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Zusammenfassung

Konventionel l e Landwirtschaft tragt mi t a

Trei bhausgasemi ssionen und die Herausforder.uvy

Nahrungsmittelnachfrage und der | andwirtscha
Agroforstwirtschaft ist eine nachhaltige Bew
groCes Potenzi al auf ¥kosystemdgemsdiueicht |
Erh°hung der Kohlenstoffspeicherung, N2 hr st c

Biodiversitat und durch Reduktion von Boden
Daher erm®glicht die Etabl i er ulnrge iabghraoufsograsstewni
Zzu reduzieren. Studien haben gezeigt, dass
Trei bhausgasfl ¢sseO)v,0nK®ShIi erkssdt aofi i diii ddeiti ¢l argf NO C
vielen Regionen der Er dppa haqiblketn . e d ma Iglean? dCii g
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des Oberbodens gemessen.
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verschiedener Nutzpfl BageNMay ke eNpOdFd rng,dsBsted enguer rde
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t entde erda2OE,midisea omen des Bodens um 9 bis 56
w2 hrend -RletratMaonssphase mit typischer Weiese ho
niedripEmessiNonen des Bodens in den wungedyg|
GesttAgr of or st kul turfl @che) stelD-Emi £3ino rPeort eal

Ackerl and dar.

Das Ziel der zweiten Studie der Promoti ons
der BoOQ@uenndCHFI| (sse infolge der Tramsfior mMati e
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Chapter 1

General Introduction

1.1.Agroforestry and its environmental impacts

Global demand for agricultural production is increasing with continuously growing population
(Mauser et al.2015) During the past three decades, crop production has increased markedly
from intensively managed agricultural systems, with the excessive use of synthetic fertilizers,
pesticides, and herbicidePretty, 2018 However, agricultural intensificatiohas already

been a dominant cause of numerous global environmental impacts including land degradation
and erosion, freshwater pollution, biodiversity loss and climate chaug® @nd Raven, 2003

Foley et al.,, 2005 Pretty, 2018 Current | vy, agricultural acti
appirmxtely 11% of gl obal ant hr opddgPeCC, ¢ .2¢0rlede n
These environmental challenges are likely to increase as the increasing global food demand
(Baj gel j aewell aslthe agricltdral 4xpansi@ilman et al., 2011)Thus, there is
widespread concern abt calling for more sustainable agriculture that can achieve global food
security whilereddage nvi r on me nk all e yy mgpidibeahset a(., 2010Blalj g e | j

et al., 2014Pretty, 20.9).

Agroforestry, i's an agricul tsurreeles mavi &de nter
and/ or animals si mul tBamevnu selty .aod Mg t 82e0nlsBa gie o f
systems are generally classified by FAO as t
and/ or shrubs integratedtowiatlh scyrsotpepm n(gt rseyesst
integrated with |ivestock), and agrosylvopas
l' i vestock). I n the | ast dr eeccaedi evse,d ai gnrcorf eoarsei snt
gl obaltlhyi foradvaindiangge muUmeprroouvs ecosystem ser
benefits that may be | acki nJgo s en,; QuaOndMemtsit cen anl
al . ;T200Bo v2a0 Jeg raolf .o,r est ry secdleanpi actainr dpegote fi id
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i ncr ecaasibrogh ( C) (Ksi e weets tRreatcihdm @6 alutr i 20@6 av a
(Pardon et waalt.e,r 2u0$l&/c)ewéndéeemaganegt badbdi vea&r0s
Banerjee ;8eubk. and0K@rl anskyed2@2bg soil er
Andrianari sWal 2teta)l al,A@RrodfGdBe wti rdye | tyh @emr efmont e ,d
to its strong potenthnabnfioa@Qabnkeinesn el an gde

Zomer et;Bmabwn eQWal z ,eR)04dl8., 2018
Compared with conventional monocul ture cro
effects on soil guho s ¢ ,yD @lml@io nngaetre ra nrdeNyduohsaet pi uo&n

studi esohbee trlkeat agaoformresda ys sgiylsteerngsani ¢ C «
both in tropics and tlAmgpdckir adteda@lmagn @hGh GG d tthle
establ ifshméntrbelts can increase SOC storag
cropping areas in Caradancrai dliyneaxtotanit hmwtoad C
t r-leietter i npuSti ndd kag H eyt, soebisle r(v2e0l 5S)i gni fi cant |y
organic mattemi t(rSAOgM® n a(nMg otfiofriea¢l h@g bh@ama@amastry f
than the baniamaCewinhoagzul Ygameda. | s eagduckisttiraan ,i
may depend on the ages ofKimeet )avl tFhoird Oelx@arnmypf
a ©pobpdsaeed agroforestryosyiven wWigkilgdegpror 8§66
compamedcotcaal ture cropland in central Punj ab
increased wii6hy&Gept agethdarldlon 2e0tl 9ale.s s(ed0 1t 7h)
di ffer@Ceasnd nnutrient statmisdédlgbed yvouimgt (ke
47 years) agrofadj axreantyl s yfsitelmds ainmd SBOeCl gainudm,

soi l nutrtieaoabhscohge¢atimd Pdha KwerMg only -agedeased
mat ure agroforestry systems compaceeéatse bhet

soil variables was strongly related to the d

't has ghnaerdr dchat introducing trees into
rol e iinnsgopwatué rmat a vQui il nakbei nl sitteyi Tné oentk oavla. )e.t2 Gad @. |,
example, trees in agroforestry system can d:¢
(Swieter gt ahd, cagasgequently,( wan,er2HdoByv ey , i

nutrient competition may also occurJdsed¢ weten

2



al . ,;Zambé6ba e)xbeadaeu,t ”2dd 9r oot s can extract soi
crop row at atdmesathhe bHIiAfgHOtetnwte.ttnlada didri 2D 4 )
the benefi csioaill inmuptarcitesntonand water availabil
t he 1 mpr oveimen blbwnrad asnaciel addsdjb@BOEPhnyger( and
201 8anerjee eitllalstr@2@d6)t hat trees in agro
bacterial abundance and species richnmess, an

extBaule etasmadesded2di))fferent s avieli enviocl rvoebdi ailn

N2f i xati on, nintirtirfiifciactaitoinon apnrdocdees ses from t h
systems in Germany, they found poplar trees
mi crobi al abwuyddnog a@grhedN compared t o t he

conventioneb. mé&nbecwshahieyl, etpartefd28d9) mi cr o
angdnzyme activitiescmnsdihle depmteh rwevr @ ns it direi 5

the i mplementation of 8rgearisn arable systen

Overall, agroforestry systems preecoerytsterme e
functions through their positive effects on
Thesenefi ts also make agroforestry provide 0

but al soGH®@ mmistsiigantse from agricultural soil s.

