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2 Field site map. In panel 1, the UK research site is shown. Panel 2 illustrates
the various research areas within the Norbury Park Estate, with the main site
A in orange and the control site B in green. Panel 3 provides details of the
main site A, which covers zone LFt1-LFt3, SFt1-SFt3 and SCt, while panel 4
shows site B with LCtl and LCt2 controls. Soil texture zone groupings are
represented by blue-dashed lines for loamy conditions and yellow-dashed
lines for sandy loam conditions. The moisture sampling grid is also illustrated,
with blue and red points corresponding to shallow and deep & shallow soil

moisture measurement, reSPECHIVEIY..........uuuuiiiiiiiiiiiiii e 5>

3 Map of the shallow degree of saturation (SSR) spatial distribution based on
the measured data and fitted variograms at site A, which includes zones LFt1-
LFt3, SFt1-SFt3, and SCt. Panels A-D indicate the variability of SSR across

'''''''''''''''''''''''''

Seasonseeeeeeeeeeeeeeeeeeececeeeeeee. T

.4 Map of the shallow degree of saturation (SSR) spatial distribution based on
the measured data and fitted variograms at site B, which includes zones LCt1

and LCt2. Panels A-D indicate the variability of SSR acrosss eas ons é ¢TT

5 Map of 30 cm depth degree of saturation (dSR) spatial distribution based on
measured data at site A, which includes zones LFt1-LFt3, SFt1-SFt3, and SCt.

//////
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. 6 Map of 30 degmee of satpration (ASR) spatial distribution based on
measured data at site B, which includes zones LCtland LCt2. Panels A-D

indicate the variability of dSR acr T®

.7 Boxpl ot depicting the distribution

zones and soil types. Panel s A, C,
abies, Abi es fraseri, and Thuja p
fertirrigated c(onRtr2o,l LAtCX)l)amndondit
represent Pinus sylvestris, Pi cea

heights distribludoamer tuindreirg asstaenddy( S|

contr ol (SCt) conditionseéeeeéeééééééeeyYN

. 8 Boxpl ot depicting the distribution

zones and soi l types. Panel s A, C,
i ncana, Acer pseudoplatanus, and Ca
| oamy fertirrti3gataendd (clomtt2r,olLH LCt 1)
H represent Betul a pendul a, Al nus

Carpinus betulus heightlsoadmgsrttriirbruitg
SFt2, SFt3) and controdeds&s&addécomndai v=

. 9 Boxpl ot depicting the distribution
zones and soil types. Panel A Querc
fertirrigated LFt1, LFt2, LFt3 and
Quercus robsrr heughosl dathgrt sandygat
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3.10 Forest pdraodartbiooon Gg)alero©O©ss zones
Panel AuptakeCOs il | UotEfmeartteidr rfioga ts
SFt 2, SFt3 and the respective cont
CQuptake in loamy fertirrigated zol
controls LCtl1 and LCt 2. Error bars
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3-S1 l rrigation schemeéééeééécécéécéeéééeéeééeeéeéw
3-S2 Semiariograms models fitting shallo
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3-S 3 Map of 10 cm depth degree of saturation (dSR) spatial distribution based on
measured data at site A, which includes zones LFt1-LFt3, SFt1-SFt3, and SCt.
Panels A-D indicatethevar i abi |l ity of dSR acros ®

3-S4 Map of 10 degmee of satpratibn (dSR) spatial distribution based on
measured data at site B, which includes zones LCtland LCt2. Panels A-D
indicate the variability of dSR acr NM|
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3-S5 Map of 20 cm depth degree of saturation (dSR) spatial distribution based on
measured data at site A, which includes zones LFt1-LFt3, SFt1-SFt3, and SCt.
PanelsA-D i ndicate the variability of (NM

3-S6 Map of 20 degme of satpration (dSR) spatial distribution based on
measured data at site B, which includes zones LCtland LCt2. Panels A-D

indicate the variability of dSR acr NM|

3-S7 Map of 40 cm depth degree of saturation (dSR) spatial distribution based on
measured data at site A, which includes zones LFt1-LFt3, SFt1-SFt3, and SCt.
PanelsA-D i ndicate the variability of édNM|

3-S8 Map of 40 degmee of satpratibn (dSR) spatial distribution based on
measured data at site B, which includes zones LCtland LCt2. Panels A-D
indicate the variability of dSR acr NM

4.1 Daily mean air tempematcarmpe t@dr eoy/liir
The azure box highlights the period
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April to October 2022éééééééééééééé NN

4.2 Field site map. Panel 1 shows the 1
di splays the research areas across
orange and the control B in green. F
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. 5 Temporal dynamic of actual &amd | owumy
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Abstract
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2 . 1lnt roduct
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to fire (Spence et al ., 2020) as wel |l as af-
spread of soil and plant pathogens (Krause e
Forest soi |l moi stur e content directly i mpa
precipitation, preventing or reducing surf ai
wi t h infiltration rates varying significant

NDALE 1D 1J
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management practice (Zi mmermann et al ., 2006
moi sture deficit directly control the inte

photosynthetic water demand -aadopy owe petodt

(Seneviet atad e , 2010) . Concurrently, tree phy
architecture, | eaf area i ndex, and stand age
by controlling interception, t hroughfall, a
influenttngtiowh processes. Physiology featur
root water uptake, decreased runoff and eva

interactions between these governing process

tempor al dafy nfaomi esst soi | moi sture (Naithani e

Soil moisture also influences plant nutrient

and soils, gaseous exchanges, including gree

nto groundwater (Schl esinge-mi et obad . i, nt2edrlebo

rocesses and nutrient cycling that wultimate

cC ©

nder <c¢climate change (Braganza et al ., 2013

-

anging from saturation to water deficit, i
merobic microbial me tsal awlriagmdi f oseiskt s.soWat
ave | ower nitrogen mineralization rates (Ul
source for at mos)p,hewhecr ereest hlaomvee r( Chhloi st ur e
I ghesabGWr pUi bah and MDlbe eest2®dHIli)shment of

uvenile forests is expected to exert increa

> 9 TS 9

—

t various spatial and tempor al scal es. Thi

a
stabi tezégubohwn trees can effectively regul at .
a

s wel l as the nutrient and site hydrology
consideration of the inherent relationship
afforessatcess. For instance, the selection

with inappropriate high initial pl anting den

the overall tree survival rate (Nan et al .,
moi sture depletion following a change-in | ar
arid Loess Plateau in China, where war mi ng

NBRALE D 1D
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moi sture stress (Pu et al ., 2006, Yao et al

were reported in Mediterranean drylands (Del
2015) . Successes in afforestation arel found
planting criteria, and |l ead to higher infilt@t
(I'lsted, 2016; Mapa, 1995). Given these chal
moi sture dynamics on afforested ess ttelsati smayr
optimize tree growth processes and, thus, <ca
(Lewis et alSi,l 02s0 1e9t, aP®r,e z202 1 ) ,e |l aad evde lelc oassy sf
ser viAsesr.evi ewed by Jones et al . (2022), ou
bet ween afforestation, soil moi stur e, and t
l ong term, remains | imited. This knowl edge ¢

mpactfkf efendti stages of forest gr aawt hr ecsrul g0

from variation in tree water useRoreparpattao aets
al ., amd2t)feeotation of roots and soil- struc
annual observations are critical for proper/|
mu Fatnin u a | observatiepessiblal so bapbmee t he
di sturbances, such as drought event s, on t he
et al ., 2022) . Il ntegrating thisgvahealkke str
knowl edge gap, whi ch i s cruci al for suppo
afforestation and restoration approaches enh

Thi s paper presents the findings of a st ui

t

emperature dynamics betweenghbmaviemaeg!| ¢ of es

ecosystem. While the initial focus was to
processes in the two forest ecosystems, a
dynamics of the forests. As a resul bgitchis s
processes in two forest systems, but al so ir
juvenil e fotreemt f elcloewi ng external-anpneuratlur b a
observations facilitated this opportunity, €
how differently jJjuvenile forest stand resport

N RAUE 1D 1D
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and how it could provide water ecological 1

woodl and, such as flood regulati on.

2.2.1 Field site description

100 150 200 m

i ——] E——
Figure 2.1: Field site map. Paired plots of juvenile
(green dotted outline) with the |l atter placed within
in the FACE facil it ywist hcoanmbrioelntarariary,s i(nt ryeealtleodw) .
The study site is located in rural Staffords

mature temperate deciduous forest patch host

N TALE 1D 1
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Researc-Ai Fr€arbon Dioxide EnrichaaeKtenzBleF ®R
al ., 2021; Harandctamlad] &20dm®t juvenile fores
2014 over previous arable farmland (52A 48"
sea | evel (amsl )). T-bhbenapwmwubkbmpeenbgeCanlwagel
using 1 min average from 2048°QG oan2d0 18 , miwi it nhu
of4.%C. The annual rainfall The eBlkBE€E 6a6i ( Nt
consists of six approximately <circular exper
infrastBuaent urae | 2r than the tree canopy (Har
treatedevmitihchCeOd air to maintain z01&QO pp mv

during daytime and growing season, and thre
(control, showrmr2lh. yehlawdini Bng the facilit
arrays with no physical i nfrastruagredae. (und
The FACE infrastructure was built in 2015 c:
(Har't et al . ,2t2Zr0ela%t)menfthesteaC@®ed in April 20
during | eaf out daylight hours April to Octo

FACE forest (from now on wradll)ed st me mamartr er € e’
woodl and covering approximately 19Qulea cuBart
robuUEngl i sh oak) planted Lwmoyhndslav@emmemppi
hazel) and remaining | argely unmanaged for t
nati ve tree s p@rcdtease giursc | faadmangmoma hawnt @or n) |,
pseudopl @aspoamor e ma g leex) aagn(dhfod il ayy en -sed | f

sporadically (Hart et al., 2019). The averag
ot herdosmibnant species usually reach approxim

compl exl anyuelrteid canopy structure. rEelsd Paoielsede

a generally emnndy bhodmpthyof 40 c¢m, and mos:
conditions wuntil 1 m (Hollis et al ., 2021) .
superficial tildl deposits with a |Iimited are

of the Hel sbynaSamdst(Brd&h,d &g G)c.ent upEant ati o
i s a 4. 66 h ani xasge caidle snigd uo u s wameflpaoden(i | e
pl antaturé, pFagted in spring 2014 over a pr
depth 0.4 m), c har acotfe ra pmperdo xbiymaanes dgilayh ddge pw iht

N ®ALE 1D 1D
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| oam characteristics. The estimated avail abl
sites is 1.2 mm per c¢cm depth of soil, based
(TalRlp
Table 2.1: Available water holding capacity (mm/ cm de
averages and vary with soil structure and organic mat
Texture Field capaci|Wilting poinAvailable

(AQ)
sandy | oam [20mm/ cdrept h oO.mMm/ cm dept|l12mm/ cm de

soil

Theguvenil e walsafnftartd sothé @Quwveirtchus (Emglh umh Bk

Betul a fpeandwelyadBrrcrhus (@ivlii d mch%®®oyyl us avell e
(common )hazaenld ssamd lalmgrn nt s of ot her dédceitdaviolu s
i AppenmneSiL x5Sapl ings | ess than 1 m t al50tOwees pl |
hain rows app2oXimadamgdrnyt 2 with 1.8 m distanc:

same row.

222 Experimental setup
The data analysed in this study cover the p
2020. Air temperatur e, precipitation, soil n

a shdourly resolution and were aggregated i
analygs Prior to March 2019, weat her data v

Undergroundo seémndaors: neétwwor lwurdeusgirnogunal . ¢c amg

weat her stations in the village of Gnosall,
2019, four heavily instrumented meteorol ogi
boundary of the mature forest abn2dd, eex pped
El ectronics) and air temperature sensors (H

3year average ©precipitation and temperature

N @AUE 1D 1J
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calcul ation were acquired from the MET of fi

of fice, 2020), Il ocated nearly 20 km from the
by two different sets of probes. Il n the me
Scien@.i¥f2 cm)( were inserted diagonally from t
undi sturbed Bl FoORTrBEACEt ken&pPshéfigrrays were

in this study to avoid potentrebi matenf éhen
moi sture dynamics) . Each |l ocation currently

spaced approximately 1 m apart Qabo.obAl2gmoudp o

of-32sensors in close proximity were average
measur ement . The number of sensors was grad
| ocations recorded since October 2016, seve
Decemb®¥8.2 Soi l temperature was measured by
Scientiedchoburzontally at 0.1 m since early
moi sture sensors were installed in the juven
moi sture and soi l temperature were measured

(now METERbwrrioautp )agt five | ocations aturfe 1 m |

21) . One of these | ocations was permanently
|l ocations active for the remaining period. T
covers theomeditddApr il 2016 untiil 1st Mar c h
data from 64 observations (from 28th March 2
the juvenile plantation dataset and were fi
Appen2éSi2y to allow the time series decomposi:t
223 Juvenile plantation monitoring

Understanding the interactions between clin
conditions, general forest dynamics, and rel
knowl edge of tree growt h. Di ameter at breast

t hkey measurements for describing forest st

T wuE N
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suggesting appropriate management strategies

m and tree height using a combination of an

the tallest trees during two surveys in 2019
cacul ated the basal area as a sum of the tre
surveyed within the plantation. Finally, by
estimated the mortality rates across species

224 Time series analysi s

Analysing the dynamics of soi l moi sture ove
rel ati onshi p dbeevteweoepnmefnar easntd hydr ol ogi cal pr
patterns vary annually and seasonally due t

phenol ogy-ofi veofl ppaédforest growth, and soil
ti me seriesnmetbEgosheammemportant tddle for
maidri vers of hydrol ogi cal procegdgwxeskegphange
seriTehse. statistical approach wused for t i me
sectioh 2.2. 7.

22 . bvent anal ysi s

To characterize t he mature forest and juv.
met eorol ogi cal event-dawepeareil edcd ewi tfroupr & aiop i
contrasting magnitude (5 abbdat &i0l emn)i nffoar mMadtli6
di stribution of the preni ppp2eSB8.dihe ¢atai pamnalb
events were chosen based also on their occur
comparabl e average air temperature and veget
to focus on the forest ecosystemsnis erlalsapsons e
additi onmonwlo ¢$wmmer pe-dupestAburgounsdtmiidn 2016

= NALE D1
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2019 were saehatwesddagnd he statistiicmmlSemettihoond
2. 2.7

2.2.6 Temperature regulati on

We investigated the canopy cover thermoregul
and juvenile plantation by2%am)tesoi hgt € mpe mea
of topsl®i lcm)10from 2018 to 2020. oMweast empe

calcul ated between air temperature and topso

22 .9t atistical met hods

We wused two statistical met hods to deter min
moi stur e dynami cs. Firstly, to evaluat e t!
observations in both mature forest-sampljeuven

Kol mog®miorvnov test (KS; Ha z s It watasckked g e 2i0nl 9R . u”
approach compares two samples determining
di stribution (@nuldr hdipsottihrecsti sqgn eds 1)(.a | Ttheer ntaetsit
is carranegredefaned statibofi ca%. sGigneérd i &« afnicre
of eniwid h an observed cumulRBtaye a@isecomdtsanmn
of sawzeéh an observed cumul atGi( kg t thies tKrodl motgiod |
Smirnov Ditsatgisvteinc by:

O a 00w Ows ¢B
| O i s grea©Ogg ,tthheannul | hypothesi®Bi satr sji gnt éd
wheOegpis the critical vamaed For sufficientl

ZRAUE D1
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. a ¢
O+ n w| T (qfes]
Secondly, we applied the piecewise |linear r ¢
segmented | inear regression, to investigate
response to the dry periods. I n ecological s
(Temet al ., 200 3, Ficetola and Denoel, 2009,
Villard, 2015) to identify thresholds that

dynamics or the processes governing them.

breakpoi=nits agi ven by:

Q Qo .

