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denstruktur und Bodenfeuchti gkteatt fi ot e
oorgani smen, Bodenfauna wund Pflanzenwur ze
bung schaffen, die die r2umliche Verteil ul
stoffen reguliert. Di ese bedldage Boernhi @
nfunktionen wie Kohl ensiNafhfrliumegissled tefe,s , D

nteraktionen und Prim&@rproduktivitat. Al Il
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el di eser Di ssertation i st es, ein vert
nstruktur und Bodenfedauamkitglaien zeanttraluert |
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Gl obal Change Experi ment al F-ecel |l apgdpGEEF
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organi schen Kohlenstofffraktionen weitgehend
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Kohl enstoffmineralisierung ist, wobei mi kr obi
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Mi krostruktur kurzfristig begrenzt war en, b
Landnutzung die St2rke der R¢ckkopplung zwisc
Die dreij2hrige Bodenfeuchteg¢ber wac hmintg, el
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Bei Ackerfl 2achen wurde mehr tiiaefléandBodenwad d e
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Vegetationsstruktur und Wurzelarchitektur.
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1 Gener al I ntroducti on

1.1 Scope of the thesis

Soi |l , as the most compl ex biomateri al on E.
at mospheric, hydr ol ogi cal(,Baammwdar bi ®d e oacdh.e,mi 2 @
Crawford, 20O@e)der pins a wide range of essent
terrestRalamatii fet Sall , r2fe88)ces, despite thei
poorly available to organis.msTHiiXkei anidcue btecs ,t I
capacity of the soil matrix for water and nuf
physical mi croenvironment, which together [
productivitgBamsdi rRODI7l;i eEmkd an et al ., 2020; N

Soil structurdimehser®esnhb wheatpgement of sol
across differ(efhabogpaeti aklerscia@ @& a foundat.i
chemi clail olangdi ¢ al f (ulnecu ti hoenrs e@tn aslo.i,| s2025; Or e

2020ahlt forms the habitat for microorgani sms,
many key ecosystem processes sarcd rawst rciagrmtonu m
plants, and b@{Kmasscshenlkadu&tGwmer, 2BAI7Tz Qi al.
2018jJXay computed tomogr aphyi nlv@ls)i vef fteorosl at op ow

guant i f y-ditren sti hornead mi crohabitats of these o

undermg amfdihow soi l structure (élgul awes|l thkhein
Lucas et al ., 2023; Schl g¢¢ter et al., 2019)
Furthermore, soil structure exertBassstrenge
2023, Schk@gfie)T het salz.e,, connectivity, and di s
retention and movement within theéeVepel. naldad8)x
particular, the abundance of macropdoems hanat h
role in water flow and solute transport, t hus
dynaniiCcass al i et al . ., S5024; mdbasviuse 26070)ne of
environment al factors govennnilKmgnnlkeinbgee gc reldtmiad a
further regulates the mobility and accessibil]

1
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playing a critical role in sustai n(ivieg eecikle nf we
al ., 2aG232;r r\aincoenet Falr. ex2ampbe, sufficient soil
decomposition of organic matter-acthesebyeinat
and supporting (bBiaaumkaes setp rachd weot@n2cda n d idtrioaungs s
mi crobi al processes and | i mit nutrient mo b i |
productivity, and dest q®Biclhii zZne.l s 01210 1f8dod web i
Thus, the interaction betwelkre fSswomdamamtualt up
environment that governs biotic processes in
and sensitive to external factors, especially
factors that ciafny ssanli fphlywsnitd gyl mprdoperti es an
gradual change and extreme events. Under st and
gl obal change factors is therefore essential f
under future environmental conditions.
111 Soil structure and moisture as the foundat
This chapter introduces the foundational r o
biotic functions, incadondiogrbenefG)ropbliicnges
and community composition, and root growth an
(1) Heterotrophi c rheestpeirroattrioopnhian d eG pd y altii rog
decomposition of soil orgaei majmarittey , oft ypotal
di oxi def {ICOx as autotrophic respiration by || i\
soi l C(Bygbdimmgrty & Thomson, .2EVEnN Kunaydkaw,c
heterotrophic fa<m@minrtd tyi oenl eo/aastceosniagermo s ph e oins , C
intensifying (gkeobealt wdr mi n20021;ThiLisampg oetesal i;
influenced by environmental fa¢tomesg suchl as
et, ak00O®Ot the mechani sms underl ying these r es
soi |l moi sture may initially suppress microbi
stimulate the mineralization ®fsothkheas Cisownmrrc
(Huang & HaMbére@wdr,) drying and warming can e
the decomposition of previous protected organ
heterotrophic r espdiirtatoinosn duwnred etro drreysitnrgi cctoend t
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accessibility ©OMcFRFarlsdn e esWhbislltert,aetiee® 2d1dding of pt
protection for C persistence is well wes-tablis
trem mi crobi al C mineralization remains insuffi
por e architecture constrains mi crobi al comm

mi crostructur al c ontdreple n(alfei n Ce tc y&ln mrg2 @ 54 &jo.nt €
Strong et Moreo®04) most previous studies er
aggregate | evel or in simulated soil col umns,
our ability to (dFdempl ex20 28, chlaini stmsal ., 2024a; .

Soil microstduménsieonaheat hargement of part.
plays a critical role in C cycling by shapin
mi croerewnit ad n m(okirda td hoenmssk o & Guber, 2017; Leut hi
2022)Particul ate organic matter ( POM) and bio
mi crobi al hot spot s. The size, compbsenhcent he

decomposition and he(€pbtubphet mespi @@ Bbdbhbu

POM, suchamad gtigehc hpl ant resi dues, decomposes
material s | i ker ibcdho cpdaraindd rsdadleigg rmidre mor e sl owl
respiratDuwmgaiatt eest al ., 2012;. LBiuogpdarad, ,f QIORS
or fauna, enhance oxygen and nutrient fl ow an

concenngt rlaatbii | e C (aBeaomfgi glhdeiagt wall.l,s. 20h?e; sWard a
connectivity of these Dbiopores further I nf |
accessibility, particularly throcghhoplgpasi cals
di sconnected pore networKRiwizt & ¥osogntik2fnodus
2020aNot abl vy, b-i5PoOdmsr angeéhar 80cl osely assoc
formation and g&Kirlan&dmeienemdl i, za@adDlBowéveeret the,
of soi l mi crostructure on haategpreantdreoighi dome @it

wet conditions where pore connectiwmieryatleidmistos

wlere overall resource avéabtchbptetyetibebmegs 2Mma
which soil mi crostructure regpleatds cChgdcbi nc
climatic conditions, yet mceoemains omesorinyg wmade -
depth investigation.

(2) Nemat ode abundance R@Rematcodmmu,ni &8y Tlhep m
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abundant , and widespread soil fauna taxon on
food websg parmacoiypatibhogical processes, ther
in terrestrniJalangcesysattlems 2017; van den. Hooge
Numerous studies have identified soattermhyspld,
and soil texture as important (dBakvoerrysi o& Naegna,t
Treonis et al., 20d®&matZhdas @&humdancesd,22dspeci
and -phanansite nematodes|l weopentsesi htkd wand
organi c ca(rBiosnwacloont2mhz 2 ; van .dddowdovegen i et agl

ecosystems, the effects of soi l physi cochemi

di mi ni shed duler otpoo gfernd ccu ednits taunrtbances | i ke til
application, which alter habitat con(ddit ieotn sala.l
2020; Vonk. et al ., 2013)

Soi l moi sture and pore spanceenmaploay a@abuaondanc
community composition due t(oHashseiinrk septe cailf.i,c 1h9
Sprunger, EROR8)ed soil moi sture has been sh
compositionboowaddgkeaega@D28hi s is | ikely bec:
soil ther mal buffering and reduced oxygen ava
which can have a negative ef(fCheth en mdmat 2de 0
et al., M d®@®&8) although nemat-bdleksedeperas!| yor e
and survival, their trophic groups may differ
in the moisture deperfXemanag eft tédhaem,pré ZfQd dbda)crteesroil
rely on bacterial popul ations that thrive 1in
fungi that -bril tdtgd paoresstarough hyphal net wor
moi sture(Mahdietri @ewehaelr.,, 22001101);

Further more, pore geometry itself is a key
movement and acfivleg pegasrkbawg®brOmawi tkei f
1500 Om long), as they @aadndependabe pbeer netw
roots or (nkarckrtoafna uenta al . |, 20Z6peg Yepnk mat pbr e &
nematode activ21y Om, ttylpo cqh | y h(i33x ovbeer ieets ably. |«
Schl ¢ter et Ppéd&emet2rO22allso affects nematode ac

regulating gas and water tr angpAorcthiamd Ftalremnegp



Chapt®@enelr gl i ntroducti on

Soufan et Bbre 20A8¢ture can thus infimupnce r
effects on (s\Wairld| feo ced Aeddist i 20h@&4) vy, l' i mited po
tortuosity constrain nemragy dien {mdnrviedrteimarsandl .p,
Hart mann & Slihkese20i2zn2t)er actciadng ohieg olfi gshoti It hrei ¢

moi sture in shaping nematode community assemb
(3) -SRwiolt i nteobpastiasasthe primary interface b
play a central role 1 n rretsemuwactei carcsq.ui Bheaiironp!

turnover are strongly regulated by both soil
etermine the biophysical envir onnmehmtp mam vehi @

d
2012; FreschetToetcople. ,wi2Mh21ls)pati al and tempor
a

vailability, plants exhibit highly plastic r«
response to environmental cues surctheraasctwiadmrs W
soil (BuHetrassey et al ., 2020; Col ombi et al ., 20
Soi l moi sture dsoectinteerpgaoatadboers bypoitnfl uen

turnover( @haogxmars eedtn adt. ,al12.0,1220U3; AXeguagt et mai

supports <cell expansi on, el ongati on, and nut
enabling opti mal Physi elt o.gailt.al c20whlc)a s 6 N bot h
wat er | ogtgieadn sc oinmpgai r root functioning: drough
Il i mits turgor, i nhibiting root penetration,

suppressing root resp(Bearntgownghnadt mell.a,h 022001212;3 c

Similarly, root -depemdeat : i snodnern asttar enoi st ur e

enzymatic activity, promoting root decay, W h €

mi crobi al processegvamd Haldew h&e ®@oOmpgdsi t i on
Soil structure modul ates these interactions

the spati al di stri-bnd  watl aredBeopogesglu,) t 3003 ; aWe
2025 )Wetlductured soils &vwithtetabhrere atgeggd egat € s

deeper and more extensive rooting, whereas co
and f u(nPcatnidoeny et al ., 2.0 2Ad diTiriaocnya l d ty, als.o, | 2 B
mi crohabit at ntiocnrdoibtiiaoln sacftoi vity, thereby modul
cycl(iKmgyakov, 2010;. Negassa et al ., 2015)
Roots, in turn, actively modify soil struct.
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process, and bioppngeafigregatbaon antlapcomoting
rhizoépaeret al ., 2016 ;ThMwel |fere debta c&kle.r moAa®d2 4 )b
functions, i ncluding organic matter stabili
envi r onncehnang e . Ther ef esroa,] U mderrsatcan dinrsg irso cets

pl ant performance and sousefamdtcloinmdt(eFacipamg d

et al ., 2017; Fatichi. et al., 2020; Gould et
112 Ef fectd oafsel amd cli mate change on soil stru
The structure of soils is constantly evol vi
climate and l and management ) and medi at ed
physical / mec h(aMiei ucraelr perto caels.s,es2020; Rohakzempi al €
2018)However, soi l structure is inherently f
di stuf®O®Granee .all.nt e2n0s21lv)le | and management, espec

can degrade structure through ¢ omp aSchtaihcerb, erte da
2021)Al t hough plowing |l oosens the soil and ini
tillage accelerates the dlosst aoldfi lartgyggniandC,evr
structurall Gdegeadati.on2020ahePeresrattaftal €8

growth, microbial activity, and overall soil f
inefficiiemdg( atslrek, 2004; .Rdmi radan tetongl .t ,hed(
soil'"s ability to reta(i@r,egaraynseni tal .a,nd2 0lexd)i s

Land use and management strongly influenc:¢

pamtliac l'y comparing grBesdhHatndeskianagt calop, a2d22;
Grassl ands, characterized by mini mal di stur be
through perenni al root systems, atpeosmane ¢tbenté
pore struc(tdiraeo neett.waolrhkess € Ofld@at)ur es enhance wat
condudtbiexittey et Nak apl 0dBJ f e rpehnycseisc ailn ptrhoep esratii
by soil pore st riuwcet ujrestmatywoal ywesaardsy aafrt er con
grass( Ajnaysi et dIn. ,conh@2B)st, frequent di sturk
mor phol ogy and accelerates the breakdown of o
reduci shepl Watngr( Dapaochgrs et al .., MNMOrléOgv ekraurP(
comprising both readily decomposabl e and more
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sensiti-ueetprbdandces and serves uwrsala srteabiialbilte
moi sture retention undéGodifhgrent adgri olBur
Sequeira & Alley, 2011)

Climate change introduces additional compl e
Alterationsrenandmperai pitation patterns infl
activityst hawdofdreweizreg nggycl es, al | of which <ca
formati on, and oveCaséntsitmaucetwral . 202006 Me Mr e
al .,. 2PR2O)longed droughts can |l ead to aggregat
increased soil shrinkage and cracking, whil e i
infiltration, and( Pperognodte dAlhebazZ@&hangessi ndr ea
particularly in managed agricul tural | andscap

| oc¥ang et .Tahler,ef2o0r2e4,a)under st anding how | and wu
soil structure and moisture is key to predicti

management strategies.
113 Ecosystem productivity r espuosnes essy sttoe ncsl i ma't

Climate change, especi alplogesha miaserimhcknt
ecosystems by disrupting t(eBrepiereatt uvarle. ,a n2d0 23 ;e cJi
Li et al ExtR2Om8) eveydasr sdircdhu gahst smudnd i ntense

i ncreasecy,n duregtuieaan and i ntensity(Glhentet aatl
2025; Spinoniwietth adi.r,e c2t0O 1Icl/onsequences for ecos
experiments report substantial produstsivowyl idr
effects, |l i kely reflecting variations in base
(Hoover et al ., 2014; Li et al ., .2 0E2n3hba;n cN ennge ct
adaptive capaciuy afc erctorsaylstoehms!l lisngér for deve
| aande sybdgaeawmen et al.,. 2023; Yu et al ., 2025)

Croplands and gr assluasredss ysttwans d a mi ntaenmp elr an
fundamentally in bothlanhdactauree tagmpd calU-hgt ichmra
growing annual species wi(tAs bijmirtniseelnl yets haall.l,0\

Kristensen @Al téalough2G20ne crops are capable of
t o access dseupbesnodisl ownattehre ti mi ng of r(olat egr oawt.|
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2022a; Ly nclTh,i s2&1l8npor al mi smatch makes cropl a

to prolondddeakregyughtt sal . , 2019; Pughbobmetcast,

perenni al grasslands support deeper and mor e

uptake during dry periods, poten(tkoarlellyl eenth aanlc.i
Swindon et Mdnagenmelmt)apriaicki ags, sueht i | i zati on
further modulaamtde bedtolwvgabowed responses, al t hou
remain insufficiently understood.

Understanding how ecosystem productiiuwsiety r €
systems is crucial for projecting future | and

guiding adaptation strategies in agriculture.

egacy effects of <cl,i mahe Rwfeméersi mpn rpdlasmtofgrea
(Bastos et al.,,2880;theucentnal buytP06B5aj root
interactions. However, these processes frequce
cumulandvel ow effects that ayreearonnioynideotreacntgab |’
del ayed reactions and cumuémmi vese ampaflttsométi
|l ohgrm field experiments that bH emaa Iciossteirco | Il a

patterns are crucial. However, because of the
are stildl uncommon.
This thesis draws on data from the Gl obal C

—h

ew experimenghoballlay f woml dwi de -usheats y sntteemgsr aw

i mul ated future <climate scenarios under real
pportunity to systematic investigate both i
aictdating the met htoadrim ad o mreecetairacrns olfe tl wengn | an

Sch2dler. etPaévior®199udi es at the GCEF have
he resistance of gr ass/| ancde nparro dousc tainvdi tiyn tteor abr
var i abkiolrietl y etAddi ti @®&U4hy, this work is carr
GLI MPSE program (Global -ghamtyé¢ ipmpaetssesnr mile

—~ ~ = 0O n

and matter clytcd ri anlg @ oo saygsrtiecmus ) , which hypot he
i ncreasuisneg ilnatnedhsi ty are affecting water and
biodiversity and soil processes, whi erhooar e i

ietface. I n this thesis, we analyze measur eme
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t he GCEF, with most observations covering yea
all ows for the assessment oafndbotthhe igmnaedduiaalt ed eev
ecol ogi cal changes. Such knowledge is essent.
under future <c¢cl i mat e -usscee nsatrri eotse gaineds ttoh ad e sei nghna

resilience ingtheimace ofarimbi ¢agiyn
1.2 Study site

This study is conducted wiCtemitmet thieor GEBWFI DI
Research (UF2Z) in Bad23Ndjuci?glj 2 dt1 8 @&emmany . | 51
charact er iczoendt i bnye nawadtuhte lai meetaen, annual pr-eci pit
2013) and a mean annua?lO0 1(8wepherrda teurr. ee Thfa | .97 2A0GL
is a Haplic Cherndgbemm diephdntmesi mendi B pn0Owi t h
texture agyf, BB % cli |t , and 10 % s anld,45ahgd cam m
(Altermann. eThal vol 20&tBNni ¢ water coOhtlkRa) aand
permanent wil t i-In5g0 OpOoihnRa)( paFdownt= t o 4 m.i 1 , % ar
respecChiavpetlieyr (5 )Fi gTuhree uSgbmelt mgoipH t@nges from

cont ai-h.s09 .% 1t ot al-0ch8 bWnt a(Ad ho®ndllbe ro.getn al ., 2
The GCEF platform is establmsh@d3/020 b4 eamna u
of aplsept idesign with two climate scenarios as

the subplot factor (Figure 1.1). Ten (80 m I
climate treatfmetnaurse ) .ambdemtmaisn pl ot i s divide

which are randoml y aussse grneegdi nieos :0 ntewoo fa nfni uwael |car

farming (CF) and organic farming (OF); three
extensive meadow (EM,) and extensive pasture (

The climate treatment i s based on projectiol
20200 based on different (DYmsaries ,r @@i0@nallaclo
1997; Ro.c,ke20 &) a¢ombi ned wuse of aut omated r
systems in the future climate scenari-Mday)s tar

and autumnN¢BSembempeby 10 % and reduceg-Jpmeci |
August) as compared to the ambient climate. T

the night temperatures, resulting in increase
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and increases mean dalibl yc ns odielp tthe nbpye rOa t6u2r ea nadt

(Schadler. et al , 2019)

Conventional farming
(CF)

Extensive pasture
(EP)

Temperature
A
[ 0.55~1.14 C¢
Future
Ambient

>

Extensive meadow
(EM) 1
Organic farming

(OF)

Intensive meadow
(IM)

>

Year 1 Year 2 Year 3...
From Martin Schadler

Grasslands: IM, EM, EP
“\ /- mowing mowing

. harvest

bare soil

January July December

l eft and top right are adapt

e
ps:// www. ufz.de/index.php?en=42385) .

CF is charactyernirzed pbhyyad trrergee®nal driacmlregt a
, and -ywaart eacr dopard etyat iTlhhre ftdmr e®F

wi nter wheat

cl over, winter wheat

10

gur@oncelpt ual overview of the experimental

ange Experiment al Facility (GCEF) suunbdfeirg uarnebsi einnt
p d from Tricklabor
t 2

, and winter bardppgci Miaoe
requirements, with annOakbybabdescradignggappomx
60060 kg4N,kBOP128&nd&kglakOomay with additional

0

desi
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compounds as needed. Pesticides are applied a
only fertilizBhfiwmnantivoa o0f olegumak and rock pt
products based on natur al compounds instead o
OF. Till age on croplands is primarily conduct
Octopefoll owing harvest, and for seedbed prep
or barl ey. Seedbed prefApratii)on si rcomarmlcy edprinn

cCrops. Both CF and OF systems foilhgwadditi cra
for cover crop incorporation. Across both sys
the -1®9pcm of soil, with one30decenp tpyl poiwanlgl ye vceonn
year following hahvesxtulb®l Df Sedoddawnpergmna
50 F¢stuc,ol dDa&tny | i s, gd rodPe¥ald tpd)a taennds iiss frequen:
(88 times per year) and moderately fertilized.
pl antessgde®igumes, grasses and forbs) from diff
mown2 1t i mes per year without the use of any adg

EM and i s +Hamaq@ed nlgy peri ods peryyeorat .t GFrhedl a

in the winter of 2020, the soil under I M trea
weed infestation. For fuudsdemandadeameénst ome GIClad
condi tCbhbapt erpe2,Chiagpur &8 Ei tj @wmcah 2d.l1ler et al . (20
1.3 Objectives and Outline

The overall aim of this thesis is to invest
shaped -bsye Ilmanrdage ment and climate conditions
fmctions (Figure 1.2). These functions includ

of nematode communi td eisl, stnrdu antewr alt i iomt e a ¢ toiod
expl ores -shodw plnaretracti ondus acrsoyssst e dhs f fsehraepnet

productivity and water use efficiency under <c

is that differences i n saisle stystemsr aand ymeix:
carbon dynamincnsu,nineymactoonmipeo sciot i on, and root prc
changes, in turn, affect the resistance and

extremes.

