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ANOTACIJA

Mikro- un makroelementu plasmas iscirtmeta ap$u hibridu (Populus tremuloides
Michx. x Populus tremula L.) kokaugu stadijuma lauksaimniecibas zemé. Bardule A.,
zinatniskie vaditaji: prof. Dr. chem. A. Viksna un vad. pétn. Dr. silv. D. Lazdina. Pro-
mocijas darbs, 124 lappuses, 63 attéli, 45 tabulas, 15 vienadojumi, 187 literatiras avoti.
Latvie$u valoda.

APSU HIBRIDS, PAMATMESLOJUMA IETEKME, AUGSNE, AUGSNES UDENS,
AUGU UN SENU BIOMATERIALS, ELEMENTU PLUSMAS.

Darba pétitas mikro- un makroelementu plasmas juvenila apsu hibridu kokaugu
stadijuma lauksaimniecibas zemé, ka ari dazada veida pamatmeéslojuma ietekme uz
tam. Pétijuma objekts, kas sastav no 32 eksperimentaliem ap$u hibridu parauglauku-
miem, ierikots lauksaimniecibas zemé Latvijas centralaja dala 2011. gada pavasari, ko-
péja pétijuma objekta platiba ir 16 ha. Apsu hibridu ietvarstadi staditi gan agromez-
saimniecibas sistéma (attalums starp kokiem — 2,5 x 5,0 m), gan ka kokaugu stadijums
(attalums starp kokiem — 2,0 x 2,0 m). Augsnes ielabosanai ka baribas elementus un
augsnes buferkapacitati kompenséjoss augsnes pamatmeéslojums izmantotas notekade-
nu attiri$anas danas (deva 10 tsausna ha™') un zalas energijas razo$anas blakusprodukti —
stabilizéti koksnes pelni (deva 6 tswsna ha™') un digestats (deva 30 t ha™'). Mikro- un
makroelementu plasmu raksturosanai ekosistéma sistematiski analizéti $adi vides pa-
raugi: augsne; augsnes tidens; nokri$nu tdens; ap$u hibridu lapas, zari, stumbru gads-
kartas un nobiras; parasto ap$ubeku (Leccinum aurantiacum (Bull.) Gray) auglkermeni.

Pétijuma noskaidrots, ka atraudzigo ap$u hibridu stadijuma izveido$ana lauksaim-
niecibas zemé un pamatmeéslojuma ienese butiski ietekmé gan makroelementu, gan
mikroelementu, ka ari to stabilo izotopu pliismas ekosistéma visa pétijuma perioda (no
2011. gada lidz 2015. gadam), turklat vides paraugus ka vides apstaklu mainas indika-
torus atbilstosi to jutigumam jeb atbildes reakcijai var ierindot $adi: augu un sénu bio-
materials > augsnes idens > augsne. Pirmo piecu gadu laika péc ap$u hibridu stadijuma
izveido$anas augsné netiek uzkrats papildus C un N, turklat augsnes dzilakajos slanos
novérots batisks C un N uzkrajuma samazinajums. Viens no butiskakajiem ekosistémas
pakalpojumiem, ko nodrosina juvenili ap$u hibridu stadijumi lauksaimniecibas zemé,
ir baribas elementu izskalo$anas samazinajums no augsnes, kas liecina par efektivu ba-
ribas elementu apriti attiecigaja ekosistéma un lokalu virséjo gruntsadenu kvalitates
uzlabos$anos. Piecu gadu laika péc ap$u hibridu stadijumu ieriko$anas NOs™-N izska-
lo$anas samazinajas lidz pat 99,6%, PO4>"-P izskalo$anas samazinajas lidz 97,1%, bet
K izskalo$anas samazinajas lidz 76,5%. Pamatmeéslojuma ienese lauksaimniecibas zemé
butiski ietekmé ne tikai §'*C un 8N vértibas ap$u hibridu lapas un parasto ap$ubeku
auglkermenos pat 4 un 5 gadus péc pamatmeéslojuma ieneses, bet ari mikro- un makro-
elementu stabilo izotopu relativo daudzumu apsu hibridu gadskartas. Vienas gadskartas
ietvaros vérojamas butiskas makroelementu relativa daudzuma atskiribas starp agrino
un vélino koksni — vélinaja koksné konstatéts butiski lielaks makroelementu relativais
daudzums. Kaut ari augsnes un augsnes tdens pH norada uz ierobeZotu smago metalu
mobilitati pétijjuma objekta, vérojama butiska pamatmeéslojuma, ipasi koksnes pelnu,
ietekme uz smago metalu vidéjo relativo daudzumu ap$u hibridu gadskartas.



SATURS

TEVADS oottt 6
PROMOCIJAS DARBA APROBACIJA ...ovuurrimrrierirerimeeisessinessissesisesssesssnesseneseens 9
PATEICIBA ...ttt sttt sttt st sses s sas st sssss s sassanes 14
SAISINAJUMU SARAKSTS .couvimiimerierireriecierieeisesiesssssenesisesiesssessssesssesssesssessenesenes 15
1. LITERATURAS APSKATS ...cvivvireierimerieesmiessieesiseesssessssessasessssessssesssssssssesssneses 16
1.1. Agromezsaimniecisku sistému ekosistému pakalpojumi .......c.cccecuceucruneen. 16
1.2. Elementu aprite kokaugu stadijumu eKOSiStEmMAas .......ccocveevreurecrrerrecrnceneenne 18
1.2.1. Mikroelementu aprite ........c.coereureeeercrreeeencrreenenernesseenseseeesseseesesseseeenne 18

1.2.2. FitOremediacija ..c.ocevveceeeeeeeeiieeierreeeicineieeetseieeenseseesensesesensessesessesensenns 20

1.3. Modernas analizes metodes vides paraugu sastava noteiksanai ................. 23

1.3.1. C un N stabilo izotopu attiecibas mérijumi ekosistému
FAKSTUIOSANAL «..coveerieeierecct ettt easeaennes 23
1.3.2. Lazera ablacijas induktivi saistitas plazmas masspektrometrijas
metodes izmanto$anas iespé&jas elementu satura raksturo$anai

kokul @adSKATtAS .....oueveeeeecieiecieecec et 32

2. EKSPERIMENTALA DALA ..ottt sese st esses e ssss et nos 37
2.1. Objekta rakStUIOJUIMS ......covuvecuiurmeceieerecinieerecenieensetesensessesessessesensessesessessesensens 37
2.1.1. Pétijuma objekta visparéjs rakSturojums ........c.cecoeeeeereereerreurecrrerneenne 37
2.1.2. Apsu hibridu stadjjuma dizains .......c.ccccceeeeveveernerercrneneernerneenrenneenne 39
2.1.3. Pamatmeslojuma Veidi ......ccccccveemeureemerneemiirieneneenenseseneese e 40
2.1.4. Apsu hibridu stumbra biomasas pieaugums ..........cccceereverrerrevcrrerrennn. 40

2.2. Paraugu nemsana un sagatavos$ana fizikali kimiskajam analizém ............... 41
2.2.1. Augsnes paraugu nemsana un sagatavoSana ............ceveverenieeniinnns 41
2.2.2. Augsnes Gidens paraugu NEMSANA ........cc.eceevmcucucmmceemsemsemseesesseeeessseens 43
2.2.3. Atmosféras nokri$nu paraugu Nemsana ...........cccvereerrerneerserneenne 43
2.2.4. Nobiru paratugu DEMSANA ......c..ceueurerermeuremereureserersesessessesessessesesessesenns 44
2.2.5. Ap$u hibridu lapu un zaru pemsana .........c.coeecevereernenecrneneennenneenne 45
2.2.6. Parasto apS$ubeku paraugu 0emsana ........c.c.ccceeeeneneernerneennerneenne 45
2.2.7. Ap$u hibridu stumbra paraugu nemsana ............c.eceveveeernenerernerneenne 46

2.3. Fizikali kKimiskas analizes ..........cccccevvvrireeeeeennee e eeseseseesessses 47
2.3.1. Augsnes paraugu fizikali kimiskas analizes .........ccccoooeuviovivccninnn. 47
2.3.2. Udens paraugu fizikali Kimiskas analizes ..........cc.ccccoeeumerurerererunenns 48
2.3.3. Augu un sénu biomateriala paraugu fizikali kimiskas analizes ........ 50

2.4. Organiska C un kopéja N uzkrajuma augsné aprékinasana 52
2.5. Baribas elementu izskalo$anas no augsnes apjoma aprékinasana 52
2.6. Datu statistiska apStrade ........coccceveerrineeeinenieiniceerecercesees e nes 55



3. REZULTATI UN TO IZVERTEJUMS ...crtirirrinrirnrineinneeneiseesssesssssssssessssssssssssssees 57

3.1. Augsnes IpasIbas U SASLAVS ......c.ccveureeeueermuerneermierneereseseesesesessesessssessesesessesesees 57
3.1.1. AUGSNES DIIVUINS ..oucvuveiniiieciiiriecicieeeireie et ssesesescne 57
3.1.2. Augsnes PH ... 59
3.1.3. Organiska oglekla saturs un uzkrajums augsné ..........c.cceceeeveuvcerrenncee 60
3.1.4. Kopéja slapekla saturs un uzkrajums augsné ...........ccoecoveeeeverrcernennee
3.1.5. C/N attieciba QUZSNE .......cceurueveerireecrieenereeeeereee e sesees
3.1.6. Biopieejamais baribas elementu saturs augsné
3.1.7. Smago metalu Saturs QUZSIE ........cowereueememememrereeemeremenseresenseneeenenees
3.2. Augsnes tdens Kimiskais SAStAVS .......c.ccceuereuerrimririnniinennireese e senaenes 71
3.2.1. Augsnes udens pH un elektrovaditSpéja ........cccoeeoveveveniercncircuncuncnnees 71
3.2.2. Baribas elementu saturs augsnes Gdeni ........cccvcecereeeenerrceenerneeernenens 73
3.2.3. Kopéja slapekla un oglekla saturs augsnes Gdeni .........ccocoeveurceeenennce 77
3.2.4. Smago metalu saturs augsnes adeni ............. 78
3.2.5. Baribas elementu izskalo$anas no augsnes 81
3.3. Augu un sénu biomateriala Kimiskais Sastavs ........ccccccoveeeverrereercrrereencrnerennennes 87
3.3.1. Apsu hibridu lapu, zaru un nobiru kimiskais sastavs .......c..c.cccceveuene 87
3.3.2. Parasto apsubeku auglkermenu izotopiskais sastavs ..........c.cceccevennee. 91
3.3.3. Aps$u hibridu stumbra gadskartu kimiskais sastavs ............ccvcveuvennee 92
SECINAJUMLI ..vtviiirctmerieeieeiseeise e siseesseessss e sssessss e sssesssesssssssesssesssssssessnesssecssessens 113
LITERATURAS SARAKSTS ....oviriuriiermieeieeiesesessasessesesessessssessssessssessssessssessssssenns 115



IEVADS

Temas aktualitate

Pédéjas desmitgadés pasaules méroga dazadu ekosistému pakalpojumu potencials
ir samazinajies, un tam var bat batiska negativa ietekme uz cilvéku labklajibu nakotné.
Lidz ar to vides zinatnu pétnieki globali tiek aicinati pievérsties dazadu, taja skaita vidi
reguléjoso ekosistému pakalpojumu, novértéjumam. Kaut ari Latvijas galvenais dabas
resurss ir zeme un tas augliba, dala no lauksaimniecibas zemém netiek apsaimniekotas
jau teju divdesmit gadus. Nekoptas lauksaimniecibas zemju platibas Latvija aptver ap
257 takst. ha (2018. gads), kas veido ap 11% no visas lauksaimnieciba izmantojamo
zemju platibas. Atraudzigo kokaugu stadijumu ierikosana neizmantotas lauksaimnieci-
bas zemés ir veids, ka saimnieciski izmantot vienu no valsts galvenajiem resursiem —
zemi, nakotné neizslédzot So platibu atgrieSanu lauksaimnieciskajai razosanai. Turklat
atbilstosi Apvienoto Naciju Organizacijas Visparéjai konvencijai par klimata parmai-
nam un tas Kioto protokolam lauksaimniecibas zemju apmezo$ana tiek rekomendéta
ka siltumnicefekta gazu emisiju samazinasanas mehanisms. Vienlaicigi ari fitoreme-
diacija, baribas elementu izskalo$anas no lauksaimniecibas zemém samazinasana un
gruntstidens kvalitates uzlabo$ana ir batiski ekosistémas pakalpojumi, ko nodrosina
atraudzigo kokaugu stadijumi. Baltijas jiras regiona ap$u hibrids (Populus tremuloides
Michx. x Populus tremula L.) ir viena no daudzsolo$akam koku sugam (hibridiem) bio-
masas razo$anai atra biomasas pieauguma dél. Latvija lidz $im ~ 500 ha lauksaimnieci-
bas zemés ir ierikoti apsu hibridu stadijumi. Bet, neskatoties uz vides kvalitati uzlabo-
josiem aspektiem, visa veida pastaviga biomasas iznesana no lauksaimniecibas zemém
izmaina baribas elementu saturu augsné, samazina augsnes buferkapacitati, ka ari var
ietekmét gan virszemes tdens, gan gruntsidenu kvalitati. Sadzives atkritumi (notek-
adenu attiriSanas dinas) un bioenergijas razosanas blakusprodukti (koksnes pelni un
fermentacijas atliekas jeb digestats; turpmak teksta tiks lietots termins digestats) var
tikt izmantoti ka baribas elementus un augsnes buferkapacitati kompenséjoss augsnes
pamatmeéslojums. Taja pasa laika ir jaizverté ekologiskie riski, kas saistiti ar augsnes,
augsnes udens un augu materiala potencialu piesarpo$anos ar smagajiem metaliem, ka
ar1 papildus baribas elementu izskalosanos no augsnes méslosanas rezultata, un tie ja-
salidzina ar ieguvumiem, kas rodas no augiem izmantojamo baribas vielu atgriesanas
aprité, ienesot pamatmeéslojumu. Apsu hibridu dalas (pieméram, ap$u hibridu stumbra
gadskartas vai lapas), ka ari, pieméram, sénu, kas izplatijusas ekosistéma, auglkermeni
var tikt izmantoti ka bioindikatori vides kvalitates raksturo$anai. Savukart, moderno
analizu metozu attistiba lauj veikt detalus bioindikatoru kimiska sastava (makroele-
mentu, mikroelementu un to izotopu sastava) pétijumus.



Hipotéze

Pamatmeéslojuma ienese butiski ietekmé mikro- un makroelementu plasmas lauk-
saimniecibas zemé ierikota ap$u hibridu (Populus tremuloides Michx. x Populus tremu-
la L.) kokaugu stadijuma.

Promocijas darba mérkis

Noskaidrot notekaidenu attirisanas danu, koksnes pelnu un digestata pamatmeéslo-
juma ietekmi uz mikro- un makroelementu plismam Iscirtmeta ap$u hibridu (Populus
tremuloides Michx. x Populus tremula L.) kokaugu stadijjuma lauksaimniecibas zemé.

Darba uzdevumi

» Parauglaukumu izveido$ana, regulara un sistematiska vides paraugu (augsnes,
augsnes udens, atmosféras nokri$nu, augu un sénu biomateriala) nemsana ap$u
hibridu kokaugu stadijuma lauksaimniecibas zemé laika posma no 2011. gada lidz
2015. gadam.

= Augsnes un augsnes udens fizikalo un kimisko ipasibu raksturojums, augsnes
un augsnes tdens kvalitati raksturojo$o parametru izmainu novértéjums péc pa-
matmeéslojuma ieneSanas un aps$u hibrida stadijuma izveido$anas lauksaimnie-
cibas zemé.

* Pamatméslojuma ietekmes uz augu un sénu biomaterialu (ap$u hibridu lapu, zaru,
stumbra gadskartu un nobiru, parasto apsubeku (Leccinum aurantiacum (Bull.)
Gray) auglkermenu) kimisko sastavu izvértéjums.

= No augsnes izskalota baribas elementu apjoma novérté$ana, izmantojot virséjo
gruntstidenu noteces datus, kuri aprékinati, izmantojot Latvijas Lauksaimniecibas
universitaté izstradato konceptualo modeli METQ2012.

Zinatniska novitate

Lidz $im hemiborealaja regiona nav veikta detala mikro- un makroelementu plas-
mu analize atraudzigo aps$u hibridu (Populus tremuloides Michx. x Populus tremula L.)
kokaugu stadijuma lauksaimniecibas zemé péc pamatmeéslojuma ieneses. Attistoties
modernam analizes metodém, tadam, ka, pieméram, lazera albacijas induktivi saisti-
tas plazmas masspektrometrijai (LA-ICP-MS) un izotopu attiecibas masspektrometri-
jai (IRMS), ir iespéja noveértét makro- un mikroelementu stabilo izotopu relativo dau-
dzumu, ka ari stabilo vieglo izotopu attiecibu vides paraugos, kas atspogulo attiecigas
ekosistémas vides kvalitati kopuma, ka ari kokaugu stadijuma apsaimnieko$anas veida
ietekmi uz vidi. Pétjjuma ietvaros izvértéta pamatmeéslojuma ietekme uz stabilo oglekla
(6"C) un slapekla (8"°N) izotopu attiecibu bioindikatoros, ka ari veikti izotopu relati-
va daudzuma mérijumi ap$u hibridu stumbra gadskartas, izmantojot LA-ICP-MS, kas
potenciali ir viena no piemérotakajam metodém dendrokimijas skrininga pétijumiem.



Darba praktiska izmantoSana

Eiropas méroga zinojumos un publikacijas tiek uzsvérts zinatniski pamatotu un
praktiski pielietojamu datu trikums un zinasanu robi par atraudzigo kokaugu stadi-
jumu ietekmi uz ekosistému pakalpojumiem. Latvijas Vides politikas pamatnostadnés
2014.-2020. gadam ka viena no aktualakajam problémam augsnes aizsardzibas joma
ir minéts sistematizétas informacijas triakums par aug$nu kvalitati, uzsverot informa-
cijas trikumu par energétisko kultiru ietekmi uz augsni. Mikro- un makroelementu
plasmu dokumentacija un zinasanas par baribas elementu satura izmainam augsné un
augsnes adenos atraudzigo apsu hibridu (Populus tremuloides Michx. x Populus tremu-
la L.) kokaugu stadijuma lauksaimniecibas zemé péc pamatmeéslojuma ieneses sniegs
nozimigu ieguldijumu aprites bioekonomikas koncepta veicino$u pasakumu ietekmes
uz vidi novértésana un palidzés izvéléties labakas kokaugu stadijumu lauksaimnieci-
bas zemé apsaimnieko$anas alternativas. Turklat pétijuma ietvaros iegutie elementu
plasmu dati Jauj veikt konkréta tipa agromezsaimniecisko sistému atsevisku reguléjoso
ekosistému pakalpojumu noveérté$anu hemiborealaja regiona, kam raksturiga intensiva
baribas elementu izskalo$anas no augsnes.
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. Lupikis A., Bardule A., Lazdins A., Stola J., Butlers A. 2017. Carbon stock changes

in drained arable organic soils in Latvia: results of a pilot study. Agronomy Research
(Scopus, CiteScore 2017 — 0,94, Q2), 15(3), 788-798.

. Libiete Z., Bardule A., Murniece S., Lupikis A. 2017. Impact of clearfelling on nit-

rogen content in soil-, ground-, and surface waters: Initial results from a study in
Latvia. Agronomy Research (Scopus, CiteScore 2017 — 0,94, Q2), 15(3), 767-787.
Libiete Z., Bardule A., Lupikis A. 2016. Long-term effect of spruce bark ash fertili-
zation on soil properties and tree biomass increment in a mixed Scots pine — Norway

9



11.

12.

13.

14.

15.

16.

17.

—_

10

spruce stand on drained organic soil. Agronomy Research (Scopus, CiteScore 2016 —
0,93, Q2), 14(2), 495-512.

Klavina D., Muiznieks I., Gaitnieks T., Nikolajeva V., Lazdina D., Lazdin$ A.,
Bardule A., Menkis A. 2016. Fungal communities in roots of Scots pine and
Norway spruce saplings grown for 10 years on peat soils fertilized with wood ash.
Baltic Forestry (Scopus, CiteScore 2016 — 0,82, Q2), 22(1), 25-33.

Daugaviete M, Lazdina D., Bambe B., Bardule A., Bardulis A., Daugavietis U. 2015.
Productivity of different tree specie in plantations on agricultural soils and rela-
ted environmental impacts. Baltic Forestry (Scopus, CiteScore 2015 — 0,47, Q3),
21(2), 349-358.

Daugaviete, M., Korica, M.A., Silins, I., Barsevskis, A., Bardulis, A., Bardule, A.,
Spalvis, K., Daugavietis, M. 2015. The use of mineral nutrients for biomass produc-
tion by young birch stands and stands vitality in different forest growing conditions.
Journal of Environmental Science and Engineering B, 4, 177—189.

Bardulis A., Lazdina D., Daugaviete M., Bardule A., Daugavietis U., Rozitis G. 2015.
Above ground and below ground biomass in grey alder Alnus incana (L.) Moench.
young stand on agricultural land in central part of Latvia. Agronomy Research
(Scopus, CiteScore 2015 — 1,12, Q2), 13(2), 277-286.

Lazdina D., Bardulis A., Bardule A., Lazdins$ A., Zeps M., Jansons A. 2014. The first
three-year development of ALASIA poplar clones AF2, AF6, AF7, AF8 in biomass
short rotation coppice experimental cultures in Latvia. Agronomy Research (Scopus,
CiteScore 2014 — 1,10, Q2), 12(2), 543-552.

Gruduls K., Bardule A., Zalitis T., Lazdin$ A. 2013. Characteristics of wood chips
from logging residues and quality influencing factors. Research for Rural Develop-
ment, 2, 49-54.

Bardule A., Lazdin$ A., Bardulis A., Lazdina D, Stola J. 2012. Meza nobiru frakcijas
un to kimiskais sastavs priezu (Pinus sylvestris L.) audzé 2. limena meza monitorin-
ga parauglaukuma. Proc. Latv. Univ. Agr., 27(322), 16-21.

Zinojumi konferences, konferencu raksti
Par promocijas darba tému

.Bardule A., Lazdina D., Makovskis K., Bardulis A. 2019. Opportunities for ag-

roforestry in Latvia (mutisks zinojums). 4th International Scientific Conference
“Conserving soils and water”, 28.-31. augusts, 2019, Burgasa, Bulgarija. Isa publi-
kacija publicéta starptautiska zinatniska zurnala Mechanization in agriculture &
Conserving of the resources, 209.-212. Ipp.

. Bardule A., Lazdina D., Bardulis A. 2019. Mitigation of macronutrient leaching by

agroforestry system of hybrid aspen and perennial grasses (mutisks zinojums). 4th
World Congress on Agroforestry, 20.-22. maijs, 2019, Montpellier, Francija. Tézes
publicétas konferences tézu krajuma, 197. Ipp.

.Bardule A., Lazdina D., Busa L., Viksna A. 2018. Variation of macro- and mic-

roelement occurance in a fertilized juvenile hybrid aspen (Populus tremula L. x
P Tremuloides Michx.) tree rings (stenda zinojums). International conference and
stakeholder dialogue “Governing sustainability of bioenergy, biomaterial and bio-
product supply chains from forest and agricultural landscapes”, 17.-19. aprilis,
2018, Kopenhagena, Danija. Tézes publicétas konferences tézu krajuma, 46 Ipp.
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Bardule A., Busa L., Viksna A., Lazdina D. 2016. Impact of fertilizers on stab-
le carbon (8"°C) and nitrogen (8"°N) isotope ratios in hybrid aspen foliar (stenda
zinojums). 21. International scientific conference “EcoBalt 20167, 9.-12. oktobris,
2016, Tartu, Igaunija. Tézes publicétas konferences tézu krajuma, 96. lpp.

. Grinfelde 1., Bardule A., Lazdina D., Sarkanabols T., Bardulis A. 2016. Base nut-

rient leaching in the fertilized hybrid aspen (Populus tremuloides x Populus tre-
mula) plantation cultivated in agroforestry system in Latvia (mutisks zinojums).
XXIX Nordic Hydrological Conference “The role of hydrology towards water resources
sustainability”, 8.-10. augusts, 2016, Kauna, Lietuva. Tézes publicétas konferences
tézu krajuma, 45. lpp.

. Bardule A., Lazdina D., Grinfelde I, Sarkanabols T., Bardulis A. 2016. Pamatmés-

lojuma ietekme uz augsnes adens kvalitati Populus tremuloides x Populus tremu-
la kokaugu stadijuma mineralaugsné (mutisks zinojums). Latvijas Universitates
74. zindatniska konference, sekcijas sede “Klimats un nideni”, 2. februaris, 2016, Riga,
Latvija. Tézes publicétas konferences tézu krajuma, 56. lpp.

. Bardule A., Lazdina D., Bardulis A., Sarkanabols T., Grinfelde I., Viksna A. 2015.

Soil solution quality in the fertilized hybrid aspen plantation cultivated in the ag-
roforestry system in Latvia (mutisks zinojums). CAR-ES Conference “Managing
Forests to Promote Environmental Services”, 3.-5. novembris, 2015, Kopenhagena,
Danija. Tézes publicétas konferences tézu krajuma, 19. lpp.

. Bardule A., Lazdina D., Bardulis A. Lazdins A., Viksna A. 2012. Utilization of wood

ash, sewage sludge and digestate in a short rotation bioenergy plantation in Latvia
(mutisks zinojums). 17. International scientific conference “EcoBalt 20127, 18.-
19. oktobris, 2012, Riga, Latvija. Tézes publicétas konferences tézu krajuma, 15. lpp.

Saistiti ar promocijas darba tému

. Klavins I., Bardule A., Libiete Z. 2017. Changes in macronutrient concentrations

in soil solution following regeneration felling in pine and spruce stands: wholetree
harvesting versus stem-only harvesting (stenda zinojums). The 8th International
Scientific Conference “Rural Development 2017: Bioeconomy Challenges”, 23.-24. no-
vembris, 2017, Kauna, Lietuva. Tézes publicétas konferences tézu krajuma, 182. Ipp.
Kalvite Z., Libiete Z., Bardule A. 2017. Forest management and water quality in
Latvia: identifying challenges and seeking solutions (stenda zinojums). The 8th In-
ternational Scientific Conference “Rural Development 2017 : Bioeconomy Challenges”,
23.-24. novembris, 2017, Kauna, Lietuva. Tézes publicétas konferences tézu kraju-
ma, 195. Ipp.

Libiete Z., Bardule A., Lukins M, Puspure 1. 2016. Modelling the impact of fo-
rest management operations on forest ecosystem services in Latvian state forests
(stenda zinojums). ScenNet International conference on Scenarios and models of
biodiversity and ecosystem services in support of decision-making, 24.-26. augusts,
2016, Monpeljé, Francija. Tézes publicétas konferences tézu krajuma, 29. Ipp.
Libiete Z., Bardule A., Miarniece S. 2015. Impact of clearfelling on nutrient concen-
trations in soil-, ground- and surface waters (stenda zinojums). 8th International
conference on biodiversity research, 28.-30. aprilis, 2015, Daugavpils, Latvija. Tézes
publicétas konferences tézu krajuma, 90. Ipp.

Bardule A., Laivins M., Lazdins A., Bardulis A., Zadina M. 2015. Changes in lit-
ter composition after surface fire in the dry-mesic pine forests in Rucava (Latvia)
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(mutisks zinojums). Conference “Adaptation and mitigation: Strategies for manage-
ment of forest ecosystems”, 23.-24. aprilis, 2015, Riga, Latvija. Tézes publicétas kon-
ferences tézu krajuma, 30. lpp.

Lazdins A., Bardule A., Butlers A. 2015. Preliminary results of comparison of
carbon stock in soil in grassland, cropland and forest land (stenda zinojums).
Conference “Adaptation and mitigation: Strategies for management of forest eco-
systems”, 23.-24. aprilis, 2015, Riga, Latvija. Tézes publicétas konferences tézu kra-
juma, 54.-56. lpp.

Daugaviete M., Bardulis A., Daugavietis U., Lazdina D., Bardule A. 2015. Potential
of producing wood biomass in short-rotation grey alder (Alnus incana Moench)
plantation on agricultural lands (mutisks zinojums). 25th NJF Congress “Nordic view
to sustainable rural development”, 16.-18. janijs, 2015, Riga, Latvija. Publikacija
publicéta konferences rakstu krajuma, 394.-399. lpp.

Bardule A., Rozitis G., Butlers A., Lazdins A. 2015. Evaluation of properties of soil
solution during 2 years period after stump removal in fertile forest sites in Latvia
(stenda zinojums). Conference ‘Adaptation and mitigation: Strategies for manage-
ment of forest ecosystems”, 23.-24. aprilis, 2015, Riga, Latvija. Tézes publicétas kon-
ferences tézu krajuma, 61. lpp.

Bardule A., Butlers A., Lazdin$ A. 2015. Celmu izstrades ietekmes uz gruntstade-
nu kvalitati novértéjums divu gadu laika (stenda zinojums). Latvijas Universitates
73. zinatniska konference, sekcija “Zemes un Vides zinatnes”, starpnozaru apakssek-
cija “Zemes un augsnes ilgtspéjiga izmantosana”, 4. februaris, 2015, Riga, Latvija.
Tézes publicétas konferences tézu krajuma, 448.-450. lpp.

Libiete Z., Bardule A. 2014. Effect of sedimentation ponds in improving water
quality after ditch network renovation (mutisks zinojums). 19. International scien-
tific conference “EcoBalt 20147, 8.-10. oktobris, 2014, Riga, Latvija. Tézes publicétas
konferences tézu krajuma, 39. lpp.

Lazdins A., Jansons A., Bardule A., Bardulis A. 2012. Impact of regeneration met-
hod on accumulation of carbon in litter in Scots pine (Pinus Sylvestris) stand (sten-
da zinojums). 4th International Congress “Eurosoil 20127, 2.-6. julijs, 2012, Bari,
Italija. Tézes publicétas kongresa tézu krajuma, 1727. lpp.

Daliba zinatnisku projektu TstenoSana, kas saistiti ar promocijas darba
izstradi

. Eiropas Regionalas attistibas fonda projekts “Daudzfunkcionalu lapu koku un ener-

gétisko augu plantaciju ieriko$anas un apsaimnieko$anas modelu izstrade” (projek-
ta Nr.: 2010/0268/2DP/2.1.1.2.0/10/APIA/VIAA/118), istenots no 01.03.2010. lidz
31.12.2013., projekta vaditaja: LVMI Silava vadosa pétniece Dr. silv. Dagnija Lazdina.

¥

. AS “Latvijas valsts mezi” finanséts projekts “Mezsaimniecisko darbibu ietekme

uz siltumnicefekta gazu emisijam un CO: piesaisti’, istenots no 13.04.2011. lidz
30.06.2015., projekta vaditajs: LVMI Silava vado$ais pétnieks Dr. silv. Andis Lazdins.

. Eiropas Regionalas attistibas fonda projekts “Koksnes pelnu apstrades un izman-

tosanas meza méslo$ana tehniska un metodiska risinajuma izstradasana” (projek-
ta Nr.: 2013/0065/2DP/2.1.1.1.0/13/APIA/VIAA/034), istenots no 20.12.2013. lidz
31.08.2015., projekta vaditajs: LVMI Silava vado$ais pétnieks Dr. silv. Andis Lazdins.



4. AS “Latvijas valsts mezi” finanséts projekts “Mezsaimniecibas ietekme uz meza un
saistito ekosistému pakalpojumiem’, istenots no 12.01.2016. lidz 02.12.2020., pro-
jekta vaditaja: LVMI Silava vado$a pétniece Dr. silv. Zane Libiete.

5. Interreg V-A Igaunijas-Latvijas programmas 2014.-2020. gadam (Est-Lat 20) finan-
séts projekts “Integréta slapekla parvaldibas sistéma Rigas licim (GURINIMAS),
istenots no 01.04.2017. lidz 30.09.2019., LVMI Silava vado$a pétniece Dr. silv.
Dagnija Lazdina.

Daliba vasaras skolas, kas saistiti ar promocijas darba izstradi
1. COST akcijas FP0903 un ES0903 vasaras skola “Ekofiziologisko mérijumu tehni-

ka klimata parmainu un piesarnojuma konteksta, Monte Bondone, Trento, Italija,
2011. gada 5.-9. septembris.
2. COST akcijas FP1305 BioLink vasaras skola “R lieto$ana augsnes procesu modelé-

$anai’, Pokljuka, Slovénija, 2015. gada 6.-10. jalijs.
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PATEICIBA

Izsaku ipasi lielu un sirsnigu pateicibu darba zinatniskajiem vaditajiem — profe-
soram Dr. chem. Arturam Viksnam un vado$ai pétniecei Dr. silv. Dagnijai Lazdinai
par neatsveramu atbalstu, konsultacijam, padomiem un uzmundrinajumiem darba iz-
strades gaita.

Esmu pateiciga Latvijas Valsts meZzinatnes institata “Silava” vadosajiem pétniekiem
Dr. silv. Andim Lazdinam un Dr. silv. Zanei Libietei par iepazistinasanu ar patiesi in-
teresantajiem un aizraujosajiem dabas procesiem meza ekosistémas, par palidzibu un
atbalstu zinatnisko pétijjumu tap$anas gaita, par motivé$anu, iedvesmosanu un raditam
iespéjam papildinat esos$as zinasanas. Liels paldies Meza atjaunosanas un ieaudzésanas
zinatniska virziena un Meza vides laboratorijas kolégiem par pirmas darba pieredzes
iegtisanu zinatnes joma, par kopigu projektu Istenosanu, ka ari par praktiska un teore-
tiska atbalsta snieg$anu promocijas darba tap$anas laika.

Ieguldijumu promocijas darba izstradé sniegusas Mg. chem. Lauma Busa ar pali-
dzibu stabilo oglekla (8"°C) un slapekla (8'°N) izotopu attiecibas analizu veiksana,
Dr. chem. Vita Rudovica ar palidzibu Gdens paraugu analizé, izmantojot ICP-MS anali-
zes metodi, ka ari Mg. sc. ing. Inga Grinfelde ar palidzibu virséjo gruntsidenu noteces
aprékinasana pétijuma objekta.

Vissirsnigakais paldies manai gimenei un ipadi viram Andim, délinam Ralfam, ve-
cakiem, vecvecakiem un masai Andai par neizsikstosu atbalstu, sapratni un pacietibu
visu $o gadu garuma.
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SAISINAJUMU SARAKSTS

AH — Ap$u hibrids (Populus tremuloides Michx. x Populus tremula L.)

CF-EA-IRMS — Nepartrauktas plismas izotopu attiecibas masspektrometrs tandéma
ar elementanalizatoru (Continuous flow elemental analyser isotope ratio mass
spectrometery)

DI-IRMS — Dualas iepludes izotopu attiecibas masspektrometrs (Dual-intel isotope
ratio mass spectrometery)

EP — Ekosistému pakalpojumi (Ecosystem services)

ES — Eiropas savieniba

GC-IRMS — Izotopu attiecibas masspektrometrs tandéma ar gazu hromatografu (Gas
chromatography isotope ratio mass spectrometery)

ICP-MS — Induktivi sasititas plazmas masspektrometrija (Inductively coupled plasma
mass spectrometry)

IM — Iekséja miza (Inner bark)

IRMS — Izotopu attiecibas masspektrometrija (Isotope ratio mass spectrometry)

IRIS — Izotopu attiecibas infrasarkana spektrometrija (Isotope ratio infrared
spectrometry)

LA-ICP-MS — Lazera ablacijas induktivi sasititas plazmas masspektromtrija (Laser
ablation inductively coupled plasma mass spectrometry)

LC-IRMS — Izotopu attiecibas masspektrometrs tandéma ar $kidrumu hromatografu
(Liquid chromatography isotope ratio mass spectrometery)

MC-ICP-MS — Induktivi saistitas plazmas masspektrometrs ar multikolektora detek-
toru (Multiple collector inductively coupled plasma mass spectrometry)

MEA — Tukstosgades ekosistému noveértéjums (Millennium Ecosystem Assessment)

TAEA — Starptautiska Atomu energijas agentara (International Atomic Energy Agency)

SEG — Siltumnicefekta gazes (Greenhouse gases)

VPDB — Vines Pee Dee belemnits (Vienna-Pee-Dee Belemnite)
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1. LITERATURAS APSKATS

Literataras apskata raksturoti ekosistému pakalpojumi, ko sniedz kokaugu stadi-
jumi lauksaimniecibas zemés, elementu pliasmas iscirtmeta kokaugu stadijumos, taja
skaita agromezsaimniecibas sistémas, un izmantotas modernas analizes metodes vides
paraugu kimiska un izotopiska sastava noteiksanai.

1.1. Agromezsaimniecisku sistému ekosistemu pakalpojumi

Ekosistémas definicijas, ko formuléjusi dazadi autori, var iedalit tris grupas: telpis-
kas, funkcionalas un telpiski funkcionalas. Viena no visaptverosakajam ir krievu zinat-
nieka N. Reimersa izstradata ekosistémas definicija, kas ietver gan funkcionalos, gan
telpiskos ekosistémas aspektus: ekosistéma ir informativa pasattistibas procesa esosa,
termodinamiski atvérta biotiska ekologisko komponentu un abiotisko vielu un energijas
avotu kopa, kuras vienibu un funkcionalas saites noteikta biosféras iecirknim raksturiga
laika un telpa nodrosina $§i iecirkna iek$iené notiekos$o likumsakarigo vielu, energijas
un informacijas apmainas procesu parsvars par aréjo apmainu (taja skaita starp analo-
gam kaiminu kopam), tadéjadi nodrosinot nenoteikti ilgu kopas veselumu, pasregulaci-
ju un attistibu biotisko un biogéno komponentu ietekmé. N. Reimerss $aja definéjuma
uzsveris visus ekosistémai butiskos atribitus. Atbilstosi tam, ekosistéma ir pasreguléjo-
$a, paSattistibas procesa esosa sistéma, kas ir termodinamiski atvéra Saules energijas vai
kimiskas energijas nepartrauktai piepladei, ta sastav no biotiskajiem un abiotiskajiem
komponentiem (pie pédéjiem pieskaita vielu un energiju), ta ir biosféras telpa un laika
pastavo$a vieniba, kura notiek vielas, energijas un informacijas iek$éja un aréja apmai-
na, turklat iek$éjiem apmainas procesiem ir parsvars par aréjo apmainu (Melecis, 2011).

Ekosistému sniegtie pakalpojumi ir batiski cilvéku labklajibai, veselibai, iztikai un
izdzivo$anai (Costanza et al., 2014; Nikodemus et al., 2018). Viena no sakotnéjam de-
finicijam ekosistému pakalpojumus (EP) apraksta ka apstaklu un procesu kopumu,
caur kuru dabiskas ekosistémas un tas veidojosas sugas uztur un piepilda cilvéku dzi-
vi (Daily, 1997). Atbilstosi Costanza et al. (1997), EP ir ekosistému funkciju tiesi vai
netiesi nodro$inatie ieguvumi cilvéku populacijai. Starptautiska Apvienoto Naciju
Organizacijas (ANO) istenotaja Taksto$gades ekosistému novértéjuma (MEA) tika ie-
saistiti vairak neka 1360 pasaules vadosie zinatnieki un eksperti (Fisher et al., 2009).
Atbilsto$i MEA, ekosistému pakalpojumi ir visi labumi, ko cilvéki giist no ekosistémam
(Millennium Ecosystem Assessment, 2005).

Pédéja desmitgadé ekosistému pakalpojumu jédziens ir papildinats, taja ietverot
ekosistémas struktaru un funkciju ieguldijumus cilvéku labklajiba, un paplasinot iz-
pratni ar cilvéku darbibas ieguldijumu ekosistéma (Burkhard et al., 2012). Tatad eko-
sistému pakalpojumi noteikti ir vértéjami ari cilvéka parveidotas un ietekmétas ekosis-
témas (LVMI Silava, 2017).

Atbilstosi Takstosgades ekosistému novértéjuma rezultatiem ir secinats, ka pédéja
desmitgadé pasaules méroga ekosistému pakalpojumu potencials ir butiski samazina-
jies (Millennium Ecosystem Assessment, 2005), un $is samazinajums var bat butiski
negativi ietekmét nakamo paaudzu labklajibu. Tadé] ir nepiecies$ami EP novértésanas,
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modelésanas un kartéSanas pétijumi, lai novértétu ar cilvéku labklajibu saistitas EP iz-
mainas (Costanza, 2008; Norgaard, 2010; Burkhard et al., 2012; Miiller & Burkhard,
2012; Ojea et al., 2012; Willemen et al., 2013; Burkhard et al., 2014; LVMI Silava, 2017).
Valstis ar intensivu lauksaimniecibu ka risinajums ilgtspéjigas un videi draudzigas
lauksaimnieciskas saimnieko$anas turpinasanai, dazadojot iegstamos produktus un
veidojot daudzkomponentu ekosistému, ir lauksaimnieciska meZsaimnieciba jeb mez-
saimnieciska lauksaimnieciba. Anglu valoda lieto terminu agroforestry, ar to saprotot,
ka viena un taja pasa zemes vieniba tiek iegtti gan lauksaimnieciskai razo$anai, gan
mezsaimniecibai raksturigi produkti (Lazdina et al., 2015). AgromeZsaimniecibas sis-
témas ir batisks Eiropas lauku apvidus elements, kas nodro$ina virkni EP (Fagerholm
et al., 2016; Torralba et al., 2016). Nesenos pétijumos ir konstatéts, ka Eiropa agromez-
saimnieciba tiek praktizéta vismaz 10,6 milj. ha, kas ir 6,5% no lauksaimnieciba izman-
tojamas zemes (den Herder et al., 2016). Bet, neskatoties uz to, zinatniskaja literatara
par Eiropas agromezsaimniecisko sistému sniegtajiem EP kopuma ir apkopots salidzi-
nosi neliels skaits zinatnisku pétijjumu rezultatu (Gobel, 2016). AgromeZsaimniecibas
sistémas, atkariba no sakotnéja zemes izmanto$anas veida, var palielinat virkni EP po-
tencialu (Jose, 2009; Daugaviete et al., 2017):
= agromezsaimniecibas sistémas uzlabojas augsnes augliba, tiek veicinata organis-
kas vielas uzkraganas augsné un augsnes biologiskas aktivitates saglabasanas, ko
liela méra nosaka proporcionala koku klatbuitne sistéma;
= agromezsaimniecibas sistémas uzlabojas augsnes struktira, uzkrajoties organis-
kajam vielam un norisinoties aktivai koku saknu darbibai;
= tiek uzlabota baribas elementu aprite;
= tiek ierobeZota un kontroléta lietus tidenu notece un augsnes erozijas procesi,
vienlaicigi samazinot Gdens, augsnes, organisko un baribas vielu zudumus;
= fitoremediacijas procesi nodrodina vides (augsnes, tdens, gaisa) kvalitates
uzlabosanos;
= tiek nodrosinata oglekla dioksida piesaiste;
= palielinas biologiska daudzveidiba;
= ir lielaks estétiskais baudijums (tiek uzlabota un dazadota ainava).
Agromezsaimniecibas sistému sniegto EP nodros$inajums tiek vértéts plasa laika un
telpas méroga (1.1. tabula).

1.1. tabula

Agromezsaimniecibas sistému dazadu ekosistému pakalpojumu nodrosinajuma
telpiskais mérogs (péc Jose, 2009)

Ekosistému pakalpojumu nodro$inajuma telpiskais mérogs
Ainavas méroga/ regionals

Ekosistému pakalpojums

Primara razo$ana

Slimibu kontrole

Apputeksnésana, séklu izplati$ana
Augsnes stabilizacija, erozijas kontrole
Udens kvalitate

Pladu riska mazinagana

Gaisa kvalitate

Oglekla uzkragana

Biologiska daudzveidiba

Kultaras EP
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1.2. Elementu aprite kokaugu stadijumu ekosistemas

1.2.1. Mikroelementu aprite

Par mikroelementiem tiek uzskatiti tie elementi, kas augu audos ir mazak ka 0,1%,
neatkarigi no ta, vai $is daudzums ir augiem toksisks vai ari ta ir uzturveértiba (Madejon
et al., 2004). Dazadas ekosistémas lielaka dala mikroelementu atkariba no to koncen-
tracijas var bt gan augiem un augsnes organismiem nepiecie$amie mikroelementi, gan
toksiski komponenti (Smidt et al., 2012). Attieciba uz smago metalu lomu biologiskas
sistémas, tie tiek klasificéti ka butiskie un nebutiskie. Butiskie smagie metali ir tie, kas
vajadzigi dzivajiem organismiem nelielos daudzumos fiziologisko un biologisko funk-
ciju nodro$inasanai (pieméram, Fe, Mn, Cu, Zn, Cr, Ni). Nebutiskie smagie metali ir
tie, kas nav nepiecieSami dzivajiem organismiem fiziologisko un biokimisko funkciju
nodrosinasanai, pieméram, Cd, Pb un Hg. Ja smago metalu koncentracija parsniedz
noteiktas robezveértibas, tie negativi ietekmé veselibu, traucéjot normalu organisma sis-
tému darbibu. Attieciba uz toksiskumu, vislielakas problémas rada Hg, Cd, Pb, Cu, Zn,
Sn un Cr (Valujeva et al., 2016). Lidz ar to mikroelementi un to aprite ir nozimiga vides
pétijumu joma (Smidt et al., 2012).

Ekosistémas ir mikroelementu, taja skaita smago metalu, kratuves, jo mikroelemen-
ti tiek akumuléti gan vegetacija, gan augsné. Ekosistémas vegetacija ir efektivs atmo-
sféras piesarnojuma filtrs, bet mikroelementu ienese ar atmosféras nosédumiem, no-
biram un kokaugu stumbru noteci augsné ietekmé tas kvalitati. Savukart nepartraukta
elementu uznemsana ar kokaugiem nodro$ina intensivu elementu apriti ekosistémas
ietvaros. Mikroelementu iesaiste biogéna aprité notiek caur atmosféras sausajiem un
slapjajiem nosédumiem, bet iznese notiek galvenokart biomasas izstrades rezultata,
gruntsiidens noteces jeb izskalo$anas rezultata un neliela apjoma ari iztvaiko$anas re-
zultata (pieméram, Hg, Ni un Pb karboksilati un alkilati). Augi mikroelementus uz-
nem aktivi ar uzsico$am sakném un pasivi caur lapam (Frausto da Silva & Williams,
2001; Smidt et al., 2012).

Metalu pareja no augsnes cietas fazes $kidruma var notikt vairaku procesu, starp
kuriem ne vienmér var novilkt krasas robezas, rezultata: katjonu apmaina, specifiska
adsorbcija, nogulsnésanas, kompleksveidosanas u.c. (Rieuwerts et al., 1998). Galvenie
procesi, kas nosaka metalu plasmas augsné, ir atspoguloti 1.1. attéla.