. o~ S
Q Qe 0 . S

o o
O‘
[ ]

Wherwei s the vallwmbséovathen odi sof hemoostespo
value for the indepentdentbreakpabhe Q@trlree t hr
assumed to be the independent, additive erro
The sl opes of the fl ands JTardgaaspketctomrsiyder e
the differencetroncemhaplgage The R (Zeil eis A.
been used to determine the optimal number of

2.2.7.1 Time series decomposition

For ti me seriese dtercompfosrn meadnt we soi l moi st
mature forest and | uvesreialseo n@ll a mtnadt itorne nuds i dnege
using the LOESS (STL) procedur g e@Cl| pairemleach d ¢
(202620) . This method performs an additive

ZoiuE N
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Y) seav)onand (remai nde¥Y) c(oHmpromeyntasnd Peters
i solated and an2dl)yzed (Equation

o Y Y Y C 8
The <core of t he process i's the Loess Smoo
explanatory wvariabl es, the value <closest t
estimated by fitting a |l ocally wseeiveehrtae d
observations. The STL procedure is carried o
i nner and outer |l oop. Each passage of t he
smoother to the seasonal and trend componen
calcubhateemii nder clolmp,0ontemd .Ldesnsa process i s

t he weight of the remainder componentos ext
i nner cycle wuse the calculated weights to
identified by the previ oluesd oiuntfeor maco po.n Faobro L
met hod, see Cleveland etfabmst{ paEk)a.8eTThoa eSTL
Team 2022) usedi Esr anhamgsi s required the d:t¢
component smoot hgd whi cphar ameued be an odd i
corresponding to the years of observation. |
2016 t & waODL0set to 5.

2. Resul t s

2. 3.Jluvenile plantation survey

=nAuE N



96¢ Gaqlll WNs Y

The first tree survey icmrtrhed] wweniilne Jalhamatr 3
tree density bdstlidmalt etdrreeBelcamuse of the | im
di ameter, only the heights were measured dur
QuercuswaoblLr6é m, ranging from a maxi mum of
Betula pepBduhas hawi um gher average height val
with maximum values of Purminmg 4t e msaeesmpecti
which took place in 2020, thelwisth matlikasalna
of 12h2d. Quer cusam@bwmus haavd uhmi gher death rate
percent and 16 percent of tXh2)i.r respective p

Tabl eARer2age, ma x i mu m, mi ni mum heights, as wel | as mortald.i
plantation following a tree survey in 2010.
Common| Latin n Averag Ma x i mu Mi ni mu Mort al
name height height height rates f
2019 su
Engli shQuercus 2 4.50 1 33%
Silver Bet ul i 5 6.50 3 3%
pendul
Wild CHPrunus 4 6 1.50 16%
Hazel Corylu 2.50 4.50 1 5%
avell a
Hor nbe Car pin 3 4.50 1.50 0%
bet ul (
Rowan Sor bug 3.5 4.50 1 8 %
aucupa
Field N Acer 3 4 1 0%
campes|
Chestn Castan 2 4 1 22 %
sati v,

ZRAULE D1
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Whitebgqg Sorbus 2 2.50 0.70 0 %
wWild P Pyrus 3 3.50 1.50 0 %
commun
Crab Aj Mal us 2.7 3 2.50 33%
syl ves
I n compari son, the average oak height I ncr

reaching 3. 3Bent ulSa maé& @®d wipaus raevacuhned an aver
height of 5 and 4 m, respectively, wi.tzh maxi

shows the growth of juvenile plantation fron

Figure 2. 2: Juvenile plantation stages from planting

2017 from a different camera angle showing both the

ZRAUE D1
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(bottom) (C), and 2019 (D) respectively. I n panels B
foreground.

2. 3.Si | moi sture dynamic camdlihydrmnesn

Average daily soil moi sture at the juvenile
2020 is sho2a8n iinn Fnhgiucrhe t wo di stinct phases a
from April 2016 to June 2018, was characteri
sitesr2FCrom Septembemoti stAprill evedisl gener a
with minimum and maX2d%uam-36eP8 Qwiens noaft ud& e and

forests, respectively.
ol A
@15
-1
§10
2s
E
2o
5
Fao| B
E
e 30
o
S2
%10 ‘ ! | | L
g 1 1] ] | | (I |
& dla, WAL IS v‘ Li | ‘JLJL.UL. Jbk Lol [.I»...‘“u ‘ LA Al v and ) d 4 ) ;L O
40 c
,-.35
§-30
g
22
2
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£
%15
m10
5
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Sites — Juvenile Plantation Mature Forest
Figure 2.3: Daily air temperature (A), precipitation
pl antation and mature forest. Daily mean soil moi st t

standard error of thelmemans{BEfr. oNeeevahabnsoat Bl FoF

control and undisturbed arrays.
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Peak soil moi sture values synchronized for
mature forest compared tar2h@) .] uWreen | eo rmpd iadi
seasonal variability, the |l argest absolute c

early summart utmmonired Y5 %) compared to more sin

observations in winter and spring. This se:;
standard error ( SE) t hat shows a | arger r a
Substanti al precipitatiosanl egdnis ans@0l6mansts

but the absolute difference between the fore

first peri od. Note that the SE for the mat
aggregated samples in thd staedtetliadrpgsi odh
2018 aodi coi des with a dry period. In the fo
mature and juvenile plantation declined to r

extended drought ended wv émt she@¥y Apgest pia
September ), which only partially restored se
di fference in soil moi sture was altered aft
moi sture conditions in botahnd oaremsualt ytpiense, sbco:
exampl e, soil moi st urded iomn 2alvler awgeer iferdo mo nlJlayn u
based on a total rainfal/l of 338 mm, which i
the same period Tme 298 8f dr3 4tlhenn)uveni |l e pl ant
this period peaking at nearly 22% in | ate 2C
decreased over time due to installation of
(MacKenzie et al., 2021).
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Figure 2. 4: Mont hly averages of air temperature (A) a
to 2020 in relation to the monthly c¢climat-»p02@ica0d no
years weather data acquirled aftreadm aa vbehatwbeurr yst dtsi km a
2020) .

Figwkhde depicts the monthly average temperatu
anomalies from 2016 to 2020 ich i malt att ogm ctad
I n particular, 2018 differed mowmez24 A m wihteh o
bel-awer age t erpéeér aQ)r ewi(nt er monmbsth opeoived
characterized by sever al positive ther mal a |
that ended in earl Wi gR2U8B. hRaglhdtig@gd ttso htolwi s,u mr
of 2018 wedebwfaestevere drlooulgh$RPl maaswoas s ng
(UKCEH, 2022), with annual rainfall being re
20128019 being drier and warmer than nor mal ,

to generally wedndirt iaonnds .collnde2019, t he mean

dropped to +9.75 (N 4.28) AC, in line with t
775 (N 35.4) mm represented an estimated 19%

Z®AuE N
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when focusing on the summer months of 2018 a
is estimated to be 60% with 148.6 mm and 368

40
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Sites — Juvenile Plantation — Mature Forest
Figure 2.5: Soi l moi sture time ser2@®@30.deaimpysmeanon
moi sture at mature (Ahd-tjeowmgntirleendf oirnesgoi | moi stur e
representing the breakpoints (B); soil moi sture seas:
the difference between both forest ecosystems (C); so
Decomposition of soil moi sture time series

the juvenile plantatiomr2®hA) .t hel tnmadwghe sfooirle
decreased for both forest wryzbtBe ms tfthreomdez0 1 &

greater in the juvenile plantation than in
0.05). In 2019, soil moi st ur eriomu gthite | reavted rse i
than 1.5 years, whereas soatli omoirsetaucrhee d na t1h0e

value thanurasBgre Thkei g@gppl ication of piecewis

can be fAupan2itdx t o soi l moi sture trends i
breakpoints that occurred in May 2017, Decem
l ine uirk5B) g The sl opes of | inear regression

owru: n 1
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2017 and Novembel®32O0dB Gr®20, respectively, i
soi l moi sture dynamics that coincide3with t

Figkb€ al so depicts the progressive synchro

dynami cs, as evidenced by the reduction of
bet ween juvenile and mature f oredtuef r<on.20D®]E¢
2019 (KS Ot.elsbt,alpbe == 0. 2435). Restrasulx)l ocfo nspooinl

moi simr ®dot h forest sites confirm these findi

during the summer of 2019.

2. 3. E¥ent based analysis of tempor al
responses.

Fi gu26e shows hourl vy me an soil moi stur e i n
measurements in response to rg=e20ecnnelanpdr eci pi
mm) during the summers of 2016 and 2019. Re
juvenile plantation had higher soil moi stur

forest (KS t-eatueD<=0005%, with an average d

t adl 5 %. I n 2019, however, this dissimilarity
significant0.(lkBalpest> ®. &5) with the soil moi
to 5% or | ess.

OoNALE N 1]
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9-10 July 2016 Precipitation > 20 mm 08-09 August 2019
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Figure 2.6: Effect of selected precipitation event:

forest and juvenile plantadibherradn terd=mprle T ip tPsr res=Pnonm
summers 2016 and 2019.

Additionally, mat ure forest soi l moi sture i
plantation, but this -paAtgust 26)6.i gSovielr smeali sot
exceeded that of the plantation by approxi m

event . Overall, soil moi sture in the mature
plantation following heavy rain evemdlsl erOn
eventrs5(Pm) cause negligible soil moi stur e

dept hscasesulr(®i)Tlgo further characterize the twv
show -amrde glo®tught responses of soil moi stur
ecosystesmsl,ecteed t wo summer pefheddirst 2610L6n
period, which |l asted from 20 June to 20 Augu

an average temperature of +15.3 (N 1) AC. Du

ORAUE N 1J
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juvenile plantation showed a progressive sO
respectively, reachingurl2Zdws .of 10% and 20% (
2016 summer period 2019 summer period
40— | i | 7-”'-—”———”'0 S o D BN RN p i B =gy —gg == °
S [ T T T
35 5 35 5
30 30 10
\?25 25 f/\ﬁg
g g
§20 20 \20%:.
E 3
15 15 25
10 10 30
5 35 5 35
0 2016-07-01 2016-07-15 2016-08-01 2016-08-15 40 0 2019-07-01 2019-07-15 2019-08-01 2019-08-15 40

— Juvenile Plantation — Mature Forest I Precipitation (mm)
Figure LT Soi l moi sture in mature forest and juveni
and summer 2019 (panel B) .
The second selected summer period in 2019 (f
precipitation (total of 130. mm) and sl igh
temperat&6r@3oAC). The soi moi sture showed a
the first month was characterized by drier <c
10% decrease for both mature forest uaed | u\
27B) . Foll owing thi i ni al peri od, i ncr ea:
similrapers haoi | moi sture response in both for
initial conditions. Despite forest soil moi s
there s a shift toward a new distincms perio

becomi

owiu: n 1

ng

mi ni n2all 1 60K $1t, e 402 B9 | pu e

< 0.

05) .
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2. 3. Buffering i mpact. on air temper a:

Daily average temperature
A
24 — Air temperature
— Juvenile Plantation topsoil temperature
Mature Forest topsoil temperature

AT Mature Forest|Air temperature
10 B A Temperature

|| positive
5 M negative
o
]
i
<
5
10
AT Juvenile Plantation|Air temperature
10| ¢ A Temperature
M posit
5 ° B hegaive
2, #MW i 'W*”mﬂﬁv by
5 “‘frrfr i
5

2018-05 2018-11 2019-05 2019-11

igure 2. 8: Difference between topsoil temperature ar

F

and juvenil e glo&mMt)at iPbanne(l20AL6shows daily air-r temper a
coll ected at the control amR RAGE,stmpabelds aBragyd @i sh
d

ifference between topsoil and air temperature for bc

From 2018 to 2020, the average daily dynamic
t hat the mature forest buffers | arge tempe
effectively modul ated with topsoil temperatu
thisipd. This is remarkable given that 2019
annual air tempe(rFatged ) ofSeea9omadl ly, the mat

temperature is characterized by higher temp
| owerpetreamhures i n warmer ones compared-to air
value < 0.05). The extent of the mature for
May and 1 September 2018, when there is 4 AC
and aiagr ateummpe 28B) g For the same period, t he
juvenile plantation is far inferior, with a

temperature |l ess than-vhBAGQe( KSuaBE:. FD g= 0. 06
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2 .3l scussi

2.4.l1lncreasing similarity I n soi l
juvenile plantation and mature

Based on the presented sojiltvenmwilseé upleanthateir oz
more conservative water bal ance, l ess fluct

than the matwnrza8)f orSeostl (M®igture conditions d

fluxes t hat rel at e t o vegetation type, hy
properties (Seneviratne et al ., 2012) . Despi
21), the mature forest and juvenile plantat:.
soi l moi sture dynamics duént@atthecul ari,ffeh
plantation, which was only 6 years old at th

i's characterized bywr2angR aman poasrsoby y( Fiogv | ev

matter in the soil. I n fact, afforestation ¢
various soi l properties (Yao et al ., 2023,

resul t, the wvariatiod wint lsion |t hmeoijsd we ri loedb s
|l i kely caused by the indemasddophydiceoltagiecsa
drought, as well as differences in forest st

The developed canopy structure of an undi st

plays an important role in regulating soil r
interception and reduced throughfall, as wel
mi croclimate and the evaporation from the s

consumption to meet photosynthetic watoer de
result in higher ET | osses and soil water de
(lhadsberg etlmatere2t0ilagly, the devel oped gr ol
juvenile plantation does not appear to cause
show over the period preceding the drought,

similar | ematume fareshte (3C). This relates

oRALE N 1J
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functional rooting depth between trees and
primarily to deeper s-80lcmdpisbmpeaeradati badpi &4s
a | arger presence in the shall ow soTHisl ayer
interpretation is coherent with the moisture
juvenile plantation during the dry stress pe
can be detectedppdadShix.l] sl nnt hihe context, t h
ef fectively as a Arenewal event o, eliminatin
2008). Al though wvertical moi sture profile d
overal/l response and adaptation to dromfught,
the hydrol ogi cal processes in action. Furthe

information on the development of fl ood capa

( Furge

26 27), which is a valwuable water ecological
(Jenkins and ®bhhaaeff@0tt8¢f functional root
analysis of high rainfal/l events, where the
to uptake soil moi sture. This could be relat

| ayers amde/ oerxtaensa ve root network (Holdo et

outside the direct scope of this research.