Chaptfeac s e sy ecar fcihvaenges i n soil strdgt ute a

11
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coll ect ed -yae awn idgau ea sfeitv eof s eaialy miTc rcoosnbri tneetdu rwe
| earmasnegd i mage segmentation approach. I al so
i ncluding organic carbon @iom| ebjaendt imie rioditad
soil structur eusadenrd dalfifreateemtsdemar i os, and t
carbon cycling could be |Iinked to changes in

Theypodsheasre :as foll ows

QD Topsoi l miec rdoysntarmu cctsu ar e pr-umar pkgcgbeesned
mi nor variability attributable to climate
(2)vari ations in C mineralization rates and o
more closely | inkedat-roolROtMed nrmpaidrsof diraen g tor u
Chapterxatines nemat ode communities i n rel
bi ochemical properduises sysdemsdi(fcroempeérmtnd!| arrsd
scenarios. Thi s nsetmiadtyo daei nasb utnod acnocnep aarned ¢ o mmu n i
croplands and grassl ands, and to assess how t
climate conditions. I al so examined whether

expl ai nerdo pbeyr tsioegsl gnd mi crostructayeCdharacter
Theypodsheasre :as foll ows
QDPerenni al grasslands support hi gher nemat
cropl ands;
(2)Cl i mate and seasonal effects edi anteenda tloyd es

moi stur e;

3)Soi l mi crostructure plays a stronger rol e

than in grasslands.

Chaptiervedsti gates root proliferation and it :¢
| aanmde types emar icds .mafthee smai n goal i s to asses
t he -srodadt structure iIinteuvusetsgssemadanddhbdDiver d
affected by the future <climate scenarher i nvo

temperatur e.
Thleypodsheasre :as foll ows
(1)Grassl ands wi || show higher microstructur

than croplands due to perenni al rooting sy

12
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2Under dry conditionpl,amdbotbeaoswomhed emarte odce p-

pore networks than in grasslands, due to
perennial root systems,;
BThe feedback of root growth to soil mi cr «

di ameteey wiobhsfimore strongly contributing

pore networ ks.

Ecosystem productivity
and resistance

Soil structure,

moisture Chapter 4

i)

Root-soil interactions

Chapter 2

@

Heterotrophic respiration
and carbon cycling

Chapter 3

Microhabitat for

nematodes
Fi gurGonlc.e2ptual framework of this thesis illustrat
regulating soil functidensvangsegab@wstdbe mmpt ecesends
Chaptfeacibses on soil water content profiles

across -iseesyanems under both ambient and fu
examines how alfifrextte soXxtlr evadsr storage over
influenced by future climate conditions, whi c

temperatures. | also investigated whetéartr | eg

13
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productivity

i's influenced by rootstwattercowmpli adk®nand

and water

us ey eafrf inmoind ntcoyr i (NWU Bp)e,r i

mai nl vy

hi gher

Theypodsheasre :as foll ows
A Topsoil moisture is
2)Cropl ands maintain
sparse root systems

on deep soi
B)Cropl ands

produce

[ water

and

stor ahges asrtadwncertain
hi gher

high rweseuefcfei ci ency,

ar e mo s t

per manent

stabl e than
4lIn response to drought

increasing

14

resi stant

t o

cover, ar e

cropl ands,

WUE r at her

contr ol

stur e
shorter growing
yi el ds
whereas extensive
cl i mat eere xdtirveenmmessi.t yl

expected

and tlilsi nmatiend yd eaedp u

al teri
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2 Links between soil mi crostructur

i n response to |l and use and

Abstract

Lamdbkse systems dnteerbet wedemeobg@dni c car bon

mineralizatiaoamryr mafsfoedt icrmag blomngt or age. Perenni
root growth without tillage, promoting the acc
| n csotn,t reannual cropl eéadisodkx pend emerci odi c pl owi
mi crostructure and accelerate the mineralizat
strength of soil mi crostructumalsesedwl atliiomat e
remains uncl ear. Hes e ,t weestuUtdwe dc fowleandasndan
ambient and future climate scenarios over fi Ve
The future clliencateed srcegn aorniad rpefoj ecti ons of ir

precipitation - egrhmesegdays iCillg idnagge segment at i c
grasslands consistently contained higher volu
ad decaying root sgrdaaenid ot srursdavae m.edl m omdnt r ast
hi gheacotfi ofnr sisth gprodtmhdabétyh ® r asiedsear Igy owt h of
speciesduced microbial axnd ok t oof cdyrech mrgo ofta | il ropw
typical grassl and microst flc tcum)eb affjtelamysdcce vel o

di fferences -4i0n cdme)e pr esnoaiiln e(d3 5 mal | even after
datMa.crobi al biaomdxs s acmgddiec carbon were cons
grassl ands, whereas total organic carbon div
primarily i nfluenced heterotrophic respiratio

di dt nsoi gni ficoamiityosalttect aoe or carbon pool s.
structure, was the key driver of carbon miner
was not i miting. These fi nodimagwu dpa rod/n dd ec lbii m:

mi cr os tardercitvuerres of carbontexi mesall zatgamni andat

15
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Chaptleirnks |bet ween soi l mi crostructure dynamic
use and climate change
21 Introduction

Soils are the | argest terrestrial carbon (C
as the atmosphedaakdonhetbiadt Gta@Ppdabdl, wWa-mthi, ng 0
use intensificatoiidn dregreadad ¢ ®Ilne raantde dt hg eat en
(Smith et g&hr poaOméneralizati on, t hat I s, t h
mi croorgani sms and the conversion into inorga
C poolthereby regulating the ball¥Madce ebetewe an . ¢
Paterson & Siom, 2hGeltX)ragtapbbhncC@exrpeeaati dmi ve
mi crobi al decomposiist itchre oofr i onoalr ay@ Ocfcol noter ti ébeurtt ot re d
soil s to tahse aauttnoa srpohpenriec r easnpdi rraetpiroens ebngt rsh etshien g
terrestr(iBdbatbétuyxy & Thomson, .2O0TlhOegr ek wz ya k oav
i ncrease i n soili ometceoruoltdr ophb €t arnetsipailriayt el ev
concentration, di rect(lLyeii repgacatbion d 2gd@alpalurwar rt
and ot her environment al factors are widely r
respi ¢ @it iestn al . , 20009; McFarl ane . etAddlil t | omnallz
heterotrophic respiration is modul ated by the
accessibility to dPhgeénmppond et gamiO20@m@®t2tder Sch

Whil e tthee m amd e of physical protection for
(Lehmann & Kleber, 201%Hhe Sohm of estoidl mji c2®51)
t erm miCcnrionbeiraall i z aitm ouf fruearnea mitstoyomlar t i cul ar | st
reported conflicting evidence on whether anc
communi CdesompdsiFtfoemampaeesconnected pores un:
regi mes facili tdatper eggaesnt e oxhygregre lami t ati on, t
respi(r@Gauommeney et al ., 2025, Kim edontard-ast ,20i2
aerated soild4,) mokyggn asdndecompositidn i s n
availalbialtihter t hag Cproirel sYusutcete uee al ., . 2007;
Further more, the sp@tisadc hdiasst rri daitt i exu cbdt el saba
matter ( POMY i, nfarraye 0.,fr etalkdle | y decompabtegaltlaen a@rgan
|l ocali zed microbial hotspots that Kame enotaldi,r ¢

17
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hl ¢ter eTftheasle ,i n2cO0o2n2shi)st enci es suggestC t hat
rnover iI's degkehgdecscoeawyngém shaped by biopt
sour ce (dNusntarni beut iadn , 2017; Ruanmpeswevera,l .mo 2
evious investigations have relied on destru
i 1lunmo, which disturbs the native soiFersdgruc
al ., 2025 Li et allh.e,se2 uMhddee;r s€oareg t-dnte alr.i
structive, in situ approachesalt or dbgtlt &t e sc ¢
namics under realistic field conditions
Among microst POM wme fbe botptomeess, by pl ant root
ay a cemtarpalngr adie rioi al mi c¢c h et aw orteosapmbrnatt iaont
madBanfield et al., 2017; CoPOMf sertvteal as a
crobi al energy sour ce, wi t h i ts decomposi |
mpogiLyuoet al ., 2023Ea¥06é6 ki thetgearaidaalbsh,k- a2 04
ch residues, often |l ead to higher heterotroj
re recalcitrant compounds | i ke lignin or bi
| éaagait et lal, ,Ri@®d4dtRur nduv eert aaf POM furt her
re morphology through the formation of bi o]
crobial (dalngniezatailon 2025; Haas &MVddroemyv,er2,01
bd leenri chment along biopores walls can furth
nerali zatiofBanftli stdbetiabhtj o017, Ga.naul t
tably, bidpd@rrédsnagiee t bhbeof§fbhwagsasokeg€ paput |
d as favorable microhabitats for microbial
rough the formati(okir aavfcheckobdtalalne,craina%s;s |
Soi | mi crostruct uroep meomrnt maatrieo nc canntd ndeowes | vy d
ogenous factor s, medi ated by (Ltautbes PkBitoladg
urer et al ., 20 2naty Reunb seetquaint | y2 @24y micr
crobi add atchu sviit@efylauleinncge oswoerl ti me. Soil micr
ross | and use, parti cul grBluyd hlmd thvo&ke n egr aad s |, a
, 2017 S@Brabséebndb, , cBhal Byt areigaaddarby itlHec
esence of perenni al vegetation cover and r
gregates afQdhpor et sleotruget @0g¢7ad3 sl and has bee
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in higher macroporesen yunl deaemaméhgietmend mal et al
I n particul ar, grasslands tend to exhibit | ai
croplands are typically associated with a gre
dirsitbut ed macropordBuidmat heksNett amlée | digf@i2e2r)e n c
soi | -phhydsriccal properties driven byt woeialr sparfd eg
conversion from c(fAjpdprindstitnalcgropd @hid)sds i nt en
especially tillage, al ters pore morphology,

breakdown of( Degrmrnmclcematetral ., 2019; Kaur et

Il n addi tusoen, tool il mantde dmamge eddre cdxe rotn Drod h
mi cros{Hucmaseet al ., 2018Nhi3cchitmel d& rCeartr dlmy
war ming on microbi al sbaectni wietlyl (adbodo w@hdtratrrerdotv ea |
Mc Far |l ane ettheali.nfl2®h4&)e of war ming and alter

mi srtaucture remains comparatively understudi e

precipitation patterns or irrigatioadarygamnrdes!
fretlzeaw cycles that indudéeiseisl eswalli,ng0&2m®d
El evated temperatures may further destabiliz

decomposition and r oot truarlnosvtearb,i Itihteyr eabnyd raeldtue

and persistemn@uwranofethHolpoevezdz)1l18)he ext-eemitvam w

changes in soil mi crostructure influence C cy
| ack of i nttergm aftiedal,d | othgdi es t hat assesset hes
systems under realistic climate scenari os.

The objectives of thusesamdbycevwiami@tceé cs ommd n inti oct
dynamics and assess iwhe€Cheycloibsgrveed!| d hdngest
mi crostructure changes. To reachtéehmsexpdljicmer
platform to assess climate chang¢g&l ehdlecChame
Experi ment @CE F,&cdhd?adtl yer )eAtn auln.p r(exOeldeemrt erde c d ri d/ ¢
soil mi crostructure data was collected and <co
soi |l properti espoioncsl uadnidn gs ooirlg amii ccr oCoriea li na ca u rv
study was chawragt &€rTi ziend cwintbh nX tlieam nwintgh mat ho
segment various POM and pore classes that al/l

and degradation history. Waechypet hesi mei bhatn
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ily driven by |l and use, with mini mal fl
ions i n C minerfarladctaitadamsn umders faanidr loyr gab
d withghC RO®MW ubaet thtrerro t reerd adaedatmaacm opor e

ties
eri al & Met hods
e descirelpd i amm@mlnidn d

study was conducted at the GCEF in Bad
e scenari osl awm didy pfei wesac &lpp geeinidtes1 ga. T
es a Haplic-cOmdgrmendml|l ucdemaaesuland th
tes projected con20T20lddMbe f bir-wsEe haandt e s
eopwands {aomiveepdi @Bul c( OR)ramidngt hr ee gr a
si e Mneatdews i(vEeM) mermd oavx t e(nNBR )v eD eptaasit|uerde
teristics, cli-maéee mmaagpmeéatdieprldeada nde d
r 1 . TSlreectdloanptler2 i s based on the data col
ng the g(Apd®atyo bseera)s omf 2019, 2020 and
I tati ord Ba mMoauwmdrs tweare i3r0 2 0r2sl) uvaf@&diag2 .0 213n ( r
years, the accumul ated amount of preci
creasé&d ilmy fahwute 0 i mate scenari o compa
ences occuarsr etdh e ena bdérbye cyte aorfs r.e | Tantei vcer ocphs
ummer rape and triticale under conventi
ite clover wereug2ddwyn ilm drhgamwiaontfear mifn
at was plowed and reseededTHeeptecppibobé
rigation patterns of each climate chang

om 2019 to 2231 .are summarized iIin Fig
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(a) Climate ~ Ambient -« Future
E L Rainfall manipulation under future climate
§ @
g w
g
&
(b)
Winter barley - :.\\IH'IH('l II‘I()(‘: ; Wi g i ) - Triticale
» Titus ! Mirakel 1 ' RG J ' A ié Kitesurf
e ; '
g
o
+i+i+ 8 +i+ #+ + it
50% Festulolium, 20% Dactyfis glomerata, 10% Poa 50% Festulolium, 20% Dactylis glomerata, 10% Poa pratensis, 20% Lolium I M
pratensis, 20% Lolium perenne (35 kg/ha) perenne (35 kg/ha)
% 14 grass species, 10 legumes, 32 other herbs (22 kg/ha) : EM
14 grass species, 10 legumes, 32 ofher herbs (22 kg/a)
2019 2020 2021 2022 2023
A Sampling l Tillage + Fertilizing ' Harvest -’ Pasturing
Fi ge@tkRrcd pitation and irrigation conditions (a), I
Experi mental Facility (GCEF) from 2019 to 2023. CI
organic farming, i ntensi ve meaddw,r ee x treensspievcet i mesd d,
line represents the mean monthly precipitation ov
wetter or drier months. i bcgbtawsaemdddd armuea nge Bsrpe s e
futienmati c scenari o, dark shaded area represents
climatic-weed&nari on.f a8 | refers to the total rainfal
sampling date (the days with tbeaepératganéei aboaeaobn
were included. Rainfall manipulation under%future
rainfall in spring and autumn and reducede20% r ai
Soi l sampling was caarMapwdooet fhvéatendpcut

2019 to 2023) to explore the effectCofycland u
under ambient culrkdnalt.e Sammlaaa @l i(WkiQYed 9t w CF, C(
establish baseline conditions for soil het erot

of soil mi crostructure. I n croplands, crop ph
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Winter barl day, agqrdowr0 2i2n 2@&d r e ac hfeidl Itihneg hsetaadc
Summer rape or <clover in 2020 was in the ear
typically progressed to stem elongation stage
vegetative to early reproductive stage. I n ad
and 2023 to further explore the iImpact of «cl
samples collected during te2& study period was
Tab2 &ummary of disturbed and undisturbed soil safl
and structure measurements. CF, OF, | M, EM and EF

i ntensive meadow, exitwel sgaset nreeaa,d orwe samedc teixv eelnys

Ye a Cli mat Land us Treat me Sampl i Depth Samp Sampl
scenar.i replice replic numb type
201 Ambi en CF, OF, 5 2 510 cm 30 Undi st
202 Ambien CF, OF, | 5 3 510 cm 75 Undi st
202 Amlein t CF, OF, | 5 Compos 0-15 cm 25 Di stul
202 Ambien CF, OF, | 5 3 510 cm 75 Undi st
202 Ambien CF, OF, | 5 Compos 0-15 cm 25 Di stul
202 Ambient, CF, OF, | 5 3 510 cm 150 Undi st
202 Ambient, CF, OF, | 5 Compos 0-15 cm 50 Di st ul
202 Ambient, CF, OF, | 5 2 510 cm 100 Undi st
202 Ambient, CF, OF, | 5 Compos 0-15 cm 50 Di st ul
202 Ambient, CF, OF, | 5 2 3580 cm 100 Undi st
Di sturbed soil samples for each subplot weil
di ameter, 15 ¢cm height) to measure WbHeowsiod Isoi l
cores were collecmeéda &mdmogembiedd tomposite
samples were collected across the study vyears
climate only), and 50 samples each in 2022 a
samples wterée ACoafederm removing roots and | itt:e
Two or three undisturbed soil coit@escmewi shtk
aluminum rings (5.6 c¢cm diameter, 4 c¢cm height)
responatThis sampling depth was selected to a\
di sturbances in croplands, while targeting a
and root density. The soil s®rkedwenemss oihfsi ¢ ieq
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volume and the resolution required for reliab
mi crobi al processes. I n addition, soil <cores
|l ayed0(8BmHM) inl @0@&3the mxerostructure changes

effect bapedi dbhcsptewing depth. Altogether, 4
sampled (a detailed overview?2df f#amcISsaacpBi
40 cm, respectively, and stored at 4 AQyin se

CT scanning and respirometry
222 Soi | physical and chemical properties meas

Vol umetric soil moisture in thetcdIlolsesctadd eg«
drying at 105 AC for 48 hours. Bulk density w
by the core %ol Sme ddf p®A (@mi | 4(nl:0.2.15 M wCaqgl)
determined with a pH eHemetede GMeCeher G8e wmam
phosphorus (AP) was extracted with double | ac
concentration was determined with molybdenum
organic car bomi t(rS®OELegn an@WNY ocant ent were measur
(El ementar Vario EL T111), and C/ N was <calcul :
Extractable organic cawboa ¢ EOICactaemdl fnonrmopHeo
KxS@Qi nla4 ratio and measured with Multi N/ C 2
Mi crobi al bi omass carbon (MBC) and nitrogen (
f umi gaxtiromcti on met hod withbhBroaclheyveesaetahalf.a,t®
1990)

223 Xray tomography and structure analysis

Soi l cores were scamryedniwirtoh-oar giKkgpHSs R Xi5al N
Metrol ogy, Hert s, UdkA) width 2 0D5@riloY exnd oh30 A
was used beamrbkdudengng artefacts.-bTomggrRrymse a\
and wgn h s30 r opi ¢ vetxeekl GTi zPe owistohf ttwhaer eX ( Ni kon
contrast was stretched by setting@b5tbhhe rkeasrpkeadti

The raw i mages were cut into the | argest po:
no disturbed regions along the core wall prod:
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in average gray valiwme twer esoddt errtamirn exd amidt r e m

gragale Iimages were seguwemffedudemrgpndmgpP Netame
based on convolutional neur al net wo(rlksse n(s@MN se)t
al ., .nh@WNegt pioswer f ul segmentation framewor k caj
similar gray values but differing in shape an:
through the use of weighted | oss &itstudttieadnsf.or’
segmenting complex soil CT i mages, where chal
gra&wplue transitions, and highly i mbalanced coc

dataset for nnUNet has rTagyef@fTl gabaenfcaoat e i

GCEF, covevohgmed®d eagwal |y distributed across

et al., 2025). The manual annotations were Ol
ei ght mat ewd ami rcdraslsephades (porous soil matr
phases, and three organic phases. The pore p

t hrough physical processes stuhcahw acsy ctlrcel sp aagneds bwi

created by Dbiological activity such as root de
ro-ohduced channels and earthworm burrows, dif/f
texture. Earthworm bluacaesds wWatertaypiecalkhgiloars:
filled with casts. Wi thin the organic phase,
identified by their | ower gray values and gr ea
An addi ti o-nadeéciP®dldo,t hneorn POM) uded material s su
straw fragment s, and |litter. Representative 2
soils produced by mnnrB8Net Tweanride isselggomeenn tiant | Foing wi -

were carriepgdeoudor manae hegmputing cluster equi
of them hosting one NVIDIA A100, which coul d
performance of the dgegq@meantngt iweams neovdadlu ad werdi nugs |
i ndi vi dNiatl e ctl haasts,.-l eadr si ngwbdeegd segmentation n
four more classes than the random fSocrhd sitt eal aest
al . (o0 2t2h)e same dataset, while effectively r
increasing segmMemalaé¢e mpinn.aeMarad cqye t280i215¢d i nf or i
the segmentation pRlhaleedmpien catn dle. f0202AS5) n
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Af t erensteignng t he | magesei gntiteev o umel Asaesi and
mor phol ogy were ana( czteidn duesliinng @&hgapdmmal@UB6NcC
analyzed using the standar di(zWedeltperraolt voftiod @ 2F ¥ t
built on the functi ondleigtly nadf .tohree|l Mgm @RIB |G kel S|

weraenal yzed by combining fresh roots, decayi ng
burrows, and othete pbass.i Thbsacommponati on wol
pore space |l eft after all/l POMr avaese tmeneast y aleidz & ¢

excluding the other pore cl|l aBeséhagnamperst inog
interest were v¥mmrjilpbee ppuobactyg |mpmkodaesii pn]
probabi,l iptoyr ef di stance [ mm], pore diameter [ m
meaning and met hwedbl egy e tTweel rferfa@cOt2iopn of bi op
Vi si bdiet powads Idreteaddrnitniean, root diameter, root
were analyzed after combining fresh roots and
fraomtfi dmesh roots to this compsesei,tbiopase WwWasa
anal yzed after combining fresh roots, decayin

determine the Dbiopore diameter, biopore | engt
224 Het erotrophic respiration measur ement

