias prognoziy tikslumas pasiektas dirvozemio organinei angliai ir moliui, smélio, dulkiy ir
dirvozemio drégmes rezultatai buvo vidutiniai, o pH prognozés — silpniausios, nes pH néra tiesiogiai
susijes su spektriniais signalais, todel prognozés grindziamos tik netiesioginiais rysiais su kitais

rodikliais.

Bepilociy skraidykliy ir palydoviniy Sentinel-2 vaizdy duomenys geriausiai tinka dirvozemio organinés
anglies prognozéems, o dirvozemio EMI jutikliy duomenys tinka molio prognozéms.

Jutikliy kombinacijos ne visada pagerino tikslumg (galimas ,overfitting” ir vietos specifiSkumas).
Erdviné raiska ir vietos sglygos (dirvozemis, klimatas, reljefas) reikSmingai veikia modeliy rezultatus.

Modeliai yra vietai specifiniai, todél jy pritaikomumas kituose laukuose yra ribotas, ypac esant
skirtingoms agroklimatinéms sglygoms, ukininkavimo praktikoms ir dirvozemio tipames.

15 LAMMC



Computers and Electronics in Agriculiure 244 (20026) 111543

Contents lists available at Science Direct
Computers and Electronics in Agriculture

Journal homepage: wwweolsevier comffocate/compag

10.1016/j.compag.2026.111543

Original papers )
Comparison of soil property predictions in Lithuanian croplands using UAV, &&=
satellite, EMI data and machine learning

R. Zydelis** (@, L. Weihermiiller ", L.C. Gomes‘, A.B. Mgller", F. Castaldi “, ). Volungevicius*,
A. Kavaliauskas ', T. Koganti ', J. Wetterlind ", (3 Cinkaya ', L. Boriivka “, F. van Egmond ",

S. Higgins ', F. Liebisch’, V. Povilaitis *, A. Kazlauskaite-Jadzeviceé °, K. Amaleviciuté-Volunge *,
8. Pranaitiené *, E. Vaudour'

* Institute of Agricutnre, Lithuanion Research Cenire far Agricltire and Porestry, Lithmnia

* Agrosphere Instimte (18G-3), Farschungsaentrum Jilich Genbl, Germany

© Department of Agroecolagy, Aarus University, Bichers AUZ 20, BB30 Tiele, Derumark

# Irstitute of BisEcanany, Nationad Reserch Council of lraly (CNR), Vi Giovann Caprand 8, 50145 Firenze, Taly
® Swedish University of Agricltural Sciences, Department of Soil and Envirormene, Skar, Sweden

! Minisiry of Agricultire and Farestry/ Genieral Directarate of Agricilural Ressarch and Policies, Turkey

# Crech University of Life Sciences Prague (C2U), Department of Soil Science and Scil Protection, Kamycka 129, 165 00 Prague-Suchdol, Caech Repuiblic
® Wiagenirigen Enviroremeniunl Research, P.O. Box 47, 6700 AA Wageningen, the Netherlaruds

* Agri Food and Bipsciences Instivute, Belfast, Novhern Ireland, LK

! Agroecotagy and Enviranment, Agrascope, Ziirich, Switserlond

* Lithuanian Agriculiurat Advisory Service, Akaderdjo, Lithurnia

! Universit Paris-Saclay, INRAE, AgroParisTech, UMR EcoSys, 91120 Feloiseon, Frince

ARTICLE INFO ABSTRACT
Keywords Combining remote and proximal sensing provides a cost-effective solution for mapping soil properties in crop-
Clay lands. This study assessed the potential of remote sensing based on high resolution multispectral UAV imagery

et tadnereily {2.6 cm), satellite (Sentinel-2), and in-field measured eleciromagnetic induction (EMI} data for predicting six soll
properties — soil organic carbon content (50C), clay, sand, silt contents, pH, and soil water content (SWC) —
s0¢ across five Lithuanian 1i ic zomes. Seven delling scenarios, using individeal and combined sonrces of
sensor data, employing a random forest model, were evaloated. To assess real-warld applicability, sampling-
redurtion simulaticn were additionally performed. S0C and clay predictions achieved the highest accuracy,
while silt, sand, and SWC showed acceptable acruracy only in a few sites or sperific modelling scenarios. Soil pH T | 3 7 O 6 9 8 8 4 4 1 7
predictions were poor across all scenarios. Prediction accuracy varied across study sites, likely nfluenced by e . +
climate, ol parent material, topography, and agricultural management. Sensor data resolutions (2.6 cm, 1.6 m,
10 m per pixel) significantly affected prediction accurscy. For S0C predictions, UAV and Sentinel-2 data per- v -
formed best, while EMI alone was less effective. In contrast, for clay predictions, EMI data yielded the highest E | t I d vd I @ I | t
accuracy, emphasizing its role for soil texture assessment. Mulii-sensor fusion improved model performance . p a S a S re n a a S . Z e I S a m m C o
during training but did not consistently enhance validation sccuracy across sites, highlighting important cost-
-aocuracy trade-offs and the need for realistic performance evaluation. Overall, the results demanstrate that the
benefits of multi-sensor soil mapping are property-specific and site-dependent, providing guidance for scalable
and econcmically viable feld-scale soil mapping strategies.

1. Introduction cycling, carbon storage, and partitioning of surface runoff and water
infiltration, which can help mitigate climate change and reduce flooding
The vitality of life on Earth depends on soil health, as soils provide fisks (Adhikari and Hartemink, 2016), Scil health relies on complex LA NI M C
95% of the world's food (£1, 2021). Soils also play a key role in nutrient interactions between chemical, biological, and physical processes [
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