Elementu aprites cikla intensitate ekosistémas ietvaros ir atkariga no attieciga
elementa mobilitates, ko nosaka tadi vidi raksturojosi parametri ka, pieméram, aug-
snes pH, temperatira, organisko vielu saturs, augsnes mitruma saturs, reducé$anas-ok-
sidésanas potencials, augsnes granulometriskais sastavs, mikroorganismu aktivitate, Fe
un Mn oksidu klatbutne, u.c. (Rieuwerts ef al., 1998). Kimisko vielu un elementu uz-
nemsana un parnese augos ir atkariga no auga ipasibam (piemeéram, saknu tips un fer-
mentu veids), ka ari no vielu un savienojumu fizikalam un kimiskam ipasibam (pieme-
ram, $kidiba adeni, tvaika spiediens, molekulara masa u.c.). Elementu mobilitate augos
ir tiesi atkariga no to kimisko saiSu veidosanas tipa, pieméram, ka joni, ligandi vai ki-
miskas saites ar organiskam molekulam ka citronskabi, skabenskabi, aminoskabém vai
peptidiem (Smidt et al., 2012; Valujeva et al., 2016). Dazi no metaliskiem elementiem
var tikt parvietoti no vienas auga dalas uz citu ar ksilemu un floému (Riederer, 1991).
Zinamu elementu (pieméram, Ca, Sr, Pb, Po) mobilitate ir ierobezota lielas fosfatu kon-
centracijas floéma dél, bet sarmu metali, hlors un fosfors tiek intensivi transportéti au-
gos ar ksilému un floému (Riederer, 1991; Frausto da Silva & Williams, 2001).
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I1.1. att. Galvenie procesi, kas nosaka metalu sadalijumu starp cieto un $kidro fazi augsné
(Alloway, 1995; Rieuwerts et al., 1998)

1.2. tabula
Karaladeni $kisto$o mikroelementu satura augsné (mg kg™') izvértéjums
- Latvijas Republikas
2 Mikroelementu satura augsné noveértéjums inisll(Ztrlgj frlllegc;ilz?lensa Minis.tru kabineta
g Centraleiropa! (maksimalais ng(t)ill:l‘;?;?kstir'
:u konstatétais saturs)? robesvertibas®
zLe?ltlis Zems Vidéjs Augsts aﬁ(g)zits Eﬂtslgf: Eiropa A* (o
As| <5 5-10 10-15 15-20 | >20 | 1,9(24) | 6,0(27,3) 2-5,5 40
Cd |<0,10{0,10-0,25|0,25-0,50|0,50-1,00| > 1,00| 0,13 (1,1) | 0,145 (14) |0,08-0,20| 8,0-10,0
Cr| <30 30-50 50-60 60-100 | >100 | 12 (126) | 22,0 (234) 4-40 350
Co| <7 7-12 12-20 20-50 | >50 | 4,1(39) 7,0 (255) - -
Cu| <15 15-25 25-50 50-100 |>100 | 7,8 (142) 12 (239) 4-19 150
Hg |<0,15|0,15-0,25]0,25-0,50 | 0,50-1,00| > 1,0 - 0,037 (1,35) | 0,25-0,80 10,0
Mo| <03 | 03-0,6 | 0,6-20 | 20-50 | >50| <3(74) | 0,62 (21,3) - -
Ni | <20 20-30 30-40 40-60 | >60 | 8(619) 14 (2,56) 3-28 200
Pb| <10 10-20 20-50 50-100 |>100| 8,4 (76) 15 (886) 13-23 300-500
Zn | <60 60-90 90-150 | 150-300 | > 300 | 33 (254) | 48(2,27) 16-70 700

! Blum et al., 1997

2 Alloway, 2013

3 Ministru kabinets, 2005

4 merklielums (A vértiba) — norada maksimalo limeni, kuru parsniedzot, nevar nodrosinat
ilgtspéjigu augsnes kvalitati

® kritiskais robezlielums (C vértiba) — norada, ka, to sasniedzot vai parsniedzot, augsnes
funkcionalas ipasibas ir nopietni traucétas vai piesarpojums tiesi apdraud cilvéku veselibu vai vidi

1.2. tabula ir apkopots karaladeni $kistoso mikroelementu satura augsné izvérte-
jums, izplatiba Baltijas valstu un Eiropas aug$nu virskarta, ka ari Latvijas Republikas
Ministru kabineta 2005. gada 25. oktobra noteikumos Nr. 804 “Noteikumi par augsnes
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un grunts kvalitates normativiem” noteiktas robezvértibas augsnes kvalitatei. Smago
metalu mérklielumus un robezlielumus pazemes un virszemes idenos Latvija nosaka
Ministru kabineta 2002. gada 12. marta noteikumi Nr. 118 “Noteikumi par virszemes
un pazemes Gdenu kvalitati” (1.3. tabula).

1.3. tabula

Virszemes un pazemes idenu kvalitates normativi (Ministru kabinets, 2002)

Virszemes udens gazeme_s 1:1dens - Paze_m?f tdenu -
- . . zerama Gdens | stavokla novérté$ana un prasibas
Elements dzerama tidens ieguvei ieguvei pazemes tidenu attirianai
Merklielums Robezlielums | Robezlielums Meérklielums Robezlielums
Cu, pg L! 1000 - 2,0 10 75
Pb, ug L! - 50 10 10 75
Cd, ug L™ 1,0 5,0 5,0 1,0 6
Hg, ug L™! 0,5 1,0 1,0 0,05 03
Cr,pg L! - 50 50 10 30
Co, ugL™! - - - 10 100
Ni, pg L-! - 20 20 10 75
As, ug L™! 50 100 10 10 60
Mo, ug L™! - - - 10 300
Mn, pg L™ 1000 - 50 - -
Fe, pg L ! 1000 - 200 - -
Zn, pg L! 1000 5000 - - -

1.2.2. Fitoremediacija

Fitoremediacija ir augu un ar tiem saistito mikroorganismu kompleksa izmanto-
$ana, lai mazinatu piesarpojuma koncentraciju augsné un tdeni, ka ari toksiskas sekas
vidé (Ashraf et al., 2010; Valujeva et al., 2016). Fitoremediacija ir salidzinosi jauna teh-
nologija un tiek uzskatita par rentablu, efektivu, videi draudzigu un uz saules energiju
vérstu tehnologiju. Vides atveselo$anu augi veic (Valujeva et al., 2016):

= izmainot augsnes fizikalas un kimiskas ipasibas;

= no sakném izdalot organisko savienojumu sastava ietilpsto$o skabekli;

= augséjos augsnes slanos palielinot porainibu un uzlabojot augsnes aeraciju;

= mazinot kimisko vielu izplatibu un piesarnojuma nokla$anu gruntstdenos;

= veicot piesarnojoso vielu noardiSanu, izmantojot mikroorganismu vielmainas

procesus un augu fermentus.

Augus, kas aug piesarnota videé, var iedalit tris kategorijas: 1) augi, kas spéj ierobe-
Zot smago metalu uznems$anu; 2) augi, kuros akumuléjas toksiskas vielas un kuriem
ir palielinats $anu detoksikacijas mehanisms, ipasi virszemes dala; 3) augi — indika-
tori, kuros elementu saturs atspogulo toksisko elementu saturu augsné aizsardzibas
mehanisma trakuma dé] (Hassinen et al., 2009). Iz$kir vairakas piesarnojuma sama-
zinasanas metodes jeb fitoremediacijas veidus: fitoakumulacija jeb fitoekstrakcija, fito-
tranformacija, fitodegradacija, fitostabilizacija jeb fitoimobilizacija, fitoiztvaiko$ana un
rizodegradacija (Valujeva et al., 2016). Ipasa uzmaniba tiek pievérsta smago metalu
fitoremediacijai.
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Fitoakumulacijas procesa auga uzpemtais piesarnojums uzkrajas gan augu saknu
sistéma, gan augu virszemes dalas, tas netiek parveidots. Par smago metalu fitoakumu-
lésanu tiek uzskatits process, kad piesarnojoso elementu uzkrasanas augu audos par-
sniedz 0,1% no auga sausnas masas (0,01% attieciba uz Cd). Tadiem elementiem ka
Fe un Mn, kas ir plasak izplatiti, fitoakumulésanas tiek definéta, ja attieciga kimiska
elementa ipatsvars augu audos parsniedz 1% no kopéjas auga sausnas masas. (Salt et al.,
1995; Mclntyre & Lewis, 1997; Sadowsky, 1999; Raskin & Ensley, 2000; Schwitzguebel,
2000; Valujeva et al., 2016).

Fitoatstikné$anas (rizofiltrésanas, idens lidzsvara kontroles) procesu var izman-
tot, lai samazinatu vai novérstu piesarnojos$o elementu izplatibu augsné vai tdenos.
Fitoatstiknésanas procesa augi veic adens, kura ir iz§kidusas piesarnojosas vielas, filtra-
ciju caur saknu sistému (Gatlift, 1994; Valujeva et al., 2016).

Fitostabilizacijas procesa smagie metali tiek imobilizéti rizosféra sorbcijas un kom-
pleksveido$anas rezultata (Razzaq, 2017), lidz ar to piesarnojosas vielas un elementi
tiek stabilizéti ilgtermina un izslégti no aprites (Ashraf et al., 2010; Dhir, 2013; Razzagq,
2017), samazinot piesarnojuma biopieejamibu (Valujeva et al., 2016). Si procesa pama-
ta ir augu saknu spéja mainit augsnes vides nosacijjumus, pieméram, pH un augsnes
mitruma saturu (Valujeva et al., 2016).

Fitotransformacija ir process, kura piesarnojums (kompleksas organiskas vielas)
augu vielmainas procesos tiek parveidotas lidz mazak kaitigiem savienojumiem un
uzkrats augu audos (Morel et al., 2006; Valujeva et al., 2016). Fitodegradacijas procesa
organisko piesarnojumu (pieméram, herbicidus vai trihloretilénu) var noardit ar augu
izdalitajiem fermentiem (Razzaq, 2017).

Fitoiztvaiko$ana ir fitoremediacijas process, kura augi un mikroorganismi piesarno-
josas vielas un elementus uznem no augsnes vai idens, parvérs gaisto$a forma un atbri-
vo atmosféra (Morel et al., 2006; Valujeva et al., 2016; Razzaq, 2017). Fitoiztvaiko$ana
tiek izmantota, lai mazinatu piesarnojumu ar organiskam vielam un tadiem smagiem
metaliem ka Se un Hg (Razzaq, 2017).

Rizodegradacija ir piesarnojoso vielu biologiska noardisana mikroorganismu (rau-
gu, sénu, baktériju) darbibas rezultata vaskularo augu rizosféra, kas ir saknu zona aug-
sné ar palielinatu mikroorganismu blivumu un aktivitati ap saknu sistému (Raskin &
Ensley, 2000; Valujeva et al., 2016).

Smago metalu fitoremediacija. Fitoakumulacija un fitostabilizacija ir visplasak iz-
mantotie fitoremediacijas veidi, lai biologiski attiritu ar smagiem metaliem piesarnotas
augsnes, nogulsnes un adenus (Cluis, 2004; Razzaq, 2017). Smago metalu fitoakumu-
lacijas efektivitati ietekmé tadi faktori, ka pieméram, smago metalu veids, koncen-
tracija, biopieejamiba, kas ir kritiskais faktors, un vides (augsnes) ipasibas (Ali et al.,
2013; Valujeva et al., 2016). Fitoakumulacijai piemérotiem augiem piemit $adas pazi-
mes un ipasibas: strauja aug$ana; liela virszemes biomasa; plasa, sazarota saknu sistéma;
spéja uznemt smagos metalus no augsnes un tdens; spéja parvietot smagos metalus no
sakném uz koku virszemes dalam, mazaka uznémiba pret toksisko ietekmi; labas piela-
go$anas spéjas specifiskiem vides un klimatiskajiem apstakliem; rezistence pret slimibu
izraisitajiem un kaitékliem; viegla audzé$ana un razas iegtisana (Valujeva et al., 2016).
Smagos metalus atkariba no to biopieejamibas iedala trijas grupas (Ali et al., 2013):
vieglas biopieejamibas smagie metali/nemetali (Cd, Ni, Zn, As, Se, Cu); mérenas bio-
pieejamibas smagie metali (Co, Mn, Fe); gruti biopieejami smagie metali (Pb, Cr, U).
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Smago metalu fitoakumulacijas process var bt gan dabisks, gan mérktiecigi veicinats,
samazinot augsnes pH vai augsnei pievienojot kimiskas vielas (helatus), pieméram,
EDTA, citronskabi, séru vai amonija sulfatu ar mérki palielinat smago metalu biopie-
ejamibu (Ali et al., 2013; Valujeva et al., 2016). Atbrivojot redoks fermentus, atseviskas
augu sugas spéj parveidot toksiskus metalus salidzinosi mazak toksiskos savienojumos
(fitostabilizacija), lidz ar to tiek ierobezota piesarnotaja mobilitate un izskalosanas riski.
Pieméram, Cr(VI) var tikt reducéts par Cr(III), kas ir mazak toksiska un mazak mobila
Cr forma augsné (Razzaq, 2017).

Augu sugas, kuram raksturiga unikala pielagosanas spéja aug$anai ar metaliem
bagatas (piesarnotas) dzivotnés, sauc par metallofitiem. Metallofiti tiek iedaliti $adas
grupas: metalu piesaistitaji (smagie metali tiek piesaistiti saknu sistémai un ierobezota
to izplatiba), metalu indikatori (smagie metali uzkrajas augu virszemes dala, kas atspo-
gulo smago metalu koncentraciju substrata) un metalu hiperakumulatori (smagie me-
tali uzkrajas augu virszemes dalas lidz limenim, kas batiski parsniedz citu augu smago
metalu uznemsanas spéjas) (Madejon et al., 2004; Ali et al., 2013; Valujeva et al., 2016).

Koku sugas, kas uznem un akumulé metalus lapotné, lai aizsargatu jutigos organoidus,
sintezé molekulas, kuras ir saistits metals, pieméram, metalotionins (metallothioneins,
1.2. attéls). Metalotionins lokalizéjas Goldzi kompleksa membana. Metalotionins ir
mazs, cisteinu satuross polipeptids (proteins), kas ar ta cisteina atlikuma tiola grupu var
saistit gan fiziologiskos metalus (pieméram, Zn, Cu, Se), gan ksenobiotiskos smagos me-
talus — vides piesarnotajus (pieméram, Cd, Hg, Ag, Ar) (Hassinen et al., 2009).

Metallothionein

o-domain

NH,

1 2930 6l
IMDPNCSCATDGSCSCAGSCKCKQCKCFSCKKSCCSCCPVGCAKGQGCLCKEASDKCSCCA I

B—dor{'min m—dl{main
1.2. att. Metalotionina struktiiras modelis (Ruttkay-Nedecky et al., 2013)
Ar lieliem aplisiem apzimeti metala atomi (piemeéram, Zn),
ar maziem tumsiem aplisiem apzimeéti séra atomi.

Atraudzigus augus un augus ar lielu biomasas pieaugumu, blivu saknu sistému
un augstu adens uzpemsanas kapacitati, pieméram, apses, var izmantot gan fitore-
mediacijai, gan zalas energijas razo$anai (Hassinen et al., 2009; Valujeva et al., 2016).
Pédéjo divdesmit gadu laika ap$u hibridu stadijumi tiek plasi izmantoti fitoremedi-
acijas mérkiem gan ar organiskam vielam, gan neorganiska vielam (smagiem meta-
liem) piesarnotas augsnés (Marmiroli et al., 2013; Mukherjee, 2014). Vairakos pétiju-
mos noskaidrots, ka ap$u hibridiem ir liels Cd un Zn, kas augsné ir diezgan mobili
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elementi, fitoekstrakcijas potencials piesarnotas augsnés, bet stipri piesarnotas vietas
ap$u gints kokaugi lapotné var akumulét Cd un Zn lidz ]oti augstam limeni (attiecigi,
200 mg kg™! un 2400 mg kg™!). Butiska smago metalu akumulacija ap$u gints kokau-
gos ir skaidrojama ar salidzinosi lielo adens uznemsanas potencialu, salidzinot ar citam
koku sugam (Hassinen et al., 2009). Turklat ap$u gints kokaugi, tai skaita apsu hibridi,
var funkcionét ka analitiskas sistémas jeb riki, jo metalu saturs kokaugu lapotnés atspo-
gulo metalu koncentraciju augsé (Madejon et al., 2004; Hassinen et al., 2009). Madejon
et al. (2004) Populus alba pétijuma Spanija konstatéja cieSu sakaribu starp vairakiem

mikroelementiem augsnés un kokaugu audos (1.4. tabula).

1.4. tabula

Korelacijas koeficienti starp mikroelementu saturu Populus alba audos un to biopieejamibu

augsnes $kiduma saknu attistibas zona (Madejon et al., 2004)

Lapas Stumbrs
Elements Augsnes virskarta Dziléksilzg?gsnes Augsnes virskarta Dziléksilzz?gsnes
(0-25 cm) (25-40 cm) (0-25 cm) (25-40 cm)
As 0,33 0,47** 0,44** 0,57***
Cd 0,63*** 0,84*** 0,70*** 0,78***
Cu 0,34* 0,38* 0,28 0,29
Fe 0,03 0,10 0,35* 0,09
Mn 0,42% -0,08 0,41* 0,11
Ni —-0,21 -0,19 0,19 0,01
Pb 0,19 0,20 0,09 0,23
Zn 0,51** 0,68*** 0,58*** 0,56
Batiskuma limenis: *** p < 0,001; ** p < 0,01; * p < 0,05

1.3. Modernas analizes metodes vides paraugu sastava
noteikSanai

1.3.1.C un N stabilo izotopu attiectbas mérTjumi ekosistemu
raksturoSanai

Izotopu attiecibas masspektrometrija. Izotopu attiecibas masspektrometrija
(IRMS) ir viens no masspektrometrijas veidiem, kura masspektrometrijas principi tiek
lietoti analizéjama materiala izotopisko sastava noteik$anai. Elementu stabilo izotopu
(3H/'H, BC/2C, 'N/MN, B0O/'€0, 3*5/*2S) izplatiba uz Zemes tika noteikta tas veidosa-
nas laika. Globali elementu stabilo izotopu izplatiba laika gaita nav batiski mainijusies,
bet nelielas izmainas dazadu materialu izotopiskaja sastava var veidoties biologisku, ki-
misku un fizikalu procesu, ka ari kinétisku un termodinamisku faktoru ietekmes rezul-
tata (Muccio & Jackson, 2009; Carter & Barwick, 2011).

IRMS var tikt lietota tadas zinatnes nozarés ka arheologija un zemes zinatnes, me-
dicina, biologija, partikas autentiskums un izsekojamiba, bet visplasak IRMS metode
tiek izmantota kriminalistika (tiesu medicina un ekspertizé), jo metode sniedz infor-
maciju par materialu geografisko, kimisko un biologisko izcelsmi, ko ir grati vai pat
neiespéjami noteikt ar citam metodém (Muccio & Jackson, 2009).
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Lai nodrosinatu stabilo izotopu attiecibas mérjjumu objektivitati, ka ari lai noveér-
stu novirzu un sistematisko kladu rasanas varbutibu, stabilo izotopu attieciba vienmeér
tiek mérita attieciba pret starptautiski noteiktu standartmaterialu, ko katrai izoto-
pu attiecibai definéjusi Starptautiska Atomu energijas agentiira (IAEA). Starptautiski
pienemtais primarais standartmaterials (Rstandarss) stabilo C izotopu attiecibas meériju-
miem ir Vienna-Pee-Dee Belemnitel (VPDB), stabilo S izotopu attiecibai — Vienna
Canyon Diablo Troilite meteorits (V-CDT), stabilo O un H izotopu attiecibai — Vienna
Standard Mean Ocean Water (VSMOW), bet N izotopu attiecibai — atmosfeéras slapek-
lis (Air-N2). Minétie standarti ir stabili materiali, kam ir salidzinosi liels smaga (mazak
izplatita) izotopa Ipatsvars (Muccio & Jackson, 2009; Carter & Barwick, 2011). Stabilo
izotopu dabiskas izplatibas variaciju attieciba pret standartmaterialu pienemts izteikt ar
J, atbilsto$i 1.1. un 1.2. vienadojumiem:

smaga izotopa izplatiba
Attiectba (R) = — g_' P 'p - (1.1.)
viegld izotopa izplatiba

§ = (Srparawes _ 1y kur (1.2)

Rstandarts

Rparaugs — izotopu attieciba parauga;
Ristandarts — izotopu attieciba standarta (Carter & Barwick, 2011).

Nereti analizéjama materiala ir samazinats smaga izotopa ipatsvars salidzinajuma
ar standartmaterialu, lidz ar to § vértibas var but negativas. Pastav varbutiba, ka atse-
viski primarie standarti var tikt vidé izsmelti, tadé] dazkart tiek izmantoti sekundarie
standarti, kas ir dabiski vai maksligi veidoti materiali, kuri ir kalibréti attieciba pret
primaro standartmaterialu un ir starptautiski pienemti IAEA (Muccio & Jackson, 2009;
Carter & Barwick, 2011).

Ir izstradatas vairakas IRMS instrumentu kombinacijas stabilo izotopu attiecibas
meérijumiem dazados materialos, pieméram:

= nepartrauktas plismas izotopu attiecibas masspektrometrs tandéma ar elemen-

tanalizatoru (CF-EA-IRMS);

= dualas ieplades izotopu attiecibas masspektrometrs (DI-IRMS);

= izotopu attiecibas masspektrometrs tandéma ar gazu hromatografu (GC-IRMS);

= izotopu attiecibas masspektrometrs tandéma ar $kidrumu hromatografu

(LC-IRMS);
= induktivi saistitas plazmas masspektrometrs ar multikolektora detektoru
(MC-ICP-MS);

= izotopu attiecibas infrasarkana spektrometrija (IRIS).

Viena no plagak izmantotam instrumentu kombinacijam C un N izotopu attieci-
bas mérjjumiem gan cietos, gan $kidros (negaisto$os) vides paraugos ir nepartrauk-
tas plasmas izotopu attiecibas masspektrometrs tandéma ar elementanalizatoru.

! Standartmaterials, kas sastav no kalcija karbonata, kas iegats no krita perioda belemnit fosilijas no

Pee Dee formacijas Dienvidkarolina (ASV).
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Sakotnéji elementanalizatora analizéjamais paraugs tiek parveérsts vienkar$as gazés —
Ha, CO2, N2 un CO atkariba no materiala sastava. Péc tam, izmantojot masspektro-
metru, iepriek$minétajas gazés tiek mérita intereséjoso elementu izotopu attieciba.
Pieméram, nosakot oglekla izotopu attiecibu, masspektrometrs monitoré CO2 moleku-
las jonus ar masas ladina attiecibu (m/z) 44, 45 un 46, kas atbilst 12C, 1*C, 1°O, O un
80 izotopiem dazadas kombinacijas (Carter & Barwick, 2011; Artistova, 2015).

Nepartrauktas plasmas sistémas elementanalizators sastav no divpakapju reaktoru
sistémas — sadeg$anas reaktora un tam sekojosa redukcijas reaktora. Reaktoru sistémai
seko Gdens atdaliSanas ierice un gazu hromatografa kolonna, kas atdala radusas gazes
(CO2 un N3). Degsanas process notiek kvarca reaktora skabekla atmosféra, veidojoties
COz, NOx un H>0 molekulam. Lai atdalitu radusos séru un halogénus, kvarca reaktors
parasti satur Cr203 un Co3Ou4+Ag, lai gan dazadi varianti ir iespéjami specifiskam va-
jadzibam. Sadeg$anas reaktora temperatara ir 900-1050 °C, bet, sadegot alvas kapsu-
lai, temperattira var paaugstinaties lidz 1800 °C. Parpalikusa skabekla aizvadi$ana un
NOx reducésana lidz Nz notiek 650 °C temperatiira otraja kvarca reaktora (redukcijas
reaktora), savukart adens tiek atdalits kolonna, kas pildita ar Mg(ClO4)2. Procesa no-
sléeguma CO2 un N2 gazes atdala, izmantojot izotermalu gazu hromatografijas kolonnu
(Carter & Barwick, 2011; Artistova, 2015).

Lai elementanalizatora sistému savienotu ar masspektrometru, tiek izmantots inter-
feiss, kas limité masspektrometra ieejosas gazes daudzumu, darba gazei pieskir impuls-
veida dabu un ats$kaida parauga gazi ar papildus héliju, ja tas ir nepiecieSams. Lidz ar to
ir iespéjams vienlaicigi veikt >N/*N un *C/**C izotopu attiecibas mérijumus parauga
(Carter & Barwick, 2011; Artistova, 2015).

Masspektrometra jonu avota sakotnéji notiek elektronu jonizacija — gazu mole-
kulas tiek jonizétas elektronu kala iedarbibas rezultata. Radusies joni, pametot jonu
avotu, tiek fokuséti un paatrinati ar augstsprieguma palidzibu. Masspektrometrs ir sek-
torveida instruments, un joni pirms nonaks$anas Faradeja kausu detektora tiek trans-
portéti caur magnétisko lauku, kura stiprums kombinacija ar augstspriegumu nosaka
jonu plasmas trajektoriju un Faradeja kausu, uz kuru tiek novirzita jonu plasma. Jonu
plasmas fluktuacijas raditas potencialas kladas var tikt novérstas vai butiski mazinatas,
izmantojot vairakus uztvéréjus, kas ari ir metodes augstas precizitates pamats (Carter &
Barwick, 2011; Artistova, 2015).

Slapekla un oglekla attiecibu mérijumiem nepiecie$ami tris uztveréji, lai uztvertu
m/z 28 (*N"N), 29 (*N'*N), 30 (’°N'*N), 44 (**C*?0), 45 (**)C'*0'70O vai *C*?*0) un
46 (12C'*0O18Q, 13C0YQ vai '2C**0). Katrs Faradeja kauss ir pievienots savam stravas
pastiprinatajam, kura pastiprinajumu nosaka augstas precizitates ommiskais rezistors.
Signali no Faradeja uztvéréjiem katru sekundes desmitdalu tiek uztverti, digitalizéti un
saglabati iekartas atmina. Ieglitie m/z dati veido analitisko signalu, kuru piku lauku-
mi ir proporcionali detektéto jonu daudzumam. Metodes principiala shéma paradita
1.3. attéla (Carter & Barwick, 2011; Artistova, 2015).

C un N stabilo izotopu attiecibas sauszemes ekosistémas. Dzivie augi patéré no-
kri$nu adeni un atmosféras COy, lai fotosintézes cela veidotu jaunas organiskas vielas.
Lidz ar to nokri$nu adens un atmosféras CO: izotopiskais sastavs ir atrodams ari at-
tiecigo augu audos, kaut ar1 parveidots dabiskos frakcionésanas procesos — augos ir
mazaks °C saturs ka COz, no kura augs fotosintézes cela veidojas (1.4. att.) (Ghosh &
Brand, 2003).
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1.3. att. Elementu analizatora izotopu attiecibas masspektrometra principiala shéma
(Carter & Barwick, 2011)
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1.4. att. Oglekla un skabekla izotopiskais sastavs sauszemes ekosistémas (Ghosh & Brand, 2003)
8180 vertibas ir dotas attieciba pret VSMOW un 8°C vértibas ir dotas attieciba pret VPDB.

Lai ari visi augi ka C avotu izmanto atmosféras un iz§kiduso CO», dazadi faktori var
ietekmét °C saturu augos frakcionésanas procesu rezultata. Viens no $adiem frakcio-
nésanas faktoriem ir genétika. Viendigllapu augi (C4 augi) ka, pieméram, cukurniedres,
kukuriza, tropu stiebrzales, tuksnesa augi un juras augi, asimilé CO2 C4 metabolisma
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procesi (péc Hetéa un Sleka). Sajos augos §'*C vértiba varié no -8 lidz —20%o. Lielaka
dala divdigllapu augi (Cs augi) ka, pieméram, cukurbietes, vinogas, ziedaugi, kviesi,
risi, rudzi un kokvilna, asimilé CO2 C; metabolisma procesa (Kalvina cikls). Cs augos
8'3C vértiba varié no -22 lidz -35%o. Lidz ar to produktos, kas ieguti no augiem, ku-
ros metabolisms notiek péc C4+ mehanisma, pieméram, cukuros un fermentésana iega-
ta spirta, 1*C koncentracija ir augstaka neka lidzigos produktos, kas ieguti no augiem,
kuros metabolisms notiek péc Cs mehanisma. CAM tipa augos ka, pieméram, anana-
sos, kaktusos un orhidejas, CO; asimilé gan Cs, gan Cs metabolisma procesa atkariba
no saules gaismas. CAM tipa augos §'*C vértiba varié no -10 lidz —-34%o (Muccio &
Jackson, 2009).

Farkuars (Farquhar) et al. (1982) ir pétijis 6'°C sastavu lapu audos un atmosféras
CO:z un starp tiem konstatéjis konstantas frakcionésanas likumsakaribas. Lidz ar to tika
uzsakta *C diskriminacijas modela izstrade, kas saistita ar CO2 uznemsanu Cs fotosin-
tézes procesa. Modelis norada, ka *C diskriminacija tiek ietekméta ar CO2 koncentra-
cijas attiecibu lapas (Ci) un atmosféra (Ca) atbilstosi 1.3. vienadojumam:

Ca—Ci
Ca

613Caugs - 613Catmosféra = eq( )+ eb(%)’ kur (13)
edun e, — atspogulo izotopisko frakcionésanos, kas saistita ar COz difaziju caur atvar-
snitém lapas (-4,4%o) un CO: biokimisko fiksaciju Ribisko? enzima (~30%o);

83 Catmosfera — O13C vértiba atmosféras CO2 (~ -8%o attieciba pret VPDB);

8" Caugs — 8"3C vértiba fotosintézes produktos (parasti no —22%o lidz -22%o attieciba
pret VPDB).

Augi regulé adens iztvaiko$anu no lapam caur atvarsnitém. Tas pasas poras tiek
izmantotas, lai iegtitu CO> fotosintézes procesiem. Ja atvarsnites ir pilniba atvértas (nav
udens stresa), *CO; difaza diskriminacija klast minimala, kaut gan pilniga enzimatis-
ka diskriminacija, kad Ci - Ca (8" Caugs = —38%o0 pret VPDB), lidz $im nav konstatéta.
Udens spiediena deficita pieaugums pie konstantas lapu temperatiiras galvenokart sais-
tits ar atvarsni$u vaditspéjas samazinajumu, ka rezultata samazinas Ci/Ca. Ta rezultata
ir sagaidams 8'*Caugs samazinajums. Diskriminacijas negativo ietekmi kompenseé fakts,
ka ieksejais CO» tiek izmantots daudz lielaka méra, tadéjadi efektivi kompenséjot pil-
nu Rubisko diskriminaciju. Augstas precizitates '*C/"*C mérijumi koku gadskartas lauj
spriest par idens spiediena deficitu auga aug$anas laika, kas ir atkarigs no lokala klima-
ta (Ghosh & Brand, 2003).

Pétijumos Izraéla konstatéta sakariba starp 8'*C Tamarix jordanis stumbra celulo-
z& un relativo mitrumu, ka ari aprakstita iespéja izmatot §'*C mérijumus, lai analizétu
atmosféras CO: sastavu (Yakir et al., 1994). Ari Lipp et al. (1996) ir konstatéjis ciesu
korelaciju starp relativo mitrumu un §'°C vértibam stumbra dalas celulozé. Pieméram,
platibas ar augstu mitrumu (67%) tika konstatétas ievérojami samazinatas §'°C veértibas
(~28%o), bet platibas ar zemu mitrumu (35%) konstatéta relativi pozitivaka vidéja §'3C
vértiba (-25%o).

2 Rubisko (ribulozes bifosfata karboksilaze) — viena no pasaules visizplatitakajam olbaltumvielam;

enzims, kas hloroplastu stroma katalizé Kalvina cikla pirmo reakciju — CO: piesaisti$anu ribulo-
zes bifosfatam.
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Sifmans (Schifman) et al. (2012) pétijumos Nujorka ir konstatéjis sakaribas starp
C izotopisko sastavu kramu karklu (Salix spp.) gadskartas un tdens statusu, biomasas
pieaugumu un izdzivo$anu. Vidéja §'°C vértiba karkla lielaka stumbra ir -26,8 + 0,1%o.
1.5. attéla paradita sakariba starp §'*C vértibu koka (Salix spp.) gadskarta, nokri$nu
daudzumu un koka lapotnes vecumu, daudzfaktoru modeli raksturo 1.4. vienadojums:

§13C = —25,80 — 0,0026 * nokrisni + 0,28 * stumbra vecums (14.)
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1.5. att. Daudzfaktoru modelis sakaribas starp §'*C vértibu koka gadskarta, nokrisnu
daudzumu un koka lapotnes vecumu raksturosanai (Schifman et al., 2012)

813C variacija augos (gan kokaugos, gan uztura lietojamos augos) tiek reguléta foto-
sintézes procesos, bet 8N variacija tiek ietekmeéta ar lokalo lauksaimniecibas praksi
(pieméram, méslosanas lidzeklu tipu, méslojuma Kimisko sastavu, méslosanas inten-
sitati) un vésturisko baribas elementu piesatindjumu (kultivé$anu, augiem pieejamo
N saturu augsné), augsnes tipu un lokaliem augsnes un klimatiskajiem apstakliem
(Chung et al., 2016).

Gessler et al. (2014) ir apkopojis informaciju par stabiliem izotopiem kokaugu
gadskartas un izveidojis kopsavilkumu, kura aprakstiti procesi un vides faktori, kas
ietekmeé oglekla stabilo izotopu frakcioné$anos un sastavu organiskajas vielas dazadas
kokaugu dalas.

Hogberg (1997) un Xu ef al. (2010), u.c. ir plasi aprakstijusi N dabisko izplatibu
sistéma augsne-augs. Divu stabilo N izotopu (**N un N) attieciba biosféra varié at-
kariba no izotopu frakcionésanas fizikalu, kimisku un biologisku procesu rezultata. Ir
zinams, ka informacija par stabilo izotopu attiecibas variaciju sniedz nozimigu un daz-
kart pat unikalu informaciju par N plismam ekosistémas, tai skaita par augiem uzne-
mama N avotu.
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Slapekla izotopu efekts ir vérojams, ja reakciju norise ir nepilniga, t.i., kad ne visi
N atomi, kas ir substrata sastava, reakcijas rezultata pariet produkta sastava (1.6. att.).
Specifiskas sistémas var bat vairakas kratuves vai nodalijumi, kur ir N saturosas mole-
kulas vai joni ar Joti dazadu N saturu. N proporcija starp $im kratuvém var mainities,
tapat ka individuala 6'°N veértiba, bet kopuma sistémas §'°N vértiba paliek nemainiga,
ja vien papildus N netiek pievadits vai zaudéts, turklat $ajas plusmas N nav izotopiski
atSkirigs raksturs ka videéji sistéma (Hogberg, 1997).

Substrats

515N (%9

Kumulativais
produkts

|
0 50 100
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1.6. att. Komponentu §"°N vértibas relativas izmainas reakcijas laika slégta sistéma

Variacija stabilo izotopu attieciba ir lidzsvara un kinétiska izotopu efekta rezultats.
Lai disociétu izotopiski smagakais N, ir nepiecieSama lielaka aktivacijas energija neka
izotopiski vieglaka N disociacijai. Lidz ar to izotopiski vieglakie atomi vai joni lidzsvara
stavokli bus saistiti vajak. Lidzsvara izotopiskais efekts A <> B tipa reakcijas var tikt
aprakstits ar a (Hogberg, 1997):

-5 (L.5.)

a

Ka pieméru var minét lidzsvaru starp NHs un NH4* tidens skiduma (Hogberg, 1997):

YNH; + °NH} & NH; + “NH} (1.6.)
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Saja gadijuma NHy" ir lielaks '°N saturs ka NH; lidzsvara stavokli, t.i.,, a > 1. Si lidz-
svara reakcija prezenté vienlaicigi ari stipru izotopu frakcionés$anos, kas noris amonja-
ka iztvaiko$anas rezultata. Lidzsvara reakcijas, kas ietver izotopu frakcionésanos, ir ari
jonu apmainas reakcijas (Hogberg, 1997).

Kinetiska izotopu frakcionésanas noris, jo smagaka molekula vai joni reagé 1énak
neka izotopiski vieglakie analogi (1.6. att.). 1.6. attéla ir paradita slégta reakcija, kad
substrata piedavajums ir ierobezots. Kinétiska izotopu frakcionésanas nereti ari tiek ap-
rakstita ar a, kas atspogulo attiecibu starp atrumiem ki un ku, ar kadiem reagé viegla-
kais un smagakais izotops, attiecigi (Hogberg, 1997):

% (L.7.)

a

Neatgriezeniskas (vienvirziena) reakcijas, kad substrats ir limitéts, a ir konstants.
Frakcionésanas faktori varié no -0,98 lidz 1,06 (1.5. tabula). Ja reakcijas laika substra-
ta daudzums ir limitéts, gan momentana reakcijas produkta, gan kumulativa produkta
izotopiskais sastavs varié reakcijas laika (1.6. att.). Lidz ar to reakcijas laika ir grati izo-
lét momentano reakcijas produktu un noteikt ta §'°N veértibu (Hogberg, 1997).

1.5. tabula
Frakcionésanas faktori («) dazados N aprites procesos (Hogberg, 1997)

Process Frakcionésanas faktors
N mineralizé$anas (organiskais N > NHa4*") =~ 1,000
NH4* <> NH; skiduma 1,020-1,027*
NH3 iztvaiko$ana 1,029
NH4*, NHs, NOs™ diftzija sSkiduma = 1,000
Nitrifikacija 1,015-1,035
Denitrifikacija 1,000-1,033
N asimilacija 1,000-1,020t
N2 fiksacija 1,998-1,002
Metaboliskie etapi augos 1,980-1,020
* Lidzsvara frakcioné$anas faktors, citi pieméri reprezenté kinétisko frakcionésanos
t Veértiba < 1,002 ir iesp&jams vairak piemérota daudzam dabiskam situacijam

Nereti tiek apskatita AS vértiba, kas biezi tiek apziméta vienkarsi ar A vai ¢, t.i. dis-
kriminacija, kas ir starpiba starp substrata § vértibu (8s) un produkta § veértibu (5p)
(Hogberg, 1997):

5—6
P
Bojp=—5— (18,
1+ 1500

Saucéjs 1.8. vienadojuma galvenokart ir ap 1, lidz ar to (Hogberg, 1997):

Agjp= 85 — 6, (1.9.)
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Erta frakcionésanas faktora aproksimacija ir:

A

= 1.10.
a 1000+1 ( )

Izotopiska frakcioné$anas var tikt aprakstita ar bagatinasanas faktoru ¢, kas rak-
sturo produkta piesatinajumu attieciba pret substratu, kas ir izteikts %o un kam var
bat pozitiva vai negativa vértiba. Tas ir cits diskriminacijas (A) izteiksmes veids
(Hogberg, 1997):

€= (a—1)*1000 (1.11.)

Zinatniskaja literattira ir pieejami dazadi frakcioné$anas faktori, bet, izmantojot
noklusétas vértibas, ir janem veéra, ka frakcioné$anas faktori ir atkarigi no pétijjuma
vides, taja skaita saistitiem organismiem (pieméram, N2 fikséjosas baktérijas), kas var
variét plasa diapazona, abiotisku faktoru efekta vai abiotisku un biotisku faktoru mij-
iedarbibas, kas ir grati prognozéjama, ka ari reakcijas tipa (divvirzienu, daudzvirzie-
nu vaj atgriezeniska reakcija), kas ierobezo vienkarsas matematiskas pieejas lieto$anu
(Hogberg, 1997).

Stabilo izotopu mérijumi ir efektivs riks ekofiziologiskos un ekosistému (taja skai-
ta elementu aprites) pétijumos (Hietz et al., 2002; Chen et al., 2016, Sun et al., 2016).
Pieméram, stabila C izotopu pétijumi ir veikti, lai izprastu nobiru sadaliS$anas meha-
nismus, augsnes organiskas matérijas veido$anos un apriti, augsnes organiska oglekla
dinamiku un tdens izmanto$anas efektivitati, bet "N dabiskas variacijas pétijumi ir
veikti, lai, pieméram, raksturotu N apriti ainavas méroga vai labak izprastu N dina-
miku, transformaciju, mineralizé$anos, apriti, fiksaciju, ka ari NO;™ izskalosanos no
augsnes (Busari ef al., 2016). Zeller et al. (2007) Francija ir veicis §°C un §"°N me-
rijumus dazadas kokaugu dalas (lapas, zaros un koksné) un augsné, lai noskaidrotu
saprotrofu (organismi, kas partiek no nedzivam organiskam vielam) un ektomikorizas
sénu funkcionalas daudzveidibas nozimi oglekla un slapekla aprité meza ekosistémas
(1.6. tabula).

1.6. tabula
8'3C un 8"°N veértibas dazadas kokaugu dalas (Francija)
Koku suga Frakcija 83C, %o 85N, %o

Fagus sylvatica L. lapas -28,5 -4,2
nelieli zari -26,9 +0,1 -4,2+0,4
koksne -28,1+0,9 -35+1,6

Quercus sessiliflora Smith lapas -28,6 -4,1
nelieli zari -28,8+0,9 -4,8 +0,6
koksne -26,4 +0,1 -3,7+0,5

Quercus sessiliflora Smith lapas -27,1 -2,4
nelieli zari -25,3+0,8 -3,4+0,3
koksne -249+0,9 -3,9+0,6
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1.3.2. Lazera ablacijas induktivi saistitas plazmas masspektrometrijas
metodes izmantoSanas iespéjas elementu satura raksturosanai
koku gadskartas

Lazera ablacijas induktivi saistitas plazmas masspektrometrija. Ablacijas jeb ero-
zijas metozu pamata ir aréjas energijas pievadisana paraugam, kura rezultata reprezent-
ativa parauga dala tiek parvérsta tvaika stavokli vai cietu aerosolu veida un talak tiek
ievadita induktivi saistitas plazmas (ICP) sistéma atomizacijai un jonizacijai (Viksna,
2011). Lazera-materiala mijiedarbiba ir komplekss process, kas rezultéjas (1) parauga
iztvaiko$ana vai ablacija; (2) atomu, jonu, molekularu savienojumu izveido$ana (Russo
et al., 2002; Ghent University, 2017). Lazera ablacija (LA) ir process, kura laika energija
(lazera stars) tiek fokuséta uz parauga (parasti cieta materiala, nereti ari $kidruma) vir-
smu, parauga materials tiek daléji ietvaicéts no virsmas jeb tiek generétas maza izméra
dalinas (Viksna, 2011). Lazera ablacijas induktivi saistitas plazmas masspektrometrijas
(LA-ICP-MS) principiala shéma ir paradita 1.7. attéla. Analizéjamais paraugs tiek no-
vietots uz reguléjamas platformas ablacijas $iina. Ar konstantu atrumu aerosola neséj-
gaze tiek pusta cauri ablacijas $Gnai un virzita uz injekcijas sistému ICP plazmas degli.
Lazera stars ir fokuséts cauri ablacijas $tinai, kura ir caurlaidiga dotajai lazera energijai.
Videokamera vai mikroskops tiek lietots lazera stara telpiskai pozicioné$anai uz parau-
gu. Lazera staru var fokusét diametra no < 5 um lidz 250 um. Mikroparaugu analizei
nepiecieSams fokusét lazeru < 10 um liela diametra. No lazera pievaditas impulsveida
energijas rezultata no parauga tiek atdalits noteikts parauga daudzums atkariba no laze-
ra energijas un laika. Lazera iespieSanas dzilums parauga ir < 1 um. Ablacijas $tnai ja-
but péc iespéjas mazakai, lai samazinatu parauga aerosola damu izkliedi $tna. Mazs pa-
raugu daudzums kombinacija ar atru paraugu transportu uz plazmu samazina aerosolu
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1.7. att. Lazera ablacijas induktivi saistitas plazmas masspektrometrija principiala shéma
(Ghent University, 2017)
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izgulsnésanos uz parauga $unas sieninam. Kad aerosola makonis sasniedzis plazmu,
tas tiek atomizéts, jonizéts un ievadits ICP-MS interfeisa (Russo et al., 2002; Viksna,
2011, Ghent University, 2017).

Aerosolam ieejot plazma, joni sak veidoties un noteikta laika sasniedz maksimumu,
péc tam, joniem plazma izzadot, signala lielums samazinas lidz sasniedz fona lielumu.
Signala forma un parauga efektiva ablacija ir atkariga no lietota lazera un ta vilpu ga-
ruma (Viksna, 2011). Popularakie lazeri, kas lietoti LA-ICP-MS metodé, ir Nd:YAG,
eksiméru, rubina, CO2 un N lazeri. Plasi tiek izmantotas cietvielas Nd:YAG sistémas,
jo tas ir salidzinosi létas, apkope un uzturé$ana nav darga, un tas ir viegli ieklaut ma-
zas komercialas ablacijas sistémas. Eksiméru lazeros izmanto kameras, kas pilditas ar
halogéna gazi, nevis cietvielu kristalus. Parauga ablacija ir atkariga no lazera vilna garu-
ma. Jo Isaks lazera vilpa garums, jo lielaks ablacijas atrums un zemaka frakcionésanas.
Nd:YAG lazera gadijuma fundamentals vilpa garums (1064 nm) ir iegistams, ja lazers
darbojas tuvaja infrasarkanaja rajona. Nd:YAG lazera optiska frekvences dubultosa-
nas, triskar§osanas, cetrkarSosanas un pieckar$o$anas (vilna garums 532, 355, 266 un
213 nm) ir aprakstita un izmantota lazera ablacijas kimiska analizé. Eksimeru lazeros
operétajgaze nosaka izstarota vilpa garumu. Ja eksimeru lazera sistéma lieto XeCl, KrF,
ArF vai F», generétais vilnu garums var bat attiecigi 308, 248, 193 vai 157 nm. Tatad
isaki vilpi nodrosina augstaku fotona energiju un lidz ar to efektivaku kimisko sai$u
parrau$anu un jonizé$anu. Lazera vilniem ar garumu 266, 213 un 157 nm ekvivalenta
fotona energija ir 4,66, 5,83 un 7,90 eV. Lazera energijas absorbcija mérka materialos
(parauga) vai lazera ierosinata plazma varié butiski atkariba no lazera vilpu garuma
(Russo et al., 2002).

Ablacija ietver gan termalus, gan netermalus mehanismus atkariba no vilpu garu-
ma. Termalos procesos elektroni tiesi absorbé lazera gaismu, energija tiek parvietota
uz atomu rezgi, un lidz ar to novéro mérka materiala ku$anu un iztvaiko$anu. Lidz ar
to, ka dazadiem kimiskiem elementiem ir atskirigs iztvaiko$anas latentais siltums, ter-
malais mehanisms var izraisit spécigu frakcionésanos. Ja fotona energija ir lielaka par
saites energiju starp diviem blakus esosiem atomiem cietviela, elektromagnétiskais la-
zera starojums var tiesi parraut atomrezgi, inducéjot jonu un atomu iztvaiko$anu bez
termala sildiSanas efekta (Russo et al., 2002).

LA-ICP-MS metode lietojama visdazadakajiem paraugiem, sakot no stravu va-
dosiem materialiem lidz nevado$iem, ietverot metalus, geologiskus paraugus, bio-
logiskus audus, grafitu, gaisa dalinas u.c. paraugus (Russo et al., 2002, Viksna, 2011).
LA-ICP-MS tiek atzita par vienu no labakam metodém, lai analizétu relativo elementu
un to izotopu saturu koku gadskartas. Telpiska parauga izskir$ana ir atkariga no la-
zera vilpa garuma un izmantotas optikas, ko lieto lazera stara fokusésanai uz parau-
ga. LA-ICP-MS metodes telpiska paraugu izkirtspéja ir pietiekami laba, lai analizétu
elementu variaciju vienas gadskartas ietvars, kas reprezenté vienu vegetacijas periodu
(Garbe-Schonberg et al., 1997).

Metodes noteik$anas robeza tie$i saistita ar parauga daudzumu, kas tiek ievadits
plazma. Jo lielaku krateru rada analizéjama materiala, jo labakas detektésanas robe-
zas var sasniegt (Viksna, 2011X). Jaunakas LA-ICP-MS instrumentu kombinacijas lauj
veikt elementu un izotopu analizi ar jutibu lidz miljonajai dalai (ppb) (Russo et al.,
2002; Ghent University, 2017).

Kvalitativas un puskvantitativas noteik$anas, izmantojot LA-ICP-MS tiek uz-
skatitas par rutinas analizém. Galvena metodes probléma elementu kvantificé$ana ir
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kalibrésanas iespéjas, jo cietie matrices standartmateriali nereti ir grati pieejami. Ka
alternativu iesaka lietot sakausé$anas metodi — piekausét nosakamajam paraugam da-
zadus salus, pieméram, LiBO4 vai Na2COs ar dazadu koncentraciju. Uzlejot sakausé-
jumu uz Al vai nertséjosa térauda virsmas, tas sacieté, veidojot stiklveida masu, kas
lietojama LA-ICP-MS metodé. Izveidojot $adus materialus, var izveidot kalibrésanas
taisnes vai izmantot ka standartpiedevu kvantificé$anai (Russo et al., 2002, Viksna,
2011). Komerciali sertificéti matricas references materiali dendrokimiskam jeb koku
gadskartu analizém nav pieejami. Tapéc biezi tiek apskatits elementu relativais saturs
koku gadskartas (Garbe-Schonberg et al., 1997), bet dazadu dendrokimisku pétiju-
mu ietvaros kalibrésanai ir izmantoti, pieméram, laboratorija pagatavoti koksnes gra-
nulu standartmateriali (Barrelet ef al., 2008), celulozes maisijums ar multielementu
standartu, kas sapreséts granulas (Hoffmann et al., 1994). Ideala gadijuma kalibrésa-
nas mérkim ir jaizmanto tas pasas koku sugas matricas standarts ka analizéjama koku
suga. Elementu saturs un variacija atseviskas gadskartas ietvaros var ievérojami variét.
Daudziem elementiem vienas gadskartas ietvaros variacijas koeficients ir > 30%, tapat
pétijumos ir konstatétas buitiskas atskiribas starp elementu saturu agrinaja un vélinaja
koksné. Si mikrotelpiska variacija bitiski ierobezo koksnes ka kalibrésanas standarta
izmanto$anas iespéjas (Watmough et al., 1998).

Salidzinot ar klasiskam paraugu $kidinaganas metodém, lazera ablacijai ir daudzas
prieksrocibas. Lielaka dala analitisko metoZu ir saistitas ar cieta parauga parvér$anu
$kiduma, skidinot skabés. Izmantojot $adu metodi, ir lielaks bistamu materialu iedarbi-
bas risks, ka ari paraugu piesarno$anas un gaisto$u savienojumu zudumu risks paraugu
sagatavosanas laika. Izmantojot LA, var tikt analizéti visa veida paraugi, nav paraugu
izméra nosacijumu, ka ari nav nepiecieSama specifiska paraugu sagatavosana. LA me-
tode tiek uzskatita par mikrodestruktivu. Veicot paraugu analizi, izmantojot LA, nepie-
cie$ams mazaks parauga daudzums (mikrograms) neka paraugu skidinot (miligrams).
Atkariba no analitiskas mérinstrumentu sistémas no parauga var tikt patéréts tikai pi-
kograms vai pat femtograms. Turklat lielais mérijjumu skaits salidzino$i maza telpiska
vieniba un fokuséts lazera stars lauj veidot telpisku cieta parauga heterogenitates rak-
sturojumu (elementu un izotopu kartésanas iespéjas) (Russo et al., 2002).