1.2. Greenhouse gas fluxes from soill

Soiclam act as botchtasbomnceaespamdies REGKDsandCHN i t r ¢
oXi d®) ( Nhi t htehareee most i tmpeodrnttarnitb uGke&Sstnod ngl o b
(Sol omon et0OfaltdhpabP®d®@Fhr o@EblGerMc38Woase esti me
to origihatleanhdomse sector of wagei CAF®OLRE)e, f
201 Mpreogerculatur al soils have been identif
categories withtidarLokepagryaublndaialbe,spnpdld00b
and conpumppeitdesGHGlraer gel yndape hd baentadp | @ft i C
fac{O@Oestel et al., 2016)

CQis the most domi nant GHG produced by t



production and | and use couargteer sa cafoQith@ d ntgo tf
emi s gQloinvsi er an)d Beheeres2020CO@tberecanimoaplsasc
at an average rat®oiolf MNedpipratciend apgmwrseg £ a&m tf 4
bet ween terrestrial ecosystems and at mospher
soi l respirationcaomeehithkalty onoi af tdet a€C@osp
gl obal (Babnwcke ajodfll 200@P )ar & etsipe rrae¢ s wint pofoce
soi l magaerc ( SOM) decomposition by soil mi ¢
roots (autotrophic redmiepsraddc e®spdreignbamaeal oyn i entf | a
by soil aeampies@ame@somal;Mey2n06t)lLal has2bk&n
il 1l ustroatleald® dsxaitpeass i t i vely correlated with t
and f or e &audeset &.t26lhsu o( et ;WordellDieich ktzal.,, 2020 Soi |
CQemi sssigpeanex hhihpayt abol i c relationship with s
incraaded favorabl e moi stwhreen csoonidlist iaornes vaenrdy
I i mit gas di $frucsd wbd eabnhde (o0 r e R@2Aukebbers ead, EL7
Tchiofo Lond) &€lr edcdimelsts 2Q0gRe0st t hat the spat |
emi ssi onsi ofhubathestbbree a( ejtHaasls.l ,er2 § 6 baslt.r,a t2e0 .
avail @erkkhenwspon vetg ed la.t(,iRei0Oddy p&e Tuf,e kicmadbd | u,
use chmahmge Vel dkamp et al ., 2020)

CHis the second most i mportant green80Ouse
with a gl obal 8adr niiinnge sp ogtseenatt eeard A8 M@O (| PCC
201&)obal at mospher ishaisronrceand e di triidomsnt adi afel e
720 ppb to 18b@dclppdn i.@t QWHIB] y20Wwe )l llend gemak e
natural wsbartbkbeoéKiibisphlees egRo(ulat er, )0 w81 i.l, e 2tOh
upl andarseoiglesn,er al Inyetr esc ongknsi zfeods ( Basttnaousrp h&e r W ecr c(
200301 | sasaocutr caes oradepehdbhgCbn t h éperboad vacntcieo nb
of 4Hymet hanogenic mi croorgani sms oxndernr i @am a
bynet hanotrophic mic-aenpageaedi@Eme Mend&n Roglel ,
Thus, 43 diulx eGH ad eet esrtbmpmed ryo p me a ttak aetr scan i nf | |
gas diffusion andDsbbi e maodovimadlk laaptlig®ictayl . (



Gatica e)tThal .pri20a20y cont rCdllflliunxge sf aacrteorssoidf
temperaturBPuaadrt anrtu@amdegehah,2Q1¥I0OKamp et al

Walter etal., 20l5Mat son e)tl nalad@HWGlmaycti on and consun
coul d al so Ne aivrafi Medrddkadnpb yeMarali.n,s onQde®d al . ,
pHBorken et al ., 2003)

N2O i ¢ htlhest gestr i bultioved fGHGngmi ssi ons to th
204landt hes main contributor t(oRasvtirsahtaonskpalrear iect «c
with a gl obal W20 ng meoet @mactiddPe 2 hanm€ hor
(I PCC, 2a®tlMgsphrehrei c c0Onbast isattaaedaisleyl aNt a r al
ppbltowrer the | ast 3Mgryiecaulst rlaPICCs,0i2l0sl 4ontri b
of gamtblad opgemi g CNans et al ., 2013), | argel
reactive nitrogen (N) based (ErtclAzeDasviachsgdo
As the increasing gl obal d e(Mausedet dl.,2015)a®lr i cul t
emi ssions from agriculture are | iTknadneyal,t o con
201t Baj gel j xt ®Bhe, pRre@@dudics i mai mfy Ncaused by ¢
mi crobi al nitrificati omi &amd fadmenaitnii iy i(acaHt ti foen
substrate, is oxR)idamdd nipr anmal e { N@er( NIDi ¢ co
deni tri fslicsatuisoend aNsO an el ectron acceptor und:é
nitropenwifONlies Pprodpraed¢Bast@abhywcht. aTher 043¢
soil moisture condition and N availability p
of ONfrom Ithmheaddiition, previous steduésat hame
tempe(Rbaetandt, epWahg , e2,090H6nd slgdtdB ang®dOs on s
flubed#a n®s etHaasls.l,er2@®lt7 al ., 2017

1.3. Effects of groforestry on soil greenhouse gas fluxes

Agroforestry system has been widely investig
from agmDixwiht; Kirl® 9¢t )aldh.a,n gx&kl & n L£aHo d® NfCIOu x e s

after the establishmeertl|l afgabyotimmed o rvtalme yadh
(Pei chl eAmadi ,etZ2R8dB. et 2)allw ,agZx0lf6or est nCOsyst

5



emi scialmeer eainaeldekr trees or adjacent cropped
t o he iermdcactasrespiration of trees during gr o\
carbon decomposi tAmadibyet) Halwe 2 @ P& ecn pgt 0 (¢ e
cropl ands ma Wednskisebal., 2@l no a i dEahzluebdberseet af., 2017

siol €0 sgiepesndi ng on thelstaddstbobntteetfheow
CQf l uagsof or esplrayy say ergoel h@sntmimmag Iy biundgréasi ng
aboaad belowgrounandieam@Eesg sd ickksse j; KIRAM 0 Ot

al . ))ExQ@i6nated netadr d®fad rasmscter y oand heol e cropp
potential eoysHdemafcdr astor€ydatcmés pdonce@Or at i c
(Peichl gChahges 2 0fdl6usxoeresl i BCHHg o c i at euds ewiitnhd ul caend
changes of soil moisture and bulk density, w
upt @Amadi et al.,, 20l Agr of orestry systems20ca&mi sStsn omg |
compared to monowdhtulcthurneayc rboepll menkdish@d ot o Nt i e
applicati on Framidebbers etlale 2007r e®sd (can al so contri
temper aturesitimny apuyisnfkeermss t (e i )nDueet t ted . r e WDt o n
fertilizer i nput and hi gher N use efficien

nitrification rates,OwbemcéTbernsethacs@OI0R )@t d

1.4. Agroforestry in temperate Europe

Il n Europe, agroforestry sygsthems pareseqdi mai ha@r
for sol ving i mportan(tNearnvicrhonanteihh blcopm@&bB £ o
conventional agriculture, mo der n latgerronfaotrievset r
current farming practices. The i mplementat.
European Common Agricultur al Policy (CAP)

agroforestry practices on arablropandMo paeu enc
Losada et al ., 2017) . Al l ey cropping systel
t haambine both agriculture and short rotatio
integrates trees or shrbbssamEobdnlotvda (¢t oalal