Not abl y25 FsSlgawse how soil moisture changes hi
(LIl oret et al., 2011) between the two forest
hi gher resistance and recovery. Nevertheless
maturetfame juvenile plantation became small

This pattern becamas$ ytshhen gs eivli dreaEFs gekb&) trend
and the progressive alignmengtilb€) wbasbnabugge
that the Hwadrcdli ogiadalty of both forest ecosys
2018 drought. One explanation might be the r
Jjuvenile plantation, whRicgn2rfeas TGi geansrehdes
the associated water photosynthetic needs w

growing species (CabBetwul alpen@0l14) a®adrayhlulas av |
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avel haoaunting for 20% of the total popul ati
to exhibit higher growth rates and carbon st

to monoculture due to their di fferent water

2018). Furthermore, the change in soil moi st
conditions, which forced the trees to adapt
water and nutrient uptake. Trees cprruoesone
of water stress: either increase fine root

absorbing surface (extensive approach) or mo
maxi mi ze uptake efficiency per root mass (in
|t has been shown Hefdaced t WatoF RBroa@ght be

compensated by higher growth rates (Joslin
resulting in soil moi sture dynamic changes
pl antationdysnaeas crsalt e lt ahteesce studi es, it Co

met eorol ogi cal drlou7ghtUKOEH,O0 128 2(29Pland per si s
temperature in theFijguRide#)i | eowlldaanbatidomnviing

(Sal azar et al ., 2020, Kwatcho Kendo et al
mycorrhizal net work growth pulses may pl ay
resilience (Simard et al . ,or2(tilz)a.l Truenegi C relp
essenti al strat egyenitn asnuls twaaitneirn gu pntuatk e over
et al ., 2021, Hawkes et al ., 2011, Si mard e
extensive hyphal network that allows for wat
and Simard, 2011pleaean berervhicé&dlQueoejecta e
et al ., 2012) and resilience. Finally, mor e
severe perturbations, such as drought s, can
potentially | eaditablten satnatael tiemr nan i e€@o sy st el
forests or juvenile plantations. Hydr ol ogi ca
hydraulic parameters, resulting in differen
effect on all tserprecsctersisaels elcioksey sstoeimb r espi r at

net primary productivity (Robinson et al .,
wat er dynamics between the juvenile plantat

suggests that keyrespecest oiydr mhogical func

omnAuE n 1
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on shorter times scales compared to other ec

the drought peri od. This is an important f
introduced to restorlet lioxadl watwor riesmatriceg .
forests are suffering from water stress. Unf
a |lack of precipitation, rising air temperat
dry periods, havengse-rienugs , i nbputi caai pins for
ecosystems (Niinemets & Valladares, 2006; Le
pl antations tend to be more sensitive to wat
adoption of genetic provenance withl drmtwi g ou
vigor and higher mortality ratio when compeé
(Nav&Lreraoill o et al ., 2018) . For exampl e, tr
occur approximately 2 years after dry stres:
rates observed in the juvenile pl &2t)at Won hdu
this wor k, we-t ehmwobbhat vvabhgn of soil moi st
forest types and management conditions shows
more research is needed to provide guidance
change conditions where dry spells and drou:
and with increased severity (Dai, 2013; Stag
2. 4. Ri fferences in forest soil moi s
dry events.
The similarity in soil moi sture response is

events and dry spells in 2016 and 2019. Th e
plantation had 12% to 15% wetter congditlisons
were close to fulFiyg@@apg.urlan e20 B3, tg onels roi st

the juvenile plantation were more similar t
event s, i ndicating an initiaFi ghefef.erS ueninfeerc t
periods in 2016 and 2019 showed overal/l hig
indicating inferior water uptake of growing
Fi grerm g . Il n 2016 the decline in soilstmansst ur

considering an absolute difference between

ovAuE n 1
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moi sture in 2019 that shows several overlapp
evenRisgdrB8). The observed response to wettin
further evidence in support of Fhgfei of in
trees has |l ed to increased water balance buf
the juvenile plantation exhibits recovery me
stress. I n fact, when compared toofaejmiaitar e
plantation soil moisture to storm events 1in

to the growth of the root network (Jones et
2013; Zhang et al ., 2014). Thi s imay hladd db wt &
and relative flood capacity regulati on, wh i
ecosystem services provided by a forest st a
2019) .

2. 4. Buffering I mpact on air temper a:
Given the | ow fluctuations in topsoil temper
capacity iFs g28d&AdentHofwever, the | arger fl uct
pl antati ®wn ginevfeaclana |y | ower thermal regul ati
period. This is due to the | ess developed f.

pl ant &t g@nz,( which also explains the higher

soi l tempieg@B &y e 4d4s opposed to the observed
temperature and temperature anomalies in the
Fi guw8ed, the mature forest cools summer air a
bufferiergattuemep changes (Jin et al ., 2019) .
conditions, temperature differences between
Frenne et al ., 2013). Despite the growing ca

(yet) amitlaametdhei mal bFui fgf@B8r€)n.g capacity (

2. 4.4 mitations and uncertainty in

owrur n 1
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Whi | e t he mat ur e forest investigated her e
nei ghbjouverrgi e plantation | acks detailed tr
l'imits a detailed interpretation of the rol
temperature differences. To move beyond the

towards chamasabtimecunderstanding of the effe
management on hydrol ogi cal processes, addi t

pl antations such as rooting depth, sap fl ow,

2. Gonslh ©on

Il n this work, we compared soill moi sture and
nd mature forest that revealed significant
velhe ongoing monitoring showsesamadasawsltia

hanges I n precipitation response, particul

®» O O Q

| terations suggest that there has been a c¢h
result of increased infiltration,itajndofsubbe

ewmil e plantation to control flooding. We f

—

of the juvenile plantation match those of t
ars after planting), which is most dn kely
|l l owing the 2018 drought. This event may
ot structure (i.e. biomass and morphol ogy)

take. Additionally, the i mpact of drFreught

_;
- T O O o

antation highlights a new challenge of «cl |

5 T C

eeds to be considered when predicting out ¢
observed effects on the soil moi stur e and
pl antayibae dae to the complementarity nutrie
of mixed species, which might not be case in
Finally, t her mal regul ation capacity remai n

and maftourrees t suggesting how other forest e C (

nwuE n o1
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establish. This study highlights theterahue a
observation at high frequency to compl ement

behavior with i nvestibgaastda dh gr e shpeo ntsreesn.d sk u rnt heev

this-tkeomg observatory wil|l continue to faci
hydrol ogical responses to forest management
i nsights i nto t he compl ex relationship be

ref orestdatdirmmu,g hdn

2 . Bef er enc e

Ainslie, W.B., Smith, R.D., Pruitt, B.A., RO
G. L. & MiLb&O,A M.&/gi onal guidebook for asses
gradient , riverine wetllTaoldsi ¢ aWRNRDsEHL &r tUSKent
Army <corps of Engineer s, Wat erways Experi me
USA.

Au, T.F., Maxwell , J@2TU0J32 YRouwregern,t rSe eVs. ien tahe

ar e more sensitive but alNad umer el i engait 2 &€rhta n
1161817 4, doi : 1002988841558

BGS, Geology of Britain viewer | British Geo

Bi ngham, M. A. ,2®)IndDrod myE.oW.r,hi z al net wor k ber
growth of i nftierr i 0ge dDloiurgd aisncr e as eEchiotgly smidl
Evol yt 1¢331B3®,6 doi : 10. 1002/ ece3. 24.

Bl encowe, J. P. FounNooiGeJ. S. Bhegarer, R. C. , H ¢
W. M. , Potlt9e&r0,. JU..SS5. Soi | Department (b96§g&gr i cul

nNALE N1



96¢ Gqlll WNs Y

Braganza, K., Hennessy, K,. (2003 €hamdgers, iln. ex&
we at hFeoru.r degrees o f gl obal war mi nRjoutA wredtgrea
Abingd®&m.

Brodribb, T. J., Power s,, 6 (2J0.3,0 Baoband, biH. a &
Forests an3de(BbM@Bghae26 1doi : 10. 1126/ science. aa

Cao, S., Chen, L., Shankman, D2 0 ). WaEnxge,e sG.i,v eV
reliance on afforestatdaondi neGhionads Lasisonar
restorat Ean$di ence ,Revi W0, 24240 doi

10.1016/j.earscirev.2010.11.002.

Carminati, A., Vetterlein, D., Koeb@06®HBck, N
Do roots mimlldantheangd®Foiilss-6eés, 1PdoibBQ7Fs11104
01-249%

Cli mate Change Committee. ALand usd€2023Pol i ci e

Avail abHtet paat/;/ www. t heccc.-o08-golukftaprazercat i on
uk/

Legljar, G., JovaBmoeswinia,c, F.L,. ,Brnaogralneavci | , | .,
S., Limikawiviil, ,023.2lmplaicit, oA. an Extremely Dr
Defoliation and Tr ee .MoPltagnltistly li2zn8 6, Se

doi :10.3390/plants11101286.

Choat, B.,Jansen, S., Brodribb, T. J., Coche
J. ., Feild, T. S., Gleason, S. M. , Hacke, u. (
Martaneéalta, J. Mayr, S. ; MencuccernmannM. ;

J. Pratt, R. B. , Sperry, J. S., Westoby, M.
convergence i n the wvulneraNadtud@l,o7bEH20r est

doi :10. 1038/ naturell6s8s8.

Crossman, N. D. , NedRO099 VBat,erBrfalnodwe rr,egul ati o
river and coastal Revoddiomg. SEEA EEA,

nakuE n 1


https://www.theccc.org.uk/publication/land-use-policies-for-a-net-zero-uk/
https://www.theccc.org.uk/publication/land-use-policies-for-a-net-zero-uk/

96¢ Gqlll WNs Y

Dai ,(2@®232.3 Increasing drought wunder gl obal war
Nature Climat e58 hdamnig:e 0.3,03&/ ncl i matel633.

De Frenne, RPS8§nRaelz 2 gbe,z Coaq Re0s),Milc.rho.c,| iannat &
moder ates plant responsesPNAS nmMalcr,elc8d Gl e v
doi :10.1073/pnas. 1311190110.

Del Campo, AOrDengaS,eg@@.raCeacer®anchils.,, Mo,n zMd
A.J., Reyna, $20 23 ®efronmoesot,i nNlg ,dryl ands under
extreme drought filter-Bas etdhes pencpioerBtoa seeskte cotfi
Ecol MgpagemeAd7, doi:101016./jforeco0202011815

Doug,Sa02.8 Forest s, at mospheric water and a
bi ol ogy of the §BoboecsHabseywastleY, cdail:el0.-AL-BB6/ s40
01 3y8.

ElI'l i son, D., N. F(@totder On Mt h e &iwBarteehro pycioelledr d et
from demandcwpgmpmley t hGlnokbiGhig n g e BLigo3l)o, g8 B® 6
doi : 10. 11214186 ..21031615. 02589 . x .

ElIli son, D. , Morris, C. E., Locatell i, B., S
C. ,fR027 Trees, forests and water: GlIColmal i ns
Environmental -Ebaddeil 048/ . gl oenvcha.2017. 01

Ficetol a, z1IG.,@&0,0.9DEcol ogi cal thresholds: An a
to identify abr upghtabc htang e skl cantgisopneseldiepsd & 4 5
doi : 10. 113015187 ..21060090. 0557 1. x .

Hannah, D. M. , Mal col m, Il . A@RL0080A|lcsdmparCiso
of forest and moorl and stream microcl i mat e,
Hydrol ogicakR2FPnpoe®d@®edoi : 10. 1002/ hyp. 70037.

Har t K. M. , Curioni, G., Bl aen, P. , Harper,

R,(202329 Characteristics of free air car bon

naruE n 1


https://doi.org/10.1016/j.gloenvcha.2017.01.002

96¢ Gqlll WNs Y

temperate mat uGleo b aflor eCshtange26¢ B) ol eld¥BZ'3
doi :10. 1111/ gchb. 14786.

Har i, V., Rakovec, o. , Mar k@0B.9,1 ncr, eddaeck! f u
occurrences of t h20 1lex c@entiroalal ERrOd@Bean dr ou:
war miScg.ent i filO(R2pO6r7r)s doi : DR@68B88I2/ s41598

Har vey, A.C,19%86tEgtsi,malt.i on procedures for
modeJsurnal of, Fp-A68@stdongl0. 1002/ for. 398009

Hawkes, C. V., Kivliin S.N., Rocca J,®0)1 Hugue
Fungammunity respons&sotChap®fecli,pghit7ag-i daeB.7

Hazewi nk(200Q.1 Mol mesgno mmw v Etnesgtc.l operdi a of Mat |
New York: Springer.

He, L., l vanov, V.Y., Bohrer, G., Th@@tm).an, J.
Temporal dynamics of soil moisture in a nort
after a prescribed iMmgreircnasidli ukitoee edit s Medtle,@am © ¢ O
2233, 1d00.i1:016/j.agrformet. 2013.04.014.

Hol dRo., M. and Ni, 2p0edr5t Tr dn8piration dynamic s
partitioning in Africa sBvahb®e:trkseE&e,and
doi :10.-1886/ 14

Hollis, J., Jones, B., U208, S&i. | RMacKieheili i
FACE, Norbury Junct ihont,p sSt/a fefdoartdas. hbihraem. adco.iu:k /

Hol me s, E. E. . M. D. S@OAO0eApdlli,e d ntdi nke sler iV
for fisheries and environment al dat a. NOAA |
Center, 2725 Mont | ake Bl vd thtit psS€4dmniwlf s
ti meseries.fyiabbBub.i o/ atsa

Il Il stedt, u. , Bargu®s Tobell a, A. Bazi ®, H.
Sanou, J. Benegas, L., Mur diyar so(20H.6, Lau

noauE n 1


https://nwfsc-timeseries.github.io/atsa-labs/
https://nwfsc-timeseries.github.io/atsa-labs/

96¢ Gqlll WNs Y

|l ntermedi ate tree cover can maximize ground
tropSccisenti fé6c RE®PB®OL ,doi : 10.1038/srep21930.

Jenkins, M. (2038hFRmrpestB.ecosyYsiteedsBavioes. Fo
For gs tps 41 .

Jin, Z. , Gu o, L., Fan, B. , Lin, H. , Yu, Y. ,
Ef fect of afforestation on soil and ambient
the Chinese LCoadsesn dP158t6e83bub ol 016/ ). catena. 201

Jones, J., EIlIlison, DX., Feh&redg.,2 ED.r,e sLtarraes tAor
and hydr ¢loo @ .t Ecol ogy and 5&n agelnPeOn3t4 -
dolG. 1016/ ) .foreco.2022.120342.

Joslin, J. D. , Wol f @0 0Q.M. HEf. f, e cHtasn smfn, alPt dr ed w:
forest rootNewysRlrynsaol @¢g4ivslit294,17 doi : 10. 1046/
8137.2000.00692. x.

J. P. B. Bl encowe, S.D. Moore, G.J. Young, R. C
J.S. Potter, U.S. Soil Depa@lOo®méOnt eip.AdO6OUI

Kahle, P., Baum?2QCQ0.5 HBfofedcctk eoof BAff orestation ¢
My corr hi zalP eRoorsnpahtelroed 6 05 4

Krause, S. , Tayl or, S. L., Weat heri | | | J.
Thomas, (2P.).3AFioptéeé c distributed temperature s
the i mpacts of vegetation cover &g® hgymrtoh ®mgma
6(5) ,-7d464 doi :10. 1002/ eco.1296.

Korkan-@2O034YEf fect of afforestation on soil
propefatend2®%9,62d0i1i:10.1016/).catena. 2014. 0

Kwatcho Kengdo, S. , Per gon, D. , Schindl bache
& Borken203.%wW. Loegm soil war mi ng alters fin
mor phol ogy, and their ectomycorrhizal fungal

Gl alchangeogBi @8B,-38%8,1 doi :10.1111/gchb. 16155.

nefuE n 1



96¢ Gqlll WNs Y

Landsberg, J. War,i(2n0g),7 Wat e ®Rglaati dns i n t
where to fTrem WPahyeseBIl(&@gy d8i : 10. 1093/ treeph
Tree Physiology.

Lange, B. , Ger man,f2,0 IP3 Kir,e alt @3 c hBhaughudBa nscyel voat |
in coniferous flood protection forests due t
densities onNnEuameald u m mRdiroens.teaRek 132;16351
doi :10. 1001R&$648342

Levi a, D. F. ., Creed, . F. ., Hanna-Mps®s, MD, \
E. , Brydn03d.0MHomogeni zati on of t heNatt eimreest |
Geoscieqte) ;6856 doi : 10-0RP0NDBHYIs41561

Liang, H., Xue, Y., Zongshan, L., Wang, S., .
F,(2028 Soi l moi sture decline following the

forests: Evidence fFomedtheEdwlecsgy Pd rddleddan@l e
69, 1d0o.i016/j.foreco.2018.01.041.

Liu, X., Trogi sch, S. , He, J. S., Ni kl aus, P
Schekterenzen, M., Pietsch(2O0OK.8ATre&anpgecBes Ki
increases ecosystem carbonPstocreage nigrs odbitThe
Society288., doi:10.1098/ rspb.2018.1240.