Heterotroipbncmeaspieménts were carridedatout
field water content using the automated heter
at 22 AC @Schlrgdti erg. ¢tEmaltiveas2 COD2apped i KWOHO mL
solution and measured through the increase in
were i ncubated for more than two days, and
determined for the period efttheaan soomee dayi.t iTahle

of heterotrophic respiration in undisturbed s
225 Statistical anal ysi s

Li near-efmiecectds model s (LMMs) witiplroandemiigmt e

repeated measur eso wevrad uiampel enmeenteefd ect s of | ar
interactions on soi l mi cr ost r(uScitnunreema ncnh.eemii caal .
Land wuse, year, and climate were fixed factor
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(nested within main plot) served as random e
|l i keli hood method and | ikelihood ratio tests

i mprovement of twhe emaddli ¢ iafnt @®H e antimee phasc keady ee f f

was used to further analyze significant inter
estimated marginal meaf & ertet ween ator efaitralelrBp)a il
correlations among dlelrsdidmanmdedasedredts oiplhi garam
or gathfircacti ons (49 parameters in total), Spe
correl ated f or muBetnijpaHei cntileet g(mBge ny sailmmgnit h% Ho ¢
199G6707a®1) . adwsess the most i mportant predictor
org&hractions, we applied both multiple |inea
(Lutz et. aMul,t id23)Iinear regressiehadl bawbi p
bet ween variables while random forestimaeaal ysi
relationships, offering complementary insight
a stepwise reduction ofrpaanamdt peOs.RBMELE.s&E) YWRe I
assessed, visualuir2dd ,i ana bebdbsmap&@Fil g Raaedome
forest anal ysi s, with the application of 100 (
predict oatsr oopfhitcetreerspi ration from the reduced
equation modeling (SEM) was established using
assess how soil par amet erGc ydcilriencgt Biynt arnetisapnodndsiu &
climate and year, using the dataset of 150 sa
absence of future climate scenario data in 20
information maxi mum | i kedg hdoatda (&nh dL Do odtos thraap

obust standar d efir m&rusn.c t Weo ne nfibohtepfleetiM(siBjaetnk e r et
| ., ., RROrndHuesti on for pafpswitde 2c dr 6 e(RRBe) Vi epl al sek, a |
0O24&)yf uncttbae bepwise reducti on firiaan dd i ar gsatc
unction for r aiirdaonnd o nofpareekalig Baawl y&s iV, eirdiedm 2 00 2
uncti on i ava@psBicMk(aRjes seel ,Al201s2)at i st i ccatledanal
using R 4.1. 3. Figures werdWpreatdamed2aitdktile
significant findings @r@5,yreprnlireed axplai dietvley

-

- =D
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23 Resul t s

231 Ef fect of |l and use onssoicls mverosi vectyeme s
Vi sual assessment of the s100 lcmircawesdalrauc t siir
di fferences in the morphology and formation p

cropl amm2 ) ( FICgopl ands oegxhiraitteedd prhamd ilndter ¢
grassl ands showed a higher abundance of intact
di fferences were muchOl emsdepomounced at the

The I M treatment in 20 hgwasateax alhwd g iisn gtr ko
and grassland due to its transitional mi crost
in 2020.
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cm (deep) among five |l and uses. The thin volumes |

I depth) to reduce the amount of visible feature
The volumetric POM con8 %3 hiogdhagmr atskdrmantdls atwa

from 220AD1,towithout a clear upZta,erTE3bhlne BRI -

separated into

i ndi vi dual2 POM hcdrar$vscelsuhmea oo p b a't

grassl ands, twhliedceayti megg v wloume and-3@&% haenrd FRGBM wer

of that in gr assulr&8dcs,, Trads pee cAsi vad Iirye ®fdH idfgr ets h e
r osqti e . the contribution of fresh roots to al
(®.8) and i n a liovwee rg rraasmBg éa nfidc@eF if Px. t4dme | M tr e
deviated from ot-B@e22grasslands in 2021
Land use B8 CF B3 OF B8 |IM B8 EM B3 EP
(a) LA, Ly ** (b) [ R
2019 |[ 2020 |[ 2021 |[ 2022 [ 2023 ] 2019 |[ 2020 |[ 2021 |[ 2022 ][ 2023 |
M *
> = L
0.020 . ZO-E{*? +$ ‘ .
o H 2 .
mEu.ms -Q@ ;0.5 * ﬁ. .
£ . £
3 I + ) Q.?E T " *EE
n_ﬂom % . $E go.a $
2 * : :
(<) L, LxY = (d) L=, Lxy =
2019 |[ 2020 |[ 2021 |[ 2022 |[ 2023 | 2019 |[ 2020 |[ 2021 ][ 2022 ][ 2023 ]
r?E % Eomz F% % %
£ H o .
"’E 0.04 I@ X . E * gg .
E * ,ﬁ %o.ooa .i !
: I - & £ " 3 i
@ . -& * ,Igo.uoa — é -.
& *E? . E u X, s >
Land use Land use
Fi g283effect of | and use on soil mi crostructure <ch
matter (POMJd,fi ffr)g 6 h) rBobporosity, (d) Root chann
represent conventional farming, organic farming,
pasture, respectively. Significant diffesenzred be
year (LIY) ap<e 0.n0dl)cpaatngdd 0'0**) (( Box plots represent
percentile and cross symbols the arithmetic mean
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Total visibl e poeursoesietfyf eschto, webdu tn ot H daywvdehri igahbeir|
in croplands t han36% hg rgahsesrl asntdasn; 8a8vfidt hd2@8itlesSe SF i
Since 2022, al l system showed reduced porosi-t
pores wviitohl orgo rc a I-5 70%0i Ig o @ Eu (k3.2 . I n contrast,
fraction of root channels and composite biopo
root channé8%hibgherg tIR8BNnured8 apl amMods abFiyg the d
bi opores gafotfert hpel ooWM nt r eat ment i n autumn 2020
had not fully recovered bgelD28d POMektaobti uB:
in normal years than in the | adgt amotfy dyresasrh rwdc
remained stabl e ud2,i283 . t Aéediyteiaosal(lFy,g the con
bi opor es4 8W64s8hé gh@r i n grasslands than in croyg
pores was31d@4Blgy elaz .eA3). ( Tabl e S

232 Cl i mate effect on soil parameters in 2022
The future climate scenario i wcrempadeteteoer
ambient <climate, but onbly2eidn) .t hNeo nsoirgmail f iyceaanrt

futuirnreateel scenari o on microstructure propert.i
obser vuer@&4(,FiTREbHhKe S

233 Land use and climate effect on soi l mi cr os
2023

Bel ow the pl-HWw dcrordnedetrd )(i3dbtlaced di fferences
properties were generally | ess distinct than
climate ua?deae)c.t GrFa pl andsf reaxdatfibd nt sadlhsaor babty htehri s
t han agqirdass slbut only evident uvuader. tRoe t a nbhiaenmte
bi oporosity were | ower in croplands sbhanarnogr
but these patternsheudrue elsctanlabitset yndueunhdegr e
variability and a more substantial umé&mease i
S25b, T2ap9 e S
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Landuse ® CF @ OF ¢ IM e EM o EP
(a) L% G MR Y R XY ¥, CRY R
2022 I 2023
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pH[]

6
5
Ambient Future Ambient Future
Climate

Fi ga4kef f ect of | and use and cli mate changen oyneasroi |
of 2022 and 2023. (a) Soil moisture, (b)) Heterotr
|l and use (L), c¢climate (C), vyear (YY), interaction
climate and vyiecaart pdCO*YDPRr@*F h)ip<a@dOo®1y. (Box pl ot :
the 0, 25, 50, 75, and 100 perdent=i Rd)andidnt®ess po
indiV|;1UQtssuD|fferent |l et tepss (0.n@5)c aamo rsg gtnri & d tcme
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Landuse B8 CF B3 OF B9 IM B2 EM B9 EP

(a) (b) c=
Ambient | | Future | Ambient | Future
0.0175 ° 0.8
& 0.0150 ’ E *
! [e]
E ¢ e ose .
- L]
mEU.0125 >< @
£ = 5 o
— 0.0100 : .
- ME : o
O [ ﬁ_é, . =
B y0075 © E
L 0.2
(©) L* (d) c
Ambient Future | Ambient Future
& 0.8 ¢ 003
‘ £
£ E
e 0.05 ™
mE E
=, 002
50.04 @
z 2
50.03 * S
(o) =
e S oo
o 0.02 8
. 14
' Landuse " Land use
Fi ga5eef fect of | and use on soil microstructure cha
organic matfreaotfiPOMeg s ((ch))o Bti oporosity, (d) Root <c¢h
EP represent conventional far ming, organic far min
pasture, respectively. Significant diffesrehc@3) bet
andp*0(01). Box ®,) o025, re@resd®entancelO00 percentile
mean (n = 5)
234 Ef fect of |l and use on soil organic carbon

Aldr ganfircac@Gi ons and fluxes were elevated i
although omagdniftfueudeeence varied by fraction. Ex
from 16.7 tmc8dsk @QdlCtgeat ment s-128% Bhi ghrers s |
EOC than cwuoftaandea3b(lFi Y8 cr obi al bi omasm <car boc
173.7 to 3ands5wéme BPi3gher i n tured lyr a®Bh)laen dS |
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Furthermore, heterot53dphgrceaespi ratigoaswhand@y
from 2020 to 2022, whi | e nousseisgnwefriec amh s edri v ef ¢
( Fu rg27 a, T2a3b)l.e TShe I M treat ment had a heterot
croplands the year after plowing in 2021 but
year s. Addi tisondlilor, g @ oftead t -1 &8 gbe @t er i
grasslands than in croplands, umétch M28BH4$ iedgdief i

di fferences in SOC between grasslands and cro

Land use B@ CF B9 OF B8 IM B& EM B8 EP
Loy o
2020 || 2021 [ 2022 |[ 2023

|
el
i, oo, IS
Ko . W-F
.—@.-.-g—.?‘.‘?m

Lo
| 2020 || 2021 i 2022 || 2023 |
400

C 5 ; ﬁ
7y i. *ﬁl'*%f

Lo Ly =
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S
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S

<

)
h

Extractable organic carbon [ug C g M

G

[ X]
]

=1

Microbial biomass carbon [ug C g ‘1]

-
G

28
82.4 -
§2zi o B é
5 .. ? . I
S L ><' .
3. i@*"'@ o
Land use
Fi gaékef fecd afeland climate change on soil car bon
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organic carbon, (b) Microbial bi omass carbon, (c)
conventional far mi ng, organi c f ar nmainndg , e xitnetnesnisviev ey
respectively. Significant differences between | ani
year (LIY), and interaction o< cO.iOna)tpea ndn 6 O\*¢ a(r B
pl otsntephes®, 25, 50, 75, and 100 percentile and
235 Most important soil properties for carbon

Random forest model s i1 dentified volumetric

i mportantofprleat et @rsophi c respir®@tiémabexpl ai
Generally, biopoawaiplraoples AB&elss p psHe esaend t o be o
i mportance, whereas bulk density, poeglcgnibé¢e:!
effect. When heterotrophi c praggpicrud tait e OWagsa nn I
(the conversion from POM vol umz2l)f,r aecxtpiloani nteod gv
decreas&d atnd%RU.rHEspecpgonve |l ydharwivwend POM becomi
i mpor tans®6 )(.Filgh contrast, the organic matter f
(4519% expl ai ned) was better predicted by deca
properties rathee DhuaBB@8o( Fi moi

Furthermore, the scoring of the best expl an:
strongly with years. In dry years of 20630 and
and soil moi s ttwarbd ef pirleedd caora However, the ex

of 2021 and 2023%, newrelhsesdi t o mdbsOD6raedfi ®om op
bi oporosity, and POMIr&88)t hd nbeotntpraesdi, otftdhres c( |

nor mal and dry years was absent for MBC, EOC,

Structur al equation model ing confirmed t h
influenced by soil moi stur e, pH and POM cont e
and | abil enscsauf(reday) f rlactdaontrast, SOC and | abil
strongly linked to the vol-Oméé6)radheoerxpfarioae!
heterotrophic respiration increasedgbti ghmly ¢

i mprovements for the considered carbon fracti

and year) intaro9nhsi ke a¢xtoeanddé&d gmodel al so coc
in pH and avail abletPbateansepadualtgrmaamnage memn
i's well explained (R] = 0. MBs)xep bygi fmadc nf e matci
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destruction of pores, and that (3) volumetric
effectds 0OBR] =

(@) L, Y e, Cxy o (®) Soil physicochemical and biological predictors
2000 |[ 2021 |[ 2022 |[ 2023 | &P Variances explained: 34.06%
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Fi gdf(ea) Response of heterotrophic respiration to
are presented as grouped box plots (the thick sol
correspond trod tqwearftiirlseas )andwitthh cr oss symbol demot
of the most i mportance soil physicochemical and
Predictors arexdiss.plToytead omrtilben @sd enoplledi me ke ofth on
top, right corner of figure. (c) Strudcrtiusrgenleguudat i
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us e, climate and vyear factors on carbon cycling.
coefficitemttsan(draobduserrors of coefficients). Solid
doubli ded arrows indicate potenti al relationship b
MB C: mi crobi al bi omass c aad drolmgn ,EOXOC:exdqgialctabdg&ni
mi crobi al bi omass nitrogen, HR: heterotrophic re:
f racotfi olmi oporosity, MAT : mean annual soil temper a
si g nnicfei.c a* , at,e ***gniddicant di fferences at 0. 05,
parameterscldf mo@eb94p=GO F4580. RMSEA = 0.000, S RMF
bootstrap = 1000)

24 Di scussi on

241 Soil microstructure melvyellogpme nus e,y ntaunti crso td |

Wi t h -ldeeaernasnegd i mage segmentati on, it was po
number of soil -ragmpone mag efsrom!| X owing the dif
and POM fwi a &it ahoioggh( eyl empi n efTthial .enad0 25%b)a
comprehensive analysis of soil miucsreo 4 terglact wrse
management interventions. Two dtrrawxdfti dmag s h nrda o
prved particularly effective for tracing soil
mechanical disturbance, with a marked decline
towar ds aspercadgsicandynamic e q ufirla crfiioufnt esw8iht hr oftc
di stinguished between annual croplands and p
gr owt thu mmpoavtetremrchssystem continuity. Both indic
variability and wmbkeden$s$oryaorveotahbhnvbsible
information on tillage, wetting history, and
these new structure metrics calculated -on a |
year chronosequence revealed new clues about t
field conditions.

I n grasslands, root channedl.s0 1vV2oindwmet Hirmmc4 i o
years after establishment, in |ine with previ
channels to be reached( lwwdas nets hxlc.p,ea2®Is3)n ¢t h
maintained consist-8n0Dgmid¥meir mamail ugsdi(® . 0O 3r e
di srupting pore continuity. Notabl vy, root c h:

declined ®yi mb?2021 500l |l owing tillage in winte
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bi opor ee &tor urcetcthrani(cXalo ndgi sett.Hraljdarea e20@@t@ ) channel
grasslands was attributed)rtoootthsi,g hdeern salru nrdoaontc €

mechanical di sturbance from(Balktalargetyi &aln.d, c2o0n2
DuPont et advet 2a0l1.4,; 2KOoldleGr ¥ssétanadls. al 2024apwe

hi gher connectivity probability for both Dbiopg
previous findings tmat redatcaidnead staotbaacti wintd
promote pore connec-tivevh{Bacgdrdeuiclul.aell givi nmhad
pl ow ho#i0zem)(3%i fferences in microstructure
fiveudand with only slightly higher bioporosit

showing that establishing a dynamic equilibri:
to | ower biologicailndcdedteée dmgty(r@anddfoideilndi teetd arlo.o,t
et al ., 2019 ;Mdreengv eert, ailt. ,t a2k0e2s5)a | ong ti me t

partly reuse the existing pore netWwwWhikt eocn&e
Kirkegaard, 2010)

Ther acotfi freish tlhoetshall ow soil |l ayer of cr
compared -005just gbadsl antdackf oft memw frasbite agtrio
decomposition of root residues afteur haveestr
perenni al grasslands causeélianslteradgt fak mat 20O
2021; Wander & Bidart.,l n2@Q0G0;s ff Waagdtfy eofnrt chieetn , r @ O t
spring remained stabllley win hecmogliardyeamd, exts®
suggests that root degradation rates may be n
soi l condi ti enesr mt hvaaor i lay i shertn bel  oWlgemui&d |
Brassard, e20h2; ,Wa&@di3 ,Fudhaoeremorael,. ,hi2g0h2 4v)ar i ab
amounts of both fresh roots and decaying root s
For exampl e, el evated soil mo i s tnudrse, irnesad23 n
volumetric POM content comparable to grassl an
and soil moi sture can significantly influenc.
resi dudgs oinn Hadalieln & DPonremush,l | 02X 4)mporarily ov
| amde .al one

The futomaeemrmrari o had no effect on topsoil m

domi nant influence of |l and use management an
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reilwawel y modest increase in temperatures and c
This finding aligns with previous studies sho\
generally require extremarycilngiafth eceszdcriyigvleerss, slt
ti mescal es, or br(oLaidueretclalma,t i 20 Qg4 aa;di Renntgs et
Xiong et .Fadr.t,h e2rOnicOrbe), 1 nherent soil properti es

with resiaunant i €ei Inematodes and earthwor ms,
variations and mai nt(ali-nz eniiocwsoksat reutc taur.a | 2s0tladb; i
et al .Ho welvzed), climate effects wer eonmooate ragopta
derived POM and pore fractions. Under the fut
more root channels and other bi opores than a
reflecting deeppersi{ddadini gl 7dad rAKhnog,sude rysen. et al
These patterns were absent i n gr assdeamnidess rpaa
systems and | imited d#Hstrumr bcanicrdaKavwkeietfhf ebcu fafl e,
| nt er esti ndgsl,y,wdtnt ecrr ospdrainng condicteinlaead oum dmo r ¢
intense shall ow rraooottii dinggasth doreopetthu,c end ghl i ghti ng
in response to (mMaiugtedr & dwairlya b i2lQiRt@y ) Sc hmi dt

Thu

cont e

s, our study supports the first hypot hes
nt in topsoil is primarily driven by | an

conditions that may ari sda efrr ssno arracadtt ys y snt eem ogd
242 Carbon mineralization and carbon pools dri

Continuous organic input of perennial veget
frequent disturbancradshamdab%| migegher eSQCtednt
croplands after | ess than ten years of managerl
only emer8&eyearfsd e(raffter 2020) and continued t
with previhaaus preepamtisalt gr a2 ¥4 amodrse aScOCcQu muh aant e:
cropl ands (@Ruiere t2®n ty.etam&dBe2rX)i on from cropl and
SOC by 2% .af tNerl112(1IDofh 6Gety eadr.s, 201.5Gr aBséphae et
greater potenti al for C sequelsactrggaramouomu lhamni ar
effects of higher C input and greater microbi
mor e -tleaomg st abl(AAchacryameaeshs a&k. Coeoato, B2022; E
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2022)
Furthermore, our study found that MBC was
croplands. This suggests that grasslands supp«

which drivesnthoé degampaoeos mbat e Bammasimbeegaént
Similarly, grassl ands exhibited continuously
availability of readily decomposable orCganic
cycl(iLmg et .HaolwevezQlaunli ke SOC, the |l abile car
study were already'™iyllay @dévelropesd aibbhi shmeBt

increases during the chronpeebsestabi The modi
t he wsalcocwemrul ating total SOC, which suppoerts t|
use change, whil e more petai st bodhlefu gerta catli.o, n ¢
These findingsealioosakitgudi wstbBupggesting that
synchronized with the turnover of fast cycli
turnover of -a9sati aned rhdLregat doilecr neat tadr. , 202 3)

