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ABSTRACT

Current management of soil has been recognized to be unsustainable. In the next 20-50

years, the pressures on soil and its core service functions are predicted to further increase,

due to climate change (droughts, extreme precipitation events) and competing demands

from production systems to provide food, biofuel and timber. It is of prime importance to re-

evaluate current agricultural practices and develop alternative sustainable soil farming

management systems that protect ecological functions of soil. There is urgent need for tools

and methodologies that will give reliable predictions for climate change effects and

restoration management to evaluate alternatives. The objective of this dissertation was to

improve our understanding of the mechanisms of nutrient cycling and organic matter (SOM)

protection/loss in soils and provide tools that can be used to assist the sustainable

functioning of soil critical zone.

The scientific issues researched in this thesis can be summarized in the following objectives:

O

O

Assessment methodology for soil carbon simulation: Develop and validate with field

data a methodology for RothC model parameter estimation, through initialization
and calibration with field derived physical fractionation data, assessment of the
uniqueness of solution, sensitivity analysis and quantification of uncertainties in
modeling results.

Testing of soil model across climatic gradient: Apply the developed methodology to

native land to cropland conversions along an international climatic gradient to assess
the pattern of carbon loss and the effectiveness of carbon addition, sensitivity
analysis and quantify the uncertainties.

Develop soil structure model: Develop and validate with field data a coupled soil

carbon (RothC), aggregation, and structure turnover model, based on the current
knowledge of the proposed mechanism in the relavant scientific literature that
suggests that macro-aggregates are formed around particulate organic matter,
followed by the release of micro-aggregates.

Assess soil status of Koiliaris River Basin Critical Zone Observatory: Assess the soil

status by selecting with sophisticated statistics the appropriate soil parameters and
quantify the effects of livestock grazing, landuse changes and climate change on soil

biochemical quality and water quality.

FOTINI E. STAMATI ENVIRONMENTAL ENGINEER 7



FOTINI E. STAMATI ENVIRONMENTAL ENGINEER



EKTENHZ NEPIAHWH

O Aettoupyieg tou edapouc kat n Edapikny Opyavikn YAn (EQY)

To €dadog amotelel Tov SeUTEPO MO ONUAVTIKO PUGLKO TIOPO HETA TO VEPO OTOV OTolo
ekTeAOUVTAL PaoKEC TEPIPAMOVIIKEG, KOWWVLKEG KOl OLKOVOULKEG AelTOUpyleg: a.
napaywyn tpodipwv kal Blopdlag, B. amobrnkeuon, StNONCN, HETATPOTMI AVOPYAVWY Kal
OPYOVIKWY CUCTATIKWY, VEPOU KoL EVEPYELAS, V. Ea0dAALON OLKOAOYLKOU EVSLOLTHHOTOC YLa
Sladopouc opyaviopoug (Statrpnon PlomolkiNoTnTag), 6. TNy MPWTWV UAWV KoL €.
StaodaAion ¢uaoikol Kot ToAtiotikou neptBailovtog (COM(2002) 179; COM(2006)232). To
£6adoc anotelel £va cuvduUAOUO OPUKTWV CWHATIS LWV, 0pyavIKNG ouaiag, VEpoU, agpa., Kot
{WVTaVWY OPYOVIOUWY KAl £lval 0TNV MPAYHATIKOTNTA £Va TTOAU TTOAUTIAOKO, ETEPOYEVEC KOl
{wvtavo péco. H ESadikry Opyavikn 'YAn (EQY) Stadpapatilel €va onuovtikd poAo OTLG
AelToupyieg kal untnpecieg mou mpoadEpel To €5adog (COM (2002) 179); amoteAwvtag tnyn
Bpemtikwy yla Ta GUTA, UTTOCTPWHA YLa TNV HKPoBLakr dpaactnplotnta, Spwaoa Suvaun ylo
™V anocdfpwaon TwWV OPUKTWV (mapaywyn HIKPo-BpemTikwy) Kot pubuotr tou KAipatog,
kaBwg sival de€apevr) cucowpeuong tou CO, (Lal, 2004). H otaBepomoinon tng EQY ota
64PN eAéyxel TNV UIKPOPLAKA KOWOTNTO, TNV YOVLUOTNTA KoL TNV Sdoun (m.x. péyebog kot
oTafepdTNTA TWV CUCCWHATWHATWY) Tou edddouc, n omola ev TEAEL emnpedlel Tov pubuo
SdinBntwotntag, tnv vypaoia, tnv dtdxuon Tou o§uyovou, TNV amoppon Kat tnv Stafpwon
(Arias et al., 2005; Six et al., 2004). ZuvoAika, ota e6ddn cuykpateital Mavw ano SVo Gopeg
TeploooTepoC avBpakag amd OtL otn PBAdotnon kot thv atuocdalpa (Batjes, 1996). H
TooOTNTA TOu AvBpaka mou Seopevetal TnNoiwg ota e6adn eival TEooeplg popeg Aydtepn
amd tou¢ 8 Gt AvBpaka TOU EKMEUTOVIAL OThV atpoodalpa amd avBpwrmoyeveic
Spaotnplotnteg- avadelkviovtoag tn onpoocia Tng EOY oe oxéon Ue TG KALLATIKEG OAAAYEG

(Lal, 2000).

Ol aypOTIKEG TIPOKTIKEG TIOU XPNOLUOTIOLOUVTAL OTNV KTnvotpodia KAl tn yewpyia Kal n
EVIATIKOTOINON TNG YEWPYLKNAG TIPAyWYNG KOTA Tn SLdpKela Twv TeAeuTaiwv 60 xpovwv
£€XOUV EMNPEAOCEL TG Acltoupyiec Tou €8aDLKOU OLKOCUOCTHUOTOG, TIPOKOAWVTACG TIOAAEC
$OpPEC LAALOTA TNV KOTAPPEUON TNG AELTOUPYLKOTNTAC TOUG KO SUCHEVEIC EMUMTWOELG OTNV
TIOLOTNTA TOU VEPOU Kal Tou £8ddouc. ANNAYEC OTLG XPNOELS YNG OTIWGE N LeTaTpomh edadwv
pe duaoikr) BAAoTnon o KOALEPYNOLUEG EKTAOELG, N UElWaN TNG UTEPYELAG BLOTIOKIAGTNTAG

gfautiag Twv KAALEPYNTIKWY TIPAKTIKWY Kal TNV UTEpPOOKNON, KABWG Kol Ol KALUOTLKES
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oAayEC umopouv va 06nynoouv o€ amOToUEeG aAAAYEG O0TO £8adLKO OLKOOUOTNUO KOL VOl
kataAnéouv oe pakpdg Slapkelag PeToBoAEC TOOO OTO Tomio 000 Kal otnv BLOTIKA Kot
aflotikn) doun tou edadoug (Nikolaidis, 2011). H petatponn edadwv pe duowkn BAdotnon
oe KaAAlepynolpa £6adn n Pookotomo €xel WG AMOTEAECUO TNV HeElwon tng PUTIKAG
KOAUPNG KAl WG €K TOUTOU TN HElWoN Tou GUTIKOU UTIOAELUUOTIKOU UALKOU TIOU ELOEPXETOL
KOL eVOWHATWVETAL oto €8adog, peyalutepn SldBpwon kal cupmieon tou &dddoug
(Bastida et al., 2006; Li et al., 2007), kot ev TéAeL Katootpodr TG SOUNG Tou emidpavelakol
edadoug (Babog 30 cm) kal anwAsla peydhou moocootol tnG EOY n/katl urmoBabuion tng
TOLOTNTAG TNG. E€autiog Tou opywHATOC TA CUCOWUATWHOTA Tou £6Adoug Kataotpédpovral
pe amotéleopo EOY Tou MPONyoUREVWE NTAV TIPOCTATEUUEVN Vo UMopel va ofeldwbel
UIkpoBlaka. Xtnv Eupwrnn ocuvoAlkd To mocooTo Twv edadwv pe EOQY Ayotepn amo 2.6%
avAABe amod 35% oe 42% katd tn Slapkela TG epLodou 1980-1995. H umepPdoknon amod
puovn tne, n omola lvat W8laitepa £vtovn otnv mepLoxn thg Meooyeiou, sivat umevBuvn yla
T0 23% tng umoBadulong Twv edadwv otnv Evpwrnn (RCEP, 1996). To 75% tng mMePLOXNC TNG
Meooyeiou mapouotdlel xapnAd (3.4%)  moAU xounAa (1.7%) mocootd EQY (Van-Camp et
al., 2004). A¢loonueiwto ival 6tL oL aypovopol Bewpouv otL e6adn pe EOQY pikpotepn amd
TO M0000TO 1.7% Bplokovtal oTo oTtadlo TN MPo-gpnuomnoinong. H dtaBpwon, n Helwon g
EOY, n peiwon tng PlomolkiAdTNTAg KAl n cuumieon tou €dddoug amotedolv oAAnAo-
OUOXETI{OUEVEG QTIEIAEG TWV AELTOUPYLWYV Tou £6Adoug mou {NULWVOUV TNV YOVLUOTNTA TOU
KoL To KaBlotouv guaicOnto otnv epnuomnoinon (COM (2002) 179), Ue CUVEMELEG OXETIKA UE
v acddiela kot StachdaAion g moloTNTAC TwV TPOodiHWY, TIC KAUATIKEG aAayEg, Thv
ToLOTNTA TOU VePOU, Kal tnv olkovopia (Lal, 2004), amellwvtog ev TEAEL T Buwolun

avamtuén (COM (2001) 264).

‘ExeL mAéov avayvwplotel 0Tl n tpéxouoa Slaxeipon twv edadwv sival pn BLwolun Kot
anelel To péMov NG avBpwrdtnTog Kot oAOKANPNG tng Ploodatpac. Sta emopeva 20-50
£1N, OL TILECELG OTIC AELTOUPYIEG KaL UTINPECLEG TToU TtpoadEpouy ta £6adn mpoPAEmeTaL va
ouénBoulv, Aoyw Twv KAlpaTikwy aAlaywyv (Enpoaoieg, akpaio yeyovoto BpoxomTtwoswy) Kot
TIC QVTOYWVIOTIKEG QIOLTAOEL TWV CUCTNUATWY Tapaywynsg va Tapéxouv TpodLua,
Brokavoipa kat EuAeia. Elval eEMOPEVWG MPWTOPXLKAG oTtoudalotntag va enava&lohoynbouyv
OL TIPOKKTLKEG TIOU XPNOLLOTIOLOUVTAL OTh Yewpyla Kal va avantuxBouv eVaAAOKTIKA Blwolia
ocuothuata Slaxeiplong Twv yewpylkwv edadwv Tou Ba mpootatelouv TOPA  va
umoBabuilouv ta e6ddn. To kKUpLo epwTna elvat: ota eival n pebodoloyia mou unopel va
avantuxBel ylia va auvénoet tnv EQY, va pelwoel to ¢alvopevo tou Beppoknmiou Kot

OUYXPOVWC Vo aU€NOEL TN yovioTNTa Twv £dadwyv; YIAPXEL enelyouca avaykn ylo Veéa
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epyaheia kot pebodoloyieg mou Ba eival oe B€on va Swoouv aflomioteg POoPAEPELS yLa TLG
ETUMTWOELG TWV KALLOTIKWY OAAQyWV KOl TN TIPOKTLKEG AMOKATAOTAONG TV £6adwv, WOTE
va aflohoynBolv ol evaAlakTikEG AUoelC. Ta tedeutaia xpovia £xouv cuyypadel moAAd
ETULOTNMOVIKA GpBpa OXETIKA UE TOV KUKAO Tou GvOpoka Kal Tou alwTtou ota xepooia
neptBarlovta. 3tn PBiBAloypadikr] avooKOTNon TOU TMPAYUOTOMOLE(TAL oTnV Tapouca
SlatplBr emelpeital pa ocuvBeon tng BBAloypadiag pe éudaocn oto yedUpwua TOU
XAOUOTOG UETOEU TNG MPOOHATNG EMIOTNUOVIKAG YVWONG OXETIKA HE TIC Slepyacieg mou
CUMUETEXOUV OTOV KUKAO Tou avBpaka Kol Tou alwtou ota £5dadn Kol Tov TPOMo e Tov

ornolo auTég povtelomolouvtal.

Jtadepomnoinon the opyavikng UAng ota edapn

OL XOUULKEG OUGLEG TTOU amopovwvovTal anod ta e5adn anoteAovv mbBavotata mPoidV NG
Sladkaoiog amoudvwaong Toug Mapd TPAYHATIKA cuoTaTIKA TG EQY (Adams et al., 2011;
Kleber and Johnson, 2011). Ot apwpatikég SopéC Tou Bpiokovtal ota otaBepd UALKA TNG
EQY eival mpoidvta tng atreAol¢ kavong tng Plopalag (BlokdpBouvo), pe petafAntotnta
otnv anodéunor toug, kot Sev anotelolv anotéAeoua TnG duaolkng anodopnong tng EOY
oUte Slatnpouvtal emAekTIKA ota €6ddn (Gleixner et al.,, 2002; Knicker, 2007; Baldock,
2007; Kleber and Johnson, 2010, Adams et al., 2011). INUOVTIKA OpYQVIKA popla OTWE N
Ayvivn, n kuttopivn, n nukuttapivn, ta Autidla kot ol mpwrteiveg, kabwe Kal o ‘pavpoc’
avBpakag (black carbon) Bswpolvralt mAnpwg Ploamodourowo KATw omd ‘davikec
ouvBnKkeg, OMwWG n LKovomowntik Tapoxn ofuyovou (Adams et al., 2011). H Awvivn
ouvbéetal pe tnv elevBepn opyaviki oucia kol Pploketal ota adpouepr) KAdopata
(ueyéBoug appou) uTo T pHopdn oxebov avalloiwtwyv moAupepwv Awyvivng (Bahri et al.,,
2008), aAAa kaBw¢ BlodlaomATal PELWVETAL N TApoUsia TNG ota KAdopata peyéBoug IAUOG-
apylou kat ta pikpo-cucowpatwpata (Christensen, 1992; Dignae et al., 2005; Grandy and
Neff, 2008). Zta adpouepn kKAaopata tou e6ddoug LELWPEVN Elval emiong n mapouasia Twv
dutikwv  vbatavOpakwyv KaBW¢ auTd amodopolvTal ETUAEKTIKA. Mo AEMTOKOKKA
CUCCWHOTWHATO KAl olaitepa o apylAikd cwpatidia (<2 pm) eival eUMAOUTIONEVA OF
nipoiovta pikpoPrakol petaBoAiopol (Alkyl C i kat O/N alkyl C), evwoelg mou mepléxouv
alwto (mpwteiveg, apwota), and udpoyovavBpakeg OTwe oL knpot kal ta Autidia (Schoning
et al., 2005; von Lutzow et al.,, 2007; Grandy and Neff, 2008). MeydAo¢ xpovog {wnG €XeL

napatnpnBel yla evwoelg mou neplExouv alwto (~49 £tn) KoL EVWOELG TIPOEPYOUEVEC OO
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noAucakyapiteg (~54 £tn) (Gleixner et al., 2002). H mpocdatn €vvolOAOYLIKN) TIPOCEYYLON
OXETIKA HUe TN otabepomoinon tng EQY mpoteivel OtL N mpooBocluotnta TG Omd TOUG
ULlkpoopyaviopoUg (puolkn mpootacia tng EOQY o0 HAKPO-CUCCWUATWUATA KOl HLKPO-
OUCOWHOTWHATA) KoL N TIpoopodnor TNG oTIC OPUKTEC eTLPAVELEC TOU £6AdoUC (OUOXETLON
™G ME TNV AU Kal tnv apyltho) Stadpapartilouv kabBoplotikd polo otnv mpootacia tou
OpPYyaVvIKOU UAIKOU evavtia otnv  amodounon, pntd  CUUMEPIAOUPAVOUEVWY  TWV
vdatavOpdkwy, TPWTElVWV Kal GAwv Bewpolpevwv ‘aoctabwv’ (labile, elkoAa
omoSOUACLUA) UAIKWY TIOU TIPOEPXOVTOL OO OMOCUVTIOEUEVA QUTIKA UAWKA 1/Kat
umoAeippata pikpoBiwv kot pukntwy (Kleber and Johnson, 2010; Adams et al., 2011). Ot
Sloblkaole¢ TOU  OXNUATIOMOU/SLAomacnG TWV — CUCOWHATWUATWY KoL  TNG
npoopodnonc/skpodnong eivat ot Bactkol pnxaviopol mpootaciag kat armeAsuBEpwong tng
EOY (Six et al., 2002a, 2002b). H TlO TEPLEKTIKI) TPOCEYYLON TNG aAAnAsmidpaong twv
OPYOVLKWV KOL TWV OpUKTWV ota £6adn ival to poviélo tplwv ototBadwv (kwvntikn Lwvn,
vbpodoPikn Twvn, kat lwvn emadng) mou mpotewvav ot Kleber et al. (2007). Exouv
avayvwplotel U0 PaolKAd HOVTEAQ OXETIKQ UE TOV OXNUATIOMO TWV CUCCWHATWUATWY
(Plante and McGill, 2002; Nikolaidis and Bidoglio, 2011): i) To LEpAPXIKO HOVIEAO TIOU
T(POTELVEL TO OXNUATIOUO TWV UKPO-CUCCWHOTWHUATWY KoL EV CUVEXELD TOV OXNUATLONO TOV
HOKPO-CUCOWHATWHATWY amno ToV OUVSUOOUO TWV WMIKPO-CUCOWHATWUATWY, ii) Kol To
HMOVTEAO TIOU TIPOTEivEL OTL MPWTIOTWE AauPAveL XWPA O OXNUATIOUOC TWV HAKPO-
CUCOWUOTWHATWY yUpw oMo TO oWHATISLOKO GUTIKO UALKO Kol £Tetto okohouBel n
OmeAeUBEpWON TWV HUIKPO-OUCOWHOTWHATWY KaBw¢ Ta UAIKA amoouvtiBevral. H
oTaBepdTNTA TWV CUCCWHATWHATWY Kal KUKAOG {wn¢ toug Kuplwg sfaptdtal amd tnv
MOoOTNTO KAl TN XNUWK oUOoTOon TNG OPYAVIKAG ouciag Kal tou ¢uTikoU UALKoOU Tou
eloEpXETAL OTO £€60dog, To pH KAl TNV QyWYLUOTNTA, TNV TIEPLEKTIKOTNTA OE OPYAVLKO
avOpaka, Alwto, Kol avOpaKLKA, TNV LOVTO-AVTAAAOKTIKY KAvOTnTa tou edddoug, Ta
ofeldla TOU OLONPOU, TN TEPLEKTIKOTNTA O APYWO Kal Tov TUMO Twv apyilwv, Tn
MikpoxAwpida (M.X. YolooKWANKEG), TLG pileg, pLlka TpLXidia Kal LukoppLla, Toug LUKNTEG, TN
ULIKpoBLaK SpaoTnpLlOTNTA, TG KALLATIKEG CUVONKEG, TIG KOAALEPYNTLKEC TIPAKTIKEG: £(50¢
KOAALEPYELOG, TUTIOG OPYWHATOC, OLaXelplon Twv ¢GUTIKWY UTOAEIUPATWY, £dapuoyn

edadofeAtiwTikwy, Autdopata, apdeuon.
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MovTtéda mpooouoiwang Tou opyavikoU avBpaka ota e5apn

Ta povtéla mpooopoiwong tng EQY £xouv xpnolpomolnBel eupéws wg epyaleio yla tnv
nPOPAePn NG MepLekTIKOTNTOG Twv £dadwv oe opyavikd dvBpaka, ot SladopeTIKOUG
TUTIoUG £6adWV, KAAALEPYNTIKEG TIPOKTLKEG KOl KALLOTIKEG CUVORKEG OTWG ETIONG KOLL yLa VOl
TPOPAEPOUV TIG EMUMTWOELS TwV AAAAYWV XPHOELS YNG KOl TwV KALLATIKWY aAlaywv (Battle-
Aguilar et al 2010). Ta teleutaia Xpovia oc TOAEG €pyaoieg €xelL mpoaypatomolnBel
avaoKOmnaon tng povtehomolnong tooo tou AvBpaka 000 Kal Tou alwiou ota Xepoaio
olkoouotnuota (r.x. Falloon and Smith, 2000; Shibu et al., 2006; Minasny et al., 2008;
Manzoni and Porporato, 2009; Battle-Aguilar et al., 2010; Adams et al., 2011; Nikolaidis and
Bidoglio, 2011; Adams et al., 2011). Ta Siepyaciootpedr) (process-oriented) poviéla €xouv
npotunBel otnv emotnuovikny BLBAloypadia oe oxéon pe ta opyaviopootpedn (organism-
oriented) povtéAa Kol Ta povtéla KAAoswv opyavikol dvBpaka (cohort), kaBw¢ amoattovv
Alyotepa Sebopéva eloaywyng, TEPLEXOUV ALYOTEPEC TOPAUETPOUG TIPOC pUBULON, £XOoUuV
ULKPOTEPO UTIOAOYLOTLKO KOOTOG, Kol yia dAAoug Adyouc mou avadépovtal amno toug Adams
et al. (2011) kot toug Post et al. (2007). M'evika, Ta LOVTEAQ TIPOGOUOLWANE TOU KUKAOU TOU
avBbpoka ota edadn mneplapPdavouv TOMEG Oefapeveég avBpaka pe  SladopeTKA
XOPAKTNPLOTIKA Ta ool arnoSopouvTal Ke KLVNTIKA mpwTtou Babuou. Ta diepyaciootpedn
MOVTEAQ TIOU OUMMEPLAAUPBAVOUV HE MEYAAN AETTOMEPELD KAl TIOAUTIAOKOTNTA  TLG
OAANAETUOPAOELG TWV UIKPOPLAKWY MANBUCUWY Kal TNV avamntuén twv Gutwv, amottolv
neplocotepa Sedopéva mediou yla TNV edpappoyr Toug Kol Elodyouv peyaAltepo Babuo
AdBoug kat afePfalotntag (Smith et al., 1997). To povtéha RothC, Century, kat DNDC eival
ta 1o Stadedopéva Siepyactootpedr] povtéda. H ikavotnta mpofAedng twv povtéAwv EQY
propel va evioxuBel péow a) tng Babupovounong twv otabepwv tou pubuol amodopnong
KoL B) pe T xprion 5e80UEVWV HETPOUEVWV OTO MESIO OXETIKA UE TO UTTOAELUUATIKO GUTIKO
UALKO Ttou elogpyetal oto £6adog Kal TIC apXKEC ouvOnkeg, SnAadn tnv Kotavoun Tou
avOpaka oe Sadopeg Se€apeveg mou oxetilovral Ue TG Se€apevEéC MPooopoiwaong Tou
pHovTéAou, He xprion neBddwv Stoxwplopol tng EQY ot Siadopa puoikd khaopota (Krull et
al., 2005; Zimmermann et al., 2007). Ot mpocopolwaoelg tTnG EOY pe povtéda dev Aapupdavouv
umoyn toug TIc €uduteg apePaldtnteg mou odeihovtal ota SeSopéva el0AywWYNG, OTLC
OPXLKEC OUVONKEG, KOBwWC €emMiong Kal OTIC TMOPAUETPOUG TOU LOVIEAOU, HUE EAAXLOTEG
efalpéoelg (Juston et al.,, 2010; Paul et al.,, 2003). Exel avayvwplotel OTL €va amo Ta
ONUOVTIKOTEPA KEVA OTNV ETMLOTNUOVIKA YVWON TIOU OTOTEAEl ONUOVTIKI €PEUVNTLKN
TpOTEPALOTNTA €lval n otabepomoinon tng EOQY (Lal, 2008) kai n e€nynon tou emunédou

KopeopoL NG ota £6adn (Six et al.,, 2002a). Ot Van Veen kot Paul (1981), nén tpeLg
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Sekaetieg mpv elyav avayvwpioel ot To emninedo tng EOY oe wooppomia efaptatal moAU
TMEPLOCOTEPO amd Tov Pabud mpootaciag tou avBpoka (MY TOCOOOTO HOKPO-
OUCOWHOTWHATWY) TopAd amd tov pubuo amodopnong twv GpuUTIKWY UTIOAELUUATWY TIOU

npootiBevtal oto £dadog anod tn BAGotnon.

Ta UTAPXOVTA LOVTEAQ TIPOCOLOIWONC TOU KUKAOU TOU opyavikou avBpaka ota edddn dev
glval mavta kavad va TPOCOUOLWOOUV TNV CUYKEVTPWON TOu avbpaka Oe Loopporia N
MOVIUEG ouvBnkeg (Powlson et al., 2011) kot va dwoouv alomioteg mpoPAEPelg 6oov adopd
OTIG AANQYEC OE XPNOELG VNG, KOAAEPYNTIKEG TIPOKTLKEG KOl ETIPPOEC QMO TIG KALUATIKEG
oAlayee, kaBwg dev AapPavouv umoyn mepPAAlovVIIKOUG TIEPLOPLOTIKOUG TIAPAYOVTEC,
onw¢ eival n ¢uolkn mpootacia tou avBpaka ota edadn efaltiag TG dnuoupyiag
CUCOWUOTWHATWY KOTA VIETEPULVIOTIKO-OLTIOKPATIKO TPOmo —T.X. Tt Snuoupyia
cuoowpotwpatwy (Davidson and Janssens, 2006, Kleber and Johnson, 2010). To povtéAo
STRUC-C (Malamoud et al., 2008), pio tpomomnotnpuévn €kdoon tou poviéhou RothC —
UTIOBETEL OTL oL apXkEC oAANAeTIOpAoelc cupPaivouv HeTAly TwV apyAKWY cwHaTdiwy
KOL TWV OPYQVIKWYV, Ta omola otn ouvéxelo ocuvdéovtal HeTafU TOUG Kal oxnuatilouv
CUCCWUOTWHOTA — ATOTEAEL TNV TPWTIN EMLOTNUOVIKA Tipoomdbela yia tn Snuoupyia
pMovtéAwv EQY emopevng yevidg Kot elval TO TLO EUMEPLOTATWHEVO HOVTEAO TIOU UTIAPXEL
onuepa otnv S1ebvr BLBAloypadia yia tnv PovVIEAOTOLNON TOU OpyavikoU AvBpaka, Twv
CUCCWUOTWHATWY Kal tng doung tou eddadouc, mapd Tt eAAeielg tou (Adams et al., 2011,
Nikolaidis and Bidoglio, 2011). O onUAVTIKOTEPOG TEPLOPLOUOC Tou HoviéAou STRUC-C eivat
TO YEYOVOG OTL €€eTAlEL KAOE TUTIO CUCCWHATWHATWY WG HLa eviaio deapevr dvBpaka Kot
Sev Apvalel umtdPn tou To cwHATISLAKO GUTIKO UALKO otnv Slepyacio TG CUCOWHUATWONG.
To evvoLaKO LOVTENO TO OTOLO TIPOTEIVEL OTL TAL LOKPO-CUCCWHATWUOTA oxnuatilovtal yupw
ond TO CWHATIOOKO GUTIKO OPYaVIKO UALKO TIOU ELCEPXETOL oTa £8ddn Kol Katd tnv
Sldomnaocr toug aneheuBepwvovtal pikpo-cucowpatwpata (Golchin 1994; Balesdent et al.,
2000; Puget et al., 2000; Plante and McGill, 2002; Six et al., 2002a; Six et al., 2002b; Six et al.,
2004; Bronick and Lal, 2005, Helfrich et al., 2008; Nikolaidis and Bidoglio, 2011) 6&v €xetL

oKOUN povtelomotnOei.
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JKOTOG TNC EPYAOING

KOO tnNg mapoloag Slatplpng sival va cUUBAAEL otnv BeATiwon TNG KATAVONoNg Twv
LNXOVLOUWV TIOU EUMAEKOVTAL OTOV KUKAO TWV BPETITIKWVY KAL TNEG OPYAVIKAG UANG ota e6dadn
KOl va TopAacyel epyaleia ta omoia pmopouv va Bonbrioouv wg mMpog thv PLwolun
Aettoupykotnta g Kplowng wvng tou €8adout. Mo CUYKEKPLUEVA, TA ETLOTNUOVIKA
{NTAMOTO TIOU EPELVWVIAL OTNV Tapolod egpyacia pmopolv va cuvoLlotouv ota

TIAPAKATW:

o Avantuén pebodoloyiag yia TNV TMpooopoiwon Ttou dvOpaka ota eddadn:

Avantuén kat aflohoynon pe dedouéva nediou pebodoroylag yla Tnv ektipnon tng
TIUAG TWV MOPAUETPWY Tou pHoviéAou RothC, péow tng xpriong dedouévwv mediou
TIOU TIPOKUTITOUV amo peBOdoug Staxwplopol tng EQY oe Suadopa duoika
kAaopata mou oxetilovtol pe TG de€apeveG Mpooouolwong Tou HOVTEAOU yla Thv
apxlkomoinon kat Babuovopunon tou HoviéAou, afloAdynon TNG HovadLkoTnTAS TNG
BéAtiotng Abong, avaiuon svalobnoiag kal moootikomnoinon tng aBspaldtntog ota
OMOTEAECATO TOU OVTEAOU.

o Dokwn ot Siadopetikd kAipora (kKAwatiky SwaBabuion): Movtelomoinon e

xpnon tng avamtuybeicag pebodoloylog Twv aAloywv TwV AMOBEUATWY Tou
opyavikoU avOpoka oe e6adn pe puokn PAACTNON TIOU £XOUV HETOTPATEL Of
KoAAtepynowo o StadopeTikd KAlpato ava tov KOopo, avaluon sualobnaoiag Kot
TIOCOTIKOTO(NGN TNG ABEPALOTNTAG OTA ATMOTEAEGLATO TOU LOVIEAOU.

o Avdntugn povtélou yia Thv mpocouoiwon tng Soung Twv edadwv: Avarmtuén kot

aflohoynon pe Oedopéva meblou ouvbuOoTIKOU HOVTIEAOU Ylo TOV OPYQVLKO
avOpoka, TA CUCCWHATWHATA Kal Tn Soun tou £6dadoug, PACEL TNG UTIAPXOUOCAS
ETULOTNMOVLKAG YVWONG 0TnV OXeTIKN BLBAloypadia avadoplkd pe TOV TPOTELVOUEVO
MNXOVIOUO OXNUATIOMOU TWV LOKPO-CUCOWHATWHATWY yUpW Mo TO CWHATLOLAKO
dUTIKO 0pYaVLKO UALKO TIOU €lOEPXETAL oTa £8ddn Kol KATA TNV SLAOTACK TOUC
aneAeuBepwVOVTAL UIKPO-OUCOWUOTWLATA.

o AfwoAdynon tnc katdotaong twv edadwv tnc AEKAVNC OOPPONRC TOU TTOTOUOU

Kol\tdpn, éva amnd ta Siefvi) mapatnpntipla the Kpiowne lwvneg tou eddadouc:

AfloAdynon tng kotdotaong twv ebadwv pe TNV EMAOYH TWV KATAAANAwv
£6adIKWV TAPOAUETPWY EMELTO OO OTATLOTIKN €Me€Epyaoiol KoL TIOCOTLKOMOINGN
TWV EMUTTWOEWV TNG UTEPPBOOKNONG, TWV aAAaywv XProng yng Kal TwV KALLOTIKWY

oAAOYWV OTNV BLOXNILKH TIOLOTNTA TWV £6adWV KAL TNV TOLOTNTA TWV USATWV.
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Movtedomnoinon pe to povtédo RothC tng Sécusuonc tou opyavikoU avBpaka o SUO
OLOPOPETIKA eTIPaveLaKA £5apn mou Sev Eyouv kaAAlepynVei yia Sekacstiec— {NTHuatTa

BaBuovounaoncg kat avaivong aBeBaiotntoag

O okomocg autng tng UeAETnGg NTav SIttoc: a) n avamtuén pwog pebodoloyiag ywa tnv
EKTIUNON TWV TILWV TWV TIAPAUETPWY TOU LOVTEAOU OTAV AUTO EPAPUOIETAL OE TEPUTTWOELG
aAayng xpnong yng omo KaAAlepynolUn €KTacn o€ aypavamauohn ylo Sekoetieg He
avamnrtuén ¢uaoikng PAaotnong (apxwomnoinon kat Babuovounon tou povtélou pe Sedopéva
nediou mpoepyopeva amnd tnv edapuoyn HeEBOSwv Slaxwplopol tng EQY oe Siadopa
duoikd KAdopata mou oxetilovrtal pe TIG de€apueveég MPooopoiwaong Tou HOVIEAOU) KL OTIou
T0 GUTIKO UALKO/KOTIpLA TIou evowpatwvetal oto €dadog dev €xel petpnBel kat B) n
ToooTIKOMOoLNGN TNG aPePfaldOTNTAG OTA QMOTEALCUATO TOU Hovtédou. Mo ekdoxr tou
Rothamsted povtéhou-ékdoon RothC-26.3 (Coleman and Jenkinson, 1999) oe Microsoft
Excel £€k6oon avamtuxBnke Kal XpnoLUOTOLBNKE O ouUVEPYAOia L€ TO OTOTLOTIKO TIAKETO
@RISK (PALISADES Corp.) wote va efetactel n povadikotnta tng BEATIOTNG AUoNG Kol va
npocopolwBel n afefaldotnTa ota anoteAéopota Tou Hovtédou sfattiag Twv dedopévwv
ELOAYWYNG, TIG APXIKEG OUVONKEG, KABWG emiong Kol TG TOPAMETPOUG TOU povtéAou. H
peBodoloyia epapuootnke o dedopéva mou mponABav and e5ddn tng AeKAvNG amoppong
ToUu motapol AioBa otnv moAn tng AtoBag (Yypo nmelpwtikd kAipa, adpouepn e6adn) kat
NG AeKAvNG amnoppong tou motapol Koltdpn otnv Kpntn (Mecoyelakd KAlpa, AETTTOKKOKA
€6adn). Kat oL SUo meploxég avrkouv oto SleBvEG SIKTUO TwV MAPATNPENTAPLWY TNG KPLoLUNG

{wvng Tou edadouc.

o Ta &edopéva TNG MEPLEKTIKOTNTOC TwV €6adwv 0 OAKO opyaviko AvBpaka Kal o€
AavOpoaKa TToU OXETIZETAL UE TO CWHOTLOLAKO GUTIKO OpyavIKO UALKO Ttou Tipoékuav amo
v enefepyacio Tou e6adpoug pe GUOIKEG LEBOSOUG KAAOUATWONG XPNnoLonoonkav
ETUTUXWG Yl TNV opxlkomoinon Kot Badpovopnon Tou HOVTEAOU Kal Topelyov Tig
OPLOKEC OUVONKEG YLl TOV QTTOTEAECUATLKO TEPLOPLOUO TNG AUoNG. Ot BaBpovounuéveg
TIHEC yLa TOUC AsLpwveg TG AloBag, éoov adopd ta GUTIKE UTOAElUpATO Ta omola
glogpyovtal oto £6adog nrav 5.05 t C/ha kot 6cov adopd tn otabepd tou pubuou
arnodounong nrav 0.34 1/y yia 1o avOektikd ¢utikd UALKO (RPM), evw yla To XoUpOo
(HUM) Atav 0.27 1/y. Evw, avtictolxa, yia g Oapvwdelg ektdoslc tng EANGSAG, ot TIHEG
yla to $utikd umoAeippota Atav 3.79 t C/ha kat ywa tn otabepd tou pubuoul

arnodoéunong Atav 0.21 1/y (RPM) kat 0.0041 1/y (HUM).
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O

H BaBuovounuévn otabepd tou pubuol amodopnong Tou avOektikol GUTLKOU UALKOU
(RPM) BpéBnke oOtL NTav otnv AloBa peyaAltepn (13.3 %) kat otnv EAAASa pikpOTEPN
(31%) oe ox£on pe tnv mpoemheypévn tun tou povtélou (0.3 1/y) anoteAwvtog €vdelén
OTL N ouvaptnon Tou xpnotpomoleital and to RothC ywa tnv S6pBwon tou pubuou
anodounong os oxéon He T OepUOKPAOCLA CUOTNUATIKA UTIOEKTLUA Tov pubuod oe
XOUNA£EC OepLOKPAOIEG KOL TOV UTIEPEKTLUA O€ PeEYAAEC Bepokpaaiec.

H BaBuovounuévn otabepd tou pubuou amodounong tou xoupou (HUM) Atav moAl
SLopopETIKN AT TNV TMPOETUAEYUEVN TLUN Tou povtédou (0.02 1/y) téco otnv AloBa
(13.5 dopéc peyaritepn) 6oo Katl otnv EANGSa (48.8 dpopég Hikpotepn). H oAU peydAn
Sladopd avapsoa otic SUo meploxeg odeiletal otig SladopEg TOUG OTO TIEPLEXOUEVO
apyidou. H mo Aemtokokkn udn tou £8ddouc otnv EAAASa eixe w¢ amotéAsoua
peyaAUtepn mpootacio Tou XoUHoU Kal miBavotata HLKpOTEPN GOLVOUEVIK evaloOnacia
otnv enidpacn tng Bsppokpaociag A/kal g vypaoiag otov pubud amodounong, os
avtiBeon pe to o xovOpokokko £dadog tng AldBag, omou mapatnenonke To avtibeto
datvopevo.

H avaluon evalobnoiog umédelée OTL TO UTTOAELUUATIKO GUTIKO UALIKO TIOU ELOEPYETAL
ota £6adn kaL n otabepd tou pubuol amodounong tng deauevng avBpaka ‘RPM’
mapouciacay Thv peyaAltepn svalobnoia otig Tiég tng EOY mou mpoPAédOnkav amnod
TO MOVTENO Kal oTI¢ SUOo UTO €€£TON TIEPLOXEG.

To £6adog otnv AloBa petd amd 100 xpovia madong TG KAAAEPYELAG Kal avAmTuEng
™¢ duoikng PAaotnong mpoPAEédOnKe OTL CUYKPATNOE OPYaVIKO AvOpaKa TTOCOTNTAC
17.5 t C/ha evw otnv EAAGSa 54 t C/ha. H avdAuon aBeBatdtntag davépwaoe OTL N OALKN
aBefaldTnTa OTIG MAPAMAVW TWEG NTAV €wg Kot 70% TG CUVOALKNG TTOCOTNTOG TOU
opyavikou avBpoaka mou deopeltnke ota edddn. Toco otnv AidBa 600 kal otnv EAAGSa
TO UTTOAELUUATLIKO PUTIKO UALKO TIOU €L0EPYXETAL OTa £86AdN AMOTEAECE TNV PeyaAUTEPN
ninyn apepadtnrag otig npoPAéPelg. H afeBaidtnta mou umoloyiotnke sival oAU
onuavtikn, kabwe mopepnodilel TeAkd tnv Suvatotntd pag va mpoPAsPoupe T
S6éopeuon tou dvBpaka pe akpiBela umtd ocuvbnkeg aypavanauong. Ta anoteAéopata
™G avaiuong afefalotntag umoSelkvUouv TV OVayKOLOTNTO TIOU UTIAPXEL yla TNV
amoktnon aflomotwy dedopEVV TNG TTOCOTNTOC TOU AVBpOKa TOU ELOEPYETAL OO TO
dUTO e petprioelg oto Tiedio os SLAdOPETIKEG XPAOELS YNG KAl KALUOTIKEG CUVONKEG
T(POKELUEVOU va ehaylotomolnBouv oL aBePfalotnteg kot va koboplotouv akplBEotepa oL

oTaBepEg TV PUBUWY ATOSOUNONG CUVAPTAOEL TWV KALLATIKWY cUVOnKwv.
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H peboboloyia mou avamtuxBnke o AUt TNV Epyacia UMopel va xpnolomnonel yia tnv
afloAdynon tTwv mapayoviwyv mou ennpedlouv tnv S€0UEUON TOU opyavikoU avBpaka oto
VEWPYLKA £6adn, TV mogoTikomoinon tng apePfatdtntag otic npoPAéPelg, Onwg emiong Kal
O0To OXeSLAoUO UTABPLWY TIEWPAUATWY KOl UETPHOEWY, WOTE va ehoylotomnolndolv ot
opefalotnteg kot va BeAtiwBouv ol mpoPAEPELG oL omtoieg oXeTil{ovTal e TN YOVILOTNTA TOU

edadouc.

Movtedomnoinon kat avaduon aBeBaiotntac twv aAlaywv Twv amodeUdTwy ToU 0pyavikou
avOpaka os €5apn UE @uOlkn BAaotnon mou £Youv LETATPATEL O KaAALEpynoua O€

SLOPOPETIKA KAluaTa

Y& auth TNV epyacia n peBodoloyla ou avamtuxOnke Kot tepLypAPeTAL OTNV TTPONYOUEVN
napaypado xpnolpomolibnke ywa Tt povtehomoinon  (BaBuovounon, avaiuong
gualobnoiag kat avaluvon afeBaldtntac) Twv aAlaywv Twv anmobeudTtwy Tou opyavikou
avBpaka ot £dadn pe duok BAAoTnon TMOU £XOUV UETATPOMEL 0t KOAAlEpynOLUa OF
Sladopetika KAlpata, omou o deiktng Enpotntag ‘Budyco's Radiative Index of Dryness, RID’
Kupawotav amo 3.94 (Epnuog) €wg 0.96 (Adoog). Xpnowiomowibnkav Sedopéva
XPOVOOELPWY A0 OXETIKEG HeAETeG TNG SleBvoug PBiBAloypadiog. AflohoynBnke akopn, n
omoteAeopaTkOTNTO TNG TPooBNKNg e8adoPeATIWTIKWY SlopopwV TOLOTATWY  OTIC
SL0popPETIKEG KALLATIKEG cuvBnKeg Kal tumoug edadwv. H dalvopevikn guvotobnoia otnv
enidpaon tng Beppokpaciog Twv de€apevwy avBpako RPM kat HUM tou povtélou RothC

EKTLUNONKE e TOV UTOAOYLOPOU TNG TIUAG Tou cuvteleatr Beppokpaociag Q10.

o H avaluon esvaioBnolag umédelle OTL oL mapdpetpol mou €8elfav tn UeEYOAUTEPN
gsvawoBnola otnv mpooopoiwon Atav ol otabepgéc tou pubpol amoddunong Twv
Se€apevwv avBpaka RPM kat HUM, n mocotnta tou GvOpaKka TOU ELOEPXETOL OTO
£60p0o¢ WG UTOAELUHATIKO HUTIKO UALKO, KoL n apxlkn moodtnta ot dvOpako Tng
Se€apevng RPM otig meputtwoelg mou autr Sev eixe petpnBel pe kamota péBobdo
duokng kKhaopdtwonc. H evalodnoia s€aptatat akopn amno ta Stabéoa dedopéva ylo
™ Babuovouncon Twv MapapETpwy.

o H aPeBatdtnta otig mpoPAEPelg TG Mpocopoiwong avadoplkd pe TV Uelwon Tou
avBpaka ota e6adn petd and 100 xpovia KaAALEpyeLag ATav oTLg £EL TEPLOXEC WC EENC:
26.9% -O1BET, 122.5% -Ntakota, 21.9% -Kiva, 48.9% -Toupkia, 108% -ABlomia, Kot

31.6%-Madayackdpn (Ta mTOocooTd lval WG POG TN CUVOALKN TTOCOTNTA AvBpaKa ToU
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xabnke). H afeBadotnta ATav HLKPOTEPN OTIC TEPLOXEC YLA TI( OTMOLEC umnpxav
SlaBéoipa Sedopéva OXETIKA PE TO CWHATIOKO GUTIKO UALKO Kal TTAnpodopia oXeTIKA
LE TN TTOOOTNTA TOU AvOpAKA TTOU ELCEPXETAL ATTO TO GUTIKO UALKO.

o H afeBatdétnta mou umoAoyiotnke gival TTOAD onUavTikr, KaBwg mapeumodilel teAka
v duvatotntad pog va poPAEPoupe pe akplBela TIG EMUTTWOELG TNG AAAAYAG XPNONG
vnec (puown PBAdotnon oe kaMAlepynolun €xktaon) ota anobépata tou avBpaka. Ta
anoteAéopata TG avaluong apefaldtntag UoSelkvUouV 0 cUMGWVIA LE TN HeEAETN
TIOU TAPOUCLACTNKE OTNV IPONYOUHEVN TIApAYpadO TNV avVOyKALOTNTA TTOU UTIAPXEL YLO
NV amokTnon aflomiotwy Se80UEVWY LE HETPHOELS TNG TTOCOTNTAC TOU AvBpaKko Tou
ELOEPXETAL OO TO GUTO KOL TWV OPXLKWV CUVONKWV TIPOKELUEVOU VoL eAayLloTomolnBouy
oL afeBatdoTnreg.

o H péoog pubuog anwAelog opyavikol avBpaka —w¢ T0COO0TO TOU OpXLKOU armoBépatog-
Kata tnv KaAALépyela edadoug ou eixe duoikn BAACTNON OTLG £EL TEPLOXEC KUMALVOTAV
oo 1% £€wg 10% tov mpwto xpovo KaAAEpyetag kat armd 0.32 %/y éwg 0.77 %/y enerta
a6 100 xpovia. Q¢ moocotnta AvBpoka mou xadnke amo ta e6adpn Kupawvotav amo 1
£w¢ 11 t C/ha tov mpwto xpovo kat amnd 0.27 €wc 0.85 t C/ha y petd and 100 xpovia
KoAALEpyeLag. OL péool pubpol pelwvovtav Pe To XpOvo Katd AoyaplBuiko tpomo. Ot
OMWAELEG TOU cwpatiSlakol (putikol) avBpoKka ATAV TILO CNUOVTIKEG T TTPWTA XPOVLOL
META TNV aAAayn TNG XPNong yng Kal oL amwAeleg Tou avBpaka Tou oxetileTal e TO
kAdopa apyilou-tAvog, tic de€apevég SnAadn tne Bropalag (BIO) kat tou xoupou (HUM)
Tou povtédou RothC ta emopeva xpovia. O Adyoc Tou cwpatidlakol avBpaka mpog Tov
oAlkd avBpaka mou eixe to £6adoc mpv kKaAAepynBel ¢avnke va mailel kaboploTiko
pOAo oTnv mooooTtiaia anwAela Tou opyavikol dvBpaka pakpompoBbeopa. O xpovog
TIOU Xpelaotnkav Ta e6adn yla va ¢tdoouv o pia véa otabeph ouykEVTpwon AvBpaka
napouciace PeydAn Slaklpovon UTO TIG SLAdOPETIKEG KALLOTIKEG OUVONKEG KOl fTay
neplocotepo amnd 100 years (OBET, Epnuog) £wg 20-30 xpovia (ABromia, Adcog)

o O Aoyog tou avBpoka Tou umopesl va Seopeutel ota €6adn Kotd TNV MPOCORKN
avOpoaka pe Tn popdn edadoBeATwTikol 1 opyaviKoU AUTACUOTOG TPOG TNV TocoTNTA
avBpaka mou mpootibetal (Net C/C amended) napouaoiaoce peydAn dtakbpaveon otig €€
TEPLOXEC. Ma mapadelypua o AOyoG autodg Katd tnv etnola edappoyn yo 100 xpovia
noodtntog 2.5 t C/ha vAikoU pe olotaon 30/60/10 (DPM/RPM/HUM, oL avticTtolxeg
Sefapevég avBpaka tou povtehou RothC) Bp£Bnke va eival otn Ntakota 0.39, oto OBET
0.32, otnv AlBlomtia 0.21, otnv Kiva kat tn Madayackapn 0.08, kat otnv Toupkia 0.07. O

avBpakag mou ev TEAEL otaBepormnolBnke oto Yoo tou 8ddoug (kKAaoua apyilou-
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LA\UOG) Ot OX€on HE TN CUVOALKN TIOGOTNTA TOU SEOUEUTNKE KATA TNV TPOCONKN Tou
VAlkoU nNtav 40.8% oto OBET, 39.8% otn Ntakota, 60.6% otnv Kiva, 64.2% otnv
Toupkia, 78% otnv AlBlomia kal 83.1% otn Madayaokdpn. ZTLG TEPLOXEG OTIOU 0 PUBUOG
amoSOUNONG TOU XOULOU ATAV HLIKPOTEPOG, N QMOTEAECUATIKOTNTA TNE MPOoORKNG ATav
peyaAUTEPN Kl EPLOCOTEPOG AvBpakag otabepomololtayv oto XoUUo Tou edddoug. I
OAec Ti¢ meputtwoelg o Adoyog Net C /C amended ratio pewwvetal AoyaplOpika pe ta
xpovia edappoync. OL aflOTLOTEG POCOUOLWOELG EVAL CNUAVTIKEG YO TO OXESLOOUO
MOKPOTIPOBEOUWY  BLWOWWWY  KOALEPYNTIKWY  TPAKTIKWY, WOTE va  Unopel va
npoPAedBel n KATAAANAN ToOOTNTA Kal TOWOTNTA TwV £8APOBEATIWTIKWY TIOU
Xpelaletal va ipooteBolv os SladopeTikolg TUTOUG e6adwy Kol KALLATIKEG CUVONKEC
Yl TNV QIMOTEAEOUATIKY SECEUCHN TOU OpyavIKoU avBpaka KoL TNV avénon tou Yol ouU.
o O ouvteheotig Bepuokpaociag Q10 tng defapeviic RPM (1.75, Stakvpavon 1.66-1.88)
BpEBnkKe va elval LIKPOTEPOG ATTO QUTOV TIOU TIPOKUTITEL LIE TNV TIPOETUAEYUEVN oTABEPA
anodépunong oto povtého RothC (2.00) oto Beppokpactakd elpoc 15-25 °C ko
peyaAUTtepog oto Beppokpactakd gvpog 5-15 °C (4.04, Siakvpoavon 2.96-8.7, koL oTo
RothC 3.88). O ouvteAeotrg Beppokpaciag Q10 tng de€apeviic HUM rtav 5% (0.7% £wg
9.2%) uikpdtepog amd autov tng Se€apsvic RPM oto gVpog 15-25 °C kat 26.1% (4.8%
£wg 45.5%) UIKPOTEPOC 0To gVpog 15-25 °C, katadeikviovtag OtL n svalcbnoia tou
puBuol amodounong otn Bepuokpacio Stadépel petafl Twv SladopeTikwv Sefapevwv
avBpaka kat Bo mpémel va ouumep\ndBel ota poviéda avBpaka. EmumAéov
emPefalwbnke n mapotApnon Tou £Xel yivel kot amd AMoug HEAETNTEG OTL N
ouvApTNOoN Tou Xpnolpomoleital amd to RothC yiwa tnv &6pbwon tou pubuou
oarnodounong os oxéon Ue TN OepUOKPACLO CUOTNUATIKA UTIOEKTLUG Tov pubuod oe
XOUNAEC BEPLOKPAOCLEG KAL TOV UTIEPEKTIUA O LEYAAEG Beplokpaoies. To agloonueiwto
elval otL oe avtiBeon pe ™ Se€apevy RPM, o cuvteheotng Beppokpacioc Q10 tng
Se€apevng HUM og xapnAég Beppokpaciog oe autd To 0T SESOUEVWV NTAV ULKPOTEPOG
anod autov Tou RothC, omdte Kal PE TLG TPOETIAEYUEVEG TIUEG UTIEPEKTLUATAL O PUBUOG

anodounong.
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2uvbuaoTIKO LOVTEAD Yl TOV OpyavikO avipaka, To CUCCWUATWUATA Kol TN Soun twv

enpavelakwv edapwv (Carbon, Aggregation, and Structure, CAST)

Y€ auTn TNV gpyacia avamtuxOnke £éva cuvduaoTIKO LOVTEAOD YLO TOV OPYOVIKO avOpaka, Ta
cuoowpaTWHATA Kal tn Sopn Twv enidavelakwy edadwv (CAST), Onwg eniong Kat Eva aniod
UNXOVLOTIKO HOVTEAO yLO TO 0pyavikO AlwTo. To LOVTEAO TIPOCOWOLWVEL TOV TIPOTELVOUEVO,
otn &tebvn BLBAloypadia, unxoviopod oXNUATIOUOU TWV LOKPO-CUCOWUATWHATWY YUpW amo
TO CWHOATIOLAKO PUTIKO OpYaVIKO UALKO TIOU ELCEPXETAL KOL EVOWHOTWVETAL ota €5adn Kat
KOTt@ TNV Oldomoor Ttoug ameAeubepwvovtal ULKPOo-cucowpotwpata. Ou deapeveg
avBpaka Tou povtédou RothC ouvdudotnkav pe UTIOPOUTIVEG Tpocopolwong tng
CUCOWUATWONG Kal TNG SoUNRg Tou £6Adoug Kal GUVOALKA TO HovtEéAo aflodoynBnke pe tnv
edappoyr] Tou oe SUO MEPLOXEG OMOU UTPXE aAlayn XPHong yng amo KaAAlepynolun
£KTOON OE QYPOVATIOUCN Yla SEKOETIEG e avamTtuén Guolkng BAaotnong, otnv AloBa Kal

v EAAaSa.

o To HOVTENO MPOCOUOLWOE EMITUXWE TO TIEPLEXOUEVO OE OPYAVLKO AvOpaKa OMwCe emiong
KoL To Aoyo C mpog N tne kaBe e€apevig dvBpaka amod TG omoieg amoteAoUvTal oL TPELG
TUTIOL CUCOWHATWHATWY (LAKPO-CUGCWHATWHOTA: >250 Um, HLKPO-CUCCWUATWUOTOL:
53-250 um, cucgowuatwuata peyeBoug INDog-apyidou: <53 um) kal otig Vo MePLOXEC.

o AKOUN TPOEKUPE UL TILO QLTIOKPATLKA €€Nynon Tou eMUTESOU OUYKEVTPWONG OE
avOpaka Twv SladopeTikwy Se€apevwy Tou avBpaka Omwe emiong kot g Sopng Tou
ebadoug (mopwdeg kal dawvopeviky mukvotnta). H HOKPO-CUCOCWHATWON Kal TO
MopwseC Tou e6Aadoug édTacav o pLA HEYLOTN TLUA KOL N TTUKVOTNTA OE Mo EAAXLOTN
€netta and 7 kat 14 £tn nmavong tng kaAAépyetag otnv EAAASa kat tn Aidfa, avtiotolya.
Katomy, n Stdomnaon Twv LoKPO-0UCOWHATWHATWY opouciaoe Lo otabepr mMoxLakKn
Taon Kol Kabe mepattépw avénon tng EOY odelddtav otV UIKPO-CUCCWHATWON, HE
CUVETIELA. TNV aUENON TNG TIUKVOTNTOC KOl TN Helwon Tou Topwdoug Kol v TEAEL TN
otaBepomnoinor Toug oe pla otabepr) TLUN.

o Ta amoteAéopata mou mpoékudav amod TOV UTIOAOYLOMO TNG PONG TwV KAACOUATWY
opyidou-\bog petafl TWV CUCCWHOTWHUATWY KOL TNG CUYKEVTPWONG TOUC 0 avBpaka
oUUPWVOUV pE Ta TPOoHOTA EMOTNUOVIKA CUUTIEPACUATA TTOU TIPOTEIVOUV OTL HEYAAN
ETULPAVELA TWV OPUKTWYV eV KAAUTITETOL QO OPYOVIKH OUOLO KOTASELKVUOVTAG WOTO0O0
KoL TV mBavn Umapén neploxwv otnv enidpavela tng apylhou-tAvocg Wlaitepa uPnAng
OUYKEVTPWONG OpyavikoUu avBpoka, Kal oL omoieg mailouv onUaviiko pOAO OTh HLKPO-

CUCCWUATWON.
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o To am\d PUNXavLoTLKO LoVTEAOU Tou alwTou Tou avamtuxOnke €6eiée otL Adyog C mpog N
™¢ Bopalag NTav peyaAutepog oto adpopepéc £6adog tng AloBag os oxéon e TO
Aemtokokko €6adog otnv EANGSa kal paAlota pAvnKe OTL UTIAPXEL CUOXETLON HETAED TNG
Tapouciag TWV HUKATWY KAl TNG LOKPO-CUCOWUATWONC.

To povtélo CAST pmopel va BonBnoet otn Slepelivnon Twv mopayoviwy ou kabopilouv tnv

EQY, tn cucowpatwon, Kal tn dourn tou e6ddoug oe SLadOPETIKA OLKOCUOTLATO KAl va

TipoBAEYEL TNV amokplon tou £6adlkol CUOTAHATOC O OLOPOPETIKEG OYPOTIKEG Kol

KOAALEPYNTLKEG TIPAKTLKEG, AAAAYEG XPONG YNG, KAL TG KALLATIKEG AAAOYEG TIPOKELUEVOU VAL

oxedlaotouv Kal va BeAtiotonolnfouv ta KAatdAANAO LETPA KoL TIPOKTLKEC.

