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ABSTRACT

Land-use and agricultural practices affect the soil microbial carbon (C) and nitrogen (N)
turnover and hence the biosphere-atmosphere exchange of greenhouse gasses (GHG),
namely N,O, CH, and CO,. In view of the global importance of irrigated agriculture, it is
crucial to understand how and to which extent this land-use system interferes with the
terrestrial N and C cycles and contributes to the global source strength of atmospheric
GHG. Up to now, knowledge of trace gas exchange and N turnover from irrigated
agriculture in arid and semiarid regions is much less developed than in other climate zones.
Therefore, this study aims at providing more detailed insights into the biosphere-
atmosphere exchange of trace gases and the underlying soil microbial transformation
processes of the irrigated agricultural systems in the Aral Sea Basin (ASB), Uzbekistan. A
two-year field study was carried out to quantify and compare emissions of N,O and CHy in
various annual and perennial land-use systems dominating in the study region Khorezm in
western Uzbekistan: irrigated cotton, winter wheat and rice crops, a poplar plantation as
well as a natural Tugai (floodplain) forest.

Irrigated agricultural production in the ASB was shown to be a relevant source of
GHG. Seasonal variations in N,O emissions during the annual cropping of wheat and cotton
were principally controlled by fertilization and irrigation management. Very high N,O
emissions (> 3000 pg N,O-Nm?h') were measured in periods directly following N
fertilizer application in combination with irrigation events. These “emission pulses”
accounted for 80-95% of the total N,O emissions over the cropping season for cotton and
wheat. Cumulated emissions over one season varied from 0.5 to 6.5 kg N,O-N ha™'. The
unfertilized poplar plantation showed high N>O emissions over the entire study period
(30pg N,O-N m?h'), whereas only negligible fluxes of N,O (<2pg N,O-N m?h™)
occurred in the natural Tugai forest. Observations of significant CH4 fluxes were restricted
to the flooded rice fields, with mean flux rates of 32 mg CHy, m>d"! and a seasonal total of
35.2 kg CH, ha™. The global warming potential (GWP) of the N,O and CH, fluxes was
highest under rice and cotton, with seasonal changes between 500 and 3000 kg CO, eq.ha™.
The biennial cotton-wheat-rice crop rotation commonly practiced in the region averaged a
GWP of 2500 kg CO, eq.ha™ year™.

In addition, laboratory incubation studies were conducted to assess the aggregated
gaseous N losses composed of NO, N,O, and N, from fertilized and irrigated agricultural
fields in the ASB. NOj fertilizer and irrigation water were applied to the incubation vessels
to assess its influence on the gaseous N emissions. Under the soil conditions, naturally
found after concomitant irrigation and fertilization, denitrification was the dominant process
and N, the main gaseous product of denitrification. Based on the results of these laboratory
incubation studies, the magnitude of N, emissions for the different field research sites of
irrigated cotton could be estimated to be in the range of 24+9 to 17565 kg-N ha'season™,
while emissions of NO were only of minor importance (between 0.1 and 0.7 kg-N ha™
season™). The findings demonstrate that under the current agricultural practices in the
irrigated dryland soils of the ASB, denitrification is a major pathway of N losses and that
beside N,O extensive amounts of N fertilizer are lost as N, to the atmosphere.

Moreover, the experimental design of this study allows assessing the potential for
reducing GHG emissions from these land-use systems. It is argued that there is wide scope
for reducing the GWP of this agroecosystem by (i) optimization of fertilization and
irrigation practices and (ii) conversion of annual cropping systems into perennial forest
plantations, especially on less profitable, marginal lands.



KURZFASSUNG

Biosphiire-Atmosphére Austausch von C/N Spurengasen und mikrobielle N
Umsetzungsprozesse in bewisserten, landwirtschaftlichen Produktionssystemen
des Aralseebeckens, Usbekistan.

Die mikrobiellen Umsetzungsprozesse von Kohlenstoff (C) und Stickstoff (N) in Boden
und der damit verbundene Austausch von Treibhausgasen zwischen Biosphdre und
Atmosphire werden maligeblich von der Landnutzung und den landwirtschaftlichen
Methoden beeinflusst. Angesichts der weltweiten Bedeutung von bewdésserter
Landwirtschaft ist es &dullerst wichtig zu verstechen, in wie weit diese
landwirtschaftlichen Systeme die globalen N und C Kreisldufe beeinflussen und zu den
globalen Treibhausgasemissionen beitragen. Im Gegensatz zu den landwirtschaftlichen
Systemen der temperaten Klimazonen ist liber N und C Spurengasemissionen aus
bewisserter Landwirtschaft in ariden und semiariden Gebieten nur sehr wenig bekannt.
Um einen wesentlichen Beitrag zur SchlieBung dieser Forschungsdefizite zu leisten,
konzentrierte sich diese Studie auf den Austausch von strahlungsaktiven Spurengasen
zwischen Biosphdre und Atmosphire und die hiermit assoziierten mikrobiellen N
Umsetzungsprozesse in den Boden der bewisserten landwirtschaftlichen Systeme im
Aralsee-Becken (ASB) von Usbekistan. Dafiir wurde iiber einen Zeitraum von zwei
Jahren in verschiedenen einjdhrigen und mehrjdhrigen Landnutzungssystemen die
Emissionen der Treibhausgase Lachgas (N>O) und Methan (CHj) untersucht.
Ausgewihlt wurden Landnutzungsysteme die typisch fiir das Untersuchungsgebiet
Khorezm, in West-Usbekistan, sind: bewisserter Baumwoll-, Winter Weizen- und
Reisanbau sowie eine Pappel-Plantage und der natiirliche ,,Tugai Auenwald entlang
des Amu Darya Flusses.

Es konnte festgestellt werden, dass der bewésserte Landbau im ASB
insbesondere aufgrund von hohen N;O Emissionen aus dem Baumwoll- und
Weizenanbau eine maligebliche Quelle von Treibhausgasen darstellt. In den einjdhrigen
Anbausystemen wurden mittlere N>O Emissionsraten zwischen 10 und 150 pg
NoO-Nm?h' festgestellt, wobei die hochsten Emissionen in Baumwollfeldern
gemessen wurden. Uber die gesamte Saison wurden die N,O Emissionen hauptséchlich
von Diingung und Bewisserung beeinflusst. Dabei traten extrem hohe N,O Emissionen
(bis zu 3000 pugN,O-Nm™?h™) auf, wenn mineralischer N-Diinger direkt vor der
Bewidsserung appliziert wurde. Diese ,,Emissionsspitzen® hatten einen Anteil von 80-
95% an den Gesamtemissionen von N>O bezogen auf die Vegetationsperiode von
Baumwolle und Weizen. Insgesamt variierten die NO Emissionen iiber eine Saison von
0,5 bis 6,5 kg N,O-N ha™'. In der ungediingten Pappel-Plantage wurden iiber den
gesamten Messzeitraum hohe N,O Emissionen (30 pg NoO-N m”h™) gemessen,
wohingegen in dem Tugai Wald lediglich duB3erst kleine Fliisse von N,O (< 2 pg N,O-N
m~h™) festgestellt wurden. Bedeutende CH, Emissionen traten nur in den gefluteten
Reisfeldern auf, mit einer durchschnittlichen Flussrate von 32 mg CH4 md™! und einer
Gesamtemission iiber die Vegetationsperiode von 352 kg CH; ha'. Das
Treibhauspotenzial der N,O und CH,4 Fliisse, dargestellt als COz—Aquivalent, war am
hochsten fiir den Reis- und Baumwollanbau, wobei auf den verschiedenen Messfldchen
die Gesamtemission einer Saison von 500 bis zu 3000 kg CO, eq.ha™' variierte. Fiir eine



zweijdhrige Rotation von Baumwolle-Weizen und Reis, wie sie typisch fiir das
Untersuchungsgebiet ist, konnte ein durchschnittliches Treibhauspotenzial von 2500 kg
CO, eq.ha”! Jahr ' ermittelt werden.

Zusitzlich wurden im Labor Inkubationsversuche an intakten Bodensdulen
durchgefiihrt um die gasformigen Stickstoffverluste, bestehend aus NO, N,O, und N,,
der gediingten und bewisserten Anbausysteme des ASB zu erfassen. Ammoniumnitrat
Diinger wurde zusammen mit Wasser auf die Bodensédulen appliziert, um den Einfluss
von gleichzeitiger Diingung und Bewisserung zu simulieren. Es konnte gezeigt werden,
dass nach synchroner Diingung und Bewisserung Denitrifikation der vorherrschende
Prozess in den Bdden ist, und dass der grofite Teil des Nitrats vollstindig zu
molekularem Stickstoff (N») denitrifiziert wird. Aufgrund dieser Ergebnisse war es
moglich fiir Baumwolle die GrofBenordnung der gasformigen N Verluste von den
verschiedenen Messflichen abzuschidtzen. Demnach wurden von den einzelnen
Baumwollfeldern zwischen 2449 und 1754+65 kg-N ha'Saison™ als N, emittiert,
wiahrend nur geringe Mengen von NO freigesetzt wurden (zwischen 0,1 und 0,7 kg-N
ha' Saison™). Diese Studie konnte somit zeigen, dass unter den gegenwirtigen
landwirtschaftlichen Methoden im ASB, erhebliche Mengen von Stickstoff durch
Denitrifikation als N an die Atmosphédre abgegeben werden.