Lewis, S. L., Wheeler, ,QO0IO. ReMtobchagdnatur a
i s t he best way t o remoNvaet u B 6 B0 8,0 BI@2I, C cal
doi :10. 10980408586

L»hmus, K., Tr uu, J ., T,r ulu.,, MAIl,ankagar$S. ,E. Kuz
Rosenval d, K., Varry@60.6 Ml,aclkr ial dWw.r, aest aalpr omi
species for the reclai mBrgopwdfi edidlIPEelvaelne | mihn i
Assessment, Rehabilitation and, D8V el dpEment

1845640461Q4.,100338F876324.

MacKenzi e, A. R. , Krause, S. , Har t , K. M. , T h c
Curioni, G. , Qui ¢k, S. E. , Ko uf\aa wnleir ,, ;5. A

nyueuE n 1l



96¢ Gqlll WNs Y

Brekenfeld, N. , Ul (2a0h3,1 Wastoevr®Pge s-at maepCher e
research in a temperate deciduous fobest cal
Hydr ol ogi cal 3Por:ocecleddDfDebd O @d/ihyp. 14096.

Mapa, (RO®5 Effect of reforestation using Tect
water r ertogretsitonEcol ogy and7Na2bdga@mnd®tl 6/ 0378
1127(95503573

Mc Cor mac k, M. L. ,(&)1328vRhy=ingalC.anl. functi onaea
vi abl egbelmdv acqui siEnomt isetrrsatiemg,i eda@ant 13tbe
doi :10.3389/fpls.2019.01215.

Me t Oof(0d 0t ,MI DAS Open: UK hourly weather ob
Centre For Environment al Dat a
dolid. 5285/ 8d85f664fcb6ldbal0a28af 3a2d7ef 4533.

Mo n gMialn s o, J.-HeWNiaa,ar g o, S&r J.Manrptaict, oR. Land
Change and Afforestation on Soill Properties
CentralLapdalh, 1043, doi:10.3390/1 andl11071014

Nai t hani, K. J., Bal dwi n, D.C., ,@8idBeSp atKi. Pl ,
di stribution of tr ee -tsepnepcoireasl gionvteerrnasc ttihoen sopfe
and soi l moi stur e acrossPLaS f,on&¢ 3¢ d e 5 8a7n0d:
doi :10.1371/journal .pone. 0058704.

Nan, W., Tat, F., Me n,@2,0 3X0. Ef Deags d&f , aeaanc
Pi nus s wlawmeosntgroibsnc @& o i | moi sture in the semi:
northern FGhiesa. Ecol ogy a,nd 4 Ma,n a gleln8e3nlt 3 ,
10.1016/j.foreco.2020.118313.

Nava€Ceorill o, RWhIl IRojda i @Q,ue&Al v @ a tReoadbl & gHicerzt a3,
Dugdeazo J, Ca@®dne&uomud ati ve Drought Stress L
Gr owt h Resilience and Expl ains Hi gher Mo r t

RegenePaned pStnaanddoss.rest9y 6) : 358, doi :10. 3390/

noauE n 1



96¢ Gqlll WNs Y

Neumann, R.B., 20a@rRbdohe @daGni tude of hydraul i
pl ant root s: a review and synt hesiNewof en
Phyto)] og943533700i1111-813748012.04088. x.

Ni i nemetva, |lja.d,a288.6¢ Te.l erance to shade, drougl
of temperate Northern HeBtctsespbgrealtrBeécdmpmapl
52547, 1001 8909/601056(2006) 076[ 0521: Ttsdaw]2. 0.

P®r-8kl os, Ma,r tAlnveazr,ezJ. M2 08.1BlaaSrggael e, ad f or est e
for ecosystem service provisioning: l ear nin
LandscapgpBbcgol332383, doi : 10020034610980

Porporato, A. D6Odori coRodR.i;gukeab é&,00F. , Ri
Ecohydr ol ogceyonafr owd tear Aedcwoasrnycsda e misn  Wa,t e25 ,Reso
| ssu-8, 8433aB, doi : 1061 71008160/ 28100300095 8

Pu, J.Y., Yao, X. Y., Den, Z.Y., (Z©hGaehd mp@.cd. ,
of climate change on soi l wat edouconm8 e ndaf i n
Scienc37(6-1090086

Qi u, H. , Bl aWanr,nePr.,, S.omeHannah, D. M. , Kraus
S,(2029 Evaluating a GCOwmpflede PlBreerodyg®Bal ance
UnderstanduBsuebdmce Temperatur eUsDey nlRani milsa n dn
Cat chmenWater Resources, 5B&9ear c-hl6®@®775

doi :10.1029/2018wr 023644.

Querejeta JdWalr.burBger tLonM2 0 Q.AIHyedhr aMi.IF.c | i ft
rhizosphere hyphae against the negative effe
o0ak sava@&mondi ol ogy and Bi, 0 g 8®c h4eldiQLt rdyo i
10.1016/j.so0ilbio.2006.08.008.

Rey BenayMWMartiBma®#on) a, -Camadlroezal, va/dod,arP. ,
K., D2025 Predation and aridity yvyeodwddopWwant &de
woodl and islets in fasmbNevd MMerdd $tS85B4 h eaon
10.10007-D%-%2068.6

nweuE n 1



96¢ Gqlll WNs Y

Ri

mi

chter, R., Ballases,(2aMH3.2 TErgelsm&recmn esRmatte

croclimate regulation during the drought

drivers and NatofreentdReEprkr2s. 175509, 1d8BLs41598
0222582

Robi

Jone

son, D. A. , Jones, S.B. , Lebron, I ., Re |
, D. L., Mar sha(@2l0).6MEXRper iEmanrett a3l BeVi.denc

n

s
i nduced alternative Ntadtu8einbd iRfeioti 6, MRIODUL BT,
doi 1

0.1038/srep20018.

Sal azar, A.J - nRsodu stkiBierlKl. eln-B.e$., & JAndr R 9 .9, ¢ .
Faster nitrogen cycling and more fungal and
experiment al war ramagl:y sBE &ol,ongeytlad 1 ( 2) , e029

doi :10.1002/ ecy. 2938.

Shea, E., Vdxxhd ®QuantMMfi cation of ontogenet.
species of oegopsid squids usiniamodel Bi bl pig
140, 99PB®1 doi : 10:0000/7#/712s 002 27

Schlesinger, W. H. , Di et ze, M. c. , Jackson,
Rust ad, L. E..(208.6VBeseestl]. biMogeochemi stry in

Gl obal Change?2Bi7l3@d®B18o0i : 10..1111/ gcb. 13105
Seneviratne, S. , Ni chol |l s, N. , Easterling,
Zhang,20X).2 Changes in climate extremes and t
physical environment: An overview of the | PC
Seneviratne, S. ., Corti, T. , Davi n, E. L.,
A. ,A020 I nvestigat imlgi meatid imptiesrtauatei ons i n a

revieEeaw-$thi ence ,Rev9 (ed3l$,1 NAW51016/j.earscirev. 2

Si

mar d, S. , Beil er, K., Bingham, , @032 Desl i

Mycorrhizal net wor ks Me ¢ h alfhu ,sgmes|, Ricoll,og@y Re
26,689 1d0c.ixz016/j .fbr.20212.01.001.

n&ruE n 1


https://doi.org/10.1016/j.earscirev.2010.02.004

96¢ Gqlll WNs Y

Spence, c., Hedstr om, N., Tank, S. E. , Qui nt
Di on, N. (2020) . Hydr ol ogi cal Resilience to
Shi eHlyd.r ol ogi cal 3Pr-44898480s edoi : 1 0. 1002/ hyp. 139]

Stagge, J. H. ; Kingston, D. G, (2 0 IJr'a IAbaskesrevre,d |
drought indices show increaNsatngrcede wteirfgiean ckRe @
7, 14d0o4i5,10. 1083814288398

Tansey, c. J., Hadfi el(@02.93 .EsO.i,ma& iPnhg Itlhiemoarbe
to plastically-medaaketdemphefasui@ the spring
Gl alchangeogBi @B(8333832tdoi:10.1111/gcb. 13624.

Toms, J. D., Le@Wdr3saPceceMi. e Regression: a
ecological Etbar,egdoi2d2s0. B4 doi :-AD72.890/ 02

Toms, J.,,0133 &rhd,esMol d detection: Matching
ecol ogical guestions and c oAvsiearnv a@ad msne rpvl aatninoi
Ecol,ogly0, 2, doid0ra.®Dx7130R2/.ACE

UKCEH, UK Centre for Ecol od02:2 & F
https:// eip. ceh. arcesuckurhcyedsr ol ogy/ wat er

Ul l ah, S., ,0QM®D oS0ei,I Tdrainage and vegetatio
transformati on rates i n f aJroeusrtn a b o iolfs , G esogpuht
Resegrdhi4, doi:10.1029/2008JG000824.

ullah, S., & MoloBéog€ocRemical controls on n
and carbon dioxide fluxes from dedoiuduaouds offor
GeophyRésar,éd b6, GO03010, doi:10.1029/2010jg00O0

Viol a, F., Dal vy, E. , Vico, ,@.0,0.§Cammdremz z 0s,0 i
moi stur e dynami cs and climate chahwwgeéeerin M
Resources ,Redde aXl@.h1 0d2091/:2007 WRO06371

PRALE D 1J


https://doi.org/10.1029/2007WR006371

96¢ Gqlll WNs Y

Vitas,g202.3.0ntogenic changes rather than dif
understory trees t oNeweaHFbygipalk9(8lg ar-1 9% 0 .
doi :10. 11211/ nph. 12130.

Wa n g, R. , Cavagnar Eei tTelR, , CJ,j,a(®@ 3.k @ arab o nF. ;
allocation to the rhizosphere iIis dbueataédoby
Ecol,ogly09;3730®99 doi : D7 451132865

Weltzin, J. F., (&9 8¢ PShpeartsioanl, ah.d R.empor al soi
partitioning by trees and grassesOecnolao gtieamp ¢
1122) ,-1446 doi : 10.1007/s004420050295.

Wynn, B989§B.The advanced theory of statistics
Maurice, Stwuart, A. and Ord, J. K., Hi gh Wyc
4(3) ,-3B835 doi :10.1002/for.3980040310.

Yang, L., Wei, W.EOXHh&Ke,splbnhnseMo,f Bl.eep soil
use and afforestqatidornoiemsst PédJaotuemia,l OH,i nHay.dr c
475,-1221 1001016/ j.jhydrol.2012.09.041.

Yao, Y. B. , Wan g, L@200.%. €l iwaZthmeamgl, dX.yY.n,g and
environment al ef f ectRse sionu rt. ey i(L50)6,8 s1 4P6l at ea u.

Yao, W, Nan, F., Li, Y., (20LixEf f¥.ctsLioafngDi fH
Af forestation Year s on Soi ForEBsbgEe2)ri 39, a
doi :10.3390/f14020329

Zeileis, A., Leisch,(2P.0,2 MBrnu&kch&nge Kl AmnbRT
Testing for Structur al ChangXxouirnnal i noefarStRaetc
Software38,7(®29i : 10. 18637/ jss.v007.1i02.

Zhang, X., Qiang, ,@04ZEaperBmenPahgStudy on
Erosi on and Sedi ment under Wat éer eetsoVege
Manageme28 ,-223313 0doli0:0 7 £0s1191620639

P RALE D 1J



96¢ Gqlll WNs Y

Zi mmer mann, B. , EIMoa mleese, (20 QML h & Defl uence ¢
use changes on soil hydraulic propé&ntriess: I
Ecology and Ma@hhp8829awWpilD2AX6/j . foreco. 2005. 1

PRAUE N 1J


https://doi.org/10.1016/j.foreco.2005.10.070

96¢ Gaqlll WNs Y

2. Kppendi X

2-S1: Juvenile plantation trees species compo
Common name Latin name Trees pgpgl
compositid
English Oal} Quercus robuy 75
Silver Bir/| Betula pendu 7.4
Wi ICherry Prunus avi ur 6.7
Hazel Corylus avel 4.9
Hor nbeam Carpinus bet 3.1
Rowan Sorbus aucup 2.8
Field Mapl Acer campest 2.3
Chestnut Castanea sat 1.8
Whitebeam Sorbus aria 1.3
Wild Pear Pyrus commun 0.8
Crab Appl e Mal sgl vestri 0.5
2-S2bata Filling
Filling of mhesjungedatat ppant aThendata serie
mi ssing observaéaongsdgaiti as®aDe(6f4r2cnd 220 ) . Mi s si n
observations wer e i nterpol ated l'inearly fo

decomposition
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Missing data (Plantage)
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— Raw soil moisture data
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2-S 3 : Preci pidtiasttiroinb udtaitoan

The distribution of precipitation data all o
upper extremes. The chosen thresholds of 5 m
critical extremes in the rainfaldl di stribut
these events occur infrequently, t heir rar.i

atypical or extreme rainfaldl events often p
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2-S4:Br eakpoint analysis

Breaking point analysis for the trend dynam
content . The t hree breakpoints, whi ch wer e
AStrucchanged®d20hT & 20001 72,4 d41A2d0 1286 r espectively.

Piecewise linear regression (PLR)

40

30
|

Avwe[%] at Juvenile plantation

10

Jan-01-2017 Jan-01-2018 Jan-01-2019
Time
2-S5-A
Daily precipitation (A) and soil moi sture d
The three depths visualized in this graph ar
2018 drought, where rainfall values decreas

absolute value changes can be observed.
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the year 2018 is shown for clarity.
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Chapter Two summary

n summary, thistlilcehaiprnfelruenad uaft ea drought ev

unction of ,hjiugvhelniiglhet ifnogr etshte transi tilboséeowar

f a mature foTkstcas®sygsbtudm. examined chang
esponses and hydrol ogical patterns within =
ritical need for prol onged monitoring of S
reas. Tadlesgatuldiyght s the differential srespon
o external stdeosghs gshggymeh i aantly infl uenc
evel opment of ecol ogical functions, incl udi
|l osThese findings highlight t he cihnad u ceendg e s
roughts in temperate regions and their pot

eforestatiWUmdamdttamdiinvggst hese dynamiersmi s
nd dtemgn management strategies in forest <co
mi dst changing envirtomenenit@apl| icoatdiian®onaegf h
i scussed in the Conclusion &njdeOBtiooktofth
Xxamine t he rel ati osnpsehciipe s a npolnagnt mt x e d man a
ydrol ogi cadndad oimptlerxsitwe fertil i Zatrje@enwlainlde i

ChapFewmal y ies i mpact of fertilization on gr ¢
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he effort to Iimitthéeeobarhgelt emper atanege
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restation initiatives are rSeodagniome d( NaCsS
bl e of capturing and storingHbweger amman
|l enges emerge when considering where and
tations. To mitigate climate ehanffer bDaot
uctivity and carbon sequestration, whi | €
ur bances, including increased frequencie
emes such as drought . I n t hi s o0 accohnetse, x t |,
uding combined fertilization and irrigat
a cruci al role in meeting the establ i st
focused on fertirrigation maeageimemit an
e i s a | ack of research exploring t he
i rrigation management , and tree growth.
ss the ggroc@r boandpt ak@U)c apfayxa dfydy rmi x e d

st pl antation in response to fertirrigese
uence of soil texture and site hydrol og
eased overall t GEE gy oWwOPko and b6ebatiresp
paamd | oamy soi l types. However, di stinc
rved, highlighting t he significant r ol
acteristics in shaping the forest systen
at ur aatti osmha(lSR)w and 30 c¢cm depths reveal
tively influenced tree growth in specifi

omes of this study emphasize the need fo

tey phet wesegprecsdiftie hydrol ogi cal conditions,

orest management practices such as fertirr

afforestation initiatives in mitigating climn
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Keywordlsi:mat e change mi tigation, Forest m a
Fertirrigation, Bl FoR.