H kataotaon twv €5a@wv tTNe AeKavnc amopporn¢ tou motauoU Kotdiapn mapatnpntnpiou

NG Kpiotung Jwvnc tou €5dpoug

H teAevtaio epyacia autng tg Statptpig adlepwbnke otnV EKTLLNCN TNG KATACTAONG TWV
edadwv tou Kowdpn. Mpaypatomoltnbnke HeALETN ylo Tov KABOPLOUO TwV PaACKWV
TIAPAYOVIWY TIOU EMNPEAIOUV TNV CUCCWHATWON TWV €8adwv. AKOUN TTOCOTLKOTIOLONKAV oL
ETUMTWOEL, TwV OAAAYWV XPNONG YNNG OMWwE €miong Kol Twv KALLATIKWY aAAaywv ota
anoBépata tou opyavikol avBpaka ota e6adn. MpaypatonoliBnke ektevng SelypatoAnyia
edadwv (29 belyparta) Baocel TnG TUMoAoyilag Twv edadwv LE TN Xpnon BEULATIKWY XapTWV
GIS (yewAoyko untdBabpo, tumol edadwv, XPHoELS yng, kat upopetpkn Lwvn). Ta delypoata
e6adoug xapaktnpiotnkay ylo meplocoteped ano 30 mMapapETPOUG OL OTIOLEG CUUPWVA LIE TN
BBAoypadia oxetilovtal e TN CUCOWHATWON TWV edadwv. H avalucon KUPLWV CUVIOTWOWV
(principal component analysis) unédelfe OtL otn Askdvn umapxouv 8U0 PBACIKEG OUASEC
eSadwv oL omoiec pumopolv va meplypadolv emapkwe pe 15 edadkég mapapétpout. Ta
£864dn ™G MPWTNG OUASAC TTPOEPXOVTAV KUPLWE amod TeEPLOXEC OTToU To YewAoyLko urtoBabpo
amotedovvtav amnd oxlotoAiboug kal papyeg pe adpopepn udn kot 6flvo pH kol TO
U OUETPO ATOV PLKPOTEPO Ao 550 m. Ta edddn tng SeUTePNC opAdOC TPOEPYOVTAY Ao TV
oA\ouBlok medldda Kal amd NULOPEWVEC TIEPLOXEC ME OOPECTOUAPYEG KoL UAPYEG LE
oAKkaAlkd pH. Ta meplocotepa €dddn Atav KaAALEPYeLeG pe eAEC (U opeTpo 9-383 m) Kkall
pLo uTto-opdda amoteAolviay amno Bapvwdelg ekTAoEL o aoPBeotoABoug (U dpeTpo 592-
1098 m). H mpwtn opdda edadwv oe oxéon He TN SeUTEPN XapaAKTNPELZOTAV OO CNUOVTLKA
ULKPOTEPO TTOCOOTO LAKPO-CUCCWUOTWHATWY Ta omoia Ppébnke otL oxetilovral Kuplwg amo
TN UKPOTEPN KavoTnTa avtaAAayng katioviwy (IAK) tou edadoug katl Tnv Mo adpouepn

uodn toug (meplocdTePn XOVOPOKOKKN GUMOG KOL ULKPOTEPO TOCOOTO apyilou Kkat LAUoG). To
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TOOOOTO TWV HOKPO-CUCGCWHOTWHATWY oTto £6adoc meplypddnke HE TOAUKPLTNPLAKA
avaiuon maAlvdépopunong anod 7 mopauéTpous otny mPwtn opdda edadwv: Enpr mukvotnta,
pH, oAwo6 alwto, kokkol >1000um, IAK, duvntikd avopyavoroluioluo alwto (AAA) ko
BaBuog kopeopou oe Natplo kat amo 11 mapapérpouc otn Sevtepn opada: Enpr mukvoTnTa,
pH, oAwkd alwto, kOKKolL >1000 um, kOkkol <53 pum, KOkkoL <2 um, IAK, AAA, avtaAAGo

alwto, KdAlo mou ekyulAiotnke pe BaCl, kot Babuodc kopeopol os Natplo.

Ol EMUTTWOEL] TWV KAWWOTIKWY aAAoywv, OMwC autég mpoPAémovral va Adfouv ywpo
oUudwva pe to oevaplo IPCC-A1B (IPCC, 2007) —to omoio B€tel Looppomnuévn Eudoon os
OAEC TIC TINYEC evépyelag- oto amoBépata Tou opyavikoUu AdvBpaka ota KaAAlepynolda
£6adn tou Kohapn oe tpelg dtadopeTikég AlBoAoyisg (2xLotoABol, Mapyeg, AcBeotoAiBol
TpumoaAiou) ektiundnkav pe to povtélo avBpaka RothC. Ta amoteAéopata tou mapdviog
oevapiov (1990-2010) cuykpiBnkav pe autd Twv dekaetuwv 2010-2030 kat 2030-2050 wote
va AndBel umoPn n Sekaetng SlaklpOvVon TwV KALWOTIKWY ouvBnkwv. Bpgébnke otL o
Alyotepog avBpakag mou Ba Seopeutel ota £6adn s€autiag tov KALATIKWY aAAaywv
avtlotolxel oto 1.4% pe 1.7% twv apxlikwv omobepdtwv twv edadwv (tautdypovn
npocopolwon aAkayng xpnong yng anod Bauvotomno oe KaAALEpyeLla eALdg). H aAdayn xprnong
yng amd uoévn tng (1990-2010) euBlvetal yia 12% pe 28% pelwon Twv apXLKWV
anoBepdtwy. Ao TNV GAAN MAEUPQ, OL ETUMTWOELG TWV KALLOTIKWY aAAaywv ota e6Aadn mou
KoAALepyouvtat Aén 50 xpovia pe eALEG ekTLURBNKE va eivat 2-3% Tou apxlkou avBpaka (yla
20 xpévia mpooopoiwon), evw dixwe TI¢ KALLATIKEG aAAAYEC, N KAAALEpyELa amd povn TNG
nipokaAel petafolr tou amoBépartog tou eddadoug katd 1.7% pe 8.9%. H moocotnta TOU
avBpaka mou dev Ba Seopeutel ota edadn efattiag twv KApatikwy edadwv poPAEDHOnke
va eivat 1.5-3 t/ha tnv 20etia. Ta amoteAéopato KATASelkvUOUY OTL N AMWAELEG OpYaVLKOU
avOpaka mou AapPdvouv xwpa efoutiag aAlaywv Xpnong yng Kot KaAAEpYNTIKWV
TIPAKTLIKWY €ivol TOOO UEYGAEG TIOU HELWVOUV TAV LKAVOTNTA HAC VO OVIXVEUOOUWE TIG

OVTIOTOLYEC EMUMTWOELC TWV KALLATIKWY OGAAQYWV.

TéNoc, eAéyxOnke n untdBeon OtL n untepBdoknon mMou AOUPBAVEL XWPA OTLC OPELVEG TIEPLOXEG
™¢ Askavng umoBaBpilet tnv mowdtnTa Tou £dddoug Kot MIPAPUVEL OKOUN T UTIOYELA KOl
erupavelakd vepd pe uPnAéc ouykevtpwoel Slohutol opyavikoUu olwtou (DON) pe
Slepelivnon ot tpia enimeda. And tn HeAETn TPoEKUE OTL UTTAPXEL CUOYETLON TOu dopTiou
tou DON ota motaula Ue to HopTio TOU ELCEPYETAL OTN AEKAVN TOU TOTAUOU amd tnv
Booknon, onwg &avnke amd TN YPAUULK) OUCXETION TIOU TPOEKUWPE ylo. TIEVTE

XOPAKTNPLOTIKEG AEKAVEG amoppong otnv EAAASa. O umoloylopog tou tooluyiou palog
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uTtedelte 6tL To DON cuunepldépetal we ‘cuvinpntikog pumog. Ita e5ddn mou dev UTHPXE
BAGoTnON CUYKPLTLKA HE QUTA TIOU €ixav BAaotnon BpEBnKe XaUNAOTEPN TEPLEKTLIKOTNTA OF
avBpaka kot Aalwto, UIKPOTEPN HUIKPOPLOKH KAl UIKPOTEPN LKAVOTNTA avopyovomoinong
alwtou. To DON nAtav n Baowki popdr alwtou mou ekxuAlotnke amo ta €6adn. H
ovopyavomoinon Kat n apeon mpocAnyn and ta putd daivetal va ival TepLOPLOUEVN KAl h
£KYUALON opyavikoU UALKOU LE XOUNAN apWHOTIKOTNTA va euvoeital. To DON ¢avnke eivatl

£vag SelKTNG TWV EMUMTWOEWV TNG UTIEpBOOKNONG oTa €SAdn.
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1. LITERATURE REVIEW

1.1 INTRODUCTION

1.1.1 Soil Quality and Ecosystem Functions

Soil critical zone is defined as the top layer of the earth’s crust situated between the bedrock
and the tree top (Figure 1.1) (Brantley, 2007). Soil, defined as the top layer of the earth’s
crust (between the bedrock and the surface, excluding the groundwater zone) is our second
most important natural resource after water that performs a number of key environmental,

social and economic functions (Blum, 2005).

Anderson et al., 2004

)]

The Critical Zone = the zone extending/
from the outer vegetation envelope to
the lower limit of groundwater

Figure 1.1 Schematic depiction of the soil critical zone (taken from Brantley, 2007).

““Soil ecosystem functions are derived from the dynamic actions of plant, animal and
microorganism communities and the non-living environment interacting as a unit” (Nikolaidis,

2011). The soil functions identified in the Communication “Thematic Strategy for Soil
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Protection” (European Commission, 2006a) and the upcoming Directive for Soil Protection
(European Commission, 2006b) are: food and other biomass production, storing, filtering and
transformation of many substances including water, carbon, nitrogen, habitat and gene pool,
physical and cultural environment for humankind, source of raw materials. The Soil Science
Society of America Ad Hoc Committee on Soil Quality (S-581) defined soil quality as “the
capacity of a reference soil to function, within natural or managed ecosystem boundaries, to
sustain plant and animal productivity, maintain or enhance water and air quality, and support
human health and habitation” (Karlen et al., 1997). Understanding soil quality means reading
and managing the soil so that it functions optimally now and is not degraded for future use
(Lewandowski et al., 1999). Soil quality together with water and air quality correspond to
Environmental quality which is a major component for agro-ecosystem sustainability
(agronomic sustainability and socio-economic viability are the other two) (Andrews et al.,

2002).

The scientific community has examined the factors indicating soil quality and many soil
quality indicators have been proposed in response to the growing needs of evaluating and
monitoring of soils worldwide. Hall (2003) reviewed 488 records of scientific publications
regarding soil quality indices (static or dynamic, point, regional, farm-level or national scale,
as well at catchment or riparian zone scale, applied to forest, rangeland or grassland,
landuses). Field-, Farm-, or Watershed Scale indicators differ from Regional-, National-, or
International Scale indicators; non point indicators are used for assessments on larger scales
(Lewandowski et al., 1999). The framework of soil quality research resembles the relative
water quality assessments. For example the DPSIR framework (Driver-Pressure-State-Impact-
Response) which is usually used in water quality assessments can be also applicable to soil
quality assessments (JOnsdottir, 2011). The structure of an analogue approach is
(Lewandowski et al., 1999): 1) management practices and systems (measures of management
e.g. pesticide use, tillage methods, grazing pressure, or crop rotations - quantify the
Pressures), 2) observable soil characteristics (State), 3) soil processes (Impact), and 4) the
performance of soil functions (Response). Soil performance, or response, measurements
include yield per unit input, erosion rates, stream flow rates and sediment levels, and levels

of water contaminants. These are direct measures of the benefits we receive from soil.

There are several criteria to consider when selecting soil health and soil quality indicators. In
general, appropriate indicators should be (Kinyangi, 2007; Lewandowski et al., 1999): 1)

readily and economically accessible, 2) sensitive to management changes, but somewhat
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stable in response to non-management changes such as weather, 3) able to reflect/measure
aspects and changes of the functioning of the system both at plot and landscape scales, 4)
always exist throughout a field or region but respond to temporal and spatial variation in
ecosystem function to make management decisions, 5) accessible to many farmers, 6)
sensitive to variations in agro-ecological zone, 7) representative of physical, biological or
chemical properties of soil, 8) assessed by both qualitative and/or quantitative approaches.
There is no single ideal indicator or suite of indicators of soil function. They are interrelation,
and each provides different clues about the processes occurring in soil. Most research has
measured the characteristics, or the state, of the soil. Using these measurements requires
an understanding of how soil characteristics are linked to soil performance and to
management practices. Dynamic soil characteristics are those that change on human time
scales—biological activity, some structural features, and water and nutrient movements
(Lewandowski et al., 1999). Practically speaking, inherent characteristics are those that
change over geologic time scales—texture, slope, mineralogy, and depth. Previous
assessments of soil have focused on inherent features and how they relate to potential
productivity, erodibility, and determinations of appropriate landuse (Lewandowski et al.,

1999).

Soil is formed by mineral particles, organic matter, water, air and living organisms, being in
fact an extremely complex, variable and living medium (COM2006(231); COM2006(232)). Soil
organic matter (SOM), even if minor in quantity, plays a significant role in soil functional
services (COM2006(231); COM2006(232); Lal, 2004a): it is a source of nutrients for the
plants, a substrate for microbial activity, a driver for mineral weathering (micronutrient
production) and a regulator of the climate, as it is a sink of CO2 (Figure 1.2). Soil organic
matter (SOM) is a mixture of biogenic components (plant, animal, and microbial residue) in
various stages of decomposition, microorganisms and non-decomposed plant materials
(Arias et al., 2005). Live soil organisms and plant roots are not considered SOM until they die
and begin to decay. SOM cycling and its stabilization in soils control soil microbial community,
fertility and structure (size and stability of aggregation), which in turn affects infiltration rate,
moisture content, oxygen diffusion, runoff, and erosion (Arias et al., 2005; Six et al., 2004).
Globally, more than twice as much carbon is held in soils as in vegetation and the
atmosphere, while the amount of carbon sequestered in soil organic matter annually is four
times less than the 8 Gt of antrhopogenic carbon emitted to the atmosphere annually—a fact

that underlies the importance of SOM in relation to climate change (Lal, 2004a).
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Figure 1.2 Terrestrial ecosystem pathways and processes to determine carbon cycling (taken from

Dawson and Smith, 2007).

1.1.2 Soil Threats and Soil Degradation in Agricultural Lands

Humans have not integrated themselves in the soil ecosystem, but depended on its services,
by using soil functions, for sustenance (Nikolaidis, 2011). The anthropogenic impact on soils
increased substantially during the last decades due to industrial pollution, traffic and
agricultural practices. Intensification of agricultural production and inappropriate agricultural
practices used by human over the past 60 years aimed to maximize agricultural production,
without considering soil as a system (Nikolaidis, 2011; Banwart et al., 2011). Consequently,
modern agricultural systems may have become productive, but are highly dependent on
external input (Altieri, 1999). However, fertilizers are rather expensive and they are not used
appropriately. We use 50 times more P from the quantity we really need, sending enormous
guantities of P to waste water treatment plants and finally causing eutrophication to waters,
while on the other hand the P-rock deposits decline (Nikolaidis, 2011). Moreover current
agricultural practices are unsustainable since require 10-57 times more energy to produce 1
unit of energy of a meat product and 7-10 units more energy for a plant product (Nikolaidis,
2011). In Greece, there are about 255000 tractors which are so heavy that cannot plow
according to contours but only vertically, causing erosion (Nikolaidis, 2011). Moreover, the

use of pesticides results in monoculture, destroying above ground biodiversity.
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Overall, agricultural practices have severely affected soil ecosystem functions and in many
cases caused soil ecosystem collapse, impacting water and soil quality. Soil ecosystem shifts,
abrupt changes (‘tipping point’) that have long-lasting effects on the landscape and both the
biotic and abiotic structure of the soil, can happen due to climate change, landuse changes
such as changes from native lands to cultivated lands, and decline of above ground
biodiversity due to agricultural practices used in cultivation and overgrazing (Nikolaidis, 2011)

(Figure 1.3).

Soil Functions Soil Ecosystem Shift Soil Threats
Drivers

Biomass and
Food < Loss of Carbon

Production
Climate

Carbon

Sequestration Erosion

Land Use
Water

Filtration and
Transformation Above Ground

land Biodiversity |
Gene Pool an Change Soi

Biodiversity Compaction

Loss of
Biodiversity

Figure 1.3 Relationship between soil ecosystem shift drivers (the 4rth driver fertilization, is not

depicted) with soil functions and threats (taken from Nikolaidis, 2011).

A characteristic example of permanent shift due to change of climatic conditions as well as
anthropogenic factors is the Sahel transition zone in Sahara where the landscape was
changed permanently in a few kilometers after the drought of 1968 (Zheng, 2003; Zwarts et
al., 2009). The Sahel drought was likely initiated by a change in worldwide ocean
temperatures, which reduced the strength of the African monsoon, and was exacerbated by
land-atmosphere feedbacks through natural vegetation and land cover change as well as
anthropogenic factors, such as overgrazing and conversion of woodland to agriculture
landuse, all changes by humans which may have played the major role (Zheng, 2003; Zwarts

et al., 2009).
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Conversion of native lands to agricultural lands, arable and grazing lands, results in the
reduction of plant cover and therefore of the litter input, water erosion (Bastida et al., 2006;
Li et al., 2007), compaction, and eventually, destruction of soil structure and loss of SOM,
and/or degrading of its quality. During plowing, the soil aggregates are rapidly destroyed; 02
can now reach the previously protected OM, which can be microbially oxidized (Balesdent et
al., 1998; Wagai et al., 2008; Don et al., 2009; Emadi et al., 2009). Changes can be very abrupt
as can be depicted by the average rate of SOC decline after the conversion of an uncultivated

native land to cultivated land in Figure 1.4 by data taken by Mann (1986).
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Figure 1.4 Pattern of average rate of SOC decline after the conversion of an uncultivated native land

to cultivated (Data taken from Mann, 1986).

In Europe as a whole the percentage of soils with less than 2.6% organic matter rose from
35% to 42% in the period 1980-1995 (European Commission, 2000). In the same period, soils
in the Beauce region south of Paris lost half of their organic matter (European Commission,
2000). Furthermore Bellamy et al., (2005) demonstrated that soil carbon loss in England and
Wales over the past quarter of a century is as high as 16%. Decline of SOM constitutes also
decline of nutrients in soils, since conventional agriculture only puts major nutrients into the
soil in the form of N:P:K fertilizers. As a result food stuffs in the UK are up to 75% depleted in

various minerals and trace metals relative to values half a century ago (Thomas, 2007). The
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75% of the Mediterranean area exhibits SOM in the low (3.4%) to very low (1.7%) range (Van-
Camp et al., 2004). Of note is that agronomists consider soils with less than 1.7% organic
matter to be in a pre-desertification stage (European Commission, 2006a and 2006b).
Mediterranean areas in contrast with northern Europe are particularly prone to erosion since
they are subjected to long dry periods followed by heavy bursts of erosive rain, falling on
steep slopes with fragile thin soils (Grimm et al., 2002) due to the prevalence of hard

limestones substrate (Yassoglou et al., 1997).

Livestock grazing alone is responsible for 23% of soil degradation in Europe (RCEP, 1996) and
is particularly intense in the Mediterranean region. Free grazing of uncontrolled length and
frequency and high stocking densities are responsible for the de-vegetation of many areas
within this region (Hill et al., 1998). The Greek island of Crete represents a characteristic case
of land degradation resulting from intensive grazing (Hill et al., 1998). Since Greece joined the
European Communities in 1981, grazing in mountainous regions has expanded due to
subsidies that became available through the Common Agricultural Policy (Hill et al., 1998).
Plants develop a positive interaction in order to maintain for example more water (Rietkerk
et al., 2004). As the animal stocking density increases, plant productivity declines (Figure 1.5)
(Kochy et al., 2008). Decline of patch size distribution due to overgrazing (Figure 1.6)
diminishes the local positive interaction among plants and has been suggested as a warning
signal for the onset of desertification (Kefi et al., 2007). Grazing has been also found to affect
the mobility of dissolved organic matter; dissolved organic nitrogen (DON) has been found to
be decoupled from the production of dissolved organic carbon (DOC) in such soils and has
proportionally more labile soluble organic matter (Ghani et al., 2007; Mc Donald et al., 2007).
However, detailed information on the nature, bioavailability, and fate of the mobilized
dissolved OM following a change in landuse such as de-vegetation is still lacking (Akagi and

Zsolnay, 2008).
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Figure 1.5 Effect of stocking rate (animal density) on a) green biomass (herbaceous plants + shrub
leaves) under current climate conditions in five climatic regions (open circle arid, open triangle
semiarid, open diamond dry Mediterranean, inverted triangle typical Mediterranean, star mesic
Mediterranean) in each habitat. Black dots indicate the mean stocking capacity (number of animals
for which there is enough food in 9/10 years) of the habitat, b) on shrub cover under the five

climatic regions (taken from Kochy et al., 2008)
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Figure 1.6 Effect of grazing on the patch-size distribution of vegetation in a Mediterranean

ecosystem (Greece) (taken from Kefi et al., 2007)
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1.1.3 Soil Restoration and Management Tools

Current agricultural practices threaten soil functions and quality though inter-correlated
threats like erosion, loss of SOM, loss of biodiversity, and compaction (Figure 1.5) which
damage soil fertility and make soil susceptible to desertification (European Commission,
2006a), threatening sustainable development (European Commission, 2001) with global
consequences for food security, climate change, water quality, and economy (Lal, 2004b).
Soil erosion in farmlands is observed at rates up to two or three orders of magnitude faster
than soil formation (Brantley et al., 2007) and therefore soil should be managed as a largely
non-renewable, natural resource (European Commission, 2006a). In the next 20-50 years, the
pressures on soil and its core service functions are predicted to further increase, due to
climate change (droughts, extreme precipitation events), and competing demands from
production systems to provide food crops, biofuel and timber (Richardson, 2010). It is
therefore of prime importance to re-evaluate the methodologies we are using in agriculture
and develop alternative sustainable soil farming management systems that incorporate the
sustainable ecological functioning of soils and protect rather than deteriorate soils (European
Commission, 2006b). The main question that emerges is: what is the methodology that can
be developed to increase SOM/reduce the greenhouse effect and at the same time to
increase fertility? There is urgent need for tools and methodologies that will give reliable
predictions for climate change effects and restoration management to evaluate alternatives.
Carbon and nitrogen dynamics in terrestrial environments have been reviewed extensively in
the recent years (e.g. Nikoalidis and Bidoglio, 2011 and cited review papers therein). The
literature review in this thesis attempted a synthesis of the literature with an emphasis in
bridging the gap between the insights of the recent scientific knowledge in carbon and

nitrogen turnover in soils and ways organic matter is modeled.

1.2 SOIL ORGANIC MATTER DYNAMICS IN TERRESTRIAL ENVIROMENTS

1.2.1 Components of decomposing SOM

Carbon dynamics in soils are driven by photosynthetically derived plant litter inputs to the
soil system. Components of decomposing SOM are presented in Table 1.1. Plant litter is
physically fragmented into Particulate Organic Matter (POM) which is primarily composed of

lignins, cellulose and hemi-cellulose (Trevenot et al., 2010). Microorganisms uptake and
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decompose POM. The products of decomposition are sugars, polyphenols and quinones. The
products from microorganism lysis and released exudates are amino compounds, acids and
sugars. Linear chains (>250) of amino acids form proteins which are essential parts of
microorganisms and plants participating in all processes within their cells. Amino acids are
bonded together with peptide bonds (CO-NH amide moiety) to form the protein chains.
Many proteins are enzymes with specific roles in catalyzing chemical reactions within the cell
(metabolism) or outside the cell (substrate utilization by microorganisms). Other proteins are
involved in signaling processes or as structural components of the cell. Rillig et al. (2007)
classified proteins into two categories, the detrital proteins (released after cell lysis) and the
functional proteins that include microbial surface-active proteins and extracellular enzymes.
Finally, mycorrhizal fungi contribute glycoprotein complex molecules to the SOC pool through
the release of exudates and products of fungal lysis. Plants and microorganisms produce
enzymes to mitigate oxidative stress, detoxify phenolic compounds and utilize carbon
sources. Environmental factors such as oxygen availability, soil pH, mineral and organic
matter composition as well as nitrogen enrichment regulate the overall enzyme activity in
soils. The interactions between the biological and environmental factors produce positive
and negative feedbacks that control the content of organic matter in soils. Plant roots release
exudates that can “prime” microbial activity (Kuzyakov, 2010; Blagodatskaya and Kuzyakov,
2008) and the phenomenon is especially significant in microbial hotspots where the activity is

intense.

Table 1.1 Components of decomposing SOM.

Vascular plant residues % Dry matter C to N ratio
cellulose 15% to 60% 20 - 50 (tree
hemicellulose 10% to 30% leaves)

Lignin, a macropolymer of phenylpropane monomers (secondary| 5% to 30% 25 - 80
wall of woody cells in vascular plants) (herbaceous
N-containing compounds such as amino acids, amino sugars,| 2% to 15% plants)

pyrimidines and purines or porphyrin structures

lipids, waxes, resins, tannins and pigments

Bacterial biomass

N containing compounds (proteins, peptides and amino acids) 50% to 60% 5-8
lipid contents 10% to 35%

Water soluble carbohydrates 5% to 30%

cell walls containing 4% to 32%

Fungi

N containing compounds 14% to 52% ~10
lipids 1% to 42%
water-soluble carbohydrates 8% to 60%
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1.2.2 SOM chemical composition and protection mechanisms

Until few decades ago, 65% (Table 1.2) of SOM was considered to be a system of polymers,
called humic substances (HS), consisted of products of biologically-assisted synthesis from
compounds deriving from degradation of lignin, polyphenols, cellulose, and amino acids
(Schnitzer, 1991). Proteinaceous materials (proteins, peptides, amino acids) comprise 40%
(Table 1.3) of N-containing components in SOM (Schulten and Schnitzer, 1998). HS were
considered to be the most stable fraction of SOM due to their refractory character. This
consideration lead to the operational separation of soil humus according to its solubility in
either acid or alkali, to humic and fulvic acids, and humin. However, the traditional alkaline
(NaOH) extractions procedures used for this fractionation affected different stabilization
mechanisms (organo-mineral, organo-organo, aggregation, and the SOM stabilized by
polyvalent cation bridges on mineral surfaces, when Na,P,0, was also used) and therefore
did not yield in homogenous in terms of turnover rates or functional OM pools (von Litzow

et al., 2007).

Table 1.2 Gross estimation of SOM chemical composition (Schnitzer, 1991).

Carbohydrates 10%
N-components (proteins, peptides, amino acids, amino sugars, purines, pyrimidines, 10%
unidentified compounds)

Alkanes, fatty acids, waxes, resins, etc. 15%
Humic substances 65%

Table 1.3 Gross estimation of chemical composition of N- containing compounds in SOM (Schulten

and Schnitzer, 1998).

Proteinaceous materials (proteins, peptides, amino acids) 40%
Amino sugars 5-6%
Heterocyclic N compounds (including purines, pyrimidines) 35%
NH3 (app. % of the NH3 is fixed NH4+) 19%

The prevalence of amide forms of nitrogen within humic fractions, suggested by extensive
experimental evidence, was the main evidence that key synthesis reactions postulated by the
“polymer model”, which suppress amide N functional groups as part of the pathway for the

creation of humic substances, are not dominant processes in natural systems (Rilling et al.,
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2007). Piccolo (2001) and Sutton and Sposito (2005), following on work by Wershaw et al.
(1996), gathered the recent information from independent analytical techniques and
suggested a new view of the molecular structure of soil humic substances, where they are
considered as supramolecular associations, of chemically diverse organic molecules, including
recognizable biomolecules, form dynamic associations (clusters) stabilized by hydrophobic
interactions (van der Waals, a-n, CH-n) and hydrogen bonds (H-bonds) the former becoming

more important with the increase of pH.

Moreover, Kleber and Johnson (2011) in their review demonstrated literature evidence that
humic substances obtained by alkaline extractions are chemically and physically different
from the organic materials that actually occur in soils. Alkaline extractions modify the
protonation state of oxygen-containing functional groups and cleave lignin moetities. They
also interfere with mineral-organic associations by modifying mineral surface reactivity
through dissolution processes, releasing organic matter that was previously adsorbed on
mineral surfaces and creating fresh mineral surfaces for the sorption of other organic
compounds that have previously been free (Kleber and Johnson, 2011). In addition, latest
technologies such as NMR and synchrotron spectroscopy did not detect evidence for discrete
humic molecules in unprepared soil (Lehmann et al., 2008). Therefore the extracted humic
substances are most likely a product of the extraction procedure rather than a true in-situ

component of SOM (Adams et al., 2011; Kleber and Johnson, 2011).

Recent literature suggested that aromatic compounds are not selectively preserved (Gleixner
et al., 2002; Knicker, 2007; Baldock, 2007). The concept of inherent chemical stability was
questioned in the literature based on the theory that aromatic structures found in stable
materials were the products of incomplete combustion with variability in recalcitrance and
degradability (biochar) and were not the result of natural decomposition process (Knicker,
2007; Baldock, 2007; Kleber and Johnson, 2010, Adams et al., 2011). Biochar exhibits
turnover time in the range of centuries to millennia (Powlson et al., 2011). The positive
correlation that had been observed between the concentration of humic acids and the period
of biological activity was not linked to the humification process but to the climate: summer
dryness promotes vegetation fires and black carbon inputs according to Kleber and Johnson
(2010). More or less almost every soil has experienced fire events (Kleber and Johnson,
2010). The higher soil carbon content implied either dry climate or high vegetation input and
this could be the reason for the power pattern, site specific though, observed by Fallloon’s

data for the estimation of inert carbon, used in the RothC model. The authors of RothC model
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recently reported that they visualized the inert organic matter (IOM) as an ancient clay-
bound OM and may be ancient carbonized material such as coal (Jenkinson and Coleman,

2008).

The combination of physical fractionations (aggregate, particle size, and density fractions)
with various chemical and spectroscopic methods for the chemical characterization of these
fractions offered amply evidences and many insights (Figures 1.7 and 1.8) for the formulation
of a more mechanistic conceptualization of SOM turnover and composition and stabilization
that was suggested from many scientists today (see reviews of von Litzow et al., 2007 and

Grandy and Neff, 2008).
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Figure 1.7 Carbon structure associated with different soil size classes. The black regions indicate
plant-derived compounds and the shaded regions indicate microbially-derived compounds (taken

from Grandy and Neff, 2008).

Major organic materials (i.e. lignin, cellulose and hemicellulose, lipids and proteins) as well as
black carbon are considered fully decomposable under ‘perfect’” conditions (i.e. sufficient
oxygen supply), even though some organic materials might take longer to decompose than
others (i.e. wood > leaves) (Adams et al., 2011; Baldock, 2007). OM ‘recalcitrance’ has been
found to be lowest in the most physically protected fractions and highest in the less
protected fractions (Rovira et al., 2002). Lignin was associated with the free organic matter

and was found in coarse (sand sized) fractions in the form of fairly untransformed lignin
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polymer (Bahri et al., 2008), but, as it was severely biodegraded, did not contribute to the
refractory pool and was depleted in silt-clay fractions and micro-aggregates where the most
stabilized carbon can be found (Grandy and Neff, 2008) (Figure 1.7). Sand was depleted in
(plant origin) carbohydrates as they were preferentially decomposed. Finer fractions and
aggregates and especially clay (<2 um) was significantly enriched in microbially synthesized
metabolites (Alkyl C and/or O/N alkyl C), N-containing compounds (proteins, amino acids),
and hydrocarbons such as waxes and lipids (Schoning et al., 2005; von Lutzow et al., 2007,
Grandy and Neff, 2008). Generally, there was some evidence that the degree of
decomposition increased with decreasing aggregate size as well as the C/N ratio (von Lutzow

et al., 2007).
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Apparently N was much better protected than C (Hassink et al., 1993) and long life-times
have been observed for N-containing (~49 years) and polysaccharide derived (~54 years)
compounds (Gleixner et al., 2002). The interaction of the various nitrogen compounds with
the mineral play an important role in the regulation on nitrogen transformation in soils by
limiting its availability (Nikolaidis and Bidoglio, 2011). Jamtgard et al., (2010) found that the
concentration of bound amino acids in unfertilized soils were 50 times higher than the free
amino acids in solution as well as higher than the ammonium and nitrate concentrations
suggesting the importance of soils in regulating the availability of enzymes for soil organic
matter decomposition. The long term stabilized SOM by clay did not differ in quality between
soils e.g. tropical and temperate soils (review of Six et al., 2002b), while in the silt and sand
fraction different degrees of decomposition were found due to climatic effect. The type of
clay played also a major role; 2:1 clays as they have higher cation exchange capacity (CEC)
and surface areas as compared with 1:1 clays stabilized more C (reviews of Six et al., 2002a
and Six et al., 2002b). It has been found a direct relationship between the silt plus clay
content of soil and the amount of silt- and clay-protected soil C, indicating a saturation level
for silt and clay associated C (Hassink, 1997; Six et al., 2002a; Six et al., 2002b). Worth noting
was the finding of Bechtold and Naiman (2009) that century model underestimated soil N by
35%, suggesting that the model failed to detect the N enrichment of an OM pool after its

initial formation.

Moreover, regarding the nitrogen cycle the traditional view was that SON is being
mineralized to ammonia and ammonium ion due to microbial activity in the soils
(Mineralization-Immobilization-Turnover, MIT route) (Nikolaidis and Bidoglio, 2011).
Ammonium is then converted to nitrite and then to nitrate through the microbial assisted
nitrification process. Denitrification converts nitrate to nitrogen gas and nitrous oxide.
Microbial cell synthesis requires ammonium uptake creating an immobilization mechanism,
while plants uptake nitrate and ammonium for the development of plant tissue. However
recent finding suggest that SON by enzyme catalyzed de-polymerization results into light
molecular weight Org-N such as amino-acids and aminosugars which plants uptake directly
(Direct route) these monomeric Org-N compounds (Schimel and Bennett, 2004; Neff, 2002).
Nannipieri and Eldor (2009) extending the review of Schimel and Bennett (2004), identified
three pathways of org-N transformation: i) direct mineralization of org-N to ammonium by
microorganisms, ii) release of org-N due to micro-organism lysis and exudates, and iii)
excretion of ammonium by bacterial-grazing protozoa and nematodes. Three factors

determine the relative importance of the direct route of org-N uptake versus the MIT route in
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various ecosystems: the form of available N, the source of C, and the availability of N
relatively to C (Geisseler et al., 2010). Two additional processes have been suggested as being
important in the microbial N transformation in soils: Nitrifier denitrification (oxidation of
ammonium to nitrite followed by reduction of nitrite to nitrogen gas) and anaerobic
ammonia oxidation (Anammox — Oxidation of ammonium to nitrite followed by reduction of
nitrite to hydroxylamine; hydroxylamine then reacts with ammonium to form hydrazine
which is oxidized to nitrogen gas and the released electron are used to reduce nitrite)

(Nikolaidis and Bidoglio, 2011).

Most models were designed based on the assumption that biochemically protected carbon
contributing to humus, inert or passive, organic carbon pools was the product of the
humification process, a very stable highly aromatic material (Kleber and Johnson, 2010). An
updated concept of the dynamic nature of SOM is the realization that accessibility and
sorption interactions with mineral surfaces may provide powerful protection against
decomposition, explicity including carbohydrates, proteins and other supposedly ‘labile’
materials (Kleber and Johnson, 2010). Decomposed plant residues and/or remnants of
microbes and fungi and their sorptive interactions with mineral surfaces might be responsible
for the stability of parts of SOM (Adams et al., 2011). Grandy and Neff (2008) in their review
stated that SOM chemistry, turnover and its variation are due to interactions of three
components: 1) deposition of chemically distinct compounds in soil from plants (as well as
organic amendments and animal manure), 2) the processing by mesofaunal, bacteria and
fungi of these plant-derived compounds through the action of the extracellular enzymes and
through assimilation (and re-deposition) of carbon compounds as microbes die, 3) the
physical redistribution and stabilization of these primary and secondary SOM sources in soils

including transport, sorption, and aggregation of soil particles.

The processes of aggregate formation/degradation, adsorption/desorption are the main
mechanisms of protection and release of SOM. Stabilization of SOM is thought to be due to:
1) stabilization by the organo-mineral interactions (mineral bound OM has been defined as
all OM that is absorbed to minerals or entrapped in small microaggregates (Abiotic clay
flocculation in micro-aggregates) association with silt and clay, and 2) physical protection by
the encapsulation of organics within aggregate structures macro-aggregates and micro-
aggregates, the biotic exclusion, which seems to be the major SOM stabilization mechanism
in mineral depleted deposits (Six et al., 2002a, Six et al., 2002b). The most comprehensive

conceptualization of organo-mineral interactions in soils, is the three layer (kinetic zone,
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hydrophobic zone, and contact zone) zonal model proposed by Kleber et al., (2007). There
have been recognized two basic conceptual schemes for aggregate formation (Plante and
McGill, 2002; Nikolaidis and Bidoglio, 2011). The hierarchical model implied the formation of
micro-aggregates followed by the formation of macro-aggregates by the combination of
micro-aggregates. The second proposed mechanism of aggregate formation in the relavant
scientific literature suggests that macro-aggregates are formed around particulate organic
matter (POM), followed by the release of micro-aggregates as the occluded organic materials

are decomposed.

1.2.3 Conceptual Model of Organo-Mineral Interactions (Kleber Zonal Model)

Sorption of organic and organo-mineral compounds on clays and oxides is a significant
chemical protection mechanism in the carbon cycle. Organic compounds bind to mineral
surfaces through cation bridges, hydrogen bonding and van der Waals forces (i.e. Kleber et
al., 2007). A number of factors such as pH, redox conditions, and the characteristics of the
mineral surface and of the organic matter affect the degree of sorption and surface
complexation of organics with the mineral surfaces. The negatively charged surfaces of clay
minerals bind with the negatively charged organic compounds through cation bridges
(Jastrow et al., 2007). The availability of multivalent cations plays an important role in the
formation of clay-cation-organic complexes. Similarly, the availability of iron and aluminum
oxide surfaces bind organic compounds via electrostatic forces. Kleber et al. (2007), following
on work by Wershaw et al. (1996), Piccolo (2001), and Sutton and Sposito (2005), suggested a
conceptual model of organo-mineral interaction in soils that consists of three layers, the

contact zone, the hydrophobic zone and the kinetic zone (Figure 1.9).

According to Kleber et al. (2007), SOM is viewed as consisting of organic molecular fragments
(derived from the depolymerization and oxidation of standard biomolecules, and not as large
resynthesized polyaromatic structures) of varying degrees of amphiphilicity or surfactant-like
properties (molecules that are solely nonpolar and hydrophobic, to those that are
predominantly amphiphilic because they also contain hydrophilic, highly polar or charged
functional groups) in intimate contact with mineral surfaces of variable chemical reactivity
and a polar solvent (water). The second law of thermodynamics then dictates that the
organic fragments and mineral surfaces will arrange themselves in structures (micellar

structures) in aqueous solution that maximize entropy, which lead the authors to propose a
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layered structure for mineral-organic associations. They further proposed that microbial
proteins were better able to bind to mineral surfaces, as well more likely to arrive at these
surfaces, than were residues of vascular plants, thus explaining the proposed existence of a
particularly stably bound, N-rich inner layer of organic material (contact zone). Hydrophobic
portions of these surface-bound molecules could be protected from contact with aqueous
solution by the additional accumulation of amphiphiles arranged such that the polar portions
point towards the aqueous phase, creating a bilayer structure with a discrete hydrophobic
zone. Empirical evidence for organic surface loadings of 2-5 times the monolayer equivalent
suggested that further attachment of organics in a third region or kinetic zone (controlled by
exchange kinetics, similar to a phase-partitioning process) was possible, although for this
outer zone or region, exchange rates of organic compounds with the soil solution were likely

high, and residence times short (Klebel et al. 2007).
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Figure 1.9 Zonal model of organo-mineral interactions (taken from Klebel et al, 2007).
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1.2.4 Conceptual Model for Soil Aggregation

Tisdall and Oades (1982) suggested the hierarchical aggregate model where the aggregates
are sequentially formed, i.e. micro-aggregates are first formed free and then serve as the
building blocks for the formation of macro-aggregates. Oades (1984) modified this concept
and postulated that the roots and hyphae holding together the macro-aggregate form the
nucleus for micro-aggregate formation in the center of the macro-aggregate. Since roots and
hyphae are temporary binding agents, they do not persist and decompose into fragments.
These fragments coated with mucilages produced during decomposition become encrusted
with clays resulting in the inception of a micro-aggregate within a macro-aggregate (Six et al.,

2004).

The conceptual model of Oades (1984) has been suggested by many authors today (Golchin
1994; Balesdent et al., 2000; Puget et al., 2000; Plante and McGill, 2002; Six et al., 2002a; Six
et al., 2002b; Six et al., 2004; Bronick and Lal, 2005, Grandy and Nff, 2008; Helfrich et al.,
2008; Nikolaidis and Bidoglio, 2011). The proposed conceptual model for the aggregate
turnover (aggregate degradation and re-formation) corresponds to soils where OM serves as
an intra-macro-aggregate binding agent and there is aggregate hierarchy (while this may not
be the case in oxide-rich soils). A schematic overview of the conceptual model is given in
Figure 1.10. Briefly, the fresh residue induces the formation of macro-aggregates because it is
a C source for microbial activity and the production of microbial derived binding agents.
Macro-aggregates are formed around fresh residue which then becomes coarse iPOM (intra-
aggregate particulate OM) (t1). Then fine iPOM within macro-aggregates is derived from the
decomposition and subsequent fragmentation of coarse iPOM (t2). Fine iPOM gradually
becomes encrusted with clay particles and microbial products to form micro-aggregates
within macro-aggregates (t3). The binding agents in macro-aggregates degrade, resulting in
loss of macro-aggregate stability and the release of stable micro-aggregates (t4), which are
the building blocks for the next cycle. Micro-aggregates and macro-aggregates provide a
physical protection to the soil organic carbon and nitrogen incorporated in them from activity
of decomposers and influence carbon and nitrogen turnover in soils. Decomposer activity is
limited in the aggregate structures due to oxygen and water availability, and enzyme
accessibility (Jastrow, 2007); consider that Bacteria, protozoa and nematodes can enter pores

>3 um, >5 um, >30 um, respectively.
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Figure 1.10 Macro-aggregate turnover: formation and degradation process (taken from Grandy and

Neff, 2008).

Soil aggregate turnover rate and OM mineralization

The conceptual representation of the relationships between soil aggregate turnover rate and
OM mineralization of stabilized and newly incoming fresh OM (Plante and McGill, 2002; Six et
al., 2004) is given in Fig 1.11. Regarding the stabilized (native, protected organic matter) SOM
the slower the macro-aggregate turnover the higher would be the protection level. R3 is the
threshold aggregate turnover rate where organic matter begins to become exposed. On the
other hand, for the newly incoming fresh residue an intermediate aggregate turnover is
optimum in order to have aggregate formation and occlusion and subsequent protection of C
(highest sequestration rate). R1 is the threshold aggregate turnover rate where organic
matter is occluded before it is mineralized and R2 is the threshold rate where incoming
organic matter is re-exposed more quickly than it is occluded. This conceptualization is in
accordance with Kimetu et al. (2009) findings, which indicate that SOM stabilization
efficiency was highest with intermediate cultivation history of about 20 years as compared
with both degraded soils and high C-containing soils. They suggested that depending on the C
saturation limit of a soil, soils with high organic C have high rates of labile C mineralization

possibly due to limited protection of organic matter by minerals.
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Figure 1.11 Change in aggregate turnover and mineralization rate of a) stabilized and b) newly added

C input across ecosystems (taken from Plante and McGill, 2002).

In agroecosystems, macro-aggregation exhibited great seasonal dynamics (Six et al., 2004).

Macro-aggregates provided instant protection of recently added organic matter and allowed

a transfer of C and N into micro-aggregates, where the new C and N may become stabilized

after macro-aggregate breakdown (Helfrich et al., 2008). Jastrow (1996) found that

accumulating organic matter in macro-aggregates was relatively fresh and less than 20% of

the accumulated carbon occurred in the form of POM. Most of the accumulated carbon was

found in the silt-clay fraction of macro-aggregates. Jastrow (1996) and Krull et al., (2004) also

reported a threshold of organic carbon for aggregate formation.

100
= | e mae—- S |
& oo e . #
E o~ _
© 80 ¢ e
N ' Macroaggregates ]
T °r Y =099 i
= A
o~ 60 ' |
— ]
l;l ] —
" 50
‘E _
o 40 . O et
@ o - L ] —
= et T Organic C
& 30 o r°=0.98 |
<

20 | 1 | 1 Ir" 1

0 5 10 15 20 Virgin

Complete growing season since last cultivation
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1.2.5 Factors Affecting Soil Aggregation and Structure

The stability of aggregates and their turnover greatly depends on the quantity and quality of
plant litter residue and/or organic amendments added to the soil (Abiven et al., 2007; Abiven
et al., 2009). Since SOM is central to the formation of stable soil macro-aggregates there has
been found a strong positive relationship between the aggregate stability in terms of the
mean weight diameter-MWD (mm) and the SOM content (%) (Figure 1.13). SOM is the
property that has been mostly related with aggregation. A synopsis of studies that defined
algorithms to relate aggregate stability to SOM content or failed to find a significant
correlation can be found in Krull et al. (2004). Linear positive pattern has been found by
Chaney and Swift (1984). However, such relationship would be significant for soils of similar
mineralogy and texture (Boix-Fayos et al., 2001). Total N content has been reported to be
more closely correlated with MWD (mm) compared with total SOM content (e.g. Chaney and
Swift, 1984), probably because it is associated with mineral surfaces and involved in the
formation and stabilization of aggregates (Williams, 1970). Moreover, studies on SOM
composition have consistently shown that the C-to-N ratio decreases with decreasing

aggregate size (Elliot, 1986; Gupta and Germida, 1988; Angers and Carter, 1996).
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Figure 1.13 a) Effect of increasing SOC content on aggregate stability, measured by wet-sieving
(MWD, mm), using air-dried (®) and field moist (0) samples (R = 0.98) (taken from Krull et al., 2004,
original data Haynes, 2000), b) Relationship between wet sieving stability index and OM content in

the 5th year of experiments in 3 sites with different texture (taken from Douglas and Goss, 1982).
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Other important soil properties are the pH, cation exchange capacity and calcium content
through its role in the formation clay—polyvalent cation—organic matter complexes (Six et al.,
2004). Addition of calcium (lime or gypsum) to field soils has been found to increase (approx.
10%), although an initial temporary decrease (1-3%) has been observed mostly in acidic soils

due to the increase of soil pH and microbial activity (Six et al., 2004).

However, abiotic factors such as soil texture are more important for determing soil
aggregation than biotic factors (Barto et al., 2010). With increasing clay content soils require
a higher OC content in order to maintain a given aggregate stability (Douglas and Goss,
1982). In most cases, the relationship between OC and soil structural stability is modified by
soil clay content (Figure 1.13). Virto et al.,, (2008) showed that clay aggregates were
selectively formed from 2:1 clays, while quartz and kaolinite-like clays were preferentially

found in the non-aggregated clay fraction (see also Figure 1.14).
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Figure 1.14 Relationship between microbial biomass and aggregate stability in terms of the mean
weight diameter in a Mollisol dominated by 2:1 minerals and an Oxisol by 1:1 minerals and oxides

(taken from Six et al., 2004, original data Denef and Six, 2003).

In addition, oxides have been recognized to be very important regarding aggregation and
SOM stabilization and the dominant binding agent in oxide-rich tropical soils (Six et al., 2004).
The aggregating effects of oxides and calcium have been mainly related to the micro-
aggregate level. However, they have been also related to macro-aggregation. Stimulation of

microbial activity in acidic soils has been observed due to calcium. The role of oxides on
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stabilization is manifested in three ways (Six et al., 2004): 1) organic materials adsorb on
oxide surfaces, 2) an electrostatic binding occurs between the positively charged oxides and
negatively charged clay minerals, and 3) a coat of oxides on the surface of minerals forms
bridges between primary and secondary particles. The coating of oxides has been reported to
be mostly related to the stability of macro-aggregates in oxisols compared to temperate soils
with low oxide levels (Six et al., 2004). Worth noting is that in the case of a kaolinitic soil the

cation exchange capacity of the kaolinite can be reduced by the binding of oxides to minerals.

Soil macrofauna also play an important role in macro-aggregation. The most significant group
of macrofauna in temperate soils are earthworms and in temperate pastures their population
may reach 1000-2000 per m’ (Six et al., 2004). Earthworms contribute greatly to soil
aggregation by utilizing plant litter together with soil, passing it through their gut and
excreting casts. Casts mediate both micro-aggregate and macro-aggregate formation in soils
the stability of which depends on the quality of organic material consumed by the
earthworms. In addition, earthworms contribute to aggregate formation due to burrowing
activities where they deposit mucus on the burrow walls which together with the soil clays
can form a stable structure (Six et al., 2004). Microbial biomass (Figure 1.14), the OC light
fraction or labile carbohydrates as well KCl or hot water extracted carbon (the OC light
fraction) have been found to be early indicators of the change in soil OC. Especially, the
‘easily extractable’ fraction of soil carbohydrate appear to be closely related to aggregation in
temperate soils (Haynes and Swift, 1990). Macro-aggregation has been found to be
significantly delayed (28—42 days) in fungicide-treated soils compared to their untreated
counterparts, highlighting the importance of the fungal biomass in macro-aggregate

formation (Helfrich et al., 2008).

Roots influence soil aggregation through entanglement of soil particles with the mycorrhizal-
root system as well as through root exudates (Jastrow et al., 2007; Six et al., 2004). Large
amounts of OM are supplied to soils from roots (rhizodeposition), especially in warm-humid
climates. Thus, a large active microbial biomass develops in the rhizosphere and therefore
large amounts of organic binding agents are produced. However, it has been reported that
roots, root hairs, and hyphae absorb water from the surrounding soil and thus cause localized
drying, which can have stabilizing as well disrupting effects on soil macro-aggregates (Haynes

and Beare, 1996).
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The extent of aggregation is also related to the climate under which the soil has been
formed. As the P/PET ratio increases the percentage of silt and clay aggregated also increases
and reaches a maximum value between a P/PET ratio of 0.4 and 0.6 so that the extent of soil
aggregation increases from Entisols to Vertisols and Mollisols (Dalal and Bridge, 1996). At
higher values of P/PET ratios, however, soil aggregation may decrease as in Alfisols and

especially in Ultisols or it may increase even further as in Oxisols.
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Figure 1.15 A diagram describing the effect of climate on soil aggregation under natural ecosystems

(taken from Dalal and Bridge, 1996)

Agricultural practices (e.g. crop types, fertility management, irrigation regime, insecticides
and fungicides) as well as environmental variables i.e. freeze-thaw cycles, dry-wet cycles, and

fires also significantly influence aggregation (see review of Six et al., 2004).
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1.2.6 Summary on SOM Stabilization

In the following box critical points regarding the SOM stabilization are summarized in a

bullet-like form.

1. The extracted humic substances are most likely the product of the extraction
procedure rather than a true in-situ component of SOM.

2. Aromatic structures in stable materials are the products of incomplete combustion
(biochar) with variability in recalcitrance and degradability and not the result of
natural decomposition process nor selectively preserved.

3. Major organic materials (lignin, cellulose, hemicellulose, lipids, proteins) as well as
black carbon are fully decomposable under sufficient oxygen supply.

4. Lignin is associated with the free organic matter found and coarse (sand sized)
fractions, but severely biodegraded and depleted in finer fractions.

5. Sand sized fractions are depleted in plant originating carbohydrates.

6. Finer fractions are significantly enriched in microbial synthesized metabolites ((O/N-)
Alkyl C), N-containing compounds (proteins, amino acids), waxes and lipids.

7. Long life-times for N-containing (~49 y) & polysaccharide derived (~54 y) compounds.

8. Accessibility (physical protection within aggregates) and sorbitivity interactions with
mineral surfaces provide protection against decomposition, explicitly including
carbohydrates, proteins, and other supposedly ‘labile’ materials, deriving from
decomposed plant residues and/or remnants of microbes and fungi.

9. The most comprehensive conceptualization of organo-mineral interactions in soils is
the three layer zonal model proposed by Kleber et al., (2007).

10. Two basic conceptual schemes for aggregate formation are proposed i) the
hierarchical model: formation of micro-aggregates followed by the formation of
macro-aggregates by the combination of micro-aggregates. ii) macro-aggregates
formed around particulate organic matter, followed by the release of micro-
aggregates as the occluded organic materials are decomposed and macro-aggregates
are destroyed.

11. The stability of aggregates and their turnover depend on the quantity and quality of
organic matter added to soil, SOM content, clay quantity and type (2:1 versus 1:1),
iron oxides, soil macrofauna, mycorrhizal-root system, microorganisms, climatic

conditions, management.
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1.3 SOM TURNOVER MODELING

1.3.1 Model Categories and Characteristics

Models of soil organic matter dynamics have been widely used as a well-known tool to
predict SOM stock and its distribution to different SOM pools, under different soil types,
management practices and climate regimes, land-use change conditions and climate changes
(Battle-Aguilar et al., 2010). Modeling of carbon and nitrogen dynamics in terrestrial
environments has been reviewed extensively in recent years (i.e. Falloon and Smith, 2000;
Shibu et al., 2006; Minasny et al., 2008; Manzoni and Porporato, 2009; Battle-Aguilar et al.,
2010; Adams et al., 2011; Nikolaidis and Bidoglio, 2011; Adams et al., 2011). Models, other
than empirical regression models, can be divided into four categories depending on their

internal structure (Batlle-Aguilar et al., 2008; Post et al., 2007, Adams et al., 2011):

process-oriented, (multi)-compartment models
organism-oriented (food-web) models

cohort models describing decomposition as a continuum and

Ll A

a combination of model types (1) and (2).

The main characteristics of processes-oriented versus organism-oriented models and the
main characteristics of the most frequent referred to models in the scientific literature are
summarized in Table 1.4, after Adams et al. (2011). A detailed list of main features of SOM
dynamic models can be found in the review by Manzoni and Porporato (2009). Manzoni and
Porporato (2009) reviewed and classified 250 biogeochemical models in terms of their
mathematical approaches to soil carbon and nitrogen dynamics. In addition, they analyzed
the relationship between model structure and the temporal and spatial scale of its respective
application. They identified the following theoretical gaps: i) mechanistic and scale
dependent description of microbial mass and activity using dedicated state variables, ii) link
decomposer activity and metabolism, nutrient availability, vegetation growth and climate
dynamics using stoichiometric theory, iii) model soil food web dynamics instead of
aggregated variables, iv) develop mechanistic and rigorous representations of small-scale
processes that account for spatial heterogeneity, v) physical processes that affect soil
structure (tillage, wetting and drying cycles and aggregate turnover) should be included in
the biogeochemical models, and vi) need to develop novel modeling approaches for scaling

up pore scale dynamics to observational scales.
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Table 1.4 Main characteristics of processes-oriented versus organism-oriented models (After Adams

etal., 2011).
Process-oriented models Organism-oriented models
Model type mechanistic mechanistic
predictive value explanatory value
Aim /simulate processes involved in SOM | /simulate SOM using functional/taxonomic
migration and transformation groups of the soil
Examples CANDY, CENTURY, DAISY, DNDC, ITE, | /Fungal-growth models

NCSOIL, RothC, Socrates, SOILN,
SOMM, Struc-C and the Verbene
model

/Models of decomposition of OM that
incorporate functional groups of microbial
biomass

/Food web models based on taxonomic
groups (mostly detrital models)

Representation of
SOM

/different conceptual carbon pools
with similar chemical or physical
characteristics

/differ by decomposition rates,
stabilization mechanisms
/generally soil biota only included in
form of microbial biomass
(exception: SOMM)

Generally, more than one
compartment of SOM degradation:
a) active pool (fresh plant material,
root exudates, microbial biomass)
with MRT of 1 year

b) slow pool (SOC that decomposes
at intermediate rate) with MRT of
100 years

c) passive or inert pool (SOC with
physical or chemical stability) with
MRT of 1000 years

SOC dynamics represented through
different pools of soil biota (classified
according to their taxonomy or
metabolism)

i.e. representation of soil biota by
functional groups (food web models):
microorganisms (bacteria, mycorrhizal and
saprotrophic fungi)

SOM and litter (represented in form of
roots, detritus)

software (CANDY, CENTURY, RothC)

Mechanism /SOC decomposition based on first- | /Cand N fluxes simulated through
order kinetic rates functional groups based on their specific
death rates and consumption rates,
applying energy conversion efficiencies
and C:N ratios of the organisms
Time-step /weekly or monthly /daily
Scale /include top 30 cm of the soil /small-plot
/small-plot to regional-scale
Application /have been applied to a range of /have been applied to arable land and
ecosystems (grassland, arable land, | grassland
grass-arable rotations, forest)
Others /successfully coupled with GIS /include changes of soil biota communities

in the modeling of SOM dynamics (i.e.
simulating feedback mechanisms due to
changes in biota activity or characteristics)
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Organism-oriented models have been successfully applied to provide understanding on C and
N flows through food webs (i.e. Fig 1.16) giving many insights; e.g. role of soil biota in Cand N
mobilization as well as mechanisms of above and below ground linkage of food webs
(Brussaard, 1998; Smith et al., 1998; Susilo et al., 2004). However, an important constraint of
the wide application and validation of food web models with field data is their high cost as a
wide range of parameters should be monitored; feeding preferences, nitrogen content, life
cycles, assimilation efficiencies, production:assimilation ratios, decomposability and
population sizes (Smith et al., 1998). Brussaard (1998) presented the main limitations of
these models for predictive purposes: (a) the quality of organic matter consumed at each
trophic interaction is not well known, (b) a number of functional groups are not included in
the existing models, (c) the possible spatial habitat restriction of certain functional groups is
not incorporated, and (d) many biological interactions in the soil are actually of non-trophic
nature. Application and calibration tends to be more difficult in such models (Battle-Aguilar
et al,, 2010) and the estimation of this wide range of parameters might increase the level of

model uncertainties (Adams et al., 2011).