Ferner erlaubte das experimentelle Design dieser Studie Moglichkeiten einer
Reduktion des Ausstofles von Treibhausgasen aus diesen Anbausystemen abzuschitzen.
Abschliefend kann festgestellt werden, dass durch (i) eine Optimierung der Diinge- und
Bewisserungsmethoden und (ii) einen Wechsel von einjdhrigen Feldfriichten auf
mehrjdhrige Baumplantagen, insbesondere auf unrentablen, marginalen Boden, das
Treibhauspotential dieses landwirtschaftlichen Produktionssystems wesentlich reduziert
werden kann.



AHHOTAIUA

3eMIenonp30BaHue M CEIbCKOXO3AMCTBEHHAs MPAKTHKA OKAa3bIBAIOT CBOeoOpa3Hoe
BIUSHUEC Ha TpaHchopMmamuio yriiepojJa W a30Ta TOYBEHHOW MHKpPOQIOpOU W,
COOTBETCTBEHHO, Ha OmocdepHo-aTMOCepHbIii 0OMEH MapHUKOBBIX razoB. [IpuHUMas
BO BHUMaHHE OIPOMHOE 3HAUCHHUE OPOIIAEMOT0 CEILCKOTO XO3SIMCTBA, OYCHb BAXKHO
MOHMMAaHUE POJHM CHCTEMBI 3emiiefienus B riobanbHbiX nukiax N u C, e€ BIusSHUE Ha
BceoOmmMii OanmaHc aTMOC(hEpHBIX MAPHUKOBBIX Ta30B. OgHAKO BOIPOCH O Ta30BBIX
MOTOKax U TpaHC(OpMALUU a30Ta B OPOLIAEMBIX TTOYBAX apUIHBIX U MOIyapUIHBIX 30H
BCE eNI¢ HEeJOCTATOYHO N3YUYCHBI B CPABHCHUH C JIPYTUMHU PETHOHAMHU.

[lenpio MaHHBIX HCCIENOBAHUM SBISETCS M3yu€HUE BHYTPEHHEro IuKiIa OuocdepHo-
atMoc(epHOro OOMEHa paJUATUBHO-aKTHBHBIX Ta30B M TMPOIECCOB MHUKPOOHOM
TpaHcopMaliu Ha OpoIlIaeMbIX TouBax OacceitHa Apanbckoro Mopsi B Y30eKHcTaHe.

JIByXJICTHHE TIOJIEBBIC ONBITHI MO HM3YUYCHHUIO YKA3aHHBIX BBIIIE BOIPOCOB
npoBeJeHbl B XOpEe3MCKOW 00yacTu, KOTOpas paclojoXXeHa Ha CeBepo-3amaje
VY36ekncrana. Ha ocHOBE pe3ysbTaTOB OIBITOB MPOBEICHA KOJIMYSCTBEHHAS OICHKA U
comoctaBienue paszmepoB smuccuu N,O u CHs B cucremax 3emieneiust C
JOMHHHPYIOIIAMHU OJTHOJICTHUMHU (XJIOIMYATHHUK, O3MMasl MIIEHUIIA ¥ PUC) KYJIbTypaMu U
MHOTOJICTHUMU (TIJIAHTALIMS TOTIONSI U €CTECTBEHHBIM TyTalHBIN Jiec) HaCaKICHUSIMHU.
W3bickanus ObUTH JTOTIOJTHEHBI HHKYOAITMOHHBIMH OTIBITAMU B JIA0OPATOPHBIX YCIOBUIX
JUTSL OLIEHKH 001X ra3000pa3Hbix motepb N u ero cocrasisomux B popme NO, N,O,
u N ¢ opoiaeMbIX I04YB B OacceiiHe ApajibCKOro Mopsi.

BrisiBneHo, 4to opoiaemoe 3emienenue B OacceilHe ApallbCKOro Mops
SIBIIIETCS BAYKHBIM MCTOYHHKOM IMAPHUKOBBIX T'a30B BCJICICTBUE OTPOMHBIX Pa3MEpOB
smuccud NoO ¢ MIIEHWYHBIX M XJIONKOBBIX moyieli. B cucTreMax 3semieneiands ¢
OJIHOJIETHUMU KyJbTypamu smuccusi NoO konebnercs B mpenenax ot 10 go 150 pg N-
N2O ¢ kBaapaTHOI TUIOMIAIM B TEYCHHUE Yaca (Mz/qac), rIe MUK SMUCCHH HaOJIIogaeTCst
Ha TIOJISIX 3aHSTHIX XJIOMYATHUKOM, YTO COBITAJIAET C PE3yJIbTaTaMHU paHee MPOBEICHHBIX
uccinenoBannii. Ce3oHHbIe KojeOaHus smuccun N,O KOHTPOIUPOBAIKCH, TIIABHBIM
o0pa3om, IyTeM BHECeHHs yoOpeHuit u oporieHus. Beicokuit ypoBeHs amuccuii N,O,
koTopbiii gocturan 3000 pg/Mz/qac N-N;O, Habmronasncsi B MEpUOIBI BCIEH IMOCIHE
BHECCHUS A30THBIX YJIOOPCHHWI B COYCTAHWH C BETETAI[MOHHBIMH TIOJHUBAMHU. OTH
“mukn”  coctaBmsitoT 80-95% ot obmel smuccuir NO B mepuon BereTanuu
XJIONMMYATHUKA W MIIEHUIBI, a KyMYJSTUBHAS dMHUCCHUS 332 BETETAI[MOHHBIM CE30H paBHA
0,5-6,5 xr/ra N-N,O. HeynoOpeHHast a30TOM MJIaHTAlMs TOMOJS IMOKa3alla BBICOKHUI
ypoBens smuccun NoO B Tewenne Beero skcrepumenta (30 pg/m*/aac N-N,0), B TO
BpeMs, Kak B TyraifHom jiecy motoku N,O ObUIM He3HAUYUTENbHBIMU (< 2ug pg/Mz/qac
N-N,O). CymectBennsie pa3mepsl smuccun CHy OblTM  OTMEYEHBI TOJBKO Ha
3aTOIUISIEMBIX PHCOBBIX YeKaX, IJI€ CKOPOCTh IMOTOKAa COCTaBisia B cpeaHem 32
Mr/M*/1eHb CH4, a oOmuii ce30HHBIA TOKa3zarenb Obul paBeH 35,2 kr/ra CHa.
[Torenmman rmodansHoro norerieHus (I1I'TI) moroko N,O u CH, Obl1 HaUBBICIITUM Ha
PHUCOBBIX M XJIONMKOBBIX ITOJISIX, KOTOPBIA OBLI TOJBEPTHYT CE30HHBIM KOJICOAHHSIM B
npenenax 500-3000 kr/sxB.CO,/ra. III'TI ceBooOOpoTa XIOMYATHUK-MIIEHUIA/PHUC C
JBYXTOJUYHBIM ITUKJIOM, KOTOPBIA YacTO TPAKTHKYETCS B PETHOHE, COCTABISET B
cpennem 2500 kr/>xB.COy/ra B rox.