3.1 lnt roduct

Ensuring that the gl obal averagentdesmperatule
requires a major societal and economic shif'
target entails a significant r edu)ctemins soifo ms
and an increase in the biosphere carbon (C)
this challenging context, forests managemen
Forest ecosystems are the | argestetergantci
carbon on | and in their biomass and soils (Bo
as one of the main Natur al Climate Solution:c

(15. 8 gpve)®@rof the required global emissions

al ., 2017). Therefore, the increased awarene
climate change resulted in a greater emphasi
Uni ted Namewmnrsk FEonvention on Climate Change

t hearly 1990s, has-basppdoeméedsf onesedycti on a
known policy frameworks: the Reduction of En
Degradati on (REDD +) , designed t o preserve
Af forest ateifoonr eahdt iROnNn ( A/ R) projects under
Mechani sms (CDM), which support -ffoorreesstte ds uorrf
degraded forest | and (UNFCCC, 2013).

According to Pugh et al . (2019), ol d growth
nearly 2 Gigatonnes of carbon (Gtc) annuall

that forest plantations could capture up to

f oaarppr oxi mattheilryd oonfe t he t ot al anthropogenic e
drawn increased attention to forest pl antat
carbon sequestration (Popkin, 2019). Other s

> NAUE D1
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projections to be overly optimistic (Lewi s
suggesting mor e conservatsoveal eesafif man est awi
reforestation efforts capabl e of removing
at mosphere whehn nfaotruersittsy.r eCoocnsi dering a gene
2 t ofyeAfBanan et al., 2008) for newly plant
as -tleomy strategy (Ameray et al ., 2021). Fu
wer guestioned for successful afforestation

a
e

2019&d)us, T when considering forest plantation
e

sever al factors need to be considered. Thes
availability; Mat aruga et al ., 2023), bi ophy
availlaby, i nadequate tree species selection,
al ., 2016 ; Ramsfield et al., 2016) , and cli
which may reduce the poC€Cleinmmatae chhangesiegqueastt
serious challenges to forest ecosystems, as
droughts are expected to increase in the ne
consequent important shiYu emn avidvodIli 2902l )xmgmp
negave effects of <climate change while incr

plantations requires the foresthynkeatgon Btod t

al ., 2010) . Il n this cont ext, t he combi nat.
felritzati on, commonlryg arte foenr,r ecdo utlod abse fpearrtti o f

resilience techniques while enhancing forest
The soil water and N status are closely 1|in
stdi es highlight the role of fertigation in
capacity (Al baugh et al ., 2004; Campoe et a
i nterest in the adoption of fertigation 1in

prodwdtty and efficient resource management

precision forest restoration (PFR; Castro et
wi despread appl i-catatoinon nf adthestsrhryordector (SR
treresl uding poplar, aspen, willow, and sycam
production (Schulze et al ., 2017).
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Cobb et al . (2008) found that sycamore tre
aboveground bi omass, as wel | as nitrogen
management . Similarly, Coyle et al . (2016)
ProductivityamoMRP)anidn L®Wwd ol ly Pine when irr
applied together. Al baugh et al . (2004) rep
stem mass increwenitn (8 .150Mgolhlay pine plant at

findings suggesbntmay feptegent a valuable
reforestation initiazewvwesstrmhategioang r(bane WU
Net Zero Uk, 2020) by Il ncreasing t he t ot ¢
sequestration ( Lelvespiette atlh.e,s e2 Oplr9bmi.si ng ou

number of studies -bpeei focuwatteonasdtautrie

explored the intricate relationship between
(Castro et al ., 20ehovKhaemzi ah, , 22Q063; DVel d
Traditionally, the relationship between fore
has been framed in terms of fertirrigation b

sites characteriuzed emyt TWetfercidrsd her ef ore a
for further understanding of the i mpact of f
in areas <c¢characterised by hydrological C 0 M|
among soil typselsagl Isdvw persqu mcvdat er . Recent st
Bateman et al. (2023), quesscahedpbaoutnghee
when inappropriate species and environments

and characteribdiend oar @add ogweisttaati on within fe

significant challenges. A cruci al aspect in
anal ysis of moi sture patterns, which for ms
allocation andomehftadt i ne eewveinto ons .

Therefore, this study aims to evaluate how i

the growth patterqrsqoeaprboodnu cGptlvalkieyp@aindy of a
yearnln d plantation forest. We hypothesize th
practices, soi | textures, and site hydrol og)

thereby influencing the gr owtmTag eirnfvoersnaingcaet e
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we wutilize geostatistical analysis techni que
moi sture expressed as soil saturation (SR) a
bet ween shallow saturation (sSSR) amdiGaeeonsa

i n moisture at dbd f eobpectsioveé ideptbsprovide
decisions regarding the design and manageme

enhance productivity, biodiversity, economic¢

3.Materi al and

3.2 Flield site description

The research sriureali sStlefcfadredds hiinr e, centr al E
by the Norbury Park Estate. |t is a forest
agricultural Il and, where susnZU o8we'r s4 werh, f2al
95 m above mean séedael dweles{ AMSlantati on i s
Birmingham I nstitute -Pifr Flarrebsotn RDXeisoexairdceh HBHnrreie
FACE) facility (Mackenzie et al ., 2021; Har

mari ti me, with a tsoitnacle rAapirnifla, |l lo fo v6edr8 .24072 1mm,
867.9 mm. The annual av ecraangoep yt ebmapseerdat am e t la
average were 11.77 (N 0.13 SE) AC in 2021 fr
AC for 2022. The highesd itempeknt 2 ORI2gmarse 2 8 (
31) .
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Figur ®ad3l ¥Y: mean air temperature (grey | ine), and pre
box indicates the period of irr iQcattoiboent a2n0d2 2f er t i | i zer
The fplresatation is a 4.3 ha aggrading compl

coni fers (intimate mixture rather than compa

ew |

et he

di stributed ackbts3, -36Rre3s &€t 2and with f
monocul turkeFti h, zame gLBRtEQu dr cus( Emdluirsh oak)
various geographical origins (Engl and, N

the entire forest plantation populBéioha Ot

pendgbal verPi mieradf ksr way ®Spnuse) WIScedtsripsi ne)

Al nus (gcegwpamddrerpseudObpldradmpeairs sy Campli @aus a.
bet u(lhussr nbeam), combined with soméiAkmerfiraasmrr
(fraserThfuijra) paveds e men red cedar), were plant e
serving as fAnurse treeso. Saplings, measurin
a density of 2600 trees per hectare. The row
with a di smameegeweifndli.v6i dual trees within the
composition includes surface till deposits,
deposits overlying the Helsby Sandstone Forn
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3.2 EXperimental design

Legend
Site A
Site B
GHG chambers

| == = Loamy soils

= = = Sandy soils

25 50 75 100m 0 10 20 30 40 m

Fi g ur:&iel@sitmap. In panel 1, the UK research site is shown. Panel 2 illustrates the various
research areas within the Norbury Park Estate, with the main site A in orange and the control site B in
green. Panel 3 provides details of the main site A, which covers zone LFt1-LFt3, SFt1-SFt3 and SCt,
while panel 4 shows site B with LCt1 and LCt2 controls. Soil texture zone groupings are represented
by blue-dashed lines for loamy conditions and yellow-dashed lines for sandy loam conditions. The
moisture sampling grid is also illustrated, with blue and red points corresponding to shallow and deep

& shallow soil moisture measurement, respectively.

The study site consists of two afforested | ¢
on a hill with a gentle slope with elevation
ha, | ocatede&650 wmi sbutehevati onFibg®awwe.e nSi9tde ahA
includes the fertilizedtang8etr8ti gadedheo8€ESL

while site B includes cAntshbhownrz Bie s Tdl€lt e i g
zones within the two sites were grouphed acc
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USDA soil «c¢l assi tLiFcta3t iaomdCtLZotiale € LEfPLI esent at i
conditions, wh3 Hte3 zaomde sSCGtFtdx hi bit sandy | c
l rrigation water is drawn from a water reser
via spureesd PVC pipelines with a total l ength
zones-LIFEt31 anSIFtSFtrlel i es on surface drip 1rri
polyethylene tubes with emitters spaced 50 ¢
(det aAppenddsilx)T.he forest plantatidprik {1orega
October e&kclhgBreéar Sei | moi sture | evels are r
estate managers at 10 and 30 c¢cm dTe pDehvsi cuessi n

Ltd., UK) across settled points within the s
of 35 %, t he i rriigrmatolowne snathwa@ ednainlty i rrigatic
morning and | ate afternoon, seven days a Wwe
estimated annualldmsatir ( 2nm pBE) efonebashid r og:e
fertilizer o tt i fhie>Pdh &kt rRRaarinfk Farm Road, Ke:

Lincoln, UK) waergl Sauaecxspmkki meldf GFmc tdiagn of t h
system iLlFt2omensd LFt 3 was reported in June 20

intensive weed control management was carrie

Ta b | e soBtexiure characterization and grouping of each specific zone based on the USDA soil
classification (USDA). So i | characteristics are the mMméam ofeport el
are the average value of bulk density (BD) for each :

characterization.

Zone Managerr(sgmplSan(d%)Sia%) C(:I(%a; ti?(itlur B D
Group 1

LFt 1 Fertirr 5 36. 2 38. 3 25. 5 Loam 1.0

LFt2 Fertirr 5 38.6 37.4 24. ¢ Loam 1.0

LFt 3 Fertirr 5 39.9 36. 14 24.( Loam 0.9
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LCt 1 Cont r ( 5 39. 4 38. 3 22. 3 Loam 1.0
LCt 2 Cont r ( 5 39. 4 38. 3 22. 3 Loam 1.0
Group 2

SFt 1l Fertirr 5 52.7| 28.3 19.Q0 Sandy L 1.2

SFt 2 Fertirr 5 51.3| 29.5 19. 2 Sandy L 1. 14

SFt3 Fertirr 4 44.1 34.6 21.3 Sandy L 1.4

SCt Contr ( 4 45.2 32.9 21.8 Sandy L 1.1
3.2.53i | physical properties

To assess the soil texture, forty undistur be

corer wictmh da afmB8t ecrm anudbe70 engt h. The sampl ir
following a random approach, with five sampl
SsoiNt uree composition was analysed wutilizing
via Mastersizer 2000 with the Hydro Mu att.
anal ysi s, 1 gramme of soi l subsampl es unde]
per oxike, I(lHowed by a chemicalhedkiasnedrapihmrs pihma
((NaspQ I nstrument parameters were configure

of Ryzak &

Further mor e,

col |
of 4 .
wer e

ected

Bi eganoswky (2011) to ensure r e

t o

2 ¢cm and

pl aced

S YAULE N

n

a

a

determine the bulk density (

wes irmgn dtome aspgm oenaacdne. SAo iclu sa omrmer wi t h

l ength of 15 ¢cm was empl oye
pl astgi d obgpg.ograbesl ved nambde
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and transferred to the | abaoreadt droyw. 720 ihl fsoammp
of BD, total porosity, and void vol ume.
3.2.5Hi | moi sture monitoring

To inveshydaobéogheal influence of irridgaatai on
about the spatial and tempor al dynamics of
soils were gat-mentd oampaiagmn,6 from July 202
Shall ow and profile measurements of VWC wer ¢
and summeasons, and monthly during the autur
Shall ow soil moi sture at 5 c¢cm depth was meas
Device LTD, UK) at high spati al resolution,
di stributed in a regular gFig3d¥. 3Do0o xmarbi tno ra
soi l moi sture profile, 34 sampling points we
regul aki g@da . (All data points | ocations with
using a handhel d gl obal positioninegugestem
equi pment was used to bore holes atmthmrg samp
access tubestbhtommat PRRé 4wiPr oddJiec e rlotbce. ,( DK )t
tube was then equipped with a cap and coll ar
outside wall of the access tubes. After the
for a few weeks to ensure the consolidati or
measur ement of VWC was made by inselrgvenllg a
capacitance probe with 4 sensors at depths o
tubes. The measurements were taken usdilfng a h
DeviceUK)t dal,ong with the PR2/ 4. For each | oc
moi stur e, three replicates of the measur eme
converted into the corresponding degree of s
saturati omer sTihars waosn achi eved by using the reé
to the total volume of voids, as defined in
T ®AUE N
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0 O o8|

wheragaepresents the vol umet rtihce waotl eurmectornitce rsta |
"the particle densPftyr emiumdr & 1B pP&9BtSBi Hagl/ eBsm

the bulk d¥®nmsmetgpufedcmcross each zone.

3.2.T5 ee growth monmiaeedngl @wnt At honkhk

Tree growth is an essenti al indicator of th
and site characteristics. A total of 1764 t
respectively in October 2021 and October 202
Sspeci were tagged and georeferenced to ensur
ti me. To account for the spatial variabil ity
strategy whklsasappéments of the diameter at b

taken at 1g.r3o umm da baonvde at t he root <coll ar, acc
ensure measure consi gyteanmcysuawreyss tthiee mews ur
mar ked with biodegradabl e paint. Tree height
a combinationeohenghexsendkbband a clinometer
trees. By comparing the height and DBH dat a
calcul ated the growth rates across species
bi omass was conduescspdciufsiimggermpercdlei zed al |
proposed by Forrester et al . (2017)--anfbhe To
bel-gwound bi omass, was des@omt nerdat u®i nogf ao

recommended by Mokany (2006).n Ba oc&l cuwl aQeer
Content (CC) fract iboans eodf 00n. 4t7h ew a2s0O Oa6p |t liPrCeCll Igyu,i
from the CO ulpeakhet w@s derived.

TWAUE N1
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3.2.56 atistical anal ysi s

3. 2.S6.alt i al I nter pol agatomr dtoiron h(eSR)egr ee
Analysing the spatial di stribution of the so
for understanding the site hydrol ogical C 0 My
pl antation growt h, potentially helpsthgmto d
according to the site <characteristics. I n
techniques, Ordinary Kriging (OK) and | nve.l
applied to compute the complex geospati al i
selecteoed utree dde spati al variabil i-ntes mlfu tsihoan

sampling point driigdieggef. bnwe2Semy,( | DW was
measurements at depths of 10, 20, 30, and 40

30 x 1RI0Og@2 . | DW is well known for its redu
data compared to the OK method, where the se
the spati al correlation structure (Muell er e
examini mpatilae wariations in soil SR at a de
respond to moisture availability in deeper s
Trom@an Meerveld et al, 2006) .

32620rdinary Kriging for shallow degree o1

OK i1is an interpolation technbquaet whhiec hu npsraenty
| ocatoi oams xa | inear combination of the obser\
Therefore, based on OK, the prediact edsiSRg at
measuredowaRuikcBE, i s byi vée following equati

o®
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Wherei s t he weighting coefficientw.frbhme t he

fundament al aspect i n the OK is the <choice
geostatistical par ameters used t o fit an |
interpolation (Goovaerts, 1997, Kitanidi s, 1
our dgtuthe sample values were interpolated
resolution. The semivariogram is defined ac

di fference between pairs of the variabl es i

equati on:

od

whelt @&i s the semibwarsi otgnreanp,bser vesdow aQuge at p
the observed value of Qt ha&didat habldeé satanpei b
pairs of observation.auWef us¥Hr odohgertdafmunp ac b a
automdpemstra & SRoRegnwh2OR33automatically <c¢ch

ont he characteristics of the dataset. Il n ou
spherical model s.

326. 3 I nverse distance weighting for soi/]l
The I DW is a deterministic spatial i nterpol e

the estimated values at a given point are mo
compared to those at a greater distance. As
paits increased, the influence of the measur

1999). The | DW equation is given as foll ows

. B Owbo
w _— o8
B 0
where the estdawmant eldocveasliubehe | i near combinat.i

OV and the dbakbuegsdat sanmpiepB O] oTlheéi w@Bghts (

THRAUE D 1J
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are calculated as the iwnavnedr, s @ aofsedli $tdandhe Ipea
which in this study was set at 2, indicati
paramepteet roduce a geometric factor t hat re
| ocation in the interpolation computations.
grid with a resolution of 10 midWwwnmcttihen I fDMWb
t he pagtdadte besma & Graeler, 2023) in R.