Similar constraints present the coupled process oriented/organism-oriented models (Adams
et al.,, 2011). The cohort models like the SOMCO (Gignoux et al. 2001) separate the soil
organic matter into different cohorts with specific characteristics, like similar ages which are
further divided into different pools (i.e. C and N). Decomposition in such models is simulated
based on the physiology of the microbial biomass in contrast with process-oriented models
where decompositions rates are simulated based on physical and biochemical processes

(Battle-Aguilar et al., 2010; Adams et al., 2011).

Process-oriented models have been extensively preferred in the scientific literature over
organism-oriented models since they can easier be applied to predict SOC levels under
certain management practices and serve as tools to policy makers (Smith et al., 1998; Adams
et al.,, 2011) due to a number of reasons: (1) they have a relatively simple model structure and
often larger integration time-steps (i.e. months versus days for organism-oriented models),
(2) their internal parameters are easier to estimate and calibrate for specific purposes, (3)
most have been applied to a variety of ecosystems, (4) have been successfully coupled to GIS
software, (5) are more suitable for larger scales (landscape, regional), and (6) their computer
processing time is likely to be shorter (Adams et al., 2011; Post et al., 2007, Brussaard, 1998,
Smith et al., 1998).
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Figure 1.16 Structure of an organism-oriented model (taken from Smith et al., 1998).

1.3.2 Process-oriented models

The main characteristics of the most frequent referred to process-oriented models in the
scientific literature are presented in Table 1.5, after Adams et al. (2011). A schematic
representation of SOM dynamics for the RothC and Century the most frequently used
process-oriented models, along with the DNDC model (Viaud et al., 2010; Adams et al., 2011)
to simulate SOM dynamic spatially on the small farm-scale level is displayed in Figures 1.17

and 1.18, correspondingly.
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Table 1.5 Main characteristics of the most frequent referred to models in the scientific literature

(After Adams et al., 2011).

Model Main characteristics Reference
CANDY /modular system combined with data base system| (i.e. Franko, 1996)
for model parameters, measurement values, initial

values, weather data, soil management data
/simulates soil N, temperature and water to predict
N uptake, leaching, water quality
/uses proportion of soil particles to separate inert
organic matter (IOM) (<6 um)
CENTURY /designed for long-term (up to centuries) SOM| (i.e. Parton, 1996)
dynamics, plant growth and N, P and S cycling
/developed for grassland, but extended to
agricultural crops, forests and savanna systems
/monthly time step
/implements two forms of litter: metabolic and
structural
/implements three SOM compartments: active (MRT
1-5 yr), slow (MRT 25 yr, 30-60 % of SOC) and passive
(MRT 1000 yr, 30-50 % of SOC)
/soil texture (clay content) determines separation of
C from active OM pool into COz or slow pool
/basic ideas similar to RothC
/biomass included
DAISY /simulates crop production and soil water and] (i.e. Mueller et al., 1996)
nitrogen dynamics
/developed as field management tool for agricultural
systems
/portioned into hydrological model, soil nitrogen
model with a SOM submodel and a crop model with
a nitrogen uptake model
/clay content influences rate constants
/semi-cohort accounting system used for litter decay
/biomass included
DNDC /couples denitrification and decomposition processes| (i.e. Li et al., 1992)
/4 submodels: soil climate, decomposition,
denitrification, plant growth
/clay absorption of humads
/biomass included
ITE /developed for grassland environments (i.e. Thornley and Verbene,
/aims to simulate N cycling 1989)
/3 submodels: grazing-animal intake model,
vegetative grass-growth model, SOM model
/decomposition rates are function of quantity of
microbial biomass
NCSOIL /simulates N and C through soil microbes and organic| (i.e. Molina, 1996)
components
/4 organic compartments: plant residues, microbial
biomass, humads, stable organic matter (stability of
SOM results from metabolism)
/decomposition independent of microbial biomass
/biomass included
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RothC’

/developed for arable land, but also applied to
temperate grasslands and forest soils

/monthly time step

/5 compartments: decomposable plants, resistant
plant material, microbial biomass, humified organic
matter (MRT 50 yr 80-90 % of SOC), inert organic
matter (MRT up to 10000 yr, 5-15 % of SOC)
/decomposition rate, and ratio of humus, microbial
biomass and CO2dependent on soil clay content
/basic ideas similar to CENTURY

/biomass included

(i.e. Jenkinson and
Coleman, 1994)

/implements a plant growth submodel

/3 submodels: soil water, SOM (plant residues:
decomposable, structural, resistant, OM: stabilized,
protected, unprotected), soil N

/ physical protection caused by soil clay
/decomposition rate modified by temperature and
soil moisture, not influenced by microbial activity
/biomass included

Socrates /weekly time step (Grace et al., 2006)
/5 compartments: decomposable plant material,
resistant plant material, unprotected microbial
biomass, protected microbial biomass, humus
(stabilised pool)
/decomposition rate (into humus, microbial
materials and CO2) dependent on soil CEC
/biomass included
SOMM /developed for forest systems/process rates| (i.e. Chertovand Komarov,
regulated by N and ash content of litter fall 1996)
/3 soil litter layers: L, F, H
/soil animals influence C fluxes (i.e. distinction into
forms of humus such as mull and mor based on role
of soil fauna — microarthropods and earthworms)
/models C accumulation in soil organic horizons
Struc-C /updated, modified version of the Roth-C model (Malamoud et al., 2009)
/monthly time step
/incorporates soil structure (aggregate) hierarchies
within physical protection of SOC
/simulates formation of organo-mineral associations
and aggregates (physically protected SOC)
Verbene /developed for grasslands (i.e. Verbene et al., 1990)

®RothC has been also

modified to include more soil layers (RothPC-1, Jenkinson and Coleman, 2008),
combined with the CEH Biota plant model (Brown et al), and integrated with a transport and
speciation of inorganic anions model, LEACHC (SoilGen1l model: The one dimensional transport
equation -Richards’ equation- for transient flow is coupled with heat flow and the advective-dispersive
equation for solutes, major anions and cations are simulated and chemical speciation determines their
precipitated and exchange phase based on thermodynamic considerations. Mass changes due to
bioturbation, organic carbon and precipitates are used to calculate changes in bulk density and
porosity and thus soil evolution, Finke and Hutson, 2008).
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Figure 1.17 Structure of the Rothamsted Carbon Model (taken from Coleman and Jenkinson, RothC-
26.3, Model description and users guide).
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Figure 1.18 Structure of the CENTURY model (taken from CENTURY Model Version 5, User’s guide).
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In general, carbon models divide SOM into several pools which degrade with a first order
process. One of these pools at least is the soil biomass pool, with the exceptions of the
CANDY and ITE models (Table 1.5). Since microbial biomass is treated as one pool,
functionality is not assessed (Chabbi and Rumpel, 2009). Lawrence et al.’s (2009) results
indicated that the inclusion of exoenzyme and microbial controls in the kinetic
representation of decomposition rates improved the proposed models to simulate. However,
the inclusion of more defined components of soil biota dynamics requires extended modular

structures and more field data for validation (Adams et al., 2011).

A study testing the performance of nine SOM models on predicting long-term changes in
SOM across a range of landuses, soil types and climatic regions, using data from seven long-
term (>20 years) experiments indicated the distinction of two groups according to their
overall performance and similarity in modeling errors (Smith et al., 1997): (1) RothC, CANDY,
DNDC, CENTURY, DAISY, and NCSOIL, (2) SOMM, ITE and Verbene. The second group of
models was found to show significantly larger model errors than the first group. Their poor
performance was attributed to their coupling with more complexed (physiologically based)
plant growth models (such as in ITE) in contrast with simpler plant growth models used by
models by the 1% group, such as DAISY and CENTURY (Smith et al., 1997; Adams et al., 2011).
Much detail and complexity most likely introduced a greater degree of error and uncertainty
(Smith et al., 1997), implying that specific model calibrations play a major role in influencing
the predictive capacity of these models. Moreover in another comparative study (Falloon and
Smith, 2002), the plant input needed by the RothC model to give similar fits as the CENTURY
model was found to be even more than three times higher in some cases, which means that
either the ‘net’ mineralization in RothC was high or that in CENTURY was low. It should not
be neglected that in these models some functions have been developed by field data and
some have been set arbitrarily or by only very few data; the flows between some pools in
CENTURY; the split between the BIO and HUM formed in RothC (Falloon and Smith, 2002).
Therefore, the applicability of SOM models for predicting carbon stocks and composition
changes due to landuse or management changes is highly enhanced through calibration of
the decomposition rate constants instead of the use of default values. Nevertheless, models
can be greatly constrained by using field measured carbon pools to initialize and calibrate the
model. For example, physical fractionation schemes like dispersing and sieving (Krull et al.,
2005) as well density fractionation (Zimmermann et al., 2007) have been used to measure
modeled carbon pools in RothC carbon model (Figure 1.19). It had been suggested that

process-oriented models could be improved by modifying the C pools used in the models so
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that they are based on measureable C fractions in contrast to identifying fractionation
methods which can be used to identify existing conceptualized SOC pools (Adams et al.,
2011). However, these models have been mostly used by using default decomposition rate
constants and in any case without accounting for the uncertainty that arises from the initial
conditions, model parameters, inputs and model structure with very few exceptions (Juston

et al., 2010; Paul et al., 2003).

measureable SOC fractions C pools used in the Roth C mode
plant inputs
v RPM
= A DPM
splitting ration DPM/ ___.'
RPM calculated by
equilibrium scenario ..-'* RPM
vy HUM
—> + BIO
splitting ration BIO/ BIO
HUM calculated by
equilibrium scenario HUM
‘_
physically protected
v 10M
> | IOM

chemically resistant

Figure 1.19 Concept of SOC fractions and that relates measureable SOC fractions to conceptual pools
used in the RothC model (taken from Adams, 2011, based on Zimmermann et al., 2007), (dissolved
organic matter (DOC), particulate organic matter (POM), sand and stable aggregates (S+A), silt and

clay particles (s+c) and oxidation-resistant carbon (rSOC)).

The applicability of current models to predict climate change effects on distinct carbon pools,
without calibration has also been questioned (Davidson and Janssens, 2006, Kleber and
Johnson, 2011). Takeshi et al.,, (2006) optimized the Century’s model temperature and
moisture dependencies to best match the observed global distribution of SOC and found out

that the temperature sensitivity of decomposition at global scale should be on average

FOTINI E. STAMATI ENVIRONMENTAL ENGINEER 67



significantly lower (Q10=1.37) than it was assumed to be by many models (Q10=2). The
temperature effect on the decomposition rate at equilibrium in another global study
considering a single carbon pool was estimated to be Q10=1.7 (Yang et al., 2002). Although in
both analyses there were many assumptions e.g. for the initialization of the model and the
estimation of carbon inputs it is revealed that modelled temperature sensitivity is only
apparent and depends on the one hand on the moisture sensitivity function used and on the
other hand on the complexion of the model and the degree of protection it simulates. As it is
also reported by Takeshi et al., (2006) there are indications that the temperature sensitivity
of decomposition varies between different pools, while typically most soil carbon models
consider that soil SOM pools are equally sensitive to temperature. Davidson and Janssens
(2006) showed that although there is indefinitely intrinsic temperature sensitivity of
substrate decomposition, being higher for more recalcitrant compounds due to the kinetic
theory, there are also environmental constraints (drought, flooding, freezing as well physical
and chemical protection) that may affect the ‘apparent’ temperature sensitivity, being
themselves sensitive to climate. Protected and unprotected compounds, sometimes of
different complexity, might be lumped together into a common pool. Davidson and Janssens
(2006) suggested that protected pools might due to climate change expose SOM with high
intrinsic temperature sensitivity. However, Kleber and Johnson (2011) explained that
considering that the humus or slow carbon pools of models as recalcitrance due to
humification process and therefore more sensitive to intrinsic temperature sensitivity
(Davidson and Janssens, 2006), as they require more enzymatic steps for decomposition
need to be revised (see section describing SOM composition and the new view against the
humification process). Definitely, potential feedback responses of the global soil system to
climate change would be much different if the carbon contained in the ‘passive’ pool is
inherently resistant to decomposition or instead a ready substrate for decomposers
stabilized only by its association with mineral surfaces (Kleber and Johnson, 2011) or

occluded in micro-aggregates.

The equilibrium level of SOC has been long ago recognized to be more dependent on the
extent of protection than on the decomposition rate of the plant residues added to soil (Van
Veen and Paul, 1981). Carbon input is known not to be linear correlated with SOC
sequestration (Six et al.,, 2002a; Powlson et al., 2011). The annual rate of carbon
sequestration in soils is much higher the early years after the conversion of a cropland to
native land and then gradually decreases; therefore initial rapid rates of SOC increase cannot

be extrapolated to make estimates of the total potential carbon sequestration (Powlson et
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al., 2011). In addition, Campbell et al. (1991) and Solberg et al. (1997) found no increase in
soil C content with a two to three fold increase in C inputs. Relating C inputs with C content
for 48 agricultural systems across 11 sites (Paul et al. 1997), resulted in an asymptotic
relationship explained slightly more of the observed variability than a linear relationship. It
has been acknowledged that major knowledge gaps and research priorities are the processes
of carbon stabilization in soil (Lal, 2008) and the mechanistic explanation of the saturation
level (Six et al., 2002a). Six et al. (2002a) conceptualized that maximum physical protection
capacity for SOM is determined by the maximum micro-aggregation, which is in turn

determined by clay content and type.

Physical protection in SOM turnover has been included in the past with simple manners like a
reduced life-time or protection coefficient, periodically transferred to a more labile pool at
cultivation events (Van Veen and Paul, 1981; Molina et al., 1983). Hassink and Whitmore
(1997) developed a model where the rate at which organic matter becomes protected
depends on the degree to which the protective capacity is filled, incorporating the processes
of desorption and adsorption in order to model silt and clay protection of SOM. Soil texture is
also used in some of the models to modify decomposition processes (i.e. texture assigned
physical protection) (Trumbore, 2009). Most of the current models of SOM dynamics simply
affect the decay rates of SOM pools by an empirical parameter corresponding to landuse.
Existing soil aggregate models can be classified into four classes (Nikolaidis and Bidoglio,
2011): empirical (De Gryze et al., 2005; Abiven et al., 2008), mechanistic (De Gryze et al.,
2006; Plante et al., 2002), deterministic soil aggregate models (De Gryze et al., 2005), and
deterministic soil carbon aggregate and structure models (Malamoud et al., 2009). Empirical
models represent the first attempt to model aggregate stability dynamics after the
incorporation of organic residues. Mechanistic models were shown to provide valuable
information on the micro- and macro-aggregate stability and turnover, indicating that micro-

aggregate turnover is higher than the macro-aggregate one.

However, coupled carbon and aggregate modeling has been only utilized by Malamoud et al.
(2008). Malamoud et al. (2008) in their modeling exercise with STRUC-C made the
assumption that the primary interactions occur between clay particles and SOC components
to form organo-mineral associations, which are then bound together to form aggregates
(Figure 1.20). RothC-26.3 model was modified to accommodate the concept of size hierarchy
for the physical protection of aggregates and developed aggregation and porosity sub-

models in order to model aggregate fractionation and carbon content, aggregate turnover
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time and changes in the porosity of the soil. The new model defined three aggregate
fractions with corresponding three aggregate carbon types and complexed clay distributed in
these three fractions assuming constant partitioning with soil organic carbon for each
fraction. Once the organo-mineral aggregates have been calculated, the porosity submodel
estimates the bulk density of each of the three aggregate types (assuming pyramidal,

tetragonal and cubic packing respectively) and then the new porosity of the soil.

Organic matter Aggregation
submodel submodel
FOM input ;
Per month
\
CO, m COo, Initial bulk

density

NCOC =
f(SOC,clay)

Aggregate Type,
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Figure 1.20 Structure of the STRUC-C model (taken from Malamoud et al., 2008).

The major limitations of STRUC-C model, as outlined by its authors, relate to the following: i)
the relation between input residue and SOC is not linear and the quality of the input is not
addressed, ii) geochemical factors that influence soil structure such as type of clay, iron oxide
sorption, pH etc are not included in the formulation, and iii) aggregate parameters do not
vary with space and time. Even though these are significant limitations, STRUC-C it is
considered the most comprehensive model regarding soil aggregate stability and turnover as

well as soil structure in the scientific literature thus far and the the first attempt towards the
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next generation SOM models (Nikolaidis and Bidoglio, 2011; Adams et al., 2011). The most
important constrains of STRUC-C model is that considers each aggregate type as being a
single carbon pool and does not account for POM in the aggregation process, not considering
the DPM and RPM pools SOC in contrast with RothC. Moreover, formation of macro-
aggregates (>250 um) is considered as the aggregation product of micro-aggregates (>53-250
um), although macro-aggregates are known to consist of both micro-aggregates and silt-clay

sized aggregates (<53 um) as well POM.

It is essential to model SOM dynamics more deterministically and reproduce the processes of
physical protection (Adams et al.,, 2011; Plante et al., 2002; Balesdent et al., 2000) as
described in the conceptual model which suggest that macro-aggregates are formed around
particulate organic matter (POM), followed by the release of micro-aggregates as the
occluded organic materials are decomposed (Golchin 1994; Balesdent et al., 2000; Puget et
al., 2000; Plante and McGill, 2002; Six et al., 2002a; Six et al., 2002b; Six et al., 2004; Bronick
and Lal, 2005, Helfrich et al., 2008; Nikolaidis and Bidoglio, 2011) which has not been
modeled yet. Such an attempt it is considered to move forward a more deterministic
explanation of the saturation level of the different carbon pools, estimation of the rates of
occlusion or release of labile organic materials and therefore their availability for
mineralization or stabilization (Plante and McGill, 2002), evaluation of soil structure which is
related with soil hydraulics and fertility, and optimization of the appropriate
measures/practices to manage landuse changes, and climate change (Bronick and Lal, 2005;

Rees et al., 2005).
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1.3.3 Summary on SOM Turnover Modeling

In the following box critical points regarding the modeling of SOM turnover are summarized

in a bullet-like form.

1. Process-oriented models have been extensively preferred in the scientific literature
over organism-oriented and cohort models.

2. The inclusion of much detail and complexity in soil biota dynamics and plant growth
models, in process-oriented models requires more field data for validation and
introduce a greater degree of error and uncertainty.

3. RothC, Century, and DNDC are the most frequently used process-oriented models.

4. The predicting efficiency of SOM models can be highly enhanced through calibration
of the decomposition rate constants, and constrained by using field measured plant
input and carbon pools derived by physical fractionation schemes.

5. Most model simulations of SOM turnover do not account for the inherent
uncertainties due to input data, initial conditions, and model parameters.

6. Current multi-pool SOC models are not always able to capture soil saturation capacity
and give reliable predictions for climate change effects, since they do not include in a
deterministic manner physical protection (e.g. aggregation).

7. The STRUC-C model, a modified version of RothC model- assuming that primary
interactions occur between clay particles and soil organic carbon components to form
organo-mineral associations, which are then bound together to form aggregates-
constitutes the first attempt towards the next generation SOM models, being the
most comprehensive carbon, aggregate, and structure model thus far. The most
important constrains of the model is that considers each aggregate type as being a
single carbon pool and does not account for POM in the aggregation process.

8. The conceptual model which suggests that macro-aggregates are formed around
POM, followed by the release of micro-aggregates as the occluded organic materials

are decomposed has not been modeled yet.
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1.4 THESIS OBJECTIVE

Overall, the objective of this dissertation was to improve our understanding of the
mechanisms of nutrient cycling and organic matter (SOM) protection/loss in soils and provide
tools that can be used to assist the sustainable functioning of soil critical zone. The scientific

issues researched in this thesis can be summarized in the following objectives:

o Assessment methodology for soil carbon simulation: Develop and validate with field

data a methodology for RothC model parameter estimation, through initialization
and calibration with field derived physical fractionation data, assessment of the
uniqueness of solution, sensitivity analysis and quantification of uncertainties in
modeling results.

o Testing of soil model across climatic gradient: Apply the developed methodology to

native land to cropland conversions along an international climatic gradient to assess
the pattern of carbon loss and the effectiveness of carbon addition, sensitivity
analysis and quantify the uncertainties.

o Develop soil structure model: Develop and validate with field data a coupled soil

carbon (RothC), aggregation, and structure turnover model, based on the current
knowledge of the proposed mechanism in the relavant scientific literature that
suggests that macro-aggregates are formed around particulate organic matter,
followed by the release of micro-aggregates.

o Assess soil status of Koiliaris River Basin Critical Zone Observatory: Assess the soil

status by selecting with sophisticated statistics the appropriate soil parameters and
qguantify the effects of livestock grazing, landuse changes and climate change on soil

biochemical quality and water quality.
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2. ROTHC-CALIBRATION ISSUES AND UNCERTAINTY ANALYSIS

Modeling topsoil carbon sequestration in two contrasting crop production to set-aside

conversions with RothC — calibration issues and uncertainty analysis

Abstract: Model simulations of soil organic carbon turnover in agricultural fields have
inherent uncertainties due to input data, initial conditions, and model parameters. The RothC
model was used in a Monte-Carlo based framework to assess the uniqueness of solution in
carbon sequestration simulations. The model was applied to crop production to set-aside
conversions in lowa (sandy clay-loam soil, humid-continental climate) and Greece (clay-loam
soil, Mediterranean). Fallow fields were left set-aside from crop production for 20 and 35
years in lowa and Greece, respectively and native vegetation was developed (Grassland in
lowa and shrubland in Greece). The model was initialized and calibrated with particulate
organic carbon data obtained by physical fractionation. The calibrated values for the lowa
grassland were 5.05 t C/ha, 0.34 1/y, and 0.27 1/y for plant litter input and decomposition
rate constants for resistant plant material (RPM) and humus (HUM), respectively, while for
the Greek shrubland these were 3.79 t C/ha, 0.21 1/y, and 0.0041 1/y, correspondingly. The
calibrated RPM and HUM decomposition rate constants were significantly different
compared to the default RothC values. Different clay content of the two sites affected
differently ‘apparent’ sensitivity of decomposition to temperature and/or moisture. The
model sensitivity analysis revealed that for both sites, the total plant litter input and the RPM
rate constant showed the highest sensitivity in respect to the predicted soil organic carbon
content. The lowa soil was projected to sequester 17.5 t C/ha and the Greek soil 54 t C/ha
over 100 years and the projected uncertainty was 65.6% and 70.8%, respectively. The
implications of these uncertainties are important; hampering our ability to accurately predict
carbon sequestration under set-aside conditions. The developed methodology can be used to
assess the factors affecting carbon sequestration in agricultural soils and quantify the

uncertainties.
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2.1 INTRODUCTION

Conversion of native vegetated lands to croplands is known to induce soil organic carbon
(SOC) losses due to ploughing. In medium to fine textured, structured soils, during ploughing,
aggregates are partly destroyed and physically protected SOC is exposed, the bio-available
fraction becomes then bio-accessible and can be microbially oxidized causing SOC decline
and consequent CO, emissions (Balesdent et al., 1998). Most of the SOC loss, in structured
soils, is attributed to the destruction of large macro-aggregates which consist primarily of
labile SOC (Emadi et al., 2009). The free or occluded labile (light fraction with a density lower
than 1.6-2 g cm™) SOC, consisting primarily of particulate organic carbon (POC), is the fraction
mostly affected by ploughing (Wagai et al., 2008), while the denser mineral fraction is mostly
affected in the medium- to long-term time scale (Don et al., 2009). Particulate organic
carbon, unprotected though, is also most affected due to ploughing in structureless sandy

soils.

On the other hand, the conversion of cultivated fields to grasslands, shrublands or forests has
been shown to sequester carbon in soils (Guo and Gifford, 2002), which is primarily
attributable to POC changes in the topsoil (Potter and Derner, 2006). Soussana et al. (2004)
have reported that it takes twice as long to restore the carbon content in restored grasslands
compared to the time it takes to lose the carbon through cultivation (i.e. ploughing). The re-
formation of soil aggregates after such landuse change indicates the ‘soil resilience’ potential
(Lal, 1997). Particle aggregation provides structure to soils and has been related to soil
fertility. An “agronomically valuable” soil is a soil where greater than 60% of the particle
mass in the aggregated form is in the range between 0.25 and 10 mm (Banwart et al., 2011).
The extent of soil degradation and restoration depends on management practices as well as
the factors that determine soil structure and aggregation (Angers and Carter, 1996) which
include SOC and total nitrogen (TN) content, soil mineralogy, and clay content, soil
macrofauna (e.g. earthworms), and root, root hair and (vesicular-arbuscular) mycorrhizal
hyphal densities, as well as the climate under which the soil was formed. Understanding the
factors controlling landuse effects on soil particle aggregation is therefore very important in
order to improve SOM modeling and soil restoration techniques (Angers and Carter, 1996;
Rees et al., 2005). Physical fractionation schemes can be used to appraise the effect of
landuse change on particle aggregation and estimate the fractions of carbon such as the
humus and particulate fractions that can be used to calibrate the turnover of carbon with

mathematical models.
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The turnover of SOC is usually described with multi-compartment models. Many soil carbon
models have been utilized in the scientific literature and comparison of their structure and
modeling results can be found in review papers (e.g. Battle-Aguilar et al., 2010; Falloon and
Smith, 2000; Manzoni and Porporato, 2009; Nikolaidis and Bidoglio 2012; Shibu et al., 2006;
Smith et al., 1997). These models have been used to simulate SOC turnover of discrete soil
organic carbon pools using either default or calibrated decomposition rate constants mostly
without accounting for the uncertainty that arises from the initial conditions, model
parameters, inputs as well as model structure with very few exceptions (Juston et al., 2010;
Paul et al.,, 2003). However, models can be greatly constrained by using field measured
carbon pools to initialize and calibrate the model. For example physical fractionation
schemes like dispersing and sieving sieving (Skjemstad et al., 2004) as well as density
fractionation (Zimmermann et al., 2007) have been used to measure modeled carbon pools
in RothC carbon model. The complexity of the interrelationships among the carbon turnover
model parameters and inputs require a modeling framework to assess the uniqueness of
solution and the uncertainties due to model structure, initial conditions, model parameters
and input data. In this study, the RothC carbon model which is one of the more widely used
carbon models along with CENTURY and DNDC was selected for its simplicity and because

physical fractionation data could be related with its carbon pools.

The objective of this study was twofold: a) develop a procedure for model parameter
estimation applied to cases of cropland to fallow conversions (through initialization and
calibration with field derived physical fractionation data) where the litter/manure input has

not been measured and b) quantify the uncertainties in RothC modeling results.

2.2 METHODOLOGY

A Microsoft Excel version of the Rothamsted Carbon Model-version RothC-26.3 (Coleman and

Jenkinson, 1999) was developed (see paragraph 2.2.3 for details) and used in conjunction
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with the statistical simulation package @RISK (PALISADES Corp.) in order to simulate the
uncertainty in topsoil carbon turnover during cropland to set-aside from crop production
(which was cultivated in the past and was left uncultivated with native vegetation)
conversion in lowa (grassland) and Greece (shrubland). A physical fractionation scheme was

used to obtain the required data to initialize and calibrate the model.

2.2.1 Study sites

Two sites (Table 2.1) were chosen with paired plots of adjacent cropland and set-aside fields.
The first site (indicated as IA) was in the outskirts of lowa City, IA, USA (41°45°N, 91°44°W,
230 m), indicative of humid continental climate with soils with coarse texture-sandy loam.
Mean annual temperature in the region is 10.3 °C (21.2+3.1 °C, May — Sep) and mean annual
precipitation 923 mm (60%, May - Sep). The second site (indicated as GR) was in the northern
part of Chania Prefecture, Crete, Greece (39°25'N, 51°41°E, 10 m), where typical semi-arid,
Mediterranean climate dominates and soils have finer texture-clay loam. Mean annual
temperature in the region is 18 °C (23.9+2.5 °C, May — Sep) and mean annual precipitation
652 mm (6.0%, May-Sep). In lowa, the wet and warm cropping period lasts from May to
September, while during the winter period soil is covered by snow. In Greece, most of the
precipitation is taking place during the winter time, from November to March (77% of the
annual precipitation) where the temperature is low (12.5+1.9 °C) and therefore warm

cropping period is dry.

Soils in both sites were recent alluvial depositions. lowan soils were very deep, poorly
drained soils, formed in colluvium alluvial fans, and characterized as colo-ely (Udolls Mollisols
or Phaeozems-FAO, 1998). Udolls are more or less freely drained Mollisols of humid climates
that naturally were tall grass prairies and are used as croplands. Cretan alluvial deposits
(Quaternary formations) are shallower than those at lowa and characterized as calcaric
Regosols-known also as para-rendzinas, or Entisols in the American System (FAO, 1998).
Regosols are frequently associated with Leptosols and Arenosols and are soils with very
limited soil development. Regosols and Phaeozems are used as arable lands and correspond
to 7.1% and 9.7% of the total world area used for arable cultivation (which is 18 % of total

world land cover) (The World Factbook, 2008).

The lowa arable field was disk ploughed to about 30 cm soil depth and used for the
production of corn and soybeans. Prior to being set-aside, about 20 years ago, the lowa

uncultivated field received the same management. Mollisols in the Midwest have been
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cultivated for more than 150 years. However, most of the organic matter decline occurred by
1960 and has been at steady state under production practices in place since then (David et
al., 2009). The Greek arable field was used for the production of green vegetables and tillage
was lighter and shallower compared to lowa. The Greek field had been set-aside from crop
production about 35 years. For modeling purposes, the soils have been assumed to be at

steady state in terms of carbon content; however this assumption is inherently uncertain.

Table 2.1 Study sites location and characteristics.

lowa River Basin floodplain, 1A, USA Koiliaris River basin floodplain, Crete, GR
Coordinates 41°45°N, 91°44°'W 39°25°N, 51°41°E
Elevation, m 230 10
Climate type Humid continental Mediterranean
PREC, mm/y 923 (60% MAY - SEP) 652 (77% NOV-MAR)
TEMP, °C 10.3 (21.2+3.2 MAY —SEP) 18.1 (12.5+1.9 NOV — MAR)
Bedrock type | Loess and till glacial Alluvial sediments (Quaternary)
Soil type Udolls Mollisols or Phaeozems Entisols or calcaric Regosols
Texture Sandy loam Clay Loam
Tillage Intensive till/disk plow Light and shallow plowing
Crops Corn, bean Vegetables
Set-aside Grassland Shrubland
Set-aside, y 20 35

Soil sampling was designed based on the objective to simulate the evolution of soil carbon
from cultivation to set-aside conditions. As reported in previous studies (Potter and Derner,
2006) most of the changes in aggregation and SOC storage are known to take place in the
topsoil down to plant rooting depth. Typical rooting depth of Mediterranean shrublands
found in Greece was 10 cm (Beier et al., 2009). Organic carbon has been found to
concentrate in the top 10 cm and a sharp decline has been observed in the subsoil of both
tilled (2.1+0.5 times) and no tilled (1.6+0.3 times) fields of olive groves in the alluvial plain of
Koiliaris River Basin (Figure 2.1, details about these data are given in chapter 5). On the other
hand although the rooting depth in lowa grassland is deeper, most of the root biomass is
found in the topsoil. Studies have indicated that 73-87% of the total root biomass (0-125 cm)
across different plants in lowa was found in the 0-35 cm (Tufekcioglu et al., 2003), while 90%
of prairie root biomass (0-50 cm) was found in the 0-25 cm and 60% in the upper 5-cm
(Buyanovsky et al., 1987). In order to compare the results between Greece and lowa, surface

soil was sampled from 0-10 cm in both croplands and set-aside fields. Each disturbed sample
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was a composite of five representative subsamples. A stainless steel shovel was used to
turnover the soil to a pre-specified depth. Samples were taken from the middle of the pile
paying attention not to break the aggregates and minimizing compression. The composite
sample was the combination of five subsamples obtained from different locations within the
same field. Bulk density was calculated using 100 cm® cores (undisturbed samples). The 10-30
cm soil depth was also sampled from the lowa soils in order to account for the greater
rooting depth and validate the changes in total SOC storage. Recent plant residues and very
large stones were removed from the fresh soil samples by hand. Large stones comprised only
a very small percent of soil composition in the Greek soils and were not present an all in lowa
soils. They were not taken into account in SOC stocks calculations. The samples were air dried
and stored in a cool-dry place not more than 2-3 months until further analysis. Subsoil

samples were measured for SOC and TN content and bulk density.
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Figure 2.1 Soil organic carbon content in topsoil (0-15 cm) and subsoil (15-30 cm) of tilled and no-
tilled olive grove fields (samples taken from the area between the trees) in the alluvial plain of
Koiliaris River Basin (average and standard deviation derived by three spatial samples). (Details

about these data are given in Chapter 5).

2.2.2 Physical fractionation

The methodological approach was based on the physical fractionation scheme given in Figure
2.2. Soils were separated in different water stable aggregate (WSA) fractions and the macro-

aggregates were further separated in particulate organic matter (POM) (sand sized fractions
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and POM) and smaller micro-aggregates. All fractions were measured for their content in

total C and N. The FTIR spectra of the aggregate fractions were also obtained.

Aggregate fractionation procedure

Bulk soil was gently sieved to pass through an 8 mm sieve and residual litter was removed.
Then the soil was separated into five water stable aggregate (slake resistant) fractions
according to the procedure described by Elliott (1986): i) large macro-aggregates (>2000 um),
ii) medium macro-aggregates (1000-2000 um), iii) small macro-aggregates (250-1000 pm), iv)
micro-aggregates (53-250 um), and v) silt-clay sized micro-aggregates and minerals (<53 pum).
Aggregate fractions were determined on triplicates, where air-dried soil (40 g) was quickly
submerged in deionized water on top of the 2000 um sieve (for 5 min), which was then
moved up and down over 2 min with a stroke length of 3 cm for 50 strokes. The organic
material floating on the water in the 2000 um sieve was removed after the 2 min cycle
because it is not considered SOM. Sieving was repeated on the 1000 um (40 strokes), 250-pum
(30 strokes) and 53-um (10 strokes) sieves using the soil plus water that passed through the
next larger sieve. Clay from the 53 um sieve was gently removed. Aggregates remaining on
each sieve were oven-dried at (40°C), weighed and stored in glass jars at room temperature.
Sand content was determined on aggregate fraction subsamples after dispersing soil in
sodium hexametaphosphate (0.5%) for 18 h on a rotary shaker at 190 rpm. The samples were
then passed through the sieve corresponding to the lower limit of each aggregate size (e.g
the 1000-2000 um sized aggregated with the 1000 um sieve) and the sand mass retained in
the sieve was used for sand correction. Mean weight diameter (MWD) was calculated by
summing the weighted proportion of each aggregate fraction and was used as an index of

aggregate stability.
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Water Stable Aggregate (WSA) Fractionation

(bulk soil)
A4
large medium small microagaregates: silt-clay sized
macroaggregates: macroaggregates: macroaggregates: (53_330 gm) ’ microaggregates:
(>2000 pm) (1000-2000 pm) (250-1000 pm) v (<53 ym)
. . . . fPOM sc-mM
Microaggregate Isolation Fractionation (53-250 pm) (<53 um)

(composite macroaggregates, > 250 pm)
(small macroaggregates, 250-1000 pm)

A 4

cPOM mM sc-M
(>250 pm) (53-250 pm) (<53 pm)
fPOM sc-mM
(53-250 pm) (<53 pm)

Figure 2.2 Physical fractionation scheme used in the study. cPOM = coarse particulate organic
matter, mM = micro-aggregates within macro-aggregates, sc-M = easily dispersed silt-clay fraction,
fPOM = fine particulate organic matter, scc-mM = silt-clay fraction of the microaggregate. POM

fractions correspond to sand sized fractions and free POM.

Micro-aggregate isolation procedure

In order to reveal possible differences in the composition and turnover rates of the macro-
aggregates of different sizes and the patterns of the decomposition sequence the micro-
aggregate isolation procedure outlined in Lichter et al., (2008) was followed to both small
macro-aggregates (250-1000 um) and composite macro-aggregates (>250 pm) samples. A
subsample (10 g) of small macro-aggregates (250-1000 um) and of composite macro-
aggregates (>250 um) was further separated into the following fractions by the micro-
aggregate isolation procedure outlined in Lichter et al., (2008): i) coarse particulate organic
matter and sand (cPOM: >250 um), ii) micro-aggregates (mM: 53-250 um), and iii) easily
dispersed silt-clay fractions (sc-M <53 um). Briefly, the subsample of the aggregates was
immersed in deionized water on top of a 250- mm mesh screen and gently shaken with 50
glass beads (4 mm in diameter) with continuous and steady water flow through the device to
ensure that micro-aggregates were immediately flushed onto a 53-mm sieve and were not
exposed to any further disruption by the beads (Six et al., 2000). After all macro-aggregates
were broken up, the material on the 250 um sieve was collected (cPOM) and sieved through
the 53-um sieve to ensure that the isolated micro-aggregates were water stable (mM). The

fraction that passed through the 53 um sieve (sc-M) was also collected. The three fractions
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were oven-dried at (40°C), weighed and stored in glass jars at room temperature. The micro-
aggregates within the macro-aggregates (mM) as well as the 53-250 um sized aggregates
(micro-aggregates) were similarly separated to fine particulate organic matter and sand
(fPOM: 53-250 um) and silt-clay fraction of the micro-aggregate (sc-mM <53 um). Using
Lichter et al., (2008) as a guide for this procedure, the free POM and intra POM were not
separated, as it was observed that during the floatation procedure the macro-aggregates are
collapsed and the separation cannot always be successful. Free POM which is also reported
as occluded POM is negligible in terms of mass (1% and 2% for agricultural and forest soils

respectively), but has the same C-to-N ratio as the free fraction (John et al., 2005).

FTIR spectra

Fourier transform infrared spectroscopy (FTIR) was used as an easy and quick estimation of
the chemical composition of the soil organic matter for each aggregate fraction, and
specifically the aromatic carbon as indicative of the plant derived material. Spectral
characterization of soil aggregates was performed by diamond attenuated total reflectance
(DATR) FTIR spectroscopy using a Nicolet Magna-IR 550 FTIR spectrometer (Thermo Electron,
Warwick, UK) fitted with a potassium bromide beam splitter and a deutroglycine sulphate
detector without the dilution with KBr (Artz et al., 2008). Dry and powered samples were
placed directly on the crystal and a tip powder press was used to achieve even distribution
and contact. Spectra were acquired by averaging 20 scans at 4 1/cm resolution over the
range 4000-350 1/cm. Baseline was obtained before every run. All spectra were corrected
for attenuation by water vapor and CO,. The baseline and ATR correction were also applied
(Omnic software, version 8.0, Thermo Electron). In order to quantify the relative changes in
the FTIR spectra and for spectral comparison, relative absorbance (rA) was calculated by
dividing the corrected peak height of a distinct peak (e.g. 2920, 1630, 1440, 1030 1/cm) by
the sum of the heights of all peaks and multiplying it by 100. The parameters for each peak
were as follows: Base 1/peak/Base 2 (all in 1/cm) 3000/2920/2800; 1700/1630/1560;
1490/1440/1400; 1190/1050/900 (Gerzabek et al., 2006).

Physico-chemical analysis
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Soils were measured for dry bulk density (gravimetric method), pH and soluble salts
(conductivity)-measured in a 1:2 soil to water ratio (Methods of Soil Analysis, 1982), and
texture (Bouyoucos, 1936). The KCI extraction (2 M KCl in a 1:5 soil-to-solution ratio) was
used for the estimation of potential mineralizable N (PMN=NH3-N+NO3-N) of soils using
standard operating procedures (Hack 2010 spectrophotometer procedures manual, 1999) for
NOs;-N (Cadmium Reduction Method, 8039) and NH,-N (Salicylicate Method, 10023).
Potential soluble organic nitrogen (PSON) was also measured by the Kjeldahl digestion
technique (Nessler method, 8075). The potential soluble organic carbon (PSOC) was also
estimated by a TOC analyzer (Shimadzu 5050), after the removal of inorganic carbon by air
sparging for 10 min (Instruction Manual TOC-5050A, Shimadzu Corporation). The extracted
pools were also measured for their content in carbohydrates colorimetrically using the
phenol-sulfuric acid procedure (Piccolo et al., 1996). Bulk soil, aggregates, and fractions from
the microaggregate isolation procedure were measured for their content in C by a TOC
analyzer-solid sample module SSM-5000 (corrected for their inorganic C content) and N by
the Kjeldahl digestion technique with a Hach digestahl digestion apparatus (Nessler method,
8075). The total C and N content of the sc-mM fraction was not measured but estimated as

the difference between the micro-aggregate (mM) and the fPOM.

2.2.3 Carbon turnover modeling

Topsoil carbon turnover during cropland to set-aside conversion in lowa (grassland) and
Greece (shrubland) was simulated with the RothC carbon model and the uncertainty was
estimated. A Microsoft Excel version of the Rothamsted Carbon Model-version RothC-26.3
(Coleman and Jenkinson, 1999) was developed. An initial excel version was provided by
Todorovic et al. (2010). The calculation of RothC ‘abc’ parameters (described in the following
paragraph) was added in the excel version that was developed. The model was crossed
verified with the original exe of RothC-26.3 with the default values of model parameters and

gave identical results. No structural changes were made.

RothC is based on a monthly time step calculation and can simulate SOC turnover over a
period ranging from a few years to a few centuries. Soil organic carbon is split into four active
pools which decompose by a first-order process, each with its own characteristic rate and an
amount of inert organic matter (IOM) resistant to decomposition (Figure 1.17). The four

active compartments are Decomposable Plant Material (DPM), Resistant Plant Material
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(RPM), Microbial Biomass (BIO) and Humified Organic Matter (HUM). The DPM and RPM
carbon pools correspond to the carbon related with particulate organic matter and the BIO
and HUM to the carbon related with the silt-clay fraction. The name of the HUM pool is only
operational and does not correspond to humus of the old view (see the literature review
presented in Chapter 1). The model default decomposition rate constants (k, 1/y) for each
compartment are: DPM: 10.0, RPM: 0.3, BIO: 0.66, and HUM: 0.02. The decomposition rate
constants are corrected by a rate modifying factor for temperature (a), the topsoil moisture
deficit rate modifying factor (b), and the soil cover factor (c). The model apportions plant
litter input between DPM and RPM depending upon the vegetation type (1.44 for grassland
and 0.67 for shrubland). Both DPM and RPM decompose to form CO,, BIO and HUM. The
proportion that goes to CO, and to BIO and HUM is determined by the clay content of the
soil. The BIO and HUM is then split into 46% BIO and 54% HUM. BIO and HUM both

decompose to form more CO,, BIO and HUM.

The meteorological data used in the modeling exercise (average monthly mean temperature,
precipitation, and evapotranspiration) were obtained by the Local Climate Estimator (New
LocClim 1.10, Grieser 2006) and are presented in Table 2.2. Soil thickness was set to 10 cm.

The set-aside fields were covered the whole year by grass (IA) and shrubs (GR).

Table 2.2 Mean monthly meteorological data used for the application of the ROTHC model in the

two sites (taken from the Local Climate Estimator-New LocClim 1.10, Grieser, 2006).

IA (lowa, USA) GR (Crete, Greece)

TEMP PREC PET TEMP PREC PET
January -6 25 22 11 142 51
February -4 24 27 11 112 57
March 3 60 55 13 81 80
April 11 94 96 16 32 112
May 17 103 133 20 13 159
June 22 115 160 24 5 203
July 25 125 165 26 1 222
August 23 112 143 26 2 199
September 19 99 108 23 19 142
October 13 72 82 19 80 94
November 5 54 45 16 73 64
December -3 40 25 13 94 55
Annual 10 923 1060 18 652 1437

FOTINI E. STAMATI ENVIRONMENTAL ENGINEER 93




Initialization/Calibration

The measured SOC and POC contents (Table 2.7), derived by the applied physical
fractionation scheme were used to estimate initial carbon pools (croplands) and calibrate
(set-aside fields) the model, since the particulate organic carbon (carbon content of the
fraction >50 um) has been associated with the RPM and DPM pool of RothC (Galdo et al.,
2003; Krull et al., 2005; Gottschalk et al., 2010). Initial SOC was partitioned among the
different carbon pools (RPM, DPM, BIO, IOM and HUM) using the following approach. The
POC corresponds to the sum of RPM and DPM fractions and was apportioned by calibration.
Following RothC model recommendations, BIO was assumed to be 3% of the total SOC and
IOM was estimated by using the equation suggested by Falloon et al. (1998): IOM =
0.049*SOC***. For the estimation of IOM content, the set-aside SOC content was used since
the inert carbon it is not usually considered to change significantly because of cultivation in a
few decades. However, due to the uncertainty of this assumption in the uncertainty analysis
the range of the IOM pool is from zero to the value taken by Falloon’s equation. Finally, the

HUM pool was calculated by difference of the other pools from the total SOC.

The developed excel version of the RothC model was used in combination with @RISK
(PALISADES Corp.) in order to simulate the uncertainty in carbon turnover during set-aside
conditions due to initial conditions, model parameters, and inputs. First, RothC/@RISK was
used in a Monte-Carlo fashion in order to identify the optimal/unique solution of model
parameters and input that best simulates each soil. Plant litter input and six model
parameters were considered simultaneously with uniform distributions (Table 2.8). Since the
plant litter had not been measured, the appropriate range found in the literature for the
specific climate and landuse was used to constrain the model. The carbon input of plant
residues for the set-aside field in lowa (grassland) was the sum of average values for the
above and below-ground (0-15 cm) potential input for recently restored grasslands in south
central lowa as 5 to 10 t C/ha (Guzman et al., 2010); while within this range has been also
found the maximum litter residue (7.59 t C/ha) in prairies in central Missouri (Buyanovsky et

al., 1987).

Beier et al. (2009) found in six shrublands across Europe that plant litter ranged from 1.0 to
5.3 t C/ha for the 0-20 cm soil depth and above ground litter contributed 14.7% to 62.3%
(0.33 to 1.43 t C/ha). If it is assumed that 80% of the belowground litter was found in the 0-

10 cm, which was the main rooting depth in all six sites as it is indicated in the study, the
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plant litter should range from 1 to 4.5 t C/ha. Similar values for litterfall in Mediterranean
shrublands (0.65-1.45 t C/ha, assuming that carbon content of litterfall biomass is 50%, as it
is indicated by the study) were reported by Fioretto et al. (2003). An initial range based on
the values that have been reported in the literature was introduced for the RPM (0.1 to 0.8
1/y) and HUM (0.0001 to 0.3 1/y) decomposition rate constants. For the remaining model
parameters (DPM and BIO decomposition rate constants, DPM-to-RPM ratio, and BIO%, the

range was established as £10% of their default RothC values.

Monte-Carlo simulations with 5000 iterations were conducted using the distributions of the
plant input and the six model parameters described above. The simulation run was for the 20
and 35 years in lowa and Greece, respectively, since during these years the SOC content of
the set-aside fields was measured and used for calibration. The solution producing the best
fit between the measured (the measured values of the set-aside fields) and modeled SOC and
POC data was considered as the optimum solution and the values of the parameters that
generated the solution as the calibrated values. The ensemble of solutions falling within the
5% of the SOC and POC measured values was also examined in order to confirm the
uniqueness of the optimum solution. The standard uncertainty of the mean SOC and POC
measured value corresponds to the assumption of normal distribution with coefficient
variation 7% (Zhang et al.,, 2011), where the 90% confidence interval would be 5.1%
(considering n=5 for soil samples). We acknowledge that due to limited data (one composite
sample of five subsamples) in this study the 5% is set arbitrarily. However with this 5%, we
aim to correspond to the 90% confidence interval of the mean, for the described
assumptions. The initial range of plant input as well RPM and HUM decomposition rate
constants was narrowed (Table 2.8), so as more iterations to pass the criterion and calculate
better statistics. The low standard deviations of the plant input and six model parameters of

the selected solutions suggest the uniqueness of the optimum solution.

Sensitivity Analysis

Once the model was calibrated, sensitivity analysis was performed with respect to the
change of the SOC content the 20" and 35" year after the conversion of croplands to set-
aside fields in lowa and Greece, respectively. The six model parameters (DPM, RPM, BIO, and
HUM decomposition rate constants, DPM-to-RPM ratio, HUM%) and the plant litter input

were varied +10% and +50% from the calibrated values.
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Uncertainty Analysis

Finally, the propagation of uncertainty in the simulated results due to initial conditions (SOC,
DPM, RPM, BIO, HUM, and IOM carbon pools), plant litter input and soil clay content, as well
the six model parameters used for calibration was conducted for each category separately
and all together. The simulation run was for 100 years for both sites. The distribution for each
parameter derived from the Monte-Carlo simulation for the iterations falling within the £5%
of the SOC and POC field measured values was used in the uncertainty analysis. Field
variability for initial conditions and clay content could not be estimated since soil samples
were only one composite of five subsamples. To address this issue, the distribution was
selected to be normal having as mean the measured value and a standard deviation of 5% of
the mean. The uncertainty of the IOM pool was considered to be a uniform distribution
ranging from zero to the value obtained by Falloon’s equation. The HUM pool was calculated

by difference.

2.3 RESULTS AND DISCUSSION

2.3.1 Soil Characterization

Bulk soil physicochemical characteristics

The basic physicochemical soil measurements are presented in Table 2.3. The pH of the set-
aside IA soil was almost neutral (6.9), while the cropland soil pH was acidic due to fertilization
(6.2). The pH of both Greek soils was basic (7.7-7.8) reflecting the calcaric composition of the
soils. Potential mineralizable N (PMN), potential soluble organic N and C (PSON and PSOC), as
well carbohydrate C increased in the set-aside soils by a factor of 4.9, 3.5, 2.9, and 2.7 for

lowa and only 1-1.5 times for Greece.

Set-aside from crop production in lowa and Greek soils for 20 and 35 years, respectively, as it
was indicated by the field measurements resulted in similar rates of C increase (0.777 and
0.648 t C/ha y) in topsoil (10 cm), while the N increase was doubled for lowa as compared
with Greece (0.048 and 0.019 t N/ha y). The measured increase of SOC was accompanied by

16% and 6% decrease of soil bulk density for IA and GR, respectively. Subsoil carbon density
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in set-aside and cropland fields in the lowa site (Table 2.3) was found to differ only by about

2%, verifying the assumption that most of the SOC gain found in the topsoil where the dense

root system is found (Potter and Derner, 2006).

Table 2.3 Chemical and physical properties of IA and GR soils.

IA (lowa, USA) GR (Crete, Greece)

Cropland IA Set-aside IA Cropland GR Set-aside GR
Bulk Density (kg/m°) 1110/1217° 930/1024° 1180 1110
pH 6.2 6.9 7.8 7.7
Sand (%) 38 63 30.1 27.4
Clay (%) 7 7 30 30
SOC’ (%) — BS°/AF"/Subsoil | 1.70/1.68/1.59 | 3.70/3.55/1.85 | 2.94/2.90 5.17/5.27
TN (%) - BS/AF/Subsoil 0.14/0.14/0.11 0.27/0.26/0.17 0.24/0.22 0.32/0.31
C-to-N - BS/AF 11.7/11.7 13.6/13.8 12.3/12.9 16.4/16.9
Recovery (%)-AF: OC/TKN | 98.5/98.5 95.9/94.3 98.6/93.5 102/99.3
PMN (mg N/kg™) 15.8 78.3 31.2 43.9
PSON (mg N/kg™) 21.4 74.4 23.5 36.0
PSOC (mg C/kg™) 132.7 390.7 228.9 360.8
Carbohydrates /mg C/kg?) | 45.1 123.1 42.0 42.3

® For the 10-30 cm subsoil.

®The Set-aside and cropland GR exhibited 0.98% and 0.17% inorganic carbon content, respectively,
while the rest lower than 0.03%.

“BS: Bulk Soil

“AF: Aggregate Fractionation.

Accounting also for the subsoil (0-30 cm), the increase for the lowa soil was found to be
similar for C (0.736 t C/ha y; 0-30 cm), being however double for nitrogen (0.088 t N/ha y; O-
30 cm). The rates were similar with values for arable to grasslands conversions reported for
French sites (0.4840.26 t C/ha y) (Soussana et al., 2004) as well sites in the UK (0.3 to 0.8 t
C/ha y) (Ostle et al., 2009). The C-to-N ratio was lower in croplands compared to set-aside
fields, likely indicating less stabilized organic matter. The increase of the C-to-N ratio in set-
aside fields was found to be higher in Greece compared to lowa, indicating the effect of the
plant litter material quality (shrubland in Greece versus grassland in lowa) and possibly less

decomposed organic matter.
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Water stable aggregates, C/N distribution, C/N fraction concentration, and FTIR spectra

The distribution of the (sand-free) WSA for the four soils is given in Table 2a and Figure 2.3a.
The procedure for the water stable aggregates (WSA) isolation yielded that aggregate
recovery was higher than 90% for the four soils (Table 2.4). The total WSA were found to be
higher in set-aside fields by 68% (IA) and 10% (GR) compared to croplands. The increase of
WSA weight and stability in set-aside soils was primarily attributed to large and medium sized
macro-aggregate. At the same time, decline was observed in the microaggregate and the silt-
clay sized fraction. The shift in composition to larger aggregates was very significant in the
lowa set-aside soil, were macro-aggregates (>250 um) increased by 110% comprising 82% of
soil composition compared to cropland where they were 39%. In Greece, the increase was
smaller (43%) and macro-aggregates (>250 um) comprised 66% in the set-aside soil. At the
same time, decline was observed in the micro-aggregate(53-250 um) and the silt-clay sized
fractions (<53 um). The shift in composition to larger aggregates was very significant in the
lowa set-aside soil; macro-aggregates (>250 pum) increased from 39% to 82% of soil
composition (Table 2.4). In Greece, the increase was smaller (43%) and macro-aggregates
comprised 66% in the set-aside soil. The shift in composition to larger aggregates caused an
increase in the MWD by 108% (lA) and 52.5% (GR) in lowa and Greece, respectively The C and
N content in the various aggregate fractions is presented in Table 2.4 and Figures 2.3b and
2.3c. Soil Ciin IA cropland was 16.8 g/kg with 60% in macro-aggregate fraction, while in 1A set-
aside was 35.5 g/kg with 90% in macro-aggregate fraction. Similarly, soil C in GR cropland was
29.1 g/kg with 58% in macro-aggregate fraction, while in GR set-aside was 52.8 g/kg with 71%

in macro-aggregate fraction. Similar patterns were also observed for N.

The C and N concentration increased up to 2 times in the aggregate fractions in the Greek
set-aside soil compared to cropland (Figure 2.4). Similarly, Bongiovanni et al. (2006) found
small macro-aggregates and micro-aggregates in croplands converted from forested lands to
have 2 times lower C concentrations. The C The N and particularly the C content of the easily
dispersed silt-clay sized fraction (sc-M) and the micro-aggregate related silt-clay fraction (sc-
mM) in the Greek set-aside soil were found to be significantly higher compared to the
respective concentrations of cropland (Figure 2.5). The increase of C and N concentration in
macro-aggregates was attributed both to particulate organic matter and mineral related
organic matter. The POC contribution in the carbon content of the composite macro-
aggregate fraction was 44 and 51% in set-aside and cropland field and 38 and 34 % in the
250-1000 pm fraction (Figure 2.6).
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Figure 2.3 a) Soil water stable (sand free) aggregate distribution, b) C distribution among aggregates

fractions, and c) N distribution among aggregates fractions.
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Table 2.4 Soil water stable aggregate distribution (WSA, g sand-free aggregate/100 g soil), particle recovery, and mean weight diameter (MWD) as well C and N
distribution among aggregates fractions (g/kg). Values are shown as means and standard deviation is given in brackets (n=3). Mean values followed by the same
lowercase letter within the same column are not significantly different at P<0.05). Mean values followed by the same uppercase letter within the same row are not

significantly different at P<0.05).