Heterotrophionreapes in grassdanhdghemrer ¢ ham
cropl ands, consistent with their el evated | a
di sappeared in 2023, probably due to increas
sall ow roots and microbial activity in croplar
bet ween soil moi sture, structure 2a4n.d3 C avail a
243 | mportance of soil structure factors on so

The ehwariability in heterotrophic respirat:.
year s, climate scenari os, and | and uses provi

variables most strongly assoceisasteesd wWiutrh fvi anrdii ant
that heterotrophic respiration and organic C
l and use, soil structure and environment al C C
moi sture emer gedi atsortsh eofs twarnigeaetsito ms eidn het er c
our second hypothesis that C input through P
fairly dry site conditions. Grassl ands exhi bi
conteompared to cropl ands, except in 2023. T
conducted atSdcHhle, tsamesusggidest, i 2@ 2t2tbgt POM act s
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of energy and nutrients fueling omiacbrloebimdi sme
condi(tAingmsst et al ., 2024; Lav.all ee et al ., 202
The strongest stimulation 9de nrsipoorbasteir osre dun
relatively wet spring of 202 3,i omhdn kien gr @ anscer
rel ease of pr ot(edHutaendy o&r gHaanlilc, nR2altDiiresrs &Shead ed r @«
ompounds under moi st soil conditions was fou

c
compacted surf aceydiacg/eelr ss twiucdt ur(efme(hig.dee.p.hpahly.s, i

Il n contrast, no climate effect was observed u
availability modul ates the tempklaatatr.ecals.e,nsdQ:
Secondary predictors included soil pH and
density. Both heterotrophic respiration and |
correlated with pH, i kely rrdatectdDndi miemo®pb
optimize microbi al growt (hMelfifk cetenaly. ami@0o &h;zy
influences microbial carbon cycling processes
invol viahgmi nam oxi delse andfltlieackangéalh 2024, R

Wang & Kuzy.akov, 2024)
OQur study found root channels positively <co

0.0566) and heterotrophic respirationr,0-ostugge s

derived C input s, including exudates, muci | ac
Wendel et al ., 2022) . These inputs sustain
detritusphere, contributing tamdt reem hfammrcmantgi ot «
(Muell er et al ., 2024 mpNanmainpil ri rebtakhange?b

3a50 Om size range, whi ch i s highly favor at
(Kravchenko etimlthi 2008nge Pmagsoffer an opt
aeration, supporting C mineralization by enh
mi crobi al C(ksavehénkoeartyal ., 2800a8Adi §tuebeadl
t hesipetrence of root channels may support cont
mi crobi al turnover. Root proliferation within
decomposing tissues before nutirazedtisn atrtee | D1t 1
soi l matri x ( McKee, 2002) . Conversely, the | o

di srupt these processes and redQeeperhysti cal . |
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Mc Kee, .THhu®s2) root kihalhogilcsalmayr kacti ve zones w
mi crobi al process conwermrdge,edefifngpattisv evli y hl im kcirt
pat hhways that-teomt Ci sutadoitl o zlaanm@®n

I nterestingly, hetehowraphidi respicatiehadi c
pools (EOC and MBC) or SOC across years, prob
i mmedi ate driveeel @abdmircoabi a.k uldl®i s odhidsi ¢ d nomesc t

di ffereeampser aln dynami cs: SOC and-tloabtiemegn CC p o «

accumul ation, whereas heterotropfiec mrédpict atai
in environment al conditions and samssemsiet iawiat
POM to | and use and interannual climate vari a

Mor eovedrer irveeadt respiration was 2idtuxpar tint itdin et
which may confoundipbBebebweenetieteratropbhc r
carbon ,panticoharly in systems with high root
a substanti alepm rstgiiHonp &oifn st oditeda ISCtr o2@1 &k soci at
POMN& heterotrophic respiration may be partly
on the same set -oofff sraonoptlse sl,i kwehleyr es ecruted as i m

conditions shortly after mowivreggtorgahadv eti | ( I

explained a |imited portion ?cf Oh&8theili mSEMhi 8 4
random forest model ), and adding the main eff
0.43) . These regoahtdsosgggest Ctlhamcbi ons and
parameters, variables such as soil texture, P
and biological factors including enzyme actiyv
colonization, may have a significant i nfl uen
cycling (A Ardhde ksages et al ., 2023; BalMogrhe cevte ra,l .s,p
and tempor al mi smat ches bed wlfeem mindn edtur bbetdu rsa
respirometry and bul k soi l measur ement s for

contributed to the observed disconnect.
Strikingly, common used physical properties

pr oxy for air capacity), and overall pore con

heterotrophic respiration and organic C fract

contrasts with previous sbbdipesetcanhneepovt ey

41



Chaptleirnks |bet ween soil microstructure dynamioc
use and climate change

activity and cédBbhantmchar ghbzeati ad,. . wha2hl ;magi
reflect differences in soil moi dtiuwridirmeggiame @t
mi crobi al latrs pdtudyurcbeardi ti ons (Schl ¢gter et a

mi crostructur-esecsywyssemd | mdyankdave been suffi

mi crobi al access to organic substrat ebil itthyer e
on C mineralization (Patel et al., 2021-. How
function relationships. I nstead, the strong p

C fractions highlightsasbhefneatdi éoromoper et wn
used bul k pdempievedeli. o Rooes-tmayy Cost mabb i e att 0 «

as pathways through which |l abile C enter t h
subsequentdyi ntr@anmif or ontei al necromass that becc
(Cotrufo et al., 2013; Kravchenko et al ., 201¢

bet ween por e-rmegyt rCiTc sanuds icrag b n f | u xteusr arl e perfef seecn
or whether t hey -vaarei actoinofno uwmidterd FB@M,cowhi ch may
of microbial activity and carbon mineralizat:.i
Overall, our f i ndtienrgns filnudcitcuaattei otnhsa ti ns hhoertte r
drnvdy changing environmeeartml s fciofntdd tiimnst albwvlhad
shaped byndamaodduebanges in C inputs a&wnwdcermilner
met hodbl bgmchaati ons shoul d be anrcaktneo wlheadnggeed .s cke
involved only moderate alterations in preciapi
the effects of more extreme or prol onged cl i
sampling was conducwheidc ho nmayy ihna veea rmiys ssepdr isnega,s o
growth and microbial interactions that influe
account for carbon use efficiency (abametiogvn a z
Hor tad .et 2020; Guéuewral res2@2@th) shoul d expand

and incorporate key biological and biochemice
dynami cs, and carbon use ef ficiwintchy, urnderhb gt
bi ogeochemi.cal processes

25 Concl usi on

The conversion of annual croplands to pere
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bi ochemical and physical topsoil-cpcopemgt mesr at
bi omasisssamldvaeld organic carbon were already ful
soil organic carbon content diverged more sl o
years and continuing to i ncr eansiec.r olshter uccotnuvreer si
of root chadmalootfd efmssichhe rracaadt | rosoar gaurtipca ceeadr kt
dynamics and was fully expressed after five Yy
change gradual Iryd sanddy ndaem ecl oepqutidwa ri a speci fi
and average carbon mineralization rates of gr
properties |ike heterotrophic respiratison whi
l' i ke soil moi stur e. I n our stddyg,titnlge egdreet s to
cycling, as it neither restricted root growth
tested | and uses and clamatetyreapmeoks maRedc
water and POM contteernmt ceaxrpboan neylc Isihnogg tmuch bet
scenari o induced at the experiment al site in
primarily thrpaghalshandstempodhal spatterns of
adaptive changes in root system devel opment
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3 Microhabitat properties explain
communities across climate condi

grassl and

Abstract

Soi | nematodes are valwuable Dbioindicators
community properties areslknownenscgi bg, at dtevad
dynami cs, and to be affected by celcitmaat er acnhgaen
structural, physical, and biochemical soi l p |
nematode community properties are the result

whet her t-beser j uder e codve ¢tomkendi mnegmad micr oha

i ntact soils and biochemicatepmopeetidedeohfl b
intensity (cropland vs. grassland) and simul a
sampl es wenr et wwtoakseenasons ( November vs. June) t
conditions. The objective of the study was t

i mposed by microhabitat properties would reg

stnrgg¢ h ofupbotetgauhat i on depended on cli mate chan
and their Il nuseer aganhdoseasbdmaaldi ty had <clearly
community composition. The coupleisngwiotfh pnheynsait
community properties depended on | and wuse. I
associated with the features ofpethefhabpbabke
connectivity, and paidtaindulnetmatordga rcioanmuati tt e re.s
of these measurabl e habit atccprrapeearctei e tavod kfse :

increased temperature and shifting precipitat
general lvargmal Iwart,h | and use and season, and w
mi crohabitat properties. Our findings indicat

a promising approach to hel p expl ammuntihtey n
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climate condd, ilwmts nmnt cirmpdgraass!| and
composition. Theapstegudtahi oh bgttresmource acce
indicator of the resilience of nematode commu

Mengqi d WWi*aolb TFThoma$ Bngaee zBl agpd &t s ba Fac aahrau er

Schaid, %3t effé&n Schl ¢ter

* shared first andmewongaqiswx@daiodddeldtnga@ud tzi. g e(

a Deéemant of Soi l SysiCemt Bei d wmage ,EnNélrdmdnetnHal | Re
Ger many

b Department of CommuQe nttyr eEcfodroglnv iHed mnztheon Hazl | &Re
Ger many

c Department of SGéht Eeof emy Bl HERlId@IBEmIrtdzZl | e, Ger ma
c German Centre for Integr atlLiev gdzBrigno,di lveeirmsd itg, R@erer
e Institute of Biology, Leipzig University, Leipz

Thi s chpphbliisnbiesd I Bi ol ogy \Wu,BiMcheWasg,ryX.,
Bl agodat skaya, E. , Ei senhauer, N. , Schadl er,
explain variations in soil nematode communi ti
gr assSoand.Bi ol omgiys fainyd, Bl GO thZ=7 .
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I ntroducti on

Nematodes are the most diverse, a b u(nldia ne t, a
: 2020; van denTMHey game efteatlur,e® 0ilmM)al | ma
bs and pare¢cacl pait e aiNrephreaq § LIEEx ;e NnSO8 & hFeezr r | s
n et gl thez2@®d2%a)yegulating carbon andJinangi er
al ., 201 8; PorazinskaTétusaltbhresmid @ thgd i @tetse n
nsidered to be valuabl e bi oi ndiuc &trerexz ceft ed c
o et ,alwhi 20 2i0s) severely(Pkeceatenddrbp2Ldbhb

e intensificatiem damctthmo@aatngn atnfli $ neceayet
tremes through annual c¢cropping, soil tillag
tensively managed ecosystems with | ow biodi

ampteci es asynchrony have fewer coping mechan

ke summéBl dnkugbhsp et al ., Q&slcdgdidreg Vdowrs
mat ode c(oQmemrsuanrizt ieets al . , 2 0all7.;, L2210 1&; adhou 2e0t
e nematode community structure is known to

sturbance intensity( @inabdrotodetr eslou,r cz20a®)ai |
Soi l physi cochemical pmapeet | esoillikexpidr e s
e known to be important dri(vleresondfs medmatlode
n Hoogen. eAcradss W¥®&HrLi9gus | and uses at both g

undancey ,t ekeapecofal lbaeptaerraisviotree sn eamadt opdleasnt wer

i properties | ike sand con(t®Ringwalp,H, 2 0a2na; sv
ogen et &lowev20l19weak effects of tnide e 4 diel
versity of soil nematodes (cLaomneuniali.e,s 2012 0a;g
13)Potenti al l' inks bet ween soil properties a

ct that both changeein Nteimae ollets mets patn dt lges i ¢

vironment al c h a n(gBeosn g earnsd &1 eBwo nrgeesrosu,r c1le%s9 8 ; B «
her, 2010; Zhou et ,alwhjil202manyZsoi €t palk ame
rthermorehi bematdoseaseral fluctuations resul
i stRhkapat heodorou et al., H@@O&ver Venemat bdet ca
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climate condd, ilwmts nmnt cirmpdgraass!| and
al so alter at much | onger (tZdmpo red.l a@@ddigel €9 2@ pe
in Centr al Europe is projected to cause an i

precipitation patterns, (Bagdtasn ethcalease20 20X

Madsen et al ., 20hed;celTicraaatbget Bff 200 1bPn nemat o
therefore not only depend on | and u(sSi eibnetretn sei
al .,. 2209 consequence, the effects of future
on neenadbbundances a&Meaetl eheetpabit{ti @0lbe g St iebe
(Dong et al ., 2013; Franco lkt i@a$, ,h@we&2e¢r Tsha
through which mechanisms these complex intera

Clues to a better understanding of t hese
environment al conditions experienced by the
abundance and community composition atepsregni
net work because of thei(rtHaspeoikf ied Hhdbi, t alt9 9r3e g
Martin & Sprunger, 2,028s tMudyfeiré e Yompeawatl@OIf &)
(Griffiths & Caul ,an®d9dBér alsofnfeiscieeantal si,ze.96M99 m;
fronmb5100m in di ameterl5O0n(tdonek ledngadta no OI8O a c
pores with diameters greater than their body
themsel ves dagdeewrdsentiealibying pore space crea
such as earthworms or pl grEtr krtaamt £ tf arl mi,n @ 0t2i0e |
The opti mal habitable pore di ametlen Gfiotrh nxonad
variation among 9qdcirlkttaywped andd ,t &0t2W0r;esHassi n|
2004; Schl ¢t.8o0i letpate,s2O2CQuydyre regul ates the
resources by affectti(nigocdas &ankdarwetrer ,2t0&é&d s pMi
controls the hunting of bac(®ut heahdr d u&giuinm
Soufan ettt haelr.eeby20In&)l uencing nematode resour ce
up effecod waNeshoeirl, f20010; .WaNMarmat ede atlr.qp Ri0O®O 49
di fferently to t{he <eoilalfpdrradaRkBedssoat bacter.i
mainly depends on the confBmwosauasarwet el 294,;D0 jnN
Fungivores were found to be |l ess iIimpacted by
efficiency is improved by -ffiulnlgegdMyHoywpehsa et e xatl e n

Furthermore, the mobilinyteadsdilspareali mift eae
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and tortuosity driven by pore ge@pmetr y,ncwhing |
pr obal{iElrikttiaens et al ., 2020; Hart mann & Si x, 2C
However, tfhaerr eharsdltyhuassny experi ment al evidenc
di stribution of accessible resources on nema
chall enges in characteri-zaggcompubbdbitoamogr ap
we-slui ted techni gduiemetnos inoanpa lt hnei ctrhGrbeeeb ngatet oh |l n ¢
Schl ¢ter etwhilch @28RQa)it possible to elucida

nematode trophic | evel or idadesmnuwnilt yp octoenmpt o sailt i
observed shifts in nematode communities by | a
and its interactions has barely been tapped.

Soi l properties, climatic condittsi ooms ,e aacnhd olt

making it difficult-stidustwWwy therefioneer asmatdieo

of a unigue experiment al pl atform for t-he ass
use types (Gl obal ChaG@EF Expleddlneern t |mtl a grth.ct @ C
avail abrbyt € Tot oXinvestigate i f soil structur
| aande i nduced changes in nematode communities

t he edlndd®rin nematode abundance and community
uses and how they are modul ated by seasonal it
to what extent observed differencepl ainnende may
di fferences in soil bul k propertieayarcd. mWer
hypot heéli)z ep etrtreantni a l grassland would have higl
than annual cr @p!l arhde seyfsfteeerh,s otifadctl ti ynaaed t hei i

nematode community properties would be mainly

B3) soil mi crostructure should medi ate effects
than in presuesbliyemorgrassl| and. These hypot't
annual cropland (C) and perennial grassland (-

nemat ode ¢t8mebhart yaentd ami.c,r 02s0t2r00)8t bt ¢ t2ZPOr2R2pper al e
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3.2 Mat e&Melt hods

321 Site description and field sampling

This study was conducted at the Gl obal Ch a
Lauchst2adt, Germarfy,ela lexmpegil iome rdteswigihh i acepp
cl i mat es sacnedn afrisivoe slyam & ms. Theo nstiitnee nfteaalt ucrl & smaat «
Chernozem soil s. Climate manipulation simul at
2 07201 OtOhr ough adjust ments I n temperadursea t and
characteristics and ex Ledraipment dl. Skeediipom dr & p

We focusedusna mwnabemdnts withudée ei moensictoynt
experbaneead on: thk) GCk&rhrventional fadmi( 2y wietrl na
grassl and (G) manadeadnpd s negx twearss icvaa rmead ow.t i n
2021 (ten weeks into the period of elevated p
June 2022 (directl yatadd epr & onied ivtea twiecerk si mo ft hed e
the variability of potential changes in phase:
cores per subpl ot were takeh aormowiet t oa hetammihn wm
15 %adm 2. FA=cn,7 cm). This resulted in 160 rings
which were s<cagneC waintdh sXibsequently analyze
properties. Il n November 2021, fouandddi ¢ atoeadc |

unscanned control s troay newxepdd wrad eornt hree mdtfedds .

322 Xray tomography and microstructure analysi

Al |l soi l cores were sagnmecrwowitbmbgXdphild @15
Ni kon Metrol ogg, 1Berks®Aaw&)angea 0.1 mm filter
hardening artefacts. 2500 projections with 1

time of 708 ms per frame. -bTdmagraaynsm aw ex @ lnrde ¢ldb!
usg nt e kX CT Pro software (Nikon Metrology). G
the darkest and brightest 0.2 percentiles to
di scarded due to damage during transport.