Lazera ablacijas tehnikas izmanto$anas iespéjas spektrokimisko analizu veiksanai ir
aprakstitas kop$ 1964. gada (Runge et al., 1964), kops 1980. gada dazadi ablacijas $tnu
dizaini ir attistiti un testéti ICP-AES un ICP-MS sistémas (Russo et al., 2002). Pirmie
méginajumi izmantot koka gadskartas vésturiska piesarnojuma (galvenokart svina) li-
mena raksturo$anai tika veikti 1970. gada (Ault et al., 1970), bet zinatnisku pétijjumu
rezultati par LA-ICP-MS metodes izmanto$anas iespéjam, analizéjot kokaugu gads-
kartas, un méginajumi risinat kvantificésanas problémas ir publicéti kop$ 1994. gada
(Hoftmann et al., 1994, 1996, 1997; Garbe-Schonberg et al., 1997; Watmough et al.,
1997, 1998).

Koka gadskartas. Koka gadskarta ir koncentrisks parkoksnéjusos $anu slanis,
kas redzams koka stumbra vai zaru $kérsgriezuma. Gadskartas veidojas katra vege-
tacijas perioda, daloties kambija $Gnam, kas atrodas starp koksni un mizu (1.8. att.).
Gadskartas sastav no agrinas (veidojas vegetacijas perioda sakuma) un vélinas dalas
(veidojas vegetacijas perioda beigas). Gadskartas agrina dala atrodas tuvak stumbra
centram, un to veido galvenokart vadaudu $anas; gadskartu vélinaja dala $tunas sakar-
totas blivak, ta ir mehaniski izturigaka. Pétijumos ir noskaidrots, ka gadskartas agrinaja
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dala ir mazaks mikroelementu saturs neka gadskartu vélinaja dala. Gadskartas platums
atkarigs no koka sugas, vecuma, meza tipa un klimatiskajiem apstakliem vegetacijas
perioda. Gadskartu skaits jebkura stumbra griezuma vieta norada koka vecumu virs $a
griezuma. Izpétot no veciem kokiem iegtitu koksnes paraugu, var iegit informaciju ne
tikai par klimatisko apstaklu izmainam ilgaka laikposma, bet ari par vésturisko kimis-
ko elementu nodrosinajumu vai piesarnojumu konkreéta ekosistéma (Garbe-Schonberg
et al., 1997; Skudra, 2003). Koka gadskartas ir unikals ilgtermina datu avots un biezi
tiek izmantotas pétijumos, kuru mérkis ir noskaidrot un kvantificét atmosféras piesar-
nojuma ietekmi uz meza ekosistémam (Ferretti et al., 2002). Zinatniskaja literatara ir
pieejama pretruniga informacija par gadskartu pétijumu izmanto$anas iespéjam véstu-
riska piesarnojuma raksturo$anai. Pieméram, Garbe-Schonberg et al. (1997) ir secina-
jis, ka koku gadskartu analize nesniedz ticamu piesarnojuma véstures atspogulojumu
konkréta regiona, bet kokaugu gadskartu analize veiksmigi var tikt izmantota elementu
uznemsanas un aprites pétijumos atsevisku koku limeni.

agrna kodolkokne
koksne SEr .

velna kolksne
gadslarta — lambijs

,w' ”’m I(H! l\, =

leksga selcundara ﬂoema
miza korla lambijs arga miza

1.8. att. Koksnes struktiira (attéls: Eva Varga)

Dendrokimija. Dendroanalize (dendrokimija) ir retrospektivs, hronologisks mik-
roelementu biomonitorings jeb analize kokaugu gadskartas (Hagemeyer, 2000); zinat-
nes joma, kas joprojam turpina attistities (Scharnweber et al., 2016). Dendrokimijas
tehnika ir izmantota kops 1970. gada, lai atspogulotu augsnes un atmosféras kimiska
sastava veésturiskas izmainas (Watmough, 1997). Dendroanalize ir balstita uz piené-
mumu, ka elementu koncentracija koksné atspogulo elementu pieejamibu vidé, kur
koks ir audzis (Cocozza et al., 2016). Dendrokimijas pielietojums vides monitoringam
aizsakas ar Pb satura korelacijas mérijumiem starp ta saturu kokaugu gadskartas un
piesarnotu augsni intensivas satiksmes teritorijas un industrialas platibas (Watmough,
1997). Dendroanalitiskie rezultati ir atkarigi no koksnes strukttras, nosakama ele-
menta dabas un uzpemsanas veida. Elementu uznemsana un mobilitate kokaugos ir
specifiska. Galvenais elementu uznemsanas veids koka ir ar sakném no augsnes $ki-
duma. Elementu uznemsanu ar sakném ietekmé aplievas-kodolkosnes lidzsvars, ba-
ribas elementu daudzums vidé, salidzinot ar piesarnojoso elementu daudzumu, jonu
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$kidiba, augsnes tips un pH. Elementi kokaugos tiek uznemti ari caur lapotni un mizu
(Padilla & Anderson, 2002). Par galvenajam problémam dendrokimiskas laika rindas
atspogulo$ana un interpretacija tiek uzskatitas: potencialas elementu biopieejamibas
izmainu nodali$ana no vides piesarnojuma efekta, radiala un (vai) vertikala metalu
parvieto$anas koka stumbra. Ksiléma tiek izskirta divu veidu elementu parvieto$anas
vai transporté$ana: apoplastiska (pasiva atbilstosi koncentracijas gradientam) un sim-
plastiska (aktivi $tinas ietvaros, nereti pretéji koncentracijas gradientam). Procesi, kas
saistiti ar kodolkoksnes veidos$anos, Ipasi ir zimigi ar aktivu radialo elementu parne-
si. Vieta, kur robeZojas aplieva un kodolkosne, var but krass elementu koncentracijas
gradients, kas var aizénot iespéjamos vides signalus. Elementu mobilitate ir atkariga
no elementa dabas, jona $kidibas, ladina un jona radiusa attiecibas, saites veido$anas
ksiléma matrica, $tnu sulas pH, aplievas un kodolkoksnes lidzsvara. Lidz ar to viena
un ta pasa elementa mobilitate stipri varié atkariba no koka sugas un vietas apstakliem.
Ir noskaidrots, ka smagakie elementi apoplastiska transportésanas veida rezultata ir
galvenokart mazak mobili ka vieglaki elementi (Scharnweber et al., 2016). Pieméram,
ksilema As, Na un Mg piemit augstaka mobilitate starp aktivam gadskartam, Sr, Ca,
Zn, Cu un Cr piemit vidéja mobilitate, bet Pb, Ba, Al un Cd piemit zemaka mobilitate
(Padilla & Anderson, 2002). Ari paraugu nemsanas laiks ietekmé elementu koncentra-
ciju koksné, jo elementu koncentracija ksilémas sula, ka ari kokaugu fiziologiska aktivi-
tate sezonali mainas (Scharnweber et al., 2016).
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2. EKSPERIMENTALA DALA

2.1. Objekta raksturojums

2.1.1. Pétijuma objekta visparejs raksturojums

Pétijuma objekts ierikots lauksaimniecibas zemé Latvijas centrala dala, Skriveru no-
vada (56°41 N un 25°08 E) 2011. gada pavasari (2.1. un 2.2. att.). 32 eksperimentalie
ap$u hibridu parauglaukumi, kas iedaliti 4 blokos, ir dala no daudzfuncionala iscirtme-
ta energétisko augu un lapu koku stadijuma ar kopéjo platibu 16 ha (2.3. att.).

4 ‘ lllfrul -.‘£

' U
21 24 27 30 25.135 25.140

lon lon

2.1. att. Pétijuma objekta atrasanas vieta

a b c
2.2. att. Petijuma objekts
a — 2011. gada pavasaris; b — 2012. gada vasara; ¢ — 2015. gada vasara
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2.3. att. Ap$u hibridu parauglaukumu izkartojums pétijuma objekta

Pétijuma objekta gada vidéja gaisa temperatira laika perioda no 2011. lidz 2015. ga-
dam svarstijas robezas no 6,1 lidz 7,7 °C, vidéjais nokri$nu daudzums — no 653 lidz
856 mm gada. Pétijuma objekta konstatétie augsnu tipi atbilstosi Latvijas klasifikacijai
ir Velénpodzoléta virséji glejota augsne (atbilstosi 2006. gada Pasaules augsnu klasifika-
toram — Luvic Stagnic Phaeozem, Hypoalbic) (Karklin§ & Rancane, 2012a) un Virséji
velénglejota augsne (atbilstosi 2006. gada Pasaules aug$nu klasifikatoram — Mollic
Stagnosol, Ruptic, Calcaric, Endosiltic) (Karklin$ & Rancane, 2012b), dominéjosa aug-
snes granulometriska sastava grupa 0—20 cm dziluma ir smil$émals un smaga malsmilts,
20-80 cm dziluma — smaga malsmilts (2.4. att.). 2012. gada rudeni pétijuma objekts
tika iezogots. Pédéjo reizi augsne arta 2011. gada.
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2.4. att. Mala dalinu ipatsvars (%) dazados augsnes slanos pétijuma objekta
Kopéjais analizéto paraugu skaits augsnes granulometriska sastava raksturosanai
petijuma objekta — 272;

a — 0-20 cm; b — 20—-40 cm; ¢ — 40—-60 cm; d — 60-80 cm

2.1.2. Ap3u hibridu stadijuma dizains

Viengadigi aps$u hibridu (Populus tremuloides Michx. x Populus tremula L.) ietvar-
stadi (klons Nr. 4 un Nr. 28) tika staditi gan agromeZzsaimniecibas sistéma (attalums
starp kokiem — 2,5 x 5,0 m), gan ka kokaugu stadijums® (attdlums starp kokiem —
2,0 x 2,0 m). Katra parauglaukuma lielums — 30 x 24 m (720 m?). Stadmateriala ra-

Y

zotajs — AS “Latvijas valsts mezi” kokaudzétava “Kalsnava’, Latvija. Apsu hibridu

Atbilstosi grozijumiem Lauksaimniecibas un lauku attistibas likuma (2014) kokaugu stadijumi ir
ilggadigi stadijumi (iznemot dekorativos kokaugus, auglu darzus un stadaudzétavas), kuri ipasiem
mérkiem un regulara izvietojuma ierikoti lauksaimnieciba izmantojama zemé un kuru maksima-
lais audzésanas cikla ilgums ir lidz 15 gadiem, péc kura kultaru atjauno vai turpina zemi izmantot
citu lauksaimniecibas kultiru audzésanai.
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ietvarstadi audzéti bagatinata kadras substrata (kasetes HIKO V-310), pavairoti meris-
tému kultaras. Parauglaukumos, kas ierikoti agromezsaimniecibas sistéma, starp apsu
hibridu kokaugu joslam, kuru platums ir 5 m, 2,5 m platas joslas sétas divas taurinzie-
zu Skirnes (Galega orientalis Lam. “Gale” un Lupinus polyphyllus L. “Valfrid”) un di-
vas ilggadigo zalaju skirnes (Phalaris arundinacea L. “Bamse” un Festulolium pabulare
“Felina”) séklu ieguvei.

2.1.3. Pamatmeéslojuma veidi

Augsnes ielabo$anai ka baribas elementus un augsnes buferkapacitati kompenséjoss
augsnes pamatmeéslojums izmantotas notekiidenu attiri$anas danas un zalas energijas
razo$anas blakusprodukti — stabilizéti koksnes pelni un digestats no metana reaktora
(2.1. tabula). Koksnes pelnu un notekadenu dianu pamatmeéslojums ienests 2011. gada
pavasari isi pirms ap$u hibridu stadu stadisanas, bet digestata pamatmeéslojums — uz-
reiz péc ap$u hibridu stadu stadisanas. Paraléli izveidoti kontroles parauglaukumi, kur
pamatmeéslojums netika ienests.

2.1. tabula

Pamatmeéslojuma raksturojums

Ar méslojumu ienestais
: baribas el tu daud:
Pamat Izcelsme Deva Izkliedes veids arDas cementy Cauczams
méslojums Nkop., Pxop., Kop.,
kgha™ | kgha™ | kgha™
Stabilizéti Siguldas katlu 6 t sausna ha-! mehaniska 26 65 190
koksnes pelni | maja izkliede ’
Digestats* ge?:lrllcaéreaktors 30 tha™ punktveida 69 1,2 99
Notekadenu SIA mehaniska
attiriSanas “Aizkraukles 10 t sausna ha™! izkliede 259 163 22
danas® udens”

2.1.4. ApsSu hibridu stumbra biomasas pieaugums

Aps$u hibridu stumbra biomasas pieaugumu raksturojo$ie parametri — stumbru
augstums un krasaugstuma caurmérs — kokaugu stadijjuma un agromezsaimniecibas
sistéma apkopoti 2.2. un 2.3. tabulas.

Atbilstosi Latvijas Republikas Ministru kabineta noteikumiem Nr. 834 “Noteikumi par adens un
augsnes aizsardzibu no lauksaimnieciskas darbibas izraisita piesarnojuma ar nitratiem”.
Pirmas klases notekiidenu attiriS$anas dinas atbilstosi Latvijas Republikas Ministru Kabineta notei-
kumiem Nr. 362 “Noteikumi par notekadenu danu un to komposta izmantosanu, monitoringu un
kontroli”.
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2.2. tabula

Apsu hibridu stumbru augstums (H, cm) un krasaugstuma caurmeérs (D130, mm)

kokaugu stadijuma (attalums starp kokiem — 2,0 x 2,0 m) 2015. gada

H,cm D130, mm
Pamatmeéslojuma veids
klons Nr. 4 klons Nr. 28 klons Nr. 4 klons Nr. 28
Kontrole 578 + 13 372+ 11 425+ 1,5 20,5+ 0,9
Digestats 644 + 12 450 £ 10 50,2 £ 1,4 27,7 0,9
Duanas 578 + 15 372+ 10 42,5+1,7 20,5+0,9
Pelni 551+ 13 390 + 10 39,3+14 21,8+0,9
2.3. tabula

Apsu hibridu stumbru augstums (H, cm) un krasaugstuma caurmeérs (D130, mm)

agromeZsaimniecibas sistéma (attalums starp kokiem — 2,5 x 5,0 m) 2015. gada

Pamat- H,cm D130, mm
meéslojuma Zalauga veids paséja
veids klons Nr. 4 | klons Nr. 28 | klons Nr. 4 | klons Nr. 28
Kontrole bez paséjas 387 +26 250 + 24 27+3 11+1
Festulolium pabulare “Felina” 361 +25 256 + 13 24+3 12+1
Galega orientalis Lam. “Gale” 493 + 32 320+29 40+4 19+3
Phalaris arundinacea L. “Bamse” | 374 + 21 267 £ 12 25+2 15+1
Digestats bez paséjas 517 £23 300 + 14 42+3 16 +1
Festulolium pabulare “Felina” 501 +18 334 +27 39+2 21+3
Galega orientalis Lam. “Gale” 615+38 | 397+29 606 28+3
Phalaris arundinacea L. “Bamse” | 660 + 26 279+ 16 63+3 16+2
Diunas bez paséjas 509 22 247 £ 17 40+ 3 13+1
Festulolium pabulare “Felina” 525+ 30 336 + 25 41+3 22+3
Galega orientalis Lam. “Gale” 524+ 30 306 + 29 40+3 19+3
Phalaris arundinacea L. “Bamse” | 661 + 25 365 + 27 63+3 23+3
Pelni bez paséjas 406 + 22 275+ 19 29+3 15+2
Festulolium pabulare “Felina” 412 +26 274+ 15 29+3 14+2
Galega orientalis Lam. “Gale” 526 + 26 287 +17 42+3 15+1
Phalaris arundinacea L. “Bamse” | 591 + 24 321+£20 50+3 19+2

2.2. Paraugu nemsana un sagatavosana fizikali Kimiskajam
analizém

2.2.1. Augsnes paraugu nemsana un sagatavosana

Augsnes paraugi fizikali kimiskajam analizém nemti 32 apsu hibridu kokaugu pa-
rauglaukumos (16 parauglaukumi agromezsaimniecibas sistéma, 16 parauglaukumi tra-
dicionala kokaugu stadijuma) no noteiktiem augsnes dzilumiem (0-20, 20-40, 40—60
un 60—80 cm dziluma) 2011. gada jalija (péc pamatmeéslojuma ienesanas), 2013. gada
augusta un 2015. gada oktobri augsnes fizikali kimisko ipasibu izmainu konstatésanai.
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Augsnes paraugi katra parauglaukuma nemti divas paralélas sérijas: 1) ar zondi trijos
atkartojumos no noteiktiem dzilumiem kimiskajam analizém; 2) ar zondi, kuras cilind-
ra tilpums ir 100 cm?, trijos atkartojumos no noteiktiem dzilumiem (no augsnes slana
vidusdalas) blivuma un augsnes granulometriska sastava noteik$anai.

2012. gada julija beigas un augusta sakuma nemti augsnes paraugi no divu profil-
bedru genétiskajiem horizontiem lidz 2,0 m dzilumam (2.5. att.) Dr. habil. agr. Alda
Karklina vadiba. Profilbedru geografiskas koordinatas: ziemelu platums 56 gradi
41.547 minttes, austrumu garums 25 gradi 08.169 mintites; ziemelu platums 56 gradi
41.482 minates, austrumu garums 25 gradi 08.397 minttes. Augsnes paraugu nemsa-
nas vieta precizéta ap nosprausto punktu ta, lai ta neatrastos mikroreljefa paaugstinaju-
mos vai padzilindjumos.

=, "

2.5. att. Augsnes profila atsegums augsnes tipa noteiksanai un genétisko horizontu
raksturo$anai (2012. gada vasara) (foto: D. Lazdina)

Augsnes paraugi sagatavoti fizikali kKimiskajam analizém Latvijas Valsts mezzinatnes
institata “Silava” (LVMI Silava) Meza vides laboratorija atbilsto$i LVS ISO 11464 stan-
darta prasibam. Mitri augsnes paraugi tika sasmalcinati un izklati uz paplates, kas ne-
absorbé mitrumu no augsnes un to nepiesarno, vienmériga slani, kas nav biezaks par
15 mm. Augsnes paraugi zaveéti gaisa. Lai izvairitos no tie$as saules gaismas un novér-
stu paraugu piesarnosanu no gaisa vai ar putekliem, augsnes materialu prieksapstradi
veica atseviska telpa, kuru izmanto tikai $im nolakam. Pirms augsnes smalcinaganas
tika atdaliti akmentini, stikla gabali un piemaisijumi, kuri rupjaki par 2 mm. Augsnes
paraugi tika sasmalcinati piesta, tad sijati caur 2 mm sietu un atdalita attieciga augsnes
frakcija. Vélamais augsnes parauga daudzums iegtts, izmantojot kvarté$anu. Ja analizei
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vajadzigais testéjamais augsnes paraugs bija mazaks par 2 g, augsne tika sasmalcinata
frakcija, kas smalkaka par 2 mm. Lietojot augsnes smalcinasanas dzirnavinas, izzave-
tie augsnes paraugi tika sasmalcinati, ieglstot reprezentativus, pietiekami homoge-
nus paraugus.

2.2.2. Augsnes udens paraugu nemsana

No 2011. gada augusta lidz 2015. gada oktobrim 14 apsu hibridu kokaugu paraug-
laukumos veikts augsnes tdens kvalitates monitorings. Augsnes idens paraugu nemsa-
nai 30 cm un 60 cm dziluma augsné vertikali ievietoti vakuuma lizimetru (Eijkelkamp)
pari (2.6. att.). Lizimetru poraina cepurites dala izgatavota no 92% tiras ALOs porai-
nas keramikas, bet lizimetra korpuss no PVC, kas nesatur mikroelementus (metalus).
Augsnes udens paraugi nemti 2 reizes ménesi, izmantojot vakuumsiikni ar manomet-
ru, visa bezsala perioda. Augsnes tdens paraugi aukstuma soma transportéti uz LVMI
Silava Meza vides laboratoriju, kur tidens paraugi konservéti un uzglabati lidz attiecigo
analizu veiksanai atbilstosi LVS EN ISO 5667-3:2007 L standartam.

2.6. att. Vakuuma lizimetrs augsnes iidens paraugu nemsanai

2.2.3. Atmosféras nokriSnu paraugu nemsana

No 2012. gada janvara lidz 2015. gada decembrim se$os parauglaukumos veikts
atmosféras nokri$nu daudzuma monitorings un paraugu nemsana kimisko anali-
zu veik$anai. Atmosféras nokri$nu paraugu nemsanai izmantotas pastavigi atvértas
plastmasas piltuves, kas savienotas ar plastmasas pudelém un aprikotas ar putnu at-
baidiSanas gredzeniem (2.7. att.). Atmosféras nokri$nu paraugu nemsanas piltuvju
augstums — 1,2 m, piltuves laukums — 602,6 cm?. Ar pastavigi atverta tipa plastma-
sas piltuvém tiek savakti ari sausie atmosféras nosédumi un gazes bezlietus perioda.
Atmosféras nokriSnu paraugi nemti 2 reizes meénesi visa gada garuma. Atmosféras
nokri$nu paraugi aukstuma soma transportéti uz LVMI Silava Meza vides laboratoriju,
kur tidens paraugi konservéti un uzglabati lidz attiecigo analizu veik$anai atbilstosi LVS
EN ISO 5667-3:2007 L standartam.
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2.7. att. Aprikojums atmosfeéras nokri$nu paraugu nemsanai

2.2.4. Nobiru paraugu nemsana

Nobiru paraugi ap$u hibridu kokaugu stadijuma (pétjjumu objekta) nemti 2014. un
2015. gada visa gada garuma. Nobiru paraugu uztverSanas aprikojums (2.8. att.) novie-
tots zem ap$u hibridu vainagiem éetros parauglaukumos, kur sakotnéji ienesti dazadi
pamatmeéslojuma veidi (koksnes pelni, digestats, notektidenu attiri$anas dinas un kon-
trole). Nobiru uztver§anas virsmas laukums — 0,5 m?.

2.8. att. Aprikojums nobiru uztversanai
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Nobiru paraugi péc nogadasanas LVMI Silava Meza vides laboratorija zavéti gaisa
un saskiroti $adas frakcijas: zari un mizas; ap$u hibridu lapas; citu koku sugu lapas;
seklas; fekalijas, insekti u.c. Katra nobiru paraugu frakcija zavéta 70 °C temperatura,
péc zavésanas paraugi samalti kimisko analizu veik$anai, ka ari noteikta katras frakcijas
paraugu absoliti sausa masa. Nobiru paraugu izdalitas frakcijas apvienotas gada grie-
zuma Kimisko analizu veik$anai.

2.2.5. ApSu hibridu lapu un zaru nemsana

Katra parauglaukuma izvéléti un ieziméti tris paraugkoki, no kuriem katras vegeta-
cijas sezonas beigas nemti zaru un lapu paraugi. Zaru un lapu paraugi nogadati LVMI
Silava Meza vides laboratorija. Lapu paraugi pirms Zavé$anas mazgati ar dejonizétu
adeni. Zaru un lapu paraugi zavéti 70 °C temperatiira, péc zavésanas paraugi samalti
kimisko analizu veiks$anai.

2.2.6. Parasto apSubeku paraugu nemsana

Parasto apsubeku (Leccinum aurantiacum (Bull.) Gray) auglkermenu paraugi
(2.9. att.) nemti pétijumu objekta 2014. un 2015. gada rudeni. Sénu paraugi nogadati
LVMI Silava Meza vides laboratorija, kur tie mazgati ar dejonizétu tdeni, zavéti 70 °C
temperatiira, péc zavésanas paraugi samalti kimisko analizu veik$anai.

2.9. att. Parasto apSubeku (Leccinum aurantiacum (Bull.) Gray) auglkermeni
pétijumu objekta (foto: D. Lazdina)
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2.2.7. Ap3u hibridu stumbra paraugu nemsana

Apsu hibridu stumbra paraugi nemti no 12 paraugkokiem (2.4. tabula) 2016. gada
oktobri, izmantojot nertiséjosa térauda rokas zagi. Stumbra ripu paraugi nemti 0,20 m
augstuma virs saknu kakla, lai parauga buitu parstavétas visas sesas gadskartas. Stumbra
ripas biezums ~ 2 cm. Stumbra ripu paraugi nogadati LVMI Silava Meza vides labo-
ratorija, kur tie zaveéti 70 °C temperatara. Péc zavésanas stumbra ripu paraugu virsma
slipéta ar smil$papiru Industry P-150 un paraugs sadalits divas vai tris dalas atkariba no
stumbra ripas diametra ar maksimalo parauga dalas diametru 4 cm (2.10. att.).

2.4. tabula

Apsu hibridu paraugkoku raksturojums

Pamat- | Paraug- Koka Dabiski mitra Dabiski Krasaugstuma
meéslojuma | koka Pa{augkol.(a augstums, stumbra mitra zaru caurmers,
veids Nr. atrasanas vieta m biomasa, kg | biomasa, kg mm
Kontrole A1 |2.bloks, 1. sleja 8,25 12,10 2,95 63

A5 |3.bloks, 1. sleja 9,14 17,10 4,10 71
A9 |4.bloks, 1. sleja 9,82 17,52 4,88 75
Dunas A2 |2.bloks, 2. sleja 9,16 16,26 3,88 76
A8 |3.bloks, 4. sleja 9,81 23,10 7,42 89
A 11 |4.bloks, 3. sleja 8,91 20,22 7,86 86
Digestats A3 2. bloks, 3. sleja 9,70 20,94 8,52 83
A6 |3.bloks, 2. sleja 11,20 32,58 11,66 95
A'10 |4.Dbloks, 2. sleja 10,83 29,84 8,50 94
Pelni A4 | 2.bloks, 4. sleja 7,25 12,22 5,18 65
A7 |3.bloks, 3. sleja 8,93 17,82 8,34 81
A 12 | 4. bloks, 4. sleja 6,53 5,82 1,50 52
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2.3. Fizikali Kimiskas analizes

2.3.1. Augsnes paraugu fizikali Kimiskas analizes

Augsnes paraugu fizikali kimisko analizu kopsavilkums paradits 2.5. tabula.

2.5. tabula

Augsnes paraugu fizikali kimisko analizu kopsavilkums

Parametrs
—— — Metode Metodes princips Instrumenti/ iekartas
Apziméjums Paskaidrojums
Mitruma Sausas masas un ISO Gravimetrija Analitiskie svari
saturs adens satura no- 11465:1993 Precisa XB 220A ar
teikSana precizitati 0,0001 g
Blivums Attieciba starp LVSISO Gravimetrija Analitiskie svari
absoluti sausas 11272:2014 Precisa XB 220A ar
augsnes masu un precizitati 0,0001 g
svaigi ievakta pa-
rauga ar nesajauktu
struktiru tilpumu
Granulo- Mala (@ <2 pm), |[LVSISO Slapja sijasana un Analitiskie svari
metriskais puteklu (@ 2 um — |11277:2010 | sedimentacija Precisa XB 220A ar
sastavs 63 um) un smilts precizitati 0,0001 g
(@2 mm — 63 um)
dalinu saturs
pH(CaClz) Apmainas skabums | LVS ISO Potenciometri- Jonometrs Jenway
10390:2006 | ja, 0,01 M CaCl 3205, precizitate
suspensija (tilpuma | 0,01 pH vieniba
attieciba 1:5)
Crarb. Karbonatu sastava | LVS ENISO | Tilpuma metode Kalcimetrs Eijkelkamp,
eso$a oglekla saturs | 10693:2014 precizitate 0,1 mL
Crop. un Corg. | Kopgjais oglekla LVSISO Elementanalize LECO CR-12, jutiba
saturs un organisko | 10694 (2006) | (sausa sadedzinasana |0,001%
vielu sastava eso$a 1371 °C tempera-
oglekla saturs tara), Corg. = Ckop. —
Charb.
Niop. Kopéjais slapekla | LVS ISO Modificéta Kjeldala | Mineralizacijas iekarta
saturs 11261 (2002) | metode SELECTA P, BLOC-

DIGEST 12

Tvaika destilators
SELECTA P,
Prionitro I

Potenciometriskais
titrators SI Analytics
WA 20 mL, precizitate
0,01 mL

Stikla elektrods SI
Analytics 453, precizi-
tate 0,01 pH vieniba
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2.5. tabulas turpinajums

Parametrs
— Metode Metodes princips Instrumenti/ iekartas
Apziméjums Paskaidrojums
NOs-N Nitratu sastava eso- | Macherey- Spektrofotometrija | Jenway 6300, precizita-
$a slapekla saturs nagel Viso- te 0,001 vieniba
color ECO
Nitrate
NH4*-N Amonija jonusa- | Neslera Spektrofotometrija | Jenway 6300, precizita-
stava eso$a slapekla |reagenta te 0,001 vieniba
saturs metode
Skop. Kopéjais séra saturs | ELTRA Elementanalize, sausa | ELTRA CS-530, jutiba
sadedzinasana 1350— | 0,02%, maksimala
1450 °C temperatara | analizes temperatira
1550°C
PO#~-P Fosfatu sastava eso- | LVS 398 Spektrofotometrija | Jenway 6300, precizita-
$a fosfora saturs (2002) te 0,001 vieniba
K (apmainas | Augiem viegli uz- |LAAS, emisi- | 1 M amonija acetata | PerkinElmer AAnalyst
frakcija) nemama K saturs | jas rezims ekstrakts 200
P K, Ca, Mg, |Koncentrétas ICP-AES Koncentrétas HNO3 | Gerhardt mineralizaci-
Fe, Al, S, Mn, |HNO:s un koncen- un koncentrétas jas iekarta
gu, Z'n, Co, Freta_s HCIO4 _rpalsl— H'ClO4 mals})u{na VARIAN Vista-PRO
1, Ni, Pb, juma ekstrahéjamo (tilpumu attieciba ICP-AES
Cd, As, V, Mo | elementu saturs 5:1) ekstrakts
saturs
Hg saturs Kopéjais Hg saturs | Auksta tvaika | Auksta tvaika atomu |LECO AMA254
AAS absorbcijas spektro- | Mercury Analyzer

metrijas metode

2.3.2. Udens paraugu fizikali kimiskas analizes

Udens paraugu kimisko analizu kopsavilkums paradits 2.6. tabula.

2.6. tabula

Udens paraugu fizikali kimisko analizu kopsavilkums

Parametrs
—— — Metode Metodes princips Instrumenti/ iekartas
Apziméjums Paskaidrojums
pH Udens pH LVS EN ISO Potenciometrija pH metrs Jenway
10523:2012 3510, precizitate
0,01 pH vieniba
Stikla pH elektrods
Hanna Instruments
HI1230
EVS Elektrovaditspéja | LVS EN Tiesa elektrovadit- Konduktometrs
27888:1993 spéjas mérisana Jenway 470, precizita-
te 0,5%
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2.6. tabulas turpindjums

Parametrs
— Metode Metodes princips Instrumenti/ iekartas
Apziméjums Paskaidrojums
Sarmainiba Kopéja sarmainiba | LVS ENISO | Potenciometriska Potenciometriskais
9963-1:1995 | titrimetrija titrators SI Analytics
WA 20 mL, precizitate
0,01 mL
Stikla elektrods ST
Analytics 453, precizi-
tate 0,01 pH vieniba
PO#~-P Fosfatjonu sastava | LVSENISO | Amonija molibdata | Jenway 6300, precizi-
esosa fosfora saturs | 6878:2005 A/L | spektrofotometriska | tate 0,001 vieniba
metode
NOs™-N Nitratjonu sastava | Formacs ko- | Hemiluminiscences | FORMACSHT
esosa slapekla péja organiska | detektors TOC/TN Analyzer
saturs oglekla/ ko-
péja slapekla
analizators
NH4*-N Amonija jonu LVS ISO Spektrofotometrija | Jenway 6300, precizi-
sastava eso$a 7150-1:1984 tate 0,001 vieniba
slapekla saturs
K, Na, Ca, Mg |K,Na,Caun Mg |LVSENISO |Liesmas atom- PerkinElmer
saturs 7980:2000 absorbcijas/ atom- AAnalyst 200
LVS ISO Ienn;ili}z;s spektro
9964-3:2000 L
Nkop. Kopéja slapekla LVS EN Katalitiska sadedzi- | FORMACSHT
saturs 12260:2004 L, | nasana, hemiluminis- | TOC/TN Analyzer
Formacs ko- | cences detektors
péja organiska
oglekla/ ko-
péja slapekla
analizators
Ckop., Corg.s Kopéja izskidusa | LVS EN Katalitiska sadedzi- | FORMACSHT
Cheorg. oglekla, izskidusa | 1484:2000, nasana, infrasarkana | TOC/TN Analyzer
organiska oglekla |Formacs ko- | detektésana
un izS§kidusa ne- | péja organiska
organiska oglekla | oglekla/ ko-
saturs péja slapekla
analizators
Mn, Ni, Cu, Mn, Ni, Cu, Zn, ICP-MS Induktivi saistitas Induktivi saistitas
Zn, As, Cd As, Cd un Pb plazmas masspektro- | plazmas masspektro-
un Pb kopéjais saturs metrija metrs ELAN DRC-e,

PerkinElmer

49



2.3.3. Augu un sénu biomateriala paraugu fizikali Kimiskas analizes

Augu un sénu biomateriala paraugu kimisko analizu kopsavilkums paradits

2.7. tabula.

2.7. tabula

Augu un sénu biomateriala paraugu kimisko analizu kopsavilkums

Parametrs - -
— — Metode Metodes princips Instrumenti/ iekartas
Apziméjums Paskaidrojums
Crop. Kopégjais oglekla | LVSISO 10694 | Elementanalize LECO CR-12, jutiba
saturs (2006) (sausa sadedzinasana | 0,001%
1371 °C temperatiira)
Nkop. Kopéjais slapekla | LVSISO 11261 | Modificéta Kjeldala | Mineralizacijas iekarta
saturs (2002) metode SELECTA P, BLOC-DI-
GEST 12;
Tvaika destilators
SELECTA P, Prionitro I;
Potenciometriskais
titrators SI Analytics
WA 20 mL, precizitate
0,01 mL;
Stikla elektrods SI
Analytics 453, precizita-
te 0,01 pH vieniba
Skop. Kopéjais séra ELTRA Elementanalize, ELTRA CS-530, jutiba
saturs sausa sadedzinasana | 0,02%, maksimala
1350-1450 °C tem- | analizes
peratara _
temperatira 1550 °C
Prop. Kop¢jais fosfora | LVS 398 Mineralizésana konc. | Jenway 6300, precizitate
saturs (2002) HNO:, spektrofo- 0,001 vieniba
tometrija
K, Ca, Mg K, Caun Mg LVSENISO |Liesmas atomab- PerkinElmer A Analyst
saturs 7980:2000 sorbcijas/ atoemisijas | 200
LVS ISO spektrometrija
9964-3:2000 L
Stabilo C Stabilo oglekla | IRMS Elementanalize, Elementanalizators
(83C)un N (8"C) un slapek- vieglo stabilo izotopu | EuroVector Euro-
(8"N) izotopu |la (§"°N) izotopu attiecibas masspek- | EA3024 tandéma ar Nu
attieciba attieciba trometrija Instruments Nu Hori-
zon izotopu attiecibas
masspektrometru
13C, 2Mg, ?’Al, | Izotopu relativais | LA-ICP-MS | Lazera ablacijas Lazera ablacijas sistéma
31p, 9K, #4Ca, | saturs induktivi saistitas UP213 (NewWave,
5Cr, *Mn, plazmas masspektro- | USA) tandéma ar
6Fe, °Nj, metrija induktivi saistitas plaz-
63Cu, %Zn, mas masspektrometru
1Cd, 22Hg Agilent 7500ce (Agilent
un 2%Pb izo- Technologies, Japan)
topu relativais
saturs
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Stabilo oglekla un slapekla izotopu attiecibas mértjumi augu un sénu

biomateriala

Stabilo oglekla (6'*C) un slapekla (8!°N) izotopu attiecibas mérijumi augu un sénu
biomateriala (apsu hibridu lapas, zaros un parasto ap$ubeku (Leccinum aurantiacum
(Bull.) Gray) auglkermenos) veikti Latvijas Universitates Kimijas fakultaté, izmanto-
jot Elementanalizatoru EuroVector EuroEA3024 (sadeg$anas reaktora temperatara
1030 °C, reducésanas reaktora temperattra 650 °C) un izotopu attiecibas masspektro-
metru Nu Instruments Nu Horizon (paatrinasanas spriegums C un N noteiksanai 5 kV,
masu diapazons 2 — 100 Da, magnétiska sektora radiuss > 30 cm).

8C un 8N meérjjumiem 1000 + 50 pg gaissausa, homogéna biomateriala ievietoja
alvas kapsulas (5 x 9 mm, EuroVector) un sapreséja lodités vai cilindros ar diametru un
augstumu, kas nav lielaks par 4 mm, jo iekartas autosamplera ieejas caurules diametrs
ir 5 mm. Pirms paraugu analizes veica mérijumu sériju ar tuksiem paraugiem — sade-
dzinot tuksas alvas kapsulas, lai sagatavotu instrumentu analizém (attiritu kolonnu).
Kalibrésanai izmantota analitiski tira glutaminskabe (200, 500, 800, 1100 un 1400 +
20 pg; Sigma-Aldrich). Mérijumu ieks$éjas kvalitates kontroles nodrosinasanai ik péc
10 paraugu mérijumiem tiek veikts glutaminskabes (1000 + 50 ug) mérjjums. Sakotnéjo
8*C un 8PN meérjjumu datu apstradi veica Lauma Busa.

LA-ICP-MS mérijumi koka gadskartas

Lazera ablacijas induktivi saistitas plazmas masspektrometrijas mérjjumi ap$u hib-
ridu gadskartas veikti Masarika Universitates Zinatnu fakultaté (Cehija) Dr. Viktora
Kanicka (Viktor Kanicky) vadiba. LA-ICP-MS sistémas instrumentala kombinacija
sastav no lazera ablacijas sistémas UP213 (NewWave, USA), kas generé aerosolu no
parauga, un ICP-MS Agilent 7500ce (Agilent Technologies, Japan), kas izmantots iz-
véléto izotopu detektéSanai. Lai nodrosinatu zemako iespéjamo metodes detektésa-
nas robezu un piemérotu paraugu ievadiSanas izskirtspéju, ablacijas parametri ir op-
timizéti (2.8. tabula). Standartizé$anai izmantots stikla sertificéts references materials
NIST610. Apsu hibridu paraugos noteikti $adi izotopi: 1*C, 2Mg, ¥Al, *'P, ¥K, *'Ca,
53C1’, 55Mn, 56Fe, GONi, “Cu, 66Zn, lllcd, 2°2Hg, 208ph,

2.8. tabula

Lazera ablacijas parametri

Parametrs Vertiba, mérvieniba
Lazera staru vilnu garums 213 nm
Lazera plankuma izmérs uz parauga 100 um
Skenésanas atrums 70 um s~
Lazera stara ipatnéja jauda 2,5] cm™
MeériSanas atrums 10 Hz
Neséjgazes plasma 1,0 L He min™!

Paraugu LA skenésana veikta pa divam perpendikularam linijam, parvietojot pa-
raugu ar konstantu atrumu, sakot no serdes virziena uz mizu (2.11. att.). Savstarpéji
perpendikularo liniju novietojums izvéléts ta, lai linijas nekrustotu stumbra anatomis-
kos elementus.
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2.11. att. LA-ICP-MS mérijumu dizains

2.4. Organiska C un kopé&ja N uzkrajuma augsné aprékinasana

Organiska C un kopéja N uzkrajums augsné aprékinats, izmantojot 2.1. vienadoju-
mu (Kahle et al., 2010; Nair, 2011).

Co‘rg./Nkop.UA = Corg./Nkop. * B« H * (1 - Pme) * 100_1’ kur (2-1-)

Corg/Nkop. UA — organiska C vai kopéja N uzkrajums augsné noteikta augsnes sla-
ni, kg m=

Corg/Nkop. — organiska C vai kopéja N saturs augsné, g kg™;

B — augsnes blivums, g cm™;

H — augsnes slana biezums, cm;

P2mm — augsnes frakcijas, kuras dalinu izmérs ir > 2 mm, tilpums (pienem par 0), %.

Organiska C un kopéja N uzkrajums augsné rékinats 4 dazados augsnes slanos —
0-20 cm, 20-40 cm, 40-60 cm un 60-80 cm dziluma. Lidzigi aprékinats kumulati-
vais organiska C un kopéja N uzkrajums augsné — 0-20 cm, 0-40 cm, 0-60 cm un
0-80 cm dziluma.

2.5. Baribas elementu izskaloSanas no augsnes apjoma
aprékinasana

Izskaloto baribas elementu apjoma aprékinasanai izmantoti augsnes tdens, kas
nemts 60 cm dziluma, kimiska sastava empiriskie dati un augsnes noteces (virséjo
gruntsitddenu noteces) dati, kuri laika posmam no 2011. gada 1. janvara lidz 2015. gada
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31. decembrim (2.12 att.) aprékinati, izmantojot konceptualo modeli METQ, kura jau-
naka versija METQ2012 izstradata Latvijas Lauksaimniecibas universitates Meza un
adens resursu zinatniskaja laboratorija (Grinfelde & Lauva, 2012). Baribas elementu
satura diennakts vidéja vértiba aprékinata, veicot baribas elementu satura interpolaciju
starp diviem paraugu nemsanas periodiem.
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2.12. att. Virséjo gruntsiidenu notece pétijuma perioda

Modela METQ2012 konceptuala shéma ir dota 2.13. attéla, kur ar bultam tiek uz-
skatami paraditas galvenas dens plismas. Udens bilances aprékinos apjomigs raditajs
ir tdens uzkrajums hidrologiskaja reakcija, ka, pieméram, sniega sega, augsnes aktivaja
slani, gruntsideni un ar to saistitaja kapilaraja pacel$anas slani. Aug$éjam slanim, kas
nosaukts par augsnes aktivo slani, $§aja modeli nav precizi definétas apakséjas robezas,
toties ir norade, ka taja izvietojas augu saknu galvena dala. Vegetacijas perioda §i slana
summaro iztvaikosanu nosaka galvenokart augu transpiracija. Savukart gruntsidens
krajumi $aja hidrologiskaja modeli tiek raksturoti ar brivo poru tilpuma slani starp ze-
mes virsmu un gruntsiidens limeni. Katras hidrologiskas atbildes vienibas noteci rak-
sturo ar $adam komponentém: Q1 — virszemes notece; Q2 — augsnes notece; Qs — dzi-
la pazemes notece no slaniem, kas drenéjas apskatamaja upes baseina. Hidrografiskaja
tikla $is noteces komponentes apvienojas un transforméjas izlidzinata upju notecé — Q
(Grinfelde & Lauva, 2012).

Hidrologiska modela izmanto$anai nepiecie$ami meteorologiskie dati — gaisa tem-
peratiira, nokri$nu un relativa gaisa mitruma dati diennakts griezuma. Nakamais so-
lis aprékinu veik$ana ir katras hidrologiskas atbildes vienibas caurpliduma aprékins:
Q1 — virszemes notece; Q2 — augsnes notece; Qs — dzila pazemes notece no slaniem,
kas drenéjas apskatamaja upes baseina. Izmantojot meteorologiskos datus un iepriek-
$&jas dienas aprékina rezultatus, tiek aprékinata adens bilance aktivaja augsnes slani,
udens bilance sniega sega, un adens bilance gruntsiidens slani.
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2.13. att. Konceptuala hidrologiska modela METQ shéma (Grinfelde & Lauva, 2012)

P — nokrisni, mm dnn™'; ES — iztvaiko$ana no sniega, mm dnn~'; RS — lietu un sniega kuSanas
idens, mm dnn™!; EA — iztvaikoSana no augsnes aktiva slana, mm dnn%; SMS — adens saturs
augsnes aktivaja slani, mm; PZ — drenéta slana biezums, cm; Q1, Q2, Qs — noteces komponentes,
mm dnn™!; Q — notece aprekina veruma m?* dnn™'; RCH — udens parplide no augsnes aktiva
slana uz gruntsidens horizontu, mm dnn™'; SS — idens saturs sniegd, mm; GW — brivo grunts
poru tilpums, mm; DZ — augs$éja slana biezums, cm; ZCAP — kapilaras pacelSands augstums, cm;
WZ — gruntsadens dzilums, cm; DPERC — dzila pazemes notece mm dnn™!

Udens bilances vienidojums augsnes aktivajam slanim ir $ads (Grinfelde &
Lauva, 2012):

SMS, = SMS,, + RS — EA + CAP — RCH — Q, kur (2.2)

SMSe un SMS, — tidens saturs aktivaja augsnes slani, attiecigi, apskatamas diennakts
sakuma un beigas, mm;

RS — sniega kusanas un lietus adeni, mm dnn™};

EA — summara iztvaiko$ana no augsnes aktiva slana, mm dnn™;

CAP — kapilara pacel$anas, mm d%;

RCH — udens partece no augsnes aktiva slana uz gruntsadens horizontu, mm dnn};
Qi — virszemes notece, mm dnn!.

Udens bilances vienadojums gruntsiidens un kapilaras pacel$anas slanim ir $ads
(Grinfelde & Lauva, 2012):

GW, = GW, — RCH + CAP + Q, + Q5 + DPERC, kur (2.3)
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GW. un GWp — brivo grunts poru tilpums diennakts sakuma un beigas, mm;
RCH — udens partece no augsnes aktiva slana uz gruntsadens horizontu, mm d};
CAP — kapilara pacel$anas, mm d;

Q2 — notece no augséjas “drenas”, mm d';

Qs — notece no apakséjas “drenas”, mm d';
DPERC — notece uz dzilakiem slaniem, mm d~%

Udens bilance sniega sega (Grinfelde & Lauva, 2012):
M = CMELT * (T — T,), kur (2.4.)

M — ikdienas sniega ku$ana, mm;
(T — T2) — dienas — gradu skaits virs robeztemperatiras, °C d;
CMELT — sniega udens atdeves koeficients, mm.

Péc aprékina pabeig$anas dati tiek saglabati katrai hidrologiskas atbildes vienibai un
veikts aprékina process devinu dienu koordinatei, kas raksturo Gdens plasmas transfor-
maciju tdensteces gultné (Grinfelde & Lauva, 2012).

Hidrologisko modelu veiktspéju nosaka, izmantojot tris galvenos kritérijus — Nash-
Sutcliffe kritériju, Pirsona korelacijas koeficientu (r) un determinacijas koeficientu (R?),
kurus ieteicams lietot kopa. Nash-Sutcliffe kritérijs parada modeléto un novéroto vér-
tibu sakritibu un ir izveidots tiesi hidrografu modeléto un novéroto vértibu sakritibas
novértésanai (Nash & Sutcliffe, 1970; Moriasi et al., 2007). Pirsona korelacijas koefi-
cients un determinacijas koeficients parada novéroto un modeléto datu kolinearitati un
nosaka sakaribas cieSumu novérotajiem un modelétajiem datiem (Arhipova & Balina,
2006; Moriasi et al., 2007; Grinfelde & Lauva, 2012).

2.6. Datu statistiska apstrade

Datu statistiska analize veikta, izmantojot Libre Office Calc un R programmati-
ras funkcijas. Dazadu parametru sakaribu novértésanai izmantoti Pirsona korelacijas
koeficienti un funkciju (regresiju) determinacijas koeficienti. Korelacijas koeficienta
(r) vértiba raksturo atbilstosas sakaribas cieSumu. Determinacijas koeficients R? atspo-
gulo novéroto datu dispersijas proporciju, kas tiek izskaidrota ar modelétajiem datiem
(Arhipova & Balina, 2006).