Pazmeper smuccum Nj, N,O, NO wu3 opoimaeMblx XJIOMNKOBBIX IOJEH
ompezieNieHbl HOBBIM METOJIOM: HCIIOJIb30BaHHE MOTOKa aTtmocdepHoro raza He/Os,



TE€XHUKA IMOYBEHHOIO MOHOJHUTAa M HWHKyOamuu. A30THOE yA0OpeHHE B HUTPATHOH
¢opMe U MosMBHAs BOJA MOJABAINCh B MHKYOAIIMOHHBINH COCYZ C LIEIbIO OLEHKH UX
BIMSHUS Ha pa3Mepbl razoo0pasHbix norepb N. [loa BiaMsHHMEM NOYBEHHBIX YCIOBUH,
KaK OHU €CTECTBEHHO (POPMUPYIOTCS IMOCI]E COMYTCTBYIOIIErO OPOILIEHUS U BHECCHMS
ynoOpeHnii, AeHuTpuuKanus ObUIa JOMHHUPYIONIMM TIpoueccoM, a N, - OCHOBHOM
KOHEUYHBIH MPOAYKT JeHUTpU(ukanuu. OCHOBBIBAsICh HA pe3ysbTaTax J1abopaTOPHBIX
MHKYOAIIMOHHBIX HCCIEIOBAaHUN OBIJIO PAaCCUYUTAHO, YTO pPa3Mepbl SMUCCHH Ny ¢
XJIONIKOBBIX IOJIEM 3a BEreTallMOHHBIN CE€30H MOTYT JOCTUTaTh OoT 24+9 no 175465 kr
N/ra, B TO Bpemsi, kak smuccust B popme NO Obita HesHauntenbHoit (0,1-0,7 kr N/ra).
PesynpraTel ONBITOB IOKa3bIBAIOT, YTO IPU CYIIECTBYIOIIEH IPAKTUKE BEICHUS
CEJIbCKOTO  XO3sliicTBa Ha OpoIIaeMbIX 3eMisIX OacceliHa ApajabCKOTO  MOps
NeHUTpU(UKaLUs SIBISETCS OCHOBHBIM ITyTeM IMoTepb N, W 3HAYUTEIbHAs YacTh
A30THBIX YAOOpEHMIA HENPOU3BOAMTENBHO TEPSAETCS IyTeM YyieTyuuBaHus N, B
atMocdepy.

K Ttomy ke, 3KCIIepUMEHTaIbHBIM JU3aliH JAHHOTO MCCIIEIOBAHUS ITO3BOJINI
PacKpbITh OTEHIIUAIBHBIE BO3MOKHOCTH COKPAILLEHUS Pa3MEPOB IMUCCUH NTAPHUKOBBIX
ra3oB IpHU CYUIECTBYIOLIEH CHUCTEME 3eMJIENONb30BaHUs. TakkKe OIpeneseHo, 4To
CYLIECTBYeT psJ BO3MOXHOCTEH JJs COKpAIleHUs MOTEHIMajga TIJ100aJbHOTO
NOTEIJICHUS! TaHHOM arpo’KOCUCTEMBI ITyTEM ONTUMU3ALIUN UCIIOJB30BaHuUs y100peHuit
U OpPOCUTENIBHOM BOJbI, @ TAaK)KE€ BHEIPEHUS MHOTOJETHUX APEBECHBIX HaCaKICHUI
B3aMEH OJIHOJIETHUX CEJIbCKOXO3SIIICTBEHHBIX KYyJIbTYp, B OCOOEHHOCTH, Ha OYEHb
HU3KOIIJIOJOPOIHBIX, MAPTUHAJIBHBIX 3€MJIAX.
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General introduction

1 GENERAL INTRODUCTION

1.1 Irrigated agricultural systems

Over the last century irrigated areas have seen an unprecedented growth and have
helped to increase food security for a growing world population. Worldwide, irrigated
land has increased from 50 million ha in 1900 to 277 million ha in 2003, and 70% of
freshwater diverted for human purposes goes to agriculture (FAO 2000). Irrigation does
not only increase the amount of land under cultivation, but also leads to increased
productivity on existing cropland. Irrigating land decreases the uncertainty of the water
supply from rainfall and enables many farmers to move from one annual crop to two or
three. Moreover, irrigation is commonly used to produce high-yield varieties of crops.
In Asia, yields of many crops have increased 100-400% after irrigation (FAO 1996).
There is undisputable evidence that irrigated agriculture is instrumental in ensuring the
world’s food supplies. Globally, 40% of the world’s food production is produced on
irrigated land, which makes up only 17% of the land being cultivated (FAO 2000), and
the role of irrigation is expected to grow significantly. For example, the FAO (2002)
predicted that all developing countries will need to expand their irrigated area from 202
million ha in 1999 to 242 million ha in 2030 to meet their food demands.

Despite all the benefits of irrigation in increasing agricultural productivity and
improving rural welfare, there have also been many negative impacts and failures of
irrigated agriculture. In addition to high water use and low efficiency, the environmental
problems are subject of concern. Environmental problems of irrigation include
excessive water depletion, water quality reduction, waterlogging, and soil salinization
(Cai et al. 2003). Water logging and salinization often occur together; generally, when
excessive amounts of irrigation water are applied to the crops without efficient drainage.
The ensuing high groundwater table eventually leads to secondary salinization of the
soil, as the water evaporates increasing the concentrations of salts remaining in the soil.
This is particularly a problem in arid and semiarid regions with high rates of
evaporation. Estimates are that 20-50% of irrigated soils worldwide are affected to
varying degrees by waterlogging and salinity (Pitman and Lauchli 2004), which
severely affects the agricultural production. On a global scale it has been estimated that

salinized soils show an average loss in productivity of 40%, accounting for



General introduction

approximately US $ 10 billion of yield losses per year worldwide (Dregne and Chou
1992). In Central Asia yield reductions of 20-30 % for cotton have been reported
already at medium salinity levels of the irrigated soils (WARMAP and EC-IFAS 1998).

1.2 Irrigated agriculture in the Aral Sea Basin

One example of the most serious human-induced environmental disasters caused by
excessive irrigation is that of the Aral Sea region. The Aral Sea Basin (ASB) is located
in Central Asia and covers an area of about 1.9 million km® in the former Soviet
Republics of Uzbekistan, Kazakhstan, Turkmenistan, Kyrgyzstan and Tajikistan and the
northern part of Afghanistan. In the late 1950ies, the Aral Sea ranked as the fourth
largest lake in the world. During the Soviet Union period, the region’s primary
agricultural role was to produce cotton largely for export to other Soviet republics. To
achieve this in a region covered to 75% by deserts, the area under irrigation in the ASB
was increased from 2.0 to 7.2 million ha between 1925 and 1985. This has dramatically
reduced the inflow of the two major rivers that naturally terminated in the Aral Sea, i.e.,
the Amu Darya and the Syr Darya, and this in turn resulted in a loss of more than 80 %
of its volume and 70 % of its surface area over the last decades (Micklin 2007). This
desiccation of the Aral Sea and the desertification of its adjacent areas is known
worldwide as the “Aral Sea Syndrome” (WBGU 1999).

In Uzbekistan, agriculture is still the key sector of the economy with a share in
the GDP of over 30%, whereas over 50% of the labor force is employed in this sector.
Cotton cultivation was continued after independence from the Soviet Union. However,
as part of the government’s policy to achieve national food sufficiency, nowadays also
staple crops such as wheat and rice make up for a large share of the agricultural land
(Martius and Wehrheim 2008). Cotton, as an exported arable crop, has a high
significance for the national budget, and the country ranks as the fifth largest cotton
producer in the world (Bremen Cotton Exchange 2007). Current agricultural production
systems are characterized by crop rotations of cotton-wheat-rice under heavy inputs of
water and fertilizers. Water is delivered via extensive irrigation systems that were
created during Soviet times from 1925-1985. High amounts of irrigation water are
applied to the fields via rather inefficient surface furrow irrigation, while the water

management is poor and efficient drainage lacking. As a result, rising groundwater
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tables have led to severe problems of waterlogging and salinization. Therefore, land

degradation is increasing in many irrigated areas of Uzbekistan.

1.3 Greenhouse gas emissions from agriculture

Warming of the Earth’s climate system is unequivocal, as is now evident from
observations of increases in global average air and ocean temperatures, widespread
melting of snow and ice, and rising global average sea level. Most of the observed
increase in global average temperatures since the mid 20th century is very likely due to
the observed increase in anthropogenic greenhouse gas (GHG) concentrations (IPCC
2007) via the greenhouse effect. The greenhouse effect is a natural phenomenon in
which the emission of radiation by the atmosphere warms the Earth’s surface. Without
the greenhouse effect, the Earth would be uninhabitable. In its absence, the average
surface temperature would be -18 °C and about 33°C cooler than the present average
surface temperature of 15°C. The most important GHG are water vapor (H,O), carbon
dioxide (CO;), methane (CHjy), nitrous oxide (N,O) and ozone (O;). Due to human
activities, the atmospheric concentration of the trace gases CO,, CHs and N,O has
increased significantly over the last centuries to values by far exceeding the pre-
industrial concentrations.

CO; is the most important anthropogenic greenhouse gas, and the increase in
the atmospheric concentrations results primarily from the use of fossil fuels. However,
agriculture also contributes significantly to the releases of CO,, CH4 and N,O to the
atmosphere. CO, is produced largely from the burning of plant residues and the
microbial decomposition of soil organic matter. Despite large annual exchanges of CO,
between atmosphere and agricultural land, the net exchange rate is estimated to be fairly
balanced. However, changes in land-use, e.g. the conversion of natural unmanaged
vegetation to agricultural land, can release substantial amounts of CO, to the
atmosphere by reducing C storage in soil and vegetation (Robertson and Grace 2004).
CH,4 is formed when organic materials are decomposed under anaerobic conditions by
methanogenic microorganisms, mainly from enteric fermentation by ruminant livestock,
from stored livestock waste, and from rice grown under flooded conditions (Mosier et

al. 1998). N,O is released during microbial transformations (nitrification and



General introduction

denitrification) in soils and livestock waste. It occurs whenever excess soil N is

available, especially under wet conditions and high temperatures.