Al |l Il magessewlerussipnrgodehse Fi ji bundl e for | mag
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to the met hoSdesh|ldietsecrr iebteTdaébyr @ 0@2ba was cut i n
cylindrical region of interest thatwalointahatc
occurred during sampling. Vertical and radi al

within the matri x and r esntoavleed dfartoam wahse siengangeen.
particul ate organic mattlerpgPOMJl egnattsiixg amlde
|l madge&Ay zt et dlhe, c2@33) fier was trained with 1
suwbol umes. The pore structure was analyzed aft
using the standhrdf zetep(Welll esrt rautlc aaulr.ie,s | 2o0pdr 2a)r
functionality of(Ltéegl aMod pétoAlallb Jg bpddvieEgbne g me nt e c
further segmented with shape det eectTiudre ntecs so bfti
(Lucas et al ., 2022;:;SoRHalmamirn adt parhodp,é nadd 215) w
POM surface ajmeia Pberesistpyaclemmeat ures of-],jintere
pore surface |mmjelaheeBheayctfenm stic (a topol ogi
i sol ated pore objects positively'j grodineediunda
probabi,l imeyanf pore distance [ mm], mean pore d
[ mm]. Bioppeetspacwepeobiopore diamete'f ][ mm],
bi opore viompier[ Mdmfinitions and Waétl rod®lto@yl,. ,
Il n addition, we determined a nematode especif
habitable por e210i z@m r(ammtei noafl X0 rrel ation co
abundance and the por(oSdhlye todr detf feelr.e,nt2 (62 2zae)

323 Nemat ode anal ysi s

Soi l nemat ode samples were exitapkeedsiubpmoa
a modified Baer mann method considering previo
field sites (includin@esame 8}tabti aRO6bBJY shee
the extraction efdfeisc marycyepfengloioln weamatous env
respective testing(Woesel bet Taleopxm2zdd8apPphet o u

sample in our study was based on the consider
codni ti ons. The amount of soil used for nemat o«
amount extracted in this study may be at the
anal yses on spatially restmayctadd pressur ot
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mor phol ogi cal Il dentification was per f20rOm@ed by
Japan) based on the key anatomical features
Additionall vy, we referpopdd genuéel cSsmepbraleé nesth e
(202Mm) their wor k on the GCEF =experiment, w t
identification. Al extracted nematodes were
were fewer thainnl®&Oouth sfampDesampl es in tota
individuals were identified in the samples wh
nemat odes was transformed as individuals per
i ntoop htirc groups: bact erairvacsri & s,s , fpuaragia wmaninal sv,o e el :
al ., 20214; YeatBesi@dtesal nemad9o6d8ps gweups<cl(asbb
persister) from 1 to 5 on arlaiche@Boigernse & ckearn
1999)The nematode channel rati o (NCR) was calc
the number of bacterivores and f u(nYeiavtoerse s 2i0n0 .
t hat I s, NCR i s lcuoensstlreati mean inte d(htaoteadlylaya nfdu nlg ¢
bact-mediaat ed). The nemat ode tmat as@i)iiNy, =iwkjleerxe ( MI
i s Pphead ue of dliphdei st atxhoen f r e gqiure na y(s Boohp df éres ,t alx99r
MI gauges the soil ecosystem condition by the
to |l ong geneihéei aemai méds channel index (Cl)
proportions o0f2 fammdg ibvaoccrteds( iSovfereg bof ercmpi k®lv et
i ndi cat esffwibdatchteerr itahfs lcafvammeall a@rhannel ofh ener
prevails in an ecosystem. The eneethchmemdésr ¢é nde
the wei ght ed:iafnrde dFubanrsic ¥ haef wka g ht.ad dfnfeengauteondceys o
(Ferris etElali,s @29édd )t o asstesavhobdbivebresepni
index (SI) is «lab)c ulwsitee de haes wseli=glhOtQeBdg, ffF@wquency
CaCa andadOmMmand t he wei ght gadn dbmReugatdordesrsra fs Ba
20Q01)The Sttsrtlpeeseinl food web's response to d

324 Bul k soil properties

Seasonal bul k soil properties were deter mi:t
temporal shift from-2ewaeéthbse -Sraimpd pHQIMBLa G| ¥y

(1: 2.5 (w/v))) was determined with a pH el e
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Ger many) and tot al organic carbon (TOC) cont e
(El ementar Vario EL 111). Soil wavai |[dolbd epH @

solution (1:50 w/v, pH 3.6) and phosphate con
met {adur phy & RiExyradoOéBR)l(eB®dr gani extaanboed fr
with 05068 nMaK 1: 4 rati oMudnd nmeaCs u2rledd ,wiatnhal y z e
Ger many) . Mi crobi al bi omass carbon (MBC) was
extraction method with(Bar ookrewse resti oanl .f,aclt D85 ;0
Gravimetric watuerre dc obnyt eweti gaats Inoesass upon oven d

in the soil that was.sampled for nematode ana
325 St atistical analysis

Li near-efnfiexeetds model s (LMMs) witiplrodandemiigmt e

repeated measud etso weweal weetref otrhmee ef fects of | a
interactions on soil, microstf(&egnhonemanandtnaims
Climat e, l and use, and season were fixead fact

pl ot (nested within main plot) served as ranc
nematode community properties as well as inte
were constructed by calésc ulaargli adgo rarmhe. pRi&irwé isga

analysis (PCo@yr thiasedi i MBirlagri ty mdathed fcest sva s

of | and use, climate, and season o0 n-w atyh e ne
per mutati onal mul tavwae i aPERMANOYA) swad wsed

evaluate the significance of the differences
properties among treatments. Principal compo:
achieve a di mermsfi osnoalli tbyulrke dourc tmiocnr ostructur e
cli mat e, and season. The first t wo component s

mi crostructure properties were used to devel o
theedit and indirect contributions of physical
nematode abundance and community composition.
structure and biochemical propeuwte&d3)ac cWer dalnsgo
completed SEM analysis to further test the rol

abundance and community compositionuri@ged on
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The fit of the str uxcatmirnaeld ebgausaetdi oonn-snpoudoade svi agsh t
(p> 0.05) , goodness of fit index, the root mea
root mean sghwaed eesMbuaeimdpiepdnde hieon for LM
Al mepdac k(Bgleker et falldeh,unzQll®)nfic mosaf&udeé&,t i on f or F
anfhdonmi s Bct iveergpapiranc k(ahred er s ofngr 2RMERNMANG@GVedM and

funct il arv@paanc k(aRes seewi, t R0dRp!l i cati on of boot s
ss ati stical analyses were conducted using R 4.
(Wickhamxc2@p1tl)f or the visualization of the in
Gephi (OBalst.ilan .et al ., 20009)

33 Resul t s

331 Soi | properties

Tle gravimetric water cont e mbtd fleatt wae erd Mo wenm
2021 and p<On&d0AQRBX,abFBlga) . At the beginning of
water content-2@@asunhdiegherheby ultiurce mplairmatt @ tarmd:

climate treatment due to the additional irrig
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Land use . c . G
(a) st (b) L**, 8" (c) L**, 5
Ambient Future Ambient Future Ambient Future
0.25 0.025 1
— 0,201 - 0.020 1
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= 2 4004 i
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3
©
£ 0.00- 001 0.00
z Nov 21 Jun 22 Nov 21 Jun 22 Nov 21 .Iun 22 Nov 21 Jun 22 Nov 21 Jun 22 Nov 21 Jun 22
Season Season Season

Fi gurkef f3eeclt s of | and use, climate, and season on t
bi omass carbon (MBC), (EPMpartdruhamat odgaspecimiai
di ameter, and (f) connection probability. Values
represent annual cropland and perenni al grassland
2021 and June 2022, respectivel y. Significant dif
season and clinabetpé@€0 SPPRre*Gl)p<addod®i). (

Tot al organic carbon (TOCapndolmbsegtl®anet heha
annual p<«®.pd B, 8311B2H , but not affected by clim
season). The difference in volumetric particul
even amounh®PepEO0t d0BZXRE) g and in additieesn al so
from November 2p<20. 0t00l)Jucncent202ob2ut(ed by root g
carbon (MBC) was px<fOf @ddtle d almyd0 IsGebais)om®sgihti g h25
| evied st he perenni al grassl and -28% chohimplaere dl @ we |
November 2021 than in Junk&2Q02ukBigbpar &EkesachbtéE

organic carbon (EOC) content was med ee fcfoamptl e
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precipitation and irrigatipah.,062D) phGde@3d4n,w@and
the interaction of climate with I &®29 .udveorend

speci f i% alilgph,er8 EOC cemhéemai sgrassheanpeas compa

only occurred under the ambile81)climate treat
332 Microstructure properties

The visual assessment of the soil mi crostru
pores MnderPO very different bet ween the pere
treatments, with more incorporated plant | itt
perennial wrmBAasl ahd MFcgocr acks s edrhe dnoti s thua ve
June 2022, but nour3ma, NbyembBecl ma@tde( Frgat ment

This visual i mpression was supported by quat
specific porosity in53dR® hapheamabla Jdume RAABGE
Novembep=02002012 )(, irrespective of ulrddnd) ,usaen d nwa :
to a | arge part contributed by microcracks.

The mean biopore diameter ranged%bbt gbhen 1I1n
the perenni al grassl and ausrceo mp&S8SREd mosahpyuhbl
due to a higher abundance of | arge biopores.
The connection probabig=i0t WOBa sp<®fefa®dthed noly t
t omaotfi | and R=e 0DWr3q &adlxg@Babh ( ®V2Bhhi8gher | eve
the perenni al grassl and -d42Bcbmpheed!| evelasr

n
n

2022 than in November 2021 remanmadietsys, otf h e | p ams
0

—h

rmed under perenni al grassland was more col

esent in June 2022 induced a higher connect

cC ©
—

se effect was str oergemtdanokNso vweenrbee ra b2s0e2nlt,. wh
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Pore . Biopore - Particulate organic matter

Annual cropland

Perennial grassland

November 2021 June 2022
Fi gu2Re p3r.esent ative segmented 3D soil mi crostruct u
(a) annual cropland in November 2021, (b) annual
November p2eO2lnni(ad) grassland in June 2022. The thi
Il 2.5 mm (height I width I depth) to reduce the a

Many of other micrdsSBL3)umwerpr cpenetwihas (¢ Ea
highrelabed, wswspgcimfhemapodesity and visible po
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me a
di a
v al
and

A
Il an
acec
fir
pro
vol
hig
bi o
di a
abo
gr a
and
The
ass
ot h

n pore diameter, bi opore Il ength density,
meter was more sensitivardowictlh man ea u éhraang &
ues for the ambient treatment, but the clii
season effect.

principal component analysis revealed a c
d use mddbaeraeabypynacaomnd3iBg Thecfimatep(Fngi
ount e dmad tHhlRke 2s®Bcofndt Heort ?2t3al2 variance. Th

st component (PC1) were mainly btuntuaomtour ad x

perties, |l i ke connection probability (+1.
ume (+1.64) ,(1slobidwpber sanf(lddels@near Mensih
hest | oadings of the syecbountd ncootmpeoxncelnu s i(vPed?2

chemical propert(iiex.T200QiLk2e. MBRO g plo.c7edi)di aaket pD
meitt rabnéd) ,Eul er characteristic (+1.30). Aver
ut the spatawltlddemaame i me has a biologic
sslands. POM contents had similar | oadings
food resource. The | and use effeaeht odarhdkerse
effect o f season was mai Rlsye aesfsfoeccitatwveas v
ociated with PC2, i.e. -glhety &@rmad weragomratl h @
eur3)B.i g
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. (o] ‘ G o Ambient_Jun22 @ Future_Jun 22 A Ambient_Nov 21 A Future_Nov 21

Factor loadings PC1 PC2
Connection probability +1.74 -0.56
Nematode specific porosity +1.66 +0.86

Biopore volume +1.64 +0.33
Soil water content -1.60 -0.61
2 -Euler characteristic -1.57 +0.81

Particulate organic matter +1.56 -1.11
Pore surface area density +1.52 +1.30

Critical pore diameter +1.15 -1.56

Microbial biomass carbon -0.96 -1.74 Euler characteristic
Biopore diameter +049 -2.27

Total organic carbon -0.12 -2.22

Pore surface area density | 4 Nematode specific porosity

Biopore volume

PCA2 (23.2%)
o

C ti babili
Soil water content ‘ $ onnection probability

POM

Critical pore diameter

MBC
-2
TOC| Land use ***
Biopore diameter Season ***
Land use x Season ***
-1 0 1

PCA1 (52.2%)
FiguB&ha&.first dowopomreinncsi pppdsed on bul k soil var
properties as influenced by | and use, climate, an
grassland, respectively. Nov 21 andeslpuenc t2i2v erleyp.r eAs |
represent ambient and future climate treatments. I

car bon; TOC, tot al or guayi ® ERMANOVA Resulshoswaf i tht
corner ofp<iOgulrOel.. * * *:

333 Nematode community properties

There were hardly any differences in nemato
and withgutradua¥ilpn (Rdgcating that even i f t
har mful , it didemat odaveoamtsef sdotrtdy mafter.
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Land use and seasonality had clearly separ a
Seasonality mainly manifested itself in | ower

the same trend=0053) odrmad gii mihinars st 4 r883)n,c ibewst f
hardly affected abundances except for higher
turn, had a strong e&frfoeucpt sgore ca bfu ncd aamcde ¢ ,0tfad g d i
community plk &83ler.t iNesna(t oadlke abundance -14% perent
higher than in uatGhapabD. 00dbpl amtdi ¢ Fi gcrease was
parasites andr3baac)t earnidv drheuss (akisgpn h ek 1t auerien e M €

34b), which bal ances bact eruisworees ecgaioms tNCRu nv
under ambient climate in November 2021 and un
Landuse.C.G
(a) L (b) L**, 8™, LxCxS *** (c) LxC **
% Ambient | | Future | Ambient | | Future | Ambient | | Future
—Iw 0.6 204
g
s =
£ B 151
2 £ g4 XE
—_— 24 g _g
E o E
) 3 I I | l I
3 E 051
= =
&=
2
9 01 0.0 0.04
g Nov21l  Jun22 Nov21  Jun22 Nov21l  Jun22 Nov21  Jun22 Nov21  Jun22 Nov21  Jun22
Season Season Season
Fi gurkEf fBedcdt s of l and usthe cdoimatee manadd sems ®pmd otni
abundance), (b) nemat ode channel rati o, and (c) )
error (am@=r8&pre€ent annual cropland and perenni al
represent November 2021 and June 2022ysee@Slpectseazd
(S), i1interusct iammd ofealssomd (LI S), interaction- of sea
use, climate and atadpch™N(ONLCPpENHa@&r) fdi c

The nematode maturity index (MI) was higher
but only underurBaud ur eSecd pmiagiendglFy,g t he order ¢
regardl ess imnft esemxcsdm.n Tefd ects were more compl
the EI was higher, i ndi fferent, or | ower in p

on season and cllé&3nate scenario (Tab
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The composition ofdneaemst ondé acuor@nmu)sittey i hlge (I
and microstructurwer33@jyowethi ascobkeasoslkepaFiagi on
effects. I n contrast to soil properties, a cl
composn tpiaornt iicul ar for the perennial grassland

water content bet ween ambi ent and future c¢clim

(a)

Trophic group . QOmnivores-predators - Plant-parasites . Fungivores Bacterivores
Ambient | | Future

3
7]
' 15004
o)
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o} =
Ee}
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£ 10004
@
o
c
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o]
c
3
K
o 5009
o
2
@
£
)
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Cc G C G c G c G
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(b)
. C . G 0 Ambient_Jun 22 . Future_Jun 22 A Ambient_Nov 21 A Future_Nov 21

G

0.1

0.0

l ’ I - I
-0.11 I |

I T ! Land use ***

Season ***

PCoA2

0.2 Land use x Climate *
Land use x Climate x Season ***
0.2 0.0 0.2
PCoA1
Figuré¢aB. Bbsolute nematode abundance in all c omb
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parmedi onto different trophic groups. Nov 21 and
respectivel y; (b) Principal coordinates analysis
Jun 22 represent November 280md Gnmde pruemee n2t0 2&2n n u ael
perenni al grassl and, respectivel y. Significant 0

i nteractions pxr & .i0bg ipxatdadd Y . *( (

334 Rel ationship between soiudniptry pterragiitess and n

Pawr s e correlations indicated a tight ass
mi crostructure properties acrwns3824d)a.ndl nusgar tain
bacterivore and tot al nemattoae wibtumdalnlcep wree e
metrics | i ke connection probability, critical
associations ofpafrarsgitworad uanrdda ncleamwter e weaker
properties wdreed pvmarhl yneamartroedlea abundances. Li

properties beyond abundances showed hardly an

properties, when all |l and uses and seasons wer
chgaed slightly, e. g. bi ochemical properties |
pl ggmatr asi te and bacterivorer@momphdances in both
A structur al equation model ( SEM) for sel e
mo dieh uf B3 , final umBgl)el wasn bBuiglt to address wt
external drivers (land use, season, <c¢cli mate)

indirect and thus be mani feseteddi bghemnkal ws o hl

The SEM confirmed that | and use had a signifi
with biochemical properties (PC2) and season
associated wiondot phyglsi padbpamtdi s r( PC1) , each w

(00889 ur3HiI,g while climate had a negligible e
Land use had a direct effect on totalur3d)undanc
that could only to a | esser degree be explai:i
effect of season on total abundance and commu
about by the seasonal chhngepliai pedevatratti ane
abundance (R] = 0.32) and community compositi
anal ysi s, R] = 0.58) by the model was moder at

pore structiiRije =pROoPG&nNtiaed bi ochemical propert
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pattern emerged when the SEM was uooB4d4uct E€lde f o

direct coupling with | and use and indiasect cc

stronger for bacterivorepradat ousngi vores than

Main effects

Physical Biochemical
structure property
R2= 0.66 7 R2=0.82
.’xQ|
>
+0.45*** '
Abundance Commu.n.|ty
composition
R2=0.32 R2=0.58
Nematode properties
Fi gur®t r3ucet ur al equation model depicting how | and
community composition and how far ndpretset mrar mews ait
standardi zed path <coefficients (robust standard
relationships, ansdidashi ¢ameshp.aln)d.wabaisrsd sd ewdi tahr rdoows
indicate potenti al rel atjonshi p*bei weieonatevsar gainti
0.01 and 0.001 levels, resc=ech.DEE4,y poeTBL VBEAaRet er
= 0.000, SRMR = 0.005 (n = 40, bootstrap = 1000).
An even <cl earer pattern emerged when | inki

properties
abundances
fungi vores
suggesting
MI') showed
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separately for each | and use. I n
wimi It r as trraingQteuroef properties was ve
and total nemat oepdree daalt worr dgaanacred i pbkust n
other | imitations at this higher t
hardly any <corurr&l afi ohn wgt s sloand,
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association of nematode abundances wituremicro
37Db) . Only a few agsrsoaugpezt fomndfi @dmhomlessditiyg wi th
content and microbi al bi omaisss redmeicnte dwa sl nrteevr
considering the comptenitgnoet hhewpewkwrB&E@bdeheot
d). The perenndablPbhgémadBPhngheshoweer age connec
density of-oneurart @erdee crmet wor k comp alr&ld) .t ol htuhseg

there are more nematode species |inked with e
prefeseancd mutualistic relationships in the r
l ength and modul arity followed the opposite |
closely | i mkediramred ctechemedovor k of egmraseldamsd bgo n

of nematode species.

(a) (b)
MBC | | | | Biopore diameter 08
|1 |poredstance Fore diameter I s
| Eerchactensic mBC

Soil water content Soil water content 02
Connectian probabilty BH
Critical pore diameter Pore distance o
Pow I e harsoesle o
POM surface ares density | L] Il AP

[] | | Biopaore length density L1 1 E0G o4

:. Pore surface | [ ’— | 06

ool ] N—
TN [ !
| e
EQC
pH
FPLFLLLESFE PSSP S & E S § PSSt FESE S FEFF LS T
R A e ey
P ?;. P P Fefet o5 sy o i @;@e\‘, o (,::.ép S T fofé & Tt
S W@e e ey ‘éik‘};d@ ¢ < o n’f& = a N ‘#‘ﬁ*‘&:ﬁ?f o &ﬁ "’}&:}"«i w‘&f ¢ &
Flet e ST & s SHEETE T EEST E
i & d

(d)

@ omnivores-predatars ([ Plant-parasites  [Jlj Fungivores Bacterivores

Figur@peaariman correlation analysis between nemato
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mi crostructure properties as influenced by | and
par ttiecudragani ¢c matter; MB C, mi crobi al bi omass <cart
organic carbon; AP, available phosphorus. * ok
respectivel y. I nteractioaxaebwbwé&en adibhferseontl Inar
cropland, (d) perenni al gr ass | aimsg>0 Abipdo nsn egbnti if d nc asn
< 0.05) correlation for two individual nematode t
pael , the size of each node is proportional to t

connection between two nodes G&scoropbationatoebf i

Tabl do0pologi cal -gpaowrerritn gaxnaeormaett¢ amdoer ktis obt ai ned und

Net wor k metr annual cCrt perenni al (
Number of not 53 53
Number of edi 8 8 107
Average conne 3.321 4. 038
Average cluster 0.349 0.267
Average path 3.463 3.295
Ne wor k di amet 8 9
Graph densit 0.0614 0.078
Modul ari ty 0.627 0.422

34 Di scussi on

341 Land wuse, seasonality, and climate effect

community

Bul k and microstructure properti escrciaftfienrged

di stinct mi crohabitats for nemat odes. Car bon
POM, EOC and MBC content, were greater under
crop(lHHwmdet al ., 2024; JoRaORLYPpOr eetc aann e c t2i0i3t;y

bi opore diameter were significantly higher un
density, carbon i(mDuuto,ntbiedl madi.c al2 0aldt;i vHiutayng e
Rui et )aland 2@ 2structur g Saihdtodrely ard®uatdy. s, {p l2d0y
supports the first hypothesis that compared t
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climate condd, ilwmts nmnt cirmpdgraass!| and

ematode abundance, with NCR closer hioghearct er
arbon resources and | ower disturbanfteediFugt h

nd -pkeadtng nematode abundance increased in j

-

opland since these typi dhanlelsys iamar efawsnec twiotnhe
roviding a wide range o(fCcerctodiogietalaln.i,ch2G61T7,;
017; Hooper et al .., Ad0dOiOt;i oSniaelbleyr,t tehte arle.p,e azt0Oe
n annual mowmpltamdsedswsce& nemat ode abundance a
nd food web structure thhraomudgih etnvalronmzhil &; I
2000; Zhang et al ., 2015)

The shift of nematode communi anwces wbvehned

n
c
a
c
p
2

Q

driven by <c¢climatic conditions, i ncluding the
treat ment . Il n our study, the seasonality eff
individual mi crostrucéemonst patoiprergtilkat redbalt ed
Therefore, the habitable pore space of nemato
al so due to crack formation(Broot cgr &@wth] ,f 20!

et alPire®260t BWhl ruksBeO llagidd seasonal ity, climate
effects on microslt&Lrtuifbi propelini €@sngTadt at c
(20,22Who reported doubl e soilremerescsiwi y hamd ston il
underst¢alrgecl i mate -fgaladdi mendars awrnthal0.drSeci pi t a;
temperature, probably because the climate mod:

slightly higheesa¢epage 1ehge A&)cureass ewe Iplr eaxs

spring and fall %npcembpnibaioonwriétuDi on in
mani fested itself in a soil water content su
espieal l'y in perenni al grassl and. The summer s
soi l water content bet ween climate treatment s

capacity. Hence, climate maiadulyatai h g dtlH een aptroe i
space available to nematodes, which changes m

Seasonality affected species richness and a
interestingly without chaogi nd sbeeneot declniem
survival and reproduction wasl®(Kpardepoetedl ¢

which was not yet reached in June. Consi stent
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ChaptiMircrdBohabitat properties explain variation
climate conditions in cropland, but not in gr

nematode comsmuhi by wampaonost evident for gr ac
di fferences in soil water contents were al so

Il n summary, the | arge and expected variati
properties with | and usse atnttemes i @ E FR,n dr ecn d enraet
suitable basis for Wuestriegal tahe ot mdn qitelmad fo dle s

space and resource accessibility
342 Links between soil properties and nematode

The thirsdshwast had so confirmed by the dat a.
bet ween nematode community properties and mic
treatments, and seasons. I nstead, the rctoiuepsl i n ¢
was much stronaguesre unndteern shiitggh ilnamadhi ch t he nemas
agai nst environment al perturbations. The str
abundance (dpatr axniotte pdpadetdammir v oaiketulm d an crey mber
macr ohabitat properties across al/l seasons a

(@]

i matic conditions on nematodes at l-wpver tr

-

gulation through midcsaohalbietdats y s tusgmerr. e gTudlsasti ifx

further substantiated by the strong or mi s:

d fungi vor(ersi,nlraeys p& cTthiovrenl,y 2019; Jami éPoare et
nnegtisvigni ficantly affectclJupnal sepdandlrl gtd® GRf

- 0 o

®Q T S-S O 9 S T £ O S uw o

ngal hypopRaj] ogr etwtTAhle.r,e f200rle0,) t he connecti vit

—

e establishment of bacteri vorees ardeif umgisy
creasing pore connectivity can also enhance

ci |l i tdaotwinn g etgdp ht awmnet Hoalweve?2Q2@) ear causal

Q_—h

rive from t hebseec aaussseo cmiactri oocnrsa. ¢ kJsu sftor med mor «

June, does not mean that these microcracks
ey -Arkel @adrand presumably have | ow resource
bbiltea pore space on nematode abundance shoul ¢
movement in soil, e .(dBouiwmano®&p Actt sd QRO O0dry deo
al ., 201 2; Fuji Wotreoeger alt he2®di &) matrieo ns pafc et

association with nematode community propert.i e
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ChaptMircr3dohabitat properties explain variation

climate condd, ilwmts nmnt cirmpdgraass!| and
sampling techniques. |l nt act soi |l -acgogrreesg aad se ipror
especially 1 n pl oweyd Iseosisl ,f awhoircahb | aer ef oprr onbeanba t c

in the habitalflEekpaneesi a¢.rard@&herNakerstadi
i ndi vi dual (sJoiialngagegtr eagat,es2017; Ji adgl ebenbt el
do not probe these pores.