Cropland IA Set-aside IA Cropland GR Set-aside GR
WSA C N WSA C N WSA C N WSA C N

>2000 pm 8.2 (4.8)b, C 1.5 0.11 34.6 (3.3)a, A 12.8 0.96 16.6 (1.1)b, B 6.0 0.46 29.6 (5.8)a, A 16.1 1.03
1000-2000 um 0.4 (0.04)c, D 0.2 0.01 15.7 (2.5)b, A 6.5 0.47 2.9(0.5)d, C 1.4 0.09 8.1(1.6)c, B 4.5 0.27
250-1000 pm 30.2 (4.4)a, AB 8.3 0.77 31.4(2.4)a, A 12.7 0.87 26.5(1.8)a, B 9.3 0.67 27.9(2.4)a, AB 16.8 1.00
53-250 um 9.4 (2.4)b, C 5.1 0.41 5.9(0.4)c, C 3.0 0.22 23.7 (0.6)a, A 9.5 0.78 15.9(2.8)b, B 12.6 0.65
<53 um 5.3(1.1)b, B 1.7 013 2.2(0.3)d, C 0.5 0.04 10.1(0.7)c, A 29 024 5.6 (0.7)c, B 2.8 0.17
Recovery (%) 94.5 (1.0) 93.1(1.6) 91.5(1.5) 94.6 (3.6)

WSA 53.4(1.8)B 89.8 (0.19) A 79.6(0.4) C 87.2(2.0)0A

WSA (>250 um) 38.7(4.0)B 81.7 (0.10) A 45.8 (1.5) D 65.5(5.3) C

MWD (mm) 1.16 (0.51) B 2.42 (0.24) A 1.36 (0.09) B 2.07 (0.38) A
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In lowa set-aside soil increase of C and N concentration was observed only in macro-
aggregates while in finer aggregates presented lower concentration (Figure 2.4). The latter
has been also observed by Emadi et al. (2009). The micro-aggregate isolation confirmed that
all the mineral fractions in lowa set-aside field exhibited lower concentrations compared to
the cropland (Figure 2.5). Don et al. (2009) also found that the conversion of cropland into
grassland in a soil with very low clay content (5-7%) in contrast with a rich in clay soil (30%)
did not resulted in the increase of the mineral-associated carbon fraction as it was limited by
total clay surface area available for carbon stabilization. The increase of C and N
concentration in macro-aggregates was attributed to POM. The C content of the composite
and the 250-1000 um aggregate fraction attributed to POM in the lowa cropland was 19%
and 23%, respectively and changed to 63% and 50% in the set-aside field (Figure 2.6).
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Figure 2.4 a) C and b) N concentration of the sand free aggregate fractions (g kg™*). Values are shown
as means (n=3). Standard deviation was lower than 1-3% for OC and 1-4% for N. Mean values
followed by the same lowercase letter under the same series label are not significantly different
(p<0.05). Mean values followed by the same uppercase letter under the same x-axis legend are not

significantly different (p<0.05).
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The C-to-N ratio increased in aggregate fractions of set-aside soils and the relative increase
was found to be higher in Greece compared to lowa, in accordance with the bulk soil
measurements. More labile organic matter indicated by higher C-to-N ratio (Elliot, 1986) was
found in macro-aggregates, attributed to the increase of C-to-N ratio of the particulate

organic matter fractions in lowa and both particulate and mineral associated carbon fractions

in Greece.
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Figure 2.5 a) Carbon and b) Nitrogen concentration in fractions (related with particulate organic
matter and the minerals) of composite mcroaggregates (>250 um) and small macroaggregates (250-

1000 pum).
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Figure 2.6 Carbon and Nitrogen distribution among the fractions of composite mcroaggregates (>250

pum) and small macroaggregates (250-1000 pum).

FTIR spectra in accordance with the micro-aggregate isolation procedure revealed the
changes of the C and N composition of macro-aggregates due to landuse changes. The FTIR
spectra taken for the aggregate fractions indicated changes in the composition of the
aggregates. The mean relative absorbance of FTIR spectra at 1630 1/cm (aromatic C=C
structural vibrations, antisymmetrical stretching of C-O in COO groups, conjugated carbonyl
C=0 of amide) could be indicative of plant derived material (Table 2.5). Therefore, POC
seemed to increase in all aggregate fractions in GR set-aside field compared to cropland, but
only in macro-aggregates in IA set-aside field. However, the relative increase was shown to
be higher in the IA soil. The mean relative absorbance at 1630 1/cm was linear correlated
with the aggregates C and N concentrations and the C-to-N ratio for lowa soils (R* = 0.81,
0.80, and 0.41,), while for the Greek soils the correlation was very low. A possible explanation

could be the different content of the Greek aggregate fractions in carbonates.

Table 2.5 The relative absorbance of FTIR spectra at 1630 (1/cm).

cropland IA set-aside 1A cropland GR set-aside GR
>2000 pm 3.32(0.04) 4.50 (0.06) 4.31(0.23) 4.96 (0.25)
1000-2000 pm ND 4.85 (0.16) 3.91 (0.09) 4.07 (0.07)
250-1000 pm 3.11(0.10) 4.56 (0.08) 4.06 (0.33) 4.01 (0.06)
53-250 um 3.92 (0.14) 3.76 (0.09) 4.10(0.29) 4.12(0.12)
<53 um 4.31(0.16) 4.21(0.09) 4.08 (0.26) 4.28 (0.11)

ND: not determined due to sample shortage.
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As the size and stability of water stable aggregates decreases, their turnover rate has been
found to increase (Six et al., 2000). The ratio of the fPOC to cPOC has been suggested (Six et
al., 2000) as an indication of turnover rate (the higher the ratio, the lower the turnover rate).
The fPOC to cPOC ratio of the composite macro-aggregates (lIA: 7.9, GR: 6.4) and the small
macro-aggregates (lA: 9.5, GR: 7.5) in cropland soils is lower as compared with set-aside
fields (composite macro-aggregates IA: 10, GR: 13.2 and small macro-aggregates IA: 23.4, GR:
10.2) (Table 2.6). Therefore the turnover rate is higher in croplands due to tillage and plant
litter input quality (Sainju et al., 2003). In addition, the estimated turnover rates in lowa are
significantly lower for the small macro-aggregates compared with the composite macro-
aggregates suggesting in accordance with the lower C-to-N ratio in the 250-1000 um fraction
more decomposed and older particulate organic matter. On the contrary, this pattern was
not observed in Greece, where C-to-N ratio was high even in micro-aggregates, indicating

possible lower decomposition rates.

Table 2.6 Ratio of fPOC-to-cPOC concentration.

Cropland Set-aside Cropland Set-aside
Composite macro-aggregates 250-1000 um macro-aggregates
1A 7.9 10.0 9.5 23.4
GR 6.4 13.2 7.5 10.2

2.3.2 Carbon turnover modeling

The RothC model was initialized with the cropland soil data and calibrated with the soil data
of the set-aside field to simulate the carbon turnover during cropland to set-aside from crop
production conversion in lowa (grassland) and Greece (shrubland). The clay content for the IA
soil was 7% (Table 2.3), the initial SOC 18.6 t C/ha and the initial POC 2.6 t C/ha (Table 2.7).
The initial carbon apportioning for the lowa soil procedure was 1.94 t C/ha for RPM, 0.68 t
C/ha for DPM, 0.56 t C/ha for BIO, 12.78 t C/ha for HUM, and 2.63 t C/ha for IOM. The
simulation results were compared with the results presented in Table 2.7 for the set-aside
field (SOC = 33 t C/ha, POC = 20 t C/ha). The clay content for the GR soil was 30% (Table 2.3),
the initial SOC 34.3 t C/ha and the initial POC 14.3 t C/ha (Table 2.7) in the cropland. The
initial carbon apportioning for the Greek soil procedure was 14 t C/ha for RPM, 0.3 t C/ha for
DPM, 1.03 t C/ha for BIO, 13.89 t C/ha for HUM, and 5.05 t C/ha for IOM. The simulation
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results were compared with the results presented in Table 2.7 for the set-aside field (SOC =

58.5t C/ha, POC=21.8t C/ha).

Table 2.7 Distribution of C and N in the particulate organic matter (POM) and in the silt-clay

fractions.

Total POM-fractions Silt-clay fractions
Carbon (t/ha)
Cropland 1A 18.6° 2.6° 16.0
Set-aside IA 33.0° 20.0° 13.0
Cropland GR 34.3° 14.3° 20.6
Set-aside GR 58.5° 21.8 36.8
Nitrogen (t/ha)
Cropland IA 1.6 0.2 13
Set-aside IA 2.4 1.2 1.2
Cropland IA 2.6 0.8 1.9
Set-aside IA 3.5 1.7 1.8
®SOC values
®POC values

The results of the Monte-Carlo simulations are presented in Table 2.8. input distributions
were used for the plant litter input and model parameters were. The optimum solution was
used in order to obtain the calibrated model results (Table 2.8). The predicted SOC and POC
values (Figure 2.7) were deviated from the field measured values lower than 0.7% and 0.3 %
in lowa and Greece respectively. The calibrated values for lowa were 5.05 t C/ha for plant
litter input and 0.34 1/y for RPM and 0.27 1/y for HUM, while for Greece were 3.79 t C/ha for
plant litter input and 0.21 1/y for RPM and 0.0041 1/y for HUM.

The statistics of the ensemble of simulations that fall within 5% of both SOC and POC
measurements are also presented in Table 2.8. The distribution type in most of the
parameters was found to be trianglular and some of them uniform and beta general. The
standard deviation was found to be less than 10% of the mean value for all parameters apart
from the RPM decomposition rate constant where it was 13.9%, in the case of lowa. Similarly,
in Greece, the standard deviation was found to be less than 10% of the mean value for all
parameters except for the RPM and HUM decomposition rate constants for which it was
10.6% and 58.1%, respectively. The narrow values of the resulted standard deviations
confirm the uniqueness of optimum solution since they represent a well constrained system

that does not allow acceptable solutions with extreme parameter value combinations.
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Table 2.8 Parameter information about the input and output distributions for the Monte-Carlo

simulation and the optimum solutions.

total
plant DPM/RPM
Parameter input ratio BIO%® | DPM® | RPM® BIO" HUM®
1.44
(grassland)
RothC default 0.67
values input (shubland) 46 10 0.3 0.66 0.02
IOWA
Input of MonteCarlo simulation
distribution type| Uniform Uniform| Uniform| Uniform Uniform| Uniform| Uniform
min 5.00 1.30 41.40 9.00 0.30 0.59 0.10
max 10.00 1.58 50.60 11.00 0.80 0.73 0.30
Statistics for the iterations passed the criterion®
distribution type Triang| BetaGeneral Triang Triang Triang Triang Triang
min 5.01 1.32 41.47 8.66 0.32 0.59 0.22
max 6.47 1.58 49.84 10.99 0.56 0.72 0.30
mean 5.50 1.44 47.05 10.21 0.40 0.68 0.27
std 0.35 0.09 1.97 0.55 0.06 0.03 0.02
Chi-sq 0.43 6.24 2.43 0.90 1.29 1.29 2.43
Optimum
solution 5.05 1.51 48.90 10.37 0.34 0.69 0.27
GREECE
Input of MonteCarlo simulation
distribution type| Uniform Uniform| Uniform| Uniform Uniform| Uniform| Uniform
min 2.00 0.60 41.40 9.00 0.10 0.59( 0.0001
max 4.50 0.74 50.60 11.00 0.30 0.73 0.04
Statistics for the iterations passed the criterion®
distribution type Triang| BetaGeneral Triang| Uniform| BetaGeneral| Uniform Triang
min 2.95 0.60 41.41 8.99 0.14 0.59( 0.0000
max 4.49 0.73 50.64 10.97 0.26 0.72| 0.0241
mean 3.98 0.67 46.03 9.98 0.22 0.66| 0.0122
std 0.36 0.04 2.66 0.57 0.02 0.04( 0.0071
Chi-sq 7.44 9.26 10.69 3.36 3.81 6.76 2.00
Optimum
solution 3.79 0.67 44.95 10.45 0.21 0.60| 0.0041

®The proportion that goes to BIO (100-BIO% is the proportion that goes to HUM)

*The respective decomposition rate constants

“Statistics for the iterations passing the criterion of SOC and POC falling within the 5% of the field

measured values.
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For lowa, the ‘adjusted’ model was able to capture the increase of POC and SOC content very
well, which was likely attributed to POC material (Figure 2.7). Monthly decomposition rates
for RPM and HUM pools for both sites are presented in Table 2.9. The annual decomposition
rate (decomposition rates constants multiplied by the rate modifying factor for temperature,
topsoil moisture deficit, and soil cover) for RPM was found to be 0.093 1/y and 0.105 1/y for
lowa and Greece, respectively, while for HUM was 0.075 1/y and 0.002 1/y, likewise. The high
decomposition rate of the HUM pool in lowa could be attributed to the very low clay content
in accordance with Balesdent et al. (1998) and Gottschalk et al. (2010). Balesdent et al. (1998)
showed that SOC in the size fraction <50 um is made up of the relatively rapidly decomposing
pool of silt associated C, and a relatively slowly decomposing pool of clay associated C. The
clay associated C had a decomposition rate of 0.03 1/y (Balesdent et al., 1998), while the silt
associated C had a measured decomposition rate of 0.12 1/y, declining almost as rapidly as
that in the POC fraction, especially under cultivation (Gottschalk et al., 2010). Nevertheless,

the wet and warm summers in lowa stimulated organic matter decomposition.

Table 2.9 Monthly and annual decomposition ratesa (1/y) for resistant plant material (RPM) and

humus (HUM) soil organic pools pools of ROTHC model for the Greek and lowa sites.

IA (lowa, USA) GR (Crete, Greece)

RPM HUM RPM HUM
January 0.001 0.001 0.152 0.003
February 0.008 0.006 0.157 0.003
March 0.073 0.059 0.039 0.001
April 0.248 0.201 0.051 0.001
May 0.093 0.075 0.070 0.001
June 0.132 0.107 0.091 0.002
July 0.151 0.123 0.101 0.002
August 0.140 0.114 0.098 0.002
September 0.105 0.085 0.085 0.002
October 0.061 0.049 0.066 0.001
November 0.092 0.075 0.161 0.003
December 0.008 0.007 0.186 0.004
Annual 0.093 0.075 0.105 0.002

®Decomposition rates constant multiplied by the rate modifying factor for temperature (a), the topsoil
moisture deficit rate modifying factor (b), and the soil cover factor (c).

Similarly, in Greece, the ‘adjusted’ model was able to capture the increase of POC, HUM and

SOC content, and the results were consistent with the fractionation measurements where
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the increase in carbon stock was attributed to both POC and HUM material (Figure 2.7).

Lower HUM decomposition rate in Greece is attributed to dry climatic conditions and high

clay content which result in higher protection. Slaking of the soil surface can result in fine soil

particles moving into inter-aggregate pores in the surface area, which can reduce the

infiltration rate of rainfall or irrigation water and reduce hydraulic conductivity (Hillel, 1998).

In addition, residue quality (lignin/N ratio, C/N ratio and N concentration) of shrublands

affects the rate of decomposition and the aggregation rate (Aerts, 1997; Sainju et al., 2003).
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Figure 2.7 RothC simulation results under optimum solution for lowa and Greece (carbon pools:

RPM=resistant plant material, DPM=decomposable plant material, HUM=humus, BIO= biomass,
IOM= inert organic matter, SOC= soil organic carbon, POC particulate organic carbon). DPM in both

graphs is very low and coincides with the x-axis.
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Sensitivity analysis with respect to the change of the SOC content in the field measured set-
aside fields (the 20" and the 35" year of the simulation in lowa and Greece, respectively) at
the £10% and £50% ranges of the calibrated values for the six model parameters and the
plant input was conducted. The tornado graphs are presented in Figure 2.8 and the sensitivity
coefficients (the absolute value of the ratio: (AY/Y)/(Ax/x), where Y is the SOC content and x
the parameter value) in Table 2.10. In both sites the total plant litter input and the RPM
decomposition rate constant had the highest sensitivity. In lowa, the BIO% as well as the BIO
and DPM decomposition rate constants presented the lowest sensitivity with coefficients
lower than 0.1 and 0.07 for the 50% and 10% case, respectively. In Greece, the coefficients
were found to be in general lower than 0.04 for HUM, BIO and DPM decomposition rate
constants for both the 50% and 10%. The results emphasize the importance of measurement
of plant litter input when conducting carbon sequestration studies as well as the necessity of
developing a methodology to model carbon sequestration in soils in the absence of such

measurements.

Table 2.10 Sensitivity coefficients (the absolute value of the ratio: (AY/Y)/(Ax/x), where Y is the SOC
content and x the parameter value) at the +10% and +50% ranges of the RothC calibrated values for
the six model parameters and plant input. Sensitivity analysis was conducted with respect to the
change of the SOC content from the set-aside field measured values (the 20th and 35th years of the

simulation in lowa and Greece, respectively).

IA (lowa, USA) GR (Crete, Greece)

parameter (-50%) (+50%) (-10%) (+10%) (-50%) (+50%) (-10%) (+10%)
total plant input 0.802 0.802 0.802 0.802 0.649 0.649 0.649 0.649
RPM® 0.460 0.272 0.365 0.329 0.504 0.207 0.329 0.276
DPM/RPM
ratio” 0.425 0.228 0.316 0.280 0.154 0.102 0.128 0.118
HUM® 0.270 0.153 0.211 0.189 0.023 0.022 0.023 0.022
BIO%" 0.064 0.066 0.065 0.065 0.175 0.193 0.182 0.186
BIO® 0.099 0.045 0.069 0.059 0.042 0.014 0.024 0.019
ppPM' 0.058 0.018 0.031 0.025 0.008 0.003 0.005 0.004

®Resistant plant material decomposition rate constant

*The apportionment ratio of Plant litter input between decomposable plant material (DPM) and RPM
“‘Humus decomposition rate constant

“The proportion that goes to BIO (100-BIO% is the proportion that goes to HUM)

°Biomass decomposition rate constant

fDecomposable plant material decomposition rate constant
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Figure 2.8 Tornado Graphs for 10% (black indicated) and 50% (grey indicated) sensitivity analysis.
RPM=resistant plant material decomposition rate constant, DPM=decomposable plant material
decomposition rate constant, HUM=humus decomposition rate constant, BIO= biomass
decomposition rate constant, DPM/RPM ratio=the apportionment ratio of plant litter input DPM
and RPM carbon pools, BI0O%=the proportion that goes to BIO (100-BIO% is the proportion that goes
to HUM). The x-axis of the graphs corresponds to the model predicted SOC content (t C/ha) in the

set-aside fields the 20" and 35" year of the simulation in lowa and Greece respectively.

Figure 2.9 presents a comparison of the optimum simulation for both SOC and POC and the
uncertainties attributed to the initial conditions (SOC, DPM, RPM, BIO, HUM, and IOM carbon
pools) the input data (plant litter input and clay content), and the six model parameters used
for calibration parameters (DPM, RPM, BIO, and HUM decomposition rate constants, DPM-
to-RPM ratio, HUM%), in terms of the mean of the ensemble of Monte Carlo simulations

plus/minus one standard deviation. The model output distributions by the Monte-Carlo
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simulations of SOC and POC content after 100 years of set-aside conditions due to total
uncertainty are given in Figure 2.10. The simulated SOC and POC value by the optimum
simulation is also indicated. The respective graphs corresponding to the uncertainty due to

initial conditions, inputs and model parameter are given in Figure A2.1 in the appendix.
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Figure 2.9 Uncertainty of soil organic carbon (SOC) and particulate organic carbon (POC) due to
model parameters, input data, and initial conditions, as well as the total uncertainty, compared with

the optimum solution (calibration).
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In lowa, the uncertainty of prediction (90% of the distribution, range between 5 and 95%)
due to input data, model parameters, and initial conditions corresponded to 43.3%, 51%, and
14.3% of the total carbon sequestred in the 100 years, respectively and the probability of
over predicting carbon sequestration was at the same order 0.94, 0.25, and O, respectively.
Similarly, the uncertainty of POC due to input data, model parameters, and initial conditions
corresponded to 25.5%, 42.4%, and 0% of the total increase in POC in the 100 years,

respectively and the probability of over predicting POC was 0.94, 0.21, and 1, respectively.

In Greece, the uncertainty of prediction due to input data, model parameters, and initial
conditions corresponded to 42.1%, 49.5%, and 13% of the total carbon sequestered in the
100 years, respectively and the probability of over predicting carbon was 0.69, 0.24, and
0.12, respectively. Similarly, the uncertainty of POC due to input data, model parameters,
and initial conditions corresponded to 90.5%, 102%, and 0% of the total increase in POC in
the 100 years, respectively and the probability of over predicting POC was 0.7, 0.29, and 0.
The lowa soil was projected to sequester 17.5 t C/ha and the Greek soil 54 t C/ha in 100
years. Overall, the uncertainty of the model predictions for SOC and POC (65.6% and 140% of
the total carbon sequestered and POC increase for lowa and 70.8% and 51.6% of the total
SOC and POC increase for Greece, respectively) were quite significant, while the probability
of overpredicting SOC and POC (0.4 and 0.64 for lowa and 0.31 and 0.46 for Greece)
suggested that the mean of the Monte Carlo simulation distributions were close to the

optimum simulation.
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Figure 2.10 The output distributions by the Monte-Carlo simulations for the calculation of the total uncertainty for 100 y of simulation in Greece and lowa for soil
organic carbon (SOC) and Particulate organic carbon (POC). The x-axis indicates the SOC or POC content in t C/ha. The value of the optimum solution for SOC and POC is
indicated in the top of the plot separating the distribution in two parts: the left part (light shaded histogram bars) indicates the area of the distribution below the value
of the optimum solution and the right (dark shaded histogram bars) indicates the area of the distribution below the value of the optimum solution. The percentage

covered in each area is given in the bars at the top of each plot.
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2.4 CONCLUSIONS

A Monte Carlo based methodology was developed to assess the uniqueness of solution C
sequestration modeling of cultivated to set-aside conditions and the uncertainties due to
initial conditions, model parameters and time series of the RothC model. POC data obtained
by soil physical fractionation were used successfully to initialize and calibrate the carbon

model and provided boundary conditions to effectively constrain the solution of the model.

o The calibrated RPM decomposition rate constants in lowa, similarly with the HUM
decomposition rate constants, was higher (13.3%) and in Greece lower (31%) than the
defaults rates suggesting that commonly used RothC model functions for decomposition
rate correction due to temperature systematically underestimate and overestimate
decomposition at low and at high temperatures, respectively.

o The calibrated HUM decomposition rate constants were significantly different than the
defaults rates in both lowa (13.5 times higher) and Greece (48.8 times lower). The
significant difference between the two sites is attributed to significant differences in clay
content. Finer texture in Greece resulted in higher protection of the HUM pool and
presumably lower ‘apparent’ sensitivities (Davidson and Janssens, 2006, Kleber and
Johnson, 2010) to temperature and/or moisture effect on decomposition in contrast with
the coarser lowa site where the opposite pattern was observed.

o Model sensitivity analysis revealed that predicted SOC exhibited the highest sensitivity to
total plant litter input and the RPM decomposition rate constants and the lowest to BIO
and DPM decomposition rate constants in both sites.

o Uncertainty analysis suggested that total uncertainty of C sequestration under set-aside
from crop production conditions over 100 y can be as much as 70% of the total amount
that was sequestered in both the Greek and lowa soil. In both sites plant litter input was
a major source of uncertainty. The uncertainty analysis results highlight the importance
of obtaining accurate plant input data for landuses for the various climatic zones in order
to minimize uncertainty in C sequestration estimates and determine more accurate the

variability of C transformation rate constants as a function of climatic conditions.

The methodology developed in this study can be used to assess the factors affecting C
sequestration in agricultural soils, quantify the uncertainties in predictions as well as assist in
the design of field experiments and measurements to minimize the uncertainties and

improve carbon sequestration estimates that relate directly to soil fertility.

FOTINI E. STAMATI ENVIRONMENTAL ENGINEER 114



2.5 LITERATURECITED

Aerts, R., 1997. Climate, Leaf Litter Chemistry and Leaf Litter Decomposition in Terrestrial Ecosystems:
A Triangular Relationship. Oikos 79, 439-449.

Angers D.A., Carter, M.R., 1996. Aggregation and organic matter storage in cool, humid agricultural
soils. In: Carter M.R., Stewart B.A., eds. Structure and organic matter storage in agricultural soils.
Boca Raton, FL: Lewis Publ, 193-211.

Artz, R.R.E., Chapman, S.J., Robertson, A.H.J., Potts, J.M., Laggoun-Dedfage, F., Gogo, S., Comont, L.,
Disnar, J.R., Francez, A.J., 2008. FTIR spectroscopy can be used as a screening tool for organic
matter quality in regenerating cutover peatlands. Soil Biology and Biochemistry 40, 515-527.

Balesdent, J., Besnard, E., Arrouays D., Chenu, C., 1998. The dynamics of carbon in particle-size
fractions of soil in a forest-cultivation sequence. Plant and Soil 201, 49-57.

Banwart, S., Bernasconi, S.M., Bloem, J., Blum, W., Brandao, M., Brantley, S., Chabaux, F., Duffy, C,,
Kram, P., Lair, G., Lundin, L., Nikolaidis, N., Novak, M., Panagos, P., Ragnarsdottir, K.V., Reynolds,
B., Rousseva, S., de Ruiter, P., van Gaans, P., van Riemsdijk, W., White, T., Zhang, B., 2011.
Assessing Soil Processes and Function in Critical Zone Observatories: hypotheses and experimental
design. Vadose Zone Journal 10, 974-987.

Batlle-Aguilar, J., Brovelli, A., Porporato, A., Barry, D.A., 2010. Modeling soil carbon and nitrogen cycles
during landuse change: a review. Agronomy for Sustainable Development 31, 251-274.

Beier, C., Emmett, B.A., Tietema, A., Schmidt, I.K., Penuelas, J., Lang, E.K., Duce, P., De Angelis, P.,
Gorissen, A., Estiarte, M., de Dato, G.D., Sowerby, A., Kroel-Dulay, G., Lellei-Kovacs, E., Kull, O.,
Mand, P., Petersen, H., Gjelstrup, P., Spano, D., 2009. Carbon and nitrogen balances for six
shrublands across Europe. Global Biogeochemical Cycles, 23 (GB4008), p. 13. ISSN 0886—6236.

Bongiovanni, M.D., Lobartini, J.C., 2006. Particulate organic matter, carbohydrate, humic acid contents
in soil macro- and micro-aggregates as affected by cultivation. Geoderma 136, 660—665.

Bouyoucos, G.J., 1936. Directions for making mechanical analysis of soils by the hydrometer method.
Soil Science 4, 225-228.

Buyanovsky, G.A., Kucera, C.L.,, Wanger, G.H., 1987. Comparative analyses of carbon dymanics in
native and cultivated ecosystems. Ecology 68, 2023-2031.

Coleman, K., Jenkinson, D.S., 1999. RothC-26.3 - A Model for the turnover of carbon in soil: Model
description and windows users guide: November 1999 issue. Lawes Agricultural Trust Harpenden.
ISBN 0 951 4456 8 5.

David, M.B., Mclsaac, G.F., Darmody, R.G.,, Omonode, R.A., 2009. Long-Term Changes in Mollisol
Organic Carbon and Nitrogen. Journal of Environmental Quality, 38, 200-211.

Davidson, E.A., Janssens, I.A. 2006. Temperature sensitivity of soil carbon decomposition and
feedbacks to climate change. Nature 440, 165-173.

Don, A., Scholten, T., Schulze E.D., 2009. Conversion of cropland into grassland: Implications for soil
organic-carbon stocks in two soils with different texture. Journal of Plant Nutrition and Soil
Science 172, 53-62

Elliott, E.T., 1986. Aggregate structure and carbon, nitrogen, and phosphorus in native and cultivated
soils. Soil Science Society of America Journal 50, 627-633.

Emadi, M., Baghernejad, M., Memarian, H.R., 2009. Effect of land-use change on soil fertility
characteristics within water-stable aggregates of two cultivated soils in northern Iran. Landuse
Policy 26, 452-457.

Falloon, P.D., Smith, P., 2000. Modeling refractory soil organic matter. Biology and Fertility of Soils 30,
388-398.

Falloon, P., Smith, P., Coleman, K., Marshall, S., 1998. Estimating the size of the inert organic matter
pool from total soil organic carbon content for use in the Rothamsted Carbon model. Soil Biology
and Biochemistry 30, 1207-1211.

FAO 1998. Wold Reference Base for Soil Resources. (http://www.fao.org/ag/agl/agll/wrb/)

Fioretto, A., Papa, S., Fuggi, A. 2003. Litter-fall and litter decomposition in a low Mediterranean
shrubland. Biology and Fertility of Soils 39, 37-44

FOTINI E. STAMATI ENVIRONMENTAL ENGINEER 115



Galdo, 1.D., Six, J., Peressotti, A., Cotrufo, M.F., 2003. Assessing the impact of land-use change on soil C
sequestration in agricultural soils by means of organic matter fractionation and stable C isotopes.
Global Change Biology 9, 1204-1213.

Gerzabek, M.H., Antil, R.S., Kogel-knabner, I., Knicker, H., Kirchmann, H., Haberhauer, G., 2006. How
are soil use and management reflected by soil organic matter characteristics: a spectroscopic
approach. European Journal of Soil Science 57, 485-494.

Gottschalk, P., Bellarby, J., Chenu, C., Foereid, B., Smith, P., Wattenbach, M., Zingore, S., Smith, J.,
2010. Simulation of soil organic carbon response at forest cultivation sequences using 13C
measurements. Organic Geochemistry 41, 41-54.

Grieser, J, Gommes, R, Bernardi, M., 2006. New LocClim—the local climate estimator of FAO.
Geophysical Research Abstracts 8:08305.

Guo, L.B., Gifford, R.M., 2002. Soil carbon stocks and landuse change: a meta analysis. Global Change
Biology 8, 345-360.

Guzman, J.G., Al-Kaisi, M.M., 2010. Soil Carbon Dynamics and Carbon Budget of Newly Reconstructed
Tall-grass Prairies in South Central lowa. Journal of Environmental Quality 39, 136—146.

HACH DR/2010 Spectrophotometer Procedures Manual; 7th edition 1999; HACH Company; Loveland,
Co.

Hillel, D. 1998. Environmental Soil Physics. Academic Press. San Diego, CA

Instruction Manual Total Organic Carbon Analyzer Model TOC-5050A, Shimadzu Corporation,
Environmental Instrumental Division.

John, B., Yamashita, T., Ludwig, B., and Flessa, H., 2005. Storage of organic carbon in aggregate and
density fractions of silty soils under different types of landuse. Geoderma 128, 63-79.

Juston, J., Andrén, O., Katterer, T., Jansson, P.E., 2010. Uncertainty analyses for calibrating a soil
carbon balance model to agricultural field trial data in Sweden and Kenya. Ecological Modeling
221, 1880-1888.

Kleber, M., Johnson, K.J.,, 2010. Advances in Understanding the Molecular Structure of Soil Organic
Matter: Implications for Interactions in the Environment. Advances in Agronomy 106, 77-142.

Krull, E.S., Skjemstad, J.O., Burrows, W.H., Bray, S.G., Wynn, J.G., Bol, R. et al. 2005. Recent vegetation
changes in central Queensland, Australia: Evidence from 613C and 14C analyses of soil organic
matter. Geoderma 12, 241-259.

Lal R. 1997. Residue management, conservation tillage and soil restoration for mitigating greenhouse
effect by CO2-enrichment. Soil and Tillage Research, 43, 81-107.

Lichter, K., Govaerts, B., Six, J., Sayre, K.D., Deckers, J., Dendooven, L., 2008. Aggregation and C and N
contents of soil organic matter fractions in a permanent raised-bed planting system in the
highlands of Central Mexico. Plant and Soil, 305, 237-252.

Manzoni, S., Porporato, A., 2009. Soil carbon and nitrogen mineralization: Theory and models across
scales, Soil Biology and Biochemistry 41, 1355-1379.

Methods of Soil Analysis, Part 3- Chemical Methods, 2nd Ed. Rev. Soil Science Society of America,
Black, C.A et al., 1982.

Nikolaidis, N.P., Bidoglio, G., 2012. Soil organic matter dynamics and structure. Sustainable Agriculture
Reviews (In Press).

Ostle, N.J., Levy, P.E., Evans, C.D., Smith, P., 2009. UK landuse and soil carbon sequestration-Review.
Landuse Policy 26S, 5274-5283.

Paul, K.1., Polglase, P.J., Richards, G.P., 2003. Predicted change in soil carbon following afforestation or
reforestation, and analysis of controlling factors by linking a C accounting model (CAMFor) to
models of forest growth (3PG), litter decomposition (GENDEC) and soil C turnover (RothC). Forest
Ecology and Managment 177, 485-501.

Piccolo, A., Zena, A., Conte, P., 1996. A comparison of acid hydrolyses for the determination of
carbohydrate content in soils. Communication in Soil Science and Plant analysis 27, 2909-2915.

Potter, K.N., Derner, J.D., 2006. Soil carbon pools in central Texas: Prairies, restored grasslands, and
croplands. Journal of Soil and Water Conservation 61, 124-128.

FOTINI E. STAMATI ENVIRONMENTAL ENGINEER 116


http://www.sciencedirect.com/science?_ob=RedirectURL&_method=outwardLink&_partnerName=27983&_origin=article&_zone=art_page&_linkType=scopusAuthorDocuments&_targetURL=http%3A%2F%2Fwww.scopus.com%2Fscopus%2Finward%2Fauthor.url%3FpartnerID%3D10%26rel%3D3.0.0%26sortField%3Dcited%26sortOrder%3Dasc%26author%3DJuston,%2520John%26authorID%3D35097352700%26md5%3D35a96674ef062ad6553b65117f10188f&_acct=C000059628&_version=1&_userid=83472&md5=345207b02c387e73314b9909a3f0c1b0
http://www.sciencedirect.com/science?_ob=RedirectURL&_method=outwardLink&_partnerName=27983&_origin=article&_zone=art_page&_linkType=scopusAuthorDocuments&_targetURL=http%3A%2F%2Fwww.scopus.com%2Fscopus%2Finward%2Fauthor.url%3FpartnerID%3D10%26rel%3D3.0.0%26sortField%3Dcited%26sortOrder%3Dasc%26author%3DAndren,%2520Olof%26authorID%3D7004166264%26md5%3Dc703d5a3e4a1078e0310f3c0588736ab&_acct=C000059628&_version=1&_userid=83472&md5=d57c31ab0303592b58a60d26c7da703d
http://www.sciencedirect.com/science?_ob=RedirectURL&_method=outwardLink&_partnerName=27983&_origin=article&_zone=art_page&_linkType=scopusAuthorDocuments&_targetURL=http%3A%2F%2Fwww.scopus.com%2Fscopus%2Finward%2Fauthor.url%3FpartnerID%3D10%26rel%3D3.0.0%26sortField%3Dcited%26sortOrder%3Dasc%26author%3DKatterer,%2520Thomas%26authorID%3D6603752479%26md5%3D5f4da401be01e3e364501c57b3157291&_acct=C000059628&_version=1&_userid=83472&md5=0d30345cdd3f597fdb72d69777657efb
http://www.sciencedirect.com/science/article/pii/S0167198797000366?_alid=1761434477&_rdoc=1&_fmt=high&_origin=search&_docanchor=&_ct=79&_zone=rslt_list_item&md5=d669a60d8711763c6d5824079cc9aefa
http://www.sciencedirect.com/science/article/pii/S0167198797000366?_alid=1761434477&_rdoc=1&_fmt=high&_origin=search&_docanchor=&_ct=79&_zone=rslt_list_item&md5=d669a60d8711763c6d5824079cc9aefa
http://www.jswconline.org/search?author1=K.N.+Potter&sortspec=date&submit=Submit

Rees, R.M., Bingham, I.J., Baddeley, J.A., Watson, C.A., 2005. The role of plants and land management
in sequestering soil carbon in temperate arable and grassland. Geoderma 128, 130-154.

Sainju, U.M., Whitehead, W.F., Singh. B.P., 2003. Cover crops and nitrogen fertilization effects on soil
aggregation and carbon and nitrogen pools. Canadian Journal of Soil Science 83, 155-165.

Six, J., Elliott, E.T., Paustian, K., 2000. Soil macroaggregate turnover and microaggregate formation: a
mechanism for carbon sequestration under no tillage agriculture. Short Communication in Soil
Biology and Biochemistry 32, 2099-2103.

Shibu, M.E., Leffelaar, P.A., Van Keulen, H., Aggarwal, P.K., 2006. Quantitative description of soil
organic matter dynamics — A review of approaches with reference to rice-based cropping systems.
Geoderma, 137, 1-18.

Skjemstad, J., Spouncer, L., Cowie, B., Swift, R., 2004. Calibration of the Rothamsted organic carbon
turnover model (RothC ver. 26.3), using measurable soil organic carbon pools. Australian Journal
of Soil Research 42, 79-88.

Smith, P., Powlson, D.S., Smith, J.U., Elliott, E.T., 1997. Evaluation and comparison of soil organic
matter models using datasets from seven long-term experiments. Geoderma 81, 1-225.

Soussana, J.F., Loiseau, P., Vuichard, N., Ceschia, E., Balesdent, J., Chevallier, T., Arrouays, D., 2004.
Carbon cycling and sequestration opportunities in temperate grasslands. Soil Use and
Management 20, 219-230.

The World Factbook, 2008 (https://www.cia.gov/library/publications/the-world-factbook/)

Todorovic, G.R., Stemmer, M., Tatzber, M., Katzlberger, C., Spiegel, H., Zehetner, F., Gerzabek, M.H.,
2010. Soil-carbon turnover under different crop management: Evaluation of RothC-model
predictions under Pannonian climate conditions. Journal of Plant Nutrition and Soil Science 173,
662-670.

Tufekcioglu, A., Raich, J.W., Isenhart, T.M., Schultz R.C., 2003. Biomass, carbon and nitrogen dynamics
of multi-species riparian buffers within an agricultural watershed in lowa, USA. Agrogorestry
Systems 57, 187-198.

Wagai, R., Mayer, L.M., Kitayama, K., Knicker, H., 2008. Climate and parent material controls on
organic matter storage in surface soils: three-pool, density-separation approach. Geoderma 147,
23-33.

Zimmermann, M., Leifeld, J., Schmidt, M.W.I., Smith, P., Fuhrer, J., 2007. Measured soil organic matter
fractions can be related to pools in the RothC model. European Journal of Soil Science 58, 658—
667.

Zhang, W., Weindorf, D.C., Zhu, Y., 2011. Soil Organic Carbon Variability in Croplands: Implications for
Sampling Design. Soil Science 176, 367-371.

FOTINI E. STAMATI ENVIRONMENTAL ENGINEER 117


http://www.elsevier.com/locate/geoderma
https://www.cia.gov/library/publications/the-world-factbook/

3. CARBON LOSS DUE TO LANDUSE CHANGE ALONG A CLIMATIC
GRADIENT

Modeling with RothC C turnover and predicting the effectiveness of carbon addition after

the conversion of native lands to croplands along a climatic gradient: uncertainty analysis

Abstract: The change of soil organic carbon (SOC) stock after the conversion of a native land
to cropland depends on landuse type and decomposition regime (determined by climatic
conditions, size of the carbon litter input, texture and other factors). Field data and modeling
exercises were used for the assessment of the turnover of different carbon pools in order to
optimize organic input strategies for carbon sequestration in stable forms so as to maintain
soil structure and fertility. In this work, native land to cropland conversions along a climatic
gradient from Desert to Forest (Budyco's Radiational Index of Dryness ranging from 3.94 to
0.96) were modeled with RothC. Chronosequence data from six sites obtained from recently
published studies were modeled. The methodological approach for model calibration and
estimation of uncertainty presented in the previous chapter was followed. The sensitivity
analysis suggested that parameter sensitivity greatly depends on the available data for
calibration. The most sensitive parameters were the HUM and RPM decomposition rate
constants as well as the plant litter input and the RPM initial pool for the sites it was not
measured. The uncertainty of the simulated carbon loss after 100 years cultivation was 26.9%
-Tibet, 122.5% -Dakota, 21.9% -China, 48.9% -Turkey, 108% -Ethiopia, and 31.6% -
Madagascar of the total amount of C decline due to the landuse conversion. The uncertainty
was smaller in the sites with available field measured particulate organic carbon (POC) data
and information about the plant input. These results emphasize the necessity of obtaining
accurate plant input data and other physical soil parameters as well as quantifying the
variability of initial conditions in order to reduce the uncertainty of carbon turnover
projections. The average rate of carbon decline after the conversion to cropland as an
average percentage of the initial SOC (% of the initial SOC/y) as well as amount of carbon
(t/ha y) greatly varied among the study sites and followed a logarithmic pattern with time
(e.g. decline relative to the initial SOC 1% to 10% after 1 year cultivation and 0.32%/y to
0.77%/y after 100 years. The POC to SOC ratio of the native land greatly determines the %
loss in the long term. The time it takes the soil to reach a new stable carbon content varied

greatly with the climatic gradient from more than 100 years (Tibet, Desert) to 20-30
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(Ethiopia, Forest). Scenarios of carbon addition of materials of different quality were also
conducted to assess their effectiveness under different climatic conditions and soil types. The
study sites with the lower HUM decomposition rate also presented higher effectiveness in
carbon addition and carbon stabilization in the silt-clay fraction. In all cases the Net C to C
amended ratio (Net C: the extra carbon sequestred compared to the soil under no
amendment, C amended: the cumulative load of the carbon added to soil as amendment)
significantly decline with time over a logarithmic pattern. Such long term model simulations
are important for the design of sustainable agricultural practices (carbon sequestration, e.g.
HUM increase) under different climatic regimes and soil textures. The ‘apparent’
temperature sensitivity of the RPM and HUM RothC carbon pools was estimated with the
calculation of the Q10 factor. It was verified that RothC underestimates decomposition at low

temperatures and overestimates it at high temperatures.

3.1 INTRODUCTION

Conversion of native vegetated lands to croplands induces SOM losses due to gradual
changes in land management like plowing and less litter input. On a global basis biological
oxidation is considered to be the dominant pathway of carbon loss (Rees, et al., 2005;
Rasmussen et al., 1998), while leaching of dissolved organic carbon cannot explain more than
10% of the soil organic carbon (SOC) loss (Schulze and Freibauer, 2005). On the other hand,
erosion can be viewed as a transport process that influences the location of the environment
in which oxidation takes place (Lal, 2008). Under plowing, macro-aggregates are partly
rapidly destroyed, while physically protected bio-available SOM becomes bio-accessible and
can be microbially oxidized (Balesdent et al., 1998). Particulate organic carbon (POC) is the
fraction mostly affected by plowing in the short term (Wagai et al., 2008). In addition,
incoming OM is re-exposed faster than it is occluded due to the higher macro-aggregate
turnover. Therefore more OM is mineralized and less stabilized in micro-aggregates and silt-
clay sized soil fractions (Six et al., 2000) in the medium- to long-term time scale (Don et al.,

2009).

The average rate of SOC stock decline (t C/ha y) after the conversion of a native land to
cropland has been found to decrease in time (see Figure 1.4). Variations depend on the initial
SOC content and apportionment to its pools, which is highly depended on previous landuse

type, the size and litter quality and the decomposition regime which is primarily determined
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by the climatic conditions and the texture among other factors (Mann, 1986). Conversion of
natural to agricultural ecosystems can deplete the soil organic carbon (SOC) pool by 50% in

about 5 years in the tropics and 50 years in temperate ecoregions (Lal, 2001).

Decline of SOM stocks is related to poor soil fertility and structural stability (particle
aggregation) in several agricultural areas of the world, making soils more susceptible to
erosion and desertification with global consequences for food security, climate change,
biodiversity, water quality, and agricultural economy (Lal, 2004; Mafongoya et al., 2006). An
“agronomically valuable” soil is the soil where greater than 60% of the aggregated particle
mass is in the range between 0.25 and 10 mm (Banwart et al.,, 2011). An appropriate
management of organic matter additions like composts to soils would increase aggregate

stability and thus reduce crusting and erosion problems (Abiven at al., 2008).

Carbon simulations can be used as a tool for the estimation of the quantity/quality of organic
matter amendment necessary to ensure sustainable production with the optimization of
other objectives (minimum land degradation, maximum biodiversity conservation) and can
serve as a management decision tool. RothC has been extensively used worldwide. However,
as it was shown by the study presented in the previous chapter, as well as by other studies,
the default decomposition rate constants in RothC do not always correspond well under
different climatic types. Having reliable model simulations is very essential and therefore
RothC combination with physical fractionation data (POC, carbon content of fraction with
particle sizes >50 um) which has been associated with the RPM pool of RothC (Galdo et al.,
2003; Gottschalk et al., 2010;) for initialization and calibration can be used for this purpose

(Gottschalk et al., 2010; study presented in Chapter 2).

Moreover, in most cases models have been used without accounting for the uncertainty that
arises from the initial conditions, model parameters, inputs and model structure with very
few exceptions (Juston et al., 2010; Paul et al., 2003; study presented in the previous
chapter). The study presented in Chapter 2 indicated that as much as 70% uncertainty of the
total amount that was sequestered in 100 years in set-aside from crop production fields in
both humid continental climate (lowa, USA) and Mediterranean (Crete, Greece), underlying
also the importance of obtaining accurate plant input data for the various climates in the
world in order to minimize carbon sequestration estimates and determine more accurate the
variability of carbon transformation rate constants as a function of climatic conditions.

Nevertheless, a five to ten year period is the minimum timescale to monitor changes in
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carbon pools, otherwise in certain cases a clear pattern cannot be drawn due to

uncertainties.

In this work the Microsoft Excel version of the Rothamsted Carbon Model-version RothC-26.3
(Coleman and Jenkinson, 1999) modified in the work presented in the previous chapter was
used in conjunction with a statistical simulation package @RISK (PALISADES Corp.) with the
methodology developed and presented in Chapter 2 in order to calibrate, assess the
sensitivity and simulate the uncertainty, due to initial conditions and model parameters and
inputs, in carbon turnover during native land to cropland conversion along a climatic gradient
with data obtained by relative published studies. Scenarios of carbon addition of materials of
different quality were also simulated to assess their effectiveness under different climatic

conditions and soil types.

3.2 METHODOLOGY

3.2.1 Study sites

Landuse conversions of six sites with data obtained from six published studies were modeled
(Table 3.1): Tibet (Li et al., 2009), North Dakota-USA (Frank et al., 2006), China (Wu et al.,
2004), Turkey (Evrendilek et al., 2004), Ethiopia (Ashagrie et al., 2007), Madagascar (Vagen et
al., 2006). Three of the studies had available physical fractionation data for the POC fraction
Tibet (Li et al., 2009), China (Wu et al., 2004), and Ethiopia (Ashagrie et al., 2007). The used
studies were strictly selected to correspond to landuse conversions from native land to
cropland with known the length of the conversion and moreover carefully selected to provide
site coordinates, bulk density, and sufficient information about the previous landuse, crops

grown and crop management (Table A3.1 in the Appendix)

The climatic gradient was characterized by the climatic classes defined by ranges of Budyco's
Radiational Index of Dryness (RID): Desert (>3.4), Semiarid (2.3-3.4), Steppe (1.1-2.3), Forest
(0.35-1.1), Tundra (<0.35). RID is the ratio of the local radiation balance (Ro=mean annual net
radiation for a wet surface) and the energy needed to evaporate all precipitation (L=latent
heat of vaporization multiplied be P=mean annual precipitation). The lower the RID value the
higher is the annual precipitation compared to the radiation energy available for evaporation
and the wetter is the area. The RID of the eight sites ranged from 3.94 (Desert, Tibet) to 0.96

(Forest, Madagascar). The mean annual temperature (TEMP) of the sites ranged from 4.9°C
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to 17.9°C and the mean annual precipitation (PREC) from 279 mm to 1529 mm, while the
amount of annual rain missing to fully compensate potential evapotranspiration (PET), the
precipitation deficit, from 843 mm (water deficit) to -483 mm (water surplus), along the
Desert (Tibet) to Forest (Madagascar) gradient. The values for the climatic gradient for other
aridity indices are presented in Table 1. Aridity Index (Al) is the ratio of PREC to PET, the
higher the less arid. Moisture Index (M) is calculated by ‘Al’ as 100*(Al-1). The higher the
value of the index the wetter the climate is characterized (Thornthwaite and Mather, 1962).
De Martonne Index is the ratio of PREC to TEMP plus 10°C (De Martonne, 1926). This index is
a way to measure humidity; values larger than 20 are usually considered to characterize

humid climates.

The climatic Net Primary Productivity (NPP) potential has been estimated based on the
‘Miami’ model (minimum of NPP taken by a monotonic function of temperature and
precipitation) first introduced by Lieth (1972) and ranged from 508 g DM/m?y (Desert, Tibet)
to 1913 g DM/m? y (Forest, Madagascar). The length of growing season (humid period) and
dry period for each site are presented also in Table 3.1. The moist period of the growing
season is when PREC is higher than PET and the humid period when the PREC to PET ratio
higher than 0.5.

Soil types and soil characteristics for both native lands and croplands of the eight sites are
presented in Table 3.1. Soil depth in two sites was 30 cm and in the rest of the sites 20 cm.
Total soil carbon stock ranged from 56.8 t C/ha (20 cm) to 115 t/ha (30 cm soil depth), while
clay content from 18.3% to 70%. The length of the landuse conversion ranged from 12 to 42
years. The average rate of SOC decline (t C/ha y) ranged from (years, Madagascar, Forest) to

0.48 (30 years, North Dakota-USA, Semiarid).
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Table 3.1 Study sites location and characteristics.

Reference

Li et al. (2009)

Frank et al. (2006)

Wu et al. (2004)

Evrendilek et al. (2004)

Ashagrie et al. (2007)

Vagen et al. (2006)

Site Location/ Climate Class

Tibet-Desert

North Dakota-Semiarid

China-Steppe

Turkey-Steppe

Ethiopia-Steppe

Madagascar-Forest

Latitude 380200N 460460N 36011 56'N 37011'N 70340N 200300S
Longitude 1010300E 1000550W 112055031E 340 38'E 380530E 470250E
Elevation, m 2650 518 900 1400 2400 1360
Koeppen Climate Class Bsk Dfb Dwa Bsk Cwb Bsh
Radiational Index of Dryness 3.94 2.56 1.93 1.76 1.20 0.96
Mean Annual TEMP, oC 4.9 54 9.8 13.9 12.6 17.9
Mean Annual PREC, mm 279.3 397.0 586.0 752.0 1333.0 1529.0
Mean Annual PET, mm 1122.4 984.5 943.9 1112.4 1130.7 1045.5
Precipitation deficit 843 588 358 360 -202 -483
Aridity index 0.25 0.4 0.62 0.68 1.18 1.46
Moisture Index -75 -60 -38 -32 18 46
De Martonne Index 19 26 30 31 59 55
Growing season humid period - 1/1to 18/2 11/7 to 2/9 29/10to 31/3 10/3 to 15/10 29/10to 19/4
Dry period 1/1to 31/12 8/2to027/11 24/10to 9/6 14/5 to 28/10 1/11to 21/1 2/7 to 9/10
NPP, g(DM)/mz y 508 695 967 1078 1635 1913
NPP limited by Prec Prec Prec Prec Temp Prec
Soil type | Mollisol Pachic Haplustoll Haplic Greyxems Typic Haploxeroll Rhodic Nitisols Oxisol
Soil depth, cm 30 30 20 20 20 20
pH 8.3 6.6 8.3 7.4 5.6 4.5
CaCo3 (g/kg) 75.5 - 99.4 210 - -
Silt/Clay Content, % 72/18.3 54/25 63.4/25.4 41.5/38.5 30/49 /70
Years after the conversion 30 30 0,4,10,20,42 12 26 1,3,>50, approx75
Initial SOC, t C/ha 115.3 84.4 56.8 57.3 124 110.3
Initial POC, t C/ha 37.2 - 14.7 - 78 -
Final SOC, t C/ha 79.1 70 16.7 32.6 67 28.5
Final POC, t C/ha 17.1 - 14 - 12.1 -
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3.2.2 RothC modeling-methodological approach

Initialization/ Calibration

The meteorological data used in the modeling exercise (average monthly mean temperature,
precipitation, and potential evapotranspiration) were obtained by the Local Climate
Estimator (New LocClim 1.10, 2006) according to site coordinates by the closest
meteorological station (Table A3.2 in the Appendix). Soil thickness was set to 20 or 30 cm
according to the field measurements of each site (Table 3.1). Clay content was also obtained
by field measurements (Table 3.1). The fields were covered by crops during the cropping
period (Table A3.1 in the appendix). Field measured SOC and POC content (Table 3.1) in the
cropland were used as calibration criteria. The C of POC (particle sizes >50 um) has been
associated with the RPM pool of RothC (Galdo et al., 2003; Gottschalk et al., 2010, study
presented in chapter 2). Initial SOC was partitioned among the different carbon pools (RPM,
DPM, BIO, IOM and HUM) using the following approach. The POC content is the sum of RPM
and DPM fractions apportioned by calibration. Following Roth-C-26.3-model
recommendations, BIO was assumed to be 3% of the total SOC and IOM using the equation
suggested by Falloon et al. (1998): IOM = 0.049*SOC"**°. For the estimation of the IOM
content, we used the native land SOC content since the inert carbon is not usually considered
to change significantly because of cultivation during a few decades. However, due to the
uncertainty of this assumption in the uncertainty analysis the range of the IOM pool is from
zero to the value taken by the Falloon’s equation. Finally, the HUM pool was calculated by

difference of the other pools from the total SOC.

First, RothC/@RISK was used in a Monte-Carlo fashion in order to identify the optimal/unique
solution of model parameters and input that best simulates each soil. Plant litter input and
six model parameters were considered simultaneously with uniform distributions (Table 3.2).
Since the plant litter was not measured, the appropriate range found in the literature for the
specific climate and landuse was used. In addition any information given in the manuscripts
was used. In specific the input uniform distribution of plant input was for the six sites: 0.1-1.2
t C/ha (Tibet), 0.5-1.1 t C/ha (Dakota), 0.3 to 1.0 t C/ha (China), 0.5-3.5 t C/ha (Turkey), 1.5 to
7 t C/ha (Ethiopia), 1.0-4.0 t C/ha (Madagascar). Regarding the range of the RPM and HUM
decomposition rate constants it was expanded if needed by preliminary simulations (in
general RPM: 0.1 to 0.8 or 1.0 1/y and HUM: 0.009 to 0.1 or 0.3 1/y). For the remaining

model parameters (DPM and BIO decomposition rate constants, DPM-to-RPM ratio, and
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BIO%), the range was established as +10% of the default model values. In the three cases
where POC measurements were not available, POC was also included in the calibration
procedure. The range (+20% of the predicted value) of POC to SOC ratio found by preliminary
simulation for the native land conditions was used to initialize the model and it was also
optimized. The input ranges of the POC to SOC ratio introduced to the model where: 45-65%
(Dakota), 25-40% (Turkey), 20-40% (Madagascar).

Monte-Carlo simulation with 5000 iterations was conducted using the distributions of the
plant input and the six model parameters described above. The simulation period was 100
years. The solution with the lowest deviation (<+1%) from both SOC and POC field
measurements was considered as the optimum solution and the values of the parameters
that generated the solution as the calibrated values. The ensemble of solutions falling within
the £5% of the SOC and POC field measured values was also examined in order to confirm the
uniqueness of the optimum solution. For the China site where chronosequence data for both
SOC and POC were available, the ensemble of solutions falling within the least percentage of
the SOC and POC field measured values that covers all the chronosequence data was used
instead of the 5%. The standard deviations of the selected solutions of the plant input and
the six model parameters were calculated and their values were compared with the initial
distributions. Low standard deviations suggest the uniqueness of the optimum solution since
the system is inherently constrained and does not allow solutions with extreme combinations

of parameter values.

Sensitivity analysis

Once the model was calibrated, sensitivity analysis was performed with respect to the
change of the SOC and POC (sum of DPM and RPM) content in the year used for calibration.
In the China site the last year of the available chronosequence data was used. The six model
parameters (DPM, RPM, BIO, and HUM decomposition rate constants, DPM-to-RPM ratio,
HUM%) and the plant litter input were varied by +10% and +50% from the calibrated values.
The sensitivity coefficients (the absolute value of the ratio: ((AY/Y)/(Ax/x)) were calculated for

SOC and POC content; Y is the SOC or POC content and x the parameter value).
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Uncertainty analysis

Finally, the propagation of uncertainty in the simulated results due to initial conditions (SOC,
DPM, RPM, BIO, HUM, and IOM carbon pools), plant litter input and soil clay content, as well
as the six model parameters used for calibration was conducted for each category separately
and all together. The simulation run was for 100 years for both sites. The distribution for each
parameter derived from the Monte-Carlo simulation for the iterations falling within the £5%
of the SOC and POC field measured values was used in the uncertainty analysis. Field
variability for initial conditions and clay content was considered as normal distribution with
mean the measured value and a standard deviation of 5% of the mean. The uncertainty of
the IOM pool was considered to be a uniform distribution ranging from zero to the value

obtained by Falloon’s equation. The HUM pool was calculated by difference.