Wol z et)al The2@@8dy componentgriowi 8BCt maenlky



i ke popl ar h a dbee wrind d cogwvn i tzlreat f or producing
anrdeduci ng managemrdemteicasttsh additRO6dab5)t he SR
generally not fertilized due to their | ower
cropsonkova ;&tar pl & SB3H0 k@ gdp e Ri0aDlI |y when SRCs
former CHSop-Wakdter & LamerBhwsf,tR&OIIRCs in
agroforestry systememayahelfprtoipigeaitdegtige e

(D2 #2 n®s , e H®ale mans Xt al ., 2019

I n GerMfmawnye,xperi ment al all ey cropptiinvgataegdr o |
in the |l ast decade, &Swd et lee EharmdeognaiRk® 1r o
B°hm et ;ladmer 2 lédhbubati enR0fiBsPpommiedtef Fti cale.n,c
and soil micr @eualchetmdeaniae | € B24uE5.2,h e20;2e0t al
Beule and KarhaveklyeedO®iddely studied after

only one study that has focused on the pote

mitigatizemi esi €€Os from soil, based on a se
(Meditns«li.. eTh®1 Py esent research was carried
i n GerEmarhy.site had adjacent alley cropping

systems. The all eyystronpni agmigmed opreppdlaagn & RA
for bi oenergy production, Sohdmitdite elth bael .r, 0 wx
conversion from cropland monocultures to agr

this research.

1.5. Aims and hypotheses
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Chapter 2

Impacts of monoculture cropland to alley cropping agroforestry

conversion on soil NO emissions

GuodongGunhtaaor,s Martinson, Jie Luo, Xenia Bi s
Edzo Vel dkamp

Soil Science of Tropical and Subtropical Ecosystdrasulty of Forest Sciences and Forest

Ecology, University of Goettingen, Goettingen, Germany

Abstract
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2.1. Introduction
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same N fertilization rates.
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Ashr af etraeadar t(edO 1t9h a't by introducing oil
monocul ture system soil mi crobi atr Bdbuadi@alc e
et al) ., ROWOver, the i mpacts of cropl and r
conversion on soil water contewtr ay@amscrmrad

establ Behsmehe!l (;ELtiIi abt ,gR04B., 2019

Al l ey cropping system, IS onecombitmes nbwte
agrcul ture and short rotation coppices (SRC)
shrubs i nto conventi onlaslonckroovpal @vd al e )t@HWel 2s &
The woody components i-gqir acSWRiCn gmatirnd ey si pneccliuedse
willow that has been recogni zreadddoirngrmnamnadg e
cogtBs edemeier kh atdditkRO6hb)the SRC pdadueti o
to their | ower fertilizati on (dkeamapn d&s Scho nep adr, e
especially when SRCs are (Ssthdlditehed cmameos
2012)Hence, SRCs in alley cropPpemgscoypp@as ede s |
to monocul tureD%T#®dD p®and/thsowsetnpanmm&s0 Pt al ., 201!

I n the present study, we investigated the



al lceyoppgmgf orestry Qyfltexmses oat stohded sites i
agroforestry systems combined crop rows and
unf er tSiclhima eld (¢t Lailo. et2®21 , 20 2@ )f.l uee sc obneptaw
crophgndforestry and monoculture systems sy
di fferent crop rotations and fertilization r
t he stpeantpioalal dy n@nfilcex eod, saond (N2t)r dlol idred efr and
in cropland agroforestry and mono@ué mius i &Iy
from unfertilized tree row wil/l be | ower th
agroforestry20as nma swhioolnes,t fsyooimi &NJr b ol ewer t ha

monoculture systems

2.2. Materials and methods

2.2.1. Experimental design and management practices

This study was <carried out2.a) bhr ¢ ®mami tPhsa e
(Dornbdhagringia), c¢clay Cambisol (Wendhausen,
(Vechta, Lower Saxony) (Table S2019)Yhat avbea
sites ri@dB8ednms6and the average alnlnufBl ¢aTia t

S21) . Each site had adjacent cropland agrofor
was established in 2007 (at the site on | oa
Cambisol soil) on the f or menmwindoen a coug stouwvfenfgayss

popl ar (cPomel ush RAdi, gnrax i)mowa sed i as feedstock
producti on, adnt ewindaet edr owi t2hbo)wAs8 T hFe gl r est h &
aboveground biomass of thasg 2aQQLBf ¢aestrhy fts
Phaeozem soil) and in January 2014 (at the !
earlier study at our study sites on cropso6 n
and 2017), both memsacyl tcuroe amavsaguread feo at t h
in terms of fertilizati(drc hmatde andlad e ;| RdDf2dl)
on experiment was established in March 2019
addi tional agroforestry and monocul bmr e Apl ot

2



this site, the crop in 2019 was summer barl e
to other 2c)lopand Ttalbé enor mally fertilized agr
(Tad)rwere contrasted wirtehs ttrhye sca own frerwtsi lainade
with the same experimental design as well as
on sandy Arenosol soil, agroforestemy was est
poplar in thledmamddl|l o tolh wihde $¢ rap2 .cilBwWsAt Fe gat
site, we established four replicate plots 1in
each replicate plot had four samplingwl ocat:

at distances of 1 m, 7 m and 22b4 )m flrno nmmotnhoec welc

sampling points were | ocated Rn)the center o
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Tabl Ma’dgement practices in cropland agroforestry and monocul ture

201812019 and 2019712020.

Soll type/site  Study period Crop rotation Sowing Harvest Fertilization date Fertilization rate

(kgNT PT Klyha

loam Phaeozem 2018 2019 Winter wheat Oct 2017 Jul 2018 04.04.2018 133171010
Dornburg 17.05.2018 801010
2019 2020 Summer barley Mar 2019 Jul 2019 01.04.2019 3612271 31
clay Cambisol 2018 2019 Winter wheat Oct2017 Jul 2018 06.03.2018 701010
Wendhausen 20.04.2018 6010710
14.05.2018 361010
2019 2020 Corn Apr 2019 Oct 2019 07.05.2019 101710710
sandy Arenosol 2018 2019 Rye Oct 2017 Jul 2018 08.02.2018 O1 01 66
Vechta 10.02.2018 80T 261 41
22.03.2018 721010
09.05.2018 361010
2019 2020 Corn Apr 2019 Sep 2019 24.04.2019 12014071 62
03.05.2019 3311510




At each site, the agroforestry tree row d
practice of ourSdmammetr ¢toiwhlebeanla80Phse; agrofor
had the same crops and agronom@lx. pEacépttcesbo
fol-bowcompsar if $ om tuhpe bsuamewistehto ut fertilizati
Phaeozem soil, all crops and management prac
sowing and hak) eisn i tthggesseddahbiineMedst i gattiicres wdr
our farmer coll aborators. I n the field, we o
from the edge of the tree row; the fertiliz

side of the broadcasteunnhdanded tftkeethd oadc adbhteer

row. I n the middle (24 m) of the agroforestr
1 m overlapped, such that at 24 m the amouni
the | engtlowof the crop r