Table 1.1: Most important anthropogenic greenhouse gases (IPCC 2007). GWP = global
warming potential.

. . . share in
Species pre—mdustr}al actual . change atmospherlc GWP anthropogenic
concentration concentration  since lifetime (100 years) areenhouse
(1750) (2005) 1998 [yr] effect [%]

o, ~ 280 379 +0.65 +11 50-200 | 63

ppm ppm ppm

~700 1,774 £ 1.8 +5
CH, ppb ppb ppb 12 43 25 18

~275 319+0.12 +5
N,O ppb ppb ppb 127 289 6

To be able to compare the different GHG contributions to global warming, the concept
of global warming potential (GWP) has been developed. It allows assessing the
radiative forcing of different GHG relative to the reference gas, in this case CO,, over a
specific time horizon. Based on a 100-year time frame, the GWP of CH, and N,O are,
respectively, 25 and 289 times higher than that of CO, (Forster et al. 2007). The net
GWP is expressed in kilograms of carbon dioxide equivalents per hectare per day of the
respective GHG.

According to estimates of the IPCC (2007), agriculture accounted for an
emission of 5.1 to 6.1 Gt CO,-eq/yr in 2005, corresponding to 10-12 % of total
anthropogenic GHG emission. CH4 and N,O are the major contributors to agricultural
GWP impacts, as the agricultural sector produces about 50 and 60%, respectively, of the
total anthropogenic emissions of these gases. When land-use changes involving biomass
burning and soil degradation are included in this estimate, the overall emissions account
for one-third of the total anthropogenic GHG release. However, these estimates need
improvement as the magnitude of gas flux from the agricultural sector still shows large
knowledge gaps for several agroecosystem (Johnson et al. 2007).

The high impact of agriculture on the anthropogenic greenhouse effect
suggests that the most significant GHG mitigation could be achieved in the agricultural

sector. In many cases, these agricultural GHG mitigation options are cost competitive
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with non-agricultural options in achieving long-term (i.e., 2100) climate objectives and
often may have synergy with sustainable development policies and improvement of
environmental quality (Smith et al. 2007a). The global technical mitigation potential
from agriculture (excluding fossil fuel offsets from biomass) by 2030 is estimated to be
5.5 to 6.0 Gt CO,-eq/yr, outranging economic potentials, which are estimated to be
1.5-1.6, 2.5-2.7, and 4.0-4.3 GtCO;-eq/yr at carbon prices of up to 20, 50 and 100
USS$/tCO2-eq, respectively (Smith et al. 2007a).

1.4 Greenhouse gas emissions in Uzbekistan

The Republic of Uzbekistan is a signatory of the United Nations Framework
Convention on Climate Change (UNFCC) and thus, obliged to submit GHG inventories
as part of the National Communications to the UNFCC. Uzbekistan submitted its initial
National Communication in 1999 using the 1996 IPCC guidelines (IPCC 1996) and
activity data generated by the National Commission of the Republic of Uzbekistan on
Climate Change (s. http://unfcce.int/resource/docs/natc/uzbnel.pdf). According to these
estimates total GHG emissions in Uzbekistan reached 163.2 Mt in COz2-equivalent in
1990, decreasing to 154.2 Mt in 1994 (Figure 1.1), corresponding to 8.0 t COq-
equivalent per capita in 1990 and in 6.9 t per capita in 1994 (NCRU 1999). This
reduction in emissions was attributed to the specific situation of the social and economic
development that occurred in Uzbekistan after independence from the Soviet Union. In
particular, the total volume of energy supplied to consumers dropped by 6.3% during
this period, except for natural gas, which increased 2.7 fold, from 4.2 to 11.3 billion
cubic meters.

In 1990, carbon dioxide accounted for the largest proportion of emissions
(70.2%), while methane emissions accounted for the second largest (23.1%) and nitrous
oxide emissions the smallest (6.7%). In 1994, the proportion of carbon dioxide declined
to 66.3%, while the proportion of methane increased slightly (27.1%), and the
proportion attributed to nitrous oxide remained relatively constant (5.6%). The major
source of greenhouse gases in Uzbekistan is the power sector, which accounted for
about 83% of the overall emissions in 1990 and 1994, followed by agriculture (11%),
industrial production (4%) and the waste sector (2%) (Figure 1.2). In terms of GHG
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sinks, the annual sequestration of carbon by forests was estimated at 0.4 Mt CO, in 1990

and 1994.

M Carbon dioxide Methane ® Nitrous oxide

37.7 39.3 s
‘ 41.8 423 42.6 43.7
1990 1991 1992 1993 1994 1995 1996 1997

Figure 1.1: Greenhouse gas emissions in Uzbekistan (Megatons CO;-equivalents)
during the 1990-1997 period (NCRU 1999).

1990 1994
Energy sector83.3% Energy sector83.0%
Waste 1.9% Waste 2. 1%
/ T Agriculture 10.6% T Agriculture 11.6%
Industrial processes 4.2% Industrial processes 3.3%

Figure 1.2: Sources of greenhouse gas emissions in 1990 and 1994 (NCRU 1999).

The major source of methane emissions is the power sector (oil and gas industry), which
accounted for 73.5% of the overall volume of methane emissions, followed by

agriculture (8.3%) and waste (8.2%). From 1990 to 1994 an increase of methane
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emissions of 10.7% was reported, which was attributed as the result of an increase in
natural gas production and consumption and an increase in rice production (NCRU
1999).

The principal sources of nitrous oxide are agricultural soils, which accounted
for 96.8% of the overall nitrous oxide emissions in 1994. Manure (2.5%) and chemical
substances (0.5%) account for relatively minor fraction of nitrogen oxide emissions.
Total nitrous oxide emissions declined only by 6.5% between 1990 and 1994, with
reductions in the agricultural sector accounting for 3.8% of this decrease. Nitrous oxide
emissions in industrial processes reduced 5-fold, due to a sharp drop in the production

of nitric acid.
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2 PROBLEM STATEMENT AND RESEARCH APPROACH

With 7.2 million ha of irrigated agriculture, land-use decisions in the five central Asian
countries have a high impact on the anthropogenic greenhouse effect, and the potential
for GHG mitigation is extremely important. In particular, in this region the trace gas
emissions from irrigated agriculture are postulated as considerable, but are yet
unknown. Therefore, this study aimed at providing insights into soil microbial processes
and trace gas emissions from this important agroecosystem. The study was carried out
within the framework of a development project conducted by the German Center for
Development Research (ZEF). This project has been developed by ZEF since the year
2000 in close cooperation with its partners UNESCO, German Aerospace Centre
(DLR), and the State University Urgench in Uzbekistan. It started in 2001, and has
operated with funds of the German Ministry of Education and Research (BMBF) in the
context of the Aral Sea crisis to provide sound, science-based policy recommendations
for sustainably improving the natural resource use in the Khorezm region, Uzbekistan
(Martius et al. 2006). For more information and a detailed description of the project,

please refer to http://www.khorezm.uni-bonn.de/index.html.

2.1 Research objectives

The overall goal of this study was to investigate biosphere-atmosphere exchange of
radiatively active trace gases and microbial transformation processes in soils, and to
identify sustainable land-use strategies that reconcile low trace gas emissions with high

fertilizer and water use efficiencies of the irrigated agricultural systems in the ASB.
The specific research objectives were to:

(1) Assess the impact of the dominating cropping systems in the irrigated areas of

ASB - cotton, winter wheat and rice - on the emissions of N,O and CHyg;

(i1))  Compare these to fluxes of N,O and CH4 from perennial cropping systems,

especially forest plantations and natural floodplain forests;

(ii1))  Evaluate the global warming potential (GWP) of N,O and CHy4 fluxes from

the entire irrigated dryland agriculture in the study region;

(iv)  Identify the main processes and site-specific regulating parameters for GHG
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emissions from irrigated agriculture in the ASB;

V) Assess the potential of management and irrigation practice for mitigating

GHG emissions from irrigated agriculture in the ASB;

(vi)  Quantify aggregated gaseous N losses composed of NO, N,O, and N, from
differently managed (water regime/ fertilizer management) agricultural

systems throughout the vegetation cycle.