Datu kopas atbilstiba normalajam sadalijjumam parbaudita, izmantojot grafisko
analizi programma R — funkciju gqPlot() paketé car (piemérs 2.14. attéla), kas attélo
attiecibu starp realo datu kvantilém un teorétisko datu kvantilém (teorétiskie dati vei-
doti, balstoties uz realo datu statistiskajiem raditajiem ta, lai tie atbilstu normalajam
sadalijumam) (Elferts, 2013).
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2.14. att. Datu kopas (*'P relativais daudzums apsu hibridu koksné) atbilstibas normalajam
sadalijumam parbaude programma R

Datu paraugkopu salidzinaganai un atskiribu butiskuma noveérté$anai izmantota
programma R. Divu paraugkopu salidzinasanai ar neparametriskam analizes meto-
dém izmantots Vilkoksona tests (Wilcoxon rank sum test with continuity correction vai
Wilcoxon signed rank test atkariba no ta, vai divas paraugkopas ir atkarigas vai neatka-
rigas), funkcija wilcox.test(), batiskuma limenis o = 0,05. Vilkoksona testu neatkarigu
paraugkopu gadijuma médz saukt arl par Mann-Vitneja testu (Mann-Whitney Test)
(Elferts, 2013).
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3. REZULTATI UN TO IZVERTEJUMS

3.1. Augsnes ipaSibas un sastavs

Tiek uzskatits, ka atraudzigas koku sugas (taja skaita vitolu dzimtas Salicaceae
gints Populus) uzlabo augsnes kvalitati (Kahle et al., 2010), samazina erozijas draudus
(Pellegrino et al., 2011). Augsném agromezsaimniecibas sistémas ir liels C piesaistes
potencials (Park et al., 1994; Garten, 2002; Baum et al., 2009; Nair et al., 2009a), turklat
iscirtmeta meZsaimnieciba lauj izvairities no intensivas augsnes arSanas (Kahle et al.,
2010), kas veicina SEG emisijas (Eggleston et al., 2006), kaut gan pétijjumu rezultati gan
valsts, gan starptautiska limeni ir visai pretrunigi (Lutter et al., 2016a). Pétijumos tiek
uzsverts, ka lauksaimniecibas zemes apsaimniekosanas ietekmes uz augsnes kvalitati
batiskums ir atkarigs no sakotnéjiem vides apstakliem (Lal, 2005; Turner et al., 2005).
Augsnes kvalitate ir definéta ka specifisku augsnes funkciju kapacitate nodrosinat augu
un dzivnieku produktivitati, uzturét un uzlabot idens un gaisa kvalitati, uzturét cil-
véku veselibu un labklajibu dabisku vai apsaimniekotu ekosistému ietvaros (Karlen
etal., 1997).

Pétijuma ietvaros tika izvértétas augsnes fizikalo Ipasibu un kimiska sastava izmai-
nas péc dazada veida pamatmeéslojuma iene$anas lauksaimniecibas zemé un ap$u hibri-
du kokaugu stadijuma ierikos$anas.

3.1.1. Augsnes blivums

Augsnes blivums ir nozimigs fizikals parametrs, kas ietekmé augsnes baribas vie-
lu uzkrajumu, tdens aiztures kapacitati un gazveida vielu apriti augsné jeb augsnes
aeraciju (Wang et al., 2010, 2011). Pétjjuma ietvaros netika konstatétas butiskas (p >
0,05) augsnes blivuma atskiribas starp kontroles un méslotajiem parauglaukumiem, ka
ari starp dazadiem kokaugu stadijuma dizainiem ne 2011. gada, ne 2015. gada. Savukart
batiskas (p < 0,05) augsnes blivuma atskiribas tika konstatétas starp dazadiem augsnes
slaniem — dzilakos augsnes slanos augsnes blivums ir lielaks. Kaut ari péc kokaugu sta-
dijuma izveido$anas lauksaimniecibas zemeé tika novérota tendence samazinaties aug-
snes blivumam, ipasi aug$éjos augsnes slanos (vidéji no 1521 + 35 kg m™ 2011. gada
uz 1381 + 27 kg m™ 2015. gada 0-20 cm dziluma un no 1569 + 28 kg m™ 2011. gada
uz 1373 + 25 kg m™ 2015. gada 20-40 cm dziluma), statistiski batiskas atskiribas starp
augsnes blivumu atsevi$ku parauglaukumu limeni 2011. un 2015. gada netika konsta-
tétas. Savukart, salidzinot augsnes blivuma vidéjos raditajus 0-20 cm un 20-40 cm
dziluma dazadu kokaugu stadijuma dizaina ietvaros (3.1. tabula), konstatéts, ka vi-
déjais augsnes blivums ceturtaja gada péc stadijuma izveido$anas ir statistiski batiski
samazinajies (p < 0,05). Tas liecina, ka kokaugu aug$anas un saknu sistému attistibas
rezultata augsnes virskartas blivums samazinas un augsne klast gan adens, gan gazvei-
da vielu caurlaidigaka, savukart augsnes dzilako slanu blivumu kokaugu augsana maz
ietekmé. Rosenvald et al. (2014) ir konstatgjis, ka lauksaimniecibas zemés aps$u hibridu
saknu sistéma galvenokart izplatas baribas vielam bagataja A horizonta. Pétijuma ob-
jekta A horizonta apakséjas robezas dzilums ir 31-42 cm, kas sakrit ar augsnes slani,
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kura péc apsu hibridu stadijuma ieriko$anas konstatéts butisks augsnes blivuma sama-
zinajums. Augsnes virskartas blivuma samazinajums ir izskaidrojams ari ar kokaugu
un zemsedzes vegetacijas nobiru koncentrésanos augsnes virskarta, ka ari lielaka dala
uzstico$o saknu, augu un augsnes dzivnieku atlieku uzkrajas augsnes virskarta 0-60 cm
dziluma (Zhou & Guan, 2007; Wang et al., 2010). Tapat jamin, ka viens no svarigakiem
augsnes blivuma samazinasanas un porozitates palielinasanas iemesliem ir augsnes sa-
sal$ana un atku$ana vairakas reizes gada, kas novérojama nepastavigas ziemas, kas rak-
sturigas Latvijas geoklimatiskajiem apstakliem (Flerchinger et al., 2005).

Zviedrija veikta pétijuma noskaidrots, ka apsu hibridu, papelu un karklu kokaugu
stadijuma lauksaimniecibas zemé izveido$anas rezultata piecu gadu laika péc stadi-
jumu izveido$anas nav novérota butiska ietekme uz augsnes blivumu (Rytter, 2016).
Savukart, Kahle et al. (2007) 12 gadus veca Salicaceae koku sugu plantacija ir noskaid-
rojis, ka lidz ar saknu sistému attistibu un organiskas matérijas satura palielinajumu
augsnes virskarta augsnes blivums ir butiski samazinajies.

3.1. tabula
Augsnes blivums (kg m~?) pétijuma objekta
Stadijuma dizains: 2,0 x 2,0 m Stadijuma dizains: 2,5 x 5,0 m
Gads
kontrole | digestats| danas koksnes vidéji |kontrole [digestats| danas koksnes vidéji

pelni pelni

Augsnes slanis: 0-20 cm
1578 1585 1534 1640 1584 1547 1524 1241 1520 1458
+153 +56 +91 +78 + 46 +91 +82 +72 +82 +49
1395 1323 1442 1489 1412 1362 1293 1305 1439 1350
+98 +89 +61 +108 +43* +62 +25 + 68 +92 +33*
Augsnes slanis: 20-40 cm
1510 1505 1582 1560 1539 1508 1597 1628 1666 1600
+68 +34 + 142 +92 +42 +81 +71 +70 +62 +35
1389 1294 1469 1461 1403 1327 1295 1335 1415 1343
+114 + 60 +44 +53 + 37* +85 +45 +71 +63 + 32*
Augsnes slanis: 40-60 cm
1628 1675 1745 1693 1685 1788 1693 1751 1728 1740
+ 84 +130 +93 +95 +47 +31 + 186 +60 +41 +46
1513 1576 1671 1660 1605 1789 1701 1548 1692 1682
+159 | £139 +85 +92 +57* +59 +110 | £175 + 62 +55
Augsnes slanis: 60—80 cm
1786 1741 1823 1784 1783 1850 1875 1834 1779 1834
+23 + 88 +55 +25 +26 +41 +35 +26 +63 +21

1750 1606 1758 1731 1711 1716 1748 1711 1701 1719
+71 + 122 + 83 + 80 +44 +24 +73 + 48 +61 + 25*

2011

2015

2011

2015

2011

2015

2011

2015

* Statistiski butiskas atskiribas starp 2011. un 2015. gadu pamatmeslojuma veida ietvaros vai kokaugu
stadijuma dizaina ietvaros, ja salidzina videjas vertibas.
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3.1.2. Augsnes pH

Uz augsnes koloidiem adsorbéto jonu un augsnes skiduma sastavs nosaka aug-
snes pH (Nikodemus et al., 2008). Augsnes pH ir viena no butiskakajam ipasibam, kas
ietekmeé augsnes biologisko aktivitati, augu aug$anu, ka ari zinama meéra jonu apmainas
kapacitati, organisko vielu un mineralu $kidibu, baribas elementu pieejamibu augiem,
ka ari baribas elementu zudumus izskalo$anas rezultata (Nikodemus ef al., 2008; Lutter
et al., 2016b). Lai nodrosinatu ilgtspéjigu baribas elementu pieejamibu augsné, ir svari-
gi noskaidrot augsnes pH dinamiku iscirtmeta stadijumos zemeés, kas ieprieks izmanto-
tas lauksaimniecibas mérkiem (Lutter ef al., 2016b).

Tiek uzskatits, ka augsnes pH ir viena no visstraujak reagéjosam augsnes ipasibam,
kas liecina par lauksaimniecibas zemju transformaciju uz meza zemém raksturigiem
vides apstakliem. Ziemeleiropa dabiskais lauksaimniecibas zemju skabums un baribas
elementu saturs augsné tika ievérojami mainits intensivas augsnes kalkosanas rezulta-
ta, kas tika veikta ar mérki samazinat augsnes skabumu. Atraudzigo lapu koku sugu
stadijumu izveido$anas lauksaimniecibas zemés rezultata dazu pirmo gadu desmi-
tu laika nereti tiek novérota augsnes virskartas pH vértibas samazinasanas (Jug et al.,
1999; Ritter et al., 2003; Uri et al., 2011; Lutter et al., 2015).

Pétijuma ietvaros konstatétas butiskas (p > 0,05) augsnes apmainas skabuma (pH
CaCly) atskiribas parauglaukumos ar dazadu kokaugu stadijuma dizainu viena pamat-
meéslojuma veida, pétijjuma gada un augsnes slana ietvaros (3.2. tabula). Tas liecina par
butiskam augsnes apmainas skabuma atskiribam jeb lielu dabisko augsnes apmainas
skabuma variaciju pétijjuma objekta. To apstiprina ari fakts, ka parauglaukuma identifi-
céti divi dazadi augsnes tipi (velénpodzoléta virséji glejota augsne un virséji velénglejo-
ta augsne), ka ari, veicot dazadu augsnes genétisko horizontu analizes, konstatétas bi-
tiskas augsnes aktiva skabuma (pH H20) un apmainas skabuma (pH KCl) atskiribas —
atSkiriba starp augsnes aktivo skabumu minerala tradvielu akumulacijas horizonta Ap
sasniedz 2,1 pH vienibas, Ah horizonta — 2,3 pH vienibas, savukart atskiriba starp
augsnes apmainas skabumu (pH KCI) minerala tradvielu akumulacijas horizonta Ap
sasniedz 2,5 pH vienibas, Ah horizonta 2,8 pH vienibas (Karklin$§ & Rancane, 2012a;
Karklin$ & Rancane, 2012b).

Nemot véra lielo dabisko augsnes skabuma variaciju pétijjuma objekta, statistis-
ki batiskas (p < 0,05) augsnes apmainas skabuma atskiribas starp kontroles paraug-
laukumiem un parauglaukumiem, kur ienests pamatmeéslojums, konstatétas tikai
atseviskos parauglaukumos, kur ienests dianu vai koksnes pelnu pamatmeéslojums,
2011. un 2013. gada 20—-80 cm dziluma (3.2. tabula). Statistiski butiskas augsnes ska-
buma izmainas stadijuma ierikoSanas rezultata viena kokaugu stadijuma dizaina, pa-
matméslojuma veida un izdalita augsnes slana ietvaros netika konstatétas. Lidzigus
rezultatus Ziemelvacija ir konstatéjusi ari Kahle et al. (2010), savukart atseviskos pé-
tijumos Populus kokaugu stadijuma izveides rezultata lauksaimniecibas zemés ir kon-
statéta augsnes pH samazinasanas (Jug et al., 1999; Ritter et al., 2003; Sartori et al.,
2007; Pellegrino et al., 2011; Rytter, 2016).
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Augsnes apmainas skabums (pH CaClz) pétijuma objekta

3.2. tabula

Stadijuma dizains: 2,0 x 2,0 m

Stadijuma dizains: 2,5 x 5,0 m

Gads
kontrole | digestats danas koksn.es kontrole | digestats danas koksnfe s
pelni pelni
Augsnes slanis: 0-20 cm
2011 6,0 57 5,6 5,7 6,59 6,5 6,7 6,8
+0,2 +0,3 +0,2% +0,2% +0,08 +0,4 + 0,2 +0,1*
2013 6,1 55 6,2 6,2 6,8 6,6 72 7,0
+0,2* +0,3 +0,2% +0,3* +0,1* +0,2 +0,1* +0,1%*
2015 5,7 5,4 5,7 5,6 6,2 6,2 6,5 6,6
+0,3 +0,5 +0,2% +0,4 +0,1 +0,2 +0,1* +0,2
Augsnes slanis: 20-40 cm
2011 59 55 5,7 5,8 6,49 6,4 6,8 6,8
+0,3 +0,3 +0,3* +0,3* +0,04 +0,4 + 0,2 +0,1%
2013 6,1 5,5 5,9 6,3 6,7 6,6 7,33 7,1
+0,1* +0,4 +0,4* +0,2* +0,1* +0,3 +0,02%/** | £0,1*
2015 57 54 5,7 58 6,5 6,3 6,7 6,5
+0,4 +0,5 +0,3* +0,3 +0,2 +0,3 +0,2% +0,2
Augsnes slanis: 40—60 cm
2011 5,7 5,4 58 6,1 6,4 6,5 7,0 6,87
+0,3 +0,4 +0,3* +0,2* +0,3 +0,4 +0,2%  [£0,07¢/**
2013 6,41 5,6 6,0 6,6 6,8 6,7 7,53 7,15
+0,08% +0,4 + 0,4 +0,2 +0,1% +0,3 + 0,04/  +0,09
2015 5,5 5,6 53 6,5 6,4 6,3 6,6 6,4
+0,5 +0,6 +0,4 +0,3 +0,4 +0,4 +0,2 +0,1
Augsnes slanis: 60—-80 cm
2011 6,1 5,4 6,0 6,4 6,4 6,8 7,1 7,0
+0,2 +0,5 +0,3 +0,3 +0,4 +0,4 +0,2 +0,2
2013 6,6 5,7 6,5 6,7 6,9 6,8 7,6 7,19
+0,1 +0,5 +0,2* +0,2 +0,2 +0,4 +0,1%/** + 0,02
2015 5,4 5,6 58 6,1 6,4 6,6 6,7 6,7
+0,6 +0,6 +0,5 +0,5 +0,6 +0,5 +0,2 +0,4

* Statistiski bitiskas (p < 0,05) augsnes pH atskiribas starp parauglaukumiem ar daZadu kokaugu
stadijuma dizainu viena pamatmeéslojuma veida, pétijuma gada un izdalita augsnes slana ietvaros.

** Statistiski btiskas (p < 0,05) augsnes pH atskiribas starp kontroles un méslotiem parauglaukumiem
viena kokaugu stadijuma dizaina, pétijuma gada un izdalita augsnes slana ietvaros.

3.1.3. Organiska oglekla saturs un uzkrajums augsné

Agromezsaimnieciba ir viens no pasakumiem, kas paslaik tiek rekomendéts kli-
mata parmainu mazinasanas mérku sasnieg$anai (Tumwebaze & Byakagaba, 2016).
Tiek uzskatits, ka agromeZsaimniecibas sisttmam piemit liels C akumulacijas po-
tencials piecas galvenajas C kratuvés: virszemes augu biomasa (kokaugi, zemsedze),
augu saknes (kokaugi, zemsedze), nedziva zemsega (nobiras), mikroorganismi un
augsne (Mosquera-Losada et al., 2011; Udawatta & Jose, 2011; Monroe et al., 2016).
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Ja agromezZsaimniecibas sistémas tiek apsaimniekotas ilgtspéjigi, C var tikt uzkrats $ajas
sistémas gadsimtiem ilgi (Dixon, 1995), bet C uzkrasanas potencials agromeZsaimnie-
cibas sistémas ir atkarigs no koku sugas, to aug$anas atruma, ka ari no augsnes tipa
un zemes apsaimniekosanas prakses (Nair et al., 2009a, 2009b; Mosquera-Losada et al.,
2011). Lai ari augsné C ir sastopams gan organisku, gan neorganisku savienojumu vei-
da, zemes izmanto$anas un apsaimnieko$anas aktivitates galvenokart ietekmé augsnes
organisko matériju (Eggleston et al., 2006).

Izmainas organiska oglekla uzkrajuma augsné péc aramzemes apmezo$anas globali
ir plasi pétitas, bet maz ir zinams par organiska oglekla uzkrajuma augsné izmainam
péc méslotu Iscirtmeta kokaugu stadijumu, kas ierikotas agromeZsaimniecibas sisté-
ma, izveides lauksaimniecibas zemé (Zeng et al., 2014). Organiska C uzkrajums augsné
ir funkcija no augsnes blivuma un organiska C satura augsné dazados augsnes slanos
(Kahle et al., 2010; Nair, 2011). Vidéjais organiska C saturs pétijuma objekta dazados
augsnes slanos ir apkopots 3.3. tabula.

3.3. tabula
Organiska C saturs (g kg™') augsné pétijuma objekta
Stadijuma dizains: 2,0 x 2,0 m Stadijuma dizains: 2,5 x 5,0 m
Gads
kontrole | digestats| dinas koksnf:s vidéji |kontrole |digestats| dinas koksn'e s videji
) pelni ’ pelni
Augsnes slanis: 0-20 cm
2011 22 20 18,6 19 20 28 24 28 23 26
+6 +4 +0,5 +6 +2 +4 +2 +4 +4 + 2%
2015 22 22 17,2 17 19 27 23 28 20 25
+5 +6 +0,5 +6 +2 +3 +1 +7 +4 + 2%
Augsnes slanis: 20-40 cm
2011 17 20 13,4 15 16 24 18 25 23 22
+8 +4 +0,9 +6 +2 +7 +3 +6 +4 + 3%
2015 21 19 17 13 18 21 22 22 18 21
+6 +5 +2 +4 +2 +6 +1 +5 +5 +2
Augsnes slanis: 40—60 cm
2011 13 8 3,6 2,7 7 3,1 6 12 7 7
+10 +4 +0,3 +0,4 +3 +0,3 +1 +10 +4 +3
2015 8 7 1,2 3 5 0,9 2,1 13 0,9 4
+6 +4 +0,6 +2 +2* +0,3 +0,9 +13 +0,4 + 3%
Augsnes slanis: 60—80 cm
2011 14 2,7 3 2 5 3 1,4 1,9 1,7 2,0
+12 +0,7 +1 +1 +3 +1 +0,6 +0,8 +0,4 +0,4
2015 0,9 3 0,2 4 1,9 0,5 1,1 0,9 0,3 0,7
+0,3 +2 +0,1 +3 +0,8 | +£0,2 +0,5 | +0,5 | £0,1 | £0,2*

* Statistiski bitiskas (p > 0,05) atskiribas starp organiska C saturu augsne 2011. un 2015. gada
viena kokaugu stadijuma dizaina un pamatmeslojuma veida ietvaros vai kokaugu stadijuma
ietvaros, ja salidzina vidéjas vertibas.

** Statistiski bitiskas (p > 0,05) videja organiska C satura augsné atskiribas parauglaukumos ar
dazadu kokaugu stadijuma dizainu viena pétijuma gada ietvaros.
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Pétijuma ietvaros netika konstatéta statistiski butiska apsu hibridu kokaugu stadiju-
ma izveido$anas ietekme uz organiska C saturu augsné 0-40 cm dziluma pirmo piecu
vegetacijas sezonu laika péc stadijuma ieriko$anas, bet 2,0 x 2,0 m kokaugu stadiju-
ma dizaina ietvaros vidéjais organiska C saturs augsné 40—-60 cm dziluma ir batiski
mazaks 2015. gada salidzinot ar vidéjo C saturu augsné 2011. gada. Tas sakrit ar Paul
et al. (2002) un Turner & Lambert (2000) veiktajiem pétijjumiem apmezotas lauksaim-
niecibas zemeés, kur pirmo gadu laika péc apmezosanas galvenokart novérota augsnes
organiska C uzkrajuma samazinasanas.

Lielakaja dala parauglaukumu tika konstatétas statistiski buatiskas (p < 0,05) or-
ganiska C satura augsné atskiribas starp dazadiem augsnes slaniem, ka ari novérota
butiska organiska C satura augsné variacija apskatitajos augsnes slanos. Organiska C
saturs augsné 0—-20 cm dziluma varié no 8,3 g kg™! lidz 38,3 g kg™! 2011. gada un no
6,1 gkg'1idz 47,0 gkg™! 2015. gada, bet dzilakos augsnes slanos (60—80 cm dziluma) —
no 0,06 g kg'1idz 6,7 g kg™ 2011. gada un no < 0,01 g kg™! lidz 12,4 g kg™! 2015. gada.

3.1. attéla ir paradits kumulativais augsnes organiska oglekla uzkrajums dazados
augsnes slanos. Analizu rezultati liecina, ka statistiski batiska kokaugu stadijuma dizai-
na vai méslojuma ietekme uz organiska C uzkrajumu augsné pirmo piecu vegetacijas
sezonu laika nav konstatéta.
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3.1. att. Kumulativais organiska C uzkrajums augsné

2015. gada butiskas vidéja organiska C uzkrajuma augsné atskiribas konstaté-
tas 0-20 cm dziluma starp parauglaukumiem ar dazadu kokaugu stadjjuma dizainu
(p = 0,043), bet butiska atskiriba starp minétajiem parauglaukumiem tika konstatéta ari
pirms stadijuma izveido$anas 2011. gada (p = 0,021).

Vidéjais organiska C uzkrajums augsné 0-20 cm dziluma 2011. gada ir 6,8 +
0,4kg m?un 5,9 + 0,4 kg m™22015. gada, bet 0-80 cm dziluma 16 + 1 kg m=2011. gada
un 12,5 + 0,8 kg m=2 2015. gada. Pétijuma rezultati apstiprina, ka parauglaukums ir
izveidots ar organiskam vielam bagata lauksaimniecibas zemé, jo vidéjais organiska
C uzkrajums augsné 0-20 cm dziluma pétijjuma parauglaukuma ir lielaks neka vidéji
aramzemés (5,5 + 0,6 kg m™2) un ilggadigos zalajos (5,8 + 0,9 kg m~2) Latvija (Bardule
et al., 2017). Lielaka organiska C uzkrajuma augsné dala (85%) atrodas 0-40 cm dzi-
luma, bet 47% no organiska C uzkrajuma augsné atrodas augsnes virskarta 0-20 cm
dziluma. Batjes (1996) ir pétijis organiska C vertikalo sadalijumu augsnes profila un
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konstatgjis, ka vidéji 39-70% no kopéja organiska C uzkrajuma augsné, kas akumu-
l¢jies mineralaugsnes augséjos 100 cm, atrodas tiesi virséjos 30 cm, bet 58—81% —
aug$éja 50 cm bieza augsnes slani.

Ir labi zinams, ka koku un kramu ieaudzé$ana lauksaimniecibas ainavas ir nozi-
migs aspekts klimata parmainu mazinasana, turklat organiska C akumulésanas galve-
nokart notiek 0-20 cm augsnes slani (Pellegrino et al., 2011; Zeng et al., 2014; Baah-
Acheamfour et al., 2015). Laganiére et al. (2010) veikta meta-analizé noskaidrots, ka
lauksaimniecibas zemju apmezo$anas ar dazadiem skujkokiem un lapu kokiem rezul-
tata organiska C uzkrajums augsné palielinas par 2—25%. Hansen (1993) un Coleman
et al. (2004) pétijumos Populus stadijumos konstatéja, ka vidéjais ikgadéjais oglekla
uzkrajuma pieaugums ir 1,60 un 3 Mg ha!. Savukart Mao & Zeng (2010) pétijumos
Populus stadijumos konstatéja, ka pirmo 15 gadu laika péc stadijuma ierikosanas lauk-
saimniecibas zemés nav konstatétas butiskas augsnes organiska C uzkrajuma izmainas
0-15 cm bieza augsnes slani. Ari §i pétijjuma ietvaros netika konstatétas butiskas at-
$kiribas starp organiska C uzkrajumu 0-40 cm augsnes slani 2011. gada (pirms ap$u
hibridu stadisanas) un 2015. gada (péc 5 vegetacijas sezonam), bet, pretéji gaiditajam,
butiski mazaks organiska C uzkrajums augsné tika konstatéts 2015. gada, salidzinot ar
2011. gadu 40-60 cm dziluma (p = 0,020 parauglaukumos, kur kokaugi staditi 2,0 x
2,0 m, un p = 0,006 parauglaukumos, kur kokaugi staditi 2,5 x 5,0 m) un 60-80 cm
dziluma (p = 0,009 parauglaukumos, kur kokaugi staditi 2,5 x 5,0 m). Dixon (1995) ir
uzsveris, ka agromezsaimniecibas sistémas var gan piesaistit CO. un islaicigi uzkrat C,
gan radit SEG emisijas (pieméram, CHa). Pétijuma konstateéts, ka parauglaukuma ir he-
terogéns augsnes sastavs nesenas augsnes rekultivacijas dé] — pirms 20 gadiem veikta
zemes virsmas izlidzinasana un iestradata kadra, ko apstiprina organisko vielu ieslégu-
mi augsnes profila (Bardule et al., 2013). Samazinats augsnes blivums veicina labaku
augsnes aeraciju un augsnes organiskas matérijas sadaliS$anos. Lidz ar to pétjjuma ietva-
ros konstatétais organiska C uzkrajuma augsné samazinajums izskaidrojams ar pirms
20 gadiem iestradatas kudras mineralizé$anos.

3.1.4. Kopéja slapekla saturs un uzkrajums augsné

C un N aprite augsné ir stipri saistitas (Van Cleve et al., 1993; Vervaet et al., 2002),
bet N uzkrajuma augsné izmainas ir ievérojami mazak pétitas neka organiska C uzkra-
juma augsné izmainas péc lauksaimniecibas zemju apmezo$anas (Lutter et al., 2016a),
kaut gan borealos apstaklos lielakais ekosistémas N uzkrajums ir tie$i augsné (Finér
et al., 2003) un N aprite, ko nodrosina lapu nobiras, ir ]oti intensiva tie$i atraudzigo
lapu koku stadijumos (Meiresonne et al., 2006). Nobiru kvalitati un kvantitati ietek-
mé augsnes ipasibas un koku suga jeb genotips (Baum et al., 2009). Meiresonne et al.
(2006) pétijuma 18 gadus veca iscirtmeta Populus stadijuma, kas ierikota labi dre-
néta malsmilts augsné, noskaidroja, ka 80% no kopéjas N ieneses augsné (6,6 kmol
ha™! pirma pétjjuma gada un 6,5 kmol ha™' otra pétijjuma gada) nodrosina nobiras
un péc nitrifikacijas vegetacijas sezonas laika no augsnes izskalojas tikai neliels nitra-
tu daudzums. Pétijumos noskaidrots, ka pat ikgadéji méslotos (150 kg N ha™! gada)
atraudzigo koku sugu stadijumos nitratu izskalo$anas ir nieciga, jo atraudzigas koku
sugas intensivi uznem nitratus (Bergstrom & Johansson, 1992; Mortensen et al., 1998).
Ikgadgjais uznemtais N daudzums Populus ekosistéma ir vienads ar N ienesi augsné ar
nobiram, no kuram 50% veido tiesi lapas. Tas norada uz efektivu N apriti (Meiresonne
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et al., 2006). Jug et al. (1999) pétijuma Vacija noskaidrojis, ka vidéji atraudzigo kok-
augu stadijumos ar kokiem tiek uznemti 18—54 kg N ha™! gada. Pétjjuma Francija no-
skaidrots, ka Populus stadijumos ar kokaugiem vidéji tiek uznemti 92 kg N ha™! gada,
bet kopéjais uznemtais baribas vielu daudzums ir atkarigs no augsnes granulometriska
sastava (Rytter, 2001).

Vidéjais kopéja N saturs dazados augsnes slanos pirms ap$u hibridu stadijjuma
izveido$anas (2011. gads) un péc piecam vegetacijas sezonam kops$ stadijuma ieriko-
$anas (2015. gads) ir apkopots 3.4. tabula. Statistiski butiskas kopéja N satura augsné
atskiribas starp kontroles parauglaukumiem un parauglaukumiem, kur ienests pamat-
meéslojums, stadijuma dizaina ietvaros netika konstatétas ne 2011. gada, ne 2015. gada.
Vidéjais kopéja N saturs augsnes virskarta (0-20 cm dziluma) pirms stadijuma izvei-
dosanas ir 1,7 + 0,1 gkg™!, bet péc piecam vegetacijas sezonam kops$ stadijuma izvei-
dosanas (2015. gads) vidéjais kopéja N saturs augsnes virskarta ir palielinajies lidz
1,9 + 0,1 g kgL Izvértéjot vidéjo kopéja N saturu augsnes virskarta lidz 40 cm dzilu-
mam stadjjuma dizaina ietvaros (apvienojot datus no méslotiem un kontroles paraug-
laukumiem), parauglaukumos, kur kokaugi staditi 2,0 x 2,0 m attaluma, 2015. gada
konstatéts statistiski butiski lielaks kopéja N saturs salidzinot ar 2011. gadu (3.4. tabula).

3.4. tabula
Kopéja slapekla saturs (g kg™') augsné pétijuma objekta
Stadijuma dizains: 2,0 x 2,0 m Stadijuma dizains: 2,5 x 5,0 m

Gad

s kontrole | digestats| danas koksnf:s vidéji |kontrole |digestats| dinas koksn.e s videji

) pelni ’ pelni
Augsnes slanis: 0-20 cm
2011 1,5 1,6 1,44 1,4 1,5 2,1 1,78 2,1 1,7 1,9
+0,5 +0,5 [ £0,08 | £04 | £0,2 | £0,4 | £0,09 | £0,2% | £0,3 +0,1%*

2015 1,9 1,8 1,5 1,4 1,6 2,0 2,06 2,4 1,8 21l

+0,5 +0,5 +0,1 +0,4 [£02%| £0,2 | £0,09 | £0,5 +0,3 +0,1%*
Augsnes slanis: 20-40 cm

2011 1,2 1,5 0,98 1,1 1,2 1,8 1,3 1,8 1,7 1,7
+0,6 +0,4 | £0,07 | £0,5 +0,2 +0,5 +0,2 +0,4 +0,3 + 0,2%*
2015 1,8 1,7 1,3 1,3 1,5 1,7 1,9 2,0 1,6 1,8

+0,5 +0,4 +0,2 +0,3 | £02* | +03 +0,1 +0,3 +0,4 +0,2
Augsnes slanis: 40—-60 cm

2011 1,0 0,5 0,24 0,22 0,5 0,27 0,4 1,0 0,6 0,6
+0,9 +0,2 | £0,02 | £0,02 | £0,2 | £0,03 | +0,1 +0,7 | £0,3% | £0,2
2015 0,7 0,6 0,23 0,4 0,5 0,17 0,4 1,0 0,15 0,4

+0,5 +0,2 | £0,02 | £0,2 | £0,1 | £0,02 | +0,1 +0,8 | £0,04 | £0,2%/**
Augsnes slanis: 60—80 cm
1,0 0,20 0,18 0,12 0,4 0,17 0,18 0,20 0,20 0,19
+0,7 | £0,01 | £0,08 | £0,03 | £0,2 | £0,03 | £0,04 | £0,04 | £0,03 | 0,02
0,20 0,3 0,16 0,4 0,26 0,18 0,19 0,18 0,10 0,16
+0,04 | £0,1 | £0,02 | £0,2 | £0,06| +0,03 | £0,04 | £0,07 | +£0,01 | +0,02
* Statistiski butiskas (p > 0,05) atskiribas starp kopéja N saturu augsné 2011. un 2015. gada viena

augsnes slana, kokaugu stadijuma dizaina un pamatmeéslojuma veida ietvaros vai kokaugu
stadijuma ietvaros, ja salidzina videjas vertibas.

2011

2015

** Statistiski butiskas (p > 0,05) kopéja N satura augsné atskiribas parauglaukumos ar dazadu
kokaugu stadijuma dizainu viena augsnes slana un pétijuma gada ietvaros.
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3.2. attéla ir paradits kumulativais augsnes kopéja N uzkrajums dazados augsnes
slanos. Analizu rezultati liecina, ka statistiski butiska méslojuma ietekme uz kopé-
ja N uzkrajumu augsné pirmo piecu vegetacijas sezonu laika nav konstatéta. Lidzigi
ka organiska C uzkrajuma gadijuma, 2011. gada parauglaukumos, kur kokaugi sta-
diti 2,0 x 2,0 m attaluma, visos pétitajos augsnes slanos konstatéts statistiski batiski
(p < 0,049) mazaks kopéja N uzkrajums salidzinot ar parauglaukumiem, kur kokaugi
staditi 2,5 x 5,0 m attaluma.
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& 159 & 151

I I

£ £

[=2] =]

X Augsnes slanis =< Augsnes slanis

é 1.0 0-20 cm § 1.0 0-20 cm
§ 0-40 cm .‘5‘ 0-40 cm
N - 0-60 cm 5 - 0-60 cm
=" 0-80 cm " 0-80 cm
0 0

< N

0.01 0.04
20x20m 25x50m 20x20m 25x50m
Stadijuma dizains Stadijuma dizains

3.2. att. Kumulativais kopéja slapekla uzkrajums augsné

Vidéjais kopéja N uzkrajums augsnes virskarta 0-20 cm dziluma pirmo piecu
gadu laika kops kokaugu stadijuma izveido$anas lauksaimniecibas zemé nav mainijies
(0,50 + 0,03 kg m~2), bet vidéjais kopéja N uzkrajums augsnes slani 0-80 cm dzilu-
ma ir samazinajies no 1,2 + 0,1 kg m2 2011. gada uz 1,13 + 0,06 kg m=2 2015. gada.
Parauglaukumos, kur kokaugi staditi 2,5 x 5,0 m attaluma, 2015. gada 0-80 cm aug-
snes slani konstatéts pat statistiski butiski mazaks kumulativais kopéja N uzkrajums
(p = 0,039), salidzinot ar 2011. gadu.

3.1.5. C/N attieciba augsné

Pétijuma apstiprinats, ka kopéjais N saturs augsnes slanos pozitivi korelé ar or-
ganiska oglekla saturu (3.3. att.), korelacijas koeficients r ir 0,986 2011. gada un r ir
0,983 2015. gada.

C/N attieciba augos vidéji ir 20-30, bet var sasniegt pat 100 (pieméram, salmos).
Augsnes mikroorganismos C/N attieciba ir 5-10. Ta ka augsne satur augu materialus,
dazadu nobiru sadali$anas starpproduktus un mikroorganismus, C/N attieciba augsné
ir robezas starp augstako augu un mikroorganismu C/N attiecibu, bet nobiru sadalisa-
nas laika C/N attieciba pakapeniski samazinas (Vanmechelen et al., 1997). Ir pieradits,
ka C/N attieciba dazadu koku sugu nobiras un lidz ar to ari mineralaugsné butiski at-
$kiras (Cools et al., 2014), pieméram, ap$u hibridu nobiras ir batiski lielaka C/N attie-
cibas vértiba neka, pieméram, karklu nobiras, bet mazaka neka papelu nobiras (Rytter,
2016). Zema C/N attieciba augsné norada uz augligu augsni un potenciali netraucétu
augu augsanu (Rytter, 2016).
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3.3. att. Sakariba starp organiska oglekla saturu un kopéja slapekla saturu augsné

Pétijuma ietvaros vidéja C/N attieciba izdalitajos augsnes slanos 2011. gada va-
rié no 12,6 + 0,8 (augsnes slani 40-60 cm dziluma) lidz 14,1 + 0,7 (augsnes slani
20-40 cm dziluma), bet 2015. gada vidéja C/N attieciba varié no 4,2 + 0,6 (augsnes
slani 60—80 cm dziluma) lidz 11,6 + 0,3 (augsnes slani 20—40 cm dziluma). Zemes lie-
tojuma mainas (pieméram, kokaugu stadijuma izveido$anas lauksaimniecibas zemés)
rezultata tiek ietekméti augsnes kvalitati raksturojosie parametri, tai skita ari C/N at-
tieciba augsné (Rytter, 2016). Pétijuma ietvaros 2015. gada konstatéta statistiski butis-
ki (p < 0,05) mazaka C/N attieciba visos izdalitajos augsnes slanos salidzinot ar C/N
attiecibu augsné 2011. gada (3.4. att.). C/N attieciba 0-20 cm augsnes slani kokaugu
stadijuma izveides rezultata ir samazinajusies vidéji par 14 + 4% jeb 2,3 + 0,7 vienibam,
savukart dzilakaja izdalitaja augsnes slani (60—80 cm) vidéja C/N attieciba ir samazi-
najusies pat par 64 + 10% jeb 12 + 2 vienibam. Ari pétijumos Zviedrija konstatéta C/N
attiecibas augsné samazinasanas (-8,8% 0—10 cm augsnes slani un -12% 10-30 cm
augsnes slani) piecus gadus péc lauksaimniecibas zemes apmezos$anas ar aps$u hibri-
diem (Rytter, 2016). Savukart pétijumos Vacija noskaidrots, ka C/N attieciba minera-
laugsnes virskarta lauksaimniecibas zemju apmeZzo$anas ar atraudzigam koku sugam
rezultata nedaudz palielinas (Stetter & Makeschin, 1997), jo mineralaugsné tiek ienes-
tas kokaugu nobiras ar augstu C/N attiecibas vértibu, tiek partraukta lauksaimniecibas
zemes méslosana ar N saturosu méslojumu, ka ari notiek N uzkrajuma augsné pardale
kokaugu biomasa un nobiras (Rosenqvist et al., 2010).
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3.4. att. C/N attieciba dazados augsnes slanos
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3.1.6. Biopieejamais baribas elementu saturs augsné

Lidz $im borealaja un hemiborealaja regiona ir veikti tikai nedaudz pétijumi, lai no-
skaidrotu atraudzigo Populus spp. stadijumu ierikosanas lauksaimniecibas zemé ietek-
mi uz baribas elementu apriti augsné (Lutter ef al., 2016b). Baribas elementu lidzsvaro-
$ana ir svariga iscirtmeta atraudzigo koku sugu stadijumu ilgtspéjigai apsaimniekosa-
nai, jo $adi stadjjumi 1sa laika posma uznem lielu baribas elementu daudzumu un nereti
ir nepiecieSama atkartota méslosana, lai nodrosinatu kokaugu produktivitati (Ericsson,
1994; Berthrong et al., 2009; Liao et al., 2012). Populus spp. ir zinamas ne tikai ka péc
baribas vielam prasigas koku sugas, bet ari ka sugas, kas 1sa laika spéj veidot lielu bio-
masas pieaugumu un akumulét lielu baribas elementu daudzumu stumbru koksné un
miza (Stark et al., 2015). Taja pasa laika elementu aprite, ko nodro$ina Populus spp.
lapu nobiras, var but efektiva un baribas elementu izskalo$anas no lauksaimniecibas
zemes var netikt novérota (Meiresonne et al., 2006). Atseviskos gadijumos Populus spp.
var uzlabot augsnes virskartas (30 cm) kvalitati meza zemeés paris gadu desmitu laika
(Stark et al., 2015). Lidz $im Populus spp. stadijjumu ierikosanas aramzemé ietekme uz
baribas elementu dinamiku augsné galvenokart ir pétita dienvidu un mérena klimatis-
ka regiona centralaja dala (Jug et al., 1999; Kahle et al., 2010). So pétijumu rezultati nav
attiecinami uz borealo un hemiborealo klimatisko regionu (Lutter et al., 2016b).

3.5. tabula paradits vidéjais augiem uzpemamo baribas elementu saturs augsnes
virskarta (0-40 cm dziluma) pétijuma objekta. Kaut ari tiek uzskatits, ka lauksaimnie-
cibas zemém raksturiga homogéna augsnes virskarta (Lutter et al., 2016b), pétijuma
ietvaros konstatéta salidzinosi liela baribas elementu satura augsné dabiska variacija,

3.5. tabula

Biopieejamais baribas elementu saturs augsnes virskarta (0-40 cm) pétijuma objekta

Stadijuma dizains: 2,0 x 2,0 m Stadijuma dizains: 2,5 x 5,0 m
Gads kontrole | digestats danas k;lg::ies kontrole | digestats danas k;l:i:;ies
NOs™-N, mg kg™
2011 | 3,4+04 | 6+1* 35+04 | 3,4+05 | 33+0,4 [23+02"| 44+0,6 |3,5%0,6
2013 | 2+1 4+1 4+1 0,6+0,6 |55%0,9* 9+3 6+2 9+ 2%
NH4*-N, mg kg™’

2011 | 6,1 £0,9 9+2 58+0,4 | 43+04 11+£2 7,5+ 0,4 9+1 7,7 0,6
2013 2,3£0,8 |62+0,3[52+0,9%| 2,8+0,6 | 17+14* | 3,3+£0,5 |32+0,3*| 17+10
PO+*-P, mg kg™’
2011 | 94+9 100 £ 12 88 +13 88 +8 115+16 | 113+14 | 150+ 13 | 141+ 14
2013 | 92+11 67 + 7% 80+ 13 78+10 | 122+25 | 108 +12 | 114+ 8* | 144 +£23
K, mg kg™!
2011 | 9717 |152+£20%*| 87+9 86+9 62+5 66 + 5 81 £ 4% | 92 £ 8%
2013 | 758 113 +20 74+ 6 78 + 13 66 + 8 73+8 82+17 | 107 £27
* Statistiski butiskas (p < 0,05) baribas elementu satura augsné atskiribas, salidzinot 2013. un
2011. gadu viena stadijuma dizaina un pamatmeslojuma veida ietvaros.
** Statistiski butiskas (p < 0,05) baribas elementu satura augsné atskiribas starp kontroles paraug-
laukumiem un parauglaukumiem, kur ienests pamatmeéslojums, viena stadijuma dizaina un
petijuma gada ietvaros.
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pieméram, 2011. gada nemtajos augsnes paraugos kontroles parauglaukumos nitratu sa-
turs augsnes virskarta (0-40 cm dziluma) varié intervala lidz 5,1 mg NO3;™-N kg!, amo-
nija jonu saturs varié no 3,2 lidz 20,7 mg NH4*-N kg™!, fosfatu saturs varié no 46,3 lidz
190,8 mg PO4+*-P kg™!, bet K saturs — no 31,2 lidz 176,2 mg K kg'. Salidzino$i lielas
baribas elementu satura augsné dabiskas variacijas dé] tikai atseviskos parauglaukumos,
kuros ienests pamatmeéslojums, vérojams statistiski butisks baribas elementu satura aug-
sné palielinajums (3.5. tabula). Tapat pirmo divu gadu laika péc apsu hibridu stadjjuma
izveido$anas lauksaimniecibas zemé un pamatmeéslojuma iestradasanas nav novérota
butiska baribas elementu satura augsné samazinasanas, iznemot atseviskus parauglau-
kumus (3.5. tabula), bet tas nenorada uz viennozimigu baribas elementu satura sama-
zindjuma tendenci augsné. Tapat, salidzinot baribas elementu saturu augsné 2011. un
2013. gada, atseviskos parauglaukumos (gan kontroles, gan méslotos) vérojams baribas
elementu satura augsné palielinajums, bet ari tas nenorada uz viennozimigu tendenci.

3.1.7. Smago metalu saturs augsné

Augsnes dabiski satur virkni smago metalu, un daudzi no tiem ir nozimigi augu
baribas elementi (Frausto da Silva & Williams, 2001). Tomeér lielaka dala smago metalu
augsné nonak piesarnojuma veida un ir toksiski (Smidt et al., 2012). Viens no galvena-
jiem lauksaimniecibas zemju piesarnojuma avotiem ir augsnes méslosana (taja skaita
ar notekiadenu danam un koksnes pelniem). Lidz $im pavisam nedaudzos pétijumos
ir apskatita kokaugu stadijjumu lauksaimniecibas zemeés, taja skaita agromezsaimnieci-
bas sistému, ietekme uz mikroelementu saturu augsné (Lutter et al., 2016b). Atbilstosi
metalu izmanto$anai tautsaimnieciba un to savienojumu bistamibai seviska uzmaniba
japieveér$ sadiem smagajiem metaliem: As, Hg, Cd, Se, Cu, Zn, Cr, Ni, Pb, Sn, Sb, Bi un
Co (Nikodemus et al., 2008). Latvijas Republikas Ministru kabineta 2005. gada 25. ok-
tobra noteikumi Nr. 804 “Noteikumi par augsnes un grunts kvalitates normativiem”
nosaka augsnes kvalitates normativus, mérklielumus (norada maksimalo limeni, kuru
parsniedzot, nevar nodro$inat ilgtspéjigu augsnes un grunts kvalitati), piesardzibas
robezlielumus (norada maksimalo piesarpojuma limeni, kuru parsniedzot, iespéjama
negativa ietekme uz cilvéku veselibu vai vidi) un kritiskos robezlielumus (norada, ka,
to sasniedzot vai parsniedzot, augsnes un grunts funkcionalas ipasibas ir nopietni trau-
cétas vai piesarnojums tiesi apdraud cilvéku veselibu vai vidi) dazadu granulometriska
sastava grupu mineralaugsnés $adiem smagajiem metaliem: Cu, Pb, Zn, Ni, As, Cd, Cr,
Hg (Ministru kabinets, 2005).

Pétijuma ietvaros analizéts vidéjais Cu, Pb, Zn, Ni, As, Cd, Cr un Hg saturs augsnes
virskarta (0-20 cm dziluma) un augsnes dzilakajos slanos (20-80 cm dziluma) atse-
vigki (3.6. un 3.7. tabulas). Nemot véra lielo smago metalu satura augsné dabisko vari-
aciju pétijjuma objekta, nav konstatétas statistiski batiskas smago metalu satura augsné
atskiribas kontroles un méslotajos parauglaukumos. Lidz ar to pamatmeéslojuma (no-
tekiadenu danu — deva 10 t sausnas ha™!, koksnes pelnu — deva 6 t sausnas ha™! un
digestata — deva 30 t ha™!) ieneses rezultata nav novérota butiska augsnes kvalitates
pasliktinasanas smago metalu konteksta, kaut gan Zn, Ni, As un Cd satura augsné mér-
klielumi, kurus parsniedzot, nevar nodrosinat ilgtspéjigu augsnes kvalitati, ir parsniegti
gan augsnes virskarta, gan dzilakajos augsnes slanos.
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3.6. tabula

Vidéjais smago metalu saturs (mg kg™') augsnes virskarta (0-20 cm augsnes slanis) pétijuma

objekta péc pamatmeéslojuma ienesanas

Elements Gram}lometriské Pamatmeéslojuma veids
sastava grupa kontrole digestats danas koksnes pelni
malsmilts 5,6% 3,702 50+0,6 4,6 £0,7
Cu smil$mals 52+09 6,9% 3,3% 59+09
videéji 53+0,7 4,5+0,9 4,6 £ 0,6 53+0,6
malsmilts 6,7% 8,1+0,5 9,0+£0,9 9+1
Pb smil$mals 9,8 +0,7 11,1* 8,7* 10+£2
videéji 9,0+£0,9 8,8+0,8 9,0 £0,6 9,1+0,9
malsmilts 22% 22+2 28+5 24,1£0,7
Zn smil$mals 46 £ 19 47* 16* 42 £21
videéji 40+ 15 28+6 25+5 33+10
malsmilts 9,3* 5,6 +0,4 7+1 8+2
Ni smil$mals 8+1 9,5% 5,3% 85%0,3
vidéji 8+1 7+1 6,6 £0,8 83+0,7
malsmilts 3,3% 2,5+0,2 32+0,3 3,43 £ 0,02
As smil§mals 3,4+0,6 4,2% 3,1* 3,4+0,2
videéji 3,4+04 2,9+0,5 32+0,2 3,41 £ 0,09
malsmilts <NR 0,03 £ 0,02 0,07 £0,01 0,02 £ 0,02
Cd smil$mals 0,12 £ 0,04 0,18* <NR 0,09 £ 0,09
videéji 0,1+£04 0,07 £ 0,04 0,05 £ 0,02 0,06 + 0,04
malsmilts 5,9* 6,8+0,5 7,1+£04 6,67 £ 0,03
Cr smil$mals 9+2 13,0* 6,4* 9+2
videéji 9+1 8+2 69+0,3 8+1
malsmilts 0,019% 0,033 £0,001 | 0,037 +0,002 | 0,027 + 0,006
Hg smil$mals 0,05 + 0,01 0,073* 0,025% 0,05 £ 0,02
videéji 0,04 + 0,01 0,04 £ 0,01 0,034 £ 0,003 0,04 £ 0,01

paraugs.

Vertiba parsniedz Ministra kabineta 2005. gada 25. oktobra noteikumos Nr. 804 “Noteikumi par
augsnes un grunts kvalitates normativiem” noteikto attieciga elementa merklielumu (A) augsne
attiecigaja augsnes granulometriska sastava grupa, bet neparsniedz robeZlielumus (B un C).