Strikingly, the combined i mpact of season a
pr op enatsi ensot medi ated by the investigated bul
perenni al grassland.o Pee emeng wll atge dd slzy-dhaotdh esre epnr
gul ati on( ®hyempreetd aadlo.r,s 2 0.1 3F u rEtrhketranmo reet, aal .s,all

e nematode community in perenni alo cgcruarsrsel nacned

]

sultedensi tgw€reeamekset al . ,amrd ltb6hatli morde rma

e
h

net wolr&k taaxda | evel, which was comusiesti@antnwi tf h
e
ematode communi-diiveer gietlyaCentms ol an dhlkl T)o mpl e x
f

pslommetmat ode feedbacks in the field poses a

- O S

or nematode aabuwredanPad.t eMo reet caolmp,l eX0 Inée)t wor k
e

=}

mat ode taxa urdar mmer ebneni al p agtrearstsil a | reasaon
resilience of the nematode community and a str
propegrFteillausce a et. alt.her20c20mMmmuni ty traits |I|ike
i nderxuctsutr e i ndex, or enrichment i ndex hardly
properuirg82) (FAgpparentl vy, they were much mor e
regul ated by other processes, whrieaht meenrtes naontd
properties. Soi l temperatur e, sand content,
pressure may be thdap&iténmaiat amhin d80R0perki et
Hardly any attemptar haver bkbathe madmatsode c o]
i madjer i ved propertieasayofCTth@hrshabutd@cbshypekKy
et al .t h(a2t0 2wea)ar e aware of. The simple relatioc
feat Wr memant ode commuSdhlygtteraidts dfloruingda@&dAdayi n

for one sampling date was at odds with the m
treat ment s, and seasons at the i@CHF.s oMdrse fmioac
term trials are necessary to substantiate, un
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are expected to decouple from microhabitat pr
botwu@mandown pef fexdds websoi | f

35Concl usi on

Land use and seasonality had clear and separ
properties, whereas <climate modul ati ons towar
interactions withuddesitoyg meauseéldgtiecr easdd bi
pore connectivity, particul ate organic matter
ti me | ower nematode abundance -oxmcdirweaker neaemn
Bacterivore wmdanrfaoaesiwerree satbrongly associated
Sspace across seasons and climate treatments i
perennial grassland. The coupling of preirctrioehsab i
therefore depsediendt eemsiltaynd Our wor k aeédudps to

regul ation of nematode community traits by mi
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4 Linking soil structure and root

and climate conditions

Abstract

Roestoi | structure interactions play a critiec
nutrient cycling,Thaemsdke dwmdrealalctd wminlsu sseyasidteima p e c
and climate ldheange,otwhsiycsht ean traits and soil p
vegetation composition, distur hanmoemetveegemesnt
to which root traits influence andusiecesposdtie
and future climate scenbBeres wema-O0mbi pedt hypau

ray CT to quananét ydesroitvreadst s uwt thaldestructi ve
Wi nRhi zo t ot rad dtehsesr erboyotb c nur @ geprsadwtitkhoat f i el d t
compri si ngstdyipjeeswd aoadopl ands and three grassl a
climate . Bltenédwuitoase <climate scenario refl ecte
temperature andtmodiMeeasgdu merseecnitpsi wer e carri ed
dry year (2022) with | ower and a nWer mallihrmyde ar |

gr as sd amdgisantae mttlay ned hi gher root l ength dens
conectivity than c¢ropl ands, reflecting the i
di stultbacceoeplwas smo rReachsrt rr avlnagtheyds o i | moi sture a
than grasskehdgatredtl exrtalnigf @asthawteiroen monr ec rsoepnl sa nt di
in the soil p hMosriecoavlie re n vtihreo nfneeendtback of r oot ¢
with root diameter, with finer roots contribu

to their higlhbéil abyrda@ankpeanatdat arl ywhedemasdry
thicker roots were | essexibutnidragtThanflapdnteancfl b
scenari o had | imited ef fdeuwe st oo ni trso onhotdeenspte osahti uf
and precipi.t althieosne rfeignidmensys advance oewroimecha

i nteractions to suppor tusec oy etnesm f riclwmatdi goenn aen d
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41 1l ntroducti on

Soi l st r ucgruowet mmndda nreonctta | components of soi
funct(@®Bat inghi et al .., Th®20; i @Grtegarcyt,i o2n0 yéo)v er n
as water and nutrient cycling(Jbnokbgiatal aoét
etal ., . 020)s tdriwceicufléyuences rdoeotte r girifoev tnfg h yos/i ¢ a
accessibility oMaiprotraismitaagdt ,c oasnade twasttlerru.ct ur e i

for supporting a functionaldat,esanbhspyst @am,ipwalé¢r
cruscamggsiyerespenetamdDbroescauwri 8dn paugh, 200 3;
et al .ILn20@®dpwainikd t uwvrcnameediyfy sodynasmihousu gh e
mechani cal ande b(lewschaesmi 2202 1lp)pbs gr ow, they cre

di spl ace soi l particl es, and secrete exwudat e:
(Giuliani. eRoalt .de@&8R4)urther contribuers to
i ncor poWeantdeoln et al ., 2022Z;heWibtiadgalelctetonall . r e:
root growth and soil Str ucetnwcroempias sbagh t bempglo

bi opores, rhizodepositi on,( Launcda sa, g g2rOe2gla;t eMuset! al bei
Understanding these interactions is critical
|l and management practices

Roostoi | sitmtuecrtaucrtei ons aser omdgl ysbmado d wladitdauds ar ¢
ciilmat e ,chvdsrnhggdpeant community composihtei dmequeant
and i ntsemisli tdyi (sdtfruauza,ncz024,; Meurer et al ., 2 0°
Grasslands and tomwomlt a md-d $ e epsy stshebrfttu dd & heenmt al |y
their vegetatrnont chygtacemearn chii cesgt(umrees, Pramvdo snta |
al ., 2021; Sch2dl er .etPerlenni2ll109gr aYsus |eatn dasl .t,y
fibrosgsttemets ipet acrofnd$ i scecanstehish défto rnnga ttioon and

stabi | ibziaotphoerheg@Dk Po nt et al ., 20 hdseJspapgems
generally characterized by mini mal spomelntdiosft u
structurally conmhactceothtpase, nanhwaomrkfrrcerqoupelnatn d
mechani cal di stult balarwensdtasibchh asan diamdpt S |

exi sting pamwee ackhearembh e st ur gL yfnecend,b azk1ls9; .Or et

Mor e ofveaelrl,ow peri ods wi tihmoumamnyctadé vep priosg r sgyrsotwet
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continuous biological processes essenti al for
structur(aHan nette gaQui,g 1260yl 5& K.l av a ld e n kuwspen 2eDfBf29 catns
climate change introduseslfuntbeactompbexpayti

in temperature and precipitation patctaelr nasc ttihvail
(George et al ., E024atddntempeadat ur2e0sl 7i)ynf |l ue
structure by increasing root met abolic rates
organic matter decompowhitclmncamddenstcaloibliiaze ag
modi fy pof(Paneaehwé&r s hman, .20Ch4a;ngYesn ient parlec,i p2il
primarily affect root and soil structure thro
root en,onlgraanohi ng, a n(dY av & ratri cea | P adoi | st nrgi 8bdudt i royni

enhanare chainli calanidmpleidnaintcebi opore formation, w
reduce aggregate stability and oxwywygempdiehtt usair
di ssopt struc(tlorzadnoi nettegali.tyy 202PRt he@wsgmEngdl ahbhd a
cli mat eefcfheacntgse on aboveground productivity an
(Col ombi et al ., 202 4;behioenrsressalixd f edrt gandtc. t, u r2a0 0 9d)
climatic variability remain poorly usdehstascod
l engt h, di ameter, ,baontdcd gmdtliuaelncei satnrdi bruetsi poonn d
propeacrnoses wause nignttemsgdi ti es under future cl in
empirical .investigation

Recent advyawywceompuout ®Ed t omogr apdeys t(rQTcH ihvaev, e

resolution quantificatiaomhoft ecdiulr epdnmne chatsreed td

al ., 2022; Phal dmpisntetchali gue2@2%)ws for the
structuirmd!| udiang saroc t i rotii eogpredtrteoys i t y, awd t ho me ¢
undi stul bedPrhead empi n et al ., .2D2pi Wel lidars etot
studi es MWXava®T applddsead dexperi ments tulsaet iinntearsp c
and climate treatments, especialldar imeddnfpeerr ait
approaches that move beyond static character.i

investigations of their coupled dynamics

The objective of this study was to invest.i
stucrowowme i nteractionseunygstemtsf badehdowl ahdse |
a future climate scenario involving modified s

71



Chaptleirnkdi g soil structure and root growth ac

We i nt egdadterdurcdGimyv emi iKahd idteit d rualtc ovrei nsgg @ahnndi ng Vv i
Wi nRhi zo to compr e h-easstlirvuecltyueaireawd s toinggati @ rco @tp |
systuennusembi ent and future climate scenarios at
(GCEF) in CebsotirlalcoGersmawer e col |l ect ed,a0vderry t wo
year (20>2)ymadanrd ,(ad02h)vestigate how | and use al
infl uence root devel opme@8pecanfd cadily, miwer otsetsr
hypotlid3segrassl ands wi ||l show higher microstr
systems than croplands due to the presence of
under dryr amthnddgrtdwtnts ,i n cdepkaddatbenaomebsitnong
than in grasslands, due to | ower struct r3dgl S
the feedback of root growth to soil mi crostru

finer romrngl ynoaoaentsnnirbuting to the formation ar
42 Mat e&Malt hods

421 Study site andpexperi mental set

The study was conducted at t he Gl obal Char
Lauchstadt, Ger many, wltiemlar ¢ omb iwiéa h tfvu@ ec Irierpa
types i-1ic al ep bomleidtesi gn. The site features a
continent al climat e, and the future climate
Ger many0vBOy ODle f i wesel anydst ems include two crop

organic farming) and three grasslands (inten
pasture). Detailed site characte maqtaigesnend | ipm
arevprd€dapher 1.Sdhtisomhhp2er is based on dat
2032covering two contrasting climatic condition
in 202deet ai | ed i nfporematpiidrmatiaboeu@aadt arrrs gatt b
scenarios and t he -umsaen atgyepree nitn otf h ee a8&8QeeErReafrpdoany i2 d
i €Bhapter 2 Subsection 2.2.1
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422 Root sampling and analysis

Cylindrical soi l cores wer e-ctnhikemeri ns dialy 20
Two cores wereatdbmrcdeeth20dpdad i, | cores wer e
climate scewmse itospds 51 | antdreat ment replicates
2 sampling years). 4I|AC siarmmd ckisa twelry tsd oirreldi it
prevent root decay.

All soil cores were washed within a week af"
to extract the roots from the soilprowiesls. e&ah

was taken to minimize damage to the root syst

in & BOhanol solution (Rotisol) prior to anal
400 dpi (EPSON Per f ecnteido ni mva7g0e0s) . w eTrhee na nt ahl ey zoehdt
PrEo( Ver sion 2019a, Regent Il ndchameaot s i Ltainad,a
|l ength density and root | engths.distribution i
423 Soil structure sampling and analysis

Two tdhmee undi sturbed soilncdMags 2P ef2r canm g 12 Dt
dept h10fcm with aluminum rings (5.6 c¢cm di ame
mi cr ostTrouatidrye. 250 soi l corkesAveire sampgd dp laa
avoid desi ceraatyi ohT psrciaonrn itnog X

X-ray microtomographyewhasuempVeledanhal ywoe so
at high resovVvaxelonsi36). Foll owing grayscale
i magi ng iamwatgief asceegsment ati on was pceairffoirgnerdi nugs i ch
|l earning framework optimized for biomedical [
accurate classification of ei ght di susn@bor mat
types (e. g., root channel s, earthworm burr ows
fresh root s, d e craopd enrgi pvaemto it s y | aatned ootr bda&d Mi) ¢ ma t
Compared t o previous mac hi-lneagthase di sgegmen tha
significantly i mproved accuracy and reduced
segment ed vol umes wer e conducted using t he

guantification of key staictty,raportea ac 6 8n eatcih
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di stribution, and pore surface area. Il n addi t
relevant features, including root | ength dens
to totalurgdreasittexc.hnf c al details of the scanni

structur al trait gCampitreircat SoBaaedi pnoRih@e & i
offhaptaenrd 22 he rationale outlinedsitnutheriaht pod
were selected to explore their rel ationships
bi opomnd hiktd@M, and connection probability, whi c
Sstructural controelb$ uamet Rb Dc hoad mm ealdidri & ootbind ir e s h
rosomer e used as indicators to amd gsatsrsu cfteuerdeb.a cTkrf
variables were chosen due-stoo It heitrerfawcn d¢ toinsn aln
to reifdleecgi cally driven structural changes 1in
Vol umetric soil moisture in the collected so
drying at 105 AC for 48 hours. Bul k density w

byhee core vo)ume (100 cm
424 St at iasnafywywdi

Al statistical anal ysleisn evaerreefnficecmtasu cnrtoedde | uiss i(
wer e f it tike ch@fuusn cntgi él nmeipla ctkfaBgaet e s,, i 2n0c®5)por at i ng
terceptert ohpmlcostpuchasifgn and repeated measur
0O anamiyeeosdr bctruoroet plreonpgetrhtbiddedn sd eaaysd (RYMYi st ui

=)

I—f—"

and use, climate, year, and t h(edamplnitreg atcit me)

(7]
c

bpl ot nested within main plot served as r al
kel(iMLQodsti mation, &@dtliiokelwielrceo di sreat it taess

PR —

fixed effects through stifepwmiedpeascnkfallgeent b o mp a

, t 0L 8yther anal yze si gnihfoicc apnati riwitseer accotn poa

ti mated margi nal means between treatment | e

(7]

e types and interactiPmisn diegavle ecnorm@manmde nuts ea raad

rt her upseirnfd@o dbdheedt i ofm e gopra c k(aAggred e r s otno, a2cOh0ile)v e

c

mensional ity reduction of soil bulk or micr.

aswavayT per mut ati onal mul tivariat epamfadryme &

c 0o o —H~ < o 9 O
D wn

(7))

i ngc mdhsefaulnec t ive mppiarc ktaogequanti tatively eval ua

\l
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t he di f fRermenndc essccirlos propeut € es aimo ntgwdl i ymeedamse n t
regression anal ysaissewhat iperdhkilipbe damnédlowssetnr uct u
proper Figares were produdeM cwihtam,t l2é&® 1dgpl ot 2

43 Resul t s

431 Soi | moi sture and bul k density

Soi l moi sture differedestgpekicant matemsemregn
yealrrs.l i ne witrg tpree chii ggihteat is@m ii n 20 2632 %7soi | r
greater than t hyssper ionbgs (edfivedo 22n4 .t h)e.p didomd&0 2 2 r ,
exhi AoB36d hiPher soil moi sture than grassland

ambent and fsuteumae ilodh | cn@ath eddiagn i,ifniZzd @&kt see@ii $t ur e

across-ualel tiyped, especially uHEMd erndt HEeP fsithtouvree
strongest moitshfteut er gacémsamind e r

Land use ***, Climate ***, Year ***, Land use x Year *, Climate x Year ***
2022 i 2023

4% ..
6w I

104

Soil moisture [%]

CF OF IM EM EP

=

Climate B8 Ambient B8 Future

Fi edrEf fect of | and use odAOveimunchept hcusdielr @mombseant
scenarios 1 nCR,02QF,anldM,20RM and EP represent conyve
intensive meadow, extengievye rmspeacwiared yextSemnii ¥e c
| andc luismyaetaer,, i nteracti,oni mntfed antdi awrs eoda reldainnddd ucsaet eac

(p< 6),*Cp<( 0. 01) pan@®. 0COT) ( Box plots repercemti ltdear
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cross symbols the arithmetic mean (n = 5).