2.22.Soil N20O flux measurement

Soi2D Nl uxes were measured mont hGQoyr rues ientg avlie.n,t
Hassl er @eMataslon, e0®8 .t heOtllhree sites from M
and from March 2019 t eo nJ acnhounaprayr i2s002n0 -uf fr oobnu tt hhee
without feetsBlterpabnohoam Phaeozem soil . At t
the first measur ement year (March 2018 to |
agroforestry in ApO ifll u0else s tna & lhnes pgckr ed gt s
undemonocul ture. Due to | ogistical reasons,
June or July 2018 (extreme dry period) and L
each sampling point in each replilcoartiedep! (ok.,0
m’i n ar ea) awapsr oixnisneartteeldy 0. 03 m into the soil

chamber bases were placed between the seed:¢

monoculture, these chamberemasesdawgrandnwéneé
after sampling in order to not hamper far mer
chamber bases were installed permanently as

On each measur eaneaambeperb asdes twere <covered



polyethyl ene hoods (tot al chamber vol ume wa

average 10.5 -Lpckhabrhat@ioa headspace gas sat

gas samples (2kKkemLusaanlg) awsesyeiinge at 2, 12,
and i mmedi atel-gvaaonya&tceed dgliamgo wpira&l s with rub
Labco Limited, Lampeter, UK) . EaeOh (gva s hs amp

el ectmumor daepgtect eafwi tamda fmet COni zer and a f|
using a gas <chromatograph ( SRI 8610C, SRI

Ger many) .

We regarded the 2coneantratreasewotf hCOhambe

reference for 2uealointcenthatkomd. NAI I c hambel
significant | coemcennhcatiadmisndimme COlya Rbrer 321 o
0.9), justi fyurneggdO tNoanceantlr ame @as s wer e val.i

measur smest Nl uxes were calculated from the |

ti me, adjusted with measured air temperatur
sampling.O AmsabndN from each sampling | ocat
estimated wusing the trapezoi dal Il nterpol at

intervaWMar dhuiFh& ary 2019iJamd aMar 20 22D0 (<X h e
ratioed (e C6 5 ed ®yBaaslelte r2IQlgleBD&7 it al ., 20

To calcul ate 20 hfel wweg afldi omotithe Nagroforestr
weighting factors of tlhedaceap cowésagampbfn
weighting factors were calcul ated by consi de
the crop row (24 m), totalling to 30 m, as t
of their wedltdadsch epirceess e@itbct)he Trhewsve( ihgu meg f
0.2 for the tree row (6 m/ 30 m), O0.13 for 1

24 m (for 2 m/ 30 m; see section 2.1).

2.2.3. Soil controlling factors

Foll owi ng eeracime acshuarnebme nt , soi | temperatur e,
determined. Soi l temperature was measured i

2



ther mometer (Greisingstrawfl,ecGearomarcy ))GmbAilt, eReec
four intactcsgionl veobumse) (®&€10e taken in the t

measured for gravimet-digi mpiatut@5cAGteot oy

determination of soil bul k density; the gray
using ade ocfvetrhe repeatedly measured soil bu
cnmf or mineral soils. The remaining three soi

field, and aafppeodhkx.s &0l g9 am@lse prutta iinnitnog plr5e0p
0.5 23@fKor miner al N extraction. Upon arrival
were shaken for 1 hSQpfrvelasdreedd fihteugpaPed sMe
i mmedi ately frozen unwadl| N@eméyansglyEegdrasita@
flow injection colorimetry (SEAL Analytical
Germany), swhere@deNelrmined by salicyl ate and
met hod ( Aut oanlalbl2y32) e rasddye tNFIGOAMIGu M r educ4Cill on me
buff eran(@Awtzeer-2 Bt@d 2(hWedh &t .al . , 2017)

The general soil physical and chemical cha
N and effective cation exchange <capacity)

described Iin aoahmpdéeveolaXRlyer B0oR1

2.2.4. Statistical analysis

Data of soil NO fluxes and soil factors (temperature, WFPS 4sNihd NQ') were tested for

normality using ShapiraVilk test and homogeneity of variance usihge ve ne 6 s tes
Parameters with nenormal distribution were log or square root transformed (i, M/FPS,

NH4" and NQ@). Differences in soil BD fluxes and soil facrs between management systems

(i.e., agroforestry sampling locations and monoculture) within each site and among sites for
monoculture were tested using linear mbeadtects (LME) models (Crawley, 2007), with
management system or site as fixed effect sardpling days and replicate plots as random

effects. In the LME models, we included 1) a fiostler temporal autoregressive process that
assumes a decreasing correlation between measurements with increasing time distance (Zuur

et al., 2009), and 2) a varice function that allows different variances of the fixed effect



(Crawley, 2012). The best LME model was chosen based on the Akaike information criterion,
supported with visual inspection of residuals of the modeT fitevaluate the differences in s

soil N20 fluxesbetween the whole agroforestry and the monoculture, the agroforestry was
weighted by theareal coverage of the tree row and crop row sampling locatimh& ME tests

were conducted as abowgignificant differences were evaluated using théyaisof variance

( ANOVA) with Fisheroés |l east signifp@amt0od.iff
For soil physical and chemical characteristics measured once, differences between
management systems were tested using amayeANOVA followed by Tukey HSD test or
KruskaltWallis test (for variables withnenor mal di stri buti ons). Spe:
test (noanormal distribution of parameters) was conducted to assess the relationships between

soil N2O fluxes and the concurrently measussdl controlling factors (temperature, WFPS,

mineral N), using the mean values of four replicate plots on each sampling day and analyzed
over the entire study period. These correlation tests were conducted separately for the
monoculture and agroforestryee and crop rows in order to unravel which soil factors
dominate at each management system. As the influence of WFPS on@diukes could

change during the cropping period following fertilization and after harvest, we further
conduct ed S pceralationatestéssparatedyrfok the cropping season and after crop
harvest. Correlation coefficients were considered significgm©at 0. 05. Al | st ati s

were conducted using the opsource software R version 3.6R Core Team, 2019).



2.3. Results

2.3.1. Soil NO fluxes

Soil N2O emissions peaked at agroforestry crop row and monoculture (R@yr@llowing
fertilizer applications (within March to May depending on the crops; Tah)ewhen the soil
temperature was increasing (Figu1si c), the WFPS was betweeni3%% (Figure 3.1di f)

and the mineral N levels were high (Figua1$j I). Soil N2O fluxes generally decreased after
harvest towards fall and winter (Figure2Ras the soil temperature and mineral N decreased
(Figure 2.1). A few exceptions were small pulses of saiONemissions after wheat harvest

at the sites on loam Phaeozem and clay Cambisol soils in July and August 2018 when NO
and soil temperature were still high (Figur;2Figure 2.1a, b, j, k). Also, in the clay
Cambisol and sandy Arenosol soils followingrn harvest in fall 2019, pulses of soid
emissions occurred when WFPS remained high (Figue RAgure R.1e,f ) . Far mer s
practices on fertilization rates were largest for corn and lowest for barley @aplend pulses

of soil 2O emissions follwing fertilization to corn were also larger than when the crop was

barley (Figure 2).