* Attiecigai granulometriska sastava grupai pamatmeslojuma veida ietvaros atbilst tikai viens augsnes

3.7. tabula

Vidéjais smago metalu saturs (mg kg™') augsnes slani 20-80 cm dziluma pétijuma objekta

péc pamatmeéslojuma iene$anas

Granulometriska Pamatmeslojuma veids
Elements N
sastava grupa kontrole digestats danas koksnes pelni
malsmilts 6+1 6+1 6,2+0,8 6+1
Cu smil$mals 8,1 +0,4 4,4+0,8 6+2 8§+1
videéji 6,8+0,8 5,6 £0,7 6,1£0,7 7,1£0,8
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3.7. tabulas turpinajums

Elements Granl}lometriské Pamatmeéslojuma veids
sastava grupa kontrole digestats danas koksnes pelni
malsmilts 7+1 6,9 £ 0,5 6,6 £ 0,5 6,2 +0,5
Pb smil$mals 10+1 8,2+0,9 6,3+0,3 7,2+0,7
vidéji 8,0+0,9 7,3+0,5 6,6 +0,4 6,8+0,5
malsmilts 37+ 16 25+1 24+3 23+1
Zn smil$mals 69 £ 25 29+%5 21+4 30£5
vidéji 48+13 26+2 23+2 27+3
malsmilts 10+2 10+1 10+1 10£1
Ni smil$mals 13+1 7+1 11+£3 11+1
videéji 11+1 9,0+0,9 10+1 10,7 £ 0,8
malsmilts 35+04 34+0,3 3,6£0,3 3,5+0,2
As smil$mals 4,7+0,1 3,0£0,4 3,5£0,6 39+0,2
vidéji 39+0,3 3,3+0,2 3,6+0,3 3,7+0,1
malsmilts 0,05 + 0,04 0,012 £ 0,008 | 0,012 + 0,008 <NR
Cd smil$mals 0,12 £ 0,07 0,05 + 0,04 <NR 0,03 + 0,03
videéji 0,07 + 0,04 0,02 £ 0,01 0,009 + 0,006 0,01 +0,01
malsmilts 8+2 6,7 +0,5 6,6 +0,5 6,9+0,8
Cr smil$mals 11+2 9+2 6,4 +0,4 7,9 +0,7
vidéji 9+1 7,4+ 0,6 6,6 +0,4 7,5+0,5
malsmilts 0,03 £ 0,01 0,022 + 0,004 | 0,021 0,002 | 0,018 + 0,003
Hg smil$mals 0,05 £ 0,02 0,04 + 0,01 0,019 £ 0,002 | 0,024 + 0,006
vidéji 0,035+ 0,009 | 0,028 0,005 | 0,021 +0,002 | 0,021 + 0,004

Vertiba parsniedz Ministra kabineta 2005. gada 25. oktobra noteikumos Nr. 804 “Noteikumi par
augsnes un grunts kvalitates normativiem” noteikto attieciga elementa merklielumu (A) augsneé
attiecigaja augsnes granulometriska sastava grupa, bet neparsniedz robezlielumus (B un C).

Dala smago metalu augsné tiek adsorbéti uz mala mineraliem un organiskas maté-
rijas (Smidt et al., 2012). To viennozimigi apstiprina ari §1 pétijjuma rezultati, Pirsona
korelacijas koeficienti, kas raksturo sakaribas cieSumu starp smago metalu saturu un
mala un organiska C saturu augsné, apkopoti 3.8. tabula.

3.8. tabula

Linearu sakaribu starp smago metalu saturu un mala dalinu ipatsvaru vai organiska C
saturu augsné raksturojums (korelacijas koeficienti, r)

Korelacijas Fe Cu Pb Zn Ni As Cd Cr Hg
koeficienti (r) saturs | saturs | saturs | saturs | saturs | saturs | saturs | saturs | saturs
Mala dalinu patsvars 0,63 0,54 0,09 0,15 0,62 0,55 0,01 0,30 | -0,01
Organiské C saturs -0,11 | -0,15 | 0,87 0,77 | -0,25 | 0,10 0,92 0,71 0,95

0,5 < |r| < 0,8 — vidéji ciesa lineara sakariba.

r| > 0,8 — ciesa lineara sakariba.
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3.2. Augsnes udens kimiskais sastavs

Pétijuma ietvaros tika izvértétas augsnes tidens kimiska sastava izmainas péc daza-
da veida pamatméslojuma iene$anas lauksaimniecibas zemé un aps$u hibrida kokaugu
stadijuma ierikosanas.

Baribas elementu izskalo$anas samazinajums ir butisks ekosistému pakalpojums,
kas salidzino$i viegli var tikt ietekméts ar apsaimnieko$anas lémumiem nelielas pla-
tibas (Tully et al, 2012). Agromezsaimniecibas prakse ir parbaudits zemes apsaim-
niekoSanas veids (stratégija) idens kvalitates uzlabo$anai (Jose, 2009), turklat agro-
mezsaimniecibas sistémas tiek uzskatitas par izkliedéta piesarnojuma samazinasanas
lidzekli lauksaimniecibas zemés (Udawatta et al., 2002; Lee et al., 2003; Anderson et al.,
2008; Jose, 2009). Lidz ar virsmas noteces Gdens plasmas atruma samazinasanu, kas
veicina infiltraciju, sedimentu nogulsnésanos un baribas vielu aizturi, agromezsaim-
niecibas sistémas uzlabo noteces tidens kvalitati. Tapat agromeZzsaimniecibas sistémas
baribas elementi tiek intensivi uznemti ar koku sakném, un lidz ar to samazinas baribas
elementu ieskalosanas gruntsadenos (Lee et al., 2003; Allen et al., 2004; Nair & Graetz,
2004; Jose, 2009). Lidz ar baribas elementu atgrieSanu elementu aprites sistéma caur
koku sakném un nobiram palielinas sistémas baribas elementu izmanto$anas efektivi-
tate (Allen et al., 2004; Jose, 2009). Kokiem ir garaka vegetacijas sezona neka lielakajai
dalai lauksaimniecibas kultaru, kas palielina baribas elementu izmanto$anu un izman-
tosanas efektivitati agromezsaimniecibas sistémas pirms un péc lauksaimniecibas kul-
taru vegetacijas sezonas sakuma un beigam (Jose, 2009). Kopuma lidzsingjie pétijumi
liecina, ka agromezsaimniecibas sistémam ir nozimiga loma adens kvalitates jautaju-
mu risinagana teritorijas, kur intensivi veiktas lauksaimniecibas aktivitates (Jose, 2009).
Dimitriou et al. (2009) ir uzsveéris, ka gruntsadens kvalitate tiek butiski uzlabota apsu
hibridu stadijumos, salidzinot ar viengadigam lauksaimniecibas kultaram, bet, savu-
kart, atraudzigo koku sugu stadijumi lielas platibas patéré lielu daudzumu gruntsidens
un var negativi ietekmeét regiona hidrologiju kopuma (Busch, 2009).

3.2.1. Augsnes idens pH un elektrovaditspéja

Udenim siicoties cauri augsnel, ta kimiskais sastavs mainas iezu dédésanas, jonu ap-
mainas, mineralizacijas un imobilizacijas procesa. Viens no galvenajiem augsnes idens
parametriem ir augsnes Gdens skabums, kura izmainas var nozimigi ietekmét baribas
elementu apriti kokaugu ekosistémas (Térauda, 2008).

Vidéjais pH atmosféras nokri$nu tdenos un augsnes idenos 30 cm un 60 cm dziluma
pétijuma objekta paradits 3.9. tabula. Atmosféras nokrisnu pH pétijuma perioda varié sa-
lidzinosi plasa diapazona no 4,09 + 0,05 2012. gada novembri lidz 8,47 + 0,05 2014. gada
julija. Pétjjuma perioda vérojama tendence gada vidéjam atmosféras nokrisnu pH pa-
lielinaties, 2014. un 2015. gada konstatéts statistiski butiski (attiecigi, p = 0,009 un p =
0,003) lielaks gada vidéjais atmosféras nokrisnu pH salidzinot ar 2012. gadu, tapat véro-
jama sezonalitates ietekme uz atmosféras nokrisnu pH — pH samazinas ziemas méne-
$os, bet palielinas vasaras ménesos (3.5. att.).
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pH

Menesis p&c kartas

3.5. att. Méne$a vidéjais pH atmosféras nokrisnos pétijuma objekta laika perioda
no 2012. lidz 2015. gadam

Salidzinot augsnes tdens pH 30 cm un 60 cm dziluma viena pétijjuma gada un pa-
matmeéslojuma veida ietvaros, nav konstatéta butiska augsnes tdens pH atskiriba. Tapat
nav konstatéta butiska augsnes tdens pH atskiriba starp kontroles parauglaukumiem
un parauglaukumiem, kur ienests pamatmeéslojums. Toties laika perioda no 2012. gada
lidz 2015. gadam konstatéts mazaks vidéjais augsnes idens pH, salidzinot ar augsnes
udens vidéjo pH 2011. gada. Parauglaukumos, kur ienests pelnu un notekadenu atti-
riSanas dinu pamatmeéslojums, noveérots statistiski batisks augsnes tidens pH vértibas
samazinajums, salidzinot ar augsnes tdens pH 2011. gada (3.9. tabula).

3.9. tabula
Videéjais nokri$nu un augsnes iidens pH
Gad Nokrisnu Augsnes udens 30 cm dziluma Augsnes udens 60 cm dziluma
ads| 0

udens | kontrole | pelni digestats | danas | kontrole | pelni | digestats | dinas

8,4 8,37 83 8,25 8,39 8,32 8,40 8,38
2011 - +0,1 + 0,08 +0,1 +0,07 | +£0,06 | £0,06 | +0,08 | +0,05
n=2 n=3 n=3 n=3 n=4 n=29 n=4 n=29

6,0 7,77 7,99 7,81 7,9 7,67 7,81 7,74 7,86

2012 | +0,2 +0,08 | £0,09* | +0,08 +0,1* +0,09 | £0,06* | £0,06 | +0,05%
n=70 n=6 n=6 n=7 n=38 n=7 n=15 n=11 n=13

6,6 7,6 7,8 7,7 7,5 7,5 7,7 7,7 7,6
2013 | +0,2 +0,3 +0,2% +0,2 +0,1* +0,2 +0,1* +0,2 +0,1*
n=>54 n=4 n=>5 n=4 n=4 n=4 n=11 n=6 n=29

7,0 8,0 7,80 7,9 7,6 7,8 7,7 7,7 7,8
2014 | +0,1* +0,2 +0,09% +0,2 +0,2* +0,2 +0,1* +0,2 +0,1*
n=71 n=6 n=7 n=7 n=7 n=38 n=16 n=11 n=12

7,1 7,7 7,9 8,0 7,7 7,5 7,82 7,7 7,86
2015 +0,1* +0,1 +0,1* +0,1 +0,1 +0,1 +0,09* +0,2 + 0,09
n=>58 n=11 n=9 n=10 n=11 n=14 n=20 n=11 n=18

* Statistiski bitiskas (p < 0,05) adens pH atskiribas salidzinot ar 2011. gadu (vai ar 2012. gadu, ja
salidzina atmosferas nokrisnu idenu pH) viena pamatmeslojuma veida ietvaros.

n — paraugu skaits.
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Augsnes udens elektrovaditspéja raksturo tideni iz§kiduso salu daudzumu. Gada vi-
déja atmosféras nokri$nu un augsnes idenu elektrovaditspéja pétijuma objekta paradita
3.10. tabula. Atmosféras nokri$nu elektrovaditspéja pétijuma perioda varié salidzinosi pla-
$a diapazona no 5,8 + 0,3 pS cm™! 2014. gada septembrilidz 111 + 17 pS cm™! 2013. gada
aprili, un nav noveérota statistiski butiska atmosféras nokrisnu elektrovaditspéjas atskiriba
starp pétjjuma gadiem.

Atmosfeéras nokri$nu tdeniem skalojoties cauri vegetacijas staviem un augsnes sla-
niem, adens elektrovaditspéja ievérojami palielinas (3.10. tabula). Salidzinot gada vi-
déjo augsnes tdens elektrovaditspéju, visos parauglaukumos 60 cm dziluma konsta-
téta lielaka Gdens elektrovaditspéja neka 30 cm dziluma, atseviskos parauglaukumos
konstatéta statistiski butiska atskiriba. Savukart, salidzinot gada vidéjo augsnes tdens
elektrovaditspéju kontroles parauglaukumos un parauglaukumos, kur ienests pamat-
méslojums, 30 cm un 60 cm dziluma atseviski, konstatéts, ka augsnes tdens elektro-
vaditspéja pétijuma perioda ir butiski lielaka parauglaukumos, kuros ienests pelnu un
notekadenu danu pamatmeéslojums (3.10. tabula).

3.10. tabula
Vidéja nokri$nu un augsnes adens elektrovaditspéja (uS cm™)
Gad Nokrisnu Augsnes tdens 30 cm dziluma Augsnes udens 60 cm dziluma
ads - ’
udens | kontrole | pelni digestats | danas | kontrole | pelni | digestats | danas
513 580 487 541 1051 726 711 740
2011 - +139 +72 + 66* +99 +201 + 64 + 30* +48
n=2 n=3 n=3 n=3 n=4 n=29 n=4 n=29
19 230 365 256 322 323 438 362 465
2012 +2 + 31 + 43 +56 + 38* +49 + 36 + 62 +43*
n=70 n==6 n==6 n=7 n=_§ n=7 n=15 | n=11 n=13
25 129 223 124 194 168 323 222 245
2013 +5 +24 + 24%* + 46 +34 + 46 + 32%* +56 +40
n =54 n=4 n=>5 n=4 n=4 n=4 n=11 n==6 n=29
7 191 340 196 215 249 420 264 450
2014 +3 + 38 + 44%* +70 + 45* +34 + 29%* + 55 + 29%/*
n=71 n==6 n=7 n=7 n=7 n=38 n=16 | n=11 n=12
27 127 278 205 154 199 364 253 420

2015 +2 +17* + 35%* + 60 +33* +20* + 27%* +61 + 31%/**

n=>54 n=11I n=29 n=10 | n=11 n=14 | n=20 | n=11 n=18

* Statistiski bitiskas (p < 0,05) augsnes iidens elektrovaditspéjas atskiribas starp 30 cm un 60 cm
dzilumu viena pamatmeslojuma veida un pétijuma gada ietvaros.

** Statistiski butiskas (p < 0,05) augsnes udens elektrovaditspejas atskiribas starp kontroles
parauglaukumiem un parauglaukumiem, kur ienests pamatmeslojums, viena augsnes dziluma un
petijuma gada ietvaros.

n — paraugu skaits.

3.2.2. Baribas elementu saturs augsnes ident

Baribas elementu satura izmainas augsnes tdenos un iznesi no ekosistémas veici-
na gan meéslojuma iene$ana augsné, gan atmosféras nokri$ni (Povilaitis ef al., 2014).
3.11. tabula ir atspogulots vidéjais baribas elementu (NOs -N, PO4*"-P un K) saturs
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atmosféras nokri$nos laika posma no 2012. lidz 2015. gadam. Batiskas vidéja baribas
elementu satura atmosféras nokri$nos atkiribas starp pétijuma gadiem nav konstateé-
tas (p > 0,05). Vidéja NOs™-N ienese ekosistéma ar atmosféras nokrispiem laika pos-
ma no 2012. lidz 2015. gadam ir 3,6 kg ha™! gada, vidéja atmosféras PO4*-P ienese —
0,3 kg ha™! gada un vidéja K ienese — 2,4 kg ha™! gada. Kop$ 2013. gada NOs™-N ienese
ekosistéma ar atmosféras nokri$niem parsniedz NO3;™-N izskalosanos no ekosistémas
(3.14. att.), neskatoties uz slapekli saturoso pamatmeéslojumu iestradi. Tapat gada laika
ar atmosféras nokri$niem ienestais PO4*>"-P apjoms parsniedz izskaloto PO4*"-P apjo-
mu (3.16. att.), iznemot parauglaukumus, kur ienests notekiidenu attiri$anas dinu pa-
matmeéslojums. Tas norada uz intensivu NO3™-N un PO4*"-P uznemsanu ar augu sak-
ném un apriti ekosistéma kopuma.

3.11. tabula

Videéjais baribas elementu saturs nokri$nu aideni un kopéja baribas elementu ienese ekosistéma

Elements Meérvieniba 2012. gads 2013. gads 2014. gads 2015. gads
mg L™ 0,59 + 0,07 0,57 £ 0,09 0,44 £ 0,06 0,54 + 0,07
NOs™-N
kg ha™! 4,4 3,7 2,8 3,4
mg L™ 0,05 £ 0,03 0,06 = 0,03 0,04 £ 0,02 0,03 £ 0,01
PO4#~-P
kg ha! 0,3 0,4 0,2 0,2
K mgL™! 0,27 £ 0,08 0,47 £0,12 0,22 £ 0,05 0,50 £ 0,11
kg ha™! 2,1 2,5 1,5 3,4

Lauksaimnieciba tiek uzskatita par vienu no galvenajiem céloniem palielinatam
baribas elementu saturam virszemes tdenos Ziemelu un Baltijas valstis. Ne tikai hid-
rometeorologiskie apstakli, bet arl baribas elementu koncentracija adenstecés lauk-
saimniecibas zemés varié atkariba no izmantota méslojuma veida un daudzuma,
lauksaimniecibas prakses (pieméram, ar$anas veida), kultiraugu un zemes izmanto-
$anas veida (Pengerud et al., 2015). Baribas elementu izskalo$anas mazinasana ir viens
no ekosistétmu pakalpojumiem, ko nodro$ina agromezsaimniecibas sistémas (Tully
etal., 2012).

3.12. un 3.13. tabulas ir paradits vidéjais baribas elementu saturs augsnes tideni
30 cm un 60 cm dziluma pétijuma perioda (2011.-2015. gads) apsu hibridu stadijjuma
lauksaimniecibas zemé. Augsnes Gdens analizu rezultati liecina par batiskam baribas
elementu koncentracijas atskiribam augsnes tdeni pétijuma perioda sakuma un beigas,
ka ari starp parauglaukumiem, kuros ienests atskirigs pamatmeéslojums.

ES dalibvalstis kopéji tdens kvalitates standarti, nosakot kvalitates dalijumu klasés
péc biogéno elementu koncentracijam (Lagzdins$ et al., 2008), nav izstradati, tacu ES
Nitratu direktiva un atbilstosie Latvijas Republikas normativie akti nosaka robezlielu-
mus nitratu saturam — ta vértibas tdenos nedrikst parsniegt 50 mg NOs™ L™ (11,3 mg
NOs;™-N L™!). Minéta nitratu satura robezvértiba Baltijas valstis nereti tiek parsniegta
nelielos tdens sateces baseinos un drenazas noteces idenos intensivas lauksaimniecibas
apvidos (Jansons et al., 2011). Pétjjuma objekta parauglaukumos, kur ienests pamat-
meéslojums, minéta nitratu satura robezvértiba tika parsniegta tikai 2011. gada augsnes
udeni gan 30 cm, gan 60 cm dziluma, sasniedzot maksimumu 29,8 mg NO3;™-N L™! (pa-
rauglaukuma, kur iestradats digestata pamatmeéslojums).
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Izveértéjot NOs™-N saturu augsnes iideni 30 cm dziluma, visos parauglaukumos kon-
statéta tendence laika gaita péc ap$u hibridu stadijuma izveidosanas lauksaimniecibas
zemé NOs™-N saturam augsnes adeni samazinaties, sasniedzot butisku limeni. Vidéjais
NOs™-N saturs augsnes udeni 30 cm dziluma 2011. gada ir 9 + 2 mg NOs™-N L1, bet
2015. gada vidéjais NO5™-N saturs augsnes Gdeni 30 cm dziluma ir batiski samazinajies
lidz 0,10 + 0,02 mg NOs™-N L' Kaut ar1 parauglaukumos, kur ienests ar N bagats pa-
matmeéslojums (notekadenu attiriS$anas diunas un digestats), 2011. gada augsnes tdeni
30 cm dziluma ir lielaks vidéjais nitratu saturs, salidzinot ar kontroles parauglauku-
miem, butiskas atskiribas netika konstatétas (3.12. tabula).

Izvértéjot PO4*~-P saturu augsnes udeni parauglaukumos, kur ienests at$kirigs pa-
matméslojums, atseviski 30 cm dziluma, nav konstatétas butiskas PO4*"-P satura izmai-
nas laika gaita péc apsu hibridu stadijjuma izveidosanas lauksaimniecibas zemé. Savukart
vérojama butiska pamatméslojuma, ipa$i notekiidenu attiri$anas danu, ietekme uz
PO4*"-P saturu augsnes Gdeni 30 cm dziluma. Salidzinot ar kontroles parauglaukumiem,
parauglaukumos, kur ienests notekiidenu attiriS$anas dinu pamatmeslojums, visa pétiju-
mu perioda augsnes tdeni 30 cm dziluma vérojams lielaks PO4*~-P saturs, kaut gan bu-
tiskas atskiribas lielas variacijas dé] konstatétas tikai 2013. un 2015. gada (3.12. tabula).

3.12. tabula
Vidéjais baribas elementu saturs augsnes ideni 30 cm dziluma
Pamatmeéslojuma veids
Gads
kontrole | pelni digestats danas

NOs5™-N, mg L' (MDL*** = 0,006 mg L)

2011 72 7+4 11+6 9+5

2012 2,0 £ 0,7 1,2+ 0,6 0,6 + 0,2* 1,6 £ 0,6

2013 0,2 +0,1 0,3 +0,2 0,2 £0,1* 0,7 +0,4

2014 0,3 +0,2 0,2 £0,1* 0,4 £ 0,2* 0,4+0,1

2015 0,2+ 0,1* 0,1 +0,1* 0,1 +0,1* 0,1 £0,1*
PO#-P, mg L' (MDL** = 0,002 mg L)

2011 0,005 + 0,005 0,14 + 0,09 0,03 + 0,01 0,14 + 0,09

2012 0,020 + 0,007 0,04+ 0,02 0,016 + 0,006 0,10 + 0,05

2013 0,008 + 0,005 0,04 + 0,02 0,005 + 0,005 0,10 + 0,06**

2014 0,05 + 0,03 0,10 + 0,03 0,02 + 0,01 0,17 + 0,06

2015 0,022 + 0,003 0,10 £ 0,02** 0,011 £ 0,003** 0,18+ 0,07**
K, mg L' (MDL*** = 0,12 mg L)

2011 3+1 9+3 9+2 6+2

2012 3,3+0,7 4,6 +0,3 4,5+ 0,8 2,8+0,3

2013 3+1 39+0,5 3,8+0,9 2,9+0,5

2014 2,0 £0,6 2,6 = 0,7 3,4 +0,4% 2,7 +0,3

2015 2,0 +0,3 3,2 £ 0,3%/** 2,9 £ 0,3* 2,1 £0,2%

* Statistiski butiskas (p < 0,05) baribas elementu satura atskiribas, salidzinot ar 2011. gadu viena
pamatmeslojuma veida ietvaros.

** Statistiski butiskas (p < 0,05) baribas elementu satura atskiribas starp kontroles parauglaukumiem
un parauglaukumiem, kur ienests pamatméslojums, viena pétijuma gada ietvaros.

*** MDL — metodes detektésanas robeza.
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Lidzigi ka NO3s™-N gadijuma, ari izvértéjot K saturu augsnes tdeni 30 cm dziluma,
visos parauglaukumos konstatéta tendence laika gaita péc ap$u hibridu stadjjuma iz-
veido$anas lauksaimniecibas zemé K saturam augsnes Gdeni samazinaties, sasniedzot
batisku limeni. Salidzinot ar kontroles parauglaukumiem, parauglaukumos, kur ienests
koksnes pelnu un digestata pamatméslojums, visa pétijumu perioda augsnes tudeni
30 cm dziluma vérojams lielaks K saturs, kaut gan butiskas atskiribas lielas variacijas
deé] konstatétas tikai 2015. gada parauglaukuma, kur ienests koksnes pelnu pamatmes-
lojums (3.12. tabula).

Visos parauglaukumos lielakais NO3™-N saturs augsnes tideni 60 cm dziluma kon-
statéts 2011. gada. Tapat visos parauglaukumos konstatéta butiska nitratu satura sama-
zinasanas (no vidéji 11 + 2 mg L' 2011. gada lidz vidéji 0,08 £ 0,02 mg L' 2015. gada).
Nitratu satura augsnes Gdeni 60 cm dziluma samazinasanas laika gaita péc apsu
hibridu stadjjuma izveidosanas un pamatmeéslojuma iestrades atbilst logaritmiskai

3.13. tabula
Videéjais baribas elementu saturs augsnes ideni 60 cm dziluma
Pamatmeslojuma veids
Gads
kontrole pelni digestats danas
NO5™-N, mg L!
2011 16 £2 11+2 11+5 8+4
2012 0,7 £ 0,2% 0,6 + 0,2% 0,6 + 0,1% 0,9 + 0,3
2013 0,4 +0,1* 0,6 = 0,1* 0,3 +0,1% 0,6 + 0,1%/**
2014 0,7 £0,3* 0,3 +£0,1* 0,1 + 0,1*/** 0,3 £ 0,1*
2015 0,2 + 0,1* 0,1 + 0,1*/** 0,1 £ 0,1* 0,1 + 0,1*/**
PO+*-P, mg L!
2011 0,03 + 0,01 0,03 £ 0,02 0,04 £ 0,03 0,07 £ 0,02
2012 0,041 £ 0,006 0,026 + 0,006 0,035 + 0,005 0,068 £ 0,008**
2013 0,038 + 0,006 0,07 £ 0,01** 0,04 £ 0,02 0,10 £ 0,01**
2014 0,051 + 0,002* 0,033 + 0,004** 0,007 £ 0,001** 0,14 £ 0,01*/**
2015 0,014 + 0,001 0,036 + 0,002** 0,004 £ 0,001** 0,143 + 0,009*/**
K, mg L!
2011 34+21 8,8 £ 0,4** 3,6 £0,7 4,1+1,5
2012 2,0 £0,1 6,0 + 0,5%/** 2,0 £0,1* 1,7 £ 0,1%/**
2013 2,1£0,3 5,1 £ 0,1%/** 3,5+ 0,2%* 2,2 +0,1*
2014 2,0£0,1 5,3 £ 0,3*/** 2,6 + 0,2%* 1,9 + 0,2*
2015 1,6 £0,1 5,1 £ 0,5%/** 1,8 + 0,1* 2,6 £ 0,3**
* Statistiski butiskas (p < 0,05) baribas elementu satura atskiribas, salidzinot ar 2011. gadu viena
pamatmeslojuma veida ietvaros.
** Statistiski butiskas (p < 0,05) baribas elementu satura atskiribas starp kontroles parauglaukumiem
un parauglaukumiem, kur ienests pamatmeslojums, viena pétijuma gada ietvaros.
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regresijai. Regresijas vienadojuma koeficienti varié atkariba no pamatmeéslojuma vei-
da, bet visos parauglaukumos logaritmiskas regresijas determinacijas koeficients R? ir
> 0,81. Logaritmiskas regresijas modelis, kas apraksta nitratu satura izmainas augsnes
adenti laika gaita péc pamatmeéslojuma iestrades un ap$u hibridu stadjjuma izveido$a-
nas, ir batisks (p < 0,001) un vienadojuma atlikums atbilst normalajam sadalijumam.

Salidzinot ar kontroles parauglaukumiem, parauglaukumos, kur iestradats notek-
adenu attiriSanas danu pamatmeéslojums, 2014. un 2015. gada augsnes adeni 60 cm
dziluma vérojams butiski lielaks PO4+*-P saturs (3.13. tabula). Tapat augsnes tdeni
60 cm dziluma 2014. un 2015. gada parauglaukumos, kur ienests notekadenu attiri-
$anas danu pamatmeéslojums, konstatéts butiski lielaks PO4*"-P saturs, salidzinot ar
2011. gadu, kas norada uz pakapenisku méslojuma organiskas matérijas sadalisanos.
Sada tendence tika novérota ari augsnes iideni 30 cm dziluma.

Pétijuma perioda no 2011. lidz 2015. gadam lielakais vidéjais K saturs augsnes
adeni 60 cm dziluma konstatéts parauglaukumos, kur ienests koksnes pelnu pamat-
meéslojums, noradot uz butisku méslojuma ietekmi uz K koncentraciju augsnes ade-
ni. Vislielakais K saturs augsnes udeni 60 cm dziluma (21,4 mg L™!) pétijumu perioda
tika konstatéts 2012. gada vasaras sakuma parauglaukuma, kur ienests koksnes pelnu
pamatmeéslojums.

3.2.3. Kopéja slapekla un oglekla saturs augsnes udent

3.14. tabula ir paradits kopéjais N un kopéjais C saturs augsnes adeni pétijuma ob-
jekta laika posma no 2012. gada lidz 2015. gadam. Izvértéjot kopéja N saturu augsnes
adeni 30 cm un 60 cm dziluma, visos parauglaukumos konstatéta tendence laika gaita
péc aps$u hibridu stadijuma izveido$anas lauksaimniecibas zemé kopé&jam N saturam
augsnes udeni samazinaties, sasniedzot butisku limeni. Maksimalais kopéja N saturs
augsnes tdeni (11,9 mg L!) konstatéts 2012. gada pavasari 60 cm dziluma parauglau-
kuma, kur ienests notekiidenu attirisanas danu pamatmeéslojums. Péksns kopéja sla-
pekla koncentracijas paaugstinajums parasti tiek saistits ar lietusgazém, $1 fenomena
skaidrojumam lieto terminu “skalosanas efekts” (Lagzdin$ et al., 2008). Salidzinot ar
kontroles parauglaukumiem, parauglaukumos, kur ienests N satuross pamatméslojums,
nav novérots statistiski batiski lielaks kopéja N saturs augsnes tideni. Izvértéjot augsnes
adens kvalitati pétijuma objekta atbilstosi Latvijas Lauksaimniecibas Universitates iz-
stradatajiem ieteikumiem tidenu kvalitates dalijumam drenu sistémas atkariba no ko-
péja N satura (Lagzdins et al., 2008), augsnes tdens kvalitate pétijuma objekta tiek vér-
téta ka augsta, jo vidéjais kopéja N saturs ir < 4,5 mg N L%,

Nokri$nu tdeniem skalojoties cauri augsnes slaniem, tie bagatinas ar C saturo$am
vielam — visos parauglaukumos augsnes ideni 60 cm dziluma konstatéts lielaks kopéja
C saturs neka augsnes tdeni 30 cm dziluma (3.14. tabula). Tapat vérojama tendence,
ka parauglaukumos, kur ienests pamatmeéslojums, augsnes adeni gan 30 cm, gan 60 cm
dziluma ir lielaks kopéja C saturs, salidzinot ar kontroles parauglaukumiem. Atseviskos
parauglaukumos konstatétas batiskas atskiribas (3.14. tabula).
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3.14. tabula
Vidégjais kopéja slapekla (mg L) un kopéja oglekla (mg L™!) saturs augsnes ideni 30 cm un
60 cm dziluma pétijuma objekta

Gad 30 cm dziluma 60 cm dziluma
ads
kontrole | pelni | digestats | danas kontrole | pelni digestats danas
Nkop., mg L!
2012 2,4 1,7 1,4 20 1,1 1,3 1.7 2,1
+ 0,6 +0,5 +0,2 +0,5 +0,2 +0,1 +0,2 +0,8
2013 1,1 1,0 1,3 1,7 1,23 1,7 1,1 1,3
+0,2 +0,1 +0,2 +0,3 + 0,08 +0,6 +0,2 +0,2
2014 1,0 0,88 1,2 1,3 1,5 0,76 0,8 1,0
+0,2 + 0,06 +0,3 +0,1 +0,4 + 0,06* +0,1 +0,1
2015 L1 0,7 0,8 1,08 0,83 0,63 0,7 0,86
+0,1 +0,1* +0,1* + 0,09* + 0,08* + 0,05* +0,1* + 0,06*
Crop, mg L
2012 46 63 47 59 58 74 53 80
+5 + 6%* +7 +7 +8 +4 +7 + 5%*
2013 30 45 36 45 31,1 62 47 51
+ 2% +5 +5 +6 +1,7* + 6** + 8% + 7*
2014 40 65 40 46 48 76 51 82
+7 + 8% +9 +7 +6 + 6%* +7 + 7%
2015 43 65 49 48 49 78 60 91
+5 + 6** +9 +7 +5 + 5%* +11 + 8**
* Statistiski bitiskas (p < 0,05) makroelementu satura atskiribas, salidzinot ar 2012. gadu viena
pamatmeslojuma veida ietvaros.
** Statistiski bitiskas (p < 0,05) makroelementu satura atskiribas starp kontroles parauglaukumiem
un parauglaukumiem, kur ienests pamatmeéslojums,viena pétijuma gada ietvaros.

3.2.4. Smago metalu saturs augsnes udeni

Lauksaimnieciskas darbibas, taja skaita pamatmeéslojuma iestrades, radita izkliedéta
piesarnojuma ietekmétie mazie sateces baseini un drenu sistémas ir hidrografiska tikla
sakuma posms, kura iespéjams novértét piesarnojuma ar biogénajiem elementiem vai
smagajiem metaliem slodzi. Piesarnojoso elementu nopladi no difazajiem avotiem ie-
tekmeé laika un telpas faktori, pieméram, mainigi klimatiskie un hidrologiskie apstakli,
geomorfologiskas ipatnibas, augu seka un zemes lietojuma veids, tadé] to salidzina-
juma ar punktveida piesarnojuma avotiem ir gratak kontrolét un novértét (Lagzdins
et al., 2008).

Smago metalu (Mn, Ni, Cu, Zn, As, Cd un Pb) saturs augsnes un nokri$nu ade-
ni pétits paraugos, kas nemti 2015. gada pavasari (aprilis-janijs) — éetrus gadus péc
pamatmeéslojuma iestrades (3.6. att.—3.12. att.). Nokri$nu adenim skalojoties cauri
augsnes slaniem, tie bagatinas ar Ni, Cu, Pb un As, savukart atmosféras nokri$nu ade-
ni ir lielaks Mn (iznemot augsnes tideni 60 cm dziluma parauglaukumos, kur ienests
koksnes pelnu pamatméslojums), Zn un Cd saturs neka augsnes adeni. Nemot véra
salidzinosi lielo smago metalu variaciju idens paraugos, nav novérots statistiski batiski
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lielaks smago metalu saturs parauglaukumos, kur ienests pamatmeéslojums. Tapat sma-
go metalu saturs augsnes tideni nesasniedz mérklielumus un robezlielumus (1.3. tabu-
la), kas noraditu uz pasakumu nepiecie$amibu, lai precizétu piesarnojuma areala robe-
zas, noveértétu, vai piesarnojums nerada risku cilvéku veselibai un videi, ka ari novérstu
turpmaku pazemes idenu piesarposanu.

Smago metalu sadalijumu starp augsnes cieto un skidro fazi ietekmé vairaki procesi
(pieméram, adsorbcija, kompleksveido$anas, nogul$nu veido$anas — $kiSanas reakci-
jas), kas ir tie$i atkarigi no vides pH. Pétjjuma ietvaros konstatéta vidéji cie$a negati-
va korelacija starp Pb un Cd saturu augsnes tideni un augsnes adens pH (korelacijas
koeficienti r ir attiecigi -0,61 un -0,52). Minéta sakariba ir skaidrojama ar adsorbcijas
un neskisto$u savienojumu izgulsné$anas procesiem, par ko liecina salidzino$i augstas
augsnes Gdens pH vértibas pétijuma objekta. Pétljumos ir noskaidrots, ka butiska Pb
un Cu adsorbcija notiek, ja vides pH ir 3,0-5,0, batiska Zn un Cd adsorbcija notiek pie
vides pH 5,0-6,5 (konstatéts, ka Cd adsorcija notiek ari tad, ja vides pH ir 3,7-4,0), sa-
vukart Pb, Zn, Cd un Cu neskisto$u savienojumu nogulsnésanas ir batiska, ja vides pH
ir 6,0-7,0. Kopuma, ja augsnes adens pH ir ap 6,0-7,0, kas atbilst konstatétajam pétiju-
ma objekta, tikai neliela metalu dala atrodas augsnes $kiduma (Rieuwerts et al., 1998).

e N 30 cm
s00d —— B — _60cn.1
m Nokri$nu Gidens
7. 40.01
)
Ex
S 3004— — - —
=
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100 T
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Kontrole Pelni Diinas Digestats
3.6. att. Min saturs augsnes un nokrisnu adeni 2015. gada pavasari
I 30 cm
N 60 cm
s Nokri$nu Gidens
T
3
o
i

Kontrole Pelni Diinas Digestats

3.7. att. Ni saturs augsnes un nokri$nu adeni 2015. gada pavasari
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14.0 I 30 cm
12.0 N 60 cm
s Nokri$nu Gidens

Cu, pgL™

Kontrole Pelni Dinas Digestats

3.8. att. Cu saturs augsnes un nokri$nu adeni 2015. gada pavasari

N 30 cm
I 60 cm
200 ms Nokri$nu Gidens

Kontrole Pelni Diinas Digestats

3.9. att. Zn saturs augsnes un nokri$nu adeni 2015. gada pavasari

N 30 cm
N 60 cm
mn Nokrignu Gidens

Kontrole Pelni Diinas Digestats

3.10. att. Cd saturs augsnes un nokrisnu adeni 2015. gada pavasari



Pb, pg L™

Kontrole Pelni Dipas Digestats

3.11. att. Pb saturs augsnes un nokri$nu adeni 2015. gada pavasari

N 30 cm
0.8 — i . G0 cm
mn Nokrignu Gidens

As, pgL™

Kontrole Pelni Digas Digestats

3.12. att. As saturs augsnes un nokris$nu udeni 2015. gada pavasari

3.2.5. Baribas elementu izskaloSanas no augsnes

Baltijas jaras regiona vérojama gan saldiidens, gan salsidens kvalitates paslikti-
nasanas, ka ari virszemes tdens eitrofikacija, ka rezultata ir izstradatas dazadas reko-
mendacijas, starptautiskas konvencijas u.c. ligumi vides aizsardzibas joma, pieméram,
Baltijas jaras regiona jaras vides aizsardzibas konvencija jeb Helsinku konvencija,
Nitratu Direktiva (91/676/EEC) u.c. Klimata parmainas palielina lauksaimnieciskas
razo$anas iespéjas (pieméram, garaka vegetacijas sezona), bet lidz ar to mainas lauk-
saimniecibas prakse (ar$anas un méslo$anas prakse, palielinatas fungicidu devas) un
adens, ka ari baribas elementu izskalosanas apstakli (Qygarden et al., 2014; Huttunen
et al., 2015). Intensiva lauksaimnieciba ir viens no galvenajiem izkliedéta piesarnoju-
ma ar biogénajiem elementiem avotiem, kas apdraud pazemes adenu kvalitati, izraisa
virszemes un jiras adenu eitrofikaciju, Baltijas jara dziladens zonas skabekla deficitu
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un toksinu izdalo$o zilalgu paradisanos (Lagzdins$ et al., 2008). Baribas elementu izska-
losanas mazinasana ir butisks ekosistému pakalpojums, ko ir viegli ietekmét ar neliela
méroga zemju apsaimnieko$anas lémumu pienemsanu (Tully et al., 2012). Pétijumos
ir pieradits, ka agromezsaimniecibas sistémas veicina tdens kvalitates uzlabo$anos
un tiek rekomendétas lauksaimniecibas piesarnojuma mazinasanai (Udawatta et al.,
2002; Lee et al., 2003; Anderson et al., 2008; Jose, 2009), jo tas samazina aizplastosa
(noteces) tdens daudzumu, veicina infiltraciju, sedimentu nogulsné$anos un baribas
vielu atgrie$anu aprité. Agromezsaimniecibas sistémas samazina baribas elementu aiz-
plasanu gruntsidenos, jo baribas elementi tiek intensivi uznemti ar augu sakném (Lee
et al., 2003; Allen et al., 2004; Nair & Graetz, 2004; Jose, 2009). Péc tam baribas ele-
menti ar dabiski atmirus$o saknu un viszemes dalu (nobiru) biomasu tiek atgriezti sisté-
ma, palielinot baribas elementu uznemsanas efektivitati (Allen et al., 2004; Jose, 2009).
Agromezsaimniecibas sistémas kokaugiem ir garaka vegetacijas sezona neka lielakai
dalai lauksaimniecibas kultaru, kas paildzina kopéjo baribas elementu uznemsanas lai-
ku un palielina izmanto$anas efektivitati sisttma kopuma (Jose, 2009). Pasreizéjie péti-
jumu rezultati liecina, ka agromezsaimniecibas sisttmam var bit nozimiga loma tidens
kvalitates uzlabosana teritorijas, kur praktizéta intensiva lauksaimnieciba (Jose, 2009).
Dimitriou et al. (2009) ir uzsvéris, ka ap$u hibridu stadijumi pozitivi ietekmé grunts-
udens kvalitati, salidzinot ar viengadigam lauksaimniecibas kultaram, bet lieli atrau-
dzigo koku sugu stadijumi patéré lielu daudzumu Gdens un lidz ar to var negativi ietek-
mét regionalo hidrologiju (Busch, 2009). Divu pédéjo gadu desmitu laika apsu hibridi
ir ekstensivi izmantoti fitoremediacijas mérkiem augsnés, kas piesarnotas gan ar or-
ganiskiem savienojumiem, gan smagiem metaliem (Marmiroli et al., 2013; Mukherjee,
2014; Valujeva et al., 2016).

Latvija atrodas mitra, mérena klimatiska josla, kur nokri$nu daudzums parsniedz
iztvaiko$anu, kas pavasaros un rudenos rezultéjas iidens aizpladé no augsnes (Jansons
et al., 2011). Pétljumu rezultati Baltijas valstis un Ziemelvalstis norada uz to, ka bari-
bas elementu izskalo$anas no lauksaimniecibas zemém var but butiska (Povilaitis et al.,
2014), turklat tendences ir vérojamas Baltijas valstis. Tas ir skaidrojams ar lauksaim-
niecibas intensitates palielinasanos Baltijas valstis (Stélnacke et al., 2014). Turklat tiek
prognozéts, ka klimata parmainu rezultata palielinasies vidéja atmosféras temperatira
un nokrisnu daudzums Ziemelvalstu — Baltijas regiona (Klavin$ & Zaloksnis, 2016).
Balstoties uz korelaciju starp nokri$nu daudzumu un adens noteci, tiek prognozéts,
ka nokrisnu daudzums veicinas gada vidéjo un ipasi ziemas perioda tidens noteci, kas
savukart palielinas kopéjo baribas elementu izskalosanos no augsnes (Qygarden et al.,
2014; Huttunen et al., 2015). Méginajumi ierobezot baribas elementu izskalo$anos no
lauksaimniecibas zemém ir bijusi politiskaja dienaskartiba Ziemelvalstis un Baltijas
valstis jau vairakus gadus (Andersen et al., 2014).

Pétijuma objekta aprékinata diennakts vidéja baribas elementu izskalo$anas no
augsnes, izmantojot integrétu pieeju, kas ietver augsnes noteces (virsé¢jo gruntsidenu
noteces) datus, kas modeléti, izmantojot konceptualo modeli METQ2012, un empiris-
kus augsnes Gdens kimiska sastava datus. 3.13. attéla paradita vidéja diennakts nitratu
izskalo$anas no augsnes laika posma no 2011. gada lidz 2015. gadam. Lielaka diennakts
NO;™-N izskalo$anas konstatéta 2011. gada parauglaukuma, kur ienests digestata pa-
matmeéslojums (412,0 g ha™! diena), un kontroles parauglaukuma (372,4 g ha! diena).
Gada laika no pétijuma objekta izskalotais nitratu apjoms paradits 3.14. attéla. Rezultati
liecina, ka gada laika izskalotais nitratu apjoms péc ap$u hibridu stadijuma izveido$anas
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lauksaimniecibas zemé, neskatoties uz pamatmeéslojuma ienesanu, ir butiski samazina-
jies — attiecigi no vidéji 9,85 kg ha™! 2012. gada lidz vidéji 0,17 kg ha™! 2015. gada.

Atbilstosi Jansons et al. (2003) un Lagzdins et al. (2012) pétjjumiem, Latvija sla-
pekla izskalo$anas no lauksaimniecibas zemém varié no 2 lidz 30 kg N ha™! gada, bet
Jansons et al. (2011) pétijuma difiizad piesarnojuma monitoringa objekta lauksaim-
niecibas zemé ir noskaidrojis, ka N izskalo$anas varié no 4,6 lidz 17,9 kg ha™! gada.
Bechmann et al. (2014) ir salidzinajis N izskalo$anos no dazadiem Ziemelu un Baltijas
sateces baseiniem. Pétljuma ir noskaidrots, ka laika posma no 2007. lidz 2011. gadam
vérojama loti liela N izskalo$anas variacija. Sateces baseina Norvégija konstatéta vis-
lielaka N izskalo$anas no lauksaimniecibas zemes (no 23,8 kg N ha'gada lidz pat
89,1 kg N ha™! gada). Danija N izskalo$anas varié no 5,7 un 17,7 kg N ha™! gada, bet
Zviedrija — no 8,5 lidz 35,4 kg N ha™! gada. Somija, Lietuva un Latvija N izskalo$anas
konstatéta diapazona no 6,5 lidz 18,6 kg N ha™! gada, turklat biezak tiek konstatétas
mazakas N izskalo$anas apjoma vértibas minéta diapazona robezas (Bechmann et al.,
2014; Qygarden et al., 2014). Pétijuma ietvaros konstatéta N izskalosanas vértiba no
lauksaimniecibas zemes piecus gadus péc apsu hibridu stadijuma izveido$anas (vidéji
0,17 kg ha™! gada) ir batiski mazaka neka Ziemelu un Baltijas valstis konstatéts ieprieks
minétajos pétijjumos.
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3.13. att. Nitratu vidéja diennakts izskaloSanas no augsnes
Linija, kas atrodas taisnstira vidu, atbilst medianai; taisnstira apakseéja un augseéja mala attiecigi
ir 1. un 3. kvartile; linijas apakséjais un augséjais punkts ir minimala un maksimala vertiba, kas
neparsniedz 1,5 reizes attalumu starp 1. un 3. kvartili, sarkanie punkti ir maksimaldas vertibas,
kas 1,5 reizes parsniedz attalumu starp 1. un 3. kvartili.
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3.14. att. Nitratu gada vidéja izskalo$anas no augsnes pétijuma objekta
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3.15. att. Fosfatu vidéja diennakts izskaloSanas no augsnes
Linija, kas atrodas taisnstira vidi, atbilst medianai; taisnstira apakséja un augséja mala attiecigi
ir 1. un 3. kvartile; linijas apaksejais un augsejais punkts ir minimala un maksimala vertiba, kas
neparsniedz 1,5 reizes attalumu starp 1. un 3. kvartili, sarkanie punkti ir maksimalas vértibas,
kas 1,5 reizes parsniedz attalumu starp 1. un 3. kvartili.

84



3.15. attéla ir paradita vidéja fosfatu diennakts izskalo$anas no pétijuma objekta
laika posma no 2011. lidz 2015. gadam. Lielaka fosfatu izskalo$anas diennakts laika
(11,0 g ha™') konstatéta 2014. gada (Cetrus gadus péc méslojuma iestrades) paraug-
laukuma, kur ienests notektidenu attiriS$anas danu pamatméslojums. Rezultati lie-
cina par butisku notekadenu attiriSanas danu pamatmeéslojuma ietekmi ne tikai uz
fosfatu vidéjo diennakts izskalo$anos, bet ari uz gada laika izskaloto fosfatu apjomu
(3.16. att.). Kontroles parauglaukuma un parauglaukumos, kur ienests koksnes pelnu
un digestata pamatmeéslojums, konstatéta tendence samazinaties gada laika izskalota-
jam fosfatu apjomam, bet parauglaukumos, kur ienests notekadenu attiriSanas dianu
pamatmeéslojums, gada laika izskalotais fosfatu apjoms ir ievérojami palielinajies ce-
turtaja un piektaja gada péc pamatmeéslojuma ienes$anas, sasniedzot pétijuma perioda
augstakas vértibas (attiecigi, 389,8 g ha™! gada un 307,5 g ha™! gada). Pengerud et al.
(2015) ir petijis kopéja fosfora koncentracijas noteces denos, ka ari fosfora izskalo-
$anos no dazadiem sateces baseiniem lauksaimniecibas zemés Ziemelu un Baltijas
valstis. Pétljuma konstatéts, ka gada vidéjie kopéja P zudumi varié no 7,5 kg kopéja
P ha™! gada Norveégija (Vasshaglona sateces baseina) lidz ~ 0,1 kg kopéja P ha™! gada
Latvija (Vienziemites sateces baseina), bet $aja sateces baseina tikai 5-10% no kopéja
sateces baseina ir aramzeme.