2.2 Thesis outline

The thesis consists of eight different chapters. The general introduction (Chapter 1) is
followed by this outline of the problem approach and the research objectives
(Chapter 2). Chapter 3 describes the key issues of soil biogeochemical cycles in
irrigated agriculture. A characterization of the study region (Chapter 4) provides an
insight into the geographical, agro-climatic and other main characteristics of the
Khorezm Region and puts the results and conclusions of the subsequent chapters into a
regional context. Chapters 5 to 7 are separate publications, each with a brief
introduction into the topic to be dealt with and the discussion of the results. Chapter 5
presents the results of a two-year field campaign on N,O emissions from irrigated
cotton fields and the influence of irrigation and fertilization practices. Chapter 6 reports
on CH4 and N,O fluxes in different annual and perennial land-use systems, evaluates
the GWP and discusses options for mitigating GHG emissions of these irrigated
agricultural systems. Chapter 7 presents and discusses the findings of a laboratory
incubation study on the aggregated gaseous N losses consisting of NO, N,O, and N,
from the irrigated cotton fields. Chapter 8 summarizes the main findings of this
research, provides overall conclusions and presents recommendations for further

research.
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3 BIOGEOCHEMICAL CYCLES IN IRRIGATED AGRICULTURE

3.1 Nitrogen turnover in soils and its impact on atmospheric trace gases

Trace gases are those that make up less than 1% of the earth's atmosphere. Soils
contribute to the budgets of many atmospheric trace gases by acting as sources or sinks.
The most important nitrogen trace gases include N,O and NO. The principal forms of N
in the soil are organic N compounds and the mineral N compounds ammonium (NH;")
and nitrate (NOs’). Most of the N in a surface soil is present as organic N; only a small
proportion, in most cases less than 5%, is directly available to plants, as soluble forms
of N. The change from one nitrogen compound to another depends primarily to the
environmental conditions and is mainly subject to different microbial transformation

processes (Figure 3.1).

Plant
fertilizer N-uptake fertilizer
Plant

Plant litter
production

N

Organic
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Death of Microbial
microbial

N-immobilisation

Figure 3.1: Schematic representation of the most important processes of the soil N cycle

displaying the N trace gas exchange from nitrification and denitrification
(dashed line). (Modified after Breuer 1999).



Biogeochemical cycles in irrigated agriculture

3.1.1 Mineralization (ammonification) and immobilization

The dead organic material of plants, animals, and microorganisms contains large
concentrations of organically bound nitrogen in various forms, such as proteins and
amino acids. Mineralization is a key process in the nutrient cycle of ecosystems and
refers to the decomposition of organic material into soluble, plant accessible compounds
(Figure 3.1). It is carried out by a great diversity of bacterial and fungal decomposers. A
particular aspect of the more complex process of mineralization is called
ammonification and denotes the microbial conversion of organic nitrogen back into
ammonia (NH;) or ammonium (NH;"). Immobilization stands for the consumption of
soluble N by the microbes resulting in retention of plant available N (Figure 3.1). The
rate between N mineralization and immobilization is primarily controlled by the quality
of the soil organic material (SOM), especially by the availability of C relative to the
available N (C:N ratio) (Robertson and Groffman 2007). When the C:N ratio of the
SOM is relatively low, the microbes have no trouble obtaining N from the substrate, and
as C is consumed, plant available N increases in the soil. On the other hand, when the
C:N ratio of the SOM is high, N is retained by the microbes as C is consumed, resulting
in a decrease in plant available N in the soil. Mineralization and immobilization occur at
the same time in the soil, and it is important to make a distinction between gross and net
mineralization and immobilization. Gross mineralization refers to the total amount of
soluble N produced, while immobilization is the amount of soluble N taken up by

microorganisms. Net mineralization is the difference between the two.

3.1.2 Nitrification, denitrification and related processes
The two most important processes involved in the production of NO and N,O are
nitrification and denitrification (Davidson et al. 1986). A summary of the key issues of

these processes within the terrestrial N cycle is given below.
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5 6 7
NO,— NO — N,0 — N,
T,

nitrification N03'

denitrification

N,O + NO
il Ts

NH,* — NH,0H —> NO,

Figure 3.2: Nitrification and interaction with denitrification. The numbers indicate
enzyme reactions, i.e., 1: ammonium monooxygenase; 2: hydroxylamine
oxidoreductase; 3: nitrite oxidoreductase; 4: nitrate reductase; 5: nitrite
reductase; 6: NO reductase; 7: N,O reductase (Modified after Conrad
2001; Hofman and Van Cleemput 2004).

Autotrophic nitrification

Nitrification is a two-step process performed by different groups of micro-organisms. In
the first step, the so called ammonium (NH4')-oxidizing nitrifiers convert NH4" via
hydroxylamine (NH,OH) into nitrite (NO;), using as enzymes the ammonium
monooxygenase and the hydroxylamine oxidoreductase, respectively. In the second
step, NO, -oxidizing nitrifiers oxidize NO, to NOs with the nitrite oxidoreductase
(Figure 3.2). The release of NO and N,O may be a by-product of the nitrification
process resulting from incomplete oxidation of intermediates, such as NH,OH and
NO;". Nitrification is an aerobic process that requires O,. Consequently, the soil
moisture content has a great influence on the nitrification rate, since soil water reduces
the diffusion of air into the soil. At a water-filled pore space (WFPS) above 80%, the
oxygen content in the soil is low and nitrification ceases, whereas highest nitrification
activity is expected at 30-60% WEFPS (Firestone and Davidson 1989a). Nitrification is
also slow under acid conditions with an increasing rate as pH rises. A number of
different types of nitrifying bacteria have been identified. The oxidation of ammonia is
mainly attributed to the genera Nitrosomonas and Nitrosospira, while the oxidation of
nitrite is performed by Nitrobacter and Nitrospira species (Jetten 2001). So far,
predominately obligate autotrophic bacteria have been considered to be the most

important contributors to aerobic ammonia oxidation, but recent studies show that

12
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Archaea may predominate among ammonia-oxidizing prokaryotes in soils (Leininger et

al. 2006).

Heterotrophic nitrification

Heterotrophic microorganisms are also known to carry out nitrification, using organic
carbon (C) as source of C and energy (Robertson and Kuenen 1990). Among those
heterotrophic nitrifiers, fungi are considered to be more common than bacteria, but
some heterotrophic bacteria can also nitrify (Papen et al. 1989). Although heterotrophic
nitrification is thought to happen at much lower rates than accomplished by the
autotrophic bacteria, it might produce significant amounts of N,O under a set of
circumstances, such as low pH, high oxygen amount and availability of organic material

(Papen et al. 1989).

Denitrification

Under anaerobic conditions, NO3™ produced via nitrification can be reduced to N oxides
(NO, N,0O) and molecular N (N,) by microorganisms (denitrification). Denitrification
refers to the stepwise reduction of NOs™-N to these compounds (Figure 3.1 and Figure
3.2). These gaseous products are not available for plant uptake. Denitrification is
primarily carried out by heterotrophic, facultative anaerobic microorganisms that are
able to use NOs" as electron acceptor in order to cope with low-oxygen or anaerobic
conditions. Enzymes catalyzing denitrification are NO;3™ reductase, NO,™ reductase, NO
reductase and N,O reductase. Basically, the production of N,O is therefore controlled
by the relative activity of the enzymes, NO reductase and N,O reductase, the production
of NO by the relative activity of the enzymes NO, reductase and NO reductase,
irrespective of which type of microorganisms they occur in (Conrad 2001). Denitrifiers
are widely distributed across the bacterial taxa, including Psudomonas, Bacillus,
Thiobacillus and Alcaligenes, some of which are also capable of heterotrophic
nitrification under aerobic conditions. In addition, several fungi were shown to have
denitrifying abilities (Kobayashi et al. 1996), but many fungi lack N,O reductase;
therefore, N,O is the dominant product of fungal denitrification (Shoun et al. 1992).
Accordingly, fungal denitrification can be the major source of N,O emissions in some

ecosystems (Laughlin and Stevens 2002).
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In contrast to nitrification, during denitrification NO and N,O are produced as regular
intermediates. The regulation of the denitrification rate and the release of NO and N,O
from soils depend on several parameters like oxygen, moisture level, NOs™ content, C
supply, temperature, pH, soil texture, etc. The quantity and quality of incorporated C
(harvest residues, organic manure and waste material), weather conditions
(drying/wetting, freezing/thawing) and management practices (physical disturbance, soil
compaction, drainage, irrigation) are especially important. One of the most important
regulating parameters is the soil water content. Under conditions of high soil moisture
levels, the diffusion of O, into the soil will decrease, and bacteria capable of
denitrification may use nitrate as an alternative electron acceptor (Firestone and
Davidson 1989b). Consequently, denitrification levels have been reported to increase
with increasing soil moisture (Scholefield et al. 1997), and highest denitrification rates
were found at a WFPS above 60% (Davidson 1991; Bouwman 1998). However, high
rates of denitrification can also occur in predominantly aerobic soils where
denitrification takes place in anaerobic microsites, so-called hotspots (Parkin 1987;

McClain et al. 2003).