Bul k density rangedadrosns 1al2l8 ttroe dt rBeén tgs ,c mw
observed in croplands due to mechanigmalfiadiast
ef feftatnd ,yuesaend t heir i nteraocdginthasmewnera hddtnegct e
sl i chtglheylrk dédmaniopgldes .cr opl Bndwasslibitdgylotwley i n 202
than inca®@adaamodadt dmarehme nfuathiat e clcenari o sh

significant effect on -ubsuel ks ydsetnesmst.y acr oss t he

k%

Land use ***, Year **, Land use X Year

2022 I 2023 |

1.6
T 15
[&]
9
>14
‘0
c
) A
o 13
=
m

1.2 n=10 n=10

CF OF IM EM EP CF OF IM EM EP
Climate ¢ Ambient 2 Future
Fi gu4REf fect of land ud® em BBwl k dempsiht wnater5ambi

scenarios inCR,02QF,anldM,20RBcaomd ebBPi oeptedamtmi ng, C
i ntensive meadow, extensive meadow and extensive
| andyeare, interaction of | prdOubd) paaddl.y®®Y) .arBox nj
r egpsre nt t he O, 25, 50, 75, and 100 pelrdderttielre pan d i
represent -phdtsidual sub

432 Root |l ength density and root | ength distri

RLD inl% heemOsoi | | ayer v aruisegds tsegprgg nd .f A cla)n,t | wi
grassl!l anddst4-64x hti ilmmdgsh e gc oRpla r @ d o ptl baFni dge .a3d N o

significant differences were observed between
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29. 3% higher RLD than IiM, cvamitlley BER admn d om ohtt rEdMs ft
the tluiwaeEeomari o and i ntehadnoal svgniRADchnt yeft

o Land use ***

=

[&]

Es

B

&)

w

TSO

=2

2

2

S 25

© c K

L /

a

5 &

e 0 n =20

@ CF OF IM

Year o 2022 ~ 2023

Fi gdBRoot |l engtt-hDdemsistax l ode pthufsfee rteynpte sl aancdr oss  a |

futdrmatel sicne Rar2i2osaBdxeé®2Bepresent the 0, 25, 50,
symbol s representnt+sh@ER,GQyOR,hmeM,i cEMneaannd EP r epr eser

organic farming, intensidvexmeadowe @xDE&0silEyveenrtmd gd (
indicate significanutseditpdpeddsed@Ers brtoweewne htainanal

syst ems, Wi nter barl ey was cultivated in Ra®22, w h
samples were collected in early May, correspondi ni

Root systemsusaartoyspesalwerleandeahi Bamendi by df ame
accounti ng% foofr toovtearl WHtott rl @ltgghehrmiendlndhgt h den
of root®. &i mm @i Aameter rangegwaesel andsithaant
reflectingogteamerestmeat of.SeeabfOp Opritlogotns a l
represented the grnagebhonds adtoddoday eppeoi al |l y i
Mor eolver@. 2 rnonove sneor e pr omi nent i n3CFl,n paont rca
coarse roots (> 0.3 em$ mabhsslsSk n askliyit dgohot nhpyx ihsi ege
proportions in gras<LlFamder atmlle awstl t ghtcadredil i in
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Root diameter range Il <0.1 mm M 0.1-0.2 mm M 0.2-0.3mm = >0.3 mm

0

Root length distribution [-]
& S

N
«

7 5 7 5 7 5 7 5 7 5
o oS o e o Nl o i \\\‘\’?97' \\;\fﬁ” (’/\\!\'LQ{)’ N'ﬁ"‘ @ e o Nl

Fi gd4Ronot Idersdtrh buti on of +#l&o c mdisa iedat cehreugatadnnddyeyse a t
two y.eaVasl ues are arithmetic mean N standard error
2022 and.CFQ2 30OFdatlav, EM and EP represent convent.i
meadow, extensive meadesweanidvekyensive pastur e, r

433 Soil microstructure and root turnover prop

Totwil spbt edsiidd ynot show a cl ear pattern bet we
the high variabi |l i tvyi s(iFoilgeu rpeo rdo.sbiat)y, owh eldrieoal so gtil
grass| dmdldd OwEs gher t han ¢ THhab He Hpooteorlrandcsonnec
probabil wagi ohi fpioocant | ywsaf fgavdateeadd sb ygelnaenmdal | vy ¢
13-46. 4 %cbngketi on pordigpanpdisik gt . BhaadhhE,ct i on
probaibmtoplyands, esipgertii fail ¢ g ndidnyp @feecdd etac ed 0 2 2,
connectioni nprorbaashsllands remained stable acros

signicfliicnaantte e f f & cotr wea st hcelrs eproweods i t.y or connecH

78



Chaptleirnkdi g soil structure and root growth ac
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Fi gdbkef fect ofvilsinkdl easpporomsi ty (a) amd-l1focen cdepnéc
under ambi ent and future climate scenarios in 2
corenti onal far mi ng, organic farming, i ntensive 1
respectively. SignificanitntdeMfd etriecit ecf bled wa euns ¢ aat
(p< 6),*0Cp<( 0. 01) paan@®. GOTOt.(s Broexprpdsent the 0, 25, 50,
cross symbols the arithmetic meanpl(cmts= 10). Jitte

Th & r a cotfi ofnr s(sih. e.ootthe contri bution fresh roo
for cr@pB®ay@dand in a | ower range Ybue etxd emisg tve
fraction of fresh roots and gluavee rd .. dbdaea Wiarbd Breat
fraction of root OR2MM®BI3I ¢gne glrdarsdash aronadgsgorwdal se s s
( Furde. 6lbn 202 3, root channel s2irn3ckPhophandgOo@dec

values in grasslands remained relatively stab
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Fi gdékef fect off rlaacntdi cucseofonfrebannelbdsfld ambaerdtr aaod
cli mate scenarios in 2022 and 2023. CF, OF, | M,
farmi ng, i ntensive meadow, extensive meadow and e
bet we e m ecllainngaet aer,, interactioniotelranti aseoéamdapgdarct
indi cpte),*®pg( 0.01) pand. 60F) ( Box plots represent
percentile and cross symbdl ¢stehe pai int Is npel oifcse me an
434 Links between root traits and soil structu
Principal component anal ysi s UBRE@A)basewde alne c
mi cr os tRLubc,t urr®ot l ength di st mi bwttihony,e aamd rwdd

di fferenti(a&tiigameidd.Z022, the first twW@%rinci
of the total 38%ri 2CARY, ( RFCGAJIYr. e C4 oMidatehndsow RLD
clusteredt nebhaOnnZmalmoo#0s 3 mMm2r 0o08smm root s, po
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ot her, pwhreerseas grassl ands were RiolxeOclhosmell yoas

fresh bropbse di ameter, pore diameter, bi opor
probability.
a QO Ambient @ Future cF@or@ v @ em EP
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Connection probability
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= Biopore diameter ) > 0.2:0.3 mm roots
g " = M‘OIS_@b__—{K_-}" ‘g Root channels
@ Root lengthdenisty _'F}l'h h > 0.3 nm roots
o erfPOM
Fresh roots A _ea_ [n
2 < 0.1 mm roots T
O
a
Fraction of fresh roots
24
Earthworm burrows
Decaying roots
Other pores
Land use ***
-2 -1 0 1 2
b PCA1 (36.3%)
2.
Forostty IRoot channels
< 0.1 mm roots
'_HOther POM h
|
0 Bioporosity 1 I |
& |Connection probability * ..;'.;I s :1 s
& .2-0.3 mmroo
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2 Pore diame@r . > 0.3 mm roo.t:
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Fresh roots Other pores
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2 -1 0 1
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RLD showed contrastisitgr uegtl apalothisdrs pacmwosdh
grassl ands. (Fhgurepldands, RLD was positively ¢
p< .M01) and negatively cio0r &l @t edlwithnduthktde

water availability and | ower compaction favor
absent or weak in grasslants| kwdenei hgi shgni §
with RLD. Additionally, no significant correl e

properties such as connectionugpe obpdbiéemty and

Land use CF @ OF @ IM ® EM EP Climate ® Ambient @ Future

a 2022 2023 b 2022 2023
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Fi gd9lei near r el avereamots hli @rsgtble di satnrdolbw t it awmanarivoedrs m e t
fiveusansiystems under ambient and (fa) us ed.climatreoc
fraction of fresh roots, (b)cyP €.0. Whmmmoopbetandniti
(d) > 0.3 mm roc&gthadaendd areats %rlepmealdanhcehend®brval s
for significmOtO0.0kEY)aOFonkEMj pEM(and EP represent ¢
far mimigensi ve meadow, extensive meadow and extensi

Significant correlations were obskeraedi bet w
fresdanrdoootoog whahnelr ongeryyreealra tdiffoimsQri2®e i n t
f racotfi ofnrewhs rmo@gati vel yO.clormomltrstlkat hwi yt éha r<s , k
strongl yR=iih7, px0 202 0(01) tFh=a0. 494, 20DBABE. OEFIi @
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cont rCas rmmvtes e positivel e assbcteahiendoZ®E2t2h (
056p< 0.001), but this rel atdemds mi pawhy,sabsesent
werpeosi tively corlrredmmt @idt wi $ thr &ngerR=c &rpel at i o
0.001) t3hREen G402 MDD UFieg ¥, 9whh.i3 emmves e negati Ve
related to r @ReilOdthp<n e I0s0 1i)n 20kt rgf@ddt i n 202

44 Di scussion

441 Lanudseri ven di bf er srrmwmattiemaxcti onstaeaneéflfiemitts

Qur results supportgroausrs | fainrdst ehlxyhp dti h edi shi tg
stability and more developed root systems th
vegetation and .AbeoabéstbotdgyotpeDBRaged the no
2023grassl andshtbgneatdeenbilpaprogeorsihiyapldirgh edri a mi
porcennection prionlpabiel iptey,siisneindcdatand function
net woB&lcagbr eu,i 120klt8;alPet hRedt al e R RInO rnassi stlya n(¢
wafso un d4.4t6dt bmes hi gher ,rtehfa ne &i eni ocg notprle ajdsudtlsir oru so f
root systemmeamadimd anli.rimlagdrsee f i ndi ngs satldii grs wi t
emphasi zing the role of perennial swed esticaitilinagn
structur(@buRaoanntegeati tayl ., 2014)

Howecventrary to our second hyposhewiss r omget
dependetnrciyctonnr sl attri butes such as bioporosit
and grasslands were anal yzed soebpsaerbastteedeye,n nRoL Ds
a

nd any structur al parameters, cbobnokbotdimgtyot Al

signidarcraemldameir gend owtheubayndsvwer e poetsleelel y refl
broader structur al di fference-sysbteetmve-B & 0 tuscytsutr
inter.actThessscdntinda ntg sswiudiiheetar fl o & sbkestt wrecmog
surfacepanme ad eavuehl doepr mednirtfafsenba@amtg e me nt( Kuwnk & nesti tdle
2013; Kuka & .JAsdhke, y2@®&4) dnaitsihegpta mworyd etr our
condi,p o oecsspda a evraast inoont | i ngirtoint®rc hflogrt erro gett al

reduciimdg ltuleence of strootumpaloddiées temeaiomi s manct
bet wkeemmt h rmaogess &-impl c my -bgalsdk dC Smea auscunrde 1Hdb
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cm) mawebhhkdedeheed cosr el pd vatiddsiger st ructdemralvemet |

framt al pov e@r Iskpenjaecdr opor eec al itzheadmdaateet rue leesv an't
rogtowChsero, 2018l ndemni gl vw,] . RLR2OW&y signi fi
soi l moi sture and bul k density in croplands b

in croplands was more responsive to variati ons:s
in bbhenae-defvewelpld perenni al root systems anc
croplands may be moee mcaehsanhgaisned Bpi ®¥h-oct con
term struc(tBuerngjlanfiienateutr easl ., 2007)

Root systemrandg iatl s oi mteufslee clteegda cdiiesst ianncdt al catn
surroundi ng mitdreo sftorruncattulroen,e dif.neh omgeor es and
net wbMlesel | er .etOuwrl .r e 200#2t45 cosfh of wesds dits r otwoili & It lawn
|l ower i n grassl andsgsl idckemparduwe ttoo coaoomptliamudosu s
grasslands, in contrast to thelnseasphahdint el
decomposition of root bi ompes i ods,acwbl Eeat ad
continuous supply of exudates sustains microb
(Huang et al ., 2014Gr sl anda eonsxmil st e20I11Y ) ha
root channeld,stwhbhlcdh aemas H bdyredreg,acyu edd etcitsg
root systems were fursbel metdmomsde@dEraarche2 G2 4
Thi s pr obaobdtys bpercoamiocstee rt he devel esppmdnt aof ez bhne
that stabilize aggr(eMuelelse ra n@t aesadhdasom |[d2aQKEO)y ©rse ri 1
produce more persistent rhizosheaths than cer
and enhaxnaield (@Bouwotta.lkc,t e2 0 A1 ; Haynes & Francis, 2

I n contrasxtxhi broed amadwer RLD and more vari at
to gr aResdtandysstems in crophaddbeasefi hbpobaoaall dr
cromtaandnsebreeddivreg f or aboveground product
devel dpmercth..Mo2@db¥%er, regul ar mechanical distu
the seasonal absence of vagdat ptoirveqd Canuv &m,ui di9s8
Pires et. allhe,se2@ttiataearebe formation and persi
' imiting opportuni t ices nfgaotrerdonogtt uroeaukssee thda le. x,i Sz
a result, cropl and s-s @agrtlet ul cees sf daehdl bea atkonst . smce ai or
dry 2022 had significantly | ower RLD than in r
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water availability and | imited struct(uruaclascon:i
et al., 2022)

The future climate scenari o showed no signi
their interactions, this is |ikely due to the
slightly elevated averagmre sgpmprg agrue @ispiatnat iao o
may not &a¥Ei beemt to induce measurable alter

devel opment p prattoitveeurinasd € ¥ mo rotb s e r VSautbisam npg e rail o ds.t r
changes typecmbtyg reganse or (prealtdbrgeedtclail mat |
al ., 2024 a; Peng et al Si m2022)] yXi oongtesysat ems
may notsiegxknhiifbiicta na djau cthmd reeced puo rad enat o cnswmer acli o
just one or twélagsodowinnegt Nekadmrn2@19alKan@019)

442 Mi crostructur al controls on root prolifer

moi sture conditions

OQur findings show trhuactt utrhger @nnifflaaoetanteiso mf t B ow

availability and is modul ated by root traits.
bul k density and root growth was observed in -
underr hingih®t ur e, mechani cal i mpedance was all
soil regioN¥amoet. akmde®®9tlniast, during the dry
amplified soil strength andl ipfheyrsdatciadn caomd t d ead c

from bul(kWVhd e msoirtey & Whheelslee yf,i n2d0iOn9g)s under scor e
bul k density on root growth is highly depende
apparent when meivd tadree mearmadintiicans i anlpledance

I n both years, when pooling both croplands
probability consistently exhibited stronger ¢
bul k density, e sSpgagie s lthiiyogli atgh dctayl | 2y0 2d2e,r i ved po
mor e significant rol e i n shaping root di str
condiBiioméroesned by decaying roots,areart ynpioc anls
cylihdrveatically oriented, and(pBphgbreabktyato
Wendel etTlmdse RMOERR9grties establish them as e
el ongation, particularly under tbdempacmadi om o
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s energeti Llollymbonsttr ailned 20Fudurt Keomor et ai

connectivity ensures that roots can extend 1in
barriers, faoi bubabi hgwatee(sBeaels eFerrerso aentd alu.t,r
et al .. , 2015)

| mportantl y, uppoutthe g Wl theyhpeol bhaessatgdgets tt he f eed
roots on soil |l snkedt aoeTlléeaameipdd dnyeclfeko @t & mm
r oowass)t r opnogsl iyt i velwi tchorrroed/itat@mennell both 2022 a
stronger associatiloncothtrmeeditBG.hIE rroMmy sheaed a
negative relationshi O%2thAndoob echagmnlehiissant

probably indecaobes$ sfohathefir ability to exploi
persistent pore structures upon decomposition,
moirs# iumi t ed (cDounRdointti oents al ., 2Thleds e Lfueceadsb aectk salw
in 2023, when favorable moisture conditions ¢
decreasing r el i aRocoet ognr olwit (p obreecsanee x1 essnglepe.l
architecture, |likely due to reduced mechanical
through the soil matri x.

Additionally, our results showed that the fr

fine rootsvehg mpwos h thicker sugagtetstgh i ecshpeetrca al | y
more | i keHy vted e Isdadmagucturall y i nftiengerodtse dnaiynt
contribute mordeaurtiongr apgoiwd 1 teugprhdienno &-ft mmiet ed condi t
(Chen & Bratbardtra@a®@d2tcrorrelation between r o
channel devel opment emphasizes the structur al
shaping pore arclwheeetireshl nootopiamdss was
is likely driven by both soil cultivation, w |
continuous exudate supply, |l eadi ng ,umitcirobtes| ¢
resumligt i nl isvheod tredot structure®rtmhodt opomter ish atoe

Together, thesebfiidndiecgs ohbid hvieirdgnle tr atolt e sy st e
structur e, parti Systemy windler hnddgdonucdeh haen dr onoit n |
di sturbance, such as grassl ands, appear mor e
pore networks that support Imec<ciolniteratstwataeam uan c

with frequent soi Imadiasgteunrebnan cientneary ernd g winrse s u (
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cover cropping to restore structural connecti

variability
45 Concl usi on

OQustudy demonstratreontt h aitt garaidigirsnrorsdbug trale eeedd
use and, t o at hfeud sugre extienatt,e Isyenari o. Per er
exhibited higher root I ength density, bi oporo
emphasi zing the role of ca@mretdi nmueocuhsa nii @ @t i s
promoting stabl e and nc ocnomebontiaesdy npooartrdo pnl eatnwdosr kwsa.
st r oocnggrl ryeMi @& the ds oi | moi s ttulraen aqirdarshdullakantddsenrgs it thya t
proliferation ien scernospltainvdes twasvamorati ons i n t
whereas the root growth inlogpassiammnifliysnieddang i t
t htafeeedback of root agrowt m otha | ryy@ddtleapsstrtrdussn tt uwad et h
roots contributing more substantially to bio
particul arl y ulnhdeaurt udreg ce@ adadtseh ootm sef f ect on soi
root traits, and their viartieataich a soee s pnthsai sgi hiztes t
need to pdersievedc gtorowctur al features in agroe
management strat ergdets dévadl ppmenott eandfd npor e cort
resilienceasindgrclinmate variability
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5 Legacy effects of climate extr eme

water use efficiencyge acyDtsasmd |

Abstract

Climate extremes, including multiyearo droug
intensify, threatening the global water cycl e
storage plays a key role in buffering extreme

o
use aceruosses slyassntde ms r e maernsst oionds.u fHe rcei,e ntd ymounnidt
n

dynamics over three year st earnm fviegyled attriioanl rcesmp

use types (two croplands: conventional & orga
extensive snteadew. &Ttlpea monitoring period captu
extreme rainfall. We found strong | egacy effe
110 cm), which decoupl edt epglmanctl i prrad ceu cftdieuvcittuya t
grasslands exploited the deep soil water stor
croplands, because of |l onger transpiration de.]
vegetation cover. I n turin,h-wwssednedrntuesres ietf ¥,i cd reiny
growing periods in croplands and higher mowin
hi ghlighttsbowr handces shape ecosystem respons

the need teepncoiporwatteerd dynamaicage mdrot satsr a

under future climate conditions.
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Chaptleeegadbcy effects of climate extremes on dee
efficiency acuvessystfdmsgsent | and

51 1 ntroducti on

Extreme drought and precipitation events, p
intensity-i wdotbedhumbhinmat ee cgilambgael, wahtreerat @yc Iteh
produdc¢tCheint yt al ., 2025; Maur el. & dNialcrwat €r0 2d
a critical medi ator between meteor ol lbigietal alc.c
2024c; Sun ieceQalrer and0 2% ;gaW.er n302®»)0t and shoo
and thus ecosy3temipkoductal vitg2025; Vereetken
the supply of precipitation and t heet stthoer avgaet e
demands of plants, pa(Al culkarlay . durioed Dp&®pkgg
soil water storage, which is accessible to pl
against summer droughrewtbuandi hiehgwgbovuedr euc
under extreme ¢(MWamgtet .aHodveiz@8@Adbd)t he extent t
water storage stabilizes plant productivity a
di fferweaqnd tdeyarsd r emai ns poorly understood.

The spatiotempor al di stribution-usfe d4ogiple vaat
intensity through the differences in vegetat:i
duration of watienguseapseanmnmo g taHrel,q m2ddyls6o;n Watn ga |
Yu et al ., 2025;Udbdaeoseandlng BOW7bYrosystems I
extremes undesevaypess ahdndntensities 1s cri
Sevices. For exampl e, annual cropl and and p
community composition, root syst(efm np heetnodlo.g,y,
Wang et al ., 2024bGr aYsasnlgareds ,aldomi2r0plédgdi g, p ey

mai ntain dense and continuous vegetation <coOVE
seasonal cycles of sowing and harvest, | eadi n
increased evaporativel®agkeyl oessafrom20mhe@&; t o
Mor eover, cropl ands ar el eohedrogd tngyr irzoeod bsyy s heams
water uptake during a short peak growth stag
persistent thaot smwet @womk svater uptake and cont

growing( Belamesn & Ri ce, 1996; T&wisemdoamnetr aatl i n
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vegetation cover dynamics result in disdinct
the ecl®sgapamity to wit(hMaeasntdr ecl e@tmaale. ,e x2 (0 le@Gne
2024)Addi ti awsal liyt elnasnd vy, characterized by fe
cropl ands, or mowi ng f r eqgluteinwcayr,s tdire a smorod d
composition in grasslands, can further modi fy
affects water uptake ef f(iRoseenceyt aanld. ,s 0201 1wa tSe
The interad¢tindre begtpweemd intensity and a pro
shaping soil water dynami cs, and the potenti a
climate extremes, remains uncl ear.