At the loam Phaeozem soil, soit® emissions during the twyear measurement period
were lowest in the tree row and increased with increasing distances withimphewar with
the highest emission at the 24 px(0.04; Table.2); soil b O emissions from the monoculture
were comparable to those at 1 m and 7 m in the agroforestry crop roW.{6; Table2.2).
Similar pattern was observed in the foll@m experimentithout fertilization in 20182020.
In this follow-on experiment, soil PO emissions from the unfertilized agroforestry crop row
were lower than the fertilized agroforestry crop rg(0.02; Table2.2), whereas emissions
were comparableetween the unfertilized and fertilized monocultunes (0.72; Table2.2).
At the clay Cambisol soil, similar spatial pattern was observed from the agroforestry tree row
and the increasing distances within the crop doming the tweyear measurement periool <
0.01; Table2.2); soil NeO emissions from the monoculture were generally comparable to those
from the 7 m and 24 m in the agroforestry crop rpw 0.11; Table.2). At the sandy Arenosol

soil, where the treewere just established in April 2019 (Tabl2.5 and the crop was corn



with typically high fertilization rate (Tabl2.1), the resulting large soilZ® emissions did not

differ between the monoculture and the fystr agroforestryp(= 0.07; Table2.2).

Comparing between the entire agroforestry (weighted by the areal coverages of the tree
and crop rows) and monoculture, sodNemissions from agroforestry were comparable to
those from monoculture in the loam Phaeozem go# 0.06 and 0.69; Tabl2.2), wherein
wheat during the first year had the typical split fertilizer applications and the barley during the
second year had commonly low fertilization rate (Tdhlg. In the clay Cambisol soil, the
entire agroforestry had comparable saiONemissions vth the monoculture only during the
first year with wheat that had split fertilizations= 0.16; Table2.2) while during the second
year with corn that had oftame large fertilization (Tabl.1), soil NO emissions were lower
in agroforestry than in nmoculture p = 0.04; Table2.2). Across sites, soil XD emissions did
not differ among the cropland monocultures in 20489 p = 0.75; Table2.2) with wheat
and rye that typically had split fertilizer applications; in 20A®20, soil NO emissions were
larger on the clay Cambisol and sandy Arenosol spis@.01; Table2.2) that had corn with
onetime large fertilization than those on the loam Phaeozem soil that had barley with low

fertilization rate (Tabl.1).

Across sites, soil annuak® emissions in agroforestry as a whole (weighted by the areal
coverages of the tree and crop rows) ranged from 0.21 to 2.73 kdNythaand the
monoculture croplands ranged from 0.34 to 3.00 kg N yr&! (Table2.2). Soil annual KO
emissions generallyncreased with increasing N fertilization rates, which were highest when
the crop was corn with orteme fertilizer application even on the sandy soil (Figui2e&Bthat
showed low WPFS (Tabl2.3; Figure 2.1f). The lowest annual #D emission was observed
when the crop was barley (Figur2.%), which typically had the lowest fertilization rate (Table
2.1). On the other hand, although wheat and rye had in total highest fertilization rates, their
applications were split into two to three during spring, texyito lower soil NO emissions
than when the crop was corn (Figur2.3. The ratios of annual 20 emissions to annual N

fertilization rates were 0.3% for rye, 0.4% for wheat, 1.2% for barley and 2.1% for corn.
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Table 2.2Mean and annual (xS, = 4) soil NO emissions from cropland agroforestry and monoculture systems at three sites in Germany,

measured in 2018019 (from March 2018 to February 20E)d 20192020 from March 2019 to January 2020

Soil type / Management N20 fluxes Annual N20 emission
Site system (Mg N m'Z2h'Y) (kg N hatyr'?)

2018 2019 2019 2020 2019 2019 2019 2020
loam Phaeozem / Tree row 1.5+0.6 1.2+1.0 0.11 £ 0.02 0.11 +£0.03
Dornburg 1 m crop row 7.6 £ 4.0¢ 3.3+10 0.59 £ 0.33 0.29 £ 0.06
(normal fertilization) 7 m crop row 114+ 4.2 55+ 1.% 0.94 +£0.33 0.48 £ 0.03

24 m crop row 36.1+17.8 11.4+4.3 3.73+0.69 0.98 +0.03
Whole agroforestry 10.6 + 3.3 47+0.9 0.91 +0.27 0.41 £0.02
Monoculture 12.0 + 7.9A 3.9+1.1°A 0.89 + 0.09 0.34 £ 0.02
loam Phaeozem / Tree row 11+10 0.04 £0.03
Dornburg 1 m crop row 1.6 +0.8° 0.13+0.03
(without fertilization) 7 m crop row 2.8+ 1.2¢ 0.23 +0.06
24 m crop row 7.7+3.7 0.66 + 0.13
Whole agroforestry 2.7+09 0.21 +0.05
Monoculture 5.0 £ 2.9A 0.38 £ 0.09
clay Cambisol / Tree row 09+29 0.3+0.3 0.07 £0.04 0.02 £0.04



Wendhausen 1 m crop row 12.0+4.8 85+47P 0.96 £ 0.43 0.84 £ 0.17
7 m crop row 9.9 +3.(7 18.2 + 10.8° 0.76 £ 0.17 1.79+0.23
24 m crop row 12.7+4.8 16.9 + 8.8° 0.96 +0.17 1.64 +0.25
Whole agroforestry 8.6 + 2.4 13.2+7.5 0.66 £ 0.15 1.30+0.14
Monoculture 6.5+ 2.24 29.6 £ 14.8° 0.49 + 0.07 2.92+0.45
sandy Arenosol / Tree row 19.5+ 6.4 1.77 £0.27
Vechta 1 m crop row 48.8 £19.8 3.90 £0.77
7 m crop row 31.5+8.8 2.76 £0.58
24 m crop row 344+11.3 2.96 £0.29
Whole agroforestry 32.1+8.53 2.73+0.44
Monoculture 6.3+1.9 35.0 + 10.6° 0.5%+0.09 3.00 +0.31

No tFeo:r each
the agroforestry
of the tree
Anrald sO@idmiNssi ons are calcul ated
201812019

Measurement s

still

undemn=

site,

row and crop row

and 201912020, and

mo.nocul tur e,

sampling

hence

oqno islanidry A0 E$hioz3®19 wer e
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Table 2.3 Mean (£SE,n = 4) soil temperature, WFPS, MHand NO3 concentrations in théop 5cm depthin cropland agroforestry and
monoculture systems at three agroforestry sites in Germany, measuredii@@EL&rom March 2018 to February 20E)d 20192020 from
March 2019 to January 2020