Carbon addition scenarios

The effectiveness of carbon addition of various qualities was assessed. Three types of
exogenous organic matter with gradual increase in RPM and HUM content were added in the
landuse conversions at the same rate of 2.5 t C/ha just before the cropping period at one
dose. Amendments like manure are usually used to fulfill the agronomic needs of the plants
at doses 1-1.5 kg/m?, considering that their carbon content would be at least 25%, then the
carbon added to the system would be higher than 2.5 t C/ha (Stamati et al., 2011). Other
composts of lower nutrient quality are added in higher doses, but they usually contain lower
carbon content. The composition of the amendments tested in terms of DPM/RPM/HUM
content was as follows: 49/49/2, 30/60/10, and 10/70/20. The first type is representative of
manure, following the suggestion of RothC manual, while the other two correspond to green
waste and sludge and sludge or peat, respectively, according to Peltre et al. (2010) (they
optimized these percentages for several exogenous organic materials applied to soils). The
simulation period was 100 years. The Net C to C amended ratio of effectiveness was
calculated for every year of the simulation period. The carbon amended is the cumulative
load of the exogenous organic matter added to the soil (2.5 t C/ha multiplied by the years of
the application). The Net C refers to the extra carbon that is sequestered as compared with

the soil where no amended was applied.
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3.3 RESULTS AND DISCUSSION

Model calibration

The statistics of the ensemble of the Monte-Carlo simulations that fall within £5% of SOC
and POC measurements are presented in Table 3.2. In three cases (Dakota, Turkey, and
Madagascar) POC was not measured in the field, as already mentioned before. Moreover, in
the case of China the ensemble of solutions falling within the percentage of the SOC and
POC field measured values that covers all the chronosequence data was used instead of the
5%; this percentage was found to be 30%. The standard deviation was found to be more
than 10% of the mean values of the RPM and HUM decomposition rate constants and the
plant input and the RPM initial pool, almost in all cases, indicating that the system was not
well constrained with the available data for calibration and may be allow acceptable
solutions with extreme parameter value combinations. Nevertheless, in the three cases
where the POC pool was field measured and used for calibration this uncertainty was
reduced (Tibet, China, Ethiopia). In China where chronosequence data were also available it
was observed the least variability. In Ethiopia, however, the fact that it was introduced a
high range of plant input for calibration due to the limited information resulted in less
constrained ensemble of solutions that fall within the 5% of SOC and POC measurements. It
is clear that measurement of POC to initialize and calibrate the model can greatly reduce
uncertainty in calibrated parameters. The mean as well as the optimum RPM and HUM
decomposition rate constants were found to be significantly different than the default
values used in RothC. The optimum value for HUM rate was found to be higher than RothC
in all sites apart from Ethiopia. The optimum value for RPM rate was found to be higher than

RothC in China, Turkey, and Madagascar.

FOTINI E. STAMATI ENVIRONMENTAL ENGINEER, MSc 127



Table 3.2 Statistics of the parameter distributions for the solutions fell within the 5% of the SOC

and POC field measured stocks as well as the optimum solutions derived by the Monte-Carlo

simulation.
total POC
plant DPM/RP | fraction
Parameter | input M ratio initial BI0% DPM RPM BIO HUM
Li et al. (2009), Tibet-Desert
distribution betaGener
type uniform triang - uniform triang al uniform | uniform
min 0.10 1.26 - 41.30 8.92 0.23 0.59 0.0821
max 1.18 1.60 - 50.74 11.28 0.30 0.73 0.1496
mean 0.74 1.45 - 46.02 9.89 0.27 0.66 0.1159
std 0.25 0.07 - 2.72 0.50 0.02 0.04 0.0195
Chi-sq 2.76 7.98 - 4.71 3.73 3.41 4.06 47142
Optimum 0.73 1.49 - 46.12 10.88 0.26 0.64 0.1150
Frank et al. (2006), North Dakota-Semiarid
distribution | betaGener betaGener | betaGener betaGener betaGen
type al Uniform al al Uniform al Uniform eral
min 0.50 1.29 0.45 41.50 8.99 0.10 0.59 0.0022
max 1.10 1.58 0.64 50.60 11.08 0.30 0.73 0.1044
mean 0.86 1.44 0.539 45.68 10.00 0.14 0.66 0.0348
std 0.17 0.08 0.0582 2.79 0.59 0.03 0.04 0.024
Chi-sq 2.62 5.22 16.027 11.00 7.38 4.78 13.00 | 18.4054
Optimum 0.94 1.50 0.54 46.16 9.91 0.13 0.68 0.0370
Wau et al. (2004), China-Stepp
distribution betaGener
type triang triang - uniform al triang triang triang
min 0.30 1.26 - 40.98 9.03 0.29 0.60 0.0866
max 0.97 1.60 - 51.05 10.76 0.51 0.72 0.1453
mean 0.61 1.46 - 46.01 9.91 0.38 0.68 0.1257
std 0.14 0.07 - 2.91 0.64 0.05 0.03 0.0138
Chi-sq 1.67 2.81 - 0.90 1.19 2.05 1.67 1.6667
Optimum 0.73 1.53 - 44.24 9.89 0.41 0.68 0.1347
Evrendilek et al. (2004), Turkey-Steppe
distribution | betaGener | betaGener | betaGener | betaGener betaGener | betaGener | betaGen
type al al al al Uniform al al eral
min 0.50 1.30 0.25 41.40 9.00 0.20 0.59 0.0620
max 3.50 1.58 0.40 50.60 11.00 0.80 0.73 0.2000
mean 1.69 1.44 0.3282 46.19 10.00 0.54 0.66 0.146
std 0.80 0.08 0.0445 2.67 0.58 0.16 0.04 0.0341
Chi-sq 26.71 27.85 26.9205 14.74 19.23 18.37 1153 | 17.1616
Optimum 2.00 1.48 0.32 45.90 10.22 0.55 0.64 0.1580
Ashagrie et al. (2007), Ethiopia-Steppe
distribution betaGener
type triang uniform - triang al uniform triang triang
min 1.63 1.29 - 41.44 9.07 0.19 0.57 0.0111
max 6.96 1.59 - 51.49 10.98 0.51 0.73 0.0726
mean 5.18 1.44 - 44.79 9.93 0.35 0.67 0.0409
std 1.26 0.09 - 2.37 0.62 0.09 0.04 0.0126
Chi-sq 3.20 3.60 - 5.40 8.20 5.60 3.20 44
Optimum 2.67 1.38 - 44.17 10.67 0.22 0.72 0.0170
Vagen et al. (2006), Madagascar-Forest
distribution | betaGener betaGener betaGener | betaGener
type al uniform uniform al triang al al triang
min 1.00 1.30 0.20 41.49 8.83 0.20 0.59 0.0217
max 3.99 1.59 0.40 50.53 11.14 0.78 0.72 0.0692
mean 2.85 1.44 0.2999 46.12 10.08 0.49 0.66 0.0424
std 0.90 0.08 0.0583 2.80 0.48 0.18 0.04 0.0093
Chi-sq 6.79 7.32 5.1973 8.35 6.97 5.20 10.68 9.7959
Optimum 2.46 1.40 0.27 49.98 10.67 0.40 0.71 0.0357
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Sensitivity analysis

Sensitivity analysis with respect to the change of the SOC and POC content in the field
measured croplands (the year used for calibration) at the +10% and +50% ranges of the
calibrated values (Table 3.2) for the six model parameters and the plant input as well the
RPM initial carbon pool when applicable (the three cases not measured in the field) was
conducted. The tornado graphs are presented in Figure 3.1 and the sensitivity coefficients
(the absolute value of the ratio: ((AY/Y)/(Ax/x)) in Table A3.3 in the Appendix. In all sites
regarding the sensitivity of the parameters on the simulated POC (the sum of the DPM and
RPM pools), the most sensitive parameters where the RPM decomposition rate constant and
the plant litter input and secondary the DPM to RPM ratio and the DPM decomposition rate
constant (see Table A3.3). In the cases where the RPM initial pool was not known its
sensitivity was found to be negligible to very low. The sensitivity of the DPM and BIO

decomposition rate constants on the simulated SOC in all cases was very low.

Highest sensitivity (in terms of sensitivity coefficient at 10% indicated in the parenthesis)
was presented by the HUM decomposition rate constant in China (10%: 0.899, 50%: 1.415),
followed by the HUM in Madagascar (10%: 0.836, 50%: 1.362), the HUM in Turkey (10%:
0.368, 50%: 0.419), the plant litter input in Ethiopia (10%: 0.265, 50%: 0.470 for the RPM
decomposition rate constant), the RPM decomposition rate constant in Dakota (10%: 0.230,
50%: 0.263), and finally the HUM in Tibet (10%: 0.202, 50%: 0.216). Sensitivity coefficients
were found higher than the value 0.100 for the parameters HUM (all sites apart from
Dakota), RPM (all, but for Madagascar only for the -50%), plant litter input (all apart from
Tibet), BIO% (for Ethiopia, Madagascar, and China), and RPM initial pool (for Turkey and
Dakota). The results emphasize that depending on the climatic region, the available data for
the calibration of the parameters, they respond differently to the sensitivity. Moreover the
fact that the year after the conversion varies between the sites from 12 to 75 years also

influences the sensitivity patterns observed.
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Figure 3.1 Tornado Graphs for 10% (left) and 50% (right) sensitivity analysis. Decomposition rate

constants for RPM=resistant plant material, DPM=decomposable plant material, HUM=humus, and

BlO=biomass, DPM/RPM ratio=the apportionment ratio of plant litter input DPM and RPM carbon

pools, BI0O%=the proportion that goes to BIO (100-BIO% is the proportion that goes to HUM), and

RPM initial=the initial RPM carbon pool.
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Uncertainty Analysis

A comparison of the optimum simulation for both SOC and POC and the uncertainties
attributed to the initial conditions (SOC, DPM, RPM, BIO, HUM, and IOM carbon pools) the
input data (plant litter input and clay content), and the six model parameters used for
calibration parameters (DPM, RPM, BIO, and HUM decomposition rate constants, DPM-to-
RPM ratio, HUM%), in terms of the mean of the ensemble of Monte Carlo simulations plus
one standard deviation are presented in Figure A3.1 in the Appendix. The total uncertainty
for the six sites is presented in Figure 3.2. The uncertainty is smaller in the sites with
available field measured POC data (the three sites on the left column of Figure 3.2) and
higher in the sites where the calibration was conducted only with the SOC data (the three
sites on the right column of Figure 3.2). However, the Ethiopia constitutes an exception since
information about the plant input was scarce and therefore presented higher uncertainty as
compared with the other two sites with available POC data, actually as high as the sites with
no POC data. Similar patterns were found regarding the total uncertainty of the POC

predictions.

The average SOC loss (t/ha y) by the optimum solution and the statistics derived by the total
uncertainty are presented in Table 3.3. Moreover, the two last columns of the table give the
total uncertainty (90% of the distribution range between 5 and 95%) of the prediction of the
optimum solution. Specifically the 5% and 95% value of the SOC distribution describing the
total uncertainty for the 100" year of the landuse conversion corresponds to 22.2% lower
and 4.8% higher of the optimum value for Tibet, 49.7% lower and 72.8% higher for Dakota,
5.0% lower and 16.9% higher for China, 20.9% lower and 28.0% higher for Turkey, 46.0%
higher and 62.0% lower for Ethiopia, and finally 9.9% higher and 21.7% lower for
Madagascar. Totally, the uncertainty of the simulated carbon loss after 100 years cultivation
was 26.9% -Tibet, 122.5% -Dakota, 21.9% -China, 48.9% -Turkey, 108% -Ethiopia, and 31.6% -

Madagascar of the total amount of C decline due to the landuse conversion.
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Figure 3.2 Total uncertainty of total organic carbon (SOC) and particulate organic carbon (POC) due

to model parameters, input data, and initial conditions compared with the optimum solution

(calibration) for the six sites.

FOTINI E. STAMATI ENVIRONMENTAL ENGINEER, MSc

132



Table 3.3 The average SOC loss (t C/ha y) by the optimum solution and the statistics derived by the
total uncertainty. In the last two columns it is presented the percentage variation of the 5% and 95%

from the optimum solution.

optimum | Min | Mean | Max | Median | Std dev | 5% | 95% | % from optimum
Tibet 5% 95%
1 1.87 | -9.17 | -3.60 | 211 -3.62 3.16 | -8.59 1.34 | -560.0 -28.1
5 1.60 | -0.77 0.52 | 1.83 0.51 0.65 | -0.48 1.51| -130.3 -5.1
10 1.48 | 0.19 0.95 | 1.70 0.94 035 | 041 1.50 -72.7 1.2
20 1.34 | 0.60 1.07 | 153 1.07 0.20 | 0.75 1.39 -43.7 4.3
50 1.03 | 0.66 092 | 1.17 0.93 0.11 | 0.75 1.09 -27.7 5.9
75 0.86 | 0.59 0.79 | 0.96 0.79 0.08 | 0.65 0.91 -24.5 5.6
100 0.73 | 0.52 0.68 | 0.81 0.68 0.06 | 0.57 0.77 -22.2 4.8
Dakota
1 0.96 | 0.79 4.85 | 9.75 4.79 2.24 | 1.45 8.48 51.1 785.5
5 0.70 0.37 1.52 3.02 1.50 0.49 0.72 2.32 3.1 230.9
10 0.63 0.28 1.05 2.14 1.04 0.30 0.56 1.56 -10.3 148.4
20 0.55 0.19 0.77 1.57 0.75 0.22 0.43 1.14 -21.9 108.2
50 0.40 | 0.10 0.49 | 0.97 0.48 0.14 | 0.26 0.74 -36.6 82.6
75 0.33 | 0.06 0.38 | 0.73 0.38 0.12 | 0.18 0.57 -44.2 75.0
100 0.27 | 0.03 0.31 | 0.58 0.31 0.10 | 0.14 0.47 -49.7 72.8
China
1 3.89 3.16 6.20 9.51 6.15 1.49 3.92 8.58 0.8 120.2
5 297 | 2.36 335 | 4.40 3.35 0.39 | 2.73 3.99 -8.1 34.1
10 2.40 1.95 257 | 3.24 2.57 0.24 | 2.18 2.97 -9.2 23.9
20 1.72 1.41 1.81 | 222 1.81 0.15 | 1.57 2.05 -8.8 19.0
50 0.90 | 0.76 0.95 | 1.15 0.95 0.06 | 0.85 1.06 -6.5 17.0
75 0.63 | 0.53 0.66 | 0.80 0.66 0.04 | 0.60 0.74 -5.4 16.9
100 0.48 | 0.40 0.50 | 0.60 0.50 0.03 | 0.45 0.56 -5.0 16.9
Turkey
1 3.86 1.54 6.35 | 11.05 6.33 1.82 | 3.26 9.23 -15.5 139.2
5 2.91 1.25 335 | 5.21 3.39 0.74 | 2.08 4.50 -28.5 55.0
10 2.27 | 0.92 246 | 3.68 2.51 0.49 | 1.63 3.22 -27.9 42.0
20 1.57 | 0.61 1.65 | 2.38 1.69 0.30 | 1.13 2.10 -27.9 33.8
50 0.80 | 0.34 0.84 | 1.15 0.85 0.13 | 0.60 1.03 -24.6 29.0
75 0.55 | 0.25 0.58 | 0.79 0.59 0.09 | 0.43 0.71 -22.5 28.1
100 0.42 | 0.20 0.44 | 0.59 0.45 0.06 | 0.33 0.53 -20.9 28.0
Ethiopia
1 7.00 | 4.40 | 15.24 | 26.46 15.14 437 | 8.07 | 2241 15.3 220.2
5 5.46 | 3.62 7.91 | 12.07 7.96 1.68 | 5.04 | 10.44 -7.7 91.1
10 420 | 2.74 5.29 | 7.70 5.34 0.93 | 3.68 6.70 -12.3 59.6
20 2.69 1.60 3.03 | 4.49 3.02 0.49 | 2.23 3.81 -17.0 41.8
50 1.15| 041 1.24 | 2.09 1.24 0.28 | 0.81 1.70 -29.6 48.8
75 0.75 | 0.15 0.82 | 1.48 0.82 0.22 | 0.46 1.18 -38.7 56.6
100 0.56 | 0.01 0.61| 1.14 0.62 0.18 | 0.30 0.90 -46.0 62.0
Madagascar
1 11.07 | 7.47 | 18.82 | 32.47 18.61 4.85 | 11.23 | 27.54 1.4 148.8
5 6.46 | 4.92 8.23 | 12.40 8.19 1.35 | 6.00 | 10.55 -7.1 63.4
10 429 | 3.25 5.23 | 7.55 5.20 0.74 | 4.08 6.49 -5.0 51.3
20 2.79 1.94 3.28 | 4.55 3.25 0.43 | 2.58 4.02 -7.3 44.2
50 1.51 | 0.98 1.66 | 2.21 1.67 0.18 | 1.36 1.95 -9.6 29.6
75 1.09 0.71 1.17 1.52 1.18 0.11 0.98 1.36 -9.9 24.3
100 0.85 | 0.56 0.90 | 1.15 0.90 0.08 | 0.76 1.03 -9.9 21.7
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Patterns of carbon loss

An important observation is that the time soil needs to reach a new stable carbon content
varies greatly with the climatic gradient (Figure 3.2). While in the driest and coldest Tibet
desert it seems that after 100 years the soil has not reached a new stable carbon content
and its carbon content continues to decline, the Dakota site needs more than 70-80, the
China site 50-60 years, the Turkey site 40-50 years, the Ethiopia site 20-30 and the
Madagascar site 40 -50 years (the sequence of the sites was given according to the climatic
index RID). However, apart from the climatic conditions, other soil properties as well as crop
type and management play a crucial role. For example, the soil in the Madagascar contains
70% clay and this might explain why it requires more extended period of time to reach a

new stable carbon content as compared to the soil in Ethiopia.

In order to compare the pattern of carbon loss in the climatic gradient constituted by the six
sites the average SOC loss (t C/ha y) with time is given in Figure 3.3a. The cumulative decline
of SOC, proportional to the initial stocks is also presented in Figure 3.3b. The carbon decline
in the 1* year after the landuse conversion to cropland was found to vary in the study sites
from 1% to 10% of the initial SOC and the amount of carbon lost was found to be 1 to 11
t/ha. After 100 year cultivation the average carbon loss varied from 0.32% to 0.77% of the
initial SOC (respectively cumulative loss from 32%/y to 77%/y of the initial SOC, Figure 3.3b)
and as amount of carbon lost was found to be 0.27 to 0.85 t/ha y. Figure 3.3c presents the
ratio of the POC loss to SOC loss. The values higher to 1 indicate that in the specific site the
carbon related to the silt-clay fraction increases. This pattern was observed in Ethiopia, while
a very slight decline was also observed in Dakota. Apart from these two sites the ratio of

POC decline to SOC decline decreased in time.
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Figure 3.3 a) Carbon loss in terms of average SOC loss, b) The cumulative loss of SOC proportional to

the initial stocks, c) the ratio of the POC loss to the SOC loss.
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In all sites the average rate of carbon decline (t C/ha y) as well as average proportional to
the initial SOC amount carbon loss (% of the initial SOC/y) follows a logarithmic pattern, as it
is depicted in Figure 3.4a and 3.4b, respectively. For comparison, the data taken from Mann
(1986) are also drawn as inserts within these two figures. Mann’s compilation of data refers
to studies published between the years 1914-1983. The upper limit of the y axis of the small
figures was higher (see Figure 1.4) but for comparison reasons it is given the same with the
large figures. The data set used describes the carbon loss in an extended climatic gradient
and it seems that it covers a larger area (upper limit-see carbon loss after the 20" year of the
conversion, as well lower limit-see carbon loss the early years after the conversion) than the
area covered by the data taken by Mann (1986). A higher carbon decline was observed by
Mann (1986) for the very early years after the conversion (1-3 years). However, while the
sites correspond to lower limit of this study refer to 30 cm soil depth like Mann’s (1986)
data, the soil depth of the sites found in the upper limit is 20 cm, and may be a loss referred
to 30 cm would be higher. Nevertheless, seasonal influences may be also responsible for the

observed high rates of carbon loss in the first years.

The stepwise regression (Table 3.4) of the average % from the initial SOC per year carbon
loss with the POC to SOC ratio and the temperature (TEMP) as well with the POC to SOC
ratio and the Radiational Index of Dryness (RID) indicated that the first 20 years TEMP or RID
could better explain the variation of the sites and their effect gradually decreased and
afterwards (see the column with the 50" year in the table) the POC to SOC ratio explained

better the observed variation and its effect gradually increased.
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Figure 3.4 Carbon loss in terms of a) average rate of SOC loss, b) and as proportional to initial SOC

amount. The data of Mann (1986) are also drawn in the inserts within the figures, soil depth 30 cm.
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Table 3.4 Stepwise regression of the average % from the initial SOC/ y loss (for the 1%, 5“‘, 10th, ZOth, 50“‘, 75“‘, and the 100" year after the conversion) with the POC to

SOC ratio and the temperature (TEMP) and the POC to SOC ratio and the Radiational Index of Dryness (RID).

Year after the

conversion 1 5 10 20 50 75 100
constant 1.303 -1.137 5.7021 -0.608 13.37 3.694 30.45 11.77 67.3 94.62 83.84 104.31 93.95 108.84
POC/SOC -0.05 -0.13 -0.21 -0.4 -0.84 -0.99 -1 -1.12 -1.09 -1.17
T-Value -1.22 -0.78 -0.66 -0.94 -2.24 -2.2 -3.42 -3.23 -4.5 -4.35
P-Value 0.31 0.495 0.554 0.416 0.111 0.093 0.042 0.032 0.02 0.012
TEMP 0.55 0.58 1.68 1.77 2.16 2.3 2.4 2.6 1.9 1.43 1.04
T-Value 4.48 4.62 3.37 3.85 2.42 2.85 1.94 2.26 1.78 1.7 1.5
P-Value 0.021 0.01 0.043 0.018 0.094 0.046 0.147 0.087 0.173 0.188 0.23
S 1.4 1.5 5.8 5.5 10.4 9.7 14.2 14.0 12.5 15.6 9.9 11.9 8.1 9.3
R-Sq 89.5 84.2 82.3 78.7 71.3 67.1 66.0 56.0 78.0 54.7 85.9 72.3 90.1 82.6
R-Sq(adj) 82.4 80.3 70.5 73.4 52.2 58.9 43.4 45.0 63.3 43.4 76.5 65.4 83.4 78.2
Year after the
conversion 1 5 10 20 50 75 100
constant 15.8 10.64 50.23 35.48 71.06 50.59 94.25 64.32 119.2 94.62 122.4 104.3 121.5 108.8
POC/SOC -0.12 -0.34 -0.48 -0.7 -1.08 -0.99 -1.18 -1.12 -1.22 -1.17
T-Value -4.78 -2.63 -1.85 -1.93 -3.36 -2.2 -4.51 -3.23 -5.34 -4.35
P-Value 0.017 0.078 0.162 0.149 0.044 0.093 0.02 0.032 0.013 0.012
RID -2.79 -2.58 -8.6 -8 -11.2 -10.4 -12.6 -11.4 -10.3 -7.5 -5.3
T-Value -7.81 -2.87 -4.63 -2.76 -3.06 -2.26 -2.44 -1.72 -2.24 -2.02 -1.63
P-Value 0.004 0.046 0.019 0.051 0.055 0.087 0.092 0.161 0.111 0.137 0.201
S 0.9 2.2 4.5 7.0 8.8 11.2 12.3 16.0 11.0 15.6 9.0 11.9 7.8 9.3
R-Sq 96.2 67.3 89.6 65.6 79.4 56.0 74.3 42.5 83.0 54.7 88.2 72.3 90.8 82.6
R-Sq(adj) 93.7 59.1 82.6 57.0 65.7 45.1 57.2 28.2 71.7 43.4 80.4 65.4 84.6 78.2
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Carbon addition scenarios

The effectiveness of carbon addition by the application of amendments of different quality
at an annually rate of 2.5 t C/ha, was expressed by the ratio of the Net C to carbon amended
presented in Figure 3.5a. Net C refers to the extra carbon sequestered as compared with the
soil where no amended was applied and carbon amended refers to the cumulative load of
the carbon amended to soil. The Net C to C amended ratio was found in all sites to be higher
for the 10/70/20 compost, followed by the 30/60/10 and the 49/49/2. In all cases the ratio
significantly decline with time over a logarithmic pattern, indicating the importance of such
simulation in the design of long-term agricultural management plans. The long term
effectiveness is higher in Tibet, Dakota, and Ethiopia. Specifically, the effectiveness of the
49/49/2, 30/60/10, and 10/70/20 was in Dakota 0.30, 0.39, and 0.49, respectively; in Tibet
0.25, 0.32, and 0.40, correspondingly and in Ethiopia 0.15, 0.21, and 0.27. In the rest three
sites and for the three amendment types was lower and ranged from 0.06 to 0.11. In the
three sites presenting the highest effectiveness, the average annual decomposition rate of
the RPM (0.023 to 0.125 1/y) and particularly the HUM pool (0.006 to 0.013 1/y) was very
low compared to the other three sites (RPM: 0.183 to 0.446 1/y, HUM: 0.039 to 0.063 1/y).
Worth noting is the low decomposition rates observed in Ethiopia which could be probably

related to high clay content of the soil (49%).

The proportion of the carbon sequestered due to the application of the amendment that is
stabilized in the silt-clay fraction (the BIO and HUM RothC modeled pools) is presented in
Figure 3.5b. The proportion increases with time and it is higher (2% to 4.5%) in the
amendments contain more RPM and HUM carbon pools. More significant was the difference
in the Tibet and Dakota sites, due to the extremely low HUM decomposition rates. After 100
years of application for example for the 30/60/10 amendment the carbon stabilized in the
silt-clay fraction from the totally carbon sequestred was 40.8% in Tibet, 39.8% in Dakota,
60.6% in China, 64.2% in Turkey, 78% in Ethiopia and 83.1% in Madagascar.
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Figure 3.5 a) The effectiveness of carbon addition by the application of amendments of different quality at annually doses of 2.5 t C/ha (carbon amended: the

cumulative load of the carbon amended to soil, Net C: the extra carbon sequestered as compared with the soil where no amended was applied), b) the proportion of the

carbon sequestered that is stabilized in the silt-clay fraction.
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Decomposition rates and the Q10 factor

The linear correlation of the annual RPM and HUM decomposition rate constants with
climatic indexes, soil clay content and the size of the initial POC pool is presented in Figure
3.6. The RPM constant correlates better with the climatic indices as compared with the
HUM constant. Other soil properties like the clay content should affect significantly the
rates. The HUM rate was found to be negatively correlated with the POC initial pool.
Temperature (TEMP) gave the best correlation for both RPM and HUM as compared with
the Aridity Index and the Radiational Index of Dryness. The stepwise regression (Person
correlation) conducted for the HUM with POC initial, TEMP, and clay (Table 3.5) indicated R-
Sq for POC initial 64.43%, for POC initial and TEMP, 84.53% and POC initial, TEMP and clay
94.44%. The HUM rate increases for higher TEMP and lower initial POC and clay. The
stepwise regression of the RPM with POC initial and TEMP (Table 3.5) indicated R-Sq for
TEMP 79.42% and for TEMP and POC initial 84%. The RPM rate increases for higher TEMP
and lower initial POC. The strong linear relation of RPM with the clay is responsible for that.
However this effect is an artifact, since clay content increases in sites with lower RID and
TEMP. Multiple tests of stepwise regressions (not presented here) were conduced to

examine if there are other possible combinations to describe the results.

The Q10 temperature factor, which indicates the measure of the change of the
decomposition rate as a consequence of increasing the temperature by 10 °C given by the
equation Q10=(R2/R1)*(10/(T2-T1)), was calculated for both the RPM and HUM pools (Table
3.6). The decomposition rate as given by multiplying the RothC ‘a’ temperature correction
with the calibrated decomposition rate constant was linear correlated with temperature and
the Q10 was calculated for the 5-15 °C and 15-30 °C temperature range (R* higher than 0.9
with few exceptions higher than 0.8). The HUM rate did not have significant correlation with
TEMP and therefore the two sites with clay content 49 and 70% were excluded (Ethiopia

and Madagascar) to obtain a good correlation. The Q10 was re-calculated for RPM again.
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Figure 3.6 Linear correlations of the annual RPM and HUM decomposition rates with climatic

indexes, the soil clay content and the Particulate Organic Carbon (POC) initial pool.
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Table 3.5 Stepwise regression (Pearson correlation) of the RPM and HUM annual decomposition
rates with the clay (only in the case of HUM) content, the temperature (TEMP) and the particulate

organic carbon (POC) initial pool.

HUM RPM
3 2 1 2 1
constant 0.02959 0.03912 0.06628 -0.0504 -0.11627
clay -0.00109
T-Value -1.89
P-Value 0.2
TEMP 0.0058 0.0022 0.025 0.0259
T-Value 2.79 1.97 3.68 3.93
P-Value 0.108 0.143 0.035 0.017
POC initial -0.00054 -0.00083 -0.00091 -0.0015
T-Value -2.21 -3.2 -2.69 -0.93
P-Value 0.158 0.049 0.055 0.423
S 0.00968 0.0132 0.0173 0.0807 0.0792
R-Sq, % 94.44 84.53 64.43 84.00 79.42
R-Sq(adj), % 86.1 74.21 55.53 73.34 74.28

Finally, one more correction was conducted; since the soil depth for Tibet and Dakota was
30 cm and for the other four sites was 20 cm, the decomposition rate in the sites with 30 cm
soil depth was increased by 30%, according to the suggestions of the RothC manual and the
Q10 was re-calculated. This analysis aimed to examine what would be the Q10 in the study
sites with the use of the specific corrections for soil moisture cover (‘b’ correction factor)
and soil cover (‘c’ correction factor) used by RothC. The calculations were also conducted
apart from the calibrated values of the optimum simulation for the rates derived by the
mean, min and max of the distributions of the parameters that calculated by the sensitivity
analysis. For the range of the 15-25 °C the Q10 for RPM was estimated to be 1.66 to 1.88 (4
sites and soil depth correction-optimum, 1.75) and for HUM 1.63 to 1.74 (4 sites and soil
depth correction-optimum, 1.66). The Q10 for the HUM pool was found to be lower than
the Q10 for the RPM by 5% (4 sites and soil depth correction-optimum); 0.7% to 9.2% was
addressed by the uncertainty analysis. The default RothC Q10 factor (15-25 °C) deriving by
the equation used for the temperature correction (a=47.9/(1+exp(106/T+18.3)) is 2.0,
verifying that RothC overestimate decomposition at high temperatures. On the other hand
in the lower temperature range of 5-15 °C the Q10 for RPM was estimated to be as high 2.96
to 8.17 (4 sites and soil depth correction-optimum, 4.04) and for HUM 2.71 to 3.78 (4 sites
and soil depth correction-optimum, 2.98). The Q10 for the HUM pool was found to be lower
than the Q10 for the RPM by 26.1% (4 sites and soil depth correction-optimum); 4.8% to
45.5% was addressed by the uncertainty analysis. The default RothC Q10 factor (5-15 °C)
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deriving by the equation used for the temperature correction is 3.8 verifying the reported
indications that RothC underestimates decomposition at low temperatures, in the case of
the RPM pool. However regarding the HUM pool it seems that the Q10 temperature factor
is lower than the default RothC Q10 factor in this dataset. In both temperature ranges and
particularly in the lower range (5-15 °C) it is clear that Q10 should be significantly lower in
the HUM pool. These results verify the indications that have been reported that
temperature sensitivity of decomposition varies between different carbon pools, while
typically most soil carbon models consider that soil SOM pools are equally sensitive to
temperature (Takeshi et al., 2006). The apparent sensitivity estimated by this study includes
also the textural gradient (clay content) of the sites. Sites with low temperature and dry
conditions had low clay content (<20) which gradually increased with temperature and the
moisture regime. Therefore, in the former sites, if clay content was higher, the ‘apparent’
temperature sensitivity would be lower and in the latter sites, if clay content was lower, the

sensitivity would be higher.

Table 3.6 The Q10 temperature factor (‘apparent’ sensitivity) for the RPM and HUM RothC model

pools as calculated by the calibrated values of this study.

6 sites 6sites 4 sites’ 4 sites’
soil depth
correction® soil depth correction’
RPM RPM RPM HUM RPM HUM
5-15°C
mean 5.76 4.40 5.06 2.75 3.93 2.79
mean-1std 3.68 2.96 3.84 3.65 3.05 2.94
mean+1std 8.17 5.93 6.18 3.48 4.71 2.71
optimum 4.82 3.77 5.15 3.78 4.04 2.98
15-25°C
mean 1.83 1.77 1.80 1.64 1.75 1.64
mean-1std 1.73 1.66 1.74 1.73 1.67 1.66
mean+1std 1.88 1.83 1.84 1.71 1.79 1.63
optimum 1.79 1.73 1.81 1.74 1.75 1.66

'the decomposition rate in sites with 30 cm soil depth was increased by 30% to correspond to 20 cm.
*Excluded Ethiopia (49% clay) and Madagascar (70% clay)

FOTINI E. STAMATI ENVIRONMENTAL ENGINEER, MSc 144



3.4 CONCLUSIONS

In this work the methodology developed and presented in chapter 2 was used in order to
calibrate, assess the sensitivity and simulate the uncertainty in carbon turnover (RothC
model) during native land to cropland conversion along a climatic gradient form Desert to

Forest (Budyco's Radiational Index of Dryness from 3.94 to 0.96) with data obtained by

relative published studies. Scenarios of carbon addition of materials of different quality

were also conducted to assess their effectiveness under the different climatic conditions
and soil types. The ‘apparent’ temperature sensitivity of the RPM and HUM RothC carbon
pools was estimated with the calculation of the Q10 factor.

o The sensitivity analysis suggested that the most sensitive parameters were the HUM and
RPM decomposition rate constants, as well as the plant litter input and the RPM initial
pools in the sites where it was not field measured with physical fractionations.
Sensitivity greatly depended on the available data for the calibration of the parameters.

o The uncertainty of the simulated carbon loss after 100 years cultivation was 26.9% -
Tibet, 122.5% -Dakota, 21.9% -China, 48.9% -Turkey, 108% -Ethiopia, and 31.6% -
Madagascar of the total amount of C decline due to the landuse conversion. The
uncertainty was smaller in the sites with available field measured POC data and
information about the plant input. The analysis showed that the resulting uncertainties
are significant emphasizing the necessity of obtaining accurate plant input data and
other physical soil parameters as well as quantifying the variability of initial conditions in
order to reduce the uncertainty of carbon turnover projections, in accordance with the
results of the previous chapter.

o The average carbon loss per year-as a percentage of the initial SOC- after the conversion
to cropland varied in the study sites from 1% to 10% the 1* year after the conversion
and from 0.32%/y to 0.77%/y the 100™ year. The average amount of carbon lost varied
from 1 to 11 t C/ha the 1% year and 0.27 to 0.85 t C/ha y the 100™ year. The decline of
the rates follows a logarithmic pattern. POC losses were more significant in the early
years after the conversion and losses of the carbon related to the silt-clay fraction,
basically the BIO and HUM RothC modeled pool in the later years. The POC to SOC ratio
of the soil before the conversion greatly determines the % loss in the long term. The
time to reach the soil a new stable carbon content varies greatly with the climatic
gradient varying from more than 100 years (Tibet, Desert) to 20-30 (Ethiopia, Forest)

o The Net C to C amended ratio as an index of the effectiveness of carbon addition varied

greatly between sites. For example after 100 years of application (2.5 t C/ha y) of an
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amendment with composition 30/60/10 (DPM/RPM/HUM) the Net C to C amended
ratio was found to be in Dakota 0.39, in Tibet 0.32, in Ethiopia 0.21, in China and
Madagascar 0.08, and in Turkey 0.07. The carbon stabilized in the silt-clay fraction from
the totally carbon sequestered was 40.8% in Tibet, 39.8 in Dakota, 60.6 in China, 64.2 in
Turkey, 78% in Ethiopia and 83.1 in Madagascar. The study sites presented the lower
HUM decomposition rate presented also more effectiveness in carbon addition and
more carbon was stabilized in the silt-clay fraction. In all cases the Net C to C amended
ratio significantly decline with time over a logarithmic pattern. Reliable long term model
simulations are important for the design of long-term sustainable agricultural practices
(carbon sequestration, e.g. HUM increase) like the appropriate carbon addition under
different climatic regimes and soil textures.

The Q10 factor for the RPM pool (1.75, range 1.66-1.88) was found to be lower than the
default RothC Q10 factor (2.00) in the 15-25 °C and higher in the range 5-15 °C (4.04,
range 2.96-8.7 versus 3.88 in RothC). The Q10 factor for the HUM pool was found to be
lower than the Q10 for the RPM by 5% (0.7% to 9.2%) in the 15-25 °C range and 26.1%
(4.8% to 45.5%) in 15-25 °C range, indicating that temperature sensitivity of
decomposition varies between different carbon pools and this should be included in
carbon models. It was verified that RothC underestimates decomposition at low
temperatures and overestimate at high temperatures. However, regarding the HUM
pool at low temperatures in this dataset it seems that the Q10 factor is lower than the

default RothC Q10 factor.
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4. DEVELOPMENT OF A COUPLED CARBON, AGGREGATION AND
STRUCTURE TURNOVER (CAST) MODEL FOR TOPSOILS

Validation with field data of two contrasting crop production to set-aside conversions

Abstract: The current multi-pool soil organic carbon (SOC) models, although a major
improvement over single-pool ones, are not always able to capture soil saturation capacity
and give reliable predictions for climate change effects, since they do not account for
environmental constraints, like physical protection. In this work, a soil carbon, aggregation,
and structure turnover (CAST) model was developed based on the concept suggested by
many authors in the scientific literature that macro-aggregates are formed around
particulate organic matter, followed by the release of micro-aggregates. A simplified
mechanistic Nitrogen model was also developed. The CAST model was evaluated by field
data of cropland to set-aside conversions of Critical Zones Observatories in Greece (fine
textured Mediterranean) and lowa (coarse textured humid continental). The model was able
to capture the carbon content and the C-to-N ratio content of the pools comprising the three
aggregate types (macro-aggregates: >250 um, micro-aggregates: 53-250 um, silt-clay sized
aggregates: <53 um) in both sites. The soil system reached maximum macro-
aggregation/porosity and minimum bulk density after 7 and 14 years in Greece and lowa,
respectively. From then onward, macro-aggregate disruption presented a constant seasonal
pattern and any further SOC increase was due to micro-aggregation resulting in the increase
of bulk density and decrease of porosity towards a stable value. The CAST model can assist in
revealing the primary factors determining organic matter, aggregation, and structure
turnover in different ecosystems and in describing the response of the soil system to
management practices, landuse changes, and climate change in order to design and optimize

the appropriate measures/practices.
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4.1 INTRODUCTION

The current multi-pool soil carbon models have been a major improvement over the single
pool ones (Davidson and Janssens, 2006). However, they are not always able to capture the
soil saturation capacity to bind carbon (Powlson et al., 2011) and give reliable predictions for
landuse changes, management practices, and climate change effects, since they do not
account for environmental constraints, like physical protection (Davidson and Janssens,
2006, Kleber and Johnson, 2010, see also paragraph 1.3.2). Six et al. (2002a) acknowledged
that one of the major knowledge gaps and a research priority is the mechanistic explanation
of the saturation capacity level. Van Veen and Paul (1981), have recognized long ago that the
equilibrium level of soil organic carbon (SOC) is more dependent on the extent of protection

than on the decomposition rate of the plant residues added to soil.

Most models were designed based on the assumption that biochemically protected carbon
contributing to humus, inert or passive, organic carbon pools was the product of the
humification process resulting in a very stable highly aromatic material (Kleber and Johnson,
2010). Aromatic structures found in stable materials are the products of incomplete
combustion (biochar) and are not the result of the natural decomposition process (Knicker,
2007; Baldock, 2007; Kleber and Johnson, 2010). The combination of physical fractionations
(aggregate, particle size, and density fractions) with various chemical and spectroscopic
methods for the chemical characterization of these fractions, have offered evidence and
insight for the formulation of a more mechanistic conceptualization of soil organic matter
(SOM) turnover, composition and stabilization (see reviews of Litzow et al.,, 2007 and
Grandy and Neff, 2008, see also paragraph 1.2.2). An updated concept of the dynamic nature
of SOM is the realization that inaccessibility and sorption interactions with mineral surfaces
may provide powerful protection against decomposition, explicitly including carbohydrates,
proteins and other ‘labile’ materials (Kleber and Johnson, 2010). Stabilization of SOM is
thought to be due to (see also paragraph 1.2.4): 1) stabilization by organo-mineral
interactions-association with silt and clay (OM that is absorbed to minerals or entrapped in
very small micro-aggregates) and 2) physical protection within macro-aggregate and micro-

aggregate structures (Six et al., 2002a; Six et al., 2002b).

Physical protection in SOM turnover has been included in models using simplified
parameterization such as reduced life-time, protection coefficient or periodically transferred

to a more labile pool during cultivation events (Van Veen and Paul, 1981; Molina et al.,
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1983). Hassink and Whitmore (1997) developed a model where the rate at which organic
matter became protected depended on the degree to which the protective capacity was
filled, incorporating the processes of desorption and adsorption in order to model silt and
clay protection of SOM. Most of the current models of SOM dynamics simply affect the decay
rates of SOM pools by an empirical parameter corresponding to landuse. Recently,
Malamoud et al. (2008) made the assumption that the primary interactions occur between
clay particles and SOC components to form organo-mineral associations, which were then
bound together to form aggregates (STRUC-C model). Even though STRUC-C has significant
limitations, as outlined by the authors, it is the most comprehensive attempt to model soil
aggregate stability and turnover as well as soil structure in the scientific literature thus far
(Nikoalidis and Bidoglio, 2011; Adams et al., 2011). The STRUC-C model considered each
aggregate type as being a single carbon pool and did not account for particulate organic
matter (POM) in the aggregation process; the DPM (Decomposable Plant Material) and RPM
(Resistant Plant Material) RothC carbon pools. In addition, the formation of macro-
aggregates (>250 um) was considered as the aggregation product of micro-aggregates (>53-
250 um), although macro-aggregates are known to consist of both micro-aggregates and silt-

clay sized aggregates (<53 um) as well as POM.

Adams et al. (2011) argued that it is essential to model SOM dynamics more deterministically
in order to reproduce the processes of physical protection. The conceptual model suggested
by many authors in the scientific literature, that macro-aggregates are formed around
particulate organic matter (POM), followed by the release of micro-aggregates as the
occluded organic materials are decomposed (Golchin 1994; Balesdent et al., 2000; Puget et
al., 2000; Plante and McGill, 2002; Six et al., 2002a; Six et al., 2002b; Six et al., 2004; Bronick
and Lal, 2005, Helfrich et al., 2008; Nikolaidis and Bidoglio, 2011) has not been modeled yet.
Significant improvement of carbon modeling will entail a deterministic explanation of the
saturation capacity of the different carbon pools, estimation of the rates of occlusion or
release of labile organic materials and therefore their availability for mineralization or
stabilization (Plante and McGill, 2002), evaluation of soil structure (related with soil
hydraulics and fertility) and optimization of the appropriate measures/practices to manage

landuse changes, and climate change (Bronick and Lal, 2005; Rees et al., 2005).

In this work a soil carbon, aggregation, and structure turnover (CAST) model and a simplified
mechanistic N model were developed, based on current knowledge of the proposed

mechanism in the relavant scientific literature that suggests that macro-aggregates are
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formed around POM, followed by the release of micro-aggregates. The model was evaluated
using field data of cropland to set-aside conversions in a fine textured Mediterranean site in

Greece and a coarse textured humid continental site in lowa.

4.2 METHODOLOGY

4.2.1 Model conceptualization and description

A schematic overview of current knowledge on macro-aggregate formation and disruption is
provided in Figure 4.1. Plant residue is incorporated in the soil system and is colonized by
microbial decomposers. Fungal hyphae, microbial metabolites and root exudates provide the
binding for soil particles and smaller aggregates to cells of bacteria or fungi and form macro-
aggregates around POM. Macro-aggregated POM is further decomposed and fragmented
into smaller particles. Some of this finely fragmented POM becomes encrusted with mineral
particles (silt-clay sized micro-aggregates) and microbial byproducts, leading to the formation
of micro-aggregates within macro-aggregates. Biodegradation of the easily decomposable
incorporated OM, results in the decrease of the microbial growth/activity and the supply of
microbial biopolymers and macro-aggregates become less stable. Then if slaking occurs with
rapid contact of aggregates with water, these macro-aggregates would release stabilized
micro-aggregates and silt —clay sized aggregates and highly decomposed residual POM would
become unprotected. These materials may subsequently be reincorporated into new

aggregates if fresh plant residue enters the system.
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Figure 4.1 Schematic overview of macro-aggregation.

The structure of the developed soil carbon, aggregation, and structure turnover (CAST)
model is depicted in Figure 4.2. The model was developed in MATLAB (Version 7.10.0499
(R2010a). Three aggregate types are considered consisting of the relative RothC carbon pools
with distinct turnover rates (Figure 4.2): Decomposable Plant Material (DPM), Resistant Plant
Material (RPM), Microbial Biomass (BIO), Humified Organic Matter (HUM) and Inert Organic
Matter (IOM). AC1, AC2, and AC3 are the three types of aggregate sizes incorporated in the

model. The AC1 aggregate type corresponds to silt-clay sized aggregates (<53 um), consisting
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of BIO, HUM, and IOM. The AC2 aggregate type corresponds to micro-aggregates (53-250
um) consisting of BIO, HUM, I0M, and fine DPM and RPM pools. The AC3 aggregate type
corresponds to macro-aggregates (>250 um) consisting of BIO, HUM, IOM, and fine and
coarse deriving DPM and RPM pools. Each carbon pool of the aggregate types decomposes
by a first-order process with its own characteristic rate, in the same way as in RothC
producing CO2, BIO and HUM, apart from the IOM pool which corresponds to biochar and is
resistant to decomposition. The decomposition rate constant (k) is corrected by the product
(abc) of three correction factors for the major factors determine microbial activity (‘a’ for
temperature, ‘b’ for water deficit and ‘c’ for soil cover) as in RothC. The proportion that goes
to CO2 and to BIO and HUM is determined by the clay content of the soil (Coleman and
Jenkinson, 1999). The remaining C that is not lost is split into 46% BIO and 54% HUM, which
are the default values for microbial efficiency used in RothC. In each time step, each organic
compound is considered to decompose once; i.e. decomposition of each pool will follow

fragmentation and aggregation after the updating of the pool mass.
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Figure 4.2 Schematic representation of the carbon and aggregate turnover in the CAST model.
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The calculations of the processes represented in Figure 4.2 are presented in the following
descriptive mass balance equations followed by detailed justification of the conceptual and

model description.

D(Plant litter)/Dt
= Plant litter inputgys, — fragmentation (RPM to cRPM)
— decomposition (Plant littergyy, to AC1)

D(cPOM — litter)/Dt
= fragmentation (RPM to cRPM) + Plant litter inputp sy,
— macroaggregation (cPOM to cFOM;, )
— decomposition (ePOM to AC1)

+ macroaggregate destruction (cPOM; to ePOM)

Macz
DUAC1) /Dt = decomposition (plant litter to AC1) — macroaggregation(AC2 to AC3)
+ decomposition (AC1 to AC1) + decomposition (AC2 to AC1)
+ decomposition (AC3 to ACT)
+ macroaggregate destruction(AC3 to AC1)
+ microaggregate destruction (AC2 to AC1)

DAC2) /Dt = —macroaggregation(AC2 to AC3) + decomposition (AC2 to AC2)
— decomposition (AC2 to AC1)
+ macroaggregate destruction(AC3 to ACZ)
— microaggregate destruction (AC2 to ACT)

D(cPOM;, )/Dt
= macroaggregation{cPOM to cPOM;, )
— fragmentation {.:'PGML- to fPOM; ﬂm__g]l
— decomposition I[.:'PG'ML- to HCI}

nacst0 ACLin,, }
— macroaggregate destruction (cPOM;,  _to cPOM)

Macs

Narcz

Macs

— decomposition I[.:'PGML-

D(fPOM;, _ )/Dt = fragmentation(cPOM;, _to fPOM;, _ )

Macs

— microaggregation — decomposition {fPﬂM[ﬂA o B0 ACI}

— decomposition {fPt?Ml- maes b0 AC Ly }

— macroaggregate destruction fPOM;, _ tofPOM)
D(AC1;, . )/Dt
= macroagygregation {Alfl tuACliﬂm__g}—m:‘c‘rumggregmt:‘uﬂ {Aflmﬂfg tuACEinME}
— decomposition {ﬂlﬁ.’lmm__g to HCI} + decumpus:’t:’un{ﬂflmﬂﬁ to ACL;, .
+ decomposition {Pﬂﬂi‘mm__:tu ACly, . } + decumpus:’t:’un{ﬂf?iﬂm_z to Hfliﬂﬂﬂ}
— macroaggregate destruction {Aflmﬂﬂ to At._l}
+ microaggregate destruction {HCE[HME to AL, . }
D{ACEiﬂ‘q'__gijt = macroaggregation {HCE toACZ;, . }

+ microaggregation {Aflmﬂﬂ tuﬂﬂ?im'__g}

— decomposition {HEEEHME to Hli.'l}

— decomposition {HEEMME to At.'ll-ﬂm__g}

+ decomposition {HEEEHME to AEEmME}

—macroaggregate destruction {HEEEHME to HEE}

— microaggregate destruction{ACZ;, | to ACLy, )
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Plant litter input apportionment and fragmentation

Plant material is considered to consist of the organic materials with different resistance to
decomposition; progressively resistant carbohydrates and proteins, cellulose, hemicelluloses,
and lignin (Van Veen and Paul, 1981). The model apportions plant litter input between
Decomposable Plant Material (DPM), i.e. easily decomposable carbohydrates (i.e. O-alkyl C)
and Resistant Plant Material (RPM), like recalcitrant long chained C (i.e. alkyl C) (Golchin et
al., 1994) using the factors reported by Coleman and Jenkinson (1999); i.e. 1.44 for grassland
and 0.67 for shrubland. The DPM pool is assumed to consist of coarse POM (53-250 um), due
to its very small turnover time. The RPM pool is fragmented due to earthworms, nematodes
and other small fauna to coarse POM (>250 um) (RPMc). The fragmentation is described by
first order kinetics. The two rate constants of fragmentation are corrected with the same
‘abc’ correction factors used for decomposition assuming that fragmentation will follow the
same pattern. The RPM pool is the only pool of the fresh plant material that is not

aggregated.

Macro-aggregate formation

Fresh plant material is rapidly colonized by microbial decomposers when it enters the soil
matrix. Fungal hyphae mechanically bind the soil particles that surround the organic resource
(Helfrich et al., 2008). Root mucilages as well as microbial mucilages released, like
extracellular polysaccharides provide the glueing that bind them to cells of bacteria or fungi
and form macro-aggregates around POM. Enough young POM is considered to have been
incorporated for stable aggregates to be created (Puget et al., 2000). Macro-aggregation is
therefore induced by the plant input and especially the DPM. It was considered that
aggregation will take place when available plant material exists with favorable conditions for
microbial activity (soil moisture and temperature), following first order kinetics at the same
manner as decomposition (Equations 1-2). No aggregates will be formed if there is no DPM
material. Coarse DPM and RPM is aggregated with AC1 and AC2 aggregates. It was assumed
that aggregates of constant composition (coarse plant material, AC1, and AC2) will be
created depending on the rate of aggregation, the availability of plant material and the
availability of AC1 and AC2. If neither AC1 nor AC2 is the limiting factor equations 3-6 are

used for the calculations. As there is no evidense if macro-aggregation can take place even if
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AC1 or AC2 is not available it was assumed that both of them are limiting factors. Therefore,

for example if AC2 is the limiting factor, Equations 7-9 are used ("carbon-limited" conditions).

DPMcygqr = DPMc — DPMc g~ "aggrOPMctoct Equations 1
RPMcggqr = RPMc — RPMce ™ "agararmcaoct Equations 2
POMeggor = DPMcy o + RPMeg gy Equations 3
_ POMcgggr .
Al3formes = [ Percent composition of formed AC3 in POMc Equations 4
AClyggr = AC3formeg = Percent composition of formed AC3 in ACL ;g0 Equations 5
ACZ gor = HCEEDmgd * Percent composition of formed AC3 in ACZ g, Equations 6
_ Zgggr [ .
Al3formes = [/ Percent composition of formed AC3 in AC2 Equations 7
AClgggr = AC3formeg = Percent composition of formed AC3 in ACL g0 Equations 8
FPOMgggr = AC3formeg * Percent composition of formed AC3 in POMgg., Equations 9

The relative contribution of the pools within AC1 (BIO and HUM) and AC2 (BIO, HUM, fDPM,
and fRPM) which are aggregated is determined proportional to the composition of the
aggregates in these pools at this time step. For example in the case of AC1 Equations 10 and

11 are used.

BlOsc1(aggn = AC1
HUM,

eggr ¥ Percent composition of AC1in BI10;q Equations 10

Cliaggr) = ACly gy * Percent composition of ACLin HUMy Equations 11

The free coarse POM and AC1 and AC2 carbon pools are updated due to macro-aggregation.
Fragmentation of coarse POM in AC3: As the intra-aggregate coarse DPM and RPM POM
decomposed are further fragmented with first order kinetics into smaller particles, finely
fragmented POM (fPOM), and the microbial exudates are released, the macro-aggregates

become more stable.
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Micro-aggregate formation

Some of this fine plant material becomes encrusted with mineral particles and microbial
byproducts (AC1 silt-clay sized micro-aggregates within AC3), leading to the formation of
micro-aggregates within macro-aggregates (AC2 in AC3) and consequently an increased
physical protection of the POM (Six et al., 2002a, Six et al., 2004). It was assumed that micro-
aggregation also follows first order kinetics and that micro-aggregates of constant
composition (fine plant material and AC1) will be created depending on the rate of
aggregation, the availability of plant material and the availability of AC1, which is also a
limiting factor. The existence of labile POM material (DPM) is not considered a limiting factor
for micro-aggregation, since turnover times of micro-aggregates is order of magnitudes
higher than the turnover time of decomposable plant materials. The composition of AC1 (BIO
and HUM) aggregated is determined proportional to the composition of the pools at this
time step (similarly with equations 10 and 11). The fine POM as well as AC1 in AC3 carbon

pools are updated due to micro-aggregation.

Decomposition of carbon pools

The physical protection exerted by macro- and/or micro-aggregates is attributed to (Six et al.,
2002a): (1) the compartmentalization of substrate and microbial biomass, (2) the reduced
diffusion of oxygen into macro-aggregates and especially micro-aggregates which leads to a
reduced activity within the aggregates, and (3) the compartmentalization of microbial
biomass and microbial grazers. Grazing pressure on bacteria by bacterivorous nematodes for
example is greater in sandy soils than in loams and clays resulting in a higher N
mineralization rate per bacterium (Hassink et al., 1993). The compartmentalization between
substrate and microbes by macro- and micro-aggregates is indicated by the highest
abundance of microbes on the outer part of the aggregates and a substantial part of SOM
being at the center of the aggregates (Golchin et al., 1994). The inaccessibility of substrate
for microbes within aggregates is due to pore size exclusion and related to the water-filled
porosity. The reduced diffusion of oxygen into macro-aggregates has been verified by
increasing N20 fluxes observed with increasing water stable aggregate sizes, due to the
existence of hot spots of anaerobiosis (Six et al., 2002a). Most of the decomposition products
(BIO and HUM) of each pool in the AC3 and AC2 aggregates are assumed to contribute to the

aggregate in which it is contained and only a small percent is leaked out in the free AC1 pool,
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since microorganisms and their immediate products of decay are considered to form a tightly
closed system (Van Veen and Kuikman, 1990) (Figure 4.2, notice grey arrows indicating
respective fluxes). Specifically, it was assumed that 95% of the products produced by the
decomposition of the coarse and fine DPM and RPM in the AC3 aggregate remain in the
aggregate and are added in the AC1 within the AC3, while 5% is transferred in the free AC1
aggregate. Similarly, 95% of the products produced by the decomposition of the pools (BIO,
HUM, fDPM, and fRPM) contained in the micro-aggregates within the macro-aggregates (AC2
in AC3) remain in the micro-aggregates and half of the rest are added in the AC1 within the
AC3, while the other half is transferred in the free AC3 aggregate. Likewise, 95% of the
products produced by the decomposition of the free macro-aggregates (AC2) remain in the
micro-aggregates and the rest 5% is transferred in the free ACl aggregate. The
decomposition products of the free AC1 as well the AC1 aggregate inside the macro-
aggregates remain in the same pool. The carbon pools of the fresh organic matter (DPM,
RPM and RPMc) decompose and the decomposition products (BIO and HUM) are transferred

in the free AC1 aggregate.