0.40
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Kontrole Pelni Diinas Digestats

3.16. att. Fosfatu gada vidéja izskalo$anas no augsnes pétijuma objekta

Kalija joni augsné ir mobili, un lidz ar to liels K apjoms var tikt izskalots, jo ipasi no
lauksaimniecibas zemém (Alfaro et al., 2004). Izskalotajam K apjomam no lauksaim-
niecibas zemém tiek pievérta mazaka uzmaniba, salidzinot ar nitratu un fosfatu izska-
loto apjomu, jo K netiek uzskatits par vides piesarnotaju, ka ari K izskalo$anas tiesi ne-
ietekmeé virszemes Gdenu eitrofikaciju, bet pastiprinata K izskalo$anas no augsnes var
ietekmét augu augSanu un kvalitati (Broschat, 1995; Kolahchi & Jalali, 2007). 3.17. at-
téla ir paradita kalija vidéja diennakts izskalo$anas no pétijuma objekta laika posma no
2011. lidz 2015. gadam. Diennakts laika izskalotais K apjoms varié atkariba no augsné
iestradata pamatmeéslojuma veida un meteorologiskajiem apstakliem. Pétijuma rezultati
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liecina, ka lielakais diennakts laika izskalotais K apjoms ir novérots 2012. gada (otraja
gada péc pamatmeéslojuma iestradasanas augsné) parauglaukumos, kur ienests koksnes
pelnu pamatmeéslojums, kad diennakts laika izskalotais K apjoms sasniedza maksimalo
vértibu 485,4 g K ha™! diena, bet laika perioda no 2013. lidz 2015. gadam diennakts lai-
ka izskalotais K apjoms ir salidzinosi stabils — no 25,4 lidz 41,8 g ha™! diena. Kontroles
parauglaukumos diennakts laika izskalotais K apjoms pétijuma perioda samazinajas no
32,3 gha™! diena 2011. gada lidz 8,6 g ha™! diena 2015. gada.
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3.17. att. Kalija vidéja diennakts izskalo$anas no augsnes
Linija, kas atrodas taisnstira vidi, atbilst medianai; taisnstira apakséja un augséja mala attiecigi
ir 1. un 3. kvartile; linijas apakseéjais un augséjais punkts ir minimala un maksimala vertiba, kas
neparsniedz 1,5 reizes attalumu starp 1. un 3. kvartili, sarkanie punkti ir maksimalas vertibas,
kas 1,5 reizes parsniedz attalumu starp 1. un 3. kvartili.

Ari gada laika izskalotais K apjoms pétjjuma perioda galvenokart samazinajas vi-
sos parauglaukumos, sasniedzot minimalo vértibu 3,12 kg K ha™! 2015. gada kontro-
les parauglaukumos (3.18. att.). Krass izskalota K apjoma samazinajums vérojams tiesi

2013. un 2015. gada, kas skaidrojams ar salidzinosi mazaku kopéjo nokrisnu daudzu-
mu attiecigajos gados (LVGMC, 2018). Neskatoties uz kopéjo tendenci izskalotajam K
apjomam pétijuma objekta samazinaties, taja skaita parauglaukumos, kur ienests K sa-
turo$s pamatmeéslojums, K izskalo$anas parsniedz K ienesi ar atmosféras nokri$niem,
noradot uz K saturo$u mineralu mineralizacijas procesiem.
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3.18. att. Kalija gada vidéja izskalo$anas no augsnes pétijuma objekta

3.3. Augu un sénu biomateriala kimiskais sastavs

3.3.1. ApSu hibridu lapu, zaru un nobiru kimiskais sastavs

$o vielu saglabasanos un apriti ekosistéma. Ta ka kokaugu ekosistémas piesarnojosas
vielas un baribas vielas no nokri$niem, ka ari dalinas vielu sausaja izsé$anas procesa
vispirms uztver koku vainagi, ari nobiras, kas nokltst uz augsnes, satur kimiskas vielas,
kuras akumuléjusas koku skujas un lapas. Meza ekosistémas nobiras ir koku un kramu
atmirusas dalas (lapas, skujas, zari, mizas, zvinas), kas augsnes virskarta veido nedzivas
zemsegas horizontu. Tiek uzskatits, ka nobiras ir otrs lielakais baribas elementu avots
zemes virskarta, ta¢u baribas elementi no organiskajam vielam mineralizacijas procesa
atbrivojas 1éni, turpreti baribas vielas, kas nonakusas augsné ar vainaga caurteces un
stumbra noteces tdeniem, parasti ir gandriz izs§kidu$as, un lidz ar to augi tas var atri
uznemt (Térauda, 2008).

Gada kopéja nobiru masa pétijumu objekta 2014. un 2015. gada paradita 3.19. atte-
la. 2015. gada konstatéta ievérojami lielaka gada kopéja nobiru masa, kas izskaidrojama
ar straujo ap$u hibridu biomasas, taja skaita ari koku vainaga dalas, kas rada lielako
masas ieguldijjumu nobiru kopéja masa, pieaugumu.

Vidéjais dazadu frakciju ipatsvars kopéja nobiru biomasa un vidéjais makroele-
mentu saturs dazadu nobiru frakciju paraugos apkopots 3.15. tabula. Vidéji 92,9% no
kopéjas nobiru biomasas pétijuma objekta veido tiesi ap$u hibridu lapas. Ar ap$u hibri-
du lapu nobiram ienestais makroelementu daudzums 2014. un 2015. gada atkariba no
pamatmeéslojuma veida paradits 3.16. tabula. Ar ap$u hibridu lapu nobiram elementu
aprité atgrieztais makroelementu daudzums ir tiesi atkarigs no kokaugu stadijuma ve-
cuma un izmantota pamatmeéslojuma veida. Gan 2014. gada, gan 2015. gada lielakais
makroelementu daudzums, kas aprité atgriezts ar apsu hibridu lapu nobiram, konsta-
téts parauglaukuma, kur ka pamatmeéslojums izmantots digestats, kaut ari ar digestata
pamatmeéslojumu nav ienests lielakais baribas elementu (N, P, K) daudzums, salidzinot
ar notekadenu attiri$anas dianu un koksnes pelnu pamatmeéslojumu (2.1. tabula).
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3.19. att. Gada kopéja nobiru masa pétijuma objekta
3.15. tabula
Vidéjais makroelementu saturs nobiru paraugos pétijuma objekta
Frakcija (w) C,gkg! | N,gkg? | Pgkg! | K,gkg! | Ca,gkg™ | Mg, gkg!|S, mgkg!
Zari un mizas 509 +5 6,4+0,7 | 1,4+04 | 7,8+0,5 171+ 1 2,8+0,1 55+ 27
(1,6%) n=4 n=4 n=3 n=3 n=3 n=3 n=3
Apsu hibridu 505+2 12+1 23+0,1 | 6,2£0,5 24+3 3,8+0,1 | 50622
lapas (92,9%) n=3§8 n=38 n=4 n=4 n=4 n=4 n=4
_ 592 + 14 11+£3 0,5 1,8 10,8 1,5 347
0
Seklas (1,5%) n=2 n=2 n=1 n=1 n=1 n=1 n=1
Insekti, fekalijas 151 +4 29+6 1,8 3,6 13,7 3,2 1325
u.c. (3,9%) n=2 n=2 n=1 n=1 n=1 n=1 n=1
Citu koku sugu 520 13,0 2,6 8,4 19,6 3,2 556
lapas (0,2%) n=1 n=1 n=1 n=1 n=1 n=1 n=1
n — paraugu skaits; w — attiecigas frakcijas videjais ipatsvars kopeja nobiru biomasa.
3.16. tabula

Ar ap$u hibridu lapu nobiram elementu aprité atgriestais makroelementu daudzums

Pamat- AH lapu
Gads | méslojuma nobiru C, N, P, K, Ca, Mg, S,
) biomasa, kg | kgha™ | kgha™ | kgha™ | kgha | kgha™ | kgha | kgha™!
veids ha-1
kontrole 836,3 415,6 11,25 2,37 5,18 19,74 3,18 0,89
2014 digestats 1926,4 965,1 37,45 5,31 11,94 | 45,46 7,32 2,59
danas 365,3 188,3 4,47 1,11 2,27 8,62 1,39 0,44
pelni 105,5 52,7 0,81 0,26 0,65 2,49 0,40 0,08
kontrole 1972,4 992,4 27,0 4,8 12,5 30,5 7,2 1,04
2015 digestats 3060,9 1549,2 | 37,0 6,7 22,5 85,8 11,9 1,65
danas 1682,1 853,8 19,3 4,1 8,7 42,6 6,9 0,86
pelni 507,6 258,3 3,9 1,1 3,0 13,0 1,9 0,23
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Vidéjais kopéja N un C saturs, ka ari C/N attieciba svaigas apsu hibridu lapas un
lapu nobiras apkopota 3.17. tabula. Somija veikta pétijuma intensivas satiksmes regio-
nos konstatéts, ka vidéjais kopéja N saturs ap$u hibridu svaigas lapas ir 2,4%, bet lapu
nobiras 0,9% (Nikula et al., 2011). Ari §1 pétijuma ietvaros noteiktais vidéjais kopéja N
saturs svaigas ap$u hibridu lapas ir 2,41 + 0,08%, bet lapu nobiras 1,2 + 0,1%. Gan apsu
hibridu svaigas lapas, gan lapu nobiras lielaks N saturs konstatéts parauglaukumos,
kur sakotnéji ienests N saturo$s pamatmeéslojums (digestats un notekidenu attirisanas
danas). Tapat konstatéta apsu hibridu klona ietekme uz kopéja N saturu apsu hibridu
lapas (3.17. tabula).

3.17. tabula
Vidéjais kopéja N un C saturs ap$u hibridu svaigas lapas un lapu nobiras pétijumu objekta
2014. gada
Pamat- Svaigas lapas (klons Nr. 4) | Svaigas lapas (klons Nr. 28) | Lapu nobiras (klons Nr. 4)
méslojuma N, C oke! N, Cokel|l C N, kel| C
veids gkgt |C8keT| CON | 0 |Cekg N g |©8ks /N
21,9 + 233+ | 239+ 20,9 =
+ +
Kontrole 0,6 529__35 0,8 0,2 52 1__33 0,3 " 1_4 i :271 n3—7 I
n=3 B n=3 | n=3 B n=3 B B -
Pelni 21+3 | 494+4 | 25+4 | 22+2 [ 499+6 | 23+2 8 499 65
n=3 n=3 n=3 n=23 n=3 n=3 n=1 n= n=1
_ 22+2 | 5004 | 23+2 | 274£2 | 499+3 | 19+2 12 515 42
Dunas
’ n=3 n=3 n=3 n=23 n=3 n=3 n=1 n= n=
Digestits 26+2 | 508+4 | 20+1 | 28+3 |510+7 | 18+2 19 501 226
& n=3 n=3 n=3 n=23 n=3 n=3 n=1 n=1 n=1
n — paraugu skaits.

Stabilo C un N izotopu attieciba koku lapotné var izskaidrot C un N apriti gan spe-
cifiskas ekosistémas, gan pasaules méroga ekologiska gradienta (Craine et al., 2009).
Koku lapu un zaru izotopisko sastavu nosaka gan koku suga, gan méslojums (Kalcsits
etal., 2015).

Vidéjas 6'°C un 8N izotopu attiecibu vértibas Cetrus gadus vecu ap$u hibridu lapas
un zaros ir apkopotas 3.18. un 3.19. tabulas. §'*C izotopu attieciba ap$u hibridu lapas
varié salidzino$i Saura intervala no -29,47 %o lidz -28,04 %o. 8'°N izotopu attieciba
apsu hibridu lapas varié no 1,19 %o (kontroles parauglaukuma) lidz 6,49 %o (paraug-
laukuma, kas méslots ar notekiidenu attirisanas danam). Pétijuma ietvaros konstatétas
statistiski batiskas §'*C izotopu attiecibas vértibu atskiribas starp ap$u hibridu klona
Nr. 4 un klona Nr. 28 lapam kontroles parauglaukuma. Visos parauglaukumos apsu
hibridu klona Nr. 28 lapas konstatéta lielaka §!°N izotopu attiecibas vértiba, salidzinot
ar klona Nr. 4 lapas konstatétam vértibam, bet statistiski butiska atskiriba konstatéta
tikai parauglaukuma, kur ka pamatméslojums ir izmantotas notekadenu attiriSanas
danas (p = 0,002). Tapat visos parauglaukumos, kur ienests kads no pamatmeéslojuma
veidiem, konstatétas lielakas vidéjas 8'°N izotopu attiecibas vértibas, bet statistiski ba-
tiskas atskiribas konstatétas starp kontroles parauglaukumiem un parauglaukumiem,
kur ienestas notekidenu attiriSanas danas (p = 0,002 gan aps$u hibridu kolona Nr. 4 pa-
rauglaukuma, gan klona Nr. 28 parauglaukuma) un digestats (p = 0,002 ap$u hibridu
kolona Nr. 4 parauglaukuma, p = 0,015 klona Nr. 28 parauglaukuma).
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Dazadu koku sugu pétijumos noskaidrots, ka §'°C veértiba gan koksné ekosistémas
limeni, gan koksnes gadskartas individualu koku limeni stipri atskiras pat vienas eko-
sistémas un individuala koka ietvaros, kas skaidrots ar §'*C veértibas stipro atkaribu no
vides un klimatiskajiem apstakliem, pieméram, auga genétiskajam Ipasibam attieciba
uz udens izmanto$anas efektivitati, fotosintézes aktivitati, kas savukart ir atkariga no
tadiem faktoriem ka saules radiacija un baribas elementu pietiekamiba, mikroreljefa,
augsnes tipa, granulometriska sastava, vietas hidrologiskam ipatnibam, nokrisnu dau-
dzuma, gaisa temperatiras (Bégin et al., 2015).

3.18. tabula
Vidéja §"*C un 8"°N izotopu attieciba ¢etrus gadus vecu apsu hibridu lapu paraugos
Pamatmeéslojuma 8"*Cvrpe, %o 8"Narr, %o
veids klons Nr. 4 klons Nr. 28 klons Nr. 4 klons Nr. 28
-28,4+0,2 -29,0 £ 0,2* 1,6 £ 0,1 2,0£0,1
Kontrole
n=23 n=23 n=23 n=23
Digestats 286 0,1 -28,8 £ 0,2 2,8 £0,17 3,0 £ 0,2%*
8 n=23 n=3 n=3 n=3
_ -29,0 £ 0,1** -28,5%0,1 2,7 £ 0,1%* 4,6 + 0,6%/**
Dunas
’ n=3 n=3 n=3 n=23
Pelni -29,1+0,1 -28,8 £0,2 1,7 +0,1 35%0,7
n=3 n=3 n=3 n=3
* Statistiski butiskas (p < 0,05) atskiribas starp C vai N izotopu attiecibas vértibu apsu hibridu klona
Nr. 4 un klona Nr. 28 lapas parauglaukuma ietvaros.
** Statistiski butiskas (p < 0,05) atskiribas starp C vai N izotopu attiecibas vertibu kontroles
parauglaukuma un parauglaukuma, kur ienests pamatmeéslojums, apsu hibridu klona ietvaros.
n — paraugu skaits.

Lidzigi ka §'*C izotopu attieciba ap$u hibridu lapas, ari zaros §'3C vertibas (3.19. ta-
bula) varié salidzinosi $aura intervala no -28,76 lidz -26,71, bet 8N izotopu attieciba
varié plasa diapazona no -3,66 (parauglaukuma, kas méslots ar koksnes pelniem) lidz
2,54 (kontroles parauglaukuma).

3.19. tabula
Vidéja §'*C un 8N izotopu attieciba 4 gadus vecu ap$u hibridu zaru paraugos
Pamatméslojuma 8"*Cvrps, %o 8"Narr, %o
veids klons Nr. 4 klons Nr. 28 klons Nr. 4 klons Nr. 28
-26,9 + 0,1 -28,0 + 0,1* -0,8+£0,5 1,5 £ 0,4*
Kontrole
n=3 n=23 n=23 n=3
Dioestats -26,86 + 0,04 -27,35 £ 0,07*/** 0,3+0,3 0,9 +0,2
8 n=3 n=23 n=23 n=3
_ -27,4 £ 0,1** -27,39 + 0,07** =yl 2E @7 1,8 + 0,4*
Dunas
’ n=3 n=23 n=23 n=3
Pelni -28,2+ 0,2** -27,7£0,1 -0,6 +£0,2 0,3+1,2
n=23 n=3 n=3 n=23
* Statistiski bitiskas (p < 0,05) atskiribas starp C vai N izotopu attiecibas vertibu apsu hibridu klona
Nr. 4 un klona Nr. 28 zaros parauglaukuma ietvaros.
** Statistiski butiskas (p < 0,05) atskiribas starp C vai N izotopu attiecibas vertibu kontroles
parauglaukuma un parauglaukuma, kur ienests pamatmeslojums, apsu hibridu klona ietvaros.
n — paraugu skaits.
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3.3.2. Parasto apSubeku auglkermenu izotopiskais sastavs

Sénés ir augsts proteinu saturs, pieméram, atbilstosi Kalaca (2009) pétijjuma rezulta-
tiem, kopproteina saturs sénés varié no 16,5 lidz 59,4% no sausas masas. Lidz ar to, uz-
tura lietojot sénes, patérétja §'°N vértiba var tikt ietekméta. Sis jautajums pédéjo gadu
desmitu laika ir arheologu redzesloka (O’Regan et al., 2016). Sénu auglkermenu izo-
topiska sastava pétijumi norada uz lielu stabilo izotopu vértibu variaciju: §"°N veértiba
varié no -7,1 %o 1idz 21,8 %o, bet §'*C veértiba varié no -31,7 %o lidz —19,0 %o (O’Regan
et al., 2016). Lidz $im tikai nedaudzi sénu izotopiska sastava pétijumi ir veikti Eiropa —
Skandinavija Taylor et al. (1997), Francija Zeller et al. (2007) un Lielbritanija Hygrocybe
spp. pétijumus ir veicis Griffith (2004). Ipasi maz pétits ir cilvékiem édamo taksonu
izotopiskais sastavs, bet esosie dati liecina, ka 6'°N veértiba varié no -1,1 %o lidz 12,5 %o,
bet §'°C vértiba varié no -28,6 %o lidz -21,1 %o (O’Regan ef al., 2016). Se$am édamam
sénu sugam (Boletus edulis, Hydnum repandum, Agaricus arvensis un trifeléem) noteikts,
ka 8N vértiba ir lielaka par 8%o. Dazam sénu sugam ir pieejami vairaki pétijumu dati,
pieméram, Cantharellus cibarius (gailenu) auglkermenos konstatéts Saurs §'°C veértibas
diapazons, bet 8N veértibas varié pat par 7 %o (8'°N varié no 0,7 %o lidz 7,7 %o, bet
8*C no -26,6 %o 1idz -25,2 %o, n = 5). Savukart Hydnum repandum auglkermenos kon-
statéta tikai 0,6 %o 0'°N veértibas variacija, bet 3,2 %o variacija §'°C vértibai (§"°N varié
no 8,6 %o lidz 9,2 %o, bet §"*C no -28,6 %o lidz -24,5 %o, n = 3) (O’Regan et al., 2016).

Lidz $im zinatniskaja literatara nav publicéta informacija par §'*°C un 8§"°N izotopu
attiecibu vértibam parasto ap$ubeku (Leccinum aurantiacum (Bull.) Gray) auglkerme-
nos. Vidéjas 6"*C un 8N izotopu attiecibu veértibas parasto apsubeku auglkermenos,
kas nemtas pétijuma objekta 2014. un 2015. gada, ir apkopotas 3.20. tabula. §!°C veér-
tiba varié salidzinosi $aura intervala no -27,37 + 0,05 %o lidz -25,5 + 0,2 %o. Visos pa-
rauglaukumos 2015. gada nemtajos parasto ap$ubeku auglkermenu paraugos konstaté-
ta mazaka §'3C veértiba (vidéji par 1,0 %o), salidzinot ar 2014. gada nemtajos paraugos
noteiktajam 8'*C vértibam. §'°N vértiba parasto ap$ubeku auglkermenu paraugos va-
rié no 8,6 + 0,1 %o lidz 10,4 + 0,1 %o. Gan 2014. gada, gan 2015. gada nemtajos parasto
apSubeku auglkermenu paraugos lielakas §'°N veértibas konstatétas paraugos, kas nem-
ti parauglaukumos, kur ienests notektidenu dianu un digestata pamatmeéslojums, sali-
dzinot ar paraugiem, kas nemti kontroles parauglaukumos. Sads konstatéjums norada
uz organiska pamatmeéslojuma (notekiidenu danu un digestata) ietekmi uz parasto ap-
$ubeku auglkermenu izotopisko sastavu pat 4-5 gadus péc pamatméslojuma iestrades.
Pétijuma ietvaros noteiktas §'°C un §'°N vértibas parasto ap$ubeku auglkermenu pa-
raugos atbilst O’'Regan ef al. (2016) minétajam §'°C un §°N vertibu diapazonam, kas
noradits cilvékiem uztura lietojamam séném.

3.20. tabula

Vidéja 8"*C un 8"°N izotopu attieciba parasto apsubeku auglkermenos

Pamatméslojuma 2014. gads 2015. gads
veids 83CvrpB, %0 S8'5NAIR, %o 8'3CvrpB, %0 S8'°NAIR, %o
Kontrole -25,89 £ 0,05 8,9+0,2 -26,64 £ 0,04 8,6 £0,1
Digestats -26,30 £ 0,06 9,9+0,3 -26,7 £ 0,1 10,4 £ 0,1
Diinas -25,5+0,2 9,7+0,2 -27,01 £ 0,08 9,0 £0,4
Koksnes pelni -25,88 £ 0,05 8,705 -27,37 £ 0,05 8,7x0,1
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3.3.3. ApSu hibridu stumbra gadskartu kimiskais sastavs

Lidz ar analitisko metoZu attistibu ir iespéja veikt multielementu dendroanalizi ar
loti augstu telpisko izskirtspéju un zemu detektésanas robezu, kas lauj spriest par ele-
mentu un to izotopu sastavu un apriti kokaugos, ka ari elementu un to izotopu satura
atskiribam kokaugu dazadas gadskartas. Apsu hibrida stumbra gadskartu kimiska sa-
stava jeb dendrokimiska izpéte ir aktuala no vairakiem aspektiem. Pirmkart, stumbra
gadskartu kimiska sastava analize lauj spriest par ap$u hibridu piemérotibu fitoremedi-
acijas mérkiem, jo dod iespé&ju analizét mikroelementu, taja skaita smago metalu, aku-
mulésanas dinamiku stumbra gadskartas. Otrkart, dendrokimiska izpéte lauj spriest
par baribas elementu izne$anu no ekosistémas lidz ar atraudzigo kokaugu stumbra bio-
masas izvaksanu no platibas. Treskart, apsu hibridu stumbra gadskartu kimiska sastava
analize lauj spriest par izmantota pamatmeéslojuma ietekmi uz koksnes kimisko sastavu
un ta izmainam gan vienas gadskartas ietvaros, gan visa pétijuma perioda ietvaros.

13C relativais daudzums apsSu hibridu stumbru gadskartas

3.21. tabula ir apkopots '*C relativais daudzums aps$u hibridu stumbru gadskartas.
13C relativais daudzums koksné ir atkarigs no vairakiem komplicétiem procesiem ko-
kaugos (pieméram, oglekla izotopu frakcioné$anas fotosintézes laika vai dazadu cukuru
transporté$anas laika floéma) un vides faktoriem, kas tos ietekmé (pieméram, atmosfe-
ras un lapu temperatara, augsnes mitrums, tvaika spiediena deficits u.c.) (Gessler et al.,
2014). Analizétajas ap$u hibridu stumbru gadskartas vérojama liela vidéja *C relativa
daudzuma variacija gan starp gadskartam viena paraugkoka ietvaros, gan starp analizé-
tajiem paraugkokiem, noradot uz lielu variaciju oglekla izotopu frakcioné$anas un *C
diskriminacijas procesos.

3.21. tabula

Vidéjais relativais '>C relativais daudzums apsu hibridu stumbru gadskartas

Pamat- Gadskarta
méslojuma lf araug-
veids oka Nr. 2011 2012 2013 2014 2015 2016
Al 26+ 1 24,7+0,6 | 25,1 +0,5 | 27,7+04 | 24,7+0,5 | 27,6 £ 0,7
Kontrole A5 19,6 £0,5 | 24,2+0,6 | 284+0,6 | 34,1 +0,6 | 349+0,5 | 47,9+0,8
A9 21+1 29,0+ 0,6 | 36,2 +0,7 85+2 86 +2 100 £2
A2 33+1 39,2+0,8 47 +2 42+2 21,1+0,3 | 18,4+0,2
Dunas A8 26,3+0,5 | 31,1 £0,7 | 40,5+0,6 | 47,4+0,7 | 57,4+0,8 75+ 1
All 66 + 2 81+2 95+2 95+2 73+ 1 79+ 1
A3 34+4 45+ 10 54 +8 73 +£20 64+9 87 £ 12
Digestats A6 34+1 42+1 43 +1 31,5+ 0,7 39+2 63+2
A10 17+2 20+ 3 16 +11 04+0,1 | 05+0,1 | 0,6+0,1
A4 20,7+0,9 | 22,1£0,4 | 24,6+ 0,4 | 24,8+0,5 | 30,5+ 0,5 | 36,7+ 0,5
Pelni A7 6,4+0,2 7,5+0,3 85+0,1 | 14,7+0,4 | 229+0,3 | 254+0,5
Al12 31+1 29,9+0,9 | 26,6+0,5 | 23,8+04 | 23,4+0,4 | 27,0+0,5

LA-ICP-MS mérijumi ap$u hibridu stumbru gadskartas veikti pa divam taisnam
savstarpéji perpendikularam trajektorijam. Lidz ar to ir iespéjams izvértét 1°C relati-
va daudzuma korelaciju starp minétajam savstarpéji perpendikularajam trajektorijam.
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Meérijjumu rezultati norada uz salidzinosi lielu °C relativa daudzuma variaciju ne tikai
starp gadskartam, bet ari vienas gadskartas ietvaros, korelacijas koeficienti r starp di-
vam taisnam savstarpéji perpendikularam trajektorijam viena paraugkoka ietvaros
varié no -0,34 lidz 0,75. 3.20. attéla ir paradits *C relativais daudzums ap$u hibrida
paraugkoka A12 gadskartas — LA-ICP-MS mérijumi pa divam taisnam savstarpéji per-
pendikularam trajektorijam, korelacijas koeficients r ir 0,59.
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3.20. att. 3C relativais daudzums apsu hibridu paraugkoka A12 gadskartas (LA-ICP-MS
meérijumi pa divam taisnam savstarpéji perpendikularam trajektorijam)

39K relativais daudzums apsu hibridu stumbru gadskartas

3.22. tabula apkopots vidéjais *K relativais daudzums aps$u hibridu stumbru gads-
kartas. Salidzinot gadskartu vidéjo *K relativo daudzumu, vislielakais *K relativais
daudzums visas gadskartas konstatéts paraugkokos, kas augusi parauglaukumos, kur
ienests koksnes pelnu vai digestata pamatmeéslojums. Janem veéra, ka ar koksnes pel-
niem un digestatu augsné ari ienests lielakais K daudzums, salidzinot ar notekadenu
attiriSanas dinu pamatmeéslojumu (2.1. tabula). Gadskartas, kas veidojusas laika pos-
ma no 2011. lidz 2014. gadam, lielakais *K relativais daudzums konstatéts paraug-
kokos, kas augusi parauglaukumos, kur ienests koksnes pelnu pamatmeéslojums (re-
lativais daudzums atkariba no paraugkoka un gadskartas varié no 11768 + 226 lidz
14829 + 999). Gadskartas, kas veidojusas 2015. un 2016. gada, lielakais *K relativais
daudzums konstatéts paraugkoka A10 parauglaukuma, kur ienests digestata pamat-
meéslojums (relativais daudzums attiecigi ir 11738 + 348 un 18968 + 751). Kopuma veé-
rojama salidzinodi liela gadskartu vidéja **K relativa daudzuma variacija — no 1376 +
31 apsu hibrida 2013. gada gadskarta (pamatméslojuma veids — notekadenu attiri-
$anas danas) lidz 18968 + 751 aps$u hibrida 2016. gada gadskarta (pamatmeéslojuma
veids — digestats).
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¥K vidéjais relativais daudzums aps$u hibridu stumbru gadskartas

3.22. tabula

Pamat- | Paraug- Gadskarta
meéslojuma| koka
veids Nr. 2011 2012 2013 2014 2015 2016
Al | 4419 +379 | 2800 + 129 | 3077 + 170 | 2813 £169 | 1704 +82 | 2325+ 198
Kontrole | A5 1674 £116 | 1508 +49 | 1431 +41 | 1893 +89 | 2649 +55 | 4733 379
A9 4023 £205 | 3116 £ 114 | 2898 £99 | 283762 | 289684 | 2979 £51
A2 | 6656 £238 | 4606 = 119 | 4524 + 160 | 3614 £ 129 | 2216+ 36 | 1879 +53
Danas A8 | 2061 +121 | 2027 +115 | 1376 £31 | 2363 + 151 | 3788 £87 | 5046 + 198
All |12567 +526| 8547 + 343 | 7482 + 366 | 5352 +210 | 3610 =76 | 5068 + 163
A3 | 8650 +318 | 6079 +236 | 4595+ 113 | 3041 £85 | 1955+ 111 | 4769 + 335
Digestats | A6 | 4591 £220 | 3762+ 104 | 2970 +56 | 1950 +37 | 1874+ 64 | 4895+ 347
A10 | 6394 +247 | 9150 + 446 | 7901 + 629 | 11223 +321|11738 + 348| 18968 + 751
A4 | 5900 + 651 | 5031 +266 | 5316 + 302 | 3658 + 170 | 3660 + 163 | 7042 + 394
Pelni A7 8141 + 255 | 9139 £ 202 |11768 + 226(13518 +446| 5243 + 120 | 5463 + 147
Al2 |14829 £999(13033 +586| 9248 + 244 | 7271 + 247 | 7820 + 281 18764 + 2573

Vienas gadskartas ietvaros vérojamas butiskas K relativa daudzuma atskiri-
bas. 3.21. un 3.22. attélos paradits *K relativais daudzums ap$u hibrida paraugkoka
A4 gadskartas. Vérojamas butiskas *K relativa daudzuma at$kiribas agrinaja un veéli-
naja koksné — gadskartu ietvaros vélinaja koksné konstatéts maksimalais *K relativais
daudzuma. 3.23. attéla paraditi *K relativa daudzuma LA-ICP-MS mérijumu rezultati
pa divam taisnam savstarpéji perpendikularam trajektorijam virziena no stumbra ser-
des uz mizu paraugkoka A9 gadskartas. Apsu hibrida (paraugkoks A9) gadskarta, kas
veidojusies 2011. gada, konstatéta vidéji ciesa korelacija starp 2 perpendikulariem K
relativa daudzuma meérjjumiem, korelacijas koeficients r = 0,62. Nakamajas gadskartas
vérojama vaja korelacija (r < 0,50). Ka vienu no iemesliem var minét gadskartu platuma
un attaluma no serdes jeb radiusa neviendabigumu kokaugu stumbros.
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3.21. att. ¥K relativais daudzums apsu hibridu paraugkoka A4 gadskartas
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3.22. att. ¥K relativais daudzums apsu hibridu paraugkoka A4 pirmas tris gadskartas
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3.23. att. ¥K relativa daudzuma mérijumi pa divam taisnam savstarpéji perpendikularam

trajektorijam aps$u hibridu paraugkoka A9 gadskartas

Salidzinot *K relativo daudzumu ap$u hibridu stumbru gadskartas un iekséja miza,
butiski lielaks K relativais daudzums konstatéts vaskularaja kambija un iekséja miza

(3.24. att).
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3.24. att. ¥K relativais daudzums ap$u hibridu paraugkoka A5 gadskartas un iek$éja miza (IM)
Melna linija, kas atrodas taisnstiri, atbilst medianai; sarkana raustita linija atbilst datu kopas
vidéjais vertibai; taisnstiira apakséja un augseja mala attiecigi ir 1. un 3. kvartile; linijas
apaseéjais un augséjais punkts ir minimald un maksimala vertiba, kas neparsniedz 1,5 reizes
attalumu starp 1. un 3. kvartili, sarkanie punkti ir maksimalas vertibas, kas 1,5 reizes parsniedz
attalumu starp 1. un 3. kvartili.

“44Ca relativais daudzums apsu hibridu stumbra gadskartas

3.23. tabula apkopots **Ca vidéjais relativais daudzums aps$u hibridu stumbru gads-
kartas. Salidzinot **Ca gadskartu vidéjo relativo daudzumu aps$u hibridos, kas augusi
parauglaukumos, kur ienesti dazadi pamatmeéslojuma veidi, nav vérojama viennozimi-
ga pamatméslojuma ietekme, bet vérojamas butiskas atskiribas starp paraugkokiem.
Visas gadskartas lielakais **Ca relativais daudzums konstatéts paraugkoka A12, kas
audzis parauglaukuma, kur ienests koksnes pelnu pamatméslojums. Kopuma véro-
jama salidzinosi liela gadskartu vidéja **Ca relativa daudzuma variacija — no 6765 +
277 ap$u hibrida 2012. gada gadskarta (pamatmeéslojuma veids — koksnes pelni) lidz
282099 + 17320 apsu hibrida 2012. gada gadskarta (pamatmeéslojuma veids — koksnes
pelni). Tapat vérojamas **Ca relativa daudzuma atskiribas vienas gadskartas ietvaros,
ipasi vélinaja koksnes dala (3.25. att.). Salidzinot */Ca relativo daudzumu ap$u hibri-
du stumbru koksné un iek$éja miza, butiski lielaks #4Ca relativais daudzums konstatéts
iekséja miza (3.26. att.).
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3.23. tabula

44Ca vidéjais relativais daudzums apsu hibridu stumbru gadskartas

Pamat- P Gadskarta
méslojuma kaliaug-
veids okaNr. | 2011 2012 2013 2014 2015 2016
Al 21807 9374 11810 10481 7469 8401
+ 5204 + 1056 + 1385 + 678 + 368 +478
Kontrole A5 14340 11206 10534 12829 8624 7739
+ 1118 +619 + 355 + 500 +272 +264
A9 27916 25602 27840 33060 29854 23340
+ 5498 + 879 + 947 + 1066 + 569 +724
A2 25539 22839 24833 21819 13726 8658
+ 1413 +725 +929 +901 +322 +270
Diinas A8 26899 36606 14656 12437 11211 13131
’ +5284 + 5369 +900 +263 + 307 + 358
All 26709 25747 31239 26843 18412 17445
+ 1332 +753 + 1032 + 697 +433 + 406
A3 35199 24596 28703 21613 8233 8255
+ 3497 + 648 +722 + 552 + 256 + 194
Digestats A6 9793 10768 13356 10552 13171 21094
+ 462 +415 + 384 + 301 +471 + 635
Al0 16599 20092 40989 78739 97322 84405
+ 589 + 946 + 3261 + 2740 + 5300 + 3427
Ad 59490 6765 8488 8134 8948 11240
+ 24712 +277 + 358 + 359 +231 + 667
Pelni A7 20379 16526 17431 20688 28757 34576
+ 1477 +771 + 636 + 668 + 826 + 1380
AlL2 274505 282099 193755 176110 206543 224107
+ 21610 + 17320 + 12819 + 12567 +27318 + 12372

3.25. att. **Ca relativais daudzums ap$u hibridu paraugkoka A4 pirmas tris gadskartas
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3.26. att. **Ca relativais daudzums apsu hibridu paraugkoka A2 gadskartas un iekséja
miza (IM)

Melna linija, kas atrodas taisnstiri, atbilst medianai; sarkana raustita linija atbilst datu kopas
vidéjais vertibai; taisnstiira apakséja un augseja mala attiecigi ir 1. un 3. kvartile; linijas
apaséjais un augséjais punkts ir minimala un maksimala vertiba, kas neparsniedz 1,5 reizes
attalumu starp 1. un 3. kvartili, sarkanie punkti ir maksimalas vertibas, kas 1,5 reizes parsniedz
attalumu starp 1. un 3. kvartili.

26Mg relativais daudzums ap3u hibridu stumbru gadskartas

3.24. tabula apkopots Mg vidéjais relativais daudzums apsu hibridu stumbru gads-
kartas. Salidzinot gadskartu vidéjo 2°Mg relativo daudzumu, vérojama butiska atskiriba
starp paraugkokiem. Visas gadskartas lielakais Mg relativais daudzums konstatéts pa-
raugkoka A12, kas audzis parauglaukuma, kur ienests koksnes pelnu pamatmeéslojums.
Kopuma vérojama salidzinosi liela gadskartu vidéja Mg relativa daudzuma variaci-
ja — no 62 + 3 aps$u hibrida 2015. gada gadskarta (pamatmeéslojuma veids — diges-
tats) lidz 61614 + 4878 ap$u hibrida 2011. gada gadskarta (pamatmeéslojuma veids —
koksnes pelni). Tapat ieziméjas Mg relativa daudzuma atskiribas vienas gadskartas
ietvaros starp agrino un vélino koksni, ka ari butiski lielaks Mg relativais daudzums
konstatéts stumbra serdé un iek$éja miza (3.27. un 3.28. att.).
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26Mg vidéjais relativais daudzums aps$u hibridu stumbru gadskartas

3.24. tabula

Pamat- | Paraug- Gadskarta
méslojuma | koka
veids Nr. 2011 2012 2013 2014 2015 2016
Al 4374 + 1258 + 1347 + 1403 + 1050 + 1015 +
1218 1096 1216 2911 2942 3957
Kontrole
A5 990+ 177 | 82032 849 +29 906 + 44 830+22 | 141572
A9 1480 £222 | 1535+ 103 | 1541 +75 | 2010 £57 | 2013 £55 | 2004 + 52
A2 2520 +105 | 1700 £ 104 | 1611 +£57 | 157533 | 1749+53 | 1113 £ 31
Dunas A8 2377 £ 413 | 2825 £282 | 1449+ 71 | 1447 £33 | 1465+ 33 | 1788 +44
A1l | 2907 £119 | 2082+ 71 | 2477 £81 | 2137 £71 | 1806 +56 | 2442 + 45
A3 4295+218 | 1507 £48 | 1393 +55 | 1052+33 | 553+24 | 1133 +53
Digestats A6 11830 £63 | 1397 £63 | 1556 +36 | 1453 +45 | 1445+51 | 2791 +99
Al10 1109 £52 | 996 + 46 650 + 50 63+5 62+3 91+4
6784
A4 2039 1259 £72 | 1409 +61 | 1378 +72 | 1792 +64 | 3558 +273
Pelni A7 2067 +75 | 1775+93 | 1799 £34 | 2449 +55 | 2783 £73 | 3604 + 124
AL2 61614 37158 21644 19492 20520 27642
+ 4878 +2918 +1312 + 1617 + 1603 + 3755

3.27. att. Mg relativais daudzums ap$u hibridu paraugkoka A4 pirmas tris gadskartas
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3.28. att. Mg relativais daudzums apsu hibridu paraugkoka A2 stumbra gadskartas un
iekseja miza (IM)

Melna linija, kas atrodas taisnstiri, atbilst medianai; sarkana raustita linija atbilst datu kopas
vidéjais vertibai; taisnstiira apakséja un augseja mala attiecigi ir 1. un 3. kvartile; linijas
apaséjais un augséjais punkts ir minimald un maksimala vertiba, kas neparsniedz 1,5 reizes
attalumu starp 1. un 3. kvartili, sarkanie punkti ir maksimalas vertibas, kas 1,5 reizes parsniedz
attalumu starp 1. un 3. kvartili

31p relativais daudzums apSu hibridu stumbru gadskartas

3.25. tabula apkopots *'P vidéjais relativais daudzums ap$u hibridu stumbru gads-
kartas. Salidzinot gadskartu *'P vidéjo relativo daudzumu, vérojama notekadenu at-
tirisanas dunu un koksnes pelnu pamatmeéslojuma ietekme uz *'P relativo daudzumu
ap$u hibridu gadskartas: ap$u hibridu paraugkokos, kas augusi parauglaukumos, kur
ar pamatmeéslojumu ienests papildus fosfors, konstatéts lielaks *'P relativais daudzums
koksné neka paraugkokos kontroles parauglaukumos. Atseviskos paraugkokos, piemé-
ram Al (kontroles parauglaukums), vérojama tendence *'P relativam daudzumam kok-
sné samazinaties virziena no stumbra serdes uz mizu atbilstosi logaritmiskai regresijai
(3.29. att.). Turklat kontroles parauglaukumos vérojama vidéji ciesa un cie$a korela-
cija starp gada vidéjo PO4+*~-P saturu augsnes tdeni un *'P vidéjo relativo daudzumu
ap$u hibridu stumbru attiecigas gadskartas, Pirsona korelacijas koeficienti r varié no
0,60 lidz 0,90. Savukart citos paraugkokos, pieméram All, vérojama pretéja tendence
(3.30. att.), kas skaidrojama ar pamatmeéslojuma (notekadenu attirisanas dinu) ietek-
mi. To apstiprina ciesa korelacija, kas minétaja parauglaukuma konstatéta starp gada
vidéjo PO4’"-P saturu augsnes udeni un *'P vidéjo relativo daudzumu apsu hibridu
stumbra attiecigajas gadskartas (Pirsona korelacijas koeficients r ir 0,86). Tapat iezimé-
jas 3P relativa daudzuma atskiribas vienas gadskartas ietvaros starp agrino un vélino
koksni, ka ari butiski lielaks *'P relativais daudzums konstatéts stumbra serdé un iekse-
ja miza (3.31. att.).
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3.25. tabula

31P vidéjais relativais daudzums aps$u hibridu stumbru gadskartas

Pamat- | Paraug- Gadskarta
méslojuma | koka
veids Nr. 2011 2012 2013 2014 2015 2016
Al 299 + 10 234+3 207 + 4 161 +4 106 + 3 84 +4
Kontrole A5 267 £5 204+3 162+2 173 +7 141 + 4 73+ 4
A9 269+7 223 +4 168 £3 268 +4 2206 155+4
A2 481 +£22 393+11 389+7 333+5 264+7 1797
Danas A8 285+6 501 + 38 380+ 12 315+ 8 148 + 4 98 +2
All 511+17 638 + 16 774 + 24 999 +78 | 1349 +48 | 1562 +52
A3 250+ 3 228+3 181+3 175+ 4 94+3 102+7
Digestats A6 266+ 4 273+7 267+8 143 + 4 79+ 1 89+3
A10 333+12 477 + 12 568 + 26 487 + 15 2016 124+5
A4 514 £ 61 297 +£9 351+17 274+ 12 304+ 15 496 + 33
Pelni A7 890 +22 887 +£19 857 +13 728 + 35 310+ 7 299 £ 12
Al2 5374 + 597 | 3910 + 266 | 2924 + 141 | 2635 + 194 | 2885 + 234 | 3210 + 134
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3.29. att. 3'P relativais daudzums apsu hibridu paraugkoka A1 gadskartas
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3.30. att. 3'P relativais daudzums apsu hibridu paraugkoka A11 gadskartas

3.31. att. 3'P relativais daudzums apsu hibridu paraugkoka A4 pirmas tris gadskartas

3.26. tabula apkopoti Pirsona korelacijas koeficienti (), kas raksturo sakaribu cie-
$umu starp dazadu makroelementu stabilo izotopu (**Mg, *'P, ¥*K, *Ca) relativo dau-
dzumu koksné. Konstatéta salidzino$i liela Pirsona korelacijas koeficientu variacija
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starp paraugkokiem. Pieméram, korelacija starp *K un Mg relativo daudzumu aps$u
hibridu koksné atseviskos paraugkokos neeksisté, bet atseviskos paraugkokos, pieme-
ram A5, novérota pat ciesa korelacija (3.32 att.). Tomér janem véra, ka $aja gadijuma
korelacijas cieSumu butiski ietekmé augstas intensitates raditaji vaskularaja kambija un
iek$éja miza. Videji viscie§aka makroelementu relativa daudzuma korelacija konstatéta
starp *Ca un Mg izotopiem (3.33 att.).

3.26. tabula

Pirsona korelacijas koeficienti (r) starp makroelementu stabilo izotopu
relativo daudzumu koksné

Korelacijas
koeficienti Vertiba Mg 3p ¥K #Ca
(r)
31P vidéja 0,28 -
mediana 0,29 -
minimala-maksimala | -0,22 - 0,66 -
39K vidéja 0,43 0,23 -
mediana 0,54 0,23 -
minimala-maksimala | -0,46 - 0,92 | -0,56 - 0,79 -
44Ca vidéja 0,52 0,27 0,37 -
mediana 0,64 0,40 0,47 -
minimala-maksimala | -0,66 - 0,81 | -0,32 - 0,73 | -0,20 - 0,77 -
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3.32. att. Sakariba starp K un Mg relativo daudzumu paraugkoka A5 gadskartu koksné
Ar peleku krasu apzimeétie punkti atbilst merijumiem stumbra gadskartu koksne,
ar sarkanu krasu — vaskularaja kambija un iek$eja miza
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3.33. att. Sakariba starp **Ca un Mg relativo daudzumu paraugkoka A1 gadskartu koksné

>>Mn relativais daudzums apSu hibridu stumbru gadskartas

3.27. tabula apkopots **Mn vidéjais relativais daudzums aps$u hibridu stumbru
gadskartas. Salidzinot **Mn vidéjo relativo daudzumu ap$u hibridu gadskartas, nav vé-
rojama pamatmeéslojuma ietekme, tapat nav vérojama viennozimiga tendence *>Mn re-
lativam saturam samazinaties vai palielinaties virziena no serdes uz mizu, bet ieziméjas
>Mn relativa daudzuma atskiribas vienas gadskartas ietvaros starp agrino un vélino
koksni, ka ari butiski lielaks *Mn relativais daudzums konstatéts stumbra serdé un iek-
$€ja miza (3.34. un 3.35. att.).