Soil type/site Management  Soil temperature (°C)  WFPS (%) NH4* (mg N kg ) NOs (mg N kg %)

system 2018 2019 2019 2020 2018 2019 2019 2020 2018 2019 2019 2020 201§ 2019 2019 2020

loam Phaeozem .Agroforestry

Dornburg Tree row 10+ 2 10+ 2 AT + & 51+ 5® 2+ 1 3+ 1+ 1+Q
(normal 1mcroprow 102 11+ 2 41 + 40 50 + 4b 6+ 2+ 1P 7+ 4+2
fertilization) 7mcroprow 11+ 2 12+ 2 39+4°c 58+@ 22+ 1F> 2+ 11+4°  3zP
24 mcroprow 11+ 2 12+ 2 40+ 3 54 + 5P 57+28 3220 28+ @ 5+2
Monoculture 10 + 2 12+ 2 33+2Z 46 + £ 30+£168° 21 249> 62

loam Phaeozem .Agroforestry

Dornburg Tree row 9+ 2 45 + & 3x12 1+0
(without 1 m crop row 10+ 2 44 + & 1+ 2+ 12
fertilization) 7 m crop row 10 + 2 54+ & 1+ 2+
24 m crop row 10+ 2 54+ & 1+ 3+
Monoculture 12+ 2 44 + 3 1+ 4+

clay Cambisol / Agroforestry




Wendhausen Tree row 11+ 2 11+ 2 48 + A 50 + 4 3+12 2+ 2+ 1 1+C

lmcroprow 11+2 12+ 2 42 + 3b 43+ 3 4+2 5+3 23+ 8 18+ 7

7mcroprow 11+22 12+ 2 42 + £ 45 + 3b 8+ H 9+ 5% 14+ 3 41 +15b
24 mcroprow 11+ 2 12+ 2 40 + 3° 46 + £° 8+ 5 8@ 18+ 4 31+12°
Monoculture 11+ 2 13+ 2 35+ 4 40+ 3 84 10+ 6 16+ 3 39+14

sandy Arenosol / Agroforestry

Vechta Tree row 13+ 2 31+ 3 1+18 20+ &
1 m crop row 13+ 2 313 9+¢@& 43 + 2¢
7 m crop row 13+ 2 31+4 10+ 7 55 +23
24 m crop row 13+ 2 303 8§+ & 57 £ 25
Monoculture 11 + 2 12+2  32+3 2+4 10+7 422 9+5 35+ 158
NotFeo:r each site, means followed by different | owercapéihgttecsti

within the agroforesfegtsysmodm!| (wi p@aC.iG®ih)eeds LSD test at
AMeasurements on sandy Arenosol soil in 2018712019 werle ccaotned upcltoetds

still undem= nBoonocul tur e,



2.3.2 Soil controlling factors

Soil tesmpewadusiemil|l ar seaso,nawhipahl tee mer awli It yh
towards spring and summer and decreased in
throughowt ntelaessur emMe g2l p S FS2RLWEPS showed tFh
opposéehdstas temperature, with atphperSdi.gb®st V
Fi guladi §) and the &dppdeti.30/; s2lbdmédne ( & cr oss

measurement period, WFPS ranged from 20 to
Phaeozem, clay Cambi sol and s arfdlydf Ki gouo ol
S22c Boi | mi Néir ahd B)NQGconcentr at iroenass eg e nfeorlall ol w

fertilFiigaligoh, (and after two months ®Memained

Sot émperature did not differ bet(wee®. I nag
Tab23gAt t he | oam Phaeozem soil, WFPS was higt
row and | owest ROLBOIEX mMOoOno 23) T amwde D 222 0i, n
WF PiSn the monoculture was comparable @ th th
= 0.0123)Talksloa | mi ner al N was generally | ower
monocud<t uor.e0 13 )T a belxec epth efe i d ft kel ki 12 0 1290 2 O
(Tadl)Aat the clagilCambFiR®|Idecreased in the or
monoculture during pgg<heO0.nelds)udrecbméalMid prerot odi f f
bet ween managpemdént3 553y STwmbénee §snsohé NOee row
compareéece tco op r ow @a<n d0.nbol2® cTualAtiuerteh e( sandy Ar
soNH*ands®dN®Oncentrations and WFPS did rpet di ff
0. 11;23Na.bl e



Tabd4Spear man rank cOr félatei&df)Ogu N hsnosioli INt em
(AC) ,f iwlalt ed pore spaces ¢WBPSMM nanadl t4h 1 & mg (I

measured in the top 5 ¢cm dept h, across mont |
2020.
Soil type / Site Managements Temperature WFPS  Mineral N
loam Phaeozem / Whole agroforestryn(= 84) 0.41** -0.09 0.58**
Dornburg Tree row (= 21) 0.35 0.16 0.67**
(normal fertilization) Crop row @ = 63) 0.49** -0.08 0.53**
Monoculture 6 = 21) 0.71* 0.18 0.46*
loam Phaeozem / Whole agroforestryn(=44) 0.27 -0.03 0.31*
Dornburg Tree row (= 11) -0.12 -0.13 0.45
(without fertilization)Crop row @ = 33) 0.35* -0.08 0.30
Monoculture = 11) 0.44 -0.31 0.55
clay Cambisol / Whole agroforestryn(= 84) 0.28** -0.18 0.52**
Wendhausen Tree row (= 21) -0.11 0.26 0.25
Crop row (1= 63) 0.38** -0.10  0.39*
Monoculture = 21) 0.19 0.01 0.45*
sandy Arenosol/  Whole agroforestryn(= 44) 0.38* -0.13 0.46**
Vechta Tree row (= 11) -0.01 0.36 -0.14
Crop row (1= 33) 0.48** -0.25  0.52*
Monoculture (= 20) 0.47* -0.07 0.39*

NotTehhe correlation tests were conducted wusir
sampling dap, tdred melassir e meswyteadays udlyr ipreg i tolde
*pO 0. P, 0* O 1.



2.3.3 Relationships between soil BD fluxes and controlling factors

Across the measubOeemns spens oder sol &r el y cor

the fertilized agrofor est24ySod @ Pp¢ mioswssi camsd wWreos
correlated with miner al N only in the tree
agroforaeswhogl eas(weighted by the areal cover
correl ati eOn abnedt weienne r N | N was brought about
unfertilized tree rows and )t h&si merFrarlyzedh
rebaship detect@dermiedt svieem &md | miNner al N in t

crop row and monoculture &@d)thAltltlbamgiPhaeod
positive correlation 20e eweass i»gi, (whtkb hmpoetr aotnul r
by soil temperature bewtoraledatcomf ovunded oliyal
S23). At each site, there was neO celneiasrsiroenl aatt
WFPS (Z4a,blTe2®) e Bowever, whehl sepae adof niFP8Ee
fertilization effect i nO tehnei ssrn @mp i nwe sdeeatseoc
relationshi p@ dmitweieoan sand WFPS during the ¢
Phaeozem and clay E€ambi am| cooirles a( Fogesr af Ser