Macro-aggregate/ Micro-aggregate disruption

Conceptually, further decomposition of the incorporated OM (utilization of the more labile
pool, like the more easily decomposable carbohydrates), results in the decrease of the
microbial growth/activity and the supply of microbial biopolymers and macro-aggregates
become less stable. Then if slaking occurs with rapid contact of aggregates with water these
macro-aggregates would release stabilized micro-aggregates and silt —clay sized aggregates
and highly decomposed residual POM would become unprotected. It was assumed that the
consumption of the glue (microbial metabolites) which cause the macro-aggregate
disruption would be positively correlated with the availability of the DPM pools. New
aggregates will be formed in a system where permanent flow of decomposable material is
introduced if there is availability of free AC1 and AC2. However, older aggregates will be
deterioriated and eventually destroyed. Therefore, a pseudo percent value was introduced
for the fine and coarse DPM pools content of the AC3 aggregate, below which macro-
aggregates are considered unstable and therefore ‘potentially’ destroyed. Macro-aggregate
disruption is determined by the concentration of the labile pool of the particulate organic

matter (DPM pools). In the field, water unstable macro-aggregates will be destroyed if
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slaking occurs in relation to the precipitation and irrigation events. Aggregate disruption due
to tillage has not been introduced at this point in the model. The pools of the free plant
material and the free AC1 and AC2 are updated after the disruption of the macro-aggregates
and the final calculations are made. These materials may subsequently be reincorporated
into new aggregates if fresh plant residue is introduced in the system. Similarly, micro-
aggregates, both the free and the micro-aggregates within macroaggregates were destroyed

when their fPOM was under a limited value.

Checking of saturation capacity of the silt-clay fraction

At the end of each step the saturation capacity (SC) of the silt-clay fraction to stabilize carbon
is checked. The user has the option either to introduce in the model a calibrated value or to
let it use the Hassink equation (Hassink, 1997): SC=4.09+0.37*silt-clay, where silt-clay is the
fraction, % and SC is the g C/kg soil under saturation. If the saturation capacity has been
exceeded in a silt-clay fraction (BIO and HUM pools of AC1, AC2, AC1 with in AC3, and AC2
within AC3) an amount of Carbon is leached out of the soil. The mass and the concentration

of the silt-clay fraction is calculated as described in the following paragraph.

Soil bulk density and porosity sub-model

Porosity was calculated according to the equation: porosity (%) = (Ds-Db)/Ds, where Ds is the
soil particle density, and Db the soil bulk density. Ds is calculated according to Adams (1973):
Ds=100 / (OM%/Dom + (100-OM%)/Dm), where Dom is the organic matter particle density
and Dm, the particle density of the mineral phase. Dom and Dm were calibrated so as to
obtain the field measurements of bulk density and porosity. OM% is the soil organic matter
content in g/100 g soil which is calculated by multiplying the SOC content by the factor
1.724. Soil bulk density is calculated by dividing the soil mass with the apparent volume of
the aggregates. In order to estimate the apparent volume of the aggregates, the bulk density
of the aggregates is calculated first. It was considered in accordance with Malamoud et al.
(2008) that aggregates are regarded as spheres with different packing systems to explain the
differences in bulk density (Equations 12-14). Aggregate type 1 is the less porous whereas

the type 3 is the less dense.
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Aggregate type 1: pyramidal system, BD); = H;_ o1 Equation 12

Aggregate type 2: tetragonal sphenoidal, ED, = %DS: Equation 13
Aggregate type 3: simple cubic, ED); = EDS! Equation 14

Ds of each aggregate is calculated again according to Adams (1973). The OM% of each
aggregate is taken by the equation OMx=ACx*1.724*100/mass_ACx. However, the bulk
density of the mineral phase for each aggregate is assumed to be the same in this modeling
exercise, although it would be by definition vary, being higher in smaller aggregates. Then
the apparent volume of each aggregate type is calculated via: Vx = mass_ACx /BDx. Soil mass
changes as OM content changes. In order to estimate the mass of the three aggregate types,
it was assumed that carbon transfer related with aggregation and disruption can be related
with silt-clay mass transfers, whereas only clay mass was assumed from Malamoud et al.,
(2008) under a different conceptualization, where mass transfers were not calculated. Silt-
clay mass transfer is determined by its concentration in Carbon and the carbon transfer
calculated by macro-aggregation, micro-aggregation, and disruption in every time step
(equation 15, an example of Silt-clay mass transfer for macro-aggregation). A correction
factor (cf) to adjust for non linearities is introduced in each aggregate. Silt-clay related
carbon is considered the BIO and HUM pools (equation 16). The mass of the aggregates is
then calculated according to equations 17-19. The fractions that determine the distribution

of sand mass in each aggregate type (f1 and f2) are estimated by the field measurements.

cf 1= ACL gor rspzr—crav |

MOSE s LT CLAY ooy (AGGT) — CONCacy (srr—cravy Equation 15
ACLg ggr sir—crary = BI0acs jaggry ¥ HUMyes (agom Equation 16
massycy = MasSgyr_gay,, +ACL = 1.724 Equation 17
MOSSyps = MASSsyr_pav,, T ACZ * LV24 + f1 » masscyp Equation 18
MASSyc; = MASSgr_cav,, T AC3 = 1.724 + f2 » mossc up Equation 19

Mechanistic estimation of N stocks

Finally, a simplified mechanistic model was developed for the estimation of the N stocks of

the organic matter pools of the CAST model. N stocks for each ‘X’ pool were calculated

FOTINI E. STAMATI ENVIRONMENTAL ENGINEER, MSc 162



according to the equation: N,=C,/(C/N),, where Cx is the respective calibrated value derived
by the CAST model. The C-to-N ratio of each pool is then calibrated to meet the field
measured N stocks. The optimization was constrained by the following conditions:
4<(C/N),<50, 4<(C/N)giox<14, and (C/N)rem & remc>(C/N)opme, for the free POM pools. An
optimization routine in excel, the ‘solver’ (Microsoft Office Excel, 2007) was used for the

optimization procedure.

4.2.2 Field data used for model evaluation

Data from Koiliaris River Basin and Clear Creek Basin, Critical Zone Observatories

(www.soiltrec.eu) were used to evaluate the model. The two modeled sites are described in

detail in paragraph 2.21. The first site (indicated as IA) was lowa City, IA, USA (41°45°N,
91°44°W, 230 m), indicative of humid continental climate with soils of coarse texture-sandy
loam (clay=7%). The second site (indicated as GR) was in the northern part of Chania
Prefecture, Crete, Greece (39°25°N, 51°41°E, 10 m), where typical semi-arid, Mediterranean
climate dominates with soils of finer texture-clay loam (clay=30%). Topsoil (10 cm) samples
were analyzed for water stable aggregates (Elliott 1986); macro-aggregates (>250 um), ii)
micro-aggregates (53-250 um), and iii) silt-clay sized micro-aggregates and minerals (<53
um). Macro-aggregates were separated, according to the procedure described by Lichter et
al., (2008) into the following fractions: i) coarse particulate organic matter and sand (cPOM:
>250 um), ii) easily dispersed silt-clay fractions (sc-M <53 um), and iii) micro-aggregates
(mM: 53-250 um). The mM fraction was further separated to fine particulate organic matter
and sand (fPOM: 53-250 pum) and silt-clay fraction of the micro-aggregate (sc-mM <53 um).
Similarly, micro-aggregates (53-250 um) were separated to fine particulate organic matter
(fPOM: 53-250 um) and the silt-clay fraction (sc-mM <53 um) they contained. The C and N
distributions in the isolated carbon pools as well the silt-clay mass of the aggregate fractions
and its concentration in carbon (Table 4.1a and 4.1b) were used for the initialization and

calibration of the model.
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4.2.3 Methodological approach for initialization and calibration of the model

The following assumptions were made in order to initialize the model. Litter carbon pools
(DPM, RPM, RPMc) were assumed to be zero. The fine POM contained in free micro-
aggregates and micro-aggregates within the macro-aggregates were equally apportioned to
DPM and RPM. The fine POM, both DPM and RPM, in the macro-aggregates not occluded in
micro-aggregates, was considered zero. The coarse POM contained in the macro-aggregates
was primarily attributed to RPM and a small fraction to DPM. Biomass was considered to be
5% of the related silt-clay sized carbon pool. The biochar (IOM), since there were no available
field measurements in the modeling exercise, was considered to be zero. The percent of the
decomposition products (BIO and HUM) of each pool which contribute to the aggregate
within which the pool is contained, and the percent that is leaked out in the free AC1 pool
were estimated as discussed above. Since the two sites had been calibrated before with the
RothC model (see Chapter 2), the calibrated plant litter input (3.79 t C/ha and 5.05 t C/ha in
Greece and lowa, respectively) was introduced in the model and the estimated
decomposition rate constants were used as initial values for the calibration procedure. The
decomposition rate constants were calibrated by testing proportionally higher values for the
unprotected and less protected pools and proportionally lower for the most protected pools,
assuming that decomposition occurs at a slower rate within macro-aggregates as compared

with non-aggregate-associated POM due to diffusion limitation of O,(g).
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Table 4.1a Field measured water stable aggregates (WSA) as well as sand corrected WSA and Carbon and Nitrogen content of the field measured pools for the Greek and

the lowa cropland and set-aside fields, used for the initialization and calibration of the model, respectively.

WSA Carbon/Nitrogen Content
WSA (sand free) Aggregate cPOM AC1 AC2 fPOM in AC2
g/100¢g g/100 g
Aggregate fraction soil soil tC/ha tN/ha tC/ha tN/ha tC/ha tN/ha | tC/ha tN/ha tC/ha tN/ha
Set-aside | AC3 (>250 um) 86.2 81.7 29.77 2.14 12.98 0.72 2.19 0.13 14.59 1.29 5.80 0.35
1A AC2 (53-250 um) 11.5 5.9 2.78 0.21 1.22 0.08
AC1 (< 53 pm) 2.2 2.2 0.46 0.04
Cropland [ AC3 (>250 pm) 65.8 38.7 11.08 1.00 1.35 0.12 5.25 0.41 4,48 0.46 0.81 0.08
1A AC2 (53-250 um) 28.9 9.4 5.62 0.45 0.47 0.05
AC1 (< 53 pm) 5.3 5.3 1.89 0.14
Set-aside | AC3 (>250 um) 68.5 65.6 41.45 2.56 13.19 1.33 6.99 0.44 21.27 0.79 4.97 0.20
GR AC2 (53-250 pm) 25.9 15.9 14.02 0.72 3.61 0.17
AC1 (< 53 pm) 5.7 5.7 3.08 0.19
Cropland | AC3 (>250 pm) 51.7 45.8 19.68 1.44 5.80 0.30 5.72 0.46 8.82 0.73 4.49 0.23
GR AC2 (53-250 pm) 38.3 23.7 11.19 0.93 4.00 0.27
AC1 (< 53 pm) 10.1 10.1 3.39 0.28

Table 4.1b Field measured silt-clay (SC) mass (t) in bulk soil and different aggregate fractions and its concentration in carbon (t C/100 t SC mass, %), used for the

initialization and calibration of the model, respectively.

soil AC1 AC2 AC1 within AC3 AC2 within AC3
SC mass, t SC mass, t Conc, % SC mass, t Conc, % SC mass, t Conc, % SC mass, t Conc, %
Set-aside IA 410.7 15.0 2.7 35.8 2.5 67.7 3.8 292.1 1.0
Cropland IA 410.7 70.0 3.0 118.6 3.2 138.8 4.4 83.3 3.1
Set-aside GR 790.6 62.9 4.9 169.8 6.1 207.7 3.4 350.2 4.7
Cropland GR 790.6 118.6 2.9 267.9 2.7 199.0 2.9 205.0 2.1
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4.3 RESULTS AND DISCUSSION

The CAST model was able to capture the SOC content as well the carbon content of the three
aggregate types in both Greek and lowa sites (Figure 4.3Aa and 4.3Ba). The carbon content of the
aggregate type 3 (AC3) plus the coarse particulate organic matter of the non aggregated pools
(cPOM) is compared with the field measured carbon content of the macro-aggregates (Figure
4.3Ab and 4.3Bb). Similarly, the composition of the AC3 in silt-clay sized aggregates (AC1 in AC3)
and micro-aggregates (AC2 in AC3) was calibrated. The fine particulate organic matter of the
micro-aggregates (fPOM AC2inAC3) plus the intra macro-aggregated fPOM (fPOM inAC3) was

compared with the respective field measured fPOM.

The calibrated values of the rate constants and turnover times of the carbon, aggregate and
structure turnover model for the Greek and the lowa cropland to set-aside conversion are
presented in Table 4.2. The monthly correction factors ‘abc’ for rate constants are presented in
Table 4.3. Litter fragmentation to coarse POM exhibited turnover times of 0.12 and 0.18 years in
Greece and lowa respectively. Litter fragmentation due to earthworms, nematodes and other
small fauna seem to be facilitated in the coarser texture of the lowa site. The turnover time of
fragmentation of the coarse macro-aggregated POM was similar in both sites for the DPM pool
3.5 years (Greece) and 3.6 years (lowa). On the contrary, the RPM pool turnover time
(fragmentation) was almost 4 times higher in Greece (17.7 years) as compared with lowa (4.6
years). This pattern could be attributed to different quality composition of the RPM material
(shrubland in Greece versus grassland in lowa), while the composition of the DPM materials

seem to be similar in both sites.
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Figure 4.3 Simulated evolution of carbon content of modeled pools in the A) Greek and the B) lowa
cropland (initial conditions) to set-aside conversion (data used for calibration), a) soil (SOC), aggregate
type 1 (AC1), type 2 (AC2), and type 3 (AC3) plus the coarse POM of the non aggregated pools (cPOM), b)
the different pools contained in the aggregate type 3: silt-clay sized aggregates (AC1 in AC3), silt-clay
related carbon of the micro-aggregates (silt-clay AC2inAC3), fine POM of the micro-aggregates (fPOM
AC2inAC3) plus the intra macro-aggregated fPOM (fPOM inAC3), macro-aggregated cPOM (cPOM inAC3)
plus the cPOM of the non aggregated pools. Points indicate the field measurements of the same colored

line.
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The turnover time in years (1/annual decomposition rate) was estimated to be for the litter and
non-aggregated resistant to decomposition POM 5.8 and 7.3 years for the Greek and lowa site
respectively, while macro-aggregation resulted in doubling the protection (11.8 years) in Greece
while it was 1.4 times higher in lowa (10.4 years). The coarse POM has been found to be the
primary source of mineral N in topsoil (Zeller and Dambrine, 2011). Its C/N ratio is negatively
related with mineralization due to immobilization. Potential mineralizable N, potential soluble
organic N and C, as well carbohydrate C increased in the set-aside soils by a factor of 4.9, 3.5, 2.9,
and 2.7 for lowa and only 1-1.5 times for Greece (see results of Chapter 2 Table 2.1). The more
increase observed in the case of lowa may be can be related with the quality of the litter
(grassland versus shrubaland). Moreover, the seasonal pattern of decomposition due to climatic

conditions may also play a role (Figure 4.4).
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Figure 4.4 Seasonal pattern of emissions of a) the coarse RPM litter pool and b) the soil (in the right up

corner the small figure indicates the annual emissions for 20 years).

More protected was the respective fine POM in micro-aggregates within the macro-aggregates; a
40% more protection as compared with the macro-aggregated cPOM was estimated (16.5 and

14.6 years, for the Greek and lowa site, respectively). The fine RPM of the free micro-aggregates
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presented turnover times (8.5 and 9.4 years, for the Greek and lowa site, respectively) lower
than both the fine and coarse RPM related with macro-aggregates, but higher than the non-
aggregated RPM carbon pools. On the other hand the coarse decomposable plant material
presented more than 3 times higher turnover due to macro-aggregation (0.6 and 1.2 years, for
the Greek and lowa site, respectively) as compared with the non-aggregated coarse DPM (0.2
and 0.4 years, for the Greek and lowa site, respectively). The fine DPM of both macro and micro
aggregates (1.2 and 2.4 years, for the Greek and lowa site, respectively) exhibited 2 times higher
turnover compared to the relative coarse macro-aggregated POM. The turnover time of the silt-
clay related carbon (humus) of the micro-aggregates within macro-aggregates (841.8 and 72.9
years, for the Greek and lowa site, respectively) was 1.5 and 3.8 times, for the Greek and lowa
site, higher than the silt-clay sized aggregates within macro-aggregates (570.3 and 19.2 years, for
the Greek and lowa site, respectively). Whereas, the turnover time of the micro-aggregates (AC2)
and silt-clay sized aggregates (AC1) was lower (346.6 for the Greek and 12.2 and 8.1 years for the
lowa site, respectively). Finally, the calibrated turnover of the biomass carbon pools was the
same in all fractions and estimated to be 2.9 years in the Greek site and 5.5 years in the lowa

site.

Overall, the decomposition rates were found be significantly higher in the lowa site as compared
to the Greek, which can be attributed primarily to the climatic conditions and the soil texture of
the two sites. The high decay constant of the HUM pools (silt-clay associated carbon) in the lowa
site as it was suggested by the results of chapter 2 is attributed to the very low clay content in
accordance with Balesdent et al. (1998) and Gottschalk et al. (2010). They showed that SOC in
the size fraction <50 um is made up of the relatively rapidly decomposing pool of silt associated C
(decomposition rate of 0.12 1/y), and a relatively slowly decomposing pool of clay associated C
(decomposition rate of 0.03 1/y), Nevertheless, the wet and warm summers in lowa hasten
organic matter decomposition. On the other hand, the significantly low HUM decomposition
rates in Greece have been attributed to slaking of the soil surface due to high clay content which
can result in fine soil particles moving into inter-aggregate pores in the surface area, which can
reduce the infiltration rate of rainfall or irrigation water and reduce hydraulic conductivity.

Presence of biochar could be another possible explanation.
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Table 4.2 Calibrated values of the rate constants and turnover time (1/rate constant -corrected with the

‘abc’ factors, see Table 4.3) of the model for the Greek and the lowa cropland to set-aside conversion.

Rate Constants, 1/y

Turnover time, y

GR 1A GR 1A
RPM 15 20 0.1 0.2
RPMc 0 0
RPMc(AC3) 0.1 0.8 17.7 4.6
Fragmentation DPMCc(AC3) 0.5 1 3.5 3.6
DPM 10.45 10 0.2 0.4
RPM 0.305 0.5 5.8 7.3
plant litter RPMc 0.305 0.5 5.8 7.3
pools RPMf 0.305 0.5 5.8 7.3
AC3 RPMCc(AC3) 0.15 0.35 11.8 10.4
Aggregate RPMf(AC3) 0.15 0.35 11.8 10.4
type DPMCc(AC3) 3 3 0.6 1.2
DPMf(AC3) 1.5 1.5 1.2 2.4
5 BIO(AC1 within AC3) 0.6 0.66 2.9 5.5
"é HUM(AC1 within AC3) 0.0031 0.19 570.3 19.2
g- BIO(AC2 within AC3) 0.6 0.66 2.9 5.5
S HUM(AC2 within AC3) 0.0021 0.05 841.8 72.9
8 RPMf(AC2 within AC3) 0.1069 0.25 16.5 14.6
DPMF(AC2 within AC3) 1.5 1.5 1.2 2.4
AC2 BIO(AC2) 0.6 0.66 29 5.5
Aggregate HUM(AC2) 0.0051 0.3 346.6 12.2
type RPMf(AC2) 0.2069 0.39 8.5 9.4
DPMf(AC2) 1.5 1.5 1.2 2.4
AC1 BIO(AC1) 0.6 0.66 2.9 5.5
Aggregate
type HUM(AC1) 0.0051 0.45 346.6 8.1
RPMCc(AC3) 0.6 0.65 2.9 5.6
Macro-aggregation DPMCc(AC3) 0.47 0.65 3.8 5.6
RPMf(AC2 within AC3) 0.2 0.3 8.3 12.2
Micro-aggregation DPMf(AC2 within AC3) 0.2 0.3 8.8 12.2
Percentages of macro- RPMc 20 30
aggregation (AC3), % DPMc 20 30
AC1 30 35
AC2 30 5
Percentages of micro- RPMf(AC2 within AC3) 23.4 18
aggregation in AC3, % DPMf(AC2 within AC3) 0 0
AC1 within AC3 76.6 82
Criterion for macro-aggregate (AC3) disruption (DPM within AC3), % 0.15 1
Criterion for micro-aggregate (AC2 within AC3) disruption (DPM+RPM in
AC2 within AC3), % 0.15 1
Criterion for micro-aggregate disruption (AC3) (DPM+RPM in AC2), % 0.15 1
The maximum concentration of the silt clay fraction in carbon (g C/g soil) 55 15000
Correction factor to adjust AC1 0.8 0.8
for silt-clay flow, cf AC2 2.2 2
AC1 within AC3 0.16 0.4
Distribution of sand mass f1 (AC2) 0.46 0.29
in aggregates, % f2 (AC3) 0.54 0.71
Particle density of the mineral phase, Dm 2.2 1.9
Organic matter particle density, Dom 0.7 0.5
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Table 4.3 Monthly correction factor for rate constants; the product of the rate modifying factor for

temperature (a), the topsoil moisture deficit rate modifying factor (b), and the soil cover factor (c).

GR (Crete, Greece) 1A (lowa, USA)
January 0.733 0.004
February 0.760 0.022
March 0.901 0.216
April 0.246 0.733
May 0.340 0.274
June 0.441 0.391
July 0.488 0.448
August 0.474 0.415
September 0.410 0.310
October 0.317 0.180
November 0.776 0.272
December 0.901 0.025

The turnover time for macro-aggregation under no limiting factor was found to be a few years
(Puget et al., 2000), 2.9 years in Greece and 5.6 years in lowa. Similarly the micro-aggregation
inside the macro-aggregates exhibited turnover time of 8.8 and 12.2 years respectively. The
formed macro-aggregates contained 30% carbon related with the AC1 and 30% carbon related
with the AC2, in the case of the Greek site. In lowa, the formed macro-aggregates contained 35%
carbon related with the AC1 and 5% carbon related with the AC2. The formed micro-aggregates
inside the macro-aggregates exhibited 23.4 and 18% fine POM content, in Greece and lowa,
respectively. The soil system reaches a maximum macro-aggregation after about 7 years in the
Greek site and 14 years in the lowa site (Figure 4.3). Jastrow et al. (1996) also found that macro-
aggregation reached a maximum after 10.5 complete growing seasons since cultivation (prairie
restorations). In both sites, the limiting factor for macro-aggregation is the availability of AC1.

The sum of the carbon related with the AC3 and the free cPOM is stabilized to a stable C content.

Macro-aggregate disruption is taking place after this period from January to April in Greece and
from June to November in lowa, presenting a relative constant seasonal pattern, in accordance
with Plante et al. (2002) and Six et al. (2004) who suggested that, macro-aggregation in
agroecosystems shows seasonal dynamic. Total SOC after this period increases due to the
increase of micro-aggregates (AC2), indicating that maximum physical protection capacity for

SOM is determined by the maximum micro-aggregation, which is in turn, determined by clay
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content and type, in accordance with the suggestions by Six et al., (2002a). Macro-aggregate
disruption takes place when macro-aggregates contain lower than 0.15% DPM in both sites.
However with the same limit micro-aggregation did not take place in the 100 year simulation
indicating that under set-aside conditions this process is not important. Totally from the soil in
Greece in the 100 years of the simulation 2.3 tC/ha where leached out of the soil due to the
oversaturation of silt-clay fractions, whic corresponds to the 0.6% of the total plant litter input in
100 years (3.79 tC/ha y). However most of the leach out happens during the years 94 to 100,
when the respective percentage was 8.1%. In lowa, the pattern of leach out was similar
throughout the period of the 100 years and the percentage of the carbon leached out was 12.6%

of the total total plant litter input during this (5.6 tC/hay).

The simulated evolution of silt-clay mass and carbon content (%) of the silt-clay fraction, related
to aggregate type 1 (AC1), type 2 (AC2), silt-clay sized aggregates within in the type 3 (AC1 in
AC3), and micro-aggregates within the type 3 (AC2 in AC3) are presented in Figure 4.5. The
calibrated values of the particle density of the organic matter (Dom) an the mineral phase were
found to be 2.2 and 0.7 g/cm® in Greece and 1.9 and 0.5 g/cm’ in lowa. Lower density of the
mineral phase in lowa is in accordance with the coarser texture. The lower density of the organic
matter can be possible explained by the different litter quality and would be expected to be
lower in grassland (lowa) compared to shrubland (Greece) due to lower lignin content. The 46%
of the sand mass in the Greek site was found to be in the free micro-aggregates (AC2) and the
rest 54% in the macro-aggregates (AC3). Coarser sand was found in the lowa site, where 29% was
related with the micro-aggregates (AC2) and 71% with the macro-aggregates (AC3). The
correction factors to adjust for non linearities for silt-clay flow related with macro-aggregation
and micro-aggregation inside the macro-aggregates where found to be in the Greek site 0.8, 2.2
and 0.16 for the AC1, AC2 and AC1 in AC3, respectively. Similarly, for the lowa site they were 0.8,
2.0, and 0.4. A value close to 1 means that silt-clay mass flow is linearly related to OC flow. The
significantly higher than 1 value support the recent imaging and X-ray spectroscopic work (see
Review of Kleber and Johnson, 2010) which suggest that substantial parts of mineral surfaces are
not covered by organic matter and differentiate from the mineral sorbent—organic sorbate idea.
Finally, the significantly lower than 1 values, possible indicate hot-spots of high OC

concentration, where the micro-aggregation is induced.

FOTINI E. STAMATI ENVIRONMENTAL ENGINEER, MSc 172



500 ACL
AC2 T
ACLinAC3
- 400 n Y
] 4 AC2in AC3 W
8 4 N\'\N\‘\
< e\M\N\N\
¢ 00T o )
[
{
£ NWW ‘NW\
2 200 ‘,‘:.. ‘
TV
(&)
= “N\’\”N
0 100 ’W
W i
!
0 r r r r r r r r (a)
0 20 30 40 50 60 70 80 20 100
Time
[}
1%}
g 009
>
I o008 m MMM
= | M W/WV
o oor- '\ H / U‘u“/“v"»”
& aoul- |
S 006 - ‘
> ‘ l \l‘ u J v
< 0.05~ |
& | AClL
£ 004 AC2
g ACLinAC3
3 0.03 AC2in AC3
c
_8 0.02 r r r r r r r r r r (b)
8 0 10 20 30 40 50 60 70 80 20 100
Time (A)
500 ~
-
I(_g Mﬁ
5 ACL
Z’; AC2
g ACLinAC3
AC2in AC3
g
@
=
I3 —M’Wr
60 70 80 ) 0o (a)
Time
@
©
i 50 ~
[
°
= 40~
1%
(=]
§ 30
k) ACl1
X 201~ AC2
1S ACLinAC3
2 1wt AC2in AC3
3
g 0 r Ny d d d d r r [
2 0 10 20 30 40 50 60 70 80 90 100
5 (b)
o Time 7

Figure 4.5 Simulated evolution in the A) Greek and the B) lowa cropland to set-aside conversion of a)

silt-clay mass and b) carbon content (%) of the silt-clay fraction, related to aggregate type 1 (AC1), type 2

(AC2), silt-clay sized aggregates within the type 3 (AC1 in AC3), and micro-aggregates within the type 3

(AC2 in AC3).
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With this approach the prediction of the OC (%) content of the different silt-clay fractions was
achieved. When the soil system is at maximum macro-aggregation in both sites (7th year, Greece,
14™ year lowa), the silt-clay mass of the AC1 and AC2 is at minimum and the OC (%) content of
these pools reaches a maximum. In both sites, the limiting factor for macro-aggregation is the
availability of AC1. In both sites porosity and bulk density reach a maximum and minimum,
respectively, when the soil system is at the maximum macro-aggregation and then due to the
increase of micro-aggregates bulk density increases and porosity decreases towards to a stable

value, both presenting however an inter-annual variability (Figure 4.6).
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Figure 4.6 Simulated evolution in the A) Greek and the B) lowa cropland to set-aside conversion of

porosity (%) and bulk density (g/cm3). Points indicate the field measurements of the same colored line.

FOTINI E. STAMATI ENVIRONMENTAL ENGINEER, MSc 174



The C-to-N ratio of the OM pools after the calibration of the mechanistic N model for the Greek
and the lowa cropland to set-aside conversion are given in Table 4.4. The simulated evolution of
the C-to-N ratio of soil, AC1, AC2, and AC3 plus the non-aggregated cPOM are presented in
Figure 4.7. In the lowa site the model was able to capture the variation of C-to-N ratio in all
aggregate pools. The C-to-N ratio in soil, AC2, and AC3 plus the non-aggregated cPOM increased
to a maximum value similarly with macro-aggregation and porosity maximum and bulk density
minimum, and then decrease to a stable value. On the contrary, the C-to-N ratio of the AC1
aggregate type decreased to a stable value. In the Greek site, the optimum solution could not
represent the field variation of the C-to-N ratio of the AC1 aggregate. The C-to-N ratio of sail,
AC2, and AC3 plus the non-aggregated cPOM seem to increase towards a stable value. The C-to-
N ratio of the biomass pools was found to be, in general higher in the lowa site (11.2 to 14) as
compared with Greek site (4.3 to 14), indicating possible more abundance of fungi populations.
The biomass found in the macro-aggregates exhibited higher C-to-N ratio compared to the
biomass related to the AC1 and AC2 aggregates in lowa, indicating in this way a possible relation
of fungi presence with macro-aggregation in the coarse textured lowa site. Conversely, in the
Greek site higher C-to-N ratio was observed in the biomass pools related to AC1 and AC1 in AC3,
in comparison with the biomass pools related to AC2 and AC2 in AC3, where values which
indicate bacteria predominance were found (6.7 and 4.3 respectively). The C-to-N ratio of the
HUM pools in the lowa site was lower than in the Greek site. In the lowa site the ratio ranged
from 10 to 13.5 being lowest in the HUM pool of the AC2 in AC3. In the Greek site the respective
ratio ranged from 7.3 to 30.1, being highest in the HUM pool of the AC2 in AC3. The C-to-N ratio
of the litter and non aggregated POM pools was higher in the lowa site compared to the Greek
site, whereas the aggregated POM pools exhibited higher C-to-N ratio in the Greek site as
compared with the lowa site, apart from two exceptions (DPM fine POM in AC2 and DPM fine
POM in AC3). In general, the DPM pools showed higher C-to-N ratio compared to the RPM pools
in both sites, apart from the DPM and POM pools of (AC2 in AC3).
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Table 4.4 Calibrated values of the C-to-N ratio of the mechanistic N model for the Greek and the lowa

cropland to set-aside conversion.

OC pool Calibrated C-to-N ratio: GR Calibrated C-to-N ratio: IA
RPM 42.4 41.6
DPMc 30.4 41.6
RPMc 30.4 41.6
RPMf 50.0 50.0
BIO(AC1) 14.0 11.5
HUM(AC1) 14.1 13.5
BIO(AC2) 6.7 11.2
HUM(AC2) 19.5 13.2
RPMf(AC2) 21.8 14.5
DPMf(AC2) 43 8.1
RPMCc(AC3) 30.5 7.7
RPMf(AC3) 50.0 50.0
DPMc(AC3) 30.5 15.7
DPMf(AC3) 9.8 11.7
BIO(AC1_in_AC3) 14.0 14.0
HUM(AC1_within AC3) 7.2 14.0
BIO(AC2 within AC3) 4.3 14.0
HUM(AC2 within AC3) 30.0 9.4
RPMf(AC2 within AC3) 10.3 9.0
DPMf(AC2 within AC3) 18.7 12.6
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Figure 4.7 Simulated evolution of C-to-N ratio in the A) Greek and B) lowa cropland to set-aside
conversion, of soil, aggregate type 1 (AC1), type 2 (AC2), and type 3 (AC3) plus the coarse particulate

organic matter of the non aggregated pools (cPOM). Points indicate the field measurements.
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SOM stabilization efficiency was reduced after the soil system reached maximum aggregation
(Figure 4.3 and 4.4). Plante and McGill (2002) and Six et al. (2004) have also suggested that in
native systems, at the maximum aggregate level lower amount newly incoming fresh residuean is
stabilized in accordance with the results presented in Figure 4.3a. An intermediate aggregate
turnover is optimum in order to have aggregate formation and occlusion and subsequent
protection of C (highest sequestration rate). This conceptualization is in accordance with Kimetu
et al. (2009) findings, which indicate that SOM stabilization efficiency was highest with
intermediate cultivation history of about 20 years as compared with both degraded soils and
high C-containing soils. They suggested that depending on the C saturation limit of a soil, soils
with high soil organic C have high rates of labile C mineralization possibly due to limited
protection of organic matter by minerals. Silt and clay content and type apart from the surface
area for adsorption exert also an indirect influence on the protection of POM by affecting
aggregate dynamics (Six et al., 2002a; Six et al., 2002b). The reduced efficiency was less

pronounced in the Greek site which contained higher amounts of clay.

4.4 CONCLUSIONS

This work constitutes the first attempt to model the conceptual macro-aggregate formation
around particulate organic matter and subsequent release of micro-aggregates due to macro-
aggregate turnover. Soil carbon pools as described by the RothC model were coupled with
aggregate and structure turnover modules and validated with field data from two sites. The
developed CAST model was successfully used for the simulation of carbon, aggregate, and
structure turnover in cropland to set-aside conversions of Critical Zones Observatories in Greece

(fine textured Mediterranean) and lowa (coarse textured humid continental).

o The model was able to capture the carbon content and the C-to-N ratio content of the pools
comprising the three aggregate types (macro-aggregates: >250 um, micro-aggregates: 53-
250 um, silt-clay sized aggregates: <53 um) in both sites in the year used for calibration (set-
aside field).

o A more deterministic explanation of the saturation level of the different carbon pools and

soil structure (porosity and bulk density) was obtained. The soil system reached maximum
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macro-aggregation/porosity and minimum bulk density after 7 and 14 years in Greece and
lowa, respectively. Afterwards, macro-aggregate disruption presented a constant seasonal
pattern and any further SOC increase was due to micro-aggregation resulting in the increase
of bulk density and decrease of porosity towards to a stable value. Micro-aggregate
disruption did not take place over the 100 years simulation.

The module for the calculation of the silt-clay fractions mass flow between the aggregates
and their carbon concentration supported the recent scientific findings suggesting that
substantial parts of mineral surfaces are not covered by organic matter and differentiate
from the mineral sorbent—organic sorbate idea (Kleber and Johnson, 2010), indicating
however, also the existence of hot-spots of high OC concentration in the silt-clay sized
aggregates, which probably induce micro-aggregation.

The developed simple mechanistic Nitrogen model was a useful contribution, indicating
plausible differences between the two sites. For example the C-to-N ratio of the biomass
pools indicated possible more abundance of fungi populations in the coarser textured lowa

site, relating also the fungi presence to the macro-aggregation.

The CAST model can assist in revealing primary factors determine organic matter, aggregation,

and structure turnover in different ecosystems. This capability should allow better prediction of

the response of the soil system to management practices, landuse changes, and climate change

in order to design and optimize the appropriate measures/practices (Bronick and Lal, 2005; Rees

et al., 2005).
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5. SYNTHESIS: SOIL DEGRADATION IN KOILIARIS RIVER BASIN CRITICAL
ZONE ONBSERVATORY

Abstract: This chapter presents the study conducted to assess the soil status of Koiliaris River
Basin Critical Zone Observatory by assessing the primary factors of soil aggregation in the soils of
the basin, quantifying the effects of landuse and climate changes and evaluating the effects of
over-grazing to soil biochemical quality and water quality. A soil survey was conducted based on
a soil mapping typology approach in order to assess primary control factors of soil aggregation in
the basin. Principal component analysis revealed that there are two major soil groups which can
be described by 13 soil parameters. Group-1 was distinguished from Group-2 by its lower
content in macro-aggregates which was found to be related to the lower Ca extracted by BaCl2
and the sandier texture (more coarse sand, less silt-clay). The content of the soils in macro-
aggregates was described by a multi regression analysis by 6 parameters for Group-1 and 9
parameters for Group-2. Climate change (IPCC scenario A1B, 2010-2050) was found to result in
less carbon sequestered (simulation of shrublands to croplands conversions) and correspond to
1.7% to 4.1% of the initial SOC stock of the modeled sites, while the carbon stock change due to
landuse change under the present scenario (1990-2010) was 12% to 28% of the initial SOC. On
the other hand, the climate change effects in 50 year old olive grove fields were estimated to be
2-3% of the initial SOC, while the change of stock due to cultivation for 20 years under the
present scenario was estimated to be 1.7% to 8.9%. The results emphasize that management
effects and particularly landuse change effects are so high that may be hinder our ability to
detect climate change effects. Finally, this study provided evidence linking the DON export from
river basins to livestock grazing intensity. A linear relationship between DON export and livestock
N load was obtained for five Greek basins suggesting a mechanism that operate at regional
scales. The de-vegetation of grazing lands in Koiliaris River highland calcaric leptosols was shown
to be a primary factor causing the decline of soil biochemical quality and DON can be used as a

reliable indicator for livestock grazing impacts to soil biochemical quality.
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5.1 INTRODUCTION- KOILIARIS RIVER BASIN DESCRIPTION

The Koiliaris River Basin (KRB), Critical Zone Observatory (CZO) (Moraetis et al., 2010; Banwart et
al.,, 2011) is located 25 km east from the city of Chania (005-12-489E, 039-22-112N), Crete,
Greece and has a total area of 130 km?2 The climate of the region is temperate (semi-arid)
Mediterranean, characterized by precipitation and snowfall (at high altitudes) in winters and
hot-dry summers in which evaporation exceeds precipitation and results in significant water
deficit. The semi-arid in conjunction with the topography -elevation gradient which range from 0
to 2120 m MSL- create climatic gradients (ranging from typical Mediterranean to Alpine climate)
that favor above-ground biodiversity (Nikolaidis, 2011). Figure 5.1 presents the three zones of
elevation: 0-200 m (lowland), 200-800 m (mid altitude, semi-mountainous), and >800 m (high
altitude, mountainous). The mean annual precipitation in the northern part of the catchment is
705 (447-1032) mm (low elevations and semi-mountainous zone), while in the southern part is
2125 mm (mountainous zone). The highest catchment’s slope is 43% at the White Mountains,

while gentle slopes (1-2%) are present in the valley and the estuary of Koiliaris.
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Figure 5.1 Classification of elevation-contour mapping (digital data sets were obtained from the data
base of the Region of Crete. The respective data derive from the topographic diagrams (1:50000 scale) of

the Geographic Service of the Army).
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The main geologic and geomorphologic feature of Koiliaris River Basin is karstic formations of
limestone and dolomites (Nikolaidis, 2011). In specific, the geology of the region (Figure 5.2)
consists of 23.8% Plattenkalk (dolomites, marbles, limestones, and re-crystallized limestones
with cherts), 31% Trypali units (recrystallized calcaric breccias), 9.4% limestones with Marls in
Neogene formations, 13% Marls in Neogene formations, 12.8% Schists, and 10% Quaternary

Alluvial deposits (Banwart et al., 2011). The class assignment is presented in Table 5.1.

Table 5.1 Class assignments for geologic substrate types.

Description Symbol Hydro-class Assigned Class Code

Alluvial Pt.t P1 2

Neogene formations M.m P3 1

(mainly Marls)

Neogene formations M.k P2 3

(Marly Limestones)

Phyllites-quartzites (Schists) ph A2 0
Limestones - Trypali Units Ts-Ji.mr.d K1 5
Limestones and Dolomites - Plattenkalk Jm-E.K K2 4
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Figure 5.2 Classification of geologic formations classes (Digital data sets were obtained from the data
base of the Region of Crete. The respective data derive from the maps (1:50000 scale) of the Institute of

Geology and Mineral Exploration (IGME)).
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Soils are thin poorly developed and follow the lithology of the region (Figure 5.3a and 5.3b).
Soils in limestones correspond to alpine humic Ranker type and Podzols mixed with forest acid
red soil, in high altitude are sparse and they are mainly developed in limestone cavities and/or
around patches of shrubs (calcaric Lithosols, FAO). Thicker soil profiles of calcareous rendzines
soil and mediterranean brown soil are developed in Neocene and Alluvial formations in low
altitudes (calcaric regosols, FAQ). The soils have been formed primarily by the weathering of
limestone with high clay and iron oxide content which are the main ingredients of soil aggregate
formation (Nikolaidis, 2011). Thin horizons of soils are also developed in schists with mainly

coarse texture (eutric lithosols, FAO).

KOILIARIS RIVER WATERSHED KOILIARIS RIVER WATERSHED
SOIL TYPE (GREEK CLASSIFICATION) N SOIL TYPE (GREEK CLASSIFICATION)

SOIL TYPE (FAO90) ASSINGED CLASSES
soilispchani2
SOIL TYPE ASSINGED CLASSES

- .
[ - s
Cre [ R
0 o0 2800 5600 8100 0 o0 2800 500 8400 [ ki

(a) (b)

Figure 5.3 a) Classification of soil types according to FAO - Calcaric Lithosols (Ic), Eutric Lithosols (le), and
Calcaric Regosols (Rc), b) Greek classification for soil types - 4) Calcareous rendzines soil and
mediterranean brown soil, 6) Brown and red-brown alkaline mediterranean soil, 10) Alpine humic

Ranker type, 11) Podzols mixed with forest acid red soil.

Landuse comprises olive groves, fruit trees (mainly orange, lemon), vines, and vegetables (29.4
%). Scrubland, which is intensively grazed by livestock, covers large areas (58%). Approximately
50*10° goat-sheep exist in the area. Table 5.2 presents in detail the different level of
information (Corine 2000). Similar land cover classes were combined to level 2 or 1. The

classified map of land cover is shown in Figure 5.4.
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Table 5.2 Description of Land cover levels according to the CLC 2000 database and Class assignments for

land cover types.

Code Label Levell Label Level2 Label Level3 Assigned
Level3 Class
Code
112 Artificial surfaces | Urban fabric Discontinuous urban fabric 0
211 Arable land Non-irrigated arable land 1
222 Permanent crops | Fruit trees and berry plantations 2
223 . Olive groves 3
Agricultural areas —
242 Heterogeneous Complex cultivation patterns 4
243 agricultural Land principally occupied by agriculture,
areas with significant areas of natural
vegetation
311 Forests Broad-leaved forest 5
321 Scrub and/or Natural grasslands 6
322 herbaceous Moors and heathland
323 Forest and semi | vegetation Sclerophyllous vegetation
324 natural areas associations Transitional woodland-shrub
332 Open spaces Bare rocks 0
333 with little or no Sparsely vegetated areas 6
334 vegetation Burnt areas 0

498000 500000 502000 504000 506000 508000 510000 512000 514000 516000 518000
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Figure 5.4 Classification of land cover classes (digital data sets were obtained from the CLC 2000 (Corine

Land Cover 2000) database which is available by the European Environment Agency).
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Within the watershed, there are 58 different ecosystem types according to classes of land cover

(Fruit trees, Olive Groves, heterogeneous agriculture and scrub/herbaceous vegetation),

geologic formations (Alluvial, Marls, Calcaric Marls, Trypalis Limestones and Plattenkalk

Limestones), and elevation classes (0-100 m, 100-700 m, and 700-2100 m). The 16 types

presenting covered the 87.5% of the whole watershed area are presented in Table 5.3 and

Figure 5.5. Heterogeneous agriculture in the semi mountainous region is mainly covered by olive

groves trees and secondary by vineyards.

Table 5.3 The major types of soil mapping typology for the Koiliaris River Watershed (90% cover of the

area) and the sampling design.

ID Geology Land Cover Elevation, m Cover, Slope, Slope,
% mean std
26 | Alluvial Fruit trees 0-100 2.40 2.43 2.55
12 | Alluvial Olive groves 0-100 4.14 3.43 2.76
20 Marls Olive groves 0-100 3.63 5.8 3.77
Heterogeneous 7.25 4.5
5 Calcaric Marls | agricultural 0-100 1.06
49 Marls Olive groves 100-700 1.82 5.5 3.94
Heterogeneous 6.84 4.37
6 Marls agricultural 100-700 5.11
Heterogeneous 8.12 4.59
9 Calcaric Marls | agricultural 100-700 3.60
16 Calcaric Marls | Scrub and herbaceous 100-700 3.13 7.9 4.21
Heterogeneous 11.8 5.9
25 Schists agricultural 100-700 7.95
37 Schists Scrub and herbaceous 100-700 4.46 15.06 6.64
15 Trypalis Olive groves 100-700 1.44 6.24 3.69
Heterogeneous 10.59 6.32
10 | Trypalis agricultural 100-700 4.53
4 Trypalis Scrub and herbaceous 100-700 20.09 11.99 6.61
41 Plattenkalk Scrub and herbaceous 100-700 2.52 9.99 5.52
51 | Trypalis Scrub and herbaceous 700-2100 17.30 20.35 8.08
52 Plattenkalk Scrub and herbaceous 700-2100 431 18.58 8.28
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Figure 5.5 Soil mapping typology for the Koiliaris River Watershed (excluded areas in white color),

towns, roads, and riparian buffer.

The main supply of water in Koiliaris River originates in the Karstic system of White Mountains
and discharges through karstic springs throughout the year (Stilos-the main discharge, Zourbos
and Armenoi and other minor or ephemeral springs) (Figure 5.6). Small aquifers are also present
in Neocene formations where irrigation water is pumped through shallow wells. The Keramianos
stream is the main temporary stream which joins two other smaller streams which get constant
flow from the Stilos karstic springs (Figure 5.6). Keramianos River drains a small sub-catchment
that generates surface runoff due to the predominant of schist geologic formation. The tributary
then passes through Diktamos karstic gorge-a karstic gorge, aligned with a fault line- where the
transmission losses are significant. The Koiliaris River Basin has been monitored for its
hydrologic and geochemical characteristics 2004 (Kourgialas et al., 2010; Moraetis et al., 2010;
Moraetis et al., 2011). A continuous telemetric monitoring network (pH, nitrate (NO3-N), water
temperature (°C), dissolved oxygen (mg/L), river stage (m), and water level and temperature in a
deep well in the karst, as well two meteorological stations) has been established. Moreover,
monthly field campaigns are conducted for both surface and ground water quality

measurements.
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Koiliaris River Basin

@ Koiliaris River [Ag. Georgios)
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Figure 5.6 Geologic formations, landuses and hydrologic and nutrient fluxes in Koiliaris River Basin.
Note: Runoff from Keramianos stream is higher than the total watershed surface runoff as water is lost

though a karstic gorge and only peak flows contribute to Koiliaris River (taken from Stamati et al., 2011).

The River hydrograph as it has been simulated by a modified SWAT model is presented in Figure
5.7 (Nikolaidis et al., HESSD, under revision). There is a critical precipitation event of 152 mm,
above which a flood event is produced by Keramianos River (11 flush flood events took place in
4 years) with recession rate constant of 0.034/hr and characteristic response time of 29 hrs
(Moraetis et al. 2010). Flash floods contribute about 20% of the total runoff, altering the
hydrologic and geochemical features of the River (Moraetis et al. 2010). It has been found that
there is also an extended area of the karst outside the watershed of Koiliaris River which
contributes to spring disharges and which has been estimated to be 50 km?* (Stamati et al., 2006;
Moraetis et al., 2010; Kourgialas et al., 2010). Within the karstic system there are “two
reservoirs”; the upper reservoir with a faster response and the lower reservoir with a slower
response. This is consistent with the fact that the springs are supplied by two geologic

formations with different hydraulic characteristics: the Limestones of the Trypalis zone (Triassic
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to Cretaceous period) and the autochthonous karstic group of Metamorphic Crystalline
Limestones (Plattenkalk - Mesozoic period). A ‘two part Maillet” model has been developed
representing the upper and lower reservoirs (Stamati et al., 2006) and the recession coefficient
for the upper reservoir was found to be 0.0996/d and for the lower reservoir measures
0.0261/d. The annual flow at the exit point of the basin outlet was estimated to be 136 million
m3/year. The karstic flow contribution was 109 Mma/year (80%) and the watershed flow was
31.5 Mm?’/year. After evapotranspiration losses (4.20 Mm3/year), the net contribution of
watershed flow to the river was 27.3 Mm3/year (20%) (Kourgialas et al., 2010). The total rainfall
entering the extended karstic system was estimated to be 269 Mm?/year and the snow melt was
30.2 Mm?/year (Kourgialas et al., 2010). Water quality (nutrients) is discussed in the next section

and can be found also in Moraetis et al (2011).

Koiliaris CZO - Hydrologic Simulation
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Figure 5.7 Comparison of simulated flows with field data at the basin outlet (taken from Nikolaidis et al.,

HESSD, under revision)

5.2 SOILTHREATS AND SOIL DEGRADATION IN KOILIARIS RIVER BASIN

The landscape in Koiliaris River Basin (KRB) and in general the Cretan landscape has been
transformed during the past 50 years from a low intensity agrarian landscape with low impact
agricultural practices, small size properties and high bio-diversity to mechanized, high intensity

agriculture and larger size properties with monocultures (56% of the cultivated area are olive
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and citrus plantations). Agricultural practices have been the primary cause of land degradation
illustrated (tilling, no organic matter addition to soil, high pesticide and herbicide use).
Fertilizer use in Greece from 1960 (159.000 t/yr) to 1985 (710.000 t/yr) increased 4.5 fold and
then it declined by 43% (405.000 t/yr) while agricultural production has leveled off (Nikolaidis,
2011). Tourism and urban growth has extended soil sealing and compaction in valleys (high
productivity land). Agricultural subsidies have made profitable the extension of farming to
marginal, high slope, low productivity land. The sheep and goat population in Greece increased
from 9 million to 11 million animals between 1960 and the present, while in Crete it increased
from 0.4 to 1.8 million animals (Nikolaidis, 2011). Crete raises 16% of the total livestock
population in Greece on only 6% of the Greek land area. The average stocking density in Crete
ranges from 110 to 390 animals/km?, with an average of 227 animals/km?.  The stocking
density in Crete increased by a phenomenal 460% in 40 years (from 70 thousand in 1961 to 390

thousand in 1991 in the Prefecture of Rethymnon).

In Koiliaris River Basin, primarily drivers for soil degradation are agriculture and livestock grazing
(Figure 5.8). Intensive cultivation and inappropriate management in the alluvial and Neocene
formations of the lowlands have affected soil quality and fertility. Moreover, cultivation of olive
groves has been extended also in areas of higher altitude and steeper slopes which increases the
erosion. Grazing lands have been intensively extended in high altitudes and animal stock has
been spread uncontrollable to forestry land on Limestones. Moreover, intentionally caused fires
in grazing lands threaten soil quality and abandoned traditional agricultural practices, like

terraces increases soil deterioration.

In these effects it should be souperimposed also the effects of climate change (Figure 5.8).
Climate change in semi-arid areas such as the Mediterranean region is expected to cause
increases in temperature, CO, concentration, water vapor evaporation and declines in rainfall.
Increases in temperature and CO, and decreases in soil moisture affect significantly soil
ecosystem functions and can cause ecosystem shifts (Nikolaidis, 2011). This will impact
freshwater quality and quantity due to increasing irrigation demands. Crete, located within 400
km of the Sahara desert, is projected to be at the center of climate change impacts according to
the IPCC (2007) scenarios. Nikolaidis and Bidoglio (2011) suggested that in 2030-2050 compared
to 2010-2020 it would have taken place a 17% decrease in precipitation, 8% decrease in

evapotranspiration and 22% decrease in flow in Koiliaris River Basin. Warmer and drier
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conditions are expected to intensify water shortages and droughts, forcing species migration at
rates exceeding natural migration rates (leading to species loss), significant changes to
vegetation structure resulting in loss of biodiversity and ecosystem services. Kazakis et al. (2007)
studied the vascular plant diversity changes along an altitudinal gradient (1664-2339 m) and
mean temperature gradient of 5° C as an indication to climate change impacts. The study
recorded 70 species (20 endemic) belonging to 23 families. Cretan endemic species dominate
the high altitude (the percent endemism varied between 31 and 36% at the four elevations) and
species richness and turnover decreased with altitude (58 species at the 1664m elevation and
decreased to 32 at 1965m and 18 and 14 species at the 2160 and 2339 m elevations). The plant
cover density was 14% at the 1664m elevation and decreased to 4% at 1965m and 1% at both

the 2160 and 2339 m elevations.

The aim of this work was to asssess the soil status of Koiliaris River Basin Critical Zone
Observatory by selecting with sophisticated statistics the appropriate soil parameters and
guantify the effects of livestock grazing, landuse changes and climate change on soil biochemical
quality and water quality. The soils of the basin were characterized in order to identify by
statistical analysis the primary control factors of aggregation and soil organic carbon
stabilization and assess the status of the soils. The effects of landuse change- native lands to
croplands as well the climate change effects were assessed by modeling with RothC. Finally, the
effects of over-grazing and the resulting de-vegetation (in the highlands of the basin) on soil

biochemical quality and water quality were estimated.
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Driving Forces
Economic (EU funds for Livestock grazing and olive trees, Tourism)
Social (Lack of Education and collaboration)

\ 4

Pressures
Over-grazing, High animal stocking density, animals/Km?,
devegatation
Intensive cultivation, management practices, landuse change

Response
United Nations and EU Legislation for Soil Protection ! PRIMARY PROTECTION
Local programs for sustainable agriculture and Livestock grazing: SECONDARY PROTECTION
Maintenance of abandoned terraces and establishment of new terraces for crops
Addition of carbon (e.g. compost) at Low lands croplands
Adoption of conservative tillage instead of conventional

Climate Change

State
Biomass and primary productivity
Soil organic carbon storage
Habitat and gene pool (Biodiversity)
Filtering, buffering and transformations potential
Soil structure

\ 4
Impact

Erosion Soil Loss
Loss of OM,
Loss of Biodiversity, DIRECT (changes in soil functions)
Decline of Fertility, Soil Degradation
Compaction
Contamination
Food quality/security, human health, water quality INDIRECT (effects on other media)

Figure 5.8 The DPSIR Framework for soils in Koiliaris CZO.

! EU Legislation for Soil Protection:

1.  Soil Thematic Strategy (COM(2006) 231) and a proposal for a Soil Framework Directive (COM(2006) 232)

2 Commission Communication of 22 September 2006 entitled "Thematic strategy for soil protection" [COM(2006) 231 final - Not published in the Official Journal].

3.  Proposal for a European Parliament and Council Directive of 22 September 2006 setting out a framework for soil protection and amending Council Directive 2004/35/EC.

4 Communication from the Commission of 5 September 2006 entitled: "Establishing an environment strategy for the Mediterranean" [COM(2006) 475 final - Not published in the Official

Journal]

5. Communication of 16 April 2002 from the Commission to the Council, the European Parliament, the Economic and Social Committee and the Committee of the Regions - Towards a

Thematic Strategy for Soil Protection [COM (2002) 179 final - Not published in the Official Journal].
Communication from the Commission to the Council, the European Parliament, the Economic and Social Committee and the Committee of the Regions of 27 January 1999: Approaches to

Proposal for a Directive of the European Parliament and of the Council of 23 January 2008 on the geological storage of carbon dioxide and amending Council Directives

6.
sustainable agriculture [COM(1999) 22 final - Official Journal C 173 of 19.06.1999].
7.
85/337/EEC, 96/61/EC, Directives 2000/60/EC, 2001/80/EC, 2004/35/EC, 2006/12/EC and Regulation (EC) No 1013/2006
8.  Council Directive 92/43/EEC of 21 May 1992 on the conservation of natural habitats and of wild fauna and flora
9. Desertification Convention The United Nations Convention to Combat Desertification
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http://ec.europa.eu/environment/soil/three_en.htm
http://ec.europa.eu/environment/soil/three_en.htm
http://eur-lex.europa.eu/smartapi/cgi/sga_doc?smartapi!celexplus!prod!DocNumber&lg=en&type_doc=COMfinal&an_doc=2006&nu_doc=231
http://eur-lex.europa.eu/smartapi/cgi/sga_doc?smartapi!celexplus!prod!DocNumber&lg=en&type_doc=Directive&an_doc=2004&nu_doc=35
http://eur-lex.europa.eu/smartapi/cgi/sga_doc?smartapi!celexplus!prod!DocNumber&lg=en&type_doc=COMfinal&an_doc=2006&nu_doc=475
http://eur-lex.europa.eu/smartapi/cgi/sga_doc?smartapi!celexplus!prod!DocNumber&lg=en&type_doc=COMfinal&an_doc=2002&nu_doc=179
http://eur-lex.europa.eu/smartapi/cgi/sga_doc?smartapi!celexplus!prod!DocNumber&lg=en&type_doc=COMfinal&an_doc=1999&nu_doc=22
http://eur-lex.europa.eu/smartapi/cgi/sga_doc?smartapi!celexplus!prod!DocNumber&lg=en&type_doc=Directive&an_doc=85&nu_doc=337
http://eur-lex.europa.eu/smartapi/cgi/sga_doc?smartapi!celexplus!prod!DocNumber&lg=en&type_doc=Directive&an_doc=2000&nu_doc=60
http://eur-lex.europa.eu/smartapi/cgi/sga_doc?smartapi!celexplus!prod!DocNumber&lg=en&type_doc=Regulation&an_doc=2006&nu_doc=1013

5.3 PRIMARY FACTORS CONTROLING AGGREGATION OF KOILIARIS SOILS

The relation of aggregate stability to soil properties has been found to differ with climatic zones
and soils (Idowu, 2011). There is, therefore, a need to study these relationships in different
regions in order to isolate which properties to manage for improving soil aggregate stability in a
given location. A soil survey (29 samples) was conducted based on the soil mapping typology
approach presented in Figure 5.5 with objective to physico-chemically characterize the soils of
the different geo-environments found in the basin and assess the relationship between physical
and biochemical soil properties and soil aggregation in the Mediterranean geo-environment of
Koiliaris River Basin. Sampling was conducted to the 0-15 cm and 15-30 cm soil depths. Part of
the dataset obtained by this survey has been presented by Moraetis et al. (2011). Topsoil
samples were measured for parameters known to affect aggregation (see section 1.2.5 in
Chapter 1): dry Bulk Density (BD), pH, conductivity (COND), Soil organic carbon (SOC) (Walkley-
Black acid dichromate digestion technique, Santi et al., 2006), Total Kjeldahl Nitrogen (TKN)
(Hach digestion apparatus; Nessler method, 8075), Carbonates-CaCO; (Bernard volumetric
Method), Water Stable Aggregates (WSA) (Elliott, 1986). Mean Weight Diameter (MWD) was
calculated, and particle distribution was determined (the parcentage of the soil particles <2 um-
clay, <20 um-fine silt and clay, < 53 um-silt and clay and <1000 pm-coarse sand). Potential
Mineralizable N (PMN) was calculated by the 2 M KCl extraction (N-1week (40°C) minus N-1hour
(20°C) (Nikolaidis et al., 1999; Burton et al., 2007); the extracted filtered-through a 0.45 um
Nylon filter — pools was analyzed for NH,-N by the Nessler method (8075). Measurements also
included effective Cation Exchange Capacity (eCEC) and exchangeable cations (Na, Mg, K, Ca,
Mn) by the BaCl, method (Hendershot and Duquette, 1986). The proportional contribution of
the cations (Na, Mg, K, Ca) to the eCEC indicative of base saturation was calculated. Finally,
extractable Al, Fe, and Mn were measured by the Acid Ammonium Oxalate Method (Mackeague
and Day 1966) and by the Dithionite-Citrate Method (Soil Conservation Service, U.S. Department
of Agriculture, 1972). The Fe-ox/Fe-d ratio was calculated and used in the analysis as a gross
index of mineral weathering. These standard methods can be found in Soil Sampling and
Methods of Analysis (2008). The measured soil parameters (31 parameters given in Table 5.4a)
were correlated (Pearson correlation) with the indices of aggregate stability (WSA, WSA macro-
aggregates >250 um, WSA large and medium macro-aggregates >1000 um, and the MWD). The
WSA macro-aggregates >250 pm (WSA-250) were found to be the best index and mostly
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correlated with soil parameters. The Pearson correlation results and the P-value are presented

in Table 5.4. The inter-correlated parameters are also indicated. Correlations were conducted

with the MINITAB statistical program.