3.27. tabula

5Mn vidéjais relativais daudzums ap$u hibridu stumbru gadskartas

Pamat- | Paraug- Gadskarta
meéslojuma | koka
veids NE, 2011 2012 2013 2014 2015 2016
Al 88 £ 32 35+2 38+3 37+2 28+2 33+2

Kontrole A5 172 +27 120+ 5 132+4 151 +4 125+ 4 101 +4
A9 313+34 228 £ 12 2057 217 £5 238+ 6 183+£5
A2 25417 1876 214+ 12 1696 125+ 4 91+4
Dunas A8 48+7 84+ 10 67 +3 78 £2 75+2 84+3
All 243 £ 15 234+8 288 £ 12 2417 164 £ 4 1545
A3 451 £33 279+ 8 326+ 12 2337 116 £3 101 £3

Digestats A6 91+5 120+ 5 169 £ 6 123 +£5 123 £5 205+7
A10 79+3 147 £ 10 185+ 13 210+ 8 239+9 273 £10
Pelni A4 147 £ 29 73+5 101 +£5 85+4 80+3 106 £ 5

A7 240 £ 17 299 + 48 358 +79 199+9 281 +£8 305+10
Al12 981 +£70 998 + 78 801 + 61 743 £ 45 805+ 59 | 1045+ 46
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3.34. att. 5>Mn relativais daudzums apsu hibridu paraugkoka A4 pirmas tris gadskartas
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3.35. att. 5>Mn relativais daudzums ap$u hibridu paraugkoka A4 gadskartas

Pétijuma ietvaros izvértéti Pirsona korelacijas koeficienti, kas raksturo sakaribu cie-
$umu starp *Mn un citu makro- un mikroelementu izotopu relativo daudzumu apsu
hibridu paraugkoku gadskartas (3.28. tabula). Atseviskiem paraugkokiem konstaté-
ta vidéji cie$a vai pat cie$a >>Mn relativa daudzuma korelacija ar Mg, *'P, ¥*K, *'Ca,
33Cr, *°Fe, ®°Zn un 2%Pb relativo daudzumu. Vidéji visciesaka korelacija konstatéta starp
5Mn un *Ca relativo daudzumu (3.36. att.).
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3.28. tabula

Pirsona korelacijas koeficienti (r) starp **Mn un citu makro- un mikroelementu

stabilo izotopu relativo daudzumu

Vertiba | Mg | 3P | ¥K | “Ca | Cr | %Fe | “Ni | ®Cu | %zn | "'Cd | 25Pb
vidéja 0,41 | 0,31 | 0,39 | 0,68 | 0,13 | 0,35 | 0,14 | 0,10 | 0,38 | 0,27 | 0,15
mediana 0,53 | 0,37 | 0,40 | 0,72 | 0,04 | 0,38 | 0,17 | 0,14 | 0,40 | 0,32 | 0,05
minimala | -0,44 | -0,28 | -0,28 | 0,40 | 0,11 | -0,02 | -0,20 | -0,29 | -0,37 | -0,36 | -0,25
maksimala | 0,69 | 0,71 | 0,71 | 0,84 | 0,86 | 0,89 | 0,32 | 031 | 0,77 | 0,47 | 0,76
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3.36. att. Sakariba starp >*Mn un *‘Ca relativo daudzumu ap$u hibridu paraugkoka A5
Ar peleku krasu apzimeétie punkti atbilst merijumiem stumbra gadskartu koksne,

ar sarkanu krasu — vaskularaja kambija un ieks$eja miza

56Fe relativais daudzums ap3u hibridu stumbru gadskartas

3.29. tabula apkopots *°Fe vidéjais relativais daudzums apsu hibridu stumbru gads-
kartas. Kopuma vérojama salidzino§i liela gadskartu *°Fe vidéja relativa daudzuma
variacija — no 99 + 27 apsu hibrida 2011. gada gadskarta (pamatmeéslojuma veids —
koksnes pelni) lidz 8561 + 255 apsu hibrida 2015. gada gadskarta (pamatméslojuma
veids — digestats). Atkiriba no ieprieks apskatito elementu izotopiem (**K, *'Ca, Mg,
31P un **Mn), nav vérojamas butiskas atikiribas starp *°Fe relativo daudzumu agrina un
vélina koksné (3.37. un 3.38. att.). Salidzinot gadskartu *°Fe vidéjo relativo daudzumu
paraugkokos, kas augusi parauglaukumos, kur ienests dazada veida pamatméslojums,
nav vérojama pamatmeéslojuma ietekme uz **Fe relativo daudzumu.
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3.29. tabula
56Fe vidéjais relativais daudzums ap$u hibridu stumbru gadskartas

Pamat- | Paraug- Gadskarta
méslojuma | koka
veids Nr. 2011 2012 2013 2014 2015 2016

Kontrole Al 2194 + 1488 356+ 18 449 + 47 452+ 15 505+13 659 + 29
A5 880 + 90 818 + 46 778 + 26 928 +91 621 +28 452+ 15
A9 767 £ 48 1309 £ 46 | 1825+ 142 | 1464 £69 | 1420 +51 | 962+70
Dipas A2 1270 £236 | 1139+64 | 1275+93 | 1131 £100 | 519 +62 168 + 14
A8 341 +22 414 £ 41 551 +18 550 + 19 735+ 32 1098 =58
All 146 £ 23 243 £ 15 234+8 288 + 12 2417 164 £ 4
Digestats A3 1915 + 367 | 3628 £ 528 | 2202 + 146 | 1429 £ 102 | 280 =16 211+ 10
A6 362 + 34 442 £ 21 578 17 966 + 25 1321 £50 | 1967 £ 116
A10 633 + 31 705+ 27 | 2294 £ 302 | 6996 + 182 | 8561 + 255 | 7659 + 188
Pelni A4 99 + 27 298 +214 | 183 +26 147 £ 21 162 £ 18 239+ 23
A7 743 +59 | 993 +£110 | 938 +£38 | 1351 +310| 1432+39 | 1859+ 132
Al12 | 2666 + 280 | 3049 £ 222 | 2362+ 148 | 1835+ 112 | 1843 + 143 | 2432 £ 118

B & ™

bicmaan 02 €S

3.37. att. 5°Fe relativais daudzums apsu hibridu paraugkoka A4 pirmas tris gadskartas
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3.38. att. 5Fe relativais daudzums apsu hibridu paraugkoka A1 gadskartas

Pétijuma ietvaros izvértéti Pirsona korelacijas koeficienti, kas raksturo korelaciju
cieSumu starp *°Fe un citu makro- un mikroelementu izotopu relativo daudzumu ap$u
hibridu paraugkoku gadskartas (3.30 tabula). Atseviskiem paraugkokiem konstatéta
pozitiva, vidéji ciesa vai pat cie$a *°Fe relativa daudzuma korelacija ar **Ca, **Cr, >*Mn,
Zn un 2%Pb relativo daudzumu. Savukart atseviskiem paraugkokiem konstatéta ne-
gativa, vidéji ciesa vai pat ciesa *°Fe relativa daudzuma korelacija ar Mg, Cu, *Zn,
HICd un 2%Pb izotopu relativo daudzumu. Nemot véra lielo korelacijas koeficientu da-
zadibu un atskiribas starp paraugkokiem, nav novérota vienota tendence attieciba uz
5Fe un citu mikro- un makroelementu izotopu savstarpéjam attiecibam stumbra gads-
kartas kopuma.

3.30. tabula

Pirsona korelacijas koeficienti (r) starp *Fe un citu makro- un mikroelementu stabilo
izotopu relativo daudzumu koksné

Vertiba Mg | 5P ¥K | #Ca | BCr | *Mn | ®Ni | %Cu | ®Zn | !!!Cd | 2%Pb
vidéja 0,03 | 0,00 | 0,14 | 0,32 | 0,17 | 0,35 | 0,17 | 0,12 | 0,25 | 0,11 | 0,24
mediana 0,05 | 0,02 | 0,12 | 0,29 | 0,11 | 0,38 | 0,20 | 0,13 | 0,32 | 0,19 | 0,24
minimala | -0,81 | -0,51 | -0,15 | -0,06 | -0,27 | -0,02 | -0,42 | -0,52 | -0,76 | -0,74 | -0,52
maksimala | 0,44 | 0,40 | 0,49 | 0,81 | 0,97 | 0,89 | 0,41 | 0,34 | 0,76 | 0,37 | 0,82

Smago metalu izotopu saturs apSu hibridu stumbra gadskartas
3.39. attéla ir paradits smago metalu izotopu (**Cr, ®Ni, ©*Cu un ®Zn) relativais
daudzums apsu hibridu paraugkoka A4 gadskartas.
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3.39. att. Smago metalu izotopu (**Cr, °Nj, *Cu, ®Zn) relativais daudzums ap$u hibridu
paraugkoka A4 pirmas tris gadskartas

Atskiriba no ieprieks apskatito elementu izotopiem (*K, *'Ca, Mg, *'P un **Mn),
nav vérojamas butiskas atskiribas starp >*Cr, °*Ni, ©*Cu un Zn relativo daudzumu agri-
na un vélina koksné. Lai novértétu pamatmeéslojuma ietekmi uz attiecigo smago metalu
izotopu relativo daudzumu ap$u hibridu koksné, analizéts smago metalu izotopu videé-
jais relativais daudzums aps$u hibrida paraugkokos atkariba no pamatméslojuma veida.
Salidzinot **Cr, ®*Cu un ®Zn relativo daudzumu koksné apsu hibridu paraugkokos, kas
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augusi kontroles parauglaukumos un parauglaukumos, kur ienests pamatméslojums,
konstatéts, ka visos méslotajos parauglaukumos apsu hibridu koksné ir statistiski ba-
tiski (p < 0,05) lielaks **Cr, ®*Cu un *Zn vidéjais relativais daudzums neka kontroles
parauglaukumos. Bet salidzinot **Ni relativo daudzumu koksné aps$u hibridu paraug-
kokos, kas augusi kontroles parauglaukumos, un parauglaukumos, kur ienests pamat-
meéslojums, konstatéts, ka parauglaukumos, kur ienests koksnes pelnu un digestata pa-
matmeéslojums, ap$u hibridu koksné ir statistiski batiski (p < 0,05) lielaks ®Ni vidéjais
relativais daudzums neka kontroles parauglaukumos. Vidéji lielakais **Cr, ®Ni, ¢*Cu
un *Zn relativais daudzums konstatéts paraugkokos, kas augusi parauglaukumos, kur
ienests koksnes pelnu pamatméslojums (attiecigi, 25 + 4, 17 + 4, 105 + 4 un 510 +
23), bet mazakais — kontroles parauglaukumos (attiecigi, 11,1 + 0,9, 3,9 + 0,4, 48,0 +
0,4 un 261 * 6).

3.40. attéla ir paradits smago metalu izotopu (!''Cd un 2%Pb) relativais daudzums
ap$u hibridu paraugkoka A4 gadskartas. Nav vérojamas butiskas atskiribas starp ''Cd
un 2%Pb relativo daudzumu agrina un veélina koksné. Lai novértétu pamatméslojuma
ietekmi uz ''Cd un 2%Pb relativo daudzumu ap$u hibridu koksné, analizéts vidéjais
UICd un 2%Pb relativais daudzums ap$u hibridu paraugkokos atkariba no pamatmés-
lojuma veida. Salidzinot "'Cd vidéjo relativo daudzumu koksné ap$u hibridu paraug-
kokos, kas augusi kontroles parauglaukumos, un parauglaukumos, kur ienests pamat-
meéslojums, konstatéts, ka nav vérojama statistiski batiska (p > 0,05) pamatméslojuma
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paraugkoka A4 pirmas tris gadskartas

110



ietekme uz "'Cd relativo daudzumu apsu hibrida koksné. Lielakais ''Cd vidéjais re-
lativais daudzums konstatéts paraugkokos, kas augusi parauglaukumos, kur ienests
koksnes pelnu pamatmeéslojums (19 + 2), bet mazakais — parauglaukumos, kur ienests
digestata pamatmeéslojums (4,0 + 0,2). Atskiriba starp vidéjo '!Cd relativo daudzumu
koksné aps$u hibrida paraugkokos, kas augusi kontroles parauglaukumos, un paraug-
laukumos, kur ienests koksnes pelnu pamatméslojums, ir ievérojama, bet lielas ''Cd
relativa daudzuma variacijas dé] atskiriba nav statistiski batiska.

Salidzinot vidéjo 2%°Pb relativo daudzumu koksné ap$u hibridu paraugkokos, kas
augusi kontroles parauglaukumos, un parauglaukumos, kur ienests pamatmeéslojums,
konstatéts, ka visos méslotajos parauglaukumos apsu hibridu koksné ir statistiski butis-
ki (p < 0,05) lielaks vidéjais 2°*Pb relativais daudzums neka kontroles parauglaukumos.
Lielakais vidéjais 2°8Pb relativais daudzums konstatéts paraugkokos, kas augusi paraug-
laukumos, kur ienests koksnes pelnu pamatmeéslojums (42 + 2), bet mazakais — kon-
troles parauglaukumos (18,6 + 0,7).

Smago metalu transportésanas mehanismu raksturojums Populus kokaugos ir maz
aprakstits (Guerra et al., 2011). Ca joni, kas atrodas kokaugu $anu sieninas, ietilpst ar
pektina sastava un saista urinskabes nemetilétas karboksilgrupas. Ir zinams, ka pektins
ir efektivs metalu jonu sorbents un plasi tiek izmantots, pieméram, medicina, lai attiri-
tu organismu no toksiskiem joniem (Silkin & Ekimova, 2012). Lidz ar to var pienemt,
ka Ca un smago metalu joni ir dala no viena un ta pasa poliméra, visticamak, dala
no pektina.

Pétijuma ietvaros izvértéti Pirsona korelacijas koeficienti, kas raksturo linearu sa-
karibu cieSumu starp smago metalu izotopu un citu makro- un mikroelementu izoto-
pu relativo daudzumu apsu hibridu paraugkoku gadskartas. Cie$a, pozitiva korelacija
(r > 0,5) konstatéta starp gadskartu vidéjo **Ca un '"'Cd relativo daudzumu un starp
#4Ca un Pb relativo daudzumu. Atseviskos ap$u hibridu paraugkokos konstatéta cie-
$a, pozitiva korelacija starp gadskartu vidéjo ''Cd un *X relativo daudzumu un starp
gadskartu vidéjo *1Cd un Mg relativo daudzumu. Korelacijas koeficienti, kas raksturo
sakaribu cie$umu starp smago metalu (*'Cd un 2°®Pb) un makroelementu (*Mg, ¥X,
#Ca) izotopu vidéjo relativo daudzumu apsu hibridu paraugkoku gadskartas, ir apko-
poti 3.31. tabula.

3.31. tabula

Linearu sakaribu starp smago metalu un makroelementu izotopu vidéjo relativo daudzumu
apsu hibridu stumbru gadskartas korelacijas koeficientu (r) variacijas raksturojums

Sastopamibas biezums rvértiba 208pp mcd
r<-0,5 17% 17%
“Ca -0,5<r<04 33% 8%
r>0,5 50% 75%
r<-0,5 33% 25%
¥K -0,5<r<0.4 33% 25%
r>0,5 33% 50%
r<-0,5 8% 0%
Mg -0,5<r<0.4 58% 25%
r>0,5 33% 75%
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Visos paraugkokos, kas augusi parauglaukumos, kur ienests koksnes pelnu pamat-
meéslojums, konstatéta cie$a, pozitiva korelacija starp ap$u hibridu stumbra gadskartu
vidéjo 1'Cd un *Ca relativo daudzumu (vidéji r ir 0,87) un starp ''Cd un Mg relati-
vo daudzumu (vidéji r ir 0,83, 3.41. att.). Savukart visos paraugkokos, kas augusi kon-
troles parauglaukumos, konstatéta vidéji ciesa, pozitiva korelacija starp ap$u hibridu
stumbra gadskartu vidéjo 2°*Pb un **Ca relativo daudzumu (vidéji r ir 0,77).

Korelacijas starp smago metalu un makroelementu relativo daudzumu apsu hibridu
gadskartas ir skaidrojamas ar specifiskiem elementu klasteru transporta mehanismiem.
Pieméram, P tipa adenozina trifosfati (ATF) tiek izmantoti, lai parvietot dazadu jonu
kopas, taja skata H*, Na*/K*, H*/K* un Ca®*, ka arl smagos metalus un iespéjams ari
lipidus (Kuhlbrandt 2004). P1p tipa ATF, kas tiek déveéti ari par smago metalu ATE ir
iesaistiti gan butisko smago metalu, gan potenciali toksisko smago metalu transporta
starp $Gnu membranam. Smago metalu ATF pétijumi liecina, ka attiecigie transporteé-
taji iedalas divas grupas atbilstosdi to metala-substrata specifikai: Cu/Ag grupa un Zn/
Co/Cd/Pb grupa (Tangahu et al., 2011). Lidz ar to lidzigas korelacijas starp Cd un mak-
roelementu relativo daudzumu aps$u hibridu gadskartas un starp Pb un makroelementu
relativo daudzumu ap$u hibridu gadskartas var tikt skaidrotas ar to, ka Cd un Pb pieder
vienai un tai pasai smago metalu ATF metala-substrata specifiskajai grupai, un lidz ar
to Cd un Pb transportésanas un akumulé$anas procesi ap$u hibridu stumbru koksné
ir lidzigi.

350000 — — 70000
o Ca

300000 — — 60000
» 250000 — — 50000 E
g £
o S
& 200000 ~ 40000 3
o ©
(2] w
g g
'*_g 150000 — 30000 E
o o
8 2

100000 — — 20000

50000 — 10000

0 - -0

f T T 1
0 50 100 150

Cd relativais daudzums

3.41. att. Sakaribas starp ap$u hibridu stumbru gadskartu vidéjo '''Cd un **Ca, Mg
relativo daudzumu parauglaukumos, kur ienests koksnes pelnu pamatmeéslojums
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SECINAJUMI

Pasakumi, kas veérsti aprites bioekonomikas koncepta isteno$anai, pieméram, atr-
audzigo kokaugu stadijumu izveido$ana lauksaimniecibas zemé un pamatmeésloju-
ma, kas iegits no sadzives atkritumiem vai bioenergijas razo$anas blakusproduk-
tiem, ienese, var butiski ietekmét gan makroelementu, gan mikroelementu plasmas
ekosistéma.

Pirmo piecu gadu laika péc ap$u hibridu stadijuma izveidosanas lauksaimniecibas
zemé organiskam vielam bagata augsné, kas ir viena no galvenajam C un N kratu-
vém hemiborealajas ekosistémas, netiek uzkrats papildus C un N, turklat augsnes
dzilakajos slanos (40-60 cm dziluma) novérots butisks C un N uzkrajuma samazi-
najums organisko vielu noardi$anas rezultata.

Nemot veéra lielo smago metalu satura augsné dabisko variaciju, kas ir tiesi atkariga
no augsnes granulometriska sastava un organisko vielu satura, nav konstatéta ba-
tiska pamatmeéslojuma ietekme uz smago metalu saturu augsné. Kopuma pétijjuma
objekta nav novérots augsnes piesarpojums ar smagajiem metaliem ne kontroles
parauglaukumos, ne parauglaukumos, kur ienests pamatmeéslojums, bet atsevisku
smago metalu (pieméram, Zn, Ni un As) saturs augsné norada uz ilgtspéjigas aug-
snes kvalitates nodrosinasanas riskiem.

Viens no butiskakajiem ekosistémas pakalpojumiem, ko nodrosina juvenili ap$u
hibridu stadijumi lauksaimniecibas zemé, ir baribas elementu (NOs™-N, PO4*"-P,
K) izskalosanas samazinajums no augsnes, kas liecina par efektivu baribas elementu
apriti attiecigaja ekosistéma un lokalu virséjo gruntsidenu kvalitates uzlabosanos.
Pirmo piecu gadu laika péc ap$u hibridu stadjjumu ieriko$anas lauksaimniecibas
zemé NO;™-N izskalo$anas samazinajas pat 1idz 99,6%, PO4*"-P izskalo$anas sama-
zinajas lidz 97,1%, bet K izskalo$anas samazinajas lidz 76,5%.

Pamatmeéslojuma ienese lauksaimniecibas zemé butiski ietekmé ne tikai ap$u hib-
ridu lapotnes nobiru biomasu un kopéjo elementu aprité atgriezto elementu dau-
dzumu, bet ari vieglo stabilo izotopu frakcionésanos ap$u hibridu kokaugos, par ko
liecina batiskas §'*C un §'°N vértibas atskiribas ap$u hibridu lapas, kas vidéji veido
93% no kopéjas nobiru biomasas apsu hibridu stadijuma, kontroles parauglauku-
mos un parauglaukumos, kur ienests pamatmeéslojums.

Parasto ap$ubeku (Leccinum aurantiacum (Bull.) Gray) auglkermeni ir vides kvali-
tati raksturojosi bioindikatori. Parasto apSubeku auglkermenos 8N veértibu atski-
ribas kontroles parauglaukumos un parauglaukumos, kur ienests pamatmeéslojums
(notekadenu attirisanas danas un digestats), atspogulo N saturo$a pamatmeésloju-
ma ietekmi uz biouznemama N avotu un plismam ekosistéma pat 5 gadus péc pa-
matmeéslojuma ieneses pétijuma objekta.

LA-ICP-MS ir piemérota multielementu analizes metode dendrokimijas pétiju-
miem. LA-ICP-MS mérijumi aps$u hibridu stumbra gadskartas lauj spiest par mak-
roelementu un mikroelementu relativa daudzuma koksné atskiribam ne tikai starp
kokaugiem, bet ari vienas gadskartas ietvaros. Vienas gadskartas ietvaros vérojamas
batiskas makroelementu relativa daudzuma atskiribas starp agrino un vélino kok-
sni — vélinaja koksné konstatéts butiski lielaks K, Ca, Mg, P un Mn relativais dau-
dzums. Izvértéjot makroelementu relativa daudzuma radialo variaciju ap$u hibridu
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stumbra, lielakais makroelementu relativais daudzums konstatéts serdé, vaskularaja
kambija un ieks$éja miza.

Neraugoties uz to, ka augsnes un augsnes adens baziskas pH vértibas norada uz
ierobezotu smago metalu mobilitati pétijuma objekta, vérojama butiska pamatmés-
lojuma, ipasi koksnes pelnu, ietekme uz smago metalu (Cr, Ni, Cu, Zn, Cd, Pb )
vidgjo relativo daudzumu apsu hibridu gadskartas — butiski lielaks smago metalu
relativais daudzums vérojams paraugkoku, kas augusi parauglaukumos, kur ienests
pamatmeéslojums, koksné. Savukart starp smago metalu stabilo izotopu relativo
daudzumu vienas gadskartas agrinaja un vélinaja koksné nav vérojamas butiskas
atskiribas.

Vides paraugus, kuriem pétijjuma ietvaros noteikts mikro- un makroelementu sa-
stavs, ka vides apstaklu mainas indikatorus atbilstosi to jutigumam jeb atbildes
reakcijai var ierindot $adi: augu un sénu biomaterials > augsnes tidens > augsne.
Lidz ar to ilgtermina vides apstaklu mainas ietekmes novértésanai tiek rekomen-
déts analizét augu un sénu biomaterialu, kas pétijuma ietvaros noteikts ka jutigakais
bioindikators.
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INTRODUCTION

In the last several decades, the potential of different ecosystem services has de-
creased worldwide and it can have a significant negative impact on human well-being
in the future. Consequently, environmental scientists are globally invited to focus on
the assessment of various ecosystem services, including regulating services. Although
the main natural resource in Latvia is land and its fertility, part of agricultural land
has not been managed for nearly twenty years. Abandoned agricultural land in Latvia
covers about 257 thousand ha (2018), which accounts for about 11% of the total area
of agricultural land. Establishment of fast-growing tree species’ plantations in aban-
doned agricultural land is a suitable approach of economically using the land resources,
at the same time leaving a possibility to include these areas in the agricultural pro-
duction in the future again. Furthermore, according to the United Nations Framework
Convention on Climate Change and its Kyoto Protocol, afforestation of agricultural
land is recommended as a mechanism for reducing greenhouse gas emissions. At the
same time, phytoremediation, reduction of nutrient leaching from agricultural lands
and improvement of groundwater quality are essential ecosystem services provided by
plantations of fast growing tree species. In the Baltic Sea region, hybrid aspen (Populus
tremuloides Michx. x Populus tremula L.) is one of the most promising trees (hybrids)
for biomass production due to high growth rates. Currently about 500 ha of hybrid as-
pen plantations have been established in agricultural land in Latvia. At the same time,
despite the above-mentioned aspects of improving the quality of environmental condi-
tions, continuous removal of biomass from agricultural land changes the nutrient con-
tent in the soil, reduces the buffer capacity of the soil, and can affect the quality of both
surface water and groundwater. Municipal waste (wastewater sludge) and by-products
of bioenergy production (wood ash and residues of fermentation, further in the text
referred to as digestate) can be used as fertilizers compensating nutrients in the soil
and soil buffer capacity. At the same time, the ecological risks associated with the po-
tential contamination of soil, soil water and plant material with heavy metals, as well as
the increased leaching of nutrients due to application of fertilizers should be evaluated
and compared with the benefits of returning of nutrients available for plants in cycling.
Parts of hybrid aspen trees (for instance, tree rings of stems and leaves of hybrid aspen),
as well as, for example, fruiting bodies of fungi growing in the ecosystem, can be used as
bioindicators for characterizing the quality of the environment. Moreover, the develop-
ment of modern analytical methods allows to perform detailed studies of the chemical
composition (macroelements, microelements and their isotopes) of the bioindicators.

Hypothesis

Initial application of fertilizers significantly affects flows of micro- and macro ele-
ments in hybrid aspen (Populus tremuloides Michx. x Populus tremula L.) plantation
established in agricultural land.
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The aim of the thesis is to evaluate the impact of initial application of wastewater
sludge, wood ash and digestate fertilizer on micro- and macroelement flows in short
rotation hybrid aspen (Populus tremuloides Michx. x Populus tremula L.) plantation in
agricultural land.

Tasks of the thesis

= Establishment of sample plots, regular and systematic sampling of environmental
samples (soil, soil solution, atmospheric precipitation, biomaterial of plants and
mushrooms) during 2011-2015 in the plantation of hybrid aspen established in
agricultural land.

= Characterization of physical and chemical parameters of soil and soil solution,
assessment of changes in parameters characterizing soil and soil solution quality
after initial application of fertilizers and establishment of hybrid aspen plantation
in agricultural land.

= Evaluation of the impact of fertilizers on biomaterials of plants and mushrooms
(leaves, branches, tree rings of stems and litter of hybrid aspen, fruiting bodies of
Leccinum aurantiacum (Bull.) Gray).

= Evaluation of the nutrient leaching using upper groundwater runoff data calculat-
ed with the conceptual model METQ2012 developed by the Latvia University of
Agriculture.

The scientific novelty

So far, no detailed analyses of micro- and macroelement flows have been conducted
in the hemiboreal region in plantations of fast growing hybrid aspen (Populus tremu-
loides Michx. x Populus tremula L.) established in agricultural land after initial appli-
cation of fertilizers. With the development of modern analytical methods such as laser
ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) and isotope ratio
mass spectrometry (IRMS), it is possible to estimate the relative amount of stable iso-
topes of macro- and microelements as well as the stable light isotope ratio in environ-
mental samples reflecting the overall environmental quality of the ecosystem as well as
impact of the management of tree plantation on environment. Within the study impact
of initial application of fertilizers on stable carbon (§'*C) and nitrogen (8'°N) isotope
ratio in bioindicators was evaluated, as well as measurements of relative amount of iso-
topes in tree rings of stem of hybrid aspen were done using LA-ICP-MS, which poten-
tially is one of the most suitable methods for dendrochemical screening studies.

Practical value of the present research

The lack of scientifically proven and practically usable data as well as the knowledge
gaps about the ecosystem services in fast growing tree species’ plantations are highlight-
ed in European-wide reports and publications. The lack of systematic information on
the quality of soils underlining the lack of information on the impact of energy crops on
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soils is highlighted in the Latvian Environmental Policy Guidelines 2014-2020 as one
of the most urgent problems in the field of soil protection. Documentation of micro-
and macroelement flows and knowledge about changes in nutrient content in soil and
soil solution in plantation of fast growing hybrid aspen (Populus tremuloides Michx. x
Populus tremula L.) established in agricultural land after initial application of fertiliz-
ers will make an important contribution to the assessment of environmental impact of
measures promoting the bioeconomy concept and will help to choose the best alterna-
tives for managing tree plantations in agricultural land. In addition, data on element
flows obtained within the study allows to evaluate several regulating ecosystem services
provided by the studied agroforestry system in a hemiboreal region characterized by
intensive leaching of nutrients.
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APPROBATION OF THE DOCTORAL THESIS

The results of the thesis have been approbated in six scientific publications, one in-
ternational scientific congress, six international scientific conferences and one national
scientific conference. The Hirsch’s index of the author of the thesis is 6 according to
Scopus database (21.10.2019.).

Scientific publications on the results of the thesis

1. Bardule A., Busa L., Lazdina D., Viksna A., Tvrdonova M., Kanicky V., Vaculovic T.
2019. Variation of major elements and toxic heavy metals occurrence in a fertilized
juvenile hybrid aspen (Populus tremuloides Michx. x Populus tremula L.) tree rings
in marginal land. IForest (Scopus, CiteScore 2017 — 1.47, Q2). Paper is accepted for
publication.

2. Klavin$ L., Bardule A., Libiete Z., Lazdina D., Lazdin$ A. 2019. Impact of biomass
harvesting on nitrogen concentration in the soil solution in hemiboreal woody eco-
systems. Silva Fennica (Scopus, CiteScore 2017 — 1.77, Q1), 53(4), 10016. Paper is
accepted for publication.

3. Bardule A., Grinfelde ., Lazdina D., Bardulis A., Sarkanabols T. 2017. Macronutrient
leaching in a fertilized juvenile hybrid aspen (Populus Tretmula L. x P. Tremuloides
Michx.) plantation cultivated in an agroforestry system in Latvia. Hydrology
Research (Scopus, CiteScore 2017 — 1.57, Q2), 49(2), 407-420.

4. Bardule A., Lupikis A., Butlers A., Lazdins A. 2017. Organic carbon stock in dif-
ferent types of mineral soils in cropland and grassland in Latvia. Zemdirbyste-
Agriculture (Scopus, CiteScore 2017 — 0.81, Q3), 104(1), 3-8.

5. Bardule A., Lazdins A., Sarkanabols T., Lazdina D. 2016. Fertilized short rotation
plantations of hybrid aspen (Populus tremuloides Michx. x Populus tremula L.) for
energy wood or mitigation of GHG emissions. Engineering for Rural Development
(Scopus, IPP 2015 0.275), 2016, 248-255.

6. Bardule A., Rancane S., Gutmane I., Berzins P, Stesele V., Lazdina D., Bardulis
A. 2013. The effect of fertiliser type on hybrid aspen increment and seed yield of
perennial grass cultivated in the agroforestry system, Agronomy Research (Scopus,
CiteScore 2013 — 0.20, Q4), 11(1), 13-24.

Scientific publications related to the topic of the thesis

7. Bardule A., Laivin$ M., Lazdin$ A., Bardulis A., Zadina M. 2017. Changes in soil
organic O layer composition after surface fire in the dry-mesic pine forest in Rucava
(Latvia). Baltic Forestry (Scopus, CiteScore 2017 — 0.87, Q2), 23(2), 490-497.

8. Lupikis A., Bardule A., Lazdins A., Stola J., Butlers A. 2017. Carbon stock changes
in drained arable organic soils in Latvia: results of a pilot study. Agronomy Research
(Scopus, CiteScore 2017 — 0.94, Q2), 15(3), 788-798.

9. Libiete Z., Bardule A., Murniece S., Lupikis A. 2017. Impact of clearfelling on ni-
trogen content in soil-, ground-, and surface waters: Initial results from a study in
Latvia. Agronomy Research (Scopus, CiteScore 2017 — 0.94, Q2), 15(3), 767-787.

131



10.

11.

12.

13.

14.

15.

16.

17.

132

Libiete Z., Bardule A., Lupikis A. 2016. Long-term effect of spruce bark ash fer-
tilization on soil properties and tree biomass increment in a mixed Scots pine —
Norway spruce stand on drained organic soil. Agronomy Research (Scopus,
CiteScore 2016 — 0.93, Q2), 14(2), 495-512.

Klavina D., Muiznieks I., Gaitnieks T., Nikolajeva V., Lazdina D., Lazdin$ A.,
Bardule A., Menkis A. 2016. Fungal communities in roots of Scots pine and
Norway spruce saplings grown for 10 years on peat soils fertilized with wood ash.
Baltic Forestry (Scopus, CiteScore 2016 — 0.82, Q2), 22(1), 25-33.

Daugaviete M, Lazdina D., Bambe B., Bardule A., Bardulis A., Daugavietis U.
2015. Productivity of different tree specie in plantations on agricultural soils and
related environmental impacts. Baltic Forestry (Scopus, CiteScore 2015 — 0.47, Q3),
21(2), 349-358.

Daugaviete, M., Korica, M.A., Silins, I., Barsevskis, A., Bardulis, A., Bardule, A.,
Spalvis, K., Daugavietis, M. 2015. The use of mineral nutrients for biomass produc-
tion by young birch stands and stands vitality in different forest growing conditions.
Journal of Environmental Science and Engineering B, 4, 177—189.

Bardulis A., Lazdina D., Daugaviete M., Bardule A., Daugavietis U., Rozitis G.
2015. Above ground and below ground biomass in grey alder Alnus incana (L.)
Moench. young stand on agricultural land in central part of Latvia. Agronomy
Research (Scopus, CiteScore 2015 — 1.12, Q2), 13(2), 277-286.

Lazdina D., Bardulis A., Bardule A., Lazdins$ A., Zeps M., Jansons A. 2014. The first
three-year development of ALASIA poplar clones AF2, AF6, AF7, AF8 in biomass
short rotation coppice experimental cultures in Latvia. Agronomy Research (Scopus,
CiteScore 2014 — 1.10, Q2), 12(2), 543-552.

Gruduls K., Bardule A., Zalitis T., Lazdin§ A. 2013. Characteristics of wood
chips from logging residues and quality influencing factors. Research for Rural
Development, 2, 49—-54.

Bardule A., Lazdin$ A., Bardulis A., Lazdina D., Stola J. 2012. Fractions and chemi-
cal content of forest litterfall in Scots pine (Pinus sylvestris L.) stand in Level II forest
monitoring plot. Proc. Latv. Univ. Agr., 27(322), 16-21. In Latvian.

Participation in summer schools related to the development
of the doctoral thesis

. Summer school of the COST actions FP0903 and ES0903 “Ecophysiological field

techniques in climate change and pollution research”, Monte Bondone, Trento, Italy,
5.-9. September 2011.

. Summer school of the COST action FP1305 BioLink “Modeling in R and modeling

soil processes”, Pokljuka, Slovenia, 6.-10. July 2015.



LIST OF ABBREVIATIONS

HA — hybrid aspen (Populus tremuloides Michx. x Populus tremula L.)

ES — ecosystem services

TAEA — International Atomic Energy Agency

ICP — inductively coupled plasma

IRMS — isotope ratio mass spectrometry

LA — laser ablation

LA-ICP-MS — laser ablation inductively coupled plasma mass spectrometry
SP — sample plot

WWS — wastewater sludge

133



SUMMARY OF THE DOCTORAL THESIS

1. Literature review

Ecosystems provide a range of services that are essential for human well-being,
health, subsistence and survival (Costanza et al., 2014; Nikodemus et al., 2018). The
studies of ecosystem services (ESs) is a relatively new field of research, and scientists
have focused on its development since the early 20th century when the first significant
publications on this topic were published (Nikodemus et al., 2018). In the last decade,
the concept of ecosystem services has gained an extended framework incorporating
both the contribution of the ecosystem structure and functions to the human well-be-
ing and the contribution of human activities to the ecosystem (Burkhard et al., 2012).
It should therefore be emphasized that ecosystem services are also to be recognized in
the context of human-made and affected ecosystems. Within the thesis the provision
of micro- and macroelement flows, included in the regulatory services category (ben-
efits obtained from the regulation of ecosystem processes, TEEB, 2010), was studied in
the plantation of short rotation hybrid aspen (Populus tremuloides Michx. x Populus
tremula L.).

The results of the literature survey have shown that depending on the initial land
cover and land use type, tree plantations in agricultural land, including agroforestry
systems, may have a significant impact on a number of regulatory ESs related to micro-
and macroelement flows (Jose, 2009; Daugaviete et al., 2017). In addition, conceptually
contrary results of studies on the impact of establishment of tree plantations in agri-
cultural land on the element cycling in the ecosystem are often described in scientific
literature. There are significant knowledge gaps about the cycling of elements in tree
plantations in agricultural land especially in the hemiboreal region, while, due to dif-
ferent soil characteristics and climatic and hydrological conditions, the research results
obtained in other biogeographical regions cannot be directly considered relevant.

Recent literature shows rapid development of analytical methods suitable for detec-
tion of chemical composition including isotopic composition of environmental sam-
ples. Some of these methods, which have also been used in the development of the
thesis, are the isotope ratio mass spectrometry (IRMS) and laser ablation inductively
coupled plasma mass spectrometry (LA-ICP-MS). IRMS is a type of mass spectrom-
etry where mass spectrometry is used to measure the isotopic composition of samples
(Muccio & Jackson, 2009; Carter & Barwick, 2011). The stable isotope ratio is always
measured against the standard defined by the International Atomic Energy Agency
(IAEA) for each isotope ratio. It is assumed to express the variation of the natural abun-
dance of stable isotopes with §, according to 1.1. and 1.2. equations:

abundance of heavy isotope

Ratio(R) = abundance of light isotope (L.L)

R
§ = (=Sample 1y (1.2.)
Rstandard
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Rsample — isotope ratio in sample; Rstandard — isotope ratio in standard (Carter & Bar-
wick, 2011).

LA-ICP-MS is recognized as one of the best analytical methods to perform multi-
element dendroanalysis with very high spatial resolution and low detection limit al-
lowing to determine the composition and cycling of elements and their isotopes in
annual tree rings. Ablation or erosion methods are based on the external energy sup-
ply to a sample that results in the conversion of a representative portion of the sample
into a vapor form or solid aerosol and is subsequently transported into an inductively
coupled plasma (ICP) system for atomization and ionization (Viksna, 2011). Laser-
material interaction is a complex process that results in (1) evaporation of a sample or
ablation; (2) the formation of atoms, ions, molecular compounds. Laser ablation (LA)
is a process where energy (laser beam) is focused on the sample surface, sample mate-
rial is partially evaporated from the surface, or small particles are generated (Viksna,
2011; Ghent University, 2017).

2. Materials and methods

The research object (32 experimental subplots of hybrid aspen) was established in
agricultural land in the central part of Latvia (in Skriveri district, 56°41 N and 25°08 E)
in the spring of 2011.

a b c

Fig. 2.1. The research object (a — spring of 2011; b — summer of 2012; ¢ — summer of 2015)

Soil types according to the World reference base for soil resources 2006 is Luvic
Stagnic Phaeozem, Hypoalbic and Mollic Stagnosol, Ruptic, Calcaric, Endosiltic
(Karklin$ & Rancane, 2012a, 2012b), the dominant class of soil texture is loam and
sandy loam at 0-20 cm depth and sandy loam at 20-80 cm deep. The research object
was fenced in autumn 2012. Soil was plowed last time in 2011.

Two different clones (No. 4 and No. 28) of one year old container seedlings of hybrid
aspen (Populus tremuloides Michx. x Populus tremula L.) were planted in agroforestry
system (distance between trees is 2.5 x 5.0 m) and as tree plantation (distance between
trees is 2.0 x 2.0 m). Plant material producer — JSC “Latvia’s State Forests” nursery
“Kalsnava’, Latvia. Container seedlings were grown in nutrient-enriched peat substrate
(cassettes HIKO V-310), produced in meristem cultures. In sample plots (SPs) estab-
lished in agroforestry system, between the 5 m tree rows, two legume (Galega orientalis
Lam. “Gale” and Lupinus polyphyllus L. “Valfrid”) and two perennial grass (Phalaris

135



arundinacea L. “Bamse” and Festulolium pabulare “Felina”) cultivars were sown for seed
production. The grasses and the legumes were placed in 2.5 m wide columns.

Wastewater sludge and renewable energy by-products — stabilized wood ash and
digestate from methane reactor — were applied as nutrient and soil buffer capacity
compensatory fertilizers to improve soil quality (Table 2.1.). Wood ash and wastewa-
ter sludge fertilizers were applied shortly before the planting of hybrid aspen in spring
2011, but digestate was applied immediately after planting of the hybrid aspen seed-
lings. In addition control plots were established where no fertilizers were applied.

Table 2.1.
Characteristics of used fertilizers
- ¢ Input of nutrients through
Fertilizer Origin Dose ypeo fertilization, kg ha™!
distribution
total N | total P total K
Stabilized boiler house in 6tDMha™! | mechanically 2.6 65 190
wood ash Sigulda
Digestate | methane reactor in 30 tha™ point source 69 1.2 99
Vecauce district
Wastewater | Ltd. “Aizkraukle | 10 t DM ha™ | mechanically 259 163 22
sludge Water”
Table 2.2.

Description of sampling of environmental samples and determined parameters

Environmental
samples

Short description of sampling

Determined parameters

Soil samples

In July 2011 (after application of
fertilizers), in August 2013 and in
October 2015, soil was sampled in 32
hybrid aspen SPs (16 SPs in agroforestry
system and 16 SPs in tree plantation) at
following depth: 0-20 cm, 20-40 cm,
40-60 cm and 60-80 cm. In each SP, soil
was sampled in two parallel sets: 1) with
probe in three repetitions of defined
depths for chemical analysis; (2) with

a probe (volume of 100 cm’®) in three
repetitions from defined depths (from
the middle part of the soil layer) to
determine the soil bulk density and the
soil texture.

At the end of July and beginning of
August 2012, soil was sampled from
genetic horizons in two-profile pits up
to 2.0 m depth under the supervision of
Dr. habil. agr. Aldis Karklins.

soil bulk density

texture (content of clay, silt and sand
particles)

pH(CaClz), pH(KCI), pH(H20)
content of carbonates (Ccarb.)

content of total and organic carbon
(Ctotal and Corg.)

content of total nitrogen (Niota1)
content of nitrate nitrogen (NO3™-N)
content of ammonium nitrogen
(NH4™-N)

content of total sulphur (Stotar)
content of phosphate phosphorus
(PO4*-P)

content of plant available K

content of elements extracted with
mixture of conc. HNOs and conc.
HCIO4 (P, K, Ca, Mg, Fe, Al, S, Mn,
Cu, Zn, Co, Cr, Ni, Pb, Cd, As, V, Mo)
content of total Hg
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litter; hybrid
aspen leaves

fertilizers were applied initially. The
surface area of sampler was 0.5 m?2.

In October 2016, hybrid aspen stem
samples were sampled from 12 sample
trees using stainless steel hand saw. Stem
samples were sampled at 0.20 m height
above the root collar, to include all six
annual rings. Thickness of stem sample
~2cm.

Soil From August 2011 to October 2015 soil | = pH
solution and | solution quality monitoring was done = conductivity
atmospheric | in 14 hybrid aspen SPs. Soil solution = total alkalinity
precipitation | samplers (suction tube lysimeters, = content of phosphate phosphorus
samples Eijkelkamp) were installed vertically into (PO+*-P)
the soil at 30 cm and 60 cm depth. Soil | = content of nitrate nitrogen (NO3™-N)
solution was sampled twice a month = content of ammonium nitrogen
during the frost-free period. (NH4*-N)
. tent of K, Na, Ca and M
From January 2012 to December comen’ o & vaand v'e
- o = content of total nitrogen (Nrotal)
2015, bulk deposition monitoring .
X A = content of dissolved total carbon,
and sampling was done in six SPs. . .
0 ) dissolved organic carbon and
Bulk deposition was sampled with . . .
. ) dissolved inorganic carbon (Cotal,
a continuously open plastic funnel )
ted to th le bottle (funnel Corg, Cinors)
connected to the sampe bottle {iunne = content of total Mn, Ni, Cu, Zn, As,
height — 1.2 m, funnel area — Cd and Pb
602.6 cm?.) The funnel also collected
parts of particulate and gaseous
deposition during dry periods.
Biomaterial In 2014 and 2015, hybrid aspen litter was | ® content of total carbon (Crotar)
samples of sampled. The litter sampling equipment |= content of total nitrogen (Niota1)
plants and was placed under the foliage of hybrid | = content of total sulphur (Stotal)
mushrooms: | aspens in four SPs, where different = content of total phosphorus (Protal)

content of total K, Ca and Mg
stable carbon (8"°C) and nitrogen

and branches; (8"°N) isotope ratio

. Three sample trees were selected : 13O 26N 27A] 31
Leccinum d Ked i b SP f I = relative amount of *C, Mg, ¥’Al, *'P,
aurantiacum ]in rrLar € ﬁ cac fholr3 S,admp ng ¥K, #Ca, >*Cr, **Mn, *°Fe, °Ni, *Cu,
(Bull) Gray ranches and leaves of hybrid aspens at %7n, 11Cd, *Hg and 2%Pb
fruiting the end of each vegetation season.
bodies; hybrid | In autumn 2014 and 2015, Leccinum
aspen stem aurantiacum (Bull.) Gray fruiting bodies
samples were sampled.

Empirical data on chemical composition of soil solution sampled at 60 cm depth
and data on daily upper layer subsurface runoff calculated for period from 1% January
2011 to 31 December 2015 with the conceptual hydrological model METQ was used to
calculate amount of nutrient leaching. The latest version of METQ2012 has been devel-
oped by the Latvia University of Life Sciences and Technologies (until March 6, 2018 —
Latvia University of Agriculture), Forest and Water Resources Laboratory (Grinfelde &
Lauva, 2012).

Data processing was performed in OpenOffice 4.1.1 Calc and R. Pearson corre-
lation coefficients and function (regression) determination coeflicients were used to
evaluate relationships between different parameters. Correspondence of the data set
to normal distribution was tested using graphical analysis in the R (function gqPlot()
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package car), which represents the relationship between the real data quantiles and the
theoretical data quantiles (theoretical data are based on the statistical data of the real
data so that they correspond to the normal distribution) (Elferts, 2013). The program R
was used to compare data sets and assess the significance of differences. The Wilcoxon
test (function wilcox.test(), the significance level a = 0.05) was used to compare two
data sets with non-parametric methods (Elferts, 2013). Wilcoxon rank sum test with
continuity correction or Wilcoxon signed rank test was used depending on the depend-
ency between two data sets.

3. Results and discussion

3.1. Soil parameters and composition

Soil bulk density. Soil bulk density is an important physical parameter for soil nu-
trient storage, water retention capacity and gas exchange in soils or soil aeration (Wang
et al., 2011). Within the study significant (p < 0.05) differences in soil bulk density were
found between different soil layers — in deeper soil layers soil bulk density was high-
er. Although after the establishment of tree plantation in agricultural land there was
a tendency for the soil density to decrease, especially in upper soil layers (on average
from 1521 + 35 kg m™ in 2011 to 1381 + 27 kg m ™~ in 2015 at 0-20 cm depth and from
1569 + 28 kg m™3 in 2011 to 1373 + 25 kg m™ in 2015 at 20-40 cm depth), statistically
significant (p < 0.05) differences in soil bulk density between 2011 and 2015 at sample
plot level were not detected. However, comparing the average values of soil bulk den-
sity at 0-20 cm depth and at 20-40 cm depth within different tree planting designs,
we found statistically significant (p < 0.05) decrease in average soil bulk density in the
fourth year after establishment of plantation. It demonstrates that tree growth and de-
velopment of root systems decrease the soil bulk density in the upper soil layers and
soil becomes more permeable to water and gaseous substances, while the impact of tree
growth on soil bulk density in the deeper soil layers is negligible (Bardule et al., 2019).

Soil pH. Soil pH is one of the most important parameters affecting soil biological
activity, plant growth, as well as ion exchange capacity, solubility of organic substance
and minerals, nutrient availability to plants and losses of nutrients due to leaching
(Nikodemus et al., 2008; Lutter et al., 2016b). It is considered that soil pH is one of
those soil properties that demonstrate the fastest reaction to changes, thus indicating
the transformation of environmental conditions characteristic to agricultural lands to
those characteristic to forest land. In the research object, a large natural variation of soil
exchangeable acidity was found regardless of fertilizers that had been initially applied
(Table 3.1.). In addition, analysis of soil genetic horizons showed a significant differ-
ences in soil active acidity (pH H20) and soil exchangeable acidity (pH KCI) within the
same soil genetic horizon — difference between soil active and exchangeable acidity in
the Ap horizon (mineral organic matter accumulation horizon) reached 2.1 and 2.5 pH
units, in the Ah horizon — 2.3 and 2.8 pH units (Karklin$ & Rancane, 2012a, 2012b).
Considering the large natural variation of soil acidity in the research object, statistical-
ly significant differences in soil acidity between control and treated plots were found
only in several plots where wastewater sludge or wood ash fertilizers had been ini-
tially applied. Within one planting design, the same type of fertilization and soil layer
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statistically significant changes in soil acidity due to establishment of plantation were
not detected (Bardule et al., 2019).

Table 3.1.
Soil exchange acidity (pH CaClz) at the research object
Planting design: 2.0 X 2.0 m Planting design: 2.5 X 5.0 m
Soil Year waste- waste-
layer control | digestate | water |woodash| control | digestate | water |wood ash
sludge sludge
2011 6.0 5.7 5.6 5.7 6.59 6.5 6.7 6.8
0-20 +0.2 +0.3 +0.2* +0.2* +0.08 +0.4 +0.2* +0.1*
cm 2015 5.7 54 5.7 5.6 6.2 6.2 6.5 6.6
+0.3 +0.5 +0.2* +0.4 +0.1 +0.2 +0.1* +0.2
2011 59 5.5 5.7 5.8 6.49 6.4 6.8 6.8
20-40 +0.3 +0.3 +0.3* +0.3* +0.04 +0.4 +0.2* +0.1*
cm 2015 5.7 54 5.7 5.8 6.5 6.3 6.7 6.5
+0.4 +0.5 +0.3* +0.3 +0.2 +0.3 +0.2* +0.2
2011 5.7 54 5.8 6.1 6.4 6.5 7.0 6'37
40-60 £03 | £04 | £03* | £02° | £03 | 04 | £02° | oo,
N P T 56 53 6.5 6.4 6.3 6.6 6.4
+0.5 + 0.6 +04 +0.3 +04 +04 +0.2 +0.1
2011 6.1 5.4 6.0 6.4 6.4 6.8 7.1 7.0
60-80 +0.2 +0.5 +0.3 +0.3 +0.4 +0.4 +0.2 +0.2
cm 2015 54 5.6 5.8 6.1 6.4 6.6 6.7 6.7
+0.6 +0.6 +0.5 +0.5 + 0.6 +0.5 +0.2 +0.4
* Statistically significant (p <0.05) differences in soil pH between the plots with different tree planting
design within one type of fertilization, study year and selected soil layer.
** Statistically significant (p <0.05) differences in soil pH between the control and treated plots within
one tree planting design, study year and selected soil layer.