(Fi gadr)e. S

2.4. Discussion

2.4.1. Soil NO emissions from cropland agroforestry and monoculture systems

Mont hl vy measur eOnefnlt sx eosf isnoi EurNpean and Nor
agroforestry systems over two years have n
cropland agroforestry aXodswmonces!| tatr eousy sti g1
mont hl yO seomilssN ons from the entirevagagdédoref
the tree and crop rows) and monocul ture syst
kg N!ydita reported for cropping systems i n
Franzluebbemezasurid. sm®sVpPn from argamfroowst

for a whole year in eastern USA, withkgaverag



N Hg"from agroforestry tree row and crop ro
bet ween agroforestry as a whole and monocul't
revealsed Ot ani ssi ons were generally Ifawer fr c
monocul ture system. ThOs ewsd ss sciaounsse d rboym tthhee Ia
rows that were2wit R'gynMt he proangae for hybrid i
Ger maDryPi(n ®s etKealn ,et2V0alll7t er 2 @ Oaanld. ,0 t2h0elr5 Eur
temper ate kgegNyhesar(r0i. 24ed. 23 Kk%Yy. VPUHBor e mans

et al).., XXOBleShadkeyte aenlob k. e{2@k@Pp(R2e@d8bhat p
nitrificati o emnitsesi ams vwearHeda sddedc rienatseerdc rionp pi r
ot emperate North America regfFomshedumomg, ther
confirm the asgemaptBomd a iNat e méol €& are I mport
compari sopO oefmi ssiilonsdl between entire agrofor
becaus® eomildaM o myr ommwinnghsghbynsontri boOt e to

emi ssions (Shang et al ., 2020) .

2.4.2.Environmental and management effects on soil {0 emissions

Soi O NMmMmissions from agroforestry crop T ows
combination of enviatanmenmmal s(sokel andmpné ner
(timing and magnitude of fertilizer appl i ceé

Accor di ng-i 4 tpeitphee (ol B)avmadeln ,sdN0plr.o,d ukc& G Oo)n

primarily controlled by soil N availability
mi ner al N concentrations acr(oflsasbleal [2.44i;t eTsabd
Consequentl vy, soi |l 2ON eanw sisli almidlsittayn t @ r@d ¢ o i$lun |
rows following fertilizer application in spr

the prodiOcendhys diel deri ved from nitrification
that favoursCortei etland agn 2 YNHAhS o(i2l10 2Her at i on
indi cated by WFPS, b ecameDatvhied ssoenc @aemtd Italil @ me | 2 0oC
Phaeozem and ¢mmaynCgmbdusohgsoropping seasons
|l evel s of mi ner al N were high, as 1#Mdicat e
emi ssions(BnduwWeeB2t émperatures in fall and

3



activitycyamldi s (Brudd eBsaheaxc et , ahence@0mBher al N
NO emi ssions decreased (Figure 2. 2,; Figure ¢
residues and high values of WHRSiwdrteg uf. fei.c
N), st pOnwlraotdeucN i on and 20o0emirexit@en ppo®alos nicre dt
and cropland agroforestry soilsitasthettel alpe
in fall 2019 (Figure 2.2). Similar results v
over crop residue Iis a common practice to

(Aki yama ePugésgaangoOoet al ., 2017

Tree rows di demtoitl irzecreiivrepuwtnyatf our study
| ower 20s ®@imi sMi ons from tree compared to crop

t rr-miecr obi al competi tAmal dsore;tCoall e,aehrl hdE bj 20

competition decreased with increasingedistan
N increased further due to fertilizer i nput.
site (sandy Arenosol soil) were incapable toc

and to r eQ uemi sssoiidn sN which Bpmdmams eotbsal ve
who suggested that tree rows i n a0 reonfiosrse sotnrsy

ohy few years after establishment.

Fertilization practiceszaedi  Maphsyepg.e adl.so
Wrong fertilization poatt a@ pesnmaitsasNisoends 2f1r3dono am

as a whole than from theimeadjeancamtd mod mAyc Clatm

i n PN0B9 (Table 2.2), because the fertilizer
fertilization | eading to highaemitshei an tats ©
Cambi sol and sandsy OAfr easa@rseomil ssdiiolnss, troatanonu al

rates were highest when crops were corn and
attributed to high soil N avae | abildiktiyzénol & p
corn anatdsoxweffr one and two to three split f
barley (FigutLav2llye. abl@mibayll®Pmlgepadt ed 20ilgl
soi20 é&Nmi ssions during corn thanebael empyondwadh

originathe dptoemkedmaowbeedl|l i ngs at the start of



early summer, when soilanmi mera&l aNal ¢abdbl £ WMenr

N2O pr odlurctd omt r ansitn,t etrh ewhceraotpsor rye were in t
stage in spring, which nmMm&@ eminsusiaadnes .N Hiopw eavke:
amount of N fertilizer w@seminsauifdrnsiferndmtmon

the siteaemmzdmasmiPlh in 201912020 (Tabk® 2. 1)
emi ssions from nitrification following miner

N-fertil i Bartemf ed¢t al ., 2008)

2.4.3. Implications for cropland monoculture to cropland agroforestry conversion on soil

N20 fluxes

In summary,o u systematic comparison of soil,® emissions from temperate cropland
agroforestry and monoculture systems revekliedsoil N2O emissions from unfertilized tree
rows to be responsible for decreased selDMmissions following conversion of cropland
monoculture toagroforestry, which supported our hypotheses. This reduction in sGil N
emissions may only occur in mature agroforestry systems, where tree rows induce strong tree
microbial competition for nitrogen, such that microbiabON production is reduced.
Furthernore, crop type and timing and magnitude of fertilizer application were responsible for
substantial soil MO emissions from our cropland agroforestry and monoculture sites.
Considering the unfertilized tree rows oolycupied 20% of the agroforestry arear findings
suggest thaimproved system managemestd. optimal adjustments of the areal coverages
between tree and crop rows) and optimized fertilizer input will enhance the potential of
cropland agroforestry for mitigating20O emissions. Furthermoreur results emphasize the
need to investigate soil 2 fluxes following conversion of cropland monoculture to
agroforestry for much prolonged periods of crop rotation and fertilizer application, to identify

appropriate management practices for the rednaf soil NO emissions from agriculture
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Appendix

Table S2.1Site characteristics anmdanagement practices in cropland agroforestry and monoculture systems at three sites in Germany.