Table 5.4 Pearson Correlation results and P-Value in parenthesis of WSA-250 with measured soil

properties; inter-correlated parameters are also indicated.

WSA-250 Inter-correlated with parameters

>1000um -0.828 (0) R-Sq

eCEC 0.813 (0)

Ca-BaCl2 0.805 (0) | eCEC 0.992
<53um’ 0.744 (0) | >1000pm -0.874
BS_Na-BaCl2 -0.723 (0)

<20 pm 0.663 (0) | <53um, >1000pm 0.941, -0.836
TKN 0.636 (0)

Al-ox 0.605 (0.001)

K-BaCl2 0.598 (0.001)

<2 pm’ 0.594 (0.001) | <20um, <53um 0.816, 0.768
Mn-ox 0.586 (0.001) | Al-ox 0.846
BD -0.569 (0.001)

N-1week 0.558 (0.002) | PMN 0.996
pH 0.54 (0.002)

PMN 0.539 (0.003)

Mn-d 0.538 (0.003) | Mn-ox, Al-ox 0.965, 0.798
N-1hour 0.534 (0.003)

Fe-ox 0.523 (0.004)

Fe-ox/F-d 0.495 (0.006)

TOC 0.473 (0.01) | TKN 0.916
Mn-BaCl2 -0.417 (0.024)

C/N -0.413 (0.026)

COND 0.375 (0.045)

Al-d -0.318 (0.093)

Mg-BaCl2 0.3 (0.114)

Fe-d -0.256 (0.18)

BS_K-BaCl2 -0.213 (0.267)

Na-BaCl2 -0.043 (0.826)

BS_Ca-BaCl2 0.15 (0.437)

BS_Mg-BaCl2 0.122 (0.527)

CaCo3 0.065 (0.739)

1Although it was significantly inter-correlated with the >1000 um fraction it was decided to keep this
parameter, since it is soil type specific.
The parameter is significantly inter-correlated with the <20 um fraction which has been removed,
although it is correlated with the <53 um fraction (pearson correlation 0.768) it was decided to keep this
parameter, since it is soil type specific.
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The parameters presenting correlation (Pearson) with WSA-250 higher than 0.5 included in the
Principal Component Analysis (PCA), in order to reveal similarities and differences between the
soil samples, and the relationships between the different variables. The number of parameters
used was reduced by removing those that are significantly inter-correlated (Table 5.4). Finally, a
total of 15 parameters were used: WSA-250, BD, pH, TKN, particles < 53 um, particles < 2 um as
well > 1000 pum, K-BaCl,, eCEC, BS-Na-BaCl,, Al-ox, Fe-ox, N-lhour, and PMN, Fe-ox/Fe-d
(detailed data for each soil sample can be found in Table A5.1 in the Appendix). The

intercorrelation of the 15 parameters is given in Table 5.5.

Table 5.5 Pearson correlation results (R-Sq) of the 15 soil properties used in the PCA.

BD pH TKN |<2 pm  (<53um >1000um|K-BaCI2 eCEC [BS_Na-BaCl2|Al-ox |Fe-ox |Fe-ox/F-d |N-lhour|PMN

WSA-250 -0.569 0.54| 0.636] 0.594| 0.744] -0.828] 0.598| 0.813 -0.723| 0.605| 0.523] 0495 0.534] 0.539
BD -0.459| -0.637| -0.067| -0.256]  0.386| -0.033] -0.46 0.497| -0.619] -0.38] -0.133[ -0.515] -0.503
pH 0.474] 0.395] 0.446] -0.557] 0.385 -0.689] 0.245| 0.61]  0.389] -0.029] 0.3
TKN 0.175] 0555] -0.558] 0.29 037108 o053 o363 o626

<2pm -0.667] 0.724] 0.599 -0.459| 0192 0.207]  0.224] 0.136] -0.067
<53um 0.605] 0.687 -0.474] 0.476]  0.33 043 0.388] 0.258
>1000um -0.626| -0.683 0556 -0.468| -0.438]  -0.526] -0.422] -0.33
K-BaCl2 -0.478] 0.81] o0.408]  0.538] 0.328] 0.187
eCEC -0.76] 0.564] 0508]  0602] 0.443] 0.587
BS_Na-BaCl2 -0.396| -0.331] -0.547] -0.279] -0.486
Al-ox 0.276] 0.661] 0.557|
Fe-ox 0.486] 0.748] 0.596|
Fe-ox/F-d 0.454]  0.491
N-1hour 0.649)

Yellow highlighted cells correspond to R-Sq higher than 0.5 and red highlighted cells correspond to R-Sq
higher than 0.7.

The Eigenvalue was found to be higher than 1 for three PC components (Table 5.6). The loadings
of the three most significant components are presented in Table 5.7 and Figures 5.8 and 5.10. In
loading plots, positively and negatively correlated variables are positioned close to each other,
or opposite each other, respectively. In the score plots (Figure 5.9 and 5.11) samples that are
high in a specific variable are pulled towards the area of the score plot where the variable in the

corresponding loading plot is located.
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Table 5.6 Eigenvalue, and proportionally and cumulative explanation of the variation of soil samples.

Eigenvalue Proportion Cumulative
1 7.9166 0.528 0.528
2 2.3497 0.157 0.684
3 1.3384 0.089 0.774
4 1.0369 0.069 0.843
5 0.5544 0.037 0.88
6 0.4642 0.031 0.911
7 0.3948 0.026 0.937
8 0.2759 0.018 0.955
9 0.2258 0.015 0.97
10 0.179 0.012 0.982
11 0.096 0.006 0.989
12 0.0802 0.005 0.994
13 0.0403 0.003 0.997
14 0.0286 0.002 0.999
15 0.0192 0.001 1
Table 5.7 The three major components of the principal component analysis.
Variable PC1 PC2 PC3
eCEC 0.325 | PMN 0.348 | N-1hour 0.381
WSA-250 0.323 | N-1hour 0.328 | Fe-ox 0.354
TKN 0.277 | Al-ox 0.303 | BD 0.344
<53um 0.275 | Fe-ox 0.258 | BS_Na-BaCl2 0.328
Al-ox 0.254 | TKN 0.238 | K-BaCl2 0.261
Fe-ox 0.241 | >1000pum 0.201 | <2 um 0.17
PMN 0.24 | BS_Na-BaCl2 0.116 | <53um 0.159
K-BaCl2 0.233 | Fe-ox/F-d -0.044 | Al-ox 0.115
N-1lhour 0.233 | WSA-250 -0.067 | Fe-ox/F-d 0.111
Fe-ox/F-d 0.228 | eCEC -0.105 | WSA-250 -0.021
pH 0.227 | pH -0.169 | TKN -0.073
<2 um 0.203 | <53um -0.247 | >1000um -0.08
BD -0.216 | BD -0.299 | eCEC -0.121
BS_Na-BaCl2 -0.265 | K-BaCl2 -0.329 | PMN -0.158
>1000pum -0.296 | <2 um -0.445 | pH -0.552
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Figure 5.8 Loading plot of first versus second component of PCA analysis.
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Figure 5.9 Score plot of first versus second component of PCA analysis.
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Figure 5.10 Loading plot of first versus third component of PCA analysis.

Figure 5.11 Score plot of first versus third component of PCA analysis.
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The first component described 53% of the variation (Table 5.6) and clearly separated the two
soil Groups. Out of the 29 samples, one was considered as outlier of Group-2 (52BB) 12 and 16
soil samples were grouped in soil group 1 and 2 respectively (mean values and statistics of soil
parameters of the two groups resented in Table 5.8). Soils of Group-1 were characterized in
comparison with Group-2 by sandier texture - coarser sand (22.5£10.9 % versus 8.5+8.3) and
lower silt-clay content (48.6+£13.2 % versus 66.9+12.3 %) as well as lower clay content (13.8+4.9
% versus 25.7+9.4 %), in accordance with higher bulk density (1.18+0.09 g/cm? versus 1.11+0.08
g/cm®), lower WSA macro-aggregates (33.8+14.0 % versus 64.4+11.6), lower TKN content
(0.16+0.06 % versus 0.3010.09), lower pH (6.45%+1.10 versus 7.4310.81). In addition, they
exhibited lower eCEC (2.55+1.84 versus 8.61+1.57 cmol/kg) and K (0.15+0.09 versus 0.58+0.32
cmol/kg) extracted by BaCl, and higher well base saturation regarding sodium (1.55+1.22%
versus 0.31+0.12%). KCl-extracted NH3-N after 1-hour incubation at 20°C (5.9+3.1 mgN/kg
versus 10.243.6 mgN/kg) and potential mineralizable nitrogen (54.2421.1 mgN/kg versus
89.8+27.9 mgN/kg) was found to be lower in soil Group-1 comparing to Group-2. Finally, there
were indications of lower Al and Fe extracted with the acid ammonium oxalate method and
higher mineral weathering as depicted by the Fe-ox/Fe-d lower ratio. The range value for soil

parameters characterizing the two soil Groups is presented in Table 5.9.

Table 5.8 Mean value, standard deviation, minimum and maximum soil parameters used in PCA analysis

of the two groups indicated by first component.

GROUP-1 GROUP-2
Parameter Units mean std min max | mean std min max
WSA-250 % 33.8 14.0 12.7 54.8 644 | 11.6 | 44.2 90.5
BD g/cm3 1.18 0.09 0.96 1.34 1.11 | 0.08 | 0.92 1.21
pH - 6.45 1.10 4.70 8.13 7.43 | 0.81 | 4.72 8.10
TKN % 0.16 0.06 0.08 0.30 0.30 | 0.09| 0.14 0.49
<2 um % 13.8 4.9 7.1 22.7 25.7 9.4 9.5 38.4
<53um % 48.6 13.2 31.0 72.5 66.9 | 12.3 | 43.1 83.4
>1000um % 22.5 10.9 1.4 42.6 8.5 8.3 1.0 27.9
K-BaCl2 | cmol/kg 0.15 0.09 0.01 0.30 0.58 | 0.32 | 0.11 1.05
eCEC | cmol/kg 2.55 1.84 0.53 6.01 8.61 | 1.57 | 5.97 | 10.75
BS_Na-BaCl2 % 1.55 1.22 0.33 3.91 0.31 | 0.12 | 0.18 0.64
Al-ox % 0.23 0.15 0.09 0.61 0.57 | 0.37 | 0.06 1.26
Fe-ox % 0.26 0.09 0.10 0.38 0.40 | 0.13 | 0.10 0.60
Fe-ox/F-d - 0.46 0.29 0.16 0.95 0.71| 0.21| 0.29 1.06
N-1hour | mgN/kg 5.9 3.1 2.3 12.2 10.2 3.6 4.0 17.1
PMN | mgN/kg 54.2 211 20.3 93.1 89.8 | 279 | 37.1 | 143.0
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Table 5.9 The values for soil parameters characterizing the two soil Groups.

Parameter needed for the Regression
Parameter Units Group-2 Group-1 equations (Table 5.8) with No of parameters2
WSA-250 % >54.8 <44.2
BD g/cm® complex complex 5
pH % complex complex 5
TKN % >0.30 <0.14 5
>1000 um % complex >27.9 5
eCEC cmol/kg >6 <6 5
BS_Na-BaCl2 | % <0.33 >0.64 6
PMN mgN/kg | >93.1 <37.1 6,7
<2 um % >22.7 <9.5 8
N-1hour' mgN/kg >12.2 complex 9
<53 um % >72.5 <43.1 11
K-BaCl2 cmol/kg >0.30 <0.11 11
Fe-ox % >0.41 complex 12
Al-ox % >0.61 complex 14
Fe-ox/F-d complex complex 14

!t is not recommended to use this parameter to group the soils due to the low range of the differences
between the two soil groups which creates uncertainties.

Soils in Group-1 were from regions where Schist was the parent material as well as from Marls
with sandy texture and acidic pH. Weathered Schists are known to have influenced soils of the
basin in specific regions. However, this group includes also some soils with alkaline pH or
significantly higher TKN content as compared to the average of the group; the main factors
characterizing Group-1 were the low eCEC and the sandy texture and low clay content. All soils
in Group-1 were found in elevation lower than 550 m where Schists and Marls can be found. The
soil samples grouped in Group-1 are found in the area identified in the Greek soil classification:
Brown and red-brown alkaline Mediterranean soils; soils on Schists according to FAO are eutric
Lithosols (Figure 5.3b). Soils in Group-2 were mostly derived from the alluvial plain and some
alkaline (calcaric) Marls and from the semi-mountainous region were the Limestones of the
Trypalis units are found. Most soils were croplands, cultivated with olive groves or orange trees
(elevation 9-465 m) included also in the soil group shrublands on limestones (582-1098 m). The
soils are characterized as calcaric Regosols and calcaric Lithosols, respectively, according to the
FAO classification of soils and combined as Calcareous rendzines soil and Mediterranean brown

soil according to the Greek classification (Figure 5.3b). All the soils in Group-1 and six out of the
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sixteen soils in Group-2 exhibited WSA-250 lower than the limit value of 60% which indicates

agronomically valuable soils (Banwart et al., 2011).

Multi Regression Analysis was used for the development of equations for the prediction of WSA
macro-aggregates by soil parameters. The multi Regression Analysis with all the parameters for
all the soil samples exhibited lower fitness as compared to the regression with the soil groups
alone even when reduced parameters were used (Table 5.10). The equations developed are
presented in Table 5.11. Detailed statistics for selected cases are presented in Figures 5.12-14.
R-Sq was found to be higher than 90% with equal or more than 9 and 6 parameters in the cases
of combined groups as well Group-2 and Group-1, respectively. The content of the soils in
macro-aggregates, as revealed by the multi regression analysis, was adequately (R-Sq > 95%)
described by 7 parameters for Group-1: BD, pH, TKN, particles >1000um, eCEC, BS_Na-BaCl,,
and PMN and 11 parameters for Group-2: BD, pH, TKN, particles >1000 um, particles <53 um,
particles <2 um, eCEC, BS_Na-BaCl2, PMN, N-1hour (KCl extracted), and K-BaCl2. The equation
with the 11 parameters developed for the combined groups yielded in a R-Sq of 90%. The 11

parameters require the same calculation effort with the 6 parameters.

Most studies aiming to predict aggregate stability have correlated it only to SOC content (see
Krull et al., 2004), while few studies that have used more soil parameters have not yield to high
predictability (e.g. Chappell et al., 1999 and Idohu, 2011 both for tropical soils). Dimoyiannis et
al., (2008) correlated soil aggregate stability with soil parameters for 10 soil samples from

Central Greece (Thessaly), however their work did not resulted in a predicted equation.
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Table 5.10 Statistics of the multi-regression analysis of all samples together and each group separately.

Combined Group-1 & Group-2 (28 soil samples) S R-Sq,% R-Sqg(adj),%

14 BD, pH, TKN, >1000um, eCEC, BS_Na-BaCl2, PMN, <2 um, N- 8.676 90.8 80.8
lhour, <53 um, K-BaCl2, Fe-ox, Al-ox, Fe-ox/F-d

12 BD, pH, TKN, >1000um, eCEC, BS_Na-BaCl2, PMN, <2 um, N- 8.221 90.4 82.8
lhour, <53 um, K-BaCl2, Fe-ox

11 BD, pH, TKN, >1000um, eCEC, BS_Na-BaCl2, PMN, <2 um, N- 7.975 90.4 83.8
1lhour, <53 pm, K-BaCl2

9 BD, pH, TKN, >1000um, eCEC, BS_Na-BaCl2, PMN, <2 um, N- 7.542 90.3 85.5
lhour

8 BD, pH, TKN, >1000um, eCEC, BS_Na-BaCl2, PMN, <2 um 7.809 89.1 84.5

7 BD, pH, TKN, >1000um, eCEC, BS_Na-BaCl2, PMN 7.622 89.0 85.2

6 BD, pH, TKN, >1000um, eCEC, PMN 7.482 88.9 85.7

6 BD, pH, TKN, >1000um, eCEC, BS_Na-BaCl2 7.888 87.7 84.1

5 BD, pH, TKN, >1000um, eCEC 7.933 86.9 84.0

Group-2 (16 soil samples)

14 BD, pH, TKN, >1000um, eCEC, BS_Na-BaCl2, PMN, <2 um, N- 4.014 99.2 88.0
1hour, <53 pm, K-BaCl2, Fe-ox, Al-ox, Fe-ox/F-d

12 BD, pH, TKN, >1000um, eCEC, BS_Na-BaCl2, PMN, <2 um, N- 4.401 97.1 85.5
lhour, <53 um, K-BaCl2, Fe-ox

11 BD, pH, TKN, >1000um, eCEC, BS_Na-BaCl2, PMN, <2 um, N- 4,934 95.2 81.8
1lhour, <53 pm, K-BaCl2

9 BD, pH, TKN, >1000pum, eCEC, BS_Na-BaCl2, PMN, <2 um, N- 4707 | 93.4 83.5
lhour

8 BD, pH, TKN, >1000um, eCEC, BS_Na-BaCl2, PMN, <2 um 6.232 86.5 71.0

7 BD, pH, TKN, >1000um, eCEC, BS_Na-BaCl2, PMN 7.461 77.9 58.5

6 BD, pH, TKN, >1000um, eCEC, PMN 7.984 71.5 52.4

5 BD, pH, TKN, >1000um, eCEC 7.612 71.2 56.8

Group-1 (12 soil samples)

8 BD, pH, TKN, >1000um, eCEC, BS_Na-BaCl2, , PMN <2 um 5.048 96.5 87.0

7 BD, pH, TKN, >1000um, eCEC, BS_Na-BaCl2, PMN 4.566 96.1 89.4

6 BD, pH, TKN, >1000um, eCEC, BS_Na-BaCl2 5.524 92.9 84.4

5 BD, pH, TKN, >1000um, eCEC 6.197 89.3 80.4

*52BB was excluded as outlier from all calculations
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Table 5.11 Statistics of the multi-regression analysis of all samples and groups separately.

Combined Group-1 & Group-2

14 | WSA-250=195-64.0 BD - 10.0 pH - 50.5 TKN - 0.092 <2 um + 0.079 <53um
-1.12 >1000um - 1.9 K-BaCl2 + 3.98 eCEC - 1.73 BS_Na-BaCl2
+ 0.6 Al-ox + 3.8 Fe-ox - 7.7 Fe-ox/F-d - 0.88 N-1hour + 0.180 PMN

12 | WSA-250 =204 -73.6 BD - 10.7 pH - 38.8 TKN + 0.081 <2 um + 0.058 <53um
- 1.04 >1000um - 2.6 K-BaCl2 + 3.57 eCEC - 1.46 BS_Na-BaCl2
+4.5 Fe-ox - 1.15 N-1hour + 0.186 PMN

11 | WSA-250=205-71.7 BD -10.7 pH - 38.1 TKN + 0.105 <2 pm + 0.023 <53um
-1.08 >1000um - 2.9 K-BaCl2 + 3.63 eCEC - 1.43 BS_Na-BaCl2
-1.06 N-1hour + 0.187 PMN

9 WSA-250 =207 -72.5BD -10.7 pH -31.4 TKN + 0.117 <2 pm - 1.07 >1000pum
+3.31 eCEC-1.76 BS_Na-BaCl2 - 1.14 N-1hour + 0.190 PMN

8 WSA-250 = 159 - 58.7 BD - 6.40 pH - 36.1 TKN + 0.076 <2 um - 0.937 >1000um
+2.82 eCEC - 1.69 BS_Na-BaCl2 + 0.124 PMN

7 WSA-250 = 163 - 59.5 BD - 6.52 pH - 39.5 TKN - 0.969 >1000um + 3.04 eCEC
-1.56 BS_Na-BaCl2 + 0.116 PMN

6 WSA-250 = 167 - 65.4 BD - 6.42 pH - 49.8 TKN - 0.990 >1000um + 3.39 eCEC
+0.129 PMN

6 WSA-250=159-55.2BD - 6.19 pH - 13.4 TKN - 0.872 >1000um + 2.89 eCEC
- 3.43 BS_Na-BaCl2

5 WSA-250 = 169 - 69.0 BD - 5.85 pH - 32.2 TKN - 0.896 >1000um + 3.74 eCEC

Group-2

14 | WSA-250 =258 -122 BD - 18.9 pH - 70.3 TKN - 0.040 <2 pm + 0.684 <53um
-2.02 >1000um - 20.7 K-BaCl2 + 6.15 eCEC - 6.1 BS_Na-BaCl2
- 18.4 Al-ox + 83.0 Fe-ox + 7.5 Fe-ox/F-d - 4.38 N-1hour + 0.608 PMN

12 | WSA-250=267-75.0BD -20.7 pH - 53.4 TKN - 2.21 >1000um + 6.99 eCEC
-25.1 BS_Na-BaCl2 + 0.600 PMN - 0.192 <53um + 0.672 <2 um
-4.12 N-1hour - 20.4 K-BaCl2 + 30.4 Fe-ox

11 | WSA-250 =258 -70.5BD -20.4 pH - 15.7 TKN - 2.14 >1000pum + 6.98 eCEC
-22.2 BS_Na-BaCl2 + 0.600 PMN - 0.574 <53um + 1.34 <2 ym
-3.20 N-1hour - 19.9 K-BaCl2

9 WSA-250=190-81.7BD - 13.4 pH + 2.8 TKN + 0.880 <2 um - 1.43 >1000pum
+3.12 eCEC + 2.9 BS_Na-BaCl2 + 0.508 PMN - 1.91 N-1hour

8 WSA-250=94.2 - 46.9 BD - 6.26 pH + 25.5 TKN + 0.845 <2 um - 1.10 >1000um
+1.64 eCEC + 13.4 BS_Na-BaCl2 + 0.344 PMN

7 WSA-250 =104 -22.0BD - 6.28 pH + 6.0 TKN - 1.35 >1000um + 2.47 eCEC
+ 7.6 BS_Na-BaCl2 + 0.201 PMN

6 WSA-250=91.7 + 2.5 BD - 6.62 pH + 57.5 TKN - 0.895 >1000um + 1.34 eCEC
- 6.0 BS_Na-BaCl2

5 WSA-250=91.4+ 0.1 BD - 6.69 pH + 57.7 TKN - 0.903 >1000um + 1.54 eCEC

Group-1

8 WSA-250 =324 -122 BD - 18.0 pH - 221 TKN - 1.51 >1000um + 11.1 eCEC
+6.38 BS_Na-BaCl2 + 0.123 PMN - 0.355 <2 um

7 WSA-250 =307 -112 BD - 18.5 pH - 1.44 >1000um + 10.9 eCEC + 0.190 PMN
- 232 TKN + 6.49 BS_Na-BaCl2

6 WSA-250=301-112 BD - 16.4 pH - 200 TKN + 5.60 BS_Na-BaCl2 - 1.46 >1000um
+10.5 eCEC

5 WSA-250 =241-82.0BD - 11.9 pH - 134 TKN - 1.25 >1000um + 6.12 eCEC

FOTINI E. STAMATI ENVIRONMENTAL ENGINEER, MSc

203




Residual Plots for WSA-250
Normal Probability Plot of the Residuals Residuals Versus the Fitted Values
e 10 - 3
[ ] [ 3
90 5 . o . ¢
g ! . . .
g 50 w0 " .
e & -5 e % ’0
10 ®
-10 °
1 ®
-10 0 10 0 20 40 60 80
Residual Fitted Value
Histogram of the Residuals Residuals Versus the Order of the Data
6.0 — 10
5
p Al d
g g Al
g 30 7 j V|
2 € -5
15
I_I_ -10
0.0 _|
-10 -5 0 5 10 2 4 6 8 10 12 14 16 18 20 22 24 26 28
Residual Observation Order

Figure 5.12 Multi-regression analysis for combined Group-1 and Group-2 with 11 parameters used.
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Figure 5.13 Multi-regression analysis for Group-2 with 11 parameters used.
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Figure 5.14 Multi-regression analysis for Group-1 with 7 parameters used.

FOTINI E. STAMATI ENVIRONMENTAL ENGINEER, MSc

205



5.4 LANDUSE AND CLIMATE CHANGE IMPACTS: MODELING OF SOC CHANGE IN
SHRUBLAND TO CROPLAND CONVERSIONS

Landuse change from native land (shubland) to cropland (olive groves) under three lithologies
and similar elevation were modeled to assess the effect on SOC turnover, make climate change
scenarios and evaluate also the alternatives of carbon addition on major soil types of the basin.
The soil samples used are indicated in Figure 5.11 and the values of the soil parameters for the
shrublands and olive grove fields for the three lithologies are presented in Table 5.12. The
methodological approach followed, for the initialization/calibration, as well as
sensitivity/uncertainty analysis with the use of RothC carbon model, was presented in detail in

Chapters 2 and 3.

Table 5.12 Soil parameters for the shrublands and olive grove fields under different lithology in the

Koiliaris River Basin CZO used for the simulation with RothC.

Geologic formation Schists Marls Trypalis
Land cover Cropland | Shrubland | Cropland Shrubland | Cropland | Shrubland
Sample ID 25G 16A 6B 9B 10G 4A
Altitude 290 219 383 383 375 308
BD g/cm3 1.20 1.19 1.08 1.09 1.19 1.10
pH - 6.53 5.99 7.86 7.68 7.59 7.67
COND uS/cm 24.5 23.0 106.0 96.5 79.5 86.5
TOC (0-15 cm) % 1.47 1.63 2.77 3.78 2.62 3.03
POC/TOC (0-15 cm) % 32.07 37.11 56.98 43.44 43.71 52.25
TOC (15-30 cm) % 1.67 0.67 1.72 3.10 1.62 2.67
POC/TOC (15-30 cm) % 29.92 12.17 8.19 13.54 9.13 7.54
TKN, 0-15 % 0.13 0.10 0.31 0.34 0.36 0.29
TOC (0-30 cm) | t/ha 56.7 40.1 72.8 112.8 76.5 101.1
POC (0-30 cm) | t/ha 17.5 12.2 27.9 33.8 23.0 29.5
POC/TOC (0-30cm) | % 30.9 30.2 38.3 30.0 30.2 29.7
Clay (<2 um) | % 13.1 17.7 16.5 12.4 28.8 32.7
Silt -Clay (<53 um) % 39.8 40.8 51.6 43.1 76.9 73.5
Coarse sand (>1000 um) | % 24.3 32.0 25.1 27.9 1.4 3.1
WSA (> 250 um) % 28.6 34.8 44.2 47.6 69.7 77.7
MWD mm 1.6 2.1 2.5 2.3 2.5 3.0

In all sites olive groves were about 50 year old and therefore the duration of the landuse

conversion was estimated to be 50 years. The soil depth of the simulation was 30 cm. The
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climatic data used for the simulation are presented in Table A5.2 in the Appendix. The soil

organic carbon content and the particulate organic carbon content (POC) given in Table 5.12

were measured according to the methods describe in Chapter 2 and used for the initialization

and calibration of the model. Table 5.13 presents the statistics of the parameter distributions for

the ensemble of the Monte-Carlo simulations fell within the #5% of the SOC and POC field

measured stocks as well as the optimum solutions derived by the Monte-Carlo simulation for

the three shrubland to cropland conversions

Table 5.13 Statistics of the parameter distributions for the solutions fell within the +5% of the SOC and

POC field measured stocks as well as the optimum solutions derived by the Monte-Carlo simulation for

the three shrubland to cropland conversions simulated in the Koiliaris River Basin CZO.

total plant | DPM/RPM
Parameter input ratio BIO% DPM RPM BIO HUM
Schists

distribution
type | BetaGeneral | BetaGeneral Uniform Uniform Triang | BetaGeneral Triang
min 441 1.30 41.41 8.99 0.10 0.59 0.0155
max 5.99 1.58 50.63 10.97 0.14 0.73 0.0655
mean 5.37 1.43 46.04 9.98 0.11 0.66 0.0435
std 0.39 0.09 2.67 0.57 0.01 0.04 0.0104
Chi-sq 9.49 10.32 7.82 12.62 12.20 2.39 9.4870
Optimum 5.25 1.34 44.84 10.25 0.11 0.62 0.0427

Marls

distribution
type Uniform Uniform Uniform Triang | BetaGeneral | BetaGeneral | BetaGeneral
min 4.00 1.29 41.57 8.69 0.10 0.60 0.0409
max 6.04 1.57 50.60 10.97 0.16 0.72 0.0603
mean 5.02 1.43 46.09 10.21 0.12 0.65 0.0521
std 0.59 0.08 2.61 0.54 0.01 0.04 0.0055
Chi-sq 9.09 2.55 2.18 5.45 3.64 4.00 4.0000
Optimum 5.03 1.40 46.28 9.99 0.12 0.68 0.0495

Trypalis

distribution
type | BetaGeneral | BetaGeneral Uniform Uniform Triang Uniform Triang
min 3.60 1.30 41.28 9.02 0.09 0.60 0.0248
max 5.97 1.58 50.68 11.02 0.18 0.73 0.0487
mean 4.97 1.43 45,98 10.02 0.14 0.66 0.0377
std 0.76 0.09 2.71 0.58 0.02 0.04 0.0049
Chi-sq 8.86 5.71 9.43 2.86 7.14 5.71 6.2857
Optimum 4.68 1.47 46.19 9.98 0.13 0.67 0.0351
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No significant differences were found between three lithologies regarding the calibrated value
and the uncertainty of the plant input and the model parameters. The plant litter input in three
sites was found to be 4.68 to 5.25 t C/ha. The RPM decomposition rate constant was 0.11 to
0.13 1/y and the HUM decomposition constant was 0.0351 to 0.0495 1/y. The monthly and
average annual decomposition rates are presented in Table A3.3 in the appendix. The average
annual rate for the RPM pool was estimated to be 0.073 to 0.080 1/y and for the HUM pool
0.022 to 0.032 1/y. Worth noting is that the soil found on the Trypalis lithology seems to exhibit
lower decomposition rate as compared with the other two, in accordance with the fact that
exhibited higher clay content (28.8 to 32.7%) as compared with the soils on Schists (13.1 to

17.7%) and Calcaric Marls (12.4 to 16.5%); silt clay content was also higher.

Sensitivity analysis at the £10% and £50% ranges of the calibrated values (optimum solution
Table 5.13) for the six model parameters and the plant input was conducted. The tornado
graphs are presented in Figure 5.15 and the sensitivity coefficients (the absolute value of the
ratio: ((AY/Y)/(Ax/x)) in Table A5.4 in the Appendix. In all sites, regarding the sensitivity of the
parameters on the simulated POC (the sum of the DPM and RPM pools), the most sensitive
parameters were the RPM decomposition rate constant and the plant litter input (value
sensitivity close to the value 1) and secondarily the DPM to RPM ratio (value sensitivity close to
the value 0.5) (see Table A5.4). The most sensitive parameter for the SOC was the plant litter

input and the DPM and BIO decomposition rate constants exhibited negligible sensitivity.

Figure A5.1 in the Appendix presents a comparison of the optimum simulation for both SOC and
POC and the uncertainties attributed to the initial conditions (SOC, DPM, RPM, BIO, HUM, and
IOM carbon pools) the input data (plant litter input and clay content), and the six model
parameters used for calibration parameters (DPM, RPM, BIO, and HUM decomposition rate
constants, DPM-to-RPM ratio, HUM%), in terms of the mean of the ensemble of Monte Carlo
simulations plus one standard deviation. The total uncertainty for the six sites is presented in
Figure 5.16. The uncertainty of the simulated carbon change after 100 years cultivation was
40.3% -Schists, 32.7% -Marls, and 72.8% -Trypalis of the total amount of C change due to the

landuse conversion.

FOTINI E. STAMATI ENVIRONMENTAL ENGINEER, MSc 208



Schists
total plant input G3 _
DPM/RPM ratio: K4 e
BIO% K8 e
HUM C14 e
BIO C13 |
DPM C11 |
s % F % 5 3 @
SOC
Marls
total plant input G3 _
amcs |
——- —
DPM/RPM ratio: K4 e
BIO% K8 I
BIO C13 |
DPM C11 |
8 2 R R NR R L . R K
SocC
Trypalis
total plant input G3 _
BIO% K8 ]
DPM/RPM ratio: K4 ]
BIO C13 |
DPM C11 |
SR ERERRRE 8 8
SOC

Figure 5.15 Tornado Graphs for 10% (left) and 50% (right) sensitivity analysis for the three shrubland to
cropland conversions simulated in the Koiliaris Reiver Basin CZO. RPM=resistant plant material
decomposition rate constant, DPM=decomposable plant material decomposition rate constant,
HUM=humus decomposition rate constant, BIO= biomass decomposition rate constant, DPM/RPM
ratio=the apportionment ratio of plant litter input DPM and RPM carbon pools, BI0O%=the proportion

that goes to BIO (100-BIO% is the proportion that goes to HUM).
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Figure 5.16 Total uncertainty of total organic carbon (SOC) and particulate organic carbon (POC) due to
model parameters, input data, and initial conditions compared with the optimum solution (calibration)

for the six sites.
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The average rate of the change of carbon stock and the cumulative change of carbon stock
change proportional to the initial stocks are given in the Figure 5.17. The conversion of
shrublands to olive grove fields, after 100 years of cultivation was predicted to result in the
increase of carbon stock by 50% in the Schists, and a decline in the Marls and Trypalis by about
40% and 30% respectively. The increase of SOC stock observed in the already degraded soils on
schists is presumably attributed to the increase of plant litter input under the cultivated soil as
compared with the shrubland. The shrublands grow on Schists present apparently lower

biomass productivity as compared to shublands grow on Marls and Trypalis.
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Figure 5.17 The average rate of the change of carbon stock and the cumulative change of carbon stock

change proportional to the initial stocks.

The effect of climate change on SOC stocks was also assessed with data obtained by Nikolaidis et
al., (HESSD under revision) and which have been used to estimate the effect of climate change
on the Koiliaris River basin water balance with the use of SWAT model. The combination of
General Circulation Models (GCM) [ECHAMS5 (Roeckner, 2003); BCA (Déqué et al., 1994)] and
three Regional Circulation Models (RCM) [RACMO2 (van Meijgaard et al., 2008); RCA (Kjellstrom
et al., 2005); REMO (Jacob, 2001) were selected for climate change scenarios. They are based on
the A1B storyline. The Al family of scenarios is based on rapid economic growth, an increase in
population until the mid-century and a decrease thereafter and the introduction of new and
more efficient technologies. Scenario A1B puts a balanced emphasis on all energy sources (IPCC,
2000). The three combinations used were ECHAM-RACMO, BCA-RCA and ECHAM-REMO. All

time series covered the time period 1990-2050. All climate change time series were corrected
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for bias as detailed by Rojas et al. (2011). The climatic data of the climate change scenarios used

for the simulation are presented in Table A5.2 in the Appendix.

In order to quantify the changes due to climate, given the local decadal climatic variability, the
simulation was conducted for 20 years and specifically for the decades 2010-2030 and 2030-
2050. The calculated 20-year average (and standard deviation) from the three climate change
scenarios was compared with the average of the ‘present’ scenario the decades 1990-2010. Two
sets of simulation were conducted: the effect of landuse change along with the landuse
conversion of a shrubland to cropland and the effect of climate change on a 50 year old olive
grove field. The summarized results of the simulations are presented in Tables 5.14a and 5.14b.
The average annual decomposition increased in the years 2010-2030 by -0.4%, 9.8% and 5.1%
according to the scenarios BCA-RCA, ECHAM-RACMO and ECHAM-REMO, while at the same
order in the years 2030-2050 the increase was found to be 0.4%, 8.0% and 6.9%. The mean
value of the increase for the three scenarios was 4.8% and 5.1% for 2010-2030 and 2030-2050,

respectively. The latter two scenarios presented higher temperature increase.

The conversion of a shrubland to cropland on schists results in a 27.9% (11.2 t/ha) increase of
SOC (1990-2010). Due to climate change in the decades 2010-2030 and 2030-2050 1.92 t/ha and
1.82 t/ha less carbon will be sequestered. This amount corresponds to the 4.1% and 3.8% of the
initial carbon stock. Similarly in Marls and Trypalis conversions the climate change will result in
more carbon loss and the less carbon sequestered will correspond to the 2.6% and 1.7-1.8% of
the initial SOC stock, respectively, while the carbon loss due to landuse change under the
present scenario (1990-2010) is 18% and 12% of the initial SOC. On the other hand, the climate
change effects in 50 year old olive grove fields were estimated to be 2-3% of the initial SOC,
while the change of stock due to the landuse and management was estimated for Schists, Marls
and Trypalis, 8.9% increase, 3.1% decline and 1.7% decline. As amount of carbon (t/ha) that was
not sequestered due to climate change was higher in Schists and lower in Marls and Trypalis as
compared with the shrubland to cropland conversion, because of the higher SOC content of
croplands in Schists and lower in Marls and Trypalis as compared with the shrublands. The
results emphasize that management effects and particularly landuse change affects are such
high that may be hinder our ability to detect climate change effects. RothC has been used
similarly with other carbon models to predict climate change effects on soils mostly without

being calibrated (rate constants) and being initialized with field data (e.g. Wam et al., 2011).
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Table 5.14a The effect of climate change on SOC stocks after the conversion of a shrubland to olive grove

field.
Schists Marls Trypalis
Initial SOC, t C/ha 40.08 112.80 101.10
SOC change-20 years
cultivation, t C/ha 11.20 -20.58 -12.32
SOC change-20 years
cultivation, % of initial SOC 27.94 -18.24 -12.18
Climate effect on change, %
(less sequestration) mean mean+std mean mean+std mean mean+std
2010-2030 14.61 30.62 14.14 29.24 14.19 29.21
2030-2050 13.78 26.21 14.45 26.63 15.36 27.20
Less sequestration (20 years)
due to climate change, t/ha
2010-2030 1.64 3.43 291 6.02 1.75 3.60
2030-2050 1.54 2.94 2.97 5.48 1.89 3.35
Less sequestration (20 years)
due to climate change, % of
initial SOC
2010-2030 4.08 8.55 2.58 5.33 1.73 3.56
2030-2050 3.85 7.32 2.64 4.86 1.87 3.31
Table 5.14b The effect of climate change on SOC stocks in a 50 year old olive grove field.
Schists Marls Trypalis
Initial SOC, t C/ha 56.49 73.05 76.84
SOC change-20 years
cultivation, t C/ha 5.00 -2.25 -1.30
SOC change-20 years
cultivation, % of initial SOC 8.85 -3.09 -1.69
Climate effect on change, %
(less sequestration) mean mean+std mean | mean+std mean mean+std
2010-2030 38.69 42.45 95.28 101.73 | 111.54 118.12
2030-2050 36.37 33.12 97.66 81.40 | 121.29 92.69
Less sequestration (20 years)
due to climate change, t/ha
2010-2030 1.93 4.06 2.15 4.44 1.45 2.99
2030-2050 1.82 3.47 2.20 4.04 1.58 2.79
Less sequestration (20 years)
due to climate change, % of
initial SOC
2010-2030 3.42 7.18 2.94 6.08 1.89 3.89
2030-2050 3.22 6.15 3.01 5.52 2.05 3.62
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The effectiveness of carbon addition by the application of amendments of different quality at an
annually rate of 2.5 t C/ha, as expressed by the ratio of the Net C sequestered as compared with
the soil where no amended was applied to the cumulative carbon amended it is presented in
Figures 5.18-5.20. The Net C to C amended ratio as it was expected it was found in all sites to be
higher for the 10/70/20 compost, followed by the 30/60/10 and the 49/49/2 being in the first
two 1.6 and 1.3 times higher as compared with the last. In all cases the ratio significantly decline
with time over a logarithmic pattern, indicating the importance of such simulation in the design
of long-term agricultural management plans. The long term effectiveness was higher in the
Trypalis soil followed by the Marls and Schists due to the lower decomposition rate of the HUM
pool of the Trypalis soil which is related with the higher clay content. The values were higher

than the Mediterranean site in Turkey and lower than the site in Ethiopia (see Figure 3.5).

The effect of climate change on Net C to C amended ratio is presented in Table 5.15. It was
found that instead of 18 t/ha (49/49/2), 23 t/ha (30/60/10), and 29 t/ha (10/70/20) that can be
sequestered after 20 years of 2.5 t/ha y application of the amendemendt under the present
scenario, 0.35 to 0.8 t/ha less carbon will be sequestered (0.67 to 1.61 with the uncertainty of

the one standard deviation).

Table 5.15 The effect of climate change on carbon adition effectiveness in shrubaland to cropland

conversions of different lithologies (% change of the Net C to C amended ratio, negative values indicate

decline).
Schists Marls Trypali Amendement type
mean stdev mean stdev mean stdev RPM RPM HUM
2010-2030 -2.69 3.02 -2.93 3.16 -1.97 2.27 49 49 2
-2.57 2.88 -2.80 3.02 -1.88 2.16 30 60 10
-2.46 2.75 -2.69 2.90 -1.79 2.05 10 70 20
2030-2050 -2.53 2.15 -3.01 2.31 -2.16 1.58 49 49 2
-2.41 2.06 -2.87 2.22 -2.05 1.51 30 60 10
-2.30 1.98 -2.75 2.14 -1.95 1.45 10 70 20
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Figure 5.18 The effectiveness of carbon addition by the application of amendments of different quality
at annually doses of 2.5 tC/ha on Trypalis soils (carbon amended: the cumulative load of the carbon
amended to soil, Net C: the extra carbon sequestered as compared with the soil where no amended was

applied).
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Figure 5.19 The average rate of carbon sequestered due to the application of amendments of different

quality at annually doses of 2.5 tC/ha for 20 years on Schists, Marls and Trypalis soils.
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Figure 5.20 The effectiveness of carbon addition by the application of amendments of different quality

at annually doses of 2.5 tC/ha for 20 years on Schists, Marls and Trypalis soils.
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5.5 DISSOLVED ORGANIC NITROGEN AS AN INDICATOR OF LIVESTOCK IMPACTS ON SOIL
BIOCHEMICAL QUALITY

5.5.1 Introduction

Soil degradation in the Mediterranean and other arid and semi-arid regions of the world is
caused mainly by cultivation and grazing (Li et al., 2007). Livestock grazing alone is responsible
for 23 % of soil degradation in Europe (RCEP, 1996) and is particularly intense in the
Mediterranean region. Free grazing of uncontrolled length and frequency and high stocking
densities are responsible for the de-vegetation of many areas within this region. The Greek
island of Crete represents a characteristic case of land degradation resulting from intensive
grazing (Hill et al., 1998). Since Greece joined the European Communities in 1981, grazing in
mountainous regions has expanded due to subsidies that became available through the
Common Agricultural Policy (Hill et al.,, 1998). A consequence of de-vegetation due to
overgrazing has been a decrease in organic matter (litter) input to soil and a decrease of
aggregate size and stability making soils more susceptible to erosion and to organic matter

losses (Bastida et al., 2006).

DON has been found to be decoupled from the production of DOC in such soils and has
proportionally more labile soluble organic matter (Ghani et al., 2007). However, detailed
information on the nature, bioavailability, and fate of the mobilized dissolved OM following a
change in landuse such as de-vegetation is still lacking (Akagi and Zsolnay, 2008). Mediterranean
watersheds appear to export a larger fraction of nitrogen in organic form compared to
watersheds of continental Europe and North America. However, no systematic analysis of
existing data has been made to date. The objective of this work was to test the hypothesis that
livestock grazing (and the resulting de-vegetation) degrades soil quality and enriches surface and

ground waters with DON by examining data from 3 different scales.
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5.5.2 Methodology

Soil studies

Scrub and/or herbaceous vegetation associations (codes 321-324, according to the CLC 2000
database) covered 57.6% of the watershed area (130 km?), 70% of which was found at
mountainous areas (700-2100 m altitude) where Limestones of the Plattenkalk units are found.
The mean slope of this area is 20.4+8.1% and it is considered to be the most vulnerable. The soil
type in the headwaters corresponded to calcaric Leptosols (or lithosols) also known as
Rendzinas. Leptosols is one of the four major soil types of Europe that cover approximately 9%
of its surface area and are very common in high altitudes in the Mediterranean (FAO, 1998). Soil
surface samples (from 0-15 cm depth), composite of five representative subsamples, were taken
from de-vegetated grazing lands (DVs) and native vegetated (shrubs such as phrygana) lands
(NVs) not affected from grazing, in the Koiliaris River headwaters region named Bolikas
(Municipality of Chania, Crete, Greece). Triplicate samples of DVs and NVs were collected at an
altitude of 1500-1550 m (DV1-3 and NV1-3). Soil samples were oven dried at 40 °C, sieved to 2
mm, and stored in a cool-dry place until further analysis. Soils were analyzed, in triplicates, for
the following physico-chemical and microbial parameters: porosity and dry bulk density
(Nikolaidis et al., 1999), pH and conductivity (measured in a 1:2.5 soil to water ratio, using a
Orion 9107 pH meter), soil texture (Bouyoucos, 1936), soil organic carbon (Walkley-Black acid
dichromate digestion technique, Santi et al., 2006) and total kjeldahl nitrogen (Hach digestahl
digestion apparatus; Nessler method, 8075), acid-hydrolysable carbohydrates (acid hydrolysis
with H,SO, and measurement with the phenol-sulfuric acid procedure; Piccolo et al., 1996),

dehydrogenase activity (Chu et al., 2007), total bacteria/fungi counts and species richness.

Total bacterial counts were cultured on Peptone Yeast Agar plates and population levels of total
culturable fungi in each soil sample were obtained by culturing on rose Bengal medium at 25 °C
using the pour plate method. Microbial colonies were incubated at 37 °C for 48 h and at 22 °C
for 72 h, respectively and were observed with countable plates of the highest dilution being
enumerated. Plates with 30-300 colonies were selected for enumeration. The isolated bacteria
were identified depending on their biochemical characteristics using the standardized
identification systems API 20E and API 20NE (BioMérieux, 69280 Marcy-I'Etoile, France). Fungal

colonies growing in agar that formed distinctive and consistently recognizable colonies, on the
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basis of coloration, morphology, and sporulation were observed after 3, 4, and 5 days, and total

colonies were recorded on the 5™ day. All microbial analysis was conducted in fresh samples.

The 2 M KCl extraction scheme was run in duplicates for the estimation of exchangeable mineral
N (EMN) content and potential mineralizable N (PMN) of soils; NOs-N and NH4-N (Nikolaidis et
al., 1999), as well as potential soluble organic nitrogen (PSON) and carbon (PSOC) (Burton et al.,
2007). Soils were extracted with KCl in a 1:5 soil-to-solution ratio; shaken at 200 rpm and
incubated for 1 h at 20 °C (EMN) and for 1 week at 40 °C (Nikolaidis et al., 1999). PMN was
calculated as the difference between incubated and non-incubated samples. PSON and PSOC
were considered the dissolved organic nitrogen and carbon of the 1 week extracted pool. The
extracted pools were filtered through a 0.45 um Nylon filter and analyzed using a Hack 2010
spectrophotometer for NO;-N (Cadmium Reduction Method, 8039), NH,-N (Salicylicate Method,
10023), TKN (Kjeldahl digestion technique; Nessler method, 8075) and dissolved organic carbon
by a TOC analyzer (Shimadzu 5050), after the removal of inorganic carbon by air sparging for 10

min. Regarding the NO5;-N measurement calibration curves were prepared for CI” interference.

The size and composition of the soluble pools (operationally defined as the water or salt
extracted pool) (Burton et al., 2007) could indicate the magnitude of soil degradation and the
potential impacts to surface and ground waters. The specific UV absorbance (SUVA) aromaticity
index, has been suggested as the most reliable zero-order UV-visible absorption index for the
measurement of DOC aromaticity by many studies which have identified differences between
landuses or among soil profiles (Corvasce et al., 2006; Hur et al., 2006; Kalbitz, 2001; Weishaar
et al., 2003) and could be indicative of the organic pool’s composition and was measured in this
study. The specific UV absorbance at 280 nm (SUVA,g, or DOC Aromaticity Index) was estimated
for the leachates. The 280 nm was selected since the tail of the NO3-N peak has been reported
to be measurable, to a greater extent at A=254 than at A=280 (Weishaar et al., 2003). UV spectra
of leachates were recorded with a UV-Vis spectrophotometer (Shimadzu UV mini 1240) in 1 cm
quartz cuvettes, with scanning from 200 to 300 nm. Standard sample volume of 3 mL was used
in the measurement. The pH of soil leachates was always in the range 2-8.6 while the
concentration of Fe* (1,10 Phenanthroline method, 8146 for Fe™ and FerroVer Method, 8008
for total iron) was lower than 0.5 mg/L and NO3-N was lower than 9 mg/L, which are the lower

reported limits for measurable interferences (Dilling and Kaiser, 2002; Weishaar et al., 2003).
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The t-test was used to calculate the significance of observed differences between the means of

the variables of the samples. Statistical significance refers to P~0.05 unless otherwise stated.
Landuse load apportionment in 5 Greek mixed landuse watersheds

Based on previous published modeling studies using procedures described in Nikolaidis et al.
(2009), the nitrogen load from different landuses (urban, agricultural, forest, open areas, open
waters and precipitation) from five different size, mixed landuse watersheds in Greece, including
Koiliaris River Basin, was apportioned (Table 5.16). The open areas correspond to areas grazed
by livestock. Krathis is a small (149 kmz), pristine river basin located in northern Peloponnese. It
is a temporary river flowing in the Korinthian Gulf (Tzoraki et al., 2007). Evrotas has a watershed
area of 2417 km? and is located in southern Peloponnesus (Nikolaidis et al., 2006). Acheloos is a
large (5639 km?), permanent river, located in the southwestern part of Greece (Nikolaidis et al.,
2004). Axios is a large (25000 km?), transboundary, permanent flow river located 83% in the
Former Yugoslav Republic of Macedonia, 12% in Greece, and the remaining in Bulgaria, Serbia,

and Montenegro (Nikolaidis et al., 2009).

Table 5.16 Landuse load apportionment calculations.

Landuse Area (km’) TDN (t/y) DIN (t/y) DON (t/y) DON/TDN
AKSIOS TOTAL | 24407 | % | 108921 | % | 57398 | % 51523 % 0.47
URBAN 397 1.6 826 08 | 266 | 05 560 1.1 0.68
AGRICULTURAL | 17580 | 72.0 | 60444 | 555 | 35684 | 62.2 | 24760 | 48.1 0.41
FOREST 5041 | 20.7 | 10473 | 9.6 | 3372 | 59 | 7100 13.8 0.68
OPEN AREAS 1295 | 53 | 36984 | 34.0 | 18013 | 31.4 | 18971 | 36.8 0.51
OPEN WATERS 94 0.4 194 02 | 625 | 01 132 0.3 0.68
ACHELO- TOTAL | 5639 24643 10211 14433 0.59
os URBAN 156 | 03 819 | 03 | 324 | 03 49.4 0.3 0.60
AGRICULTURAL | 918. | 163 | 4720 | 19.2 | 2817 | 276 | 1902 13.2 0.40
FOREST 1740 | 309 | 5319 | 21.6 | 1713 | 16.8 | 3606 25.0 0.68
OPEN AREAS 2737 | 485 | 13825 | 56.1 | 5423 | 53.1 | 8401 58.2 0.61
OPEN WATERS 228 | 40 698 28 | 225 | 22 473 33 0.68
EVROTAS TOTAL | 2417 10566 7087 3480 0.33
URBAN 284 | 12 333 32 | 158 | 22 175 5.0 0.53
AGRICULTURAL | 910 | 37.6 | 6723 | 63.6 | 5637 | 79.6 | 1086 31.2 0.16
FOREST 327 | 135 | 576 55 | 186 | 2.6 391 11.2 0.68
OPEN AREAS 1147 | 475 | 2926 | 27.7 | 1103 | 156 | 1822 52.4 0.62
OPEN WATERS 43 0.2 8.4 0.1 2.7 0.0 5.7 0.2 0.68
KRATHIS TOTAL | 149 369 151 218 0.59
URBAN 0.3 0.2 12.7 3.4 6.3 42 6.5 3.0 0.51
AGRICULTURAL | 36.7 | 246 | 115 | 311 | 644 | 427 | 505 23.1 0.44
FOREST 281 | 188 57 154 | 184 | 122 | 387 17.7 0.68
OPEN AREAS 840 | 563 | 184 [ 499 ] 618 | 410 | 1226 | 561 0.66
OPEN WATERS 0.1 0.1 0.2 0.1 0.1 0.0 0.1 0.1 0.68
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5.5.3 Results
N balance of karstic System

The Koiliaris River Basin in Crete was selected to study the effects of livestock grazing on water
quality because it offers a unique morphologic situation due to its karstic hydrogeology draining
the upland grazing areas through the karstic springs. The main contributor to the Koiliaris River
flow (136 million m3/y) was the Stilos karstic spring (109 million m3/year) (see Figures 5.6 and
5.7). The spring recharges a karst area (85 km?) with thin skeletal soils largely de-vegetated due
to grazing (Kourgialas et al., 2010). DIN concentrations of the karstic flow were similar to rain
water (0.91+0.33 mg/L). On the other hand, rain water had an average DON concentration of 1.2
mg/L, while the spring DON concentration was 3.40 mg/L. A mass balance analysis on nitrogen
species was conducted for the Koiliaris karstic system (Figure 5.21). The spring DON flux (374
t/y) was the main contributor to river DON export (438 t/y). Approximately 25000 sheep/goats
were grazing in the karstic highlands of Koiliaris River. The annual dry manure production was
estimated to be 5550 t DM/y, assuming 0.222 t/head y. The annual nitrogen production from
manure was estimated to be 175 t N/y (Sorensen and Jensen, 1995). The input of DON from
precipitation was 161 t N/y bringing the total estimated DON load to be 336 t N/y. The input
load was of the same order of magnitude as the spring DON fluxes suggesting that DON was
acting as a conservative substance. Mass balance analyses on Ammonia-N and Nitrate-N
suggested different behavior of these species compared to DON. The net Ammonia-N load
(assuming 0.433 urine production t/head y and 0.79 % urine nitrogen content) was estimated at
61 t N/y while the spring flux at 2.8 t N/yr suggesting a 95% reduction, most likely due to
nitrification (Hoogendoorn et al., 2010; Emerick et al., 1959). Similarly, the Nitrate-N load was
estimated at 114 t N/y and the spring flux at 69.8 t N/y. The mass balance of the inorganic N
loads was expected, however the question is why the organic N is behaving as a conservative
substance. In analyzing this question, one can identify two possible mechanisms for DON
(Nikolaidis and Bidoglio, 2011): the Mineralization-Immobilization-Turnover and Direct routes.
We postulated that these two mechanisms did not operate in the degraded soils of the karst for
the following reasons. A hypothesis could be developed if we consider the semi-arid, cold
climatic conditions occuring at the site where the no rain period extends up to 6-7 months and
the rain-snow conditions the remaining 5-6 months. During the no-rain period, the sheep and

goat excreta are being dehydrated and physically aged. Mineralization is a function of the micro-
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organisms present for degradation, whose taxa depend on the organic input to the soil. We can
assume then that livestock degraded soils have typical organisms (mostly bacteria) that degrade
aerobically organic mater similar to those found in wastewater treatment plants. These
organisms degrade effectively the carbonaceous organic matter by converting a fraction of
organic carbon to CO2 and the remaining to cell biomass. This biomass also contains the organic
nitrogen which can be mineralized to ammonia by anearobic bacteria following the acid
fermentation pathway. We conclude our hypothetical analysis that the thin soils, the hot-dry
and cold-wet conditions and the flashy nature of the system are not conducive for the
appropriate bacterial population to develop for anaerobic fermentation of organic nitrogen.
Along the same lines, direct plant uptake of organic nitrogen has been found to be important
mechanism in cool and wet climates which is consistent with the high altitude micro-climate of
the area. However, the limited aerial extent of plants minimizes the significance of this

mechanism.