Chemodenitrification

In soils with low pH, chemical decomposition of NO, to NO and N,O can lead to the
formation of NO and N,O. This non-biological process, usually described by the term
chemodenitrification, refers to the same reduction pattern and end products, but it is not
carried out by microorganisms. In acid soils the major product of these reactions is NO,
and chemodenitrification can be a major source of NO (Davidson 1992), whereas N,O

release from chemodenitrification is negligible (Bremner 1997).

Nitrifier denitrification and aerobic nitrification

Nitrification and denitrification have long been regarded as separate phenomena
performed by different groups of bacteria under different soil conditions. It has now
been established that strict segregation in place and time of the two processes is not
necessary and that both denitrifiers and nitrifiers have versatile metabolisms (Jetten
2001). For example, autotrophic nitrifiers were found to be able to denitrify as well. In

this so-called nitrifier denitrification, NH," is oxidized to NO, followed by the stepwise
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reduction of NO;™ to NO, N,O and N,. The rates of nitrifier denitrification are typically
quite low but may be an important source of N,O under certain circumstances, i.e., high
N content, low organic C content, low O, pressure and maybe also low pH (Wrage et al.
2001). Moreover, some heterotrophic nitrifiers have been reported to be capable of
aerobic denitrification by simultaneously using oxygen and nitrate as electron acceptors
(Jetten 2001). However, the rates described for aerobic denitrifiers are very low

compared to the rates observed under anoxic conditions.

Dissimilatory nitrate reduction to ammonium (DNRA)

A different pathway for NOs™ reduction in soils is the dissimilatory nitrate reduction to
ammonium (DNRA) (Figure 3.1). DNRA is carried out by fermentative bacteria that are
capable of reducing NOs™ through NO,™ to N,O or to NH,'; but these bacteria are not
able to reduce N,O to Ny. It is an anaerobic process that can proceed at the same time as
denitrification and may be a fast and significant process in N transformations in C-rich
soils (Yin et al. 2002). DNRA might also be an important source of N,O, especially in
agricultural soils with pH > 6.5 (Stevens et al. 1998).

Anaerobic ammonium oxidation (ANAMMOX)

Another recently discovered process is the anaerobic ammonium oxidation
(ANAMMOX) (Jetten et al. 1998), in which ammonium serves as the electron donor for
denitrification of nitrite into dinitrogen gas (Figure 3.1). The ANAMMOX process is
catalyzed by a specialized group of planctomycete-like bacteria, which use a complex
reaction mechanism involving hydrazine as an intermediate (Op den Camp et al. 2006).
ANAMMOX was shown to be very important particularly in the suboxic conditions of
marine sediments. Until the discovery of ANAMMOX, denitrification was thought to be
the only substantial sink of reactive nitrogen. It now seems clear that ANAMMOX is a
second important sink, and it is estimated to contribute up to 50% of oceanic nitrogen
loss (Brandes et al. 2007). Some of the reported high nitrogen losses in soil might also

be attributed to anaerobic ammonium oxidation.
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3.1.3  Abiotic N losses

Ammonia (NH3) volatilization

Ammonium N (NH;") in the soil is either formed by mineralization of soil organic N
and applied inorganic N or after hydrolysis of urea. In the soil, NH4 is in physico-
chemical equilibrium with ammonia gas (NH;+ H,O <> NH4 + OH"), and much
nitrogen may be lost to the atmosphere in this form. NH; volatilization will be more
pronounced in soils with high pH, but it depends on several other factors such as soil
moisture, soil temperature, soil composition, soil texture and structure, weather
conditions, etc. The dominant NH3 source is animal manure and about 30% of N in
urine and dung can be lost as NH3. The other major source is surface application of urea
or ammonium bicarbonate and, to a lesser degree, other NH," containing fertilizers
(Hofman and Van Cleemput 2004). Usually, NHj3 is deposited rapidly within the first 4-
5 km from its source, and NHj can contribute significantly to high total N deposition

rates that can have negative effects on vulnerable terrestrial ecosystems (Krupa 2003).

Nitrate leaching

The negatively charged NO5™ ions are, in contrast to the positively charged NH," ions,
not absorbed by the negatively charged colloids that dominate most soils. Therefore,
NOj;™ can move downward freely with drainage water, and can thus be leached from the
rooting zone. The amount and intensity of rainfall, quantity and frequency of irrigation,
evaporation rate, temperature, soil texture and structure, type of land-use, cropping and
tillage practices and the amount and form of fertilizer N are all parameters influencing
the amount of NO3;” movement to the groundwater and surface waters (Hofman and
Van Cleemput 2004). Such leaching does not only represent a loss of N from the
ecosystem, but also can cause serious environmental problems. High levels of nitrate in
groundwater are a significant health hazard and may cause degradation of aquatic

ecosystems due to eutrophication (Jenkinson 2001).

3.2 Carbon turnover in soils and its impact on atmospheric trace gases
Soils are the third largest carbon (C) pool within the global carbon cycle, comprising
two different components: soil organic carbon (SOC) and soil inorganic carbon (SIC).

In fact, more carbon is stored in the soil than in the world’s vegetation and atmosphere
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combined (Lal 2004b). The rate at which the soil C pool either increases or decreases is
determined by the balance between the input and output of C into the soil. C input
mainly refers to plant and animal residues at various stages of decomposition and of
microbial by-products that are transformed into soil humus via the process of
humification. C output occurs largely via oxidation of SOC into CO, by
microorganisms (soil respiration), although CH4 efflux and hydrologic leaching of
dissolved and particulate carbon compounds can also be important. Enhancing the SOC
pool can be an important strategy of abiotic C sequestration; practices that are known to
increase C sequestration include afforestation and reforestation, conservation tillage,
plant residue management and integrated nutrient management (Lal 2004a). At the same
time, enhancing the SOC content can have beneficial influences on soil properties, site-
water relations, and nutrient cycles in many soils. On the other hand, soils can be a
major source of radiatively active C trace gases, as SOC is depleted as a result of land-
use change and the release of CH4 from natural wetlands and lowland rice fields. The
main soil-microbial processes that are responsible for the release of CO, and the

consumption/production of CHy are soil respiration, CH4 production and CHy4 oxidation.

3.2.1 Soil respiration

CO; produced at the soil surface can result from autotrophic respiration (rhizosphere
and mycorrhizal respiration) and heterotrophic respiration, e.g., respiration from
microbial communities that use SOM as an energy substrate (Ryan and Law 2005). Soil
respiration is mainly controlled by the supply and quality of SOM, but other
environmental factors, such as soil moisture, oxygen supply, and soil temperature are
also important. The annual global flux of CO, from soils to the atmosphere is estimated
at 70-80 Gt C, which exceeds the emissions from fossil fuels (5.5 Gt C) by a factor of
12-15 (Raich and Potter 1995; Schlesinger and Andrews 2000). Thus, small changes in
the magnitude of soil respiration could have a strong effect on the concentration of CO,
in the atmosphere; if soils will be a net source or sink for carbon under changing climate
is of major concern. Whether the effect of climate change will result in a warming-
induced acceleration of soil C decomposition or increased carbon input to soils because
of enhanced net primary production is not clear yet (e.g., Liski et al. 1999; Giardina and

Ryan 2000; Knorr et al. 2005; Davidson and Janssens 2006). Such positive or negative
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feedback loops in the carbon cycle could significantly accelerate or slow down climate
change over the 21* century, and it will be essential to accurately represent such

feedbacks in order to successfully predict climate change over the next 100 years (Cox

et al. 2000).

3.2.2 Methane oxidation and production

The net exchange of CH4 between soils and the atmosphere is the result of (i)
production of CH4 through degradation of organic matter by methanogenic bacteria and
(i) the simultaneous consumption of CH4 through oxidation by methanotrophic bacteria
(Butterbach-Bahl 2002). CH4 production occurs only under highly anaerobic conditions
which typically occur in natural wetlands and lowland rice fields. The major pathways
of CH4 production in flooded soils is the reduction of CO, with H,, with fatty acids or
alcohols as the hydrogen donor, and the transmethylation of acetic acids or methyl
alcohols by CHy4 producing bacteria (Conrad 1989; Mosier et al. 2004). Anaerobic soils
are a major source for atmospheric CH4, and natural wetlands and rice agriculture are
estimated to comprise 35-45% of the total global source strength of CH4 (Mikaloff
Fletcher et al. 2004; Wang et al. 2004; Chen and Prinn 2006).