Study site

Dornburg

Wendhausen

Vechta

Location

Elevation (m above sea level)

Soil type
Mean annual air
Mean annual

51 A0 0 Nj4 0 nj
289

loam Phaeozem

t enl1l0.7+0.3°C

preci pi567+32mm

Year ofestablishment of agroforestry syste 2007

First harvest of trees

Cropping history

January 2015

2016: summer barley
2017: winter rapeseed
2018: winter wheat

2019: summer barley

N,

52A20Nj00nj N,
82

clay Cambisol

10.7 £ 0.3 °C

587 + 41 mmhA

2008

January 2014

2016: winter rapeseed
2017: winter wheat

2018: winter wheat

2019: corn

52A45Nj29nj N,
38

sandy Arenosol
10.1+0.1°C
635 + 35 mrh
2019

none

2016: corn
2017: potato
2018: rye
2019: corn

2. e

Service.

i‘mat e

station

at

Jena

(station

| D:

AtdaAat)i,omBrlaiin sThve i gf (sheat



Tabl eS®i2l. 2physi cal and biochenmi cdalp| ohtar & otre rtihset il cosa m resaand olp ¢éSo8 ,a n d

the sandyoAl gnbeothe top 30 cm of cropland agroforestry tree row,

Soll type/ Management Soil texture (%) Bulk density pH (1: 4 soil Organic TotalN  C: N Effective cation
site system (g cnT®) -H20 ratio) C (kg m?) (kg m?) ratio exchange capacity
Sand Silt Clay
(mmolc kg™)
loam Phaeozermr Agroforestry
Dornburg Tree row 4+ 76+0R20+P 11+006 65+0F 51+05 05+006 10+ 152+%

Crop row 4+0 72+0RP24+P 1.1+0.R 6.7 £0.00 43+0.@8 05+0.68 9+ 159+3
Monoculture 11+2 51+3% 38+2 1.0+x00 79+0.F2 39+0.7 0502 8x0C 590 + 10%

clay Cambisol / Agroforestry

Wendhausen Tree row 18+3 47+4 352 10x006 71+02 70x03 0.7+00 11+C3¢ 350x78
Crop row 18+3 44+3 38+2 10+0068 73+02 65+0.2° 0700 10+x(® 366+100
Monoculture 27 +2 29+4 44+3 10+006 73+0.F 58+0F 06+06 10+0® 298+16

sandyArenosol /Monoculture 80+1 13+1 7+1 1300 6.1+04 69%£03 0500 13+x0 434

Vechta

NotSo:i | characteristics were measured in 2016 for the WoAmePRbaeb:z
soiltpragroforestry est &wlri slmméintsiitre, Apmeialn s2 0 1o9dli ocvaet de bsyi gdii ff fi ecraennt
bet ween management systems (-WAONVAswieBtTwkeéeyn HEDpOPO KO EPmalar i son



Tabl e Sp2aBman rank corred aftli wness dEPgve 8w imls o |
temper at uefi (IA€J , pwae space +NAFP®&) neantd Nol( a
k), measured in the top 5 cm depth, across

2018 to January 2020.

Soil type / Site Soil temperature  WFPS  Mineral N
loam Phaeozem / Soil N2O flux 0.47** -0.04 0.54**
Dornburg = 105) ,

Soil temperature -0.27*  0.34**
(normal fertilization)

WFPS -0.24*
loam Phaeozem / Soil N2O flux 0.31* -0.17 0.41**
Dornburg (= 55) _

Soil temperature -0.47**  0.52**
(without fertilization)

WFPS -0.45**
clay Cambisol / Soil N2O flux 0.28** -0.17 0.50**
Wendhausem(= 105) _

Soil temperature -0.54**  0.60**

WFPS -0.34**
sandy Arenosol / Soil N20 flux 0.43** -0.11 0.43**
Vechta (1= 64) .

Soil temperature -0.58**  0.79**

WFPS -0.61**

NotTehe correlation tests were conducted wusir
sampling dapg, tdred melassir e meswyte adays udlyr ipreg i tolde
*pO 0. ®P®, 0* O 1.



Tabl eAB2u &aiN20Osemi ssi ons

from

cropl-ands

wint Gemmlanypl ememeasedemant

Author Soil type Crop type Period and frequency Method N applied N20 emission
of measurement (kg hatyrt) (kg N hatlyr?)
This study Loam Phaeozem  winter wheat March 2018 February Vented static 213 0.89
2019 (monthly) chamber
This study Loam Phaeozem summer barley March 2019 January Vented static 36 0.34
2020 (monthly) chamber
This study loam Phaeozem  summer barley March 2019 January Vented static 0 0.38
2020 (monthly) chamber
This study Clay Cambisol winter wheat March 2018 January Vented static 166 0.49
2020 (monthly) chamber
This study Clay Cambisol corn March 2019 January Ventedstatic 101 2.92
2020 (monthly) chamber
This study Sandy Arenosol rye March 2018 January Vented static 188 0.63
2020 (monthly) chamber
This study Sandy Arenosol corn March 2019 January Vented static 153 3.00
2020 (monthly) chamber
Kesenheimer  Sandy loam Luvisol winter oilseed rape January 20138 Closed chamber 180 0.1971 1.13
etal, 2021 T winter wheat December 2015
T winter barley (weekly)
Kesenheimer  Silty loam Haplic  winter oilseed rape January 2013 Closed chamber 180 0.547 1.40

P



etal., 2021

Kesenheimer
etal., 2021

Kesenheimer
etal., 2021

Helfrich et al.,
2020
Herr et al., 2019

Herr et al., 2019

Weller et al.,
2019
Weller et al.,
2019
Walter et al.,
2015

Luvisol

Sandy loam

Luvisol/Anthrosol

Silty loam Haplic

Chernozem

Sandy loam
Planosol

Silt loam Luvisol

Silt loam Luvisol

Silt loam Luvisot
Anthrosol
Silt loam Luvisot

Anthrosol

T winter wheat
T winter barley
winter oilseed rape
T winter wheat
T winter barley
winter oilseed rape
T winter wheat
T winter barley

maize

maize

maize

maize

maize

Silt loam Cambisol winter wheat

December 2015
(weekly)
January 2013
December 2015
(weekly)
January 2013
December 2015
(weekly)

May 20101 April 2012

(weekly)

May 20151 May 2017

(weekly)

May 20151 May 2017

(weekly)
April 201271 April

2013 (continuously)

April 201271 April

2013 (continuously)

November 2012
November 2013
(bi-weekly)

Closed chamber

Closed chamber

Vented static
chamber

Vented static
chamber

Vented static
chamber
Automated static
chamber
Automated static
chamber

Vented static

chamber

180

180

180

0

177

252

0.9871 1.88

2.231 3.53

3.107 3.90

2.80

4.70

0.79

1.27

1.54




- @ -Agroforestry tree row - & -Agroforestry crop row - & -Monoculture
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Figure S2.1 Monthly mean (xSEn = 4) soil temperature (a, b, c), watédled pore space (WFPS, d, e, f), NHg, h, i) andNOs (}, k, I) in the
top 5 cm depth in agroforestry tree row, crop row and monoculture at three sites in Germany. Values of agroforestrwere@reaveighted
average of the 1 m, 7 m and 24 m sampling locations. Black arrows indicate fertilizer application in the agroforesimamdpmonoculture;

tree rows were commonly unfertilized. Blue vertical lines indicate sowing; red vertical lines indicat.harve



Figure S2.2 Monthly mean (£SEn = 4) soil NO fluxes (a), temperature (b), wafdled pore
space (WFPS, c), Nfi(d) and N@ (e) in the top 5 cm depth in cropland agroforestry tree
row, crop row and monoculture in loam Phaeozem soil (Dornburg site) without fertilizer
application in 201B2020. Blue vertical line indicates sowing; red vertical line indicates

harvest.































































































































