Annual fluxes
(tN/yr)

P M P M U
8 4

v v
S S S
374 2.8 69.8

Figure 5.21 Annual fluxes of Nitrogen in the karstic system discharging Stilos spring, where, P =
Precipitation flux, M= Manure flux, U = Urine flux, V= Volatilization, flux D= Denitrification flux, and S=

Spring flux (taken from Stamati et al., 2011).
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Soil biochemical quality

A comparison of the soil quality parameters of de-vegetated (DVs) and naturally vegetated (NVs)
soils is presented in Tables 5.17 and 5.18. The OC and TKN density (t/ha) in DVs was found to be
36.3% and 25.5% lower as compared with the adjacent NVs. Similar patterns were found by
Albaladejo et al., (1998) in Spain. The acid-hydrolysable carbohydrates were statistically the
same between the DVs and NVs. Dehydrogenase activity as a general measurement of microbial
activity suggested that de-vegetated lands exhibited more than two times lower activity
(33.2+21.8 mg TPF/kg) compared to vegetated soils (72.0£17.5 mg TPF/kg). In addition, bacteria
counted at 22°C to 37°C were statistically the same among DVs and NVs. NVs exhibited double
fungi counts and greater fungi species richness compared to DVs, but the differences were not

statistically significant.

Table 5.17 Physicochemical characteristics of soil samples (standard deviation in parenthesis).

ID | Altitude Bulk | Texture' pH Cond. ocC TKN C/N Carbon- | Dehydro-
density Carbohy- | genase
drates activity
m Kg/m® uS/cm % % mg/kg mg
TPF/kg
DV 1483 914 SL/L 7.08 114 3.9 0.42 9.4 432 33.2
(29) (24) (0.44) | (36) | (1.1) | (0.11) | (0.3) (92) (21.8)
NV 1513 857 CL 7.64 205 6.5 0.60 11.2 440 79.1
(40) (30) (0.07) (18) (0.5) | (0.18) | (2.0) (195) (17.5)

! cL(Clay Loam), SL(Sandy Loam), L (Loam)

EMN and PMN were 4.6 and 2.8 times higher in NVs (Figure 5.22). These results were in line
with Thompson et al., (2005) who found the mineralized nitrogen of bare soils to be 2 times
lower than that of vegetated soils. The PSOC was also 3.2 times higher in NVs (341+27 mg C/kg
soil) compared to DVs (10617 mg C/kg soil). Xie and Steinberger, (2001) also found a 2 to 2.5
decrease in this pool of de-vegetated grazing lands. On the other hand, the PSON was
statistically the same. DON was the predominant N species in both extracted soluble nitrogen
pools (7-day and 1 day extraction) in DVs compared to NVs. PSON as a percent of total soluble
nitrogen in 7-day extracted pool, was following the pattern NV(21+5%)<DV(49+7%). The DOC-
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to-DON ratio of the extracted pools of the DVs was lower (1.24+0.08) compared to NVs

(3.14+£0.08) indicating different composition of the OM pools. Finally, the DOC aromaticity was

found to be significantly lower in de-vegetated lands (0.957+0.366 L/mg C m) compared to

vegetated (2.155+0.136 L/mg C m), confirming our hypothesis. DOC aromaticity observed in DVs

was in the lower range of values observed in the literature (Akagi and Zsolnay, 2008, Corvasce et

al., 2006).

Table 5.18 Bacteria species richness, bacteria and fungi populations in colony forming units (CFUs), and

count ratio of fungi to bacteria for soil samples.

DV1 DV2 DV3 NV1 NV2 NV3
Species richness (Bacteria) 4 6 2 4 2 2
oxidase negative
Burkholderia cepacia 1 1
Stenotrophomonas 1
maltophilia
Pasterella pneumophila 1 1 1 1
Pasterella 1 1
pneumophila/Mannheimia
haemolytica
Pseudomonas oryzihaditans 1 1 1
Mannheimia haemolytica 1
Serratia rubidaea 1
oxidase positive
Pseudomonas fluorescens 1 1 1
Burkholderia cepacia 1 1 1
Species richness (Fungi) 7 7 8 7 11 14
Microbial populations in Colony Forming Units (CFUs)
Fungi (F) 1.2E+04 2.2E+04 4.2E+04 6.0E+04 6.8E+04 4.1E+04
Bacteria (B) cultured at 37°C 4.8E+05 2.8E+05 4.7E+05 | 1.8E+05 2.1E+05 1.3E+05
Bacteria (B) cultured at 22°C 8.8E+04 1.5E+06 9.1E+05 | 3.2E+06 1.1E+06 6.7E+05
F (CFUs)/B (CFUs) ratio 0.025 0.014 0.046 0.018 0.059 0.062
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Figure 5.22 Exchangeable Mineral Nitrogen (EMN), Potential Mineralizable Nitrogen (PMN), Potential
Soluble Organic Nitrogen (PSON), and Potential Soluble Organic Carbon (PSOC) of soil samples. Values
followed by the same letter or number under the same series label are not significantly different

(p<0.05) (taken from Stamati et al., 2011).

Livestock grazing intensity and DON export

Based on previous published studies, the nitrogen load from five different size, mixed landuse
watersheds in Greece was apportioned and related the export of nitrogen species from the
watersheds. A comparison of the annual dissolved organic nitrogen (DON) river export versus
livestock DON input (normalized to the grazing land area) is presented in Figure 5.23 and the
load calculations are presented in the supporting information. River DON export was found to
be linearly correlated with livestock DON load that is input to the watershed for five basins in

Greece.

Finally, the patterns of dissolved nitrogen export from Mediterranean watersheds were
compared to forested and mixed landuse watersheds from other climatic regions reported in
the literature in order to elucidate the differences in response at a larger scale. River water in
mixed agricultural watersheds exhibited different patterns of dissolved inorganic nitrogen (DIN)
versus DON-to-TDN ratio as compared to forested watersheds and mixed watersheds of other
climates (Figure 5.24, Table A5.5 in the Appendix). Forested watersheds had low DIN
concentrations and high DON-to-TDN ratio while mixed landuse watersheds of Mediterranean

with significant livestock grazing contribution exhibited higher DIN and DON-to TDN ratios
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compared to other watersheds, providing additional evidence that DON could be a reliable

indicator of livestock grazing impacts.
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Figure 5.23 A comparison of the annual dissolved organic nitrogen (DON) river export versus livestock
DON input (normalized to the grazing land area) for five rivers of Greece (taken from Stamati et al.,

2011).
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Figure 5.24 River cconcentration of dissolved inorganic nitrogen (DIN) relatively to the DON/TDN ratio in
different watershed types (See detailed data in Table A5.5 in the Appendix) (taken from Stamati et al.,
2011).
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Overall, this study provided evidence linking the DON export from river basins to livestock
grazing intensity and the resulting decrease in vegetation. A linear relationship between DON
export and livestock N load was obtained for five Greek basins suggesting a mechanism that
operate regional scales. The de-vegetation of grazing lands in Koiliaris River highland calcaric
leptosols was shown to be a primary factor causing the decline of soil biochemical quality. De-
vegetated soils presented lower decomposition potential as compared to vegetated soils.
Mineralization and plant uptake appeared to be restricted and leaching of soluble low
aromaticity organic matter was favored. The evidence provided by this study suggested that

DON can be used as a reliable indicator for livestock grazing impacts to soil biochemical quality.
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6. CONCLUSIONS

Current management of soil has been recognized to be unsustainable. In the next 20-50 years,
the pressures on soil and its core service functions are predicted to further increase, due to
climate change (droughts, extreme precipitation events) and competing demands from
production systems to provide food, biofuel and timber. It is of prime importance to re-evaluate
current agricultural practices and develop alternative sustainable soil farming management
systems that protect ecological functions of soils. There is urgent need for tools and
methodologies that will give reliable predictions for climate change effects and restoration
management to evaluate alternatives. This dissertation was dedicated to contribute to the
improvement of our understanding of the mechanisms of nutrient cycling and organic matter
protection/loss in soils and provide tools that can be used to assist the sustainable functioning

of soil critical zone.

Most model simulations of soil organic carbon (SOC) turnover do not account for the inherent
uncertainties due to input data, initial conditions, and model parameters with very few
exceptions. In this dissertation, a Monte-Carlo fashion methodology for RothC model parameter
estimation, through initialization and calibration with field derived physical fractionation data,
assessment of the uniqueness of solution, sensitivity analysis and quantification of uncertainties
in modeling results was developed. The methodology was validated with field data at various
soil types and lithologies, climatic conditions (Budyco's Radiational Index of Dryness from 3.94-
Desert to 0.96-Forest), and landuse conversions (native land to cropland, cropland to set-aside
from crop production). Calibrated decomposition rate constants greatly varied from the default
RothC values, suggesting that the model should not be used without calibration. The sensitivity
analysis suggested that the most sensitive parameters were the humus (HUM) and resistant
plant material (RPM) decomposition rate constants as well the plant litter input and the RPM
initial pools in the sites where it was not field measured with physical fractionations. Sensitivity
greatly depended on the available data for the calibration of the parameters. The total
uncertainty of the simulated carbon stock change after 100 years of cultivation or as fallow land
was found to be in the eleven cases examined as high as 22% to 122% of the total change. The

uncertainty was smaller in the sites with available field measured particulate organic carbon
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(POC) data and information about the plant input. The analysis showed that the resulting
uncertainties are important; encumbering our ability to accurately predict landuse change
effects even in the absence of climate change impacts. Chronosequence data and field
measurements POC are important, since the model needs calibration and therefore its inverse
use for the estimation initial conditions of native lands for example is not appropriate. The
results emphasized the necessity of obtaining accurate plant input data and other physical soil
parameters as well as quantifying the variability of initial conditions in order to reduce the
uncertainty of carbon turnover projections and determine more accurate the variability of

carbon transformation rate constants as a function of climatic conditions.

The average rate of carbon loss after the conversion of a native land to cropland found to
decline under a logarithmic pattern and varied from 1 to 11 t/ha the 1* year and 0.27 to 0.85
t/ha y after 100 years of cultivation in the climatic gradient simulated. The time for the soil to
reach a new stable carbon content also varied from more than 100 years (Tibet, Desert) to 20-30
(Ethiopia, Forest). The Net C to C amended ratio as an index of the effectiveness of carbon
addition was found to vary greatly between soil types, climatic conditions and amendment type.
For example after 100 years of application (2.5 t C/ha y) of an amendment with composition
30/60/10 (DPM/RPM/HUM, the respective RothC pools) the ratio was found to vary from 0.07
to 0.39. The percentage sequestered in the HUM fraction also varied from 39.8% to 83.1%. The
results indicate that reliable long term model simulations are important for the design of long-
term sustainable agricultural practices like the appropriate quantity and quality of carbon
addition under different climatic regimes and soil types for the effective carbon sequestration

and humus increase.

The estimation of the temperature coefficient Q10 as an index of the ‘apparent’ temperature
sensitivity of the RPM and HUM RothC carbon pools revealed that it was lower for the HUM
pool as compared with the RPM, particularly in the lower temperature ranges (5-15 °C) and
should not be consider identical in the model. The protection of SOM through aggregation and
sorption to clays, which greatly varies with soil type, clay content and other parameters, is
considered to be responsible for the observed pattern. The function used in RothC for the
correction of the decomposition rate due to temperature was found to systematically
underestimate decomposition at low temperatures and overestimate decomposition at high

temperatures in accordance with the reports of other authors. Worth noting, however, is that
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Q10 for the HUM pool at low temperatures was found lower than the RothC Q10 value and
therefore the decomposition rate in this case is overestimated. These results indicated the
importance of the inclusion of physical protection i.e. aggregation in carbon model with a

deterministic manner.

Therefore, a coupled soil carbon, aggregation, and structure turnover (CAST) model was
developed. The model was based on the current knowledge of the proposed mechanism in the
relavant scientific literature that suggests that macro-aggregates are formed around particulate
organic matter, followed by the release of micro-aggregates. The CAST model constitutes the
first attempt in the scientific literature for the modeling of this mechanism. A simplified
mechanistic N model was also developed. The developed CAST model was successfully used for
the simulation of carbon, aggregate, and structure turnover in cropland to set-aside from crop
production conversions of Critical Zones Observatories in Greece (fine textured Mediterranean)
and lowa (coarse textured humid continental). A more deterministic explanation of the
saturation level of the different carbon pools and soil structure (porosity and bulk density) were
obtained. The soil system reached maximum macro-aggregation/porosity and minimum bulk
density after 7 and 14 years in Greece and lowa, respectively. Afterwards, macro-aggregate
disruption presented a constant seasonal pattern and any further SOC increase was due to
micro-aggregation resulting in the increase of bulk density and decrease of porosity towards to a
stable value. The Nitrogen modeling revealed that the presence of fungi was related with
macro-aggregation. The CAST model can assist in revealing primary factors that influence
organic matter, aggregation, and structure turnover in different ecosystems and in describing
the response of the soil system to management practices, landuse changes, and climate change

in order to design and optimize the appropriate measures/practices.

Finally in this dissertation the soil status of Koiliaris River Basin Critical Zone Observatory was
evaluated by assessing the primarily factors of soil aggregation in the soils of the basin,
qguantifying the effects of landuse and climate changes and evaluating the effects of over-grazing
to soil biochemical quality and water quality. A soil survey (29 samples) was conducted based on
a soil mapping typology approach in order to assess primary control factors of soil aggregation in
the basin. Principal component analysis revealed that there are two major soil groups which can
be described by 15 soil parameters. Soils in Group-1 were primarily from regions where Schists

was the parent material as well as from Marls with sandy texture and acidic pH and were found

FOTINI E. STAMATI ENVIRONMENTAL ENGINEER, MSc 233



in elevations lower than 550 m. Soils in Group-2 were mostly derived from the alluvial plain
(some from alkaline calcaric Marls also) and the semi-mountainous region were the Limestones
of the Trypalis units are found. Most soils were croplands, cultivated with olive groves (elevation
9-383 m) and there were also as a sub-group of shrublands on limestones (592-1098 m). Group-1
was distinguished from Group-2 by its lower content in macro-aggregates which was found to be
primarily related the lower eCEC and the sandier texture (more coarse sand, less silt and clay). All
the soils in Group-1 and six out of the sixteen soils in Group-2 exhibited WSA-250 lower than the
limit value of 60% which indicates agronomically valuable soils (Banwart et al., 2011). The
content of the soils in macro-aggregates as revealed by the multi regression analysis was
adequately described by 7 parameters for Group-1: BD, pH, TKN, particles >1000um, eCEC,
BS _Na-BaCl,, and PMN and 11 parameters for Group-2: BD, pH, TKN, particles >1000 pm,
particles <53 um, particles <2 um, eCEC, BS_Na-BaCl2, PMN, N-1hour (KCl extracted), and K-
BaCl2.

The effect of the climate change predicted by the IPCC scenario A1B -which puts a balanced
emphasis on all energy sources- on SOC stocks of cultivated soils of three lithologies (Shcists,
Marls, Trypalis limestones) was assessed by the simulation with RothC. The results for the
present scenario (1990-2010) were compared with the results for the decades 2010-2030 and
2030-2050 given the local decadal climatic variability. It was found that less carbon sequestered
due to climate change (simulation of shrublands to croplands conversions) will correspond to
1.7% to 4.1% of the initial SOC stock, while the carbon stock change due to landuse change
under the present scenario (1990-2010) was 12% to 28% of the initial SOC. On the other hand,
the climate change effects in 50 year old olive grove fields were estimated to be 2-3% of the
initial SOC, while the change of stock due to cultivation for 20 years under the present scenario
was estimated to be 1.7% to 8.9%. The amount of carbon (t/ha) that was not sequestered due to
climate change was predicted to be 1.5-3 t C/ha for 20 years. The results emphasize that
management effects and particularly landuse change effects are such high that may hamper our

ability to detect climate change effects.

Finally, the hypothesis that livestock grazing (and the resulting de-vegetation) that takes place in
the highlands of Koiliaris River Basin degrades soil quality and enriches surface and ground
waters with DON was examined with field data from 3 different scales. The study provided

evidence linking the DON export from river basins to livestock grazing intensity; a linear
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relationship was obtained for five Greek basins suggesting a mechanism that operates at
regional scales. Mass balance calculations of N loads indicated that organic N is behaving as a
conservative substance. De-vegetated soils had lower C and N content, similar bacterial count,
but lower microbial activity, lower fungi counts and species richness and lower mineralizable
nitrogen compared to naturally vegetated soils. DON was the predominant N species in both
extracted soluble nitrogen pools. Mineralization and plant uptake appeared to be restricted and
leaching of soluble low aromaticity organic matter was favored. DON could be used as a reliable

indicator for livestock grazing impacts to soil biochemical quality.

The innovation of this dissertation can be summarized in the following:

1. Development and evaluation with field data (various soil types and lithologies, climatic
conditions, and landuse conversions) of a comprehensive Monte-Carlo fashion methodology
for RothC model parameter estimation, through initialization and calibration with field
derived physical fractionation data, assessment of the uniqueness of solution, sensitivity
analysis and quantification of uncertainties in modeling results. Most model simulations of
SOC turnover do not account for the inherent uncertainties due to input data, initial
conditions, and model parameters with very few exceptions.

2. Simulate the carbon loss and the uncertainty of the predictions under an international
climatic gradient of landuse conversions. Estimate the Net C to C amended ratio as an index
of the effectiveness of carbon addition under the different soil types, climatic conditions for
various amendment types. Estimation of the temperature factor Q10 as an index of the
‘apparent’ temperature sensitivity of the RPM and HUM RothC carbon pools. Although many
scientists have reported that there are differences between the apparent temperature
sensitivity due to factors like aggregation and the sensitivity introduced by the commonly
used equations for temperature corrections this is the first time quantified with data from a
climatic gradient.

3. Development and evaluation with field data of a coupled carbon, aggregation, and structure
(CAST) model that simulates the concept that suggests that macro-aggregates are formed
around particulate organic matter, followed by the release of micro-aggregates. This
conceptual model has been suggested extensively in the scientific literature but this was the

first time that it was modeled.
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4. Comprehensive analysis and development of multi linear equations to adequately predict
aggregate stability in the two major soil groups identified in Koiliaris soils by bulk soil
parameters. Most studies aiming to predict aggregate stability have correlated it only to SOC
content, while few studies that have used more soil parameters have not yield to high
predictability.

5. Quantify the effects of climate change on SOC stocks and compare them with the respective
effects of landuse changes and management practices in three lithologies of Koiliaris River
Basin with the use of the developed methodology for RothC calibration and initializatin.
RothC has been used similarly with other carbon models to predict climate change effects on
soils mostly without calibration of its rate constants and without being initialized with field
data.

6. Provided evidence linking the DON export from river basins to livestock grazing intensity;
Suggest DON as a reliable indicator for livestock grazing impacts to soil biochemical quality in

the Mediterranean geo-environment.

The major direct research interests for future work can be summarized in the following issues:

1. Enhancement of the utility of the CAST model to test hypotheses by its deterministic
coupling with the N and P cycles, plant growth, as well soil fauna (food web dynamics) as well
the addition of sub layers in order to account for the whole soil profile.

2. Evaluate the CAST model with field data of different soil types and climatic regions.

3. Development of a methodology for the estimation of the composition in terms of modeling
pools (e.g. DPM/RPM/HUM ratio for RothC model) of various types of soil amendments and
field evaluation of their effectiveness on carbon sequestration and aggregation.
Comprehensive life cycle analysis for the estimation of the real benefits.

4. Design of the studies needed to obtain the appropriate data to develop better equations to
correspond for the apparent sensitivity of decomposition to temperature and moisture.

5. Use geostatistics to estimate distributed values for soil parameters indicative of soil quality
and develop a soil quality/degradation assessment methodology to relate the status of soils
to specific soil functions and threats.

6. Examine the role of clay mineralogy in the aggregate stability/soil properties relation.

7. Study of the Nitrogen cycling in degraded de-vegetated grazing lands with undisturbed

column studies.
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Table A3.1 Details on natural vegetation as well crop type and crop management for the six sites.

Li et al (2009),

Frank et al (2006),

Wu et al (2004),

Evrendilek et al
(2004),

Ashagrie et al
(2007),

Vagen et al (2006),

Reference Tibet-Desert North Dakota-Semiarid China-Steppe Turkey-Steppe Ethiopia-Steppe Madagascar-Forest
Typical Northern Great Plains mixed-grass
L ) Chrysopogon
prairie ecosystem dominated by blue
- gryllus, Festuca
grama [Bouteloua gracilis (H.B.K.) Lag. ex ; .
. . ovina, Bothriochloa
) e Griffiths], needle-and-thread (Stipa comata . A Podocarpus
Kobresia capillifolia, . ischaemum,
. ) . Trin. and Rupr.), Carex (Carex spp.), . falcatus
Natural Potentilla acaulis, Artemisia ;i . Globularia . . .
. - Kentucky bluegrass (Poa pratensis L.), little Forest . dominated mixed Rainforest
vegetation frigida and Heteropappus ) ) . trichosantha,
altaicus bluestem [Schizachyrium scoparium Plantago lagopus natural forest (ca.
(Michx.) Nash], side-oats grama [Bouteloua g .g pus, 3000-4000 years)
: ; Lotus corniculatus,
curtipendula (Michx.) Torr.], and western .
oy and Teucrium
wheatgrass [Pascopyrum smithii (Rybd.) .
. polium
Lo"ve]).
panic millet (Panicum
italicum L.) or beans
(Phaseolus L.). Maize, bread- Drvland crops: rice
--35-70 kgNha-1 as wheat, faba bean, y . P
. - . varieties (Oryza sp.),
spring wheat (Triticum urea or ammonium and sorghum .
; . e ... . | cassava(Manihot
aestivum), barley (Hordeum nitrate and 9.7-16.1 . --Fertilized with di- .
. Continuous barley . esculenta), maize
vulgare), canola (Brassica kg P ha-1 as ammonium
. . . . . (Hordeum vulgare (Zea mays), beans
campestris) and vegetable Spring wheat was seeded in late April superphosphate, till phosphate
. . e L.) and wheat (Phaseolus sp.),
pea (Pisum sativum) were --Fertilization: 67 kg N ha 1 (NH4NO3). to a 20 cm depth . . annually
Crops/ Crop R . . . . (Triticum aestivum . potatoes (Solanum
grown without regular crop | Triple superphosphate 11 kg P ha 1 with with a plough in . . depending on the
Management . . L.) in a rotational K - tuberosum), sweet
rotations the seed. Weed growth, controlled through | spring and autumn crops’ fertiliser
. . . . manner ) potatoes (Ipomoea
--Fertilized, Conventional pre- and post-emergent herbicides and hand cultivate to . requirement.
. --Conventional . batatas),vegetable
ploughing (about 15 cm), a depth of about 5 . . conventionally h .
) . tillage practices . . and fruit production
above ground biomass c¢cm with a hoe for cultivated using a .
. . " in some areas.
removed for hay or fuel weeding 3-5 times traditional oxen- .
- . ; --Conventional
during the growing drawn implement ractices
season. Straw (Maresha). P
removed along with
grain
Cultivation
period Jun-Sep May-Jul Jan-Dec Jan-Dec Jan-Dec Jan-Dec
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Table A3.2 Mean monthly meteorological data used for the application of the ROTHC model in the six

sites (taken from the Local Climate Estimator-New LocClim 1.10, Grieser, 2006 according to the

coordinates and elevation given in the manuscripts).

Frank et al (2006), North

Wu et al (2004), China-

Month Li et al (2009), Tibet-Desert Dakota-Semiarid Steppe
Temp Rain PET Temp Rain PET Temp Rain PET
°C mm mm °C mm mm °C mm mm
1 -9.2 2 27 -12.2 8 7 -6.4 4 30
2 -6.6 3 39 -8.9 8 10 -2.3 7 35
3 -0.2 8 76 -2.1 12 38 7.4 18 63
4 6.2 14 118 5.9 43 80 11.3 30 87
5 11.5 29 150 12.5 57 129 17.2 41 124
6 15.1 41 160 18.0 75 147 20.8 76 144
7 17.4 56 162 21.2 60 180 23.7 151 128
8 16.9 66 148 20.2 49 171 21.2 126 113
9 11.8 43 103 13.5 41 103 16.5 72 84
10 5.7 14 73 7.5 24 78 9.8 38 65
11 -1.7 4 41 -1.5 11 31 4.0 17 41
12 -7.8 1 26 -9.7 9 11 -5.2 6 31
Annual 4.9 279 1122 5.4 397 985 9.8 586 944
Evrendilek et al (2004), Ashagrie et al (2007), Vagen et al (2006),
Month Turkey-Steppe Ethiopia-Steppe Madagascar-Forest
Temp Rain PET Temp Rain PET Temp Rain PET
°C mm mm °C mm mm °C mm mm
1 35 127 34 12.1 41 97 20.7 295 115
2 4.8 87 39 13.3 82 96 20.6 243 99
3 8.3 89 66 14.0 108 110 20.2 230 95
4 12.5 67 90 14.1 146 103 19.0 82 79
5 16.6 65 130 13.3 131 104 16.7 37 63
6 211 29 150 12.6 130 92 14.8 27 49
7 24.7 9 169 12.1 191 80 13.8 22 51
8 24.7 4 156 11.8 187 84 14.3 23 66
9 20.7 16 123 12.3 189 83 15.8 33 84
10 15.3 49 82 12.3 84 98 18.5 59 109
11 9.6 86 46 11.8 30 94 20.0 196 112
12 5.0 124 29 11.1 14 90 20.6 282 122
Annual 13.9 752 1112 12.6 1333 1131 17.9 1529 | 1046
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Table A3.3 Sensitivity coefficients (the absolute value of the ratio: ((AY/Y)/(Ax/x)) for ROTHC model parameters for 10% and +50% change of the calibrated

values for the six sites.

Li et al (2009), Tibet-Desert Frank et al (2006), North Dakota-Semiarid

SOC POC SOC POC

-10% +10% -50% +50% -10% +10% -50% +50% -10% +10% -50% +50% -10% +10% -50% +50%

total plant input 0.045 0.045 0.045 0.045 0.149 0.149 0.149 0.149 0.164 0.164 0.164 0.164 0.268 0.268 0.268 0.268

DPM/RPM ratio 0.016 0.014 0.021 0.012 0.085 0.075 0.114 0.062 0.063 0.055 0.084 0.045 0.163 0.145 0.219 0.118

BIO% 0.027 0.027 0.026 0.027 0.000 0.000 0.000 0.000 0.044 0.045 0.043 0.046 0.000 0.000 0.000 0.000
DPM 0.002 0.002 0.003 0.001 0.009 0.008 0.017 0.006 0.005 0.004 0.008 0.003 0.012 0.009 0.021 0.007
RPM 0.166 0.152 0.198 0.129 0.870 0.796 1.048 0.672 0.230 0.216 0.263 0.191 0.600 0.562 0.686 0.496
BIO 0.030 0.026 0.042 0.020 0.000 0.000 0.000 0.000 0.023 0.019 0.036 0.014 0.000 0.000 0.000 0.000
HUM 0.202 0.195 0.216 0.182 0.000 0.000 0.000 0.000 0.062 0.061 0.064 0.059 0.000 0.000 0.000 0.000
RPM initial 0.178 0.178 0.178 0.178 0.732 0.732 0.732 0.732
Wau et al (2004), China-Steppe Evrendilek et al (2004), Turkey-Steppe
socC POC SoC POC

-10% +10% -50% +50% -10% +10% -50% +50% -10% +10% -50% +50% -10% +10% -50% +50%

total plant input 0.284 0.284 0.284 0.284 0.996 0.996 0.996 0.996 0.209 0.209 0.209 0.209 0.740 0.740 0.740 0.740

DPM/RPM ratio 0.071 0.063 0.096 0.051 0.546 0.484 0.736 0.394 0.055 0.049 0.074 0.040 0.397 0.353 0.533 0.288

BIO% 0.163 0.164 0.162 0.165 0.000 0.000 0.000 0.000 0.074 0.075 0.073 0.076 0.000 0.000 0.000 0.000
DPM 0.006 0.004 0.011 0.003 0.036 0.028 0.080 0.019 0.009 0.007 0.016 0.005 0.062 0.050 0.112 0.037
RPM 0.145 0.117 0.285 0.085 1.052 0.848 2.091 0.615 0.197 0.162 0.312 0.116 1.351 1.099 2.189 0.774
BIO 0.040 0.032 0.078 0.023 0.000 0.000 0.000 0.000 0.061 0.052 0.090 0.039 0.000 0.000 0.000 0.000
HUM 0.899 0.734 1.415 0.513 0.000 0.000 0.000 0.000 0.368 0.346 0.419 0.307 0.000 0.000 0.000 0.000
RPM initial 0.207 0.207 0.207 0.207 0.260 0.260 0.260 0.260
Ashagrie et al (2007), Ethiopia-Steppe Vagen et al (2006), Madagascar-Forest
SoC POC SOC POC

-10% +10% -50% +50% -10% +10% -50% +50% -10% +10% -50% +50% -10% +10% -50% +50%

total plant input 0.265 0.265 0.265 0.265 0.749 0.749 0.749 0.749 0.437 0.437 0.437 0.437 1.000 1.000 1.000 1.000

DPM/RPM ratio 0.066 0.059 0.087 0.048 0.427 0.380 0.566 0.312 0.049 0.044 0.065 0.036 0.539 0.480 0.717 0.393

BIO% 0.178 0.181 0.171 0.189 0.000 0.000 0.000 0.000 0.376 0.377 0.373 0.379 0.000 0.000 0.000 0.000
DPM 0.003 0.002 0.006 0.002 0.018 0.015 0.035 0.011 0.006 0.005 0.011 0.003 0.073 0.058 0.132 0.039
RPM 0.260 0.204 0.470 0.137 1.632 1.272 2.996 0.849 0.090 0.073 0.161 0.054 0.965 0.790 1.737 0.579
BIO 0.017 0.013 0.033 0.010 0.000 0.000 0.000 0.000 0.021 0.017 0.038 0.013 0.000 0.000 0.000 0.000
HUM 0.110 0.108 0.114 0.104 0.000 0.000 0.000 0.000 0.836 0.677 1.362 0.472 0.000 0.000 0.000 0.000
RPM initial 0.071 0.071 0.071 0.071 0.000 0.000 0.000 0.000
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Thibet desert-uncertainty dueto input data
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Dakota semi-arid-uncertainty due to input data
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China steppe-uncertainty due to input data
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Turkey steppe-uncertainty due to input data
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Ethiopia steppe-uncertainty due to input data
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Madagaskar forest-uncertainty due to input data
120
100
80
£
§ 60
40
20
0
0 10 20 30 40 50 60 70 80 90 100
Years
Madagaskar forest-uncertainty due to initial conditions
120
100
A
\
80
£
S 60
o
40
20 S S ]
(]
(] 10 20 30 40 50 60 70 80 9 100
Years
Madagaskar forest-uncertainty due to model parameters
120
SOCmean POCmean
00 §& =0 SOCmean+lstd  ===-=- POC mean+1std
----- SOCmean-1std ====-POCmean-1std
SOCoptimum POCoptimum
80
£
S 60
o
40 T,
20
0
0 10 20 30 40 50 60 70 80 920 100
Years (f)

Figure A3.1 Uncertainty of total organic carbon (SOC) and particulate organic carbon (POC) due to model
parameters, input data, and initial conditions compared with the optimum solution (calibration) for a)
Tibet-Desert, b) Dakota-semi-arid, c) China-steppe, d) Turkey-steppe, e) Ethiopia-steppe, and f)

Madagaskar-forest.
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Table A5.1 The 15 soil properties used in the PCA analysis (the 12 first samples correspond to soil Group-1 and the latter 16 in soil Group-2).

FOTINI E. STAMATI ENVIRONMENTAL ENGINEER, MSc

PC4 PC3 PC2 PC1 Soil ID Land cover Geologic formation Altitude | <53um | Al-ox | Fe-ox |Fe-ox/F-d|K-BaCl2 N-1hour pH | <2um |>1000um | WSA-250 BD TKN eCEC |BS_Na-BaCI2 PMN
m % % | % - |emol/kg| men/ke . % % % g/cm’ % |emolfie] % mgN/kg
1/41A Scrub and herbaceous [Limestones (Plattenkalk) 166 72.5 | 0.34 | 0.33 0.87 0.30 3.5 7.49 | 17.6 1.4 46.6 1.27 0.15 3.89 0.76 66.8
2[49A Olive groves Marls 135 63.1 0.09 | 0.10 0.95 0.10 4.8 8.13 20.6 14.2 50.0 1.13 0.16 5.74 0.33 49.2
3(K3 Olive groves Schists 550 32.2 0.11 | 0.17 0.22 0.03 3.4 6.47 7.1 31.1 25.0 1.23 0.12 2.74 0.86 63.1
4[9A Olive groves Calcaric Marls 383 51.9 0.61 | 0.38 0.73 0.10 3.7 7.87 13.4 20.4 33.7 1.15 0.23 6.01 0.54 93.1
5|37A Scrub and herbaceous [Schists 371 36.7 0.28 | 0.25 0.24 0.07 2.3 6.01 13.5 315 24.9 1.14 0.08 0.92 1.67 20.3
6|16A Scrub and herbaceous [Calcaric Marls 219 40.8 0.21 | 0.23 0.26 0.21 3.5 5.99 13.3 32.0 34.8 1.19 0.10 2.25 0.71 41.2
7(10B Olive groves Limestones (Trypalis) 351 46.4 0.20 | 0.20 0.20 0.21 7.5 7.33 22.7 19.3 49.8 0.96 0.14 2.90 0.50 70.8
8[37E1 _ [Olive groves Schists 400 31.0 | 0.16 | 0.20 0.16 0.01 4.0 4.85 8.2 42.6 12.7 1.34 0.12 0.53 3.91 25.4
9[37E2__ [Olive groves Schists 400 59.9 | 0.18 | 0.25 0.21 0.16 9.5 572 | 17.0 18.9 13.9 1.20 0.30 0.83 3.71 52.8
10(6A Olive groves Marls 409 485 | 013 | 038 0.48 0.13 6.6 6.35 8.7 12.0 54.8 1.14 0.17 1.54 2.36 76.6
11(K4(3) [Olive groves Limestones (Plattenkalk) | 465 60.0 | 0.36 | 0.30 0.72 0.19 12.2 4.70 | 121 22.5 311 1.26 0.20 1.22 1.81 39.7
12(251 Olive groves Schists 290 39.8 | 0.13 | 0.37 0.52 0.28 9.4 6.53 | 10.9 24.3 28.6 1.20 0.13 1.98 1.38 51.9
PC4 PC3 PC2 PC1
1/4B Scrub and herbaceous |Limestones (Trypalis) 582 83.4 1.26 | 0.30 0.29 0.19 10.6 7.72 | 21.0 1.0 90.5 0.97 0.49 9.71 0.27 108.3
2|52A Scrub and herbaceous |Limestones (Plattenkalk) | 1098 51.0 1.25 | 0.60 0.92 0.17 17.1 6.95 | 12.0 6.9 66.3 0.92 0.42 7.70 0.23 99.9
3|6B Olive groves Marls 383 51.6 0.36 | 0.31 0.55 0.16 9.7 7.86 12.9 25.1 44.2 1.08 0.31 7.03 0.18 143.0
4|98 Scrub and herbaceous |Calcaric Marls 383 43.1 | 053 | 043 0.69 0.11 7.4 7.68 9.5 27.9 47.6 1.09 0.34 8.68 0.50 120.0
5|12A Olive groves Alluvial 42 74.1 | 0.39 | 0.30 0.86 0.98 5.6 8.10 | 30.7 4.0 56.3 1.20 0.25 | 10.23 0.26 57.6
6268 Fruit trees-orange trees [Alluvial 9 59.0 | 0.34 | 0.34 1.06 0.84 8.8 8.05 | 20.8 14.7 62.0 1.18 0.31 | 1048 0.37 126.1
7|5A Fruit trees-orange trees [Alluvial 17 59.9 | 0.22 | 0.35 0.59 0.36 8.9 7.94 | 252 8.6 59.9 1.14 0.23 7.12 0.34 96.1
8/20B Olive groves Marls 56 79.9 | 0.06 | 0.10 0.49 0.60 4.0 7.82 | 352 5.0 61.3 1.06 0.25 8.87 0.35 371
9|10r Olive groves Limestones (Trypalis) 375 769 | 0.27 | 031 0.74 0.59 8.2 7.59 | 28.7 1.4 69.7 1.19 0.36 8.20 0.28 83.9
10{12r Olive groves Alluvial 42 68.4 0.55 | 0.49 0.86 1.05 11.4 7.64 32.0 8.1 56.7 1.15 0.29 10.75 0.21 72.5
11{12A Olive groves Alluvial 46 72.6 | 0.61 | 0.60 0.75 0.88 11.9 7.49 | 383 5.3 76.1 1.16 0.25 9.81 0.22 83.8
12|58 Fruit trees-orange trees |Alluvial 9 54.7 | 0.22 | 0.35 0.90 0.81 12.6 7.07 | 15.8 2.9 67.2 1.11 0.27 7.65 0.31 104.0
13|K4(1+2) | Olive groves Limestones (Plattenkalk) 465 66.7 0.44 | 0.41 0.87 0.55 15.8 4.72 26.8 16.1 65.7 1.21 0.14 5.97 0.37 92.6
14|12B Olive groves Alluvial 43 72.8 0.67 | 0.40 0.48 0.36 7.0 6.91 38.4 4.1 57.0 1.20 0.18 6.13 0.64 49.7
15|4A Scrub and herbaceous |Limestones (Trypalis) 308 73.5 | 0.83 | 0.51 0.71 0.91 8.9 7.67 | 32.1 3.1 77.7 1.10 0.29 8.81 0.20 80.1
16[51A Scrub and herbaceous |Limestones (Trypalis) 748 829 | 1.06 | 0.54 0.52 0.68 14.8 7.65 | 32.2 1.8 72.7 1.08 0.34 10.58 0.22 82.7
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Table A5.2 Mean monthly meteorological data used for the calibration (long average 1960-2010) and

the climate change scenarios for the station of Samonas.

Samonas (1960-2010) Samonas (1990-2010)
Month Temp Rain PET Temp Rain PET
(°C) (mm) (mm) (°C) (mm) | (mm)
1 10.2 224 44 10.4 203 45
2 10.2 155 47 10.3 134 47
3 11.9 132 70 12.3 100 71
4 14.9 51 97 15.2 48 98
5 19.0 19 147 19.5 17 151
6 23.5 8 197 24.1 4 203
7 25.6 1 223 26.3 1 232
8 25.4 1 197 26.2 2 206
9 22.6 24 138 23.1 23 142
10 19.0 110 96 19.7 75 100
11 15.2 135 62 15.4 136 63
12 11.9 196 47 11.9 199 47
Annual 17.4 1056 1363 17.9 942 1406
BCA-RCA (2010-2030) ECHAM-RACMO (2010-2030) ECHAM REMO (2010-2030)
Month Temp Rain PET Temp Rain PET Temp Rain PET
(°c) (mm) (mm) (°c) (mm) | (mm) (°c) (mm) | (mm)
1 10.6 179 46 10.5 197 45 10.6 220 45
2 10.6 148 48 104 141 47 10.0 143 46
3 12.6 112 73 12.0 103 70 11.7 115 69
4 15.5 30 100 15.5 49 100 15.2 51 98
5 19.9 17 154 19.6 18 152 19.3 14 149
6 24.8 6 213 24.5 4 209 24.4 4 207
7 26.6 10 236 26.4 1 233 26.5 1 234
8 27.4 39 221 26.3 2 207 26.5 3 209
9 23.4 1 145 24.2 25 152 24.2 21 151
10 20.2 81 103 19.9 123 101 20.1 105 103
11 15.4 133 62 15.3 156 62 15.3 150 62
12 12.2 188 48 12.4 210 48 12.2 202 48
Annual 18.3 943 1448 18.1 1029 1427 18.0 1030 1421
BCA-RCA (2030-2050) ECHAM-RACMO (2030-2050) | ECHAM REMO (2030-2050)
Month Temp Rain PET Temp Rain PET Temp Rain PET
(°Q) (mm) (mm) (°Q) (mm) | (mm) (°Q) (mm) | (mm)
1 10.9 188 46 12.1 169 50 12.1 204 50
2 10.5 133 48 11.9 115 52 11.6 111 51
3 13.0 82 74 14.0 97 79 134 99 76
4 16.3 38 105 16.6 39 107 16.2 34 105
5 21.7 14 171 21.2 8 167 21.2 12 166
6 26.5 8 235 25.9 4 225 25.7 4 224
7 28.3 -45 262 28.0 0 255 28.1 1 256
8 28.6 -1 236 28.0 2 227 27.8 2 225
9 24.0 -11 150 24.6 24 155 24.5 22 153
10 21.5 52 111 21.9 33 114 21.8 77 113
11 16.1 129 65 17.2 125 69 17.1 146 69
12 133 192 51 13.4 181 52 13.5 171 52
Annual 19.2 778 1554 19.6 797 1551 194 881 1541
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Table A5.3 Monthly and annual decomposition rates® (1/y) for resistant plant material (RPM) and

humus (HUM) soil organic pools pools of ROTHC model for the Greek and lowa sites.

Schists Marls Trypalis
RPM HUM RPM HUM RPM HUM
1 0.078 0.029 0.082 0.034 0.086 0.024
2 0.078 0.029 0.082 0.034 0.086 0.024
3 0.096 0.036 0.101 0.041 0.105 0.029
4 0.060 0.022 0.063 0.026 0.066 0.018
5 0.036 0.014 0.038 0.016 0.040 0.011
6 0.048 0.018 0.051 0.021 0.053 0.015
7 0.054 0.020 0.057 0.023 0.059 0.017
8 0.053 0.020 0.056 0.023 0.059 0.016
9 0.046 0.017 0.048 0.020 0.050 0.014
10 0.100 0.037 0.105 0.043 0.110 0.031
11 0.133 0.050 0.140 0.058 0.146 0.041
12 0.095 0.036 0.100 0.041 0.105 0.029
annual 0.073 0.027 0.077 0.032 0.080 0.022

*Decomposition rates constant multiplied by the rate modifying factor for temperature (a), the topsoil
moisture deficit rate modifying factor (b), and the soil cover factor (c).
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Table A5.4 Sensitivity coefficients (the absolute value of the ratio: ((AY/Y)/(Ax/x)) for ROTHC model
parameters for £10% and +50% change of the calibrated values for the three shrubland to cropland
conversions (for the 50 year of the conversion used for the calibration in all sites) for both soil

organic carbon (SOC) and particulate organic carbon (POC).

Schists
SOC POC
(-10%) (+10%) (-50%) (+50%) (-10%) (+10%) (-50%) (+50%)
total plant
input 0.871 0.871 0.871 0.871 0.976 0.976 0.976 0.976
DPM/RPM
ratio 0.300 0.267 0.396 0.220 0.576 0.514 0.761 0.422
BIO% 0.231 0.234 0.227 0.239 0.000 0.000 0.000 0.000
DPM 0.008 0.006 0.015 0.004 0.014 0.011 0.027 0.007
RPM 0.545 0.457 0.847 0.341 1.049 0.876 1.644 0.652
BIO 0.028 0.023 0.050 0.017 0.000 0.000 0.000 0.000
HUM 0.202 0.187 0.240 0.161 0.000 0.000 0.000 0.000
Marls
SOC POC
(-10%) (+10%) (-50%) (+50%) (-10%) (+10%) (-50%) (+50%)
total plant
input 0.597 0.597 0.597 0.597 0.975 0.975 0.975 0.975
DPM/RPM
ratio 0.214 0.190 0.285 0.156 0.586 0.521 0.780 0.427
BIO% 0.196 0.198 0.193 0.202 0.000 0.000 0.000 0.000
DPM 0.006 0.005 0.012 0.003 0.016 0.012 0.031 0.008
RPM 0.392 0.326 0.621 0.242 1.071 0.889 1.714 0.657
BIO 0.022 0.018 0.039 0.013 0.000 0.000 0.000 0.000
HUM 0.462 0.409 0.602 0.327 0.000 0.000 0.000 0.000
RPM initial
Trypalis
SOC POC
(-10%) (+10%) (-50%) (+50%) (-10%) (+10%) (-50%) (+50%)
total plant
input 0.563 0.563 0.563 0.563 0.981 0.981 0.981 0.981
DPM/RPM
ratio 0.170 0.150 0.227 0.123 0.600 0.532 0.803 0.434
BIO% 0.229 0.232 0.223 0.238 0.000 0.000 0.000 0.000
DPM 0.005 0.004 0.010 0.003 0.019 0.015 0.036 0.010
RPM 0.306 0.253 0.496 0.187 1.079 0.890 1.767 0.655
BIO 0.021 0.017 0.038 0.013 0.000 0.000 0.000 0.000
HUM 0.415 0.380 0.500 0.321 0.000 0.000 0.000 0.000
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Schists-uncertainty due to input data
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Marls-uncertainty due to input data
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Trypalis-uncertainty dueto input data
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Figure A5.1 Uncertainty of total organic carbon (SOC) and particulate organic carbon (POC) due to
model parameters, input data, and initial conditions compared with the optimum solution

(calibration) for the shrubland to cropland conversions of a) Schists, b) Marls, and c) Trypalis

geologic substrate.
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Table A5.5 Concentrations of dissolved inorganic nitrogen (DIN) and DON/TDN ratio, as well as

precipitation for the rivers presented in Figure 5.10 in Chapter 5.

No ID Watershed type/Site DIN, DON/TDN Prec, Reference
name mg/L ratio mm
Forested watersheds
1 Shenandoah National Park 0.379 0.15 133 Buffam et al., 2001
(SNP), Virginia
2 streams in the Blue Ridge 0.232 0.12 133 Buffam et al., 2001
Mountains, SNP, Virginia

3 Peabody tributary, USA 0.021 0.82 183 Goodale et al. (2000)

4 Encampment river, USA 0.095 0.80 400 Lewis (2002)

5 Red Butte creek, USA 0.101 0.78 400 Lewis (2002)

6 Upper Kuparuk, USA 0.005 0.91 400 Peterson et al. (1992)

7 Vallecito creek, USA 0.091 0.82 400 Lewis (2002)

8 Wet Bottom creek, USA 0.085 0.67 500 Lewis (2002)

9 Finland 0.287 0.64 590 Mattsson et al., 2009
10 Castle Creek, USA 0.049 0.83 600 Lewis (2002)
11 Kiamichi River, USA 0.070 0.82 630 Lewis (2002)
12 LB4, New England 0.222 0.44 1040 Campbell et al. (2000)
13 LB6, New England 0.409 0.38 1040 Campbell et al. (2000)
14 B8, New England 0.163 0.70 1040 Campbell et al. (2000)
15 Popple Creek, USA 0.090 0.84 1050 Lewis (2002)
16 France 0.480 0.20 1100 Mattsson et al., 2009
17 South Pennines, UK 0.369 0.56 1107 Helliwell et al., 2007
18 Cache Creek, USA 0.116 0.66 1200 Lewis (2002)
19 Elder creek, USA 0.052 0.73 1200 Lewis (2002)
20 Young Womans creek, USA 0.083 0.66 1200 Lewis (2002)
21 Husted creek, USA 0.046 0.46 1250 Cairns and Lajtha (2005)
22 Little Pool creek, USA 0.016 0.61 1250 Cairns and Lajtha (2005)
23 Vinemaple creek, USA 0.009 0.77 1250 Cairns and Lajtha (2005)
24 Soda creek, USA 0.212 0.18 1270 Cairns and Lajtha (2005)
25 Whiteroek creek, USA 0.114 0.21 1280 Cairns and Lajtha (2005)
26 Wolf creek, USA 0.308 0.18 1280 Cairns and Lajtha (2005)
27 Scape Ore Swamp, USA 0.071 0.82 1300 Lewis (2002)
28 Filtering Sun brook, USA 0.207 0.12 1320 Cairns and Lajtha (2005)
29 Hensley creek, USA 0.021 0.57 1320 Cairns and Lajtha (2005)
30 Barringer creek, USA 0.254 0.13 1330 Cairns and Lajtha (2005)
31 Falling creek, USA 0.123 0.64 1400 Lewis (2002)
32 Falcon Nile creek, USA 0.019 0.44 1450 Cairns and Lajtha (2005)
33 New creek, USA 0.005 0.83 1460 Cairns and Lajtha (2005)
34 Gibbs brook-D, USA 0.039 0.64 1470 Goodale et al. (2000)
35 Lafayette brook-A, USA 0.062 0.62 1470 Goodale et al. (2000)
36 Trout creek, USA 0.014 0.60 1470 Cairns and Lajtha (2005)
37 Lafayette brook-B, USA 0.051 0.61 1480 Goodale et al. (2000)
38 Taylor creek, USA 0.012 0.64 1480 Cairns and Lajtha (2005)
39 Longbow creek, USA 0.044 0.30 1490 Cairns and Lajtha (2005)
40 Slide creek, USA 0.078 0.30 1490 Cairns and Lajtha (2005)
41 CP, New England 0.029 0.80 1495 Campbell et al. (2000)
42 Minam River, USA 0.051 0.79 1500 Lewis (2002)
43 Sipsey Fork, USA 0.055 0.59 1500 Lewis (2002)
44 SR, New England 0.243 0.24 1515 Campbell et al. (2000)
45 Zealand valley-A, USA 0.025 0.68 1520 Goodale et al. (2000)
46 Hidden stream, USA 0.010 0.70 1600 Cairns and Lajtha (2005)
47  Upper Twin creek, USA 0.139 0.60 1600 Lewis (2002)
48 HB6, New England 0.049 0.68 1710 Campbell et al. (2000)
49 Mournes, UK 0.310 0.37 1714 Helliwell et al., 2007
50 Little Boulder creek, USA 0.083 0.21 1730 Cairns and Lajtha (2005)
51 West Fork Three creek, 0.053 0.36 1730 Cairns and Lajtha (2005)

USA
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52
53
54
55
56
57
58
59
60
61
62

63
64
65

66
67
68
69
70
71

72

73
74
75
76
77

HB8, New England

Little Wildcat brook-A, USA

HB7, New England
Rocky branch-C, USA
HB9, New England

Hale brook, USA
Elephant head, USA
Gibbs brook-A, USA
Slide brook, USA
Snowdonia, UK
Amazon, Peru-Brazil-
Colombia-Venezuela
Caroni, Venezuela
Andrews creek, USA
WS8 (H.J. Andrews Exp.
Forest), USA

Galloway, UK

Caura, Venezuela
Negro, Brazil

Solimoes, Brazil
Toronja, Puerto Rico
WS2 (H.J. Andrews Exp.
Forest), USA

WSS9 (H.J. Andrews Exp.
Forest), USA

Madeira, Brazil

Japurd, Colombia
Jurua, Brazil

Icacos, Brazil
Sonadora, Puerto Rico

Mixed landuse watersheds

78
79
80
81
82

83

84

85
86

87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104

Wales
Sopchoppy, USA
Sawmill brook, USA

Orinoco, Venezuela-Brazil

Quebrada El Jobo, Costa
Rica
Quebrada Marilin, Costa
Rica

Quebrada Zompopa, Costa

Rica

Tempisquito, Costa Rica
Tempisquito Sur, Costa
Rica

Braco do Mota, Brazil
Carter creek, USA

Great Lakes, USA Agri-7
Great Lakes, USA Agri-11
Great Lakes, USA Agri-10
Great Lakes, USA Agri-5
Great Lakes, USA Agri-14
Great Lakes, USA Agri-4
Great Lakes, USA Agri-3
Great Lakes, USA Agri-6
Great Lakes, USA Agri-1
Great Lakes, USA Agri-13
Great Lakes, USA Agri-2
Denmark

Blackstone, USA
Moshassuck, USA
Pawtuxet, USA

Taunton, USA

0.085
0.014
0.078
0.014
0.045
0.023
0.012
0.016
0.018
0.127
0.166

0.046
0.043
0.091

0.099
0.048
0.042
0.200
0.055
0.009

0.007

0.176
0.102
0.202
0.093
0.063

0.224
0.078
0.252
0.112
0.303

0.257

0.218

0.209
0.006

0.037
0.011
0.690
3.750
2.650
4.570
0.990
4.030
5.640
2.110
6.050
4.900
1.090
4.138
1.928
1.302
1.981
1.408

0.60
0.82
0.54
0.83
0.80
0.55
0.88
0.79
0.75
0.56
0.49

0.75
0.91
0.61

0.71
0.78
0.79
0.36
0.71
0.71

0.78

0.50
0.47
0.40
0.58
0.69

0.61
0.84
0.41
0.59
0.32

0.32

0.36

0.33
0.89

0.79
0.95
0.47
0.20
0.41
0.21
0.39
0.23
0.13
0.22
0.24
0.26
0.36
0.21
0.22
0.27
0.22
0.24

1735
1740
1745
1750
1755
1760
1800
1830
1870
1902
2000

2000
2000
2083

2127
2200
2200
2400
2400
2477

2477

2500
2800
2800
3940
4100

960
1300
1360
1400
2400

2400

2400

2400
2400

2754
1339
790
790
790
860
890
910
940
990
760
760
890
810
1190
1190
1190
1190

Campbell et al. (2000)
Goodale et al. (2000)
Campbell et al. (2000)
Goodale et al. (2000)
Campbell et al. (2000)
Goodale et al. (2000)
Goodale et al. (2000)
Goodale et al. (2000)
Goodale et al. (2000)
Helliwell et al., 2007
Lewis et al. (1999)

Lewis et al. (1999)
Lewis (2002)
Vanderbilt et al. (2002)

Helliwell et al., 2007
Lewis et al. (1999)
Lewis et al. (1999)
Lewis et al. (1999)
Lewis et al. (1999)
Vanderbilt et al. (2002)

Vanderbilt et al. (2002)

Lewis et al. (1999)
Lewis et al. (1999)
Lewis et al. (1999)
Lewis et al. (1999)
Lewis et al. (1999)

Mattsson et al., 2009

Fu and Winchester (1994)

Wollheim et al. (2005)
Lewis et al. (1999)

Newbold et al. (1995)
Newbold et al. (1995)
Newbold et al. (1995)

Newbold et al. (1995)
Newbold et al. (1995)

Williams and Melack (1997a)

Wollheim et al. (2005)
Neilsen et al. (1980)
Neilsen et al. (1980)
Neilsen et al. (1980)
Neilsen et al. (1980)
Neilsen et al. (1980)
Neilsen et al. (1980)
Neilsen et al. (1980)
Neilsen et al. (1980)
Neilsen et al. (1980)
Neilsen et al. (1980)
Neilsen et al. (1980)
Mattsson et al., 2009
Nixon et al. (1995)
Nixon et al. (1995)
Nixon et al. (1995)
Nixon et al. (1995)
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105 Woonasquatucket, USA 1.101 0.28 1200 Nixon et al. (1995)

Mixed landuse watersheds, Mediterranean

106 South-east spain 1.233 0.91 418 Lorit-Herrera et al., 2009

107 Aksios 2.578 0.39 600 Nikolaidis et al., 2009

108 Acheloos 1.124 0.60 1091 Nikolaidis et al., 2004

109 Anapodaris 3.693 0.34 - Skoulikidis kai Gritzalis, 2006

110 Kelefina-Oinountas 0.685 0.87 800 Nikolaidis et al., 2006
(Basaras-Klada ssubbasin)

111 Magoulitsa (Tripi, before 1.152 0.78 800 Nikolaidis et al., 2006
subbasin Evrotas)

112 Brontamas (Evrotas main 1.873 0.72 1000 Nikolaidis et al., 2006
River)

113 Koiliaris, South Greece, 0.78 0.83 1100 Moraetis et al., 2010
Crete

114 Subbasin (Keramianos 5.956 0.42 1100 Moraetis et al., 2010

stream) with surface runoff
Karstic springs,
Mediterranean

115 Skortsinos springs (Evrotas) 1.196 0.86 800 Nikolaidis et al., 2006

116 Vivari springs (Evrotas) 1.201 0.79 800 Nikolaidis et al., 2006

117 Vordonia (Evrotas after 1.28 0.81 800 Nikolaidis et al., 2006
springs)

118 Stilos springs (Koiliaris 0.66 0.84 1100 Moraetis et al., 2010
River)

Undisturbed watershed, Mediterranean
119 Krathis, North Peloponesse 0.073 0.56 950 Tzoraki et al., 2007
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