326. 4 Validation of spati al prediction f
saturation

The I|l-ewdwreoss validation (LOCV) was wused to e
for predicting SR vabuoesianhsthé&hensathpted u:
were the root mean square error (RMSE) and t
( NRMSE). The RMSE was calculated according t
al ., 2006) :

YD YO Ho O o8

clo

whete are the obsebveblidatues samml ar poi heé s,

predicted values. NRMSE was normalized using
mi ni mum of observed values as foll ows:
EB DO WO
5 YD "YO- : — o@
| A@Dw | Eldw

Lower val ues of RMSE, and NRMSE indicate mor

TOQAUE N1
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3.265Kr usk al Wal l i s test

The Kruskal-Wallis (K, Kruskal & Wallis, 1952) was used as a statistical test to assess
the difference in tree species growth among the different zones and fertirrigation
treatments. This non-parametric test is particularly useful when dealing with non-
normally distributed continuous variable, such as ordinal or rank data. The null
hypothesis 'O specifies that groups are subset from the same population, showing
no significant difference among them. The test involves ranking the data variable of

interest and calculating the H statistic according to the following equation:

Where N is the number of total observations across groups, ¢ is the number of
observations within the group Qi is the rank of the observed value "Qwithin the group
“QIf H exceeds the critical value (0.05), the null hypothesis is rejected, indicating that
at least one group differs significantly from the others. A post-hoc test employing
Bonferroni correction was applied to determine significant distinction among multiple
groups. All statistical analysis were performed using R Statistical Software (version

2023.03.0; R Foundation for Statistical Computing, Vienna, Austria).

3. Besults

3. 3.8patial i nterpolation for degr e
Through modelling the spatial di stribution

enhance our understanding of site hydrologic

on miHxedst plantation growth. This is eviden

TOALE N1
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for shall ow degree of saturation (sSR) acro
il lustrated in Fi2resgpr&samtds 4t heTabdent i fi
parameters for the sSR dat a, alongsi de RMSE
the good performance of the models in effect
the variabl e.

Tab | eSefivaBiogram parameters of the ordinary kriging (OK) with root mean square error (RMSE)

and normalized mean square error (NRMSE) for each model.

SitgSeasqg Sampl Mo del Nugge C r (| RMSEl NRMS
Si ze ef f @€t

A Wi nt 60 Spheri0.0069|0.0]60 0.08|0.11
A Sprin6o0 Spheri0.00064!0.0]91 0.09|0.15
A Summe/ 60 Spherio 0.0]91 0.09|0.16
A Autun60 Spherio 0.0]31 0.09|0.15
B Wi ntel9 Spherio 0.0|16 0.10|0.19
B Sprin1l9 Spherijio.011 0.0(1220 |0.08|0.15
B Summe/ 19 Spheri9.65 5 120 |0.06]0.11
B Autumil?9 Spheri0.00191]4.4]120|0.08|0.15
CO0 nugget variance, C spatial dependency component, r the range.

Il n Figdoe 8ite A, distinct spatial patterns

dynami c natAuprpee noedbi2xs B3Re s entvsaartitoeggrsaemsi f or each

providing a detailed visuali zidve v,artod mptohrea |l m¢
and c¢zomrsasl analysis reveal some persistent s
and LFt2 at the foot sl ope, consistently el ¢
are observed across all seasons, «comter a§tti3ng

Similarly, zones SFtl1l, SFt2, and SFt3 at the
a wider range of sSR val uems,t g osre &s B3ng.0 Bar9
during summBBre€) (, a southeast to northwest sS
only a few parcels between zones SFER2gamea SF
34), the spatial distribution of sSR display
LCtl generally drier than LCt2, and the nort

TRALE D 1J
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Site A

Degree of Saturation | 5 cm depth
Winter Spring

323100

323000

322900 £ % T 09

380100 380200 380300 380100 380200 380300 07
Summer Autumn

323100

323000

322900 § % T

380100 380200 380300 380100 380200 380300

Fi g ur é&ap3of tlie:shallow degree of saturation (sSR) spatial distribution based on the measured
data and fitted variograms at site A, which includes zones LFt1-LFt3, SFt1-SFt3, and SCt. Panels A-D

indicate the variability of SSR across seasons.
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Site B

Degree of Saturation | 5 cm depth
Winter Spring

3224801

322440+

" 1
09
3224001 08
380680 380720 380760 380680 380720 380760 07
06

Summer Autumn

(o] A N

3224801

322440+

=

322400+
380680 380720 380760 380680 380720 380760

Fi g ur é&lapdof the:shallow degree of saturation (sSR) spatial distribution based on the measured
data and fitted variograms at site B, which includes zones LCtl and LCt2. Panels A-D indicate the
variability of SSR across seasons.

The I DW interpolation maps for the F3QQuam de

3536) offer additional insights int@ettlae | SsSpat
fraa hient er pol attliOo,n 2nba,pszrmach @ AmpedeeEBd. 3The
robwpsetrf or mance of the I DW method is eviden

presented.BnZdakbkelLBFt1 and LFt2 continue to
l evel s, wi-wdst har saubh&ving persistent val ue:
seasons. Z6hRte3, SEFU3, and SCt , on the other
and drier conadvihtaito nsa,s eocbhsceirrvged iFii gtlBBe .S SR ¢
Similarly, the dSR patfFegmBbeg olmas emgwnedwi ath svihi

previously noted riinabkihlei tsysR spatial va

TOAUE DI
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Tabl. 8 RMSE and NRMSE for the | DW interpolation of

site B.

Site Season RMSE NRMSE
A Wi nter 0.22 0.25
A Spring 0.13 0.19
A Summer 0.16 0. 27
A Aut umn 0.21 0. 39
B Wi nter 0.000009 0.0023
B Spring 0.0046 0.017
B Summer 0.0008 0.004
B Aut umn 0.001 0.008
Site A

Degree of Saturation | 30 cm depth
Winter Spring

323100

323000

322900

380100 380200 380300 380100 380200 380300 07
Summer Autumn 0.6

323100

323000

322900 -"

380100 380200 380300 ’ ) 380100 380200 ) 380300

Figure 3.5: Map of 30 cm depth degree of saturation (dSR) spatial distribution based on measured data
at site A, which includes zones LFt1-LFt3, SFt1-SFt3, and SCt. Panels A-D indicate the variability of

dSR across seasons.
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Site B

Degree of Saturation 30 cm depth
Degree of Saturation | 30 cm depth
Winter Spring

| ‘.

322480

322440

F £y W l; £y P 1

322400 | 0.8
380680 380720 380760 380680 380720 380760 07

Summer Autumn 0.5

322480

322440

322400 |
380680 380720 380760 380680 380720 380760

Fi gBrée: Map of dagiee aofsatuchteom(dSR) spatial distribution based on measured data
at site B, which includes zones LCtland LCt2. Panels A-D indicate the variability of dSR across

seasons.

3.3. 2ree growth responses to fertirr

hydrol ogical <conditions
Variations in growth responses among conifer
zones and &sogWB7eype&enerally, coni fer trees

better ¢ mwmasoainldy exhi biting higher average he
Pinus syl yest rirnesvteaanlceed a signi ficant height
bet ween!| sazmudrnyes SFt 3, SFt 2, SFt 3, and SCt , é
LCtl. The | one exception was the | oamy zone
comparabl e to Itohaomedi ni smsdyFertirrigation,
have a notable i mpact on the growth of conif
speci es. Specificall yPi onsles yHivooesdy r Aclioinedsi t i o
fraseamhduj a pliidc atodstdemerd signi ficant heigh

T®AUE D1
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comparing the fertirrigated LFt2 and LFt3 z
Similar results were obtainediwrdesahb@weisty ¢ C
a significant heighal de f)k evDledrd ef g rKt itrersitgat ed
and SFt3 zones were compaged Snimihl a3 dtyl, cdoenctir
tree species showed higher growth perfor man
(Fi g@B¥Betul a peAbdoba eErRbabated comparable gr
averagédel gt increase in SFtl, SFt2, and Sft

and LFt2 | oamy zones when fertirrigated. Un c
oBetul a ppAdolus wasaer®&en higher, with a 30%
to what was observeeri pséodopd méodahmssmi | ar ¢
patterns, with a 22% height i ncrease when
conditions compared to | oamy soil. Wncdeerr s an
pseudoplsehtoavewds a 64 %i nnecrea&s hei ght compared
contQaorlp.i nus, boent utlhues ot her hand, exhibited no
among the fertirrigated SFt1, SFt 2, SFt 3 sa

Similar to otherCaremgii dwosulise isepde casnehsa,nced gr o wt

control sandy conditions in zone SCt, with a
control LCt 1. Il n contrast to the observed e
significant influenceusntrtedes gaorwd shs oldf o tdhe cli a
soi l FypeB8eBet ula pendul aAcAlnpseudopahmd anu

Carpinusshewedusignificantl y -vgarlevaet eqs @Q.r @5t hu
| oamy fertirrigated zones LFtl aRdgBBAZ2 comg
38C38E38G). Similarly, in sandy fertBeatrulgat ec
pendah@&l nus Bhowmrd significantly-valigbaex Qr o
compared to the SCAcerongs oudampbavepvirenrgss bet ul
did not show any significant differences 1in

and the control

Y WAUE N1
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Loamy soil Sandy soil

Pinus sylvestris Pinus sylvestris
LFt3 L1 2 Al sFi: =gl o 5 B
s LT SFt2- T8 Tee—

00
° o o SFt1+ ° ._:GE_'-. .

LCt1 ' '—i E |'r— ' | ' | SCt- ] i .AIF -

Picea abies Picea abies

- % C| sF3- — 1 — D
..! E" L SFt2- | e

1! o
_— SFt1
SCt-
Abies fraseri Abies fraseri
LF13 e it E| sk =Told— i
SFi2- ———
LFt2 L3 s
SFt1+ h
Len 1} sct- f
Thuja plicata Thuja plicata
LFo Ty e 6| s < L H
sFe; S Toale, 22,
LFE2 Lo T oo o o
o SFt1+ wo—efo g, "o
Lt F1*}—= sct! TTie
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Tree Height (cm) Tree Height (cm)

Figure8oXpTot with individual data points (with diffe
heights across different coniferous species and soil
Picea abies, Abies fraseibstrabdtiTbhojangdéeichbamhefght i
and contr ol (LCtl1) conditions. Panel s B, D, F, H repr
and Thuja plicata heights distribution coderolsac8¢t X
conditions.
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Loamy soil Sandy soil
Betula pendula Betula pendula
LFa ‘ Al sral = WY 3 8
sFe2- “EL
i SFt1- et gl
Let o sct- s
Alnus incana Alnus incana
LFi3 C| sr- ——=fRR—; 2
4 - 7'—11 g
LF2 SF2 &
SFt1- ol Ceb o
LCt1 SCt- oL T4
Acer pseudoplatanus
- E| sra!l ——T T —— e
SFt2- —— T 7} —
LFt2 - . >
sFu- T T —
L sct: el
Carpinus betulus
LFt3 G| SFi3- T [ ede——— H
SFt2- e
LFt2 L.oloes
SFt1 e et
o sc e B L P
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Tree Height (cm) Tree Height (cm)

FiguBe Boxpl ot with individual data points (with dif
heights across different deciduous speci es, zones, arf
pendul a, Alnus incana, Acerbeseudsphatghts, dastdr Chup
fertirrigated (LFt 2, LFt3) and control (LCtl1) <condi't
Al nus incana, Acer pseudoplatanus, and Carpinus betul
(SFt 1, SFt 2, SFt 3) and control (SCt) conditions.

Quercusrepbesenting 60% of the forest popul
from the other dedidBO®8Rrs Di ¢ééespaci esefe grow
were observed acr@uwer swsilr dshaprely, fwirtth r-ri gat e
SFtl significanvhyukbi ghérO0O(K taan:tphose in f
LFt(LFLt 1. Similarly, umdier cocasbhodudcongni f poal
testvvalpe < 0.01) higher growth rates in sand
Overall, fertirQuegracusogr amifnl uaorcess al l t he
zones, although thieoes weFer fiewseacee, in | oa
LFt3 an@ueéerFd 2ss rovweud a signi ficantl y-valaat er
< 0.05) compared to the control LCtl1, but no
l nterestingly, the LCt2 zQuneer cduesipormsbtutra { €Kd t € ¢
pvalue < 0.05) than the fertirrigated zone L

to more compl eOn itrhtee roatchteironhsaand, sandy fert.

Y BAUE D1
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SFt2 showed signifi@aaet ¢ ysthiragrhetrh eg rcoonntthr oolf S

pvalue < 0.05). Notabl vy, SFt3 exhibited an e
ofQuer cuscaoampaurred to zone SFtl, which, in conf
di fferences from the control SCt.
Loamy soil Sandy soil
Quercus robur » Quercus robur

[ "R %

v
SRR T A

LFt3

LFt2

LFt1

SFtt - o ** T Lt %
r o

LCt2

SCt-
LCct

0 100 200 400 500 600 0 100 200 400 500 600

300 300
Tree Height (cm) Tree Height (cm)

Figure 3.wWi:t Boixmdiokwi dual data points (with different
robalirght s across variouBamrz®heA Quer csws | r dlypreshei ghts
|l oamy fertirrigated LFt1, LFt 2, LFt3 and the respect
heights distribution under sandy fertirrigated SFt 1,

3.3.GBro€8uptake

The Sandy fertirrigated zones SFtglr,oG®Ft 2, a
upt a&eyYy ( with an average increase of 38% ov
LFt 1, LFt2Fi gd@ EEtBi (rigation significantl"
sequestration capacity of forest pl antation
increase of almost 70% compagB8ieAp. tGencense
the influence of fertirrigation on forest [
inconsesuéns. rWhile LFt3 and LFt2 zones ex/l

Y QiUE n o1l
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fertirrigation, with aGCUavepaged38&H LLCtReas
controls, that was ndti gtGHe@Beamehi sri @eanteét
value did not significantly differ from that
of the fertirrigation treatment on trees gro
significa@CUdbimpfagrealntt o sandy contr ol SCt , u
showed a signGGWwadmtely | ower

Sandy soil L il

anday soi R oamy sol &
10000

Fertirrigated Control Fertirrigated Control
9000 | T
8000
7000
g
o 6000
2
[=%
S 5000
o)
o
= 4000
ke
3000
2000

0
SFt1 SFt2 SFt3 SCt LFt1 LFt2 LFt3 LCt1 LCt2

Figure 3.10: HaormoestbphaGphuleem(@Oss zones and soil type
CQuptake is illustrated for sandy fertirrigated zones:c
whil e Panel B dispptagle tihe ltoamy COrtirrigated zones
respective controls LCt1l and LCt 2. Error bars represe

3.3 scussi

Overall, fertirrigation management i mproved
the investigated forest plantations on both
significant exceptions. I n comparison to the

zones showed a 70% andgrboGslaribomar asgpdea kien ks |

Y oAUE n o
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(Fi gB8dae) . These findings are consistent wi t h
t hat active management through fertilizer ap
(Campoe et al ., 2014; Campoe et Holweve2(QlG;t
essential to note that distinct growth patte
types. Forest plantations over fertirrigated
on averGCdenarease of 38% over fertirrigated
zondégs gBtem, BPp. These findings challenge the
soils are better suited for afforestation ef
bal anced composition of s3&aln)d,, psriolvdipd @ anradn cC |
environment for tree root development due to
and nutrient availability. On the other hand

mi ted water hol ding capacity, mtr el eacomien gt

_‘
(¢

ating |l ess favourable conditions that ma:
tenti al carbon sequestration (Tew et al .,
rr- study highlights d@iwl tvwat e ro hdeaeteugcraed wdadm s