Consumption of CH4 occurs in aerobic soil conditions where methanotrophic
bacteria oxidize CHj using the enzyme methane monooxygenase (MMO), which
requires both O, and reducing equivalents for activity (Conrad 1996). It is estimated
that the oxidation of CH4 in aerobic soils accounts for 5-7% of the global CHy4 sinks
(Mikaloff Fletcher et al. 2004; Wang et al. 2004). CH4 oxidation occurs primarily in the
upper layer of the mineral soil, and the magnitude and rate of oxidation are controlled
by soil type, aeration, environmental parameters and N availability (Topp and Pattey
1997; Le Mer and Roger 2001). Application of fertilizer N has been shown to inhibit
CH,4 oxidation in soil due to competition between NH; and CH4 for MMO enzymes

(Steudler et al. 1989; Hutsch 1998).
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4 STUDY REGION

4.1 Geographical and demographical setting
The study was conducted in Khorezm, a region situated in the so-called Turan Lowland
of the Aral Sea Basin (ASB), a vast low-lying desert basin region stretching from
southern Turkmenistan through Uzbekistan to Kazakhstan. Khorezm is located in the
northwest of Uzbekistan in the Amu Darya delta, about 350 km south of the remains of
the Aral Sea (Figure 4.1).

The region is situated between 41°08” and 41°59” N latitude and 60°03” and

61°24’ E longitude at 90-138 m above sea level. It is bordered by the Kara Kum and
Kyzyl Kum deserts to the south and east, the Amu Darya River to the northeast, the
Autonomous Republic of Karakalpakstan to the north and the Republic of Turkmenistan
to the southwest. Khorezm is one of the two administrative districts in Uzbekistan that
belong to the lower reaches of the Amu Darya and is divided into ten administrative
sub-units with the capital city of Urgench, which was inhabited by 137,600 people in
2003. Khorezm province is one of the areas most intensively used for agriculture. It
covers an area of 6800 km’ of which roughly 270,000 — 300,000 ha are used for
irrigated agriculture (Conrad 2006). The population numbered 1.4 million in 2003, with
approx. 80% of the population living in rural areas (OBLSTAT', 2005), with incomes
largely depending on irrigated agriculture. Cotton production is still the main sector of
the economy, but nowadays also staple crops such as wheat and rice make up for a large
share of the agricultural land in Khorezm. All irrigation water originates from the Amu
Darya and is key for agriculture in Khorezm. In view of its downstream location on the
Amu Darya, Khorezm is especially vulnerable to water shortage and droughts.
Moreover, due to population growth and the extension of the irrigated area, the
probability of receiving an adequate supply of water has decreased considerably (Miiller

2006).

' OblStat is the local Branch of Uzbekistan’s Statistical Office in Khorezm region.
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Figure 4.1: Location of the study region (Khorezm Province) in the north-west of
Uzbekistan.
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Figure 4.2: Khorezm Province and location of the five research sites. (Amir Temur
Garden Farm (ATG), Amir Temur Cum Farm (ATC), Urgench State
University (URDU), Poplar Plantation (PP), Tugai Forest Reserve (TF))
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In 2000 and 2001, agricultural producers in Uzbekistan were severely affected by the
worst drought of the last two decades. In addition, the extensive irrigation in Khorezm
has drastically increased salinization and degradation of the soils, affecting the
ecological and socio-economic situation of the region substantially.

The field experiments were conducted at five experimental sites of the
ZEF/UNESCO project in Khorezm’s Urgench and Yangibazar districts and in the Amu
Darya floodplain north of Khorezm (Figure 4.2). Cropping systems of the region’s most
dominant soil textures were selected for the flux measurements. Two study sites were
part of the Amir Temur Shirkat’ close to the research station. Cotton and winter wheat
flux rates were measured on experimental fields of the Amir Temur Garden (ATG) farm
(41°36°N, 60°31’E); cotton and rice flux rates were measured on experimental fields of
the Amir Temur Cum (ATC) farm (41°38’N, 60°25’E). The third site was situated on
the campus of the Urgench State University (URDU) (41°33°N, 60°37°E).
Measurements in perennial land-use systems were conducted in a plantation of poplar
trees (PP) (41°43°N, 60°35’E) in the Yangibazar district and in a natural Tugai forest
reserve (TF) located in the Amu Darya floodplain north of Khorezm (41°58°N,
60°24’E), which represents the native riparian vegetation along the banks of the Amu
Darya River. More details of the different research sites and the experimental set up are

shown in Table 6.1 and Table 6.2.

4.2 Climate

Climatic conditions in Khorezm region can be described according to Koeppen’s
Climate Classification System as dry arid desert climate (BWk), where precipitation is
greatly exceeded by the local evapotranspiration potential of about 1,600 mm year. It
is a typically arid continental climate with long, hot, dry summers, erratic rains in
winter-spring and very cold temperatures during the winter. According to data from the
Main Administration on Hydrometeorology (Glavgidromet) of the Republic of
Uzbekistan, average precipitation at the Urgench Meteorological Station for the period
1980-2000 was 97 mm and the mean annual temperature was 13.0°C (Glavigdromet

2003). During the observation years 2005/2006, the average precipitation was 74 mm

? Shirkat = a collective farm established from a Soviet kolkhoz or sovkhoz farm after independence
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and mean annual temperature was 13.3°C. The coldest month was January with an
average temperature of -1.8°C, the hottest month July with an average temperature of
+28.7° C. Mean daily temperatures vary from -25°C in winter to +45°C in summer. A
characteristic of the region is the north-easterly wind during the vegetation season (from
April until October) with an average wind velocity of 1.4 to 5.5 ms™ with maximum
velocities reaching 7-10 ms™ (Forkutsa 2006). Radiation is high throughout the year,
with actual sunshine hours ranging from 2700 to 3000 per year (Meteo-infospace

2004).

Urgench,Uzbekistan
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Figure 4.3: Mean monthly air temperature (solid line) and precipitation (dashed line) for
1980-2000 (black) and the observation years 2005/2006 (grey) of the
Urgench meteorological station, Uzbekistan (Glavgidromet, 2003)

Due to the desiccation of the Aral Sea, which acted as a buffer protecting the region
from the fierce Siberian winter winds and harsh summer temperatures, a change in the
climatic conditions over the last decades has been observed. As a tendency, the climate
appears to have become more continental, with shorter, hotter, rainless summers and
longer, colder, almost snowless winters. In some areas, the growing season has been
reduced to an average of 170 days, falling short of the 200 frost-free days needed to
grow cotton with the varieties developed (Sdasyuk and Mamayeva 1995; Vinogradov
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and Langford 2001). However, the differences are not so pronounced for the

comparison of the periods 1980-2000 and the study period 2005/2006 (Figure 4.3).

4.3 Relief, geomorphology and soils

The area of Khorezm is mostly flat showing a difference in elevation from east to west
of about 40 m over 100 km. It belongs to the so-called “ancient river delta” and its
lithological profile was mainly formed by the meandering Amu Darya River and its
powerful ancient channels Dar’alik and Daudan that carried and deposited sediments
along the riverbanks and in depressions. Coarse-textured particles were deposited along
the river banks, while depressions were mainly filled with loam and clay. After flooding
periods, the temporary streams changed into still lake water, resulting in lacustrine
sediments with mostly heavy clay texture. Accordingly, the soils originated in these
areas reveal a highly stratified non-homogeneous structure, with the area that currently
is used for agriculture dominated by clayey, loamy and sandy-loamy textures
(Nurmanov 1966).

According to the FAO classification, three major soil types can be identified
within Khorezm (FAO 2003): (i) yermic regosols, soils that were formed of alluvial
rock debris deposits outside the irrigated areas and of dunes of the Kara Kum desert
mainly in the south of Khorezm; (ii) calcaric fluvisoils, meadow soils commonly found
along the Amu Darya River in the eastern part of Khorezm; (iii) calcaric gleysoils,
meadow soils in the irrigated areas characterized by a shallow groundwater table often
with elevated groundwater salinity and secondary salinization in the upper soil.

However, the soil maps of the FAO classification are rather wide-ranging and
do not capture the more detailed characteristics of the Uzbek classification. On the basis
of the Uzbek classification, the major soil type found in the region is the so-called
irrigated alluvial meadow soil, which covers 61% of the area (Rasulov 1989; ZEF
2006). Other dominant soils are “boggy-meadow” (covering 16% of the area), “takyr-
meadow” (15%), “boggy” (5%), “grey-brown” and “takyr” (2%) soils (Sabirov 1980;
Rasulov 1989). According to the Uzbek classification soil texture of the Khorezmian
soils has recently been described as light, medium and heavy loams (Rizayev 2004). A
comparison shows that an Uzbek medium loam corresponds to a silt loam and loam,

while the local heavy loam matches best the silt clay loam (WARMAP and EC-IFAS
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1998). According to Rizayev (2004), the prevailing soil particle sizes in most parts of
the region are light and medium loams. For a more detailed description of the soils in
Khorezm refer to Kienzler (forthcoming).