Content of organic carbon and stock in soil. Agroforestry is one of the meas-
ures which is currently being recommended to achieve goals of climate change mit-
igation (Tumwebaze & Byakagaba, 2016). It is considered that agroforestry systems
have a large carbon sequestration potential in five carbon pools: above ground bio-
mass (trees, ground vegetation), plant roots (trees, ground vegetation), dead wood
(litter), microorganisms and soil (Udawatta & Jose, 2011; Monroe et al., 2016). In the
research object, organic C content in soil at 0-20 cm depth ranged from 8.3 g kg™! to
38.3 gkg'in 2011 and from 6.1 g kg™! to 47.0 g kg™! in 2015, but in deeper soil layers
(at 60-80 cm depth) — from 0.06 g kg ! to 6.7 g kg™! in 2011 and from < 0.01 g kg™! to
12.4 g kg! in 2015. Within the study no statistically significant impact of establish-
ment of hybrid aspen plantation on organic C content in soil at 0-40 cm depth dur-
ing the first five vegetation seasons after establishment of plantation was detected, but
at 40-60 cm depth within planting design the average organic carbon content in soil
in 2015 was statistically lower than in 2011. The average organic carbon stock in soil
at 0-20 cm depth was 6.8 £ 0.4 kg m™2 in 2011 and 5.9 + 0.4 kg m™2 in 2015, but at
0-80 cm depth — 16 + 1 kgm™1in 2011 and 12.5 + 0.8 kg m~2 in 2015 (Fig. 3.1.). Within
the study at 0-40 cm depth statistically significant differences in organic carbon stock
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between 2011 (before hybrid aspen planting) and 2015 (after five vegetation seasons)
were not detected, but, contrary to expectations, at 40-80 cm depth statistically signifi-
cant lower organic carbon stock in soil was detected in 2015 comparing to 2011. There
is a heterogeneous soil composition in the research object due to recent soil reculti-
vation — 20 years ago ground levelling and application of peat was done confirmed
by the inclusions of organic matter in the soil profile (Bardule et al., 2013). Lower soil
bulk density promotes better soil aeration and decomposition of soil organic matter.
Thus, the reduction of soil organic C stock found within the study can be explained
by the mineralization of peat applied 20 years ago. Results of the study confirmed that
research object has been established in agricultural land rich in organic matter in soil:
average carbon stock in soil at 0-20 cm depth in the research object was larger than
the average values in croplands (5.5 + 0.6 kg m™2) and grasslands (5.8 + 0.9 kg m™) in
Latvia (Bardule et al., 2017). The largest part of organic carbon stock in soil (85%) was
located at 0-40 cm depth, but 47% of organic carbon stock in soil was located in soil
upper layers at 0-20 cm depth (Bardule et al., 2019).
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Fig. 3.1. Cumulative organic carbon stock in soil.

Content of total nitrogen and stock in soil. Although in the boreal conditions the
largest storage of ecosystem N is in soils and N cycling by foliage litter is very inten-
sive, especially in plantations of fast growing deciduous trees (Meiresonne et al., 2006),
changes in N stock in soil after afforestation of agricultural land have been significant-
ly less studied than changes in organic C stock in the soil, although C and N cycling
in soil is strongly related (Lutter et al., 2016a). Within the study both in 2011 and
in 2015 statistically significant differences in total N content in soil between control
and treated plots within the planting design were not detected. Average total N con-
tent in upper soil layers (0-20 cm depth) in the research object before hybrid aspen
planting was 1.7 + 0.1 g kg™!, but after five vegetation seasons since establishment of
plantation (in 2015) average total N content in upper soil layers has increased up to
1.9 + 0.1 g kg™!. Similarly, the results of the analysis showed that there was no statisti-
cally significant impact of fertilization on total N stock in the soil during the first five
vegetation seasons. Average total N stock in upper soil layers (0-20 cm depth) during
the first five years after establishment of tree plantation in agricultural land had not
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changed (0.50 + 0.03 kg m~2), but average total N stock in 0-80 cm soil layer had de-
creased from 1.2 + 0.1 kg m™2 in 2011 to 1.13 + 0.06 kg m~2 in 2015. In plots where
distance between trees was 2.5 x 5.0 m, in 2015 cumulative total N stock in 0-80 cm
soil layer was significantly lower (p = 0,039) comparing to 2011 (Fig. 3.2.) (Bardule
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Fig. 3.2. Cumulative total nitrogen stock in soil

C/N ratio in soil. The study confirmed that total N content in soil layers has posi-
tive correlation with organic C content (Fig. 3.3), in 2011 correlation coefficient r was

0.986 and in 2015 r was 0.983.
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Fig. 3.3. Relationship between organic carbon and total nitrogen content in soil

In the research object average C/N ratio in selected soil layers ranged from
12.6 + 0.8 (at 40-60 cm depth) to 14.1 + 0.7 (at 20-40 cm depth) in 2011, but average
C/N ratio in soil in 2015 ranged from 4.2 + 0.6 (at 60-80 cm depth) to 11.6 + 0.3 (at
20-40 cm depth). In 2015 significantly (p < 0.05) lower C/N ratio values were detected

in all analyzed soil layers if compared to 2011 (Fig. 3.

4.).
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Fig. 3.4. C/N ratio in different soil layers

Bioavailable nutrient content in soil. So far, in boreal and hemiboreal region,
only few studies are conducted to evaluate impact of establishment of plantation of
fast growing Populus spp. on nutrient cycling in soils (Lutter et al., 2016b). Nutrient
balance is important for sustainable management of short-rotation plantations of fast
growing tree species, because such plantations take up a large amount of nutrients in
a short period of time and often require repeated fertilization to ensure the productivity
of the trees (Ericsson, 1994; Berthrong et al., 2009; Liao et al., 2012). Table 3.2. shows
the average content of plant available nutrients in upper soil layers (0-40 cm depth) in
the research object. Although it is considered that homogeneous topsoil is character-
istic in agricultural lands (Lutter et al., 2016b), we found a relatively high variation in
our study: for instance, in 2011 in upper soil layers (0-40 cm depth) in control plots
nitrate content ranged up to 5.1 mg NO;™-N kg™!, ammonium ion content ranged
from 3.2 to 20.7 mg NH4*-N kg™!, phosphate content ranged from 46.3 to 190.8 mg
PO4-P kg™!, but K content — from 31.2 to 176.2 mg K kg™'. Due to comparatively
large natural variation of nutrient content in the soil, significant increase in nutrient
content was detected only in several plots where fertilizers had been initially applied.
Similarly, during the first two years after establishment of hybrid aspen plantation in
agricultural land and application of fertilizers significat decrease of nutrient content
in soil was not detected, excluding several plots, but it did not indicate a clear trend of
decrease of nutrient stock in soil (Bardule et al., 2019).

The content of heavy metals in soil. Soils naturally contain a number of heavy
metals and many of them are important plant nutrients (Frausto da Silva & Williams,
2001). However, the largest amount of the heavy metals in soil are the result of pol-
lution and are toxic (Smidt et al., 2012). One of the main sources of pollution in ag-
ricultural land is soil fertilization (including fertilization with wastewater sludge and
wood ash). Within the study, average Cu, Pb, Zn, Ni, As, Cd, Cr and Hg content in soil
upper layers (0-20 cm depth, Table 3.3.) and in deeper soil layers (20-80 cm depth)
was evaluated. Considering the large natural variation of heavy metal content in soil
in the research object, statistically significant differences in heavy metal content in soil
between control and treated plots were not detected. Consequently, no significant de-
terioration of soil quality in the context of heavy metals has been observed as a result
of application of fertilizers (wastewater sludge — dose 10 t DM ha™!, wood ash — dose
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Table 3.2.

Bioavailable nutrient content in upper soil layers (0-40 cm) in the research object

Planting design: 2.0 x 2.0 m Planting design: 2.5 x 5.0 m
Year control | digestate wasslt::(;vgaeter wood ash | control | digestate wassl:f;vgaeter wood ash
NOs5™-N, mg kg!
2011(34+04| 6£1* 35£04 [34+£05|33+£04 |23+02"| 44+06 | 3.5£0.6
2013 2+1 4+1 4+1 0.6 +0.6 | 5.5+ 0.9* 9+3 6+2 9+2*
NH4*-N, mg kg™!
2011 (6.1 +0.9 9+2 58+04 [43+04| 11+2 7.5+04 9+1 7.7 £0.6
2013123+08|62£0.3*|52+£09"[28+0.6| 17+14* | 33+0.5 | 3.2+0.3* | 17+10
PO+*-P, mg kg™!
2011 94+9 | 100+12 | 88+13 88+8 | 115+16 | 113+14 | 150 +13 | 141 + 14
2013 9211 | 67 7% 80+13 | 78+10 | 122 +25 | 108 +12 | 114 +8* | 144 +23
K, mg kg™
2011 | 97 £17 [152 £20*| 87 %9 86+9 62£5 66 £5 81 £ 47 | 92 £ 8
2013 75+8 | 113+20 74+ 6 78 +13 | 668 73 £8 82+17 | 107 +27

* Statistically significant (p <0.05) differences in nutrient content in soil between 2013 and 2011
within one tree planting design and type of fertilization.

** Statistically significant (p <0.05) differences in nutrient content in soil between the control and
treated plots within one tree planting design and study year.

Table 3.3.

Average content (mg kg™') of heavy metals in upper soil layers in the research object after

application of fertilizers in 2011

Element | Soil texture - Type of fertilizer
control digestate wastewater sludge wood ash
Cu loamy sand 5.6% 3.7+0.2 5.0 + 0.6 4.6+0.7
loam 52+0.9 6.9* 3.3* 59+0.9
b loamy sand 6.7* 8.1+0.5 9.0+09 9+1
loam 9.8+0.7 11.1* 8.7* 10+2
Zn loamy sand 22* 22+2 28+5 24.1+0.7
loam 46 +19 47* 16* 42+21
Ni loamy sand 9.3* 5.6 + 0.4 7+1 8+2
loam 8+1 9.5* 5.3* 85+0.3
As loamy sand 3.3* 25+0.2 32+03 3.43 +£0.02
loam 3.4+0.6 4.2% 3.1* 34+02
cd loamy sand <NR 0.03 +0.02 0.07 £ 0.01 0.02 +0.02
loam 0.12 +0.04 0.18* <NR 0.09 +0.09
Cr loamy sand 5.9* 6.8+0.5 7.1+0.4 6.67 +0.03
loam 9+2 13.0* 6.4* 9+2
Hg loamy sand 0.019* 0.033 + 0.001 0.037 +0.002 0.027 + 0.006
loam 0.05 +0.01 0.073* 0.025* 0.05 + 0.02

Value exceeds target value (A) for relavat soil texture group, but not exceeds limit vales (B and C)
defined in the Regulation of the Cabinet of Ministers No. 804 “Regulations for soil and ground quality
standards” (25 October 2005).

* Only one soil sample correspond to the to the relevant soil texture group within the treatment.
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6 t DM ha™!, digestate — dose 30 t ha™!), although target values of Zn, Ni, As and Cd
content in the soil for achieving sustainable soil quality were exceeded both in the top-
soil and in deeper soil layers (Bardule et al., 2019).

Some of the heavy metals in the soil are adsorbed on clay minerals and organic mat-
ter (Smidt et al., 2012). It was clearly confirmed by the results of this study. Pearson’s
correlation coefficients which characterize the relationship between heavy metal con-
tent and clay and organic C content in soil, are summarized in Table 3.4.

Table 3.4.

Characterization of linear relationships between heavy metal content and content of clay
particles or organic C content in soil (correlation coefficients, r)

Correlation Fe Cu Pb Zn Ni As Cd Cr Hg
coefficients (r) content | content | content | content | content | content | content | content | content
Contentofclay |\ "o 3 | 54 | 009 | 015 | 062 | 055 | 001 | 030 | -001
particles
Organic C
-0.11 -0.15 0.87 0.77 -0.25 0.10 0.92 0.71 0.95
content

0.5 < |r| £ 0.8 — a moderate uphill (positive) relationship.

r| > 0.8 — a strong uphill (positive) linear relationship.

3.2. Chemical composition of soil solution

Mitigation of nutrient leaching is a significant ES which may comparatively easy
be affected by management decisions in local areas (Tully et al., 2012). Agroforestry
systems are considered as an approach for reduction of diffuse pollution in agricul-
tural lands (Udawatta et al., 2002; Lee et al., 2003; Anderson et al., 2008; Jose, 2009).
Agroforestry systems improve drainage quality by reducing the rate of surface runoft,
which contributes to infiltration, sediment deposition and nutrient retention. Also, in
agroforestry systems, nutrients are intensively taken up by tree roots, and thus the nu-
trient leaching into groundwater is reduced (Lee et al., 2003; Allen et al., 2004; Nair &
Graetz, 2004; Jose, 2009). With the return of nutrients in the element cycling system
through tree roots and litter, the system’s efficiency of nutrient usage increases (Allen
et al., 2004; Jose, 2009). Trees have longer vegetation season than most agricultural
crops and it increases the uptake and efficiency of the usage of nutrients in agroforestry
systems before and after the beginning and end of the vegetation season of agricultural
crops (Jose, 2009).

Soil solution pH. During the filtration of water through the soil layers, its chemical
composition changes in the processes of rock weathering, ion exchange, mineraliza-
tion and immobilization. One of the most important parameters of soil solution is pH,
and changes of pH can have a significant impact on nutrient cycling in tree ecosystems
(Térauda, 2008). During the study period atmospheric precipitation pH ranged in com-
paratively wide spectrum from 4.09 + 0.05 to 8.47 + 0.05, moreover, during the study
period, the increase of annual average pH values in atmospheric precipitation was ob-
served. In 2014 and 2015, statistically significant higher average pH value in atmos-
pheric precipitation was detected if compared to 2012. Also the effect of seasonality on
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atmospheric precipitation pH was observed — pH decreased during the winter months
but increased during the summer months. Comparing soil solution pH in 30 cm and
60 cm depth within one study year and type of fertilization, significant differences in
soil solution pH were not detected. Similarly, significant difference in soil solution pH
between control plots (average soil solution pH was 7.68 + 0.05) and treated plots (av-
erage soil solution pH was 7.85 + 0.02) was not detected. However, in the period from
2012 to 2015 a lower average soil solution pH value (7.76 + 0.02) was found if compared
to the average pH value in soil solution in 2011 (8.35 + 0.02) (Bardule et al., 2019).

Soil solution conductivity. Soil solution conductivity characterizes the amount of
salts dissolved in the water. During the study period atmospheric precipitation con-
ductivity ranged in comparatively wide range from 5.8 + 0,3 uS cm™ to 111 + 17 pS
cm™!, and no statistically significant differences in soil solution conductivity between
different study years were detected. During the filtration of water of atmospheric pre-
cipitation through the vegetation and soil layers, conductivity of the water increases
significantly. Comparing annual average values of soil solution conductivity, in all plots
higher soil solution conductivity was detected in 60 cm depth if compared to 30 cm
depth, in several plots the difference was statistically significant. At the same time,
comparing annual average values of soil solution conductivity in control and treated
plots in 30 cm and 60 cm depth separately (Fig. 3.5.), significantly higher soil solution
conductivity was detected in the plots where wood ash and wastewater sludge fertilizers
had initially been applied (Bardule et al., 2019).
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Fig. 3.5. The average annual soil solution conductivity in 30 cm and 60 cm depth

Nutrient content in soil solution. Agriculture is considered to be one of the main
causes of increased nutrient content in surface waters in the Nordic and Baltic coun-
tries. Not only hydro-meteorological conditions, but also nutrient concentrations in
watercourses in agricultural lands vary depending on the type and quantity of fertilizer
used, farming practices (e.g. type of plowing) and type of crop and land management
(Pengerud et al., 2015). Mitigation of leaching of nutrients is one of the ESs provided by
the agroforestry systems (Tully et al., 2012).

Average input of NOs™-N in ecosystem through atmospheric precipitation during
period from 2012 to 2015 was 3.6 kg ha! yr'!, average PO4*-P input from atmos-
phere — 0.3 kg ha! yr! and average K input — 2.4 kg ha™! yr!. No significant dif-
ferences (p > 0.05) in average nutrient content in atmospheric precipitation between

145



study years were detected. Since 2013, input of NOs™-N through atmospheric precip-
itation exceeded NOs™-N leaching from ecosystem (Fig. 3.7.) despite the application
of nitrogen containing fertilizers. Similarly, PO4*>"-P annual input through atmospher-
ic precipitation exceeded PO4*-P leaching (Fig. 3.7.) except plots were wastewater
sludge fertilizer had been initially applied. It indicates intensive uptake of NOs™-N and
PO4*"-P by plant roots and cycling in the ecosystem.

Table 3.5. shows the average content of nutrients in soil solution in 30 cm depth
in study period (2011-2015) in hybrid aspen plantation in agricultural land. The re-
sults of soil solution analysis indicate significant differences in nutrient content in soil
solution at the beginning and end of the study period, as well as between plots where
different fertilizers had been initially applied. In EU Member States, common water
quality standards determining the quality division into classes according to concen-
trations of biogenic elements have not been developed (Lagzdins$ et al., 2008), how-
ever, the EU Nitrates Directive and the relevant legislation of the Republic of Latvia
set limit values for nitrate content — its values in waters should not exceed 50 mg
NO;™ L' (11.3 mg NOs™-N L™'). In the research object in plots where fertilizers had
been initially applied the mentioned limit value of nitrate content in soil solution was
exceeded only in 2011 both in 30 cm and in 60 cm depth, reaching maximum 29.8 mg
NO;™-N L™ (in plot where digestate fertilizer had initially been applied). Evaluating
NO5™-N content in soil solution in 30 cm depth, in all plots a tendency for NO5™-N
content in soil solution to decrease over time after the establishment of hybrid aspen
plantation has been observed reaching a significant level. Average NO3;™-N content
in soil solution in 30 cm depth in 2011 was 9 + 2 mg NO3™-N L7}, but in 2015 aver-
age NOs™-N content in soil solution in 30 cm depth had decreased significantly to
0.10 £ 0.02 mg NOs™-N L%, Although in the plots where N-rich fertilizers (wastewa-
ter sludge and digestate) had been initially applied, the average nitrate content in soil
solution in 30 cm depth in 2011 was higher if compared to the control plots, no signif-
icant differences were found (Table 3.5). Evaluating PO4>"-P content in soil solution
in 30 cm depth in plots where different fertilizers had been initially applied separately,
no significant differences over time after the establishment of hybrid aspen plantation
have been observed. At the same time, a significant impact of fertilization, especially
with wastewater sludge fertilizer, on PO4+*>"-P content in soil solution in 30 cm depth
was observed. Comparing to control plots, in plots where wastewater sludge fertilizer
had been initially applied higher PO4*"-P content in soil solution in 30 cm depth was
observed during all study period, although statistically significant differences were
observed only in 2013 and 2015 due to a large variation (Table 3.5.). Similarly as in
case with NOs™-N, also evaluating K content in soil solution in 30 cm depth, a ten-
dency for K content in soil solution to decrease over time after the establishment of
hybrid aspen plantation has been observed in all plots reaching a significant level.
Comparing to control plots, in plots where wood ash and digestate fertilizers had
been initially applied higher K content in soil solution in 30 cm depth was observed
during all study period, although due to a large variation statistically significant dif-
ferences were observed only in 2015 in plot where wood ash fertilizer had been ini-
tially applied (Table 3.5.).
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Average nutrient content in soil solution in 30 cm depth

Table 3.5.

Type of fertilizer
Nutrient, unit Year control wood ash digestate wassl:lesvgaeter

NO*-N, mg L! 2011 7+2 7+4 11+6 9+5
2012 2.0+0.7 1.2 +0.6 0.6 £ 0.2% 1.6 £ 0.6
2013 0.2 +0.1 0.3+0.2 0.2 +0.1* 0.7+04
2014 0.3+0.2 0.2 +0.1* 0.4 +0.2% 04 +0.1
2015 0.2+ 0.1* 0.1 +0.1* 0.1 +0.1* 0.1 +0.1*

PO+ -P,mg L' 2011 0.005 * 0.005 0.14 £ 0.09 0.03 £ 0.01 0.14 + 0.09
2012 | 0.020 + 0.007 0.04+ 0.02 0.016 £ 0.006 0.10 + 0.05
2013 | 0.008 + 0.005 0.04 + 0.02 0.005 + 0.005 0.10 + 0.06**
2014 0.05 £ 0.03 0.10 £ 0.03 0.02 £ 0.01 0.17 £ 0.06
2015 | 0.022 £ 0.003 0.10 £ 0.02** | 0.011 + 0.003** 0.18+ 0.07**

K, mg L™ 2011 3+1 9+3 9+2 6+2
2012 3.3+0.7 46+03 45+0.8 2.8+0.3
2013 3+1 3.9+0.5 3.8+09 29+0.5
2014 2.0£0.6 2.6 +0.7% 3.4 +0.4* 2.7+0.3
2015 20+03 3.2 £ 0.3/ 2.9 £0.3* 2.1+0.2*

* Statistically significant (p <0.05) differences if compared to 2011 within one type of fertilization.

** Statistically significant (p <0.05) differences in nutrient content in soil between control and treated

plots within one study year.

In all plots, the highest NOs™-N content in soil solution in 60 cm depth was ob-
served in 2011. Similarly, in all plots significant decrease of NO3;™-N content in soil
solution was observed (in average from 11 + 2 mg L' in 2011 to 0.08 £ 0.02 mg L™ in
2015). The decrease of nitrate content in soil solution in 60 cm depth over time af-
ter the establishment of the hybrid aspen plantation and the initial application of fer-
tilizers corresponds to the logarithmic regression. The coefficients of the regression
equation varied depending on the type of used fertilizer, but in all sample plots, the
logarithmic regression determination coefficient R? was > 0.81. Comparing to control
plots, in plots where wastewater sludge fertilizer had been initially applied significant-
ly higher PO4*~-P content in soil solution in 60 cm depth was observed in 2014 and in
2015. Similarly, in 2014 and in 2015 significantly higher PO4*>"-P content in soil solu-
tion in 60 cm depth was observed in plots where wastewater sludge fertilizer had been
initially applied if compared to 2011 showing gradual decomposition of fertilizer’s or-
ganic matter. This trend was observed in soil solution also in 30 cm depth. During the
study period from 2011 to 2015 the highest average K content in soil solution in 60 cm
depth was observed in plots where wood ash fertilizer had been initially applied show-
ing significant impact of fertilizer on K concentration in soil solution. The highest K
content (21.4 mg L) in soil solution in 60 cm depth was observed in the beginning
of summer 2012 in plot where wood ash fertilizer had been initially applied (Bardule
etal., 2019).
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Content of total nitrogen and organic carbon in soil solution. Evaluating total
N content in soil solution in 30 cm and in 60 cm depth, a decreasing trend of total N
content in soil solution over time after establishment of hybrid aspen plantation in agri-
cultural land was observed in all plots. The highest total N content (11.9 mg L) in soil
solution was observed in 60 cm depth in 2012 in plot where wastewater sludge fertilizer
had been applied. Comparing to the control plots, in plots where N containing ferti-
lizers had been initially applied no significantly higher total N content in soil solution
was observed. Evaluating quality of soil solution in the research object according to
the recommendations for the division of water quality in drainage systems depending
on total N content in water developed by the Latvia University of Life Sciences and
Technologies (Lagzdins et al., 2008), soil solution quality in the research object was
rated as high as the average total N content was < 4.5 mg N L%, During the filtration
of water of atmospheric precipitation through the soil layers water is enriched with C
containing substances — in all plots in 60 cm depth total C content in soil solution was
higher than in 30 cm depth. Similarly, it was observed that in plots where fertilizers had
been initially applied total C content in soil solution was higher both in 30 cm depth
and in 60 cm depth if compared to control plots.

Content of heavy metals in soil solution. Small catchment areas and drainage
systems affected by diffuse pollution caused by agricultural activities, including the
application of fertilizers, are the starting points of a hydrographic network, where it
is possible to estimate the load of biogenic elements or heavy metals. The leakage of
polluting elements from diffuse sources is influenced by time and space factors, for in-
stance, variable climatic and hydrological conditions, geomorphological features, crop
rotation and land use, thus, diffuse sources are more difficult to control and evaluate if
compared to point sources (Lagzdins et al., 2008). Heavy metal (Mn, Ni, Cu, Zn, As,
Cd and Pb) content in water samples of soil solution and atmospheric precipitation
sampled in spring (April-June) of 2015 was evaluated — in the fourth year after appli-
cation of fertilizers. During the filtration of water of atmospheric precipitation through
the soil layers water was enriched with Ni, Cu, Pb and As, but in atmospheric pre-
cipitation higher Mn (except soil solution sampled in 60 cm depth in the plots where
wood ash fertilizer had been initially applied), Zn and Cd content was observed if com-
pared to heavy metal content in soil solution (Fig. 3.6.). Considering the large natural
variation of heavy metal content in soil solution, no significantly higher heavy metal
content in soil solution in plots where fertilizers had been initially applied was found
(Bardule et al., 2019). Similarly, the content of heavy metals in soil solution did not
reach target values or limit values that would indicate the need for measures to clarify
the boundaries of the contamination range, assess whether pollution poses any risk to
human health and environment, and prevent further groundwater contamination. The
distribution of heavy metals between the solid and liquid phases of soil is influenced
by several processes (e.g., adsorption, complex formation, precipitation — dissolution
reactions) that are directly dependent on the pH of the environment. Within the study
a moderately tight negative relationship between Pb and Cd content in soil solution
and soil solution pH was observed, correlation coefficients r were —0.61 and -0.52, re-
spectively. This correlation can be explained by the adsorption and precipitation of in-
soluble compounds, as evidenced by the relatively high pH values in soil solution in the
research object. In general, if soil solution pH is around 6.0-7.0, which corresponds to
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that found in the research object, only a small part of the metal ions is present in the
soil solution (Rieuwerts et al., 1998).
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Fig. 3.6. Cd and Pb content in soil solution and depositions in spring of 2015

Leaching of nutrients. In the Baltic Sea region, deterioration of quality of both
freshwater and saltwater is observed as well as eutrophication of surface water result-
ing in development of various recommendations, international conventions and other
environmental agreements. Latvia is located in a wet, temperate climatic zone, where
atmospheric precipitation exceeds evaporation which results in water runoff in spring
and autumn (Jansons et al., 2011). The results of scientific studies in the Baltic Sea re-
gion indicate that leaching of nutrients from agricultural lands can be significant; more-
over, there is an increase in agricultural intensity in the Baltic States (Stélnacke et al.,
2014). Average daily nutrient leaching from soil in the research object was calculated
using an integrated approach that includes soil runoff (upper groundwater runoft) data
calculated with the conceptual model METQ2012 and empirical data on chemical com-
position of soil solution. The highest daily NOs™-N leaching (412.0 g ha™") was detected
in 2011 in plot where digestate fertilizer had been initially applied. The results showed
that the amount of nitrate annually leached has significantly decreased over the time
after establishment of hybrid aspen plantation in agricultural land (from an average of
9.85 kg ha™!in 2012 to an average of 0.17 kg ha™! in 2015) despite the initial application
of fertilizers (Fig. 3.7.).

The highest daily phosphate leaching (11.0 g ha™!) was detected in 2014 (four years
after application of fertilizers) in plot where wastewater sludge fertilizer had been ini-
tially applied. The results show a significant impact of use of wastewater sludge fertilizer
not only on daily phosphate leaching, but also on annual phosphate leaching (Fig. 3.7.).
In control plots and in plots where wood ash and digestate fertilizer had been initial-
ly applied tendency for annual phosphate leaching to decrease was observed, but in
the plots where wastewater sludge fertilizer had been initially applied annual phos-
phate leaching increased in the fourth and fifth year after application of the fertiliz-
er reaching the highest values in the study period (respectively, 389.8 g ha™! yr™! and
307.5 ghalyr).
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Fig. 3.7. Average annual leaching of nitrate and phosphate in the research object

Potassium ions in the soil are mobile, and therefore a large amount of K can be
leached, especially from agricultural lands (Alfaro et al., 2004). The leaching of K is
less studied, if compared with nitrates and phosphates, as K is not considered pol-
lutant and K leaching does not influence the eutrophication of surface waters direct-
ly. However, increased K leaching may have impact on plant growth and soil quality
(Broschat, 1995; Kolahchi & Jalali, 2007). Amount of daily K leaching varied depending
on the type of fertilizer initially applied and meteorological conditions. Results of the
study showed that the highest daily K leaching was observed in 2012 (in the second
year after application of fertilizers) in plots where wood ash fertilizer had been initially
applied when daily K leaching reached the highest value — 485.4 g K ha™!, but during
time period from 2013 to 2015 daily K leaching was relatively stable — from 25.4 to
41.8 g ha . In control plots daily K leaching during the study period decreased from
32.3gha'in 2011 to 8.6 gha ' in 2015. Also annual K leaching during the study period
mostly decreased in all plots reaching the lowest value 3.12 kg K ha™! in 2015 in control
plots (Fig. 3.8.). The decrease in K leaching was observed in 2013 and 2015, which can
be explained by the comparatively smaller amount of total atmospheric precipitation in
the respective years. Despite the general tendency for the amount of leached K in the
research object to decrease, including in the plots where K containing fertilizers had
been initially applied, K leaching exceeded K input through atmospheric precipitation,
indicating mineralization processes of minerals containing K.
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Fig. 3.8. Average annual leaching of potassium in the research object
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3.3. Chemical composition of biomaterial of plants and mushrooms

Chemical composition of hybrid aspen leaves, branches and litter. Leaves and
branches of hybrid aspen foliage are the main nutrient storages that ensure the pres-
ervation and cycling of nutrients in the ecosystem. As in tree dominant ecosystems
pollutants and nutrients from atmospheric precipitation, as well as particulate matter
in the dry precipitation process are filtered through the tree crowns, the litter reaching
the soil also contains chemicals that have accumulated in the trees’ needles or leaves.
The litter is considered to be the second largest source of nutrients on the earth’s sur-
face, but nutrients from organic matter are released slowly as a result of mineralization
processes. In contrast, nutrients that have reached the soil in the form of throughfall
and stemflow precipitation are usually nearly dissolved and can therefore be quickly
assimilated by plants (Térauda, 2008).

Total annual litter biomass in the research object in 2014 and 2015 is shown in
Figure 3.9. In 2015, significantly larger amount of total litter biomass was observed if
compared to 2014 which can be explained by the fast growth of the hybrid aspens, in-
cluding the parts of the tree crown, which contributes the most to the total biomass of
the litter.
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Fig. 3.9. Total annual biomass of litter in the research object

Table 3.6. summarizes average proportion of different litter fractions in the total
litter biomass as well as average macroelement content in different litter fractions.
Input of macroelements through leaves of hybrid aspen in 2014 and 2015 depending
on type of used fertilizer is shown in Table 3.7. Amount of macroelements returned
in the element cycling by leaves’ litter of hybrid aspen is directly dependent on the
age of tree plantation and type of used fertilizer. Both in 2014 and in 2015 the largest
amount of microelements returned in the element cycling by leaves’ litter of hybrid
aspen was observed in the plots where digestate has been initially applied although this
type of fertilizer did not contain the highest amount of nutrients (N, P, K) if compared
to the wastewater sludge and wood ash fertilizer.
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Table 3.6.

Average content of macroelements in litter in the research object

Fraction (w) C,gkg™ | N,gkg! | Bgkg! | K,gkg' | Ca,gkg™ |Mg,gkg' |S, mgkg™!
Branches and 50945 | 64+07 | 14404 | 78405 | 1711 | 2.8+0.1 | 55+27
bark n=4 n=4 n=3 n=23 n=3 n=3 n=3
(1.6%) B B - B B - B
Hybrid aspen 505+2 12+1 23+£0.1 | 6.2+£0.5 24+3 3.8+0.1 | 506 +22
leaves (92.9%) n=3§8 n=38 =4 n=4 n=4 n=4 n=4

592 + 14 11+3 0.5 1.8 10.8 1.5 347

0

Seeds (1.5%) n=2 n=2 n=1 n=1 n=1 n=1 n=1
Insects, faeces, 151+ 4 29+6 1.8 3.6 13.7 3.2 1325
etc. (3.9%) n=2 n=2 n=1 n=1 n=1 n=1 n=1
Leaves of other 520 13.0 2.6 8.4 19.6 32 556
tree species n= n= n=1 n=1 n=1 n=1 n=1
(0.2%)
n — number of samples; w — average proportion of the relevant litter fraction from the total litter
biomass.

Table 3.7.
The amount of macronutrients returned in nutrient cycling by litter of hybrid aspen leaves
Typeof | biomassof | o N P K | Ca | M s
Year | g ffliger | HUerofHA | ih |y | kghat | kgha! | kgha ! | kgha | kgha
leaves, kg ha™! 8 J 8 8 8 8 8
control 836.3 4156 | 11.25 2.37 5.18 19.74 3.18 0.89
digestate 1926.4 965.1 | 37.45 5.31 11.94 | 45.46 7.32 2.59
2014
wastewater | 3653 1883 | 447 | 111 | 227 | 862 | 139 | 044
sludge
wood ash 105.5 52.7 0.81 0.26 0.65 2.49 0.40 0.08
control 1972.4 992.4 27.0 4.8 12.5 30.5 7.2 1.04
digestate 3060.9 1549.2 | 37.0 6.7 22.5 85.8 11.9 1.65
2015
wastewater | 16g51 | 8538 | 193 | 41 | 87 | 426 | 69 | 086
sludge
wood ash 507.6 258.3 3.9 1.1 3.0 13.0 1.9 0.23

The isotopic composition of tree leaves and branches is dependent on both the tree
species and fertilizer (Kalcsits et al., 2015). Average 6'°C and 8'°N values in leaves of
four years old hybrid aspen are summarized in Table 3.8. §°C values in the leaves of
hybrid aspen varied within a relatively narrow range from -29.47 %o to —28.04 %o. 6'°N
values in the leaves of hybrid aspen varied from 1.19 %o (in control plot) to 6.49 %o (in
plot where wastewater sludge has been initially applied). Within the study statistical-
ly significant differences in 8'*C values in hybrid aspen leaves between hybrid aspen
clone No. 4 and clone No. 28 were detected in the control plot. In all plots, a larger
8N value was detected in leaves of hybrid aspen clone No. 28 if compared to clone
No. 4, but statistically significant difference (p = 0.002) was detected only in the plot
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where wastewater sludge has been initially applied. Similarly, a larger average 6'°N val-
ues were detected in all plots where some of the fertilizers had been initially applied
if compared to the control plots, but statistically significant difference was detected
only between control plots and plots where wastewater sludge (p = 0.002 both in plot
of hybrid aspen clone No. 4 and in plot of hybrid aspen clone No. 28) and digestate
(p = 0.002 in plot of hybrid aspen clone No. 4, p = 0.015 in plot of hybrid aspen clone
No. 28) had been initially applied.

Studies of different tree species have shown that the §'°C values both in wood at
the ecosystem level and in tree rings at individual tree level vary considerably, even
in the same ecosystem or in the same individual tree. It is explained by the strong de-
pendence of the 8!°C values on environmental and climatic conditions, such as plant
genetic properties pertaining to water use efficiency, photosynthetic activity which in
turn depends on factors such as solar radiation and nutrient availability, micrortopog-
raphy, soil type and texture, hydrological features, rainfall and air temperature (Bégin
et al., 2015).

Table 3.8.
Average 8'°C and 8N in leaves’ samples of four year old hybrid aspen
- 83 CvppB, %0 SNAIR, %0
Type of fertilizer
clone No. 4 clone No. 28 clone No. 4 clone No. 28
Control -284+02n=3 |-290+02*n=3| 1,6£0,1n=3 20£0,1n=3
Digestate -286+0,1n=3 | -288+02n=3(28+0,1"*n=3| 3,0£02*n=3
Wastewater sludge -290+0,1"*n=3| -285+0,1ln=3 |2,7+0,1*n=3|4,6+0,6/*n=3
Wood ash -29,1+0,1n=3 | -288+02n=3| 1,7+0,1ln=3 35£0,7n=3

* Statistically significant (p < 0.05) differences in C or N isotope ratio in leaves of hybrid aspen between
clone No. 4 and clone No. 28 within treatment.

** Statistically significant (p < 0.05) differences in C or N isotope ratio in leaves of hybrid aspen
between control and treated plots within one clone of hybrid aspen.

n — number of samples.

Isotopic composition of Leccinum aurantiacum (Bull.) Gray. Studies of isotopic
composition of fruiting bodies of fungi have shown a large variation in stable isotope
ratio: §"°N values range from -7.1 %o to 21.8 %o, but §'*C values range from -31.7 %o to
-19.0 %o (O’Regan et al., 2016). So far, only a few studies on the isotopic composition
of mushrooms have been carried out in Europe, especially there is a lack of research
about the isotopic composition of edible mushrooms. The existing data show that §"°N
values range from -1.1 %o to 12.5 %o, but §'*C values range from -28.6 %o to -21.1 %o
(O’Regan et al., 2016). For the six edible mushroom species (Boletus edulis, Hydnum
repandum, Agaricus arvensis and truffles) it has been detected that §'°N value is greater
than 8%o. So far, no information about §'*C and 8"°N values in Leccinum aurantiacum
(Bull.) Gray fruiting bodies has been published in scientific literature. Average §'*C and
0N values in Leccinum aurantiacum (Bull.) Gray fruiting bodies sampled in the re-
search object in 2014 and 2015 are summarized in Table 3.9.
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Table 3.9.

Average 8'*C and "N in Leccinum aurantiacum (Bull.) Gray fruiting bodies

2014 2015
Type of fertilizer
8'3Cvpps, %o S"5NaIR, %0 8'3Cvpps, %o S"°NaIR, %0
Control -25.89 +0.05 89+0.2 -26.64 + 0.04 8.6+0.1
Digestate -26.30 + 0.06 9.9+0.3 -26.7+0.1 10.4+0.1
Wastewater sludge -255+0.2 9.7+0.2 -27.01 £ 0.08 9.0+04
Wood ash -25.88 + 0.05 8.7+ 0.5 -27.37 +0.05 8.7+0.1

83C values in Leccinum aurantiacum (Bull.) Gray fruiting bodies sampled in the
research object varied in a narrow range from -27.37 + 0.05 %o to —25.5 + 0.2 %o. In
all plots, lower §'3C values (in average by 1.0 %o) were detected in samples of Leccinum
aurantiacum (Bull.) Gray fruiting bodies sampled in 2015 if compared to samples tak-
en in 2014. 8N values in Leccinum aurantiacum (Bull.) Gray fruiting bodies varied
from 8.6 + 0.1 %o to 10.4 £ 0.1 %o. Both in 2014 and in 2015 a larger §'°N values in
Leccinum aurantiacum (Bull.) Gray fruiting bodies were detected in plots where waste-
water sludge and digestate fertilizers have been initially applied if compared to control
plots. This finding points to the impact of the organic fertilizers (wastewater sludge
and digestate) on the isotopic composition of Leccinum aurantiacum (Bull.) Gray even
4-5 years after the application of fertilizers. Within the study detected §"*C and 8§"°N
values in Leccinum aurantiacum (Bull.) Gray fruiting bodies correspond to the range of
published 6"*C and §'°N values in edible mushrooms detected by O’Regan et al. (2016).

Chemical composition of hybrid aspen tree rings. With the development of ana-
Iytical methods, it is possible to perform multielement dendroanalysis with very high
spatial resolution and low detection limit, which allows to evaluate the composition
and cycling of elements and their isotopes in trees, as well as differences in the content
of elements and their isotopes in different tree rings. Measurements of relative amount
of isotopes determined using LA-ICP-MS method were used to characterise chemical
composition of tree rings of hybrid aspen stems. Figure 3.10. shows results of mapping
of relative amount of *K, #Ca, Mg, *'P, **Mn and *Fe in tree rings of hybrid aspen
stem. In general, there was a relatively large variation in the average relative amount
of mentioned elements in tree rings. Also, there was a large variation in the relative
amount of elements within one annual tree ring.

Comparing tree ring average *K relative amount in hybrid aspens grown in the
plots where different fertilizers had been initially applied, the highest *K relative
amount was detected in trees grown in plots where wood ash or digestate fertilizers
had been initially applied. It should be noted that also the highest amount of K was ap-
plied with wood ash and digestate if compared to fertilization with wastewater sludge
(Table 2.1.). Comparing tree ring average *'Ca and 2°Mg relative amount in hybrid as-
pens direct impact of fertilization was not detected, but significant differences between
sample trees were found. In all tree rings the highest *‘Ca and Mg relative amount
was found in sample tree A12 grown in the plot where wood ash fertilizer has been
initially applied. Comparing tree ring average *'P relative amount in different sample
trees, impact of wastewater sludge and wood ash fertilizers was detected — a higher
31P relative amount in tree rings was detected in plots where additional P was applied
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by fertilization if compared to the control plots. In several sample trees, for instance,
in sample tree A1! (control plot) a trend for the *'P relative amount to decrease in
direction from the pith to the bark according to logarithmic regression was detected
(Fig. 3.11.). In addition, in control plots moderately tight and strong positive corre-
lations between the average annual PO+*~-P content in soil solution and average 3'P
relative amount in respective tree rings of hybrid aspen stem were found; Pearson cor-
relation coefficients r ranged from 0.60 to 0.90. In contrast, in other sample trees, for
instance, in sample tree A11% opposite tendency was detected, and it can be explained
with the impact of fertilization (in this case with wastewater sludge). It is confirmed by
a strong correlation found between the average annual PO4*~-P content in soil solution
and average °'P relative amount in respective tree rings of hybrid aspen stem in the
relevant plot (Pearson correlation coefficient r was 0.86).

Fig. 3.10. K, *Ca, Mg, >'P, **Mn and *°Fe relative amount in the first three tree rings of
hybrid aspen sample tree A4®

The sample tree A1 was grown in the control plot.
The sample tree A11 was grown in the plot where wastewater sludge fertilizer had been initially
applied.
The sample tree A4 was grown in the plot where wood ash fertilizer had been initially applied.
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Fig. 3.11. 3P relative amount in tree rings of hybrid aspen sample tree A1*

Also differences in the relative amount of **K, */Ca, Mg and *'P between early
wood and late wood within the same annual tree ring were detected — the highest
values of relative amount of ¥K, *Ca, Mg and *'P were detected in the late wood.
Comparing the relative amount of *K, *Ca, 2Mg and *'P in hybrid aspen stem pith,
tree rings and inner bark, significantly higher relative amount of mentioned elements
was detected in stem pith, vascular cambium and inner bark (for instance Fig. 3.12.).
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Fig. 3.12. **Ca relative amount in tree rings (2011-2016) and inner bark of hybrid aspen
sample tree A2>°

4 The sample tree A1 was grown in the control plot.

> The sample tree A2 was grown in the plot where wastewater sludge fertilizer had been initially
applied.

In the boxplots, the median is shown by the black line; the red dashed line corresponds to the
average value of the data set; the lower and upper edges of the rectangle are respectively 1% and
3t quartiles; whiskers are the minimum and maximum values not exceeding 1.5 times the dis-
tance between the 1* and 3" quartiles; red stars are maximum values exceeding 1.5 times the
distance between 1% and 3" quartiles.
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Results of LA-ICP-MS measurements of *K relative amount in stem wood plane
(sample tree A97) on two mutually perpendicular straight-line trajectories starting
from pith to bark are shown in Figure 3.13. In sample tree A9, in tree ring formed
in 2011 a moderate correlation between two perpendicular measurements on *K
relative amount was detected, correlation coefficient r = 0.62. In the next tree rings
(2012-2016) a weak correlation (r < 0.50) was detected. One of the reasons could be the
heterogeneity of the tree ring width and distance from the pith or radius in tree stems.
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Fig. 3.13. Two straight perpendicular trajectories of *K relative amount in tree rings of
hybrid aspen sample tree A9’

Relative amount of heavy metals (°**Cr, ''Cd and 2%Pb) in tree rings of hybrid aspen
sample tree A48 is shown in Figure 3.14.

Fig. 3.14. Relative amount of heavy metal isotopes (**Cr, '!Cd and 2°5Pb) in the first three
tree rings of hybrid aspen sample tree A4%

7 The sample tree A9 was grown in the control plot.
8 The sample tree A4 was grown in the plot where wood ash fertilizer had been initially applied.
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Significant differences in relative amount of **Cr, ®Ni, Cu, *Zn, ''Cd and 2%*Pb
between early wood and late wood were not detected. Comparing relative amount of
53Cr, ®3Cu, ®Zn and 2®Pb in wood of hybrid aspen grown in control plots and plots
where different fertilizers has been initially applied, significantly (p < 0.05) higher av-
erage relative amount of >*Cr, ®*Cu, ®Zn and ?Pb in wood was detected in all treated
plots. On average, the highest relative amount of >*Cr, ®Ni, ¢*Cu, *®Zn, 2%Pb and '''Cd
was detected in sample trees grown in sample plots where wood ash fertilizer has been
initially applied, but the lowest — in sample trees grown in control plots.

The characterization of heavy metal transporters in Populus spp. is very scarce.
Within the study Pearson’s correlation coeflicients that characterize the linear rela-
tionship between the relative amount of heavy metal isotopes and other macro- and
microelement isotopes in tree rings of hybrid aspens were evaluated. A strong positive
correlation (r > 0.5) between annual tree ring average **Ca and '''Cd relative amount
and between **Ca and 2%Pb relative amount was detected. In several hybrid aspen
sample trees a strong positive correlation between annual tree ring average **K and
HICd relative amount and between Mg and '!!Cd relative amount was detected. In
all sample trees grown in the plots where wood ash fertilizer has been initially applied
a strong positive correlation between annual tree ring average “/Ca and ''Cd relative
amount (on average, r was 0.87) and between Mg and !''Cd relative amount (on aver-
age, r was 0.83; Fig. 3.15.) was detected. Moreover, in all sample trees grown in control
plots a moderately positive correlation (on average, r was 0.77) between annual tree
ring average 2®Pb and *‘Ca relative amount was detected.
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Fig. 3.15. The relationship between the annual tree ring average '''Cd and **Ca and *Mg
relative amount in hybrid aspen in plots where wood ash fertilizer had been initially
applied
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Correlations between relative amounts of heavy metals and macroelements in
tree rings determined within this study can be explained by specific transport mech-
anisms of different clusters of elements in hybrid aspen. For example, P-type adeno-
sine triphosphates (ATPases) are used to translocate a diverse set of ions, including H*,
Na*/K*, H*/K*, and Ca?®', plus heavy metals and possibly lipids (Kuhlbrandt 2004). The
Pip-type ATPases, known as heavy metal ATPases (HMAs), are involved in the trans-
port of a range of essential as well as potentially toxic metals across cell membranes.
Functional studies on the HMAs have shown these transporters to be divided into two
subgroups based on their metal-substrate specificity: a Cu/Ag group and a Zn/Co/Cd/
Pb group (Tangahu et al. 2011). Consequently, similar correlations between relative
amount of Cd and macroelements in tree rings as well as between relative amount of Pb
and macroelements found in the study are explained by the fact that both Cd and Pb
belong to the same subgroup of metal-substrate specificity of HMAs and thus transport
and accumulation processes in stem tissues of hybrid aspen for Cd and Pb are similar.
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MAIN CONCLUSIONS

Additional C and N were not accumulated in the soil during the first five years after
the establishment of hybrid aspen plantation in agricultural land; on the contrary,
significant decrease of C and N stock in the deeper soil layers (40-60 cm depth) was
observed due to decomposition of organic matter.

In general, no soil contamination with heavy metals has been observed in the re-
search object both in control plots and plots where fertilizers had been initially ap-
plied, but the content of several heavy metals (e.g., Zn, Ni and As) in the soil indi-
cates that there is a risk to ensure sustainable soil quality.

One of the most important ecosystem services provided by juvenile hybrid aspen
plantations in agricultural land is the reduction of nutrient (NOs™-N, PO4*~-P, K)
leaching from soil. During the first five-year period after establishment of the hy-
brid aspen plantation, NO3™-N leaching decreased by up to 99.6%, PO+>~-P leaching
decreased by up to 97.1%, but K leaching decreased by up to 76.5%.

Initial application of fertilizers significantly affect not only biomass of hybrid as-
pen foliage litter and total amount of nutrients returned to nutrient cycling but also
fractionation of light stable isotopes in hybrid aspens as evidenced by significant
differences in the 6'*C and 6'°N values in hybrid aspen leaves between control plots
and plots where fertilizers have been initially applied.

Leccinum aurantiacum (Bull.) Gray is a bioindicator of environmental quality.
Differences in the §'°N values in Leccinum aurantiacum (Bull.) Gray fruiting bodies
between control plots and plots where fertilizers (wastewater sludge and digestate)
have been initially applied highlighted the impact of N containing fertilizers on bi-
oavailable N sources and flows in the ecosystem even 5 years after the application of
fertilizers in the research object.

LA-ICP-MS measurements of micro and macroelements in hybrid aspen tree rings
allow to evaluate the differences in relative amount of elements not only between
sample trees but also within one annual tree ring. Significant differences were found
between the relative amount of macroelements in earlywood and latewood in an-
nual tree rings — the relative amounts of macroelements (K, Ca, Mg, P and Mn) in
latewood were generally higher.

Even if soil and soil solution slightly alkaline pH values indicated a limited mobility
of the heavy metals in the research object, the results of the average relative amount
of heavy metals (Cr, Ni, Cu, Zn, Cd, Pb) in hybrid aspen tree rings highlighted the
significant impact of the fertilizer initially used (especially wood ash) — a signifi-
cantly higher relative amount of heavy metals was observed in the stem wood of the
sample trees grown in the plots where the fertilizers have been initially applied.
Environmental samples where micro- and macroelement content was assessed to
evaluate the environmental change, can be ranked according to their sensitivity or
response as follows: biomaterial of plants and mushrooms > soil water > soil.
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