Il n particular, the r eiltayt iaonnds hwat ebre t aweaeinl arboiol
understood, complicating efforts to interpret
arises from several reasons: (1) water wuptake

be rootcitfyipce sipse hi gher <close to root tips ani
(Ahmed et al ., 20182) Sepatiat hetera@agesdeity i
water uptake patterns(Caom md0DL 6 ghtmmdsli(3y il £tvra
densities may reflect nutrient (floyrnacghi,n ¢gRl9dlt®r)a t
mi smatch between root distribution and water
the plant adjusmameetcoodiexitomrsne The structure
systems and their contribution to deep soill v
under fiel(dragmrdietti oanls. , 20 10T, hePieerunecterettai alt .
copr ehensive evaluation of the extent to whic
mechani sm for coping with water stress wunder
Pl ants rely on different strategies that enl
( WE) to maintain productivity wunder cli mate
strategies include selecting or breeding for
cropping system and soil till ageheeéegi ea&si nngrc:i
(Condon et al ., 2004; RoWhidét sdsluch 2301Ih;t eurese
of drought stress, they often have | imited ef
prol onged whéeywketd edli .®ir to&x0glhdt) r esi st ance tends
| a-nde i ntensity as hi gher productivity I s m
(Bazzichetto et al ., 2024; Kor epdt eentt iaall.l,y 2e0x2

92



Chaptleeegadbcy effects of climate extremes on dee

efficiency acuvessystfdmsgsent | and

ecosystem vulnerability wunder intensi fied ma
communities contribute to ecosystem resistanc
and -deeping species, which enhamces @®m@adt mt not
competition uf0€f€eni wat et atres<2012; |l sbel | et
|l ncreasing attention has been paid to the | eg
in soil water awvygiolnabitlhiet petrlf Basobsasrkd emaks. j t 2
al , 2025a; Mul |l er & .Bdadthms 2@32acySowohm etoidl wat
subsequent rooting patterns, al ter pl ant con
sigenanfti i mplications for the sustainability of
change.

The extent to which deep soil water storage
can buffer productivity | osse asndemdrfiexct r aMieEi
under stood. Therefore, we ma d e use of a uni
Experi menti ®CEFa$skedlyer it iah. wiii2OR9a reali st
scenari o is compared sagfaiivoesel aampdpesen{ t wbi maoel
grasslands), each r epgesiemtteamygi tai gy.adi ent of

The objective of this study was to investig:
patterns of soil wamnwsestygpageanddbkhowdt héseep!
a future climate scenario involving modified
further aimed to investigate whether and how
pl antctpirvwidtuy and WUE in response to cyeaate €
monitoring campaign. We hypothesized that, (:
at mospheric forcing, but deep soiandwalteegra ccyo netfe
of past soil moi sture conditions. (2) On an ¢

content than grasslands due to their sparser
i mpact of the fut empe solil matae escesmnadriageomsdeaenc
by this study. Furthermore, we expected that

to breeding for resource efficiency and rapid

pl antver sity, are most resistant to climate ex
diversity but permanent cover, are expected t
stabl e than cropl ands, due itnamoper ernvieal. o o
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hypot hesized that ( 4) pl ant adjustment to drc
supply would mainly occur through higher WUE

changes i n vegetatipot  teosmposiveren.teThede t hyc
monitoring soil water content p-ueti tgpesyiaaldc
climate scenari os. I nterpretation of the obse
by data omunpltagntcoanpmmi ti on and root | ength di
growt h. Our anal ysi s -sepxepcliifdict Ipyr eacc cpa u natt e do nf ohr
climatic variability, proviuwsegarmd maleinmdatte omits

ecosystem water dynamics and productivity
52 Materi al & Met hods

521 Site description

The study was <conducted at t he Gl obal Char
Lauchstadt, Ger many, which combineset wesred!| i ma
types i-:ic al ep bomleidtesi gn. The site features a
continent al climat e, and the future climate

Ger mamyY vy 0TOh.e f i-wse | ayndt ewws cirnocpll uadned st a(r coa mwge n t
(Chnd organiOdF)faamrdmitrhg ee gr ass( laM)dex t(a mdiewme i me
(EM) and extddmEP)l)vdODepastaedesite characteristics
use managementyvipdeathtaipd e dr.&Blegdo omadt €r | s ba
coll ected betweEme 2P0R&ciamidt a2d224h. and i rrigati
scenari os and t he puasrea gteynmetnhef oG@OkeF2OR 21 da md 2 0 .
summari zedbli n TReg cumul at irvaei (gGRIRL)I ,n gmeaexawsroand
precipitation and irrigation from April to Oc

>

20ae5d @fi g
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a Climate ® Ambient O Future

— 350 o . . .

E T 300 Rainfall manipulation under future climate
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Winter barley:
KWS Meridian

Winter wheat:
RGT Reform

Croplands

Winter barley: White clover: e Winter wheat:
Titus SW Hebe RGT Reform

90% Festulolium, 20% Dactylis glomerata, 10% Poa pratensis,
20% Lolium perenne (35 kg/ha)

[2]
pe]
% 14 grass species, 10 legumes, 32 other herbs (22 kg/ha)
S
° e I e o7
| |
2022 2023 2024
l Tilage <~ Fertilizing Harvest ./ Pasturing

FigurMorbt.Hll y precipitatiodusandnanagieganitorf b()al)tand

Experi ment al Facility (GCEF) from 2022 to 2024.

precipitation and irrigation from April to Octobe
EM a®drEpresent conventional far ming, organic far
extensive pasture, respectiviehygrdedde@ nfaght deshadgd
autumn in the future cli makta seenasienl sahnhtet decde
summer in the future climate scenari o. Compared
mani pul ation increased &p(angoawndpaut wmhl eaideftalkh

95



Chaptleegadbcy embhetetexbfemés on deep soil water
efficiency acuvessystfdmsgsent | and

by %®0Oarrow down). The plant species under grassl ar

522 Met eorol ogi cal water defie®evtapanhdamss @indat ida
(SPEI)

The meteorological water deficit fayn dwestP Edn

dry c¢climate events in ecological studi es. Me t
precipitation and potenti al evapotexarepgianati
probability of the watramell @i citt ¢ fditstedbudi a

common nega(tBevgeu ew &lau.eestVatlue-s. 281 dwd above 1.2
extreme dry and wef{ lchbrdit.eomradc i pit@atdijo v eil 3y
sum of prexndgiitratiigati on, whereas potenti al e
Pennmdonnt ei th equati on, with solar radi ation ¢
foll owing the (Hharggreamaveess meAtlolslgprecri 3@ I)par a me |
included, this estimate reflects atmospheric
The daily precipitation and temperature data
obtained from the German Meheworeotagionl i 8eBai
(https:// opendata.dwd. de/ climate_envirpnment/ C
and aggregated Tthoe mwanttehrl yd evfailcuiets . was al so agc¢
whereas the SPEI of a -mowtem anvwentdhge epfr eslkeing ed
antecedent months to account for seasonal hyd
wat eircidttfand SPEI cal \¥iud eretiren m n 0 a ea rbSec Ihfncaprzd 1 i@t
al20p2 MhrBPpackag(eBeiguueR 2M®lwats allsed .f or anal ysis

523 Soil water content and storage profiles

Soi | moi sture profisludplwdr el smaorgi tt o Mmed daatmae anc
probe at approxwmaekélyyiweekivpl sofbom April 2 C
device wasL| &@OTRBMEPH44 probe (I MKO Micromodu
Germany), wh-debt adictbawsminmant i on of soi |l vol ume:
profKaMakata et @h.eabl9hhmleott ypfesf,i e sloand a
to drill-1®dwmemt @andl10 nstall the plastic access
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of each | ayer was calcul ated as the average o
20, 30, 50, 70, 90 and 110 c¢m. The probe was
compensate for the ellipticaldasteansont itvhiet yc roofp It
July to October/ November in three years were
summer and tillage in fall. Topsoil and de
il water contegtsedasomg(the geowod from the

u
n
0
temperature consistently exceeds 5 AC (the mi
n
0
0

and crop species in Central Ge-Bmhaom)-hn@tBM ha
sol dayer s, respectivel y. The change in topsoil
comparing at the beginning and end of the gro
To check the accuracy of the TDR, the monit
four vol emetcroind ewat measurements ranging from
per manent wilting point using a balance and t
homogeneous soil column (34 c¢cm di ametered 35 ¢
topsoi l material from the GCEF that was compa
(1. 443 Gocmacilitate a homogeneous moisture pr
column was packed for eachrwatgraddetebefand {
| ower target water contents and partly added
content with sufficient time for equilibratio
nown dry wkeidgehnts iatnyd obfult he s oi Idrcyoilnugmna td eltOebr n
48 hours. This calibration regsal R&d =i 0 .t90e7 ,r g
0.01, n = 4, where X is the soil mometi st er me a
The calibration was determined once and used
524 Root sampling and analysis

Root samples were collected in Mayl20225and

30, abn0d c3mMd) acrossriwse alnidunsdei eteyspteesma r esul t i ng
specific sampl es. Root | ength density and di a
PrEoaf ter caref ul extraction and preservation

scheme,ngproxzedsanal ysis fhapéeéedur dssubsprcovbde.e
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Il n addition, root |l ength density was adjust
and year to obtain correlated roottd emagdth watn
upt ake. Fresh roots cannot be distinguished f
during root washing and sorting and al so not
correction coefficienysaswetbheest!l mated pndppe
tot al uoBdRy, (Begi-vag LChommAges d¢Phaheapinsetl
2025bwhich were taken in the same soil dept hs
fresh rboedlls%2wians c8r opl ®#@ g i andr,a@sedtaaridsed i nfor
proviQreaptear 2 subsection 2.2.3

525 Vegetation recording

Shortly before root sampling, an area of 30
for soil ckoerd nwi,t hwaas meatral frame in the grassil
within this area weagwelrecovalredasandelslpeasesot

estimated to the nearest percentage
526 Evapotranspiration and water wuse efficienc

Evatproanspiration (ET) was esti mgdZetl ekei &g Wad

201a2s) foll ows:
OYD OYY 'Y O 6Y a a

wheEB s the evapotPaaspreaiponha(mmh, ( mm) (r
measuded wme aut binsatierdr ipgatoifesnpgbiappsocht wane( m
change (mm) (soil water content at the start
for -1h@® ®©Om Rdeptshu)r,f aceDirunadrf di rhangng pfort CiRioth e an
capillary rise to the root zone. Due to the d
runoff is zero in the field. Due to the deep ¢
rise is negliigihblle.m Lldyeseipmed tneérasx éw Sseal umedohot &
| ower boundary duriRDan@Rwvee eysatstoTi@&ueof ehe t
al . ,. 2DH&® )net change in water cont emtt hdurinsg tp
atb@®@ cm depth was cal cul atkRtd) aaghidnh ¢5He ucru |daetpit vhe
over eight weeks spanning four weeks before t
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Wat er use efficiency (WUEET | SheeltaEtTigease as vy
calcul ated from the first day when the mean t
before harvest. Yield data was obtained from
sum of grain and strmaw . .wadlsartvaelkdn dfadre st He rcrcaryp
were synchronized through | inear interpolatio
meadows to ensure ceamparalpielsi.t \Exhi ethwee esre lparsd u

WUE estimats$enbbemass removal by sheep .grazi ni
527 St atistical analysis

Al | statistical anal yses wered feeant du crtoedde | uss i(
wer e f it tie ch@fousnicntg dnmépha ctk(fagaet € §) i2n0c or por at i ng
i ntercepts t o -palcoctoudheds ifgor anhde rseppeat ed measur ¢
to analyze soil water content and storage at
tot al veget aatem wscweeref famdewcy. To account
functional group-raadtia,s wes i ngl gulastsed sl addhe r ef
computed atthe lodg forb to grass (log(forals/lsgnass

Thesagaltogs were then analeyfzfeedc tjsoimotd eyl itno ac a pi

group dependence. Land use, climat e, year, an
(sampling ti me), and s usbeprlvoetd naess trealn dwinm hea fnf end
involving root | ength density, sampling depth
were additionally tested. Model s were fitted
l i kel i hodqér ata)t iwertesussed to assess the signifi

mo d el compar i sfeimme®mmascukjadgdent he ett oalf.ur th®eIr8)an

significant i nt erhaocct ipoanisr,wibsye rcuonnmpianrg spasst of ¢
bet ween treat ment l evel s 1 f WMMs twipelsdiamgd siing
bet ween | and use and <cl i mat e. Linear regressi
bet ween net change in watdencontyemiMdmundetdobhel

i n fbhecewopaecSkifaigeef c hec k tea dadv.el 02p0 1s5t)r uct ur e e

(SEM) to further uncover the direct and indir-r
climate extremkbd BBEWpRt eDunSsSE) .efRriicorentty ¢ ¢
categorical |l evel s of |l and use were ord-ered a
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use intensity. SPEI, topsoil wat er sftfarca geen,c yd
were the measured values during the growing
extensive pasture was excluded because the yi
initial model was ident idftiessd-seogfasdat uoat ednbias
nosi gni Fi sthat€t at iICHs quadrilest ri bustiegdn)i,f i acant patt
subsequently removddttt e dcanonp éd yrFe dyuudeeds/ bweesrte p
with the gdpNi awtk2eap aaxlk.a,ge2016)

53 Resul t s

531 SPEI and soil water content spatiotempor al

The SPEI val u-etso ienxdirceariee dmieRudg3Ot <c @€hREIt)i © n S
throughout 2022, foll owandd by@2wee ta nadt encooldnedriu tg ih & n
extreme wedl. QOnc&i SP&Ehs <Q252®m8) INbt2abhad 4y ,( Ri dheav
in August 2023 resulted in a water surplus of
2.17 in July to 0.7@siofAugueranmhbal cohaageen
on soil water profiles are demonstrated exempl
scenaruiré ()Fi gThe soi#2l0 maon sdtewrteh amasO cl osel y r
(lookingthdhreac kmwar=d OipB 7tpi.MeO,1 )R and to a | esse

n

monthly water O0ga&S8j0c iOtousr{ER (528 g Summer drought
persisted in deeper soil |l ayers, witimtwawéadi cdb
for our Si% evolsumet rildg. at er content . Howeve
conditions in topsoil, resulting in drier dee

period. The |l egacy effestedofbgummer!| dngudat ai
fronts to reach the depth of 100 c¢cm (five moni
precipitation | ed to higher soil water conten
the proéieprtand t hme, making it theumb&tbt)yest vy
The heavy rain event in August 2023 (on aver a
of 59.3 mm and a cumul ati-ver motwat ewftp teB/ind qumar
the entire volume of precipitation was taken

to field c&pasoitltywa@aatrd@ontent) due to the en
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(305 mm avai FaubgbdaSZmpacity) (

a
2022 2023 2024 200 _
£ 9} : : ) 2
5 : 100 &
g 1 % 1
3 = 0
= ot 0o &
o El !
@ 100 3, 2
2F
b Mfay Ayg Nvlav Fcleb M_ay ALI.Ig N?V Ft?b Mlay Agg NzI::v F&Iab
l I
251
Water content
= 5 [vol %]
E -10
£ 20
o
8 30
or 40
100F
125+ | :
FigurTei iee Pi es dynamics of meteorological aridity |
2022 to Mon24ht ghapr di z e-ev gpp ceteri g & @it ri atni o Amoinrt che x (¢
ti mescal e and meftiecarto | owghiecrael pwoastietri vdee val ues i ndi c
values indicate drier conditions. (b)) Temporal val
110 cm), shown exemplarily for extdarsdiede vieeadad cvad
separate the three years of observation. The col or
point and at field capacity.
5.3Caémpari son of soil water content between c
Cropland egshstbenteldycloi gher soil water cont er

profil e, -1e0x ccenp td efpotrh O n whi cunr5& a.pl Bmael dviasc rde g
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average soil water content bet ween cfriogdlalnyd, :
when averaged across the period for which dat
water content -T® drowglrand amaliOn7cgf adsesplt 8htp8 bautt
great &0 atm 22 pBHLX%o9and hHMO8& c mpd ePp.t 558 a,i gTabl e

S51). The future climate scenario did not affe
climate irrespectblvie of soi l depth (Table S

I n the -3®@psm) | @il moi stmwale felxinectbuwatidomss ro
by pronounced increases dur unsg bwi.ntlenr caoamd rdedl
soi l l-alyG®rcm)30di spl ayed a more gradual, del ay
higher soil modsdwrieng hainngerasad302a2, most of 20
bet ween climate scenarios were evidesée,tbhbpest
From January to June 2023, t he water content
smeari o was higher than under the ambient clinm
i n autumn of 2022 and spring of 2023. I n con

remained consistently | ower 20228y adve20Bagly Tt

was shielded in the future c¢climate scenario
a Water content [vol %] b
175 200 225 250 275
e 0-30 cm |
0-10{ L™ et 40 ‘ N
10-20] L* e 30 [ "\ .\ \\\ B -7
g | [ WA Ve
= —_ 7 I | s ' \ A
— 20-301 L™ : o ey AT 1 % i ] /i
E “ = Ut ¥ Ty :
2 e £ 10
£ 30-50{ L o L 30-110 cm
2 g 40
50-701 e~ L+ 5 I .
& 30 ? oadts .
—e—i ! i e
70-901 —e— [ = 2 | {f o '\
20 P /4 e
90-110{ '~ oL 0 T N :
Jun22 Sep22 Dec22 Mar23 Jun23 Sep23 Dec23 Mar24 Jun24 Sep24 Dec24

Climate ® Ambient © Future Land use Cropland # Grassland

Fi gurkf fS5ecdt s of | and use and the future climate sc
water content altl1O0dicfni)eruemde ed etpviphep &l and grassl a
climate scenarios (ambient and future). Val ues r

Significant differences between croplamp&g &nd5yr as
and pg<*0)(00tb) Temporal dynamics 030som) amadedecpea
110 cm) soil |l ayers from April 2022 to December 2
and future climate scenariose. ushd twosepantitel thek
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solid gray line represents field capacity, and th
5.3Cémparison of soil water content between c

No significant diifrf2e@ ecnntc edse pmelr,e boubts earvgeadn i ¢
exhibited higher soil water contentp<t hOanO 5c,0n\
Fiugbeta, Todbhl. e The di fferences between the two f
: wi 11/ %0 rhg ggrhiea fwartr
contentp<| @6v éubrsd &, gTelhl.e HS gher soi | moi sture i
organic farming was most evi dent adpupreianrge dt hdeu rdi
the wetter yuerdgetbf QO_Rdr (tFheg future climate ¢

conventional farming was significantly higher

under ehe ambimate scenari o

as a delayed respondebdloowramigiagntong!| ibmdt e elcd

because of precipitation shielding

a Water content [vol %] b
175 200 225 250 275
. 0-30 cm |
0-10 —e—i 40 ; :
o 4"*/\--4 ‘3 F —.—/
10-20 — _ %o f/ % I Y - =
® 4 N % f i e
ot = 20 m | 1 / ‘
— 20-301 LF —e—i g f
£ = b‘\/
5] a— "
= —e— c 10 i
.g 30-501 LF —e—i *2 30-110 cm |
2 g 40 :
50-70 —e— 5 :
TU’ 30 ' ; : e == .
—— ' PR fa pees
70-90 o LF* = Tiom, s T //J v
20 ' vaeed & P
90-110 et LF* 10 : - 1
Jun22 Sep22 Dec22 Mar23 Jun23 Sep23 Dec23 Mar24 Jun24 Sep 24

Climate ® Ambient © Future Landuse + Conventional farming ® Organic farming

Fi gu4kf fSects of | and use and the future climate sc
water content a-tldidmerantendeptivbsacrf OWeont i onal far
farming) and two climate scenarios (ambient and f
(n = 5). Significant differences between convent.
ae i ndip<atOed 5%p<a®do’1y . ((b) Temporal dynamies of s
30 cm) andldeepr s©30 | ayers from April 2022 to J
and organic far ming iumaltee sacrebn arnito sa.n dT hfeu ttuwoe wedr t
used to separate the three years. The solid gray I
the wilting point.

53. Lo3nparison of soil water ncantee mgtr alsestl vaenars i
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Compared to extensive meadows and pastures
moi ster deepearrSdsa, | Tolbplyee O &a¥egage, soi | wat e
meadows across thed:2% andl@Bo6hi gbewasndér 9 amk
future climate scemdri)os Theegmaecthiex avleyen( Hieg p
intensive and extensive grasslands opened whe

became small ere, walsemr etfhd lugt i mg slpnrdenrg t(hFe gf ut

scenari o, deep soil water content significant/|
climat e, Wh edne ftitce t 2 @ f t he August rain event
dscrepancy was strongest in intensive meadows,
persisted wuntil the end of t pg MoMWi5f) or iIHogve v &
extensive pastures, soil watoerwacsonnitneintti aulnldye rhit
of the additional irrigation in autumn and sp

Septemberur3&@®)3. ( Fi g

Fi gubkf ffect s of |l and use and the futudeptcHd mata) s
water content dtlOdicfmf)eruenrdterddpmtrireee (g0 assl ands (int
and extensive pasture) and two climate scenari os
standard errfarca(nt =diF).er®ingreis bet ween three gras:
indi cpted. OPX,0*¥01l)p<afdOo®1rLY. ((b) Tempor al dynami c
the sh-8D1 owm) (Gnd 1deepmpmr s(3dad | 2yeosDécembapr2D2202
i ntensive meadow, extensive meadow and extensive
The two vertical bl ack dashed | ines are used to s
capacitthye, daansdhed | i ne represents the wilting point
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