The natural fertility of the soils in Khorezm is considered as rather low. The
supply of plant available N, P and K in the top 30 cm can be characterized as moderate
to low (WARMAP and EC-IFAS 1998; ZEF 2006). Organic matter in these soils ranges
from 10.5 to 80.5t/ha, whiles the total nitrogen (N) content varies between 1.1 and 4.9
t/ha. Total phosphorus (P) and potassium (K) contents in Khorezm soil are typically
ranging between 3.3 - 12.9 t/ha and 19.8 - 168.7 t/ha, respectively (Ibragimov, Soil
Science Institute Tashkent, pers. comm.). As a consequence high inputs of chemical
fertilizers are used for the cultivation of many agricultural crops.

Caused by irrigation during the growing period, the groundwater tables are
generally shallow (1.2-1.5 m below ground surface) and the average salinity of the
groundwater ranges between 1.68 g/l in October and 1.81 g/l in April (Ibrakhimov
2004). As a result, secondary soil salinization has become a major problem in the
irrigated areas of Khorezm; according to official government data (1999-2001), the
entire irrigated area in the Khorezm region shows secondary salinization problems, and
81% of the area has problems with waterlogging (Abdullaev 2003). To flush salts from
the soil, huge amounts of irrigation water are applied to the fields in spring, prior to
crop planting. This, in turn, causes the groundwater table to rise, as an efficient drainage
system is not in place in most of the areas, which increases the risk of re-salinization in

the root zone.

4.4 Irrigation and drainage network

The extensive network of irrigation channels and the complementary drainage collectors
in Khorezm were mainly built during the Soviet era from 1950 to 1970 (Katz 1976).
Water is diverted from the Amu Darya River and supplied to the agricultural fields
through a complex, hierarchical irrigation network consisting of main, inter-farm and
on-farm canals. The total length of the network is 16,233 km and every year between
3.5 km’—5km”® of water from the Amu Darya is supplied to the region and used mainly
for agricultural purposes (SIC-ICWC 2006), whereas in individual years withdrawals of
5.38 km® irrigation water in the vegetation period 2005 were recorded (Conrad 2006).
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The predominant irrigation technique in Uzbekistan is surface irrigation, which includes
64% furrow, 31% strip and 5% basin irrigation (Abdullaecv 2002). These days, however,
due to the lack of maintenance and governmental investment, the capacity of the
irrigation and drainage systems is considerably reduced, and about 2,500 km of canals
and drainage collectors in Uzbekistan urgently require reconstruction. Moreover, due to
the fact that only 11% of these canals are lined (Vodproject 1999) the seepage losses are
high and it is estimated that only about 45-50% of the water reaches the farmers’ fields.
The drainage network in the Khorezm region is mainly open horizontal. The
total length of the network was 9,255 km in 1997, while the length of the tile drains was
414 km (Vodproject 1999). Drainage water is conveyed via a complex network of
collectors from the irrigated fields into numerous small lakes and depressions outside
the irrigated areas. The main receiver of drainage water is the Sarykamish Depression,

which was formerly connected with the Aral Sea.

4.5 Natural vegetation

Previous to the introduction of the extensive irrigation systems, the natural vegetation in
the Amu Darya Delta consisted mainly of Tugai riparian forests and widespread reed
communities that typically occurred as narrow belts (from a few hundred meters up to
several kilometres width) along the Amu Darya River, and white and black saxaul
(Kaloxylos persicum L. and Haloxylon aphyllum L.) communities in the transition
zones to the Kara Kum desert. Tugai forests are fast-growing, deciduous forests along
river reaches or canals (Novikova et al. 2001). For their growth they need regular
flooding and therefore occur mainly on sand banks, islands and low terraces (Kuzmina
and Treshkin 1997). The Tugai vegetation is characterized by high tolerance to both
very wet soil and very dry air, resistance to drought (however, somewhat limited) and
salts, and high transpiration intensity (Treshkin et al. 1998). With more than 230 plant
species, the Tugai forest is considered to be one of the most diverse vegetation types of
arid regions in Central Asia (Novikova et al. 2001). The main tree species of the woody
Tugai are poplar (P. euphratica L., P. pruinosa L.), oleaster (Eleagnus turcomanica L.,
E. angustifolia L.), and willow (Salix songarica L., S. wilhelmsiana L.). They are
accompanied by bushes and tall grasses, such as tamarisk (7amarix ramosissima L., T.

laxa L.), Halimodendron (H. halodendron L.), reed (Phragmites australis L.), reed
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grass (Calamagrostis dubia L., C. epigeios L., C. pseudophragmites L.), and herbs, e.g.,
liquorice (Glyrrhiza glabra L.) and Apocymum scabrum L. (Kuzmina and Treshkin
1997).

Due to anthropogenic pressure and overexploitation of Amu Darya water for
irrigation, approx. 90% of the original 300,000 ha Tugai forest along the lower Amu
Darya disappeared during the last century (Kuzmina and Treshkin 1997; Novikova et al.
1998; Treshkin 2001). Nowadays, Tugai vegetation in Khorezm is only found in small
patches along the Amu Darya north of the capital Urgench. Reed communities and

different halophytes can be found at small lakes and along the irrigation canals.

4.6 Land use

Agriculture has been practiced in the Khorezm Oasis for thousands of years, and millet,
wheat, barley, water melons, honey melons, and gourds have been grown under
irrigation since historical times (Forkutsa 2006). Following the creation of the extensive
irrigation systems by the Soviets in the mid 20" century, agricultural practices that had
been sustained for over two thousand years under irrigation practices solely based on
gravity were replaced by an agricultural system with the diversion of massive amounts
of water from river valleys to the surrounding steppes and deserts, primarily for cotton
cultivation (Vinogradov and Langford 2001). Currently, 270,000 — 300,000 ha of land
are used for irrigated agricultural production. The fiber crop cotton is the most
important cash crop in Khorezm (Gossipum hirsutum L.; 46% of the irrigated area in
2005) followed by winter wheat (7riticum aestivum L.; 23%) and rice (Oryza sativa L.;
21%) (Conrad 2006). Fodder and garden crops occupy the remaining irrigated areas,
while tree plantations and shelterbelts cover a rather small proportion of the landscape
(about 2.3 % of the irrigated land; Tupitsa et al. 20006).

Agricultural production in Uzbekistan is largely state controlled, and three
major farm types have emerged in different steps during the transition process after
independence from the Soviet Union: as a first step, the agricultural cooperatives
(shirkat) were created as a transitory successor of former kolhozes and sovkhozes. In a
second step, the dehgon farms, which are the Uzbek version of the small, subsistence-
oriented household plots that represent an important contribution to household food

security and the fermer enterprises were created from dissolving the shirkats. The
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fermer enterprise is a new type of farm that has emerged during the past five years, is
established on the basis of long-term leases and has a commercial orientation (Martius
and Wehrheim 2008). By 2005, these reforms had resulted in the establishment of
13,839 fermer enterprises cropping about 188,329 ha or an average of 13.6 ha per farm
and 247,840 dehgon farms cropping about 48,912 ha or an average of 0.2 ha per farm
(Khorezm hokimiat 2005).

Hence, the Khorezm region is representative of various regions in the Aral Sea
Basin that suffer from a high dependency on irrigated agriculture and chemical fertilizer
use on the most dominant crops such as cotton and wheat. In particular, the combination
of excess soil N, wet conditions and high temperatures have been shown worldwide to
provoke or enhance GHG emissions (Bouwman 1996; Dobbie et al. 1999), which
however has never been validated in the central Asian regions and under the arid

continental climate.

27



Nitrous oxide emissions from fertilized, irrigated cotton

5 NITROUS OXIDE EMISSIONS FROM FERTILIZED, IRRIGATED
COTTON (GOSSYPIUM HIRSUTUM L.): INFLUENCE OF NITROGEN
APPLICATIONS AND IRRIGATION PRACTICES

5.1 Introduction

The role of irrigated agriculture in food production is significant; although only 17% of
global cropland is irrigated, it provides 40% of the world food production (FAO 2000).
Moreover, irrigation is globally responsible for approximately 70% of anthropogenic
water consumption (FAO 2000). Irrigation not only stimulates plant growth, but also
accelerates microbial C and N turnover in the soil (e.g., Andren et al. 1992; Davidson
1992). To obtain optimal irrigation benefits, additional crop management practices to
optimize nutrient inputs and mode of tillage must be adapted. Any modification of crop
management and irrigation practice will affect the carbon and nitrogen cycles of these
agricultural systems.

In the Aral Sea Basin (ASB), intense agricultural irrigation has reduced the
river discharge to the Aral Sea, resulting in more than 80% loss of its volume over the
past decades (Micklin 2007). This demise has led to the “Aral Sea Crisis”, which
denotes a complex combination of ecological consequences of regional and global
dimensions. In Uzbekistan, cotton cultivation was continued after independence from
the Soviet Union, and the country still ranks as the fifth largest cotton producer in the
world (Bremen Cotton Exchange 2007). 