O T O

_‘
® ®© < O
o

resents a <critical factor, shaping the
rtirrigation practices. The spatial analys
30 cm depths revealed defined pattespsens ésat
LTf1 and LFt2 zones GCuhailcuhe ss haonwoendg Itohwee rf er t i |
zonekFsi guroeB) , were <characterized by consiste
saturation throkFghg@B8B5al | Theasobsef( batieadn ma
to the interplay of shallow groundwater, sit
waterloggedThiondréeiansonship is illustrated

correlation range between winter and summer

direction connection between surfaldiegheorndi t
groundwater | evepsevianftislitgrnatfiiocna,ntclryeat i ng mc
conditions onCotnlseeqeant hge. t he reductlle oxyg
rhi zosphere, changes in soil chemical condi
toxi-gr ddhbucts i n anaerobic environments (Pare
detri mental effects on seedling estabhi s hmen

is clearly evident fr oQuetrhceu sp ooolbruprdr Zomnman ©e

Y RAUE D1
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Quer cusbeagiorbgurrecogni zed for iIits tolerance to
the consistently high I evels of observed sc
resilience capacity of the trees. I n fact,

Quercusgmrowtulh responses were significantly |
similar fertirrigated zones LFt2, and LFt3 b
(Fi gB8P¢e. This also raises further considerat

this reskraashthesugotenti adurn fmpde craun ofnfs ardd N

groundwater, as weO | emisssemman cuendd eN anaer okt
Similarly, for coniRiemrudg reydiwvesacriibs esut hasasr
andhuja plhiecadhbaser ved l ack of significant [
bet ween fertirrigation | oamy zones LFt2 and
high value of soil water saturation may hav
This 1 s consviisstug rets evairtcth prheat show how- coni f

tolerant to waterlogging (Xin @n tahe,c@m®t23a
deciduous tr ee Bepgadiae ghdanuiasi adrseangpsuedopl at a
an@arpinusi hetwmdmp zones LFt2 and LFt3 showe

under fertirrigation compared to their contr

was | ower compared to that obsEBErgeda&8pn. sand
Sandy soil, charackxéureedndyi mpsoovear smactrepo
the occurrence of waterlogged conditions, t |
more favourable environment l i kely contribu
compared to | oamy zoneesedhéye sbi ni twatieon s a
evident . I nterestingly, eaBbeyubacpedtdenal S

i ncamansi stently showed a higher positive re
l oamy and sandwur3®»®)i.l] Hayrdeys o(udlcget r ees are ger
tolerant to poor sgrewcomgdispieaeanestiidonslzak e

al ., 2007) , and more responsdo6Sedtl e dfaenketlill,i z a
198@his adaptability is a characteristic as
are adapted to take advantage of resources w
Al der 1 ®scmneaogni zedf iaxsi nag rsiptercd geesn highlight
requirement (Ekblad & Danel 1995). This en

Y RAUE N1
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specspeesci fic responses to fertilization in t|l
initiatives, representing a challenge for mo
as suggested by Castro et al. ( 2maznla)g.e mem tf, a c
and particularly fertirrigation, should foll
according to soil physiochemical conditions.
a scenario where resources such as w@wpoer ar
Il i mitations i n -sicmapllee nfeonrteisntg rleasrtgoer ati on, as
t hat intensive silvicultural practices may
Brancalion €€henéfore@01@hile fertirrigation n
silvicultural t ool for managi ng forest pl ¢
advant agesefafnedc tciovsetness mi ghbstpewarfyy cbascendidn o
highlights, amgae nof tdenduwmpwoirn@g det aliilteyd asntdu d
tree species selection to inform and opti miz
Il n this context, the integration of technol
along with ecological knowl edget floan dnsocdaeplel i c
even microhabitat scale, emerges as a cruci a
only refi-makidegi proaoesses but also aligns wi
agriculture and forestry, ai mi ngnytior d mmeer retaasl
costs (Zell weger et al . ,-Deoil9;, eBaako, &2B8h8) e

3.Goncl usi «

The finding of this research highlights the

afforestation on former agricultural l and wi
actively managed fertirrigation. Wiheamhaert:
GCUn sandy and | oamy soils by 70% and 56 %,
exceptions. The interplay of complex site hy
as a <cruci al factor influencing t he over al
appdtiicon of fertirrigation. Consistent patte

Y AULE N1
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caused reduced tree growth across Quietrecsu.s Th
robumhose exhibited distinct growth response
| ocation of the afforested sit ePi nSuismislydrvlieys,t |
Picea ,Abies &nddsejia plidc atoa show significal

fertirrigationl i nihntkignhgy mduset tbpetthal ues obser
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3. Appendi X
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Experimental variogram and fitted variogram model

Experimental variogram and fitted variogram model
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3-S3: Map of 10 cm depth degree of saturation (dSR) spatial distribution based on
measured data at site A, which includes zones LFt1-LFt3, SFt1-SFt3, and SCt. Panels

A-D indicate the variability of dSR across seasons.
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3-S4: Map 16f cm degpee of saturation (dSR) spatial distribution based on
measured data at site B, which includes zones LCtland LCt2. Panels A-D indicate the

variability of dSR across seasons.
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3-S5: Map of 20 cm depth degree of saturation (dSR) spatial distribution based on
measured data at site A, which includes zones LFt1-LFt3, SFt1-SFt3, and SCt. Panels
A-D indicate the variability of dSR across seasons.
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3-S6: Map 20f ¢c m degpee df saturation (dSR) spatial distribution based on
measured data at site B, which includes zones LCtland LCt2. Panels A-D indicate the

variability of dSR across seasons.
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3-S7: Map of 40 cm depth degree of saturation (dSR) spatial distribution based on
measured data at site A, which includes zones LFt1-LFt3, SFt1-SFt3, and SCt. Panels

A-D indicate the variability of dSR across seasons.
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3-S8: Map 20 f c m dlegeee dfsaturation (dSR) spatial distribution based on
measured data at site B, which includes zones LCtland LCt2. Panels A-D indicate

the variability of dSR across seasons.

Site B

Degree of Saturation | 40 cm depth
Winter Spring

3224804

322440+

322400+ |
380680 380720 380760 380680 380720 380760
Summer Autumn

(o]

322480+

322440+

o —,

322400+
380680 380720 380760 380680 380720 380760

N MELE 1D 1



96¢Gqlll WNSGI 1J1

Chapter Three summa

This Chapttstshe potenti al and chall enges ass
efforts on former agricultural ,vahiecahs ainmed tf
enhance tree growt h, carbon <captur e, and m
caused by environment al stressors sTuwoh las dr
this study, despite the overall positive i
hydrological site complexities emerged as a

forest plantatl omet hGdestakieesOrdanary Krigir
Wei ghting have been employed to analyse the
focus on saturation | evels and their correl
approach has prouedrty befepatitve in identify

aconsistent pattern of water saturation co

successful tree establishment. Mor eover, t he
fertirrigation ree vceiafl feedr eaecesi demarbd species
coni ferous trees proved to be mostly driver
application has a significant i mpact on d
successional shetcu les pakthdkas s hcwed t he high
growth rates across the species studied. Th
nutrient upt ake, characteristic of pioneer
towards strategies focused on prreosdouucrtciev i @ fyf i
car bon seqguestration goal s, understanding
fertilization becomes a critical chall enge.
based on these findingBiwae@hgpotpyrod e d essn aCima
idepth anal ysi s of the potenti al effects (o
irrigation on greenhouse gas emissions, with

carbon balance of the forest system.
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Abstract

Newpyanted forests reqguireencamef ut hemasagea

establ i shment o f young trees; t his can i nc
fertilization, or a combination of these tr
fertilizer application in maonagedeBonesmsmingl a

tree growth and carbon sequestration as a st

the i mphettofikRer on production and consumpt
such as carbof, dnoxir o ael)(,0aedich a(nd) (iGH poor | )
under stood, particularly when combined with
GHG balance is key to defining effective

afforestation projects.

This study assessed the response of GHG f 1 1
recently afforested | owland arable | and in
l oam soil s. The apptloifcaN ivwina oafn 1i8r0Or ikggath a n

enhancing wood production and C sequasdrati o
N2O emi ssions for both s0d40l emypessonPdrtcit oulsce
NoO/ kg N applied) for | oamy and sandy | oamy s
hi gher tIhR@QC tdcef aul t estimate of 1% for acg
Furthermore, both sandy | oam and | oamy soils

CHsinks to sources. Thus, the cofmermnediappl

a significant i mpact on the total GIlobal War
34% and 32% for sandy | oam and | oamy soil,
conlts.o Despite a significant increase in tre

of fset potépnptipalrtwas, omighlighting the net
The outcomes of this study emphaségei v-hAlkeepbDt

debto from afforestation supported in its ea

N MBLE N 1J
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Keywocldsmate change mitigation, Forest manag
Bl FoR

4 . Ilntroduct

Cli mate change represents one of the most pr
time, driven by rising |l evetesnoéntt@wSpher i
such as carbaon, dmeotxhgead COHt r o209 dAIPdEeC, ( R0 2 3
The increased frequencies and severity of hy
growing pressure on ecosystems and societie
frameworks, including the UN Framewoaki Conve
Agreement (2015), and the European Green Dea
of combining robust emi ssi on r ecucetmoovnal st r
strategies (Griscom et al ., 2017 ecloBR@Gt eB1E¢
have been recognized as viable tools for miHf
Griscom et al ., 2017; Bell assen & Luyssaert
t heir capacity t o serve 281 aa psh ogtna sfyi ctame s i

sequest envi mg méMH h aWhoitlreo pihty. has been recogni se

not represent a fAsilver bulleto for addressi
focus has been paid to actively incméa<i ng |
t heir prospective contribution to climate ¢

BCMFR, 2007).

|l ncreased forest growth rates,( MchMahhoerr ethral

2010; Il rl and tBOebiph management i nterventi ol
opti mizi ng( Proounddeilt ieotnsal ., 20l12cabeelNfeltetvedl
the capacity of forests to act as a carbon
techniqgues such as replanting, natur al rege.|
and optimizati on of rotation bwt &t i amd C a
sequestration (Liski et al . 2021; Amer ay et

N MIELE 10 1]
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silvicultural techthiegmestameegniemar of y elnomegq
to fully achieve {(Aemerapoteéential Begéefi Ost |
nitrogen (N) fertilizati on, on the other har
rapi dl vy, pad# tiimedwlear Ifyoriest 8 ( Tamm et al . 19
Nohrstedt 2001) . tkorn iErusrtogpreaen, ciomiNcerr ous for
of 150 *%rmgesNulhheed in a 30% increase cocaddetrees
(Hedwal | et al , 2014; Petterson et al ., 200

application fn Infag& ukge Womagd atss digad HBdmnidess il ie
to 25% increase in geam pekuwmd ¢(Bal sapr 8& M:e
North WalesBetU|l abkraind é6®&ali o»wx ()restcchmridada s al

areas increased in their growth by 130% over
of 175 Kd Rbwenaet al ., 2006) . To enhance w
atmospheric removal, even more intensive fer
Bergh et al. (2008) , for exampl e, dembnstr al
haytafter biannual fielr5t0i lkigziad ilpaeouwg t Nold®&y s
plantations, whereas Groot et al. (1984) sho
a d®ar period after a single application of
While high fertilization rates have been sho
various studies, these practices often negle
vs supply in soil). This can resu N, i Ncr e
gases) and to water bodies, due to residual

context of afforestation, -Nt2h-gN\asebemag pbteht

out wei gh t he car bon sequestr at-emmanaocd etvrea

growt h, thereby undermining the overall pos
Therefore, to assess the influence of ferti
potenti al of new established forest, , putts i s ¢
may al ter bi ogeochemical processghB,amndesN| t i
fluxes (Shrestha et al., 2015; Liu and Grea\
2015) .

N MIELLE 10 1J
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|l nI Nmi ted forest ecosystems, the supply of
plant growth, and thus, enhancing C sequestrtr

addition of N to forest ecosystems can have

respioa. According to Johnson and Curtis (28
forest practices that i ncreases net primary
the soil (Bowden et al ., 2019) . However, i n

increase autotrophic respiration (Ra) and pr

which decomposes faster, increasing soil re
Addi tionally, Il ncreased N may stimulate mi
respi Mmatnigoret( al ., 2016: Johnson and Curti s,
Forest mineral soils generalUVyl abteasaba.bi ab
et al., 2008; Dal al and Allen, 2008), althou

not al ways <consi st eshltas eAdp pfl @ rctait li idayetyo f¢ AMH  k

promotsweup@tke through the stimulation of gr

oxi disers (Aronson and Helliker, 2010; Pape
2000) . Al so, scemmmaenrcterdatNiGCon can raise the soi
circumstances, reducing the opeamthagacand]

decreasspmgpd@ldti on (Le Mer & Roger, 2001; Con
hi gher appldlcasednf eft iNHi zersaupenantte (blakadssce
al ., 2021; Jassal et al ., 2011; Bodelier & 1
to the competitive inhibition for the active

Neverthel essandwhiNodxe d &Hi on occur at di fferen

|l adder , their coexistence and theeldi begl ishoad
environmental conditions, redox status, and
2004) .

Gl obally, forest ecoshOt e@badpuri@esynet w@durcedC

al ., 2022), accounting for more than 30% of

However, under specific environmenXalsia@andi
(Chagdguwirdy et al . 2007; Schlesinger & Bernl
i nstance, soil s chargaacvtaeirliazbeid iy lainmdi theidg hNC

N MMLUE 1 1)
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content appear t @O hcaovnes umegpjtaronnectapdci ty (Sil

Chap-uasdy et al ., 2007; Frasier et al. 2010;
of ONproduction in forest soil are microbial
al ., 2003) . According to Houl t on et al . ( :
Ssubstanti al (24% to 53%) nitrogen | osses fr
hihg soi | moi st ur ez awnai lsaubfifliictiye n(t DoNobii fey ientg al
bacteria, 2 Opdaduang Nhe ¢ @&duddubnidoenr ocafn oNkO ¢ cond
Under-dwal hed condi tiOons, rledwaserd, ad an inte
when nitrifying s4btacc 5NGiad r axwiad i zwd WEB)p.r ealde us
of synthetic fertilizer as a common Ol vicul

emi ssions from forest ecosystems (Fowler et
as significant hot spots (Zhang et al ., 200C
demonstrated how forests can revolatilise
denitonfildawever, the N additions due to fer
than those due to deposition, | eadirng kt of N

environment al harm t hrough | eaching (Wang et

This wide range @famdep@asetsi om &nd consumpt
due to the complexity of the synergisticall
(Butt eBrabhalc het al ., 2013). Additionally, the I
GHGs fluxes makes gernamaliingi nog tuhnedeurddemg

resulting emissions challenging (Gundersen
been | imited focus on understanding the <co
appli @aatdi cGHGs emi ssion in forest soil . Addr
crucial, especially in light of the steady i
50 years (Fuchs et al ., 2013), and subsidisi

in attation activities by the UK Common Ag

encouraged the reconversion of for mer agr.i

supporting increased C storage (Frei et al .,
has concentnivatsed gaat i ng fertilization I mpacts
neglecting the cruci al initial phase of tral

N MIBLE 1 1)
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ford&@htetrefore, the hypothesis of thtywlostudy
synthetic NPK fertilizer combined with soil

N20, angdf |Qk e s, potentially undefrfmi as sgc itatee d

the afforestation initiative. Furthermore, w
which interact differently with environmenta
will show distinct patterns of GHG emissions

4 NMateri al and

4. 2.1 Field site

Thisgudy focuses on a newly afforested site
UK, on the Norbury Park Estate. The forest |
for mer arable farmland grown with sunfl ower
resear ¢bh28i 86' 43" N, 20 29' 62" W is adja:
Forest Re s efirrc h CaFrrbeocen Di oxi de Enri chment (
, 2021; Hart et al , 2019)
(AMSL). Thet ecrpiemrmaattee insar i ti me, with a total

(MacKenzie et al

l4mont h study period. Thkenaompnyuadle mpwerad gag ea hwa
0.3 SE) Ac, based on a daily average from M:
of 28.7 AC and4.a€ mlA midgnurme o f

N NIMILLE 1 1]
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Figur@®ad4l y: mean air temperature (grey |line), and pre

box highlights the period of irrigation and fertilize

The forest( hpelraenitnatrieofner red tios as 4MNjlvieai daggr
compl ex mi xtur e of broadl eaves and coni fe
compartments or | inesafodwdpantcealcs cpemeéreras ¢ ul
42) . Saplings, typibd@alclmy irnanhgeiingghtf,r ome r4e0 pl a
density of 2600 trees per hectare. These sap
di stances of 2.4 m between rows and 1.6 m be
Quer cus( Emgluirsh oak) from various geogsraphi c:
and France) accounts for the 60% of the ent.i
ot her orat kessdega blUK hterdee speciBes,ul angdebnadiian g

bi rchPice@aNabwparguc ePi nus (s§d piteset) Al s us(grienycana
ader )Acer pselfEoaplopteamu,s yCaarnpirnefhe r mdbte@almds and
a few US nativeAbpesi @rsapssesrairmcfhihnajsa pwesaéean

red cedar) were plant e&dei-mnaosap elcsdergvd tnigo avei tim u
treeso and/ or N fixers for enhancing soil f
pl oughing to a depth of 0.4 m, and the soil

properties ranging from | oamy deor | sya mdyy glemd n
consists of superficial till deposits, wi tF

overlying the Permotriassic Sandstone of the

N NIMLWE 1 1)
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4. ExPeri mental design

The study encompasses two afforested | ocati
ha, situated on very gentle slope, with el ev
|l ocated at 650 m disewah¢cecbvemi nhheasoatrhbka

el eivmants ranging betweer2®4 &ntle98 omoVYErgurbke

fertil i zlaRtti3o nrSBEFEBtI1 and the control SCt, whil
the other control LCt. The eight zones withi
soiylpet all owing the distinction of two grou
classification (T-abtad anpd F€hesar EFtrlepresen
conditions, whS Ate3 zaomde sSCGtFtdx hi bi t sandy | ¢
Despite tdce idn fdfiezeenbet ween controls and fer
and soil characteristics assessment confirm
necessary criteria, ensuring theAccouditmdit o
the naticandlurAdriLand Classification (ALC; M
are Grade 3, indicating good to moderate qua
applicationtodf N1&Wekg ahgperiod of 4.5 months,

Horti mi x Extff aP&@éHbrEafmedsi ncoln, UK) fertil
NPK nutrition ratio of 18:18:18 plus other

ensured balanced nutrient supply, 1 n this st
due tpa viottsaal role in numerous biological pr oc
management involved two weekly applications

dr-i prigation system with drip hol essi5t0escm &
(details in SuppMSdgpeantlayr yi rMatgeartiiaoln, schedul ¢

and | at e afternoon, was established t o ma
approxi mately 35%. Soi | moi sture | evels were
depth of InD uasnidn g3 0a cSM150T Pewibee s( DleTR,a UK)
points within the designated zones. The ann

N NEELE 1 1)



96¢Gqlll W[ Yel

zone was 145 N (3.9 SE) mm suppl @mdm®ting
precipitation at the site of 676 N 66 mm ( Ma
were reported malfunctions in the irrigatior
LFt2 anldntténs8i.ve weed control was conducted

gl yphosate over spring and summer .

Tablesdill: texture characteristics of each individual
texture classification (USDA). Also reported are the
and the number of samples (n) used for soil character
Zone Managemetn (sampSand Si |t Clay Soil te B D
(%)

Group 1
LFt1l Fertilize 5 36. 2 38.3 25.5 Loam 1.06
LFt 2 Fertilize 5 38.6 37.4 24.6 Loam 1.04
LFt 3 Fertilize 5 39.9 36.1 24.0Loam 0. 95
LCt Control 5 39. 4 38.3 22.3 Loam 1.05

Group 2
SFt1l Fertili ze 5 52.7 28.3 19.0 Sandy | 1.22
SFt 2 Fertili ze 5 51. 3 29.5 19.2 Sandy | 1.40
SFt 3 Fertili ze 4 52. 4 18.9 28.6 Sandy | 1. 42
SCt Control 4 52.20 28.9 18.8 Sandy | 1.12

4. 2renhous emegaassu rfelnuexnt s

Greenhouse gas (GHQne assmimexlit@aty ngerse ati ¢ cha
over -nonlitzh period spanning from May 2022 to
2022 and April 2023) .-l aTot iinngv eesftfii eyeatt ieb ft Znéeth @ o

N NOBLE 1 1)
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emi ssions were measured consistently the da
June 2022.

I Site A

Site B

GHG chambers
== Loamy soils

=== Sandy soils

0 10 20 30 40 m

Figurie Hi.e2ld site map. Panel 1 shows the research si:

research areas across Norbury Park Estate with the m:

Panel 3 outlines the main sietse LAFRWIBI, SIBFBdv eams tt the fcom
SCt , whil e panel 4 shows site B with the control L CH
represented by blue dashed | ines for  oamy conditio
condi Theng¥igzag transect for GHGs is also illustrate
assigned to |l oamy conditions

Forty round PVC col |l &r s10( bcans ahle iagrheta) owe rOe. 3i ni
depth across all C@,0p0s atnods oleHh seme ssi ons. Fi
were placed in each plot faeR)owiomg averkgz ad:
the start of the expeshmenghaotd.r & @€mai aeldl ar s
pl ots were positioned beneath the irrigatio

N NOTALLE 1 1)
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dripping hole allowing for accurate measur e
area SCt, the soil coll ars were placed at | e
boundary, to minimize potent i 2zl eadglé ICdHkf ect
measur emenstt,eaad ynocnhamber was attached on top
an airtidgehtaidesali n( suppl4ePe)ha aolyt anant ea i saé€gue

measurements from each collar, air samples w
using-mh gbDac syringe. Detailed information ¢
storage, and analysis are addr4eSs3s e dl hien rtahee ss

chang@Q,i nEH an@ dANoncentrat i)onwer(e pdretméd mmi ned
a | inear mo d e | to the raw gas measurements
assessment (QA/ QC) was’dpeli fvedmdéd oumsithg tthetR
R2val ues for gfalluxuelsatleadweQO t han 0.8 (12 of 4¢

of the data), the physical conditions withir
precise flux calculations, probably due to
2019) . For-Remeaser ement s, we igéimon@ diNIQXK e s |,
replacing t haenmn miwet h (hoe. , NaN) . However,

conditions withidfohe €OWamBdbher swe( R etuaxi ned
measurements redafr dCleasmd oNGHIGhd |Rx r ates wer e
using the equation by Collier et al. (2014):

"0z —z — T 8|

where F is the a®tldlorfdOkON d@ige?mtfmagr 4nC H n d
—is the rate of change of concentratiton of

Parameters H, m, P, R, and T represent- chamb
), atmospheric pressure (Pa), 3rRaémalnj vandal
temperature (Kh)he rGbpeddati ¥etlheaning and pre

including the removal of outliers is discuss

N NIFLE 1 1)
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4-S 4 . For calculating GHG emissions trends b
used a sample size of 18 chambers for | oamy
and 5 c¢chambtewos cfoorrt (tehlegd20@emul ati ve emi Ssi ons
(t Thad)r, . ON and k@Hyad)r were calculated wusing

l'inear i nterpolation and integration via th
pl ofss.account for potenti al overestimation f
i rrigatbiionng in the fertilized plots, we cal
conservative treatment, named AdAlntermediate

computation of the cumulative curve of GHG

anal yselsnt efrhnreedi ate treat ment assumes that o]

surface emits at fertilized rates, and the
rate as the control plots. This assumpti on
i rrigatdeornifvireicdme s oi | moi sture mGlashal m&at si1i
Potenti al (GWP), defined as the cumul ative r

CHandON rel at2iil W ®CtCo @Q021), was calcul ated us

000 60 60zcuv (02¢ wy T 8«

wher e, &9 antu@Hil ati ve emi ssions-ywaresmaharp

GWP values treqobMghneCOt al ., 2013; Forster
the relative contribution of mi crobi al resf g
partitioning coefficiehhe o$upPpl7e nfeWetdeSrSye tmaatle
reports the overall GWP which includes in th
4 . 25.04 | phydichdmiopalrties

One undisturbed soil core (4.2 c¢cm in diamete
to individual soil collars, resulting in a t
GHG campaign. Soi |l cores were air amd etdo tf alr

N NZELE 1 1)
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porosity (TP) determinati on. | (- vaadsd i d @ roiny, e dv
from the gravi met+rofc 5Swagtrero fc osnotielntsubsampl es

105 UC.f iWalteed pore spaces (WFPS) were deter

according to the following equation:
T o — ZpTMT
wOou Y ———
Yu [43]
Soi l texture was determined employing | aser

Mast erxs0®0,r coupled with the Hydro Mu attac
temperature was measured near each collar du
cm |long portable calibrated theEmofeded {&WF

a depth of 5 c¢cm. For soil chefmbcalm pdeppént iw
coll ected monthly during GHG campaign near e
the i1rrigation | ine. Detailed pr oaedusoeisl f

processicngu,di m@nextnda@amnal ysN@aafl sdldtasawwtedb!| a
DOC, DN, pH, and soil cation exchange <capac

soi l initial propédret isap,pl @me nd-86 wi dnad eirn al s

4. Qusantification Gfo€®upsakpl ant ati
cal cul ati on

AssessigrgpGiQ@uet ak@) (of the juvenile forest pl

understanding its climate change mitigation
fertilizer application aiming to enhance gro
species were Suamdy2d2Rn WD2hin each zone, 2

randomly sampled and measured for di ameter
aboveground and at t he root coll ar, accord
consi stencyyeoavrerc atnpeai Zgnas umhemdBtH pnei nt s wer
with biodegradabl e paint. Tree heights for a

N NOIPLLE 10 1)
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and clinometer. Tree bi omas ss pwacsi f ¢ @ mpguetneedr a
all ometric equations adapted for young tree
content (CC) fraction of 0.47, in accordance
appliesdtitrmate tree carbon content. Téred tot al
bel-gwound biomass, was -ebbtomatatdi osobhgOa3r ¢¢8
2006). The tot al CC has beewmptualda.itso i orgloa ulaa
note t hatr bwmi ueetake by ground vegetation ma\)
emi ssions, it was not included i n tahemfover al
this study.

4. 2St@ati stical anal ysi s
4. 2. Dla.tla preparation

Prior to t hemidsastCdh\gar auleyssidsu,e t o outl i er r emo\
' i near interpol ation. Subséqguxerst luys,i-Gwea trhaer n
transformati on, and the noe® main d«af@&lnxt e sl ,e aasgp
suggested by Moulin et al . (2014) . Al l envi
standardi zed (1 .e., rescal ed wi sl afareormarti lmen c e
base packagé€&oi ntiiRe subsequent anal yses, we
fertilized and control conditions, as previo
4. 2PF.i nci pal component analysis

The inherent spati al heterogeneity of soil f
the key factors influencing GHG fl uxes. Pri
the identification of these mechani sms, par
JQoliffe et al , 2016. Therefore, PCA was con
soi l edaphic f assgt orasmmomisfumatdeNsicNOved organi
(DOC) , di ssol ved HAiitlrlcegde np o(r@®N)s,p awcet ¢(rWFPS) ,

N NDALE 1 1)



96¢Gqlll W[ Yel

ratio (CN ratio), and soil temperature (Tsoi
over 4 days (Pr4)), and site management (cum
GHG emi ssions. Detailed definiti onsenoefnttahreys e

mated$al PCA was pepf oofmpadm utsbhpeasg k a g e, retai
principal component s t hat explained over £
visualizati on wa s-packnEgeutsd M{gh etRheet Ral . , 200
factof&Kaeasemhara and Mundt, 2020) .

4. 2.7.2 Mixed effect model s for GHGs envi

For studying the relationship between GHG e
factors, feifrneant smimoeledel s (LMMs) have been use
are designed to address the hierarchical nat
ef fsec(tsystematic factors) and random effects

hel ps to preeehi cpseodoand reduce the possi

rates (Harrison et al., 2018; Crawl@®y, agail3)
CHas a distinct response variable with randc
based on the experiment al desi gn, whi ch i nc
seasons. The 13 different fixed effects <cor
selecti®sn apmeoceated in detail A-87Barp phedneint ¢
selection, we initially created a saturated
variables, their first interaction, and rand
was used for model selectidnedfguenwcrt,i o0 1f0r)o me
Mu MIpmmckage (Barton, 2019). When the differe
was | ess than 2 wunits and not statistically

Finally, a partially Bayesnahi appogbeht ime wiptatle

(Chung et al., 2013) was wused to fit model s
maxi mum a posteriori ( MAP) esti mat es. Compu
condi tifoonralt Re sel ected model s, and model re

di scussed within the4S&pplementary materi al

N NOBLE 1 1)
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4. Resul t s

4. 3.1 Temporal trend and cumul ati ve

COemi ssion rates in fer43iA)i zweed el oocavneyr s200i% sh i (
under control conditions fronm0R2wne b2 ftea t
and control pl ot se nsihsosweodn sriantielsa miHDb&W eovnesr ,s hCaOr
increased in fertilized plots from August 2
hi gher than the con€Comdesapondi dghyarfyr @®2Bun
cumul atldeve sGOons in fertilized and contr ol
the difference gradually increasing over tim
43B). Thus, theamgéseronsnwatelCOeedrdedti wif |
t haclosely followed by the intwhevea i @anley t2 =
the theoretical surface emits at fertilized
CQemi ssions &t 7.96 t ha

N ZIMLE 10 1)
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— Fertilized Control Loam soil — Fertilized — Intermediate Control
A B
400 __ frthzer soploson_ 2] forthzor spphesion__ .
T 10
L 3001 X
N :E 8
5k <
Eo 2= &
B E £0
%] s N
Q 20 4
N ES
o 3=
o 2
ey J 0 C - -
Jul 22 Sep 22 Nov 22 Jan 23 Mar 23 May 23 Jul22 Sep 22 Nov 22 Jan 23 Mar 23 May 23
— Fertilized - - Control Sandy loam soil — Fertilized — Intermediate Control
c D
400-’ R »ff[li_li_z?r_ ?Eell_c_a!i?lj_ R 12 fertilizer application
= x~
£ 2
B B<
22 55
S 59,
=}
s £
8 3¢
Jul 22 Sep 22 Nov 22 Jan 23 Mar 23 May 23 Jul 22 Sep 22 Nov 22 Jan 23 Mar 23 May 23
Figuri@®ewmp8r al dynamics of actual 2amd | owmyl g tAi, v 8)e miams
| oasnoi | ( C, D) over ithMaey p2e0r2i30.d Ayemeéagg2ddd2CcO f or both so
C) for fertilized (black solid Iine) and Intermediat

the standard error of the mean (SE)emiBRasneoins Boandobl
conditions forr ¢armemheastfifleirzeend (bl ack soli-dashed), I T

line), @ahd( goayrdashed | ine). Dashed box indicates th

Il n contrast to fertideinziesdsilooma myn cfoenrdtiitliioznesd,
exhibited significantly higher rates and a ¢
of an initial similarity to the control and
October 00832C (FRuggke3 A) . Tdfifs pant t ern i s echoed
cumul atdevmnei sG0O onrs¢3 DE fFgug €3 B) , whigbhi ghts the
di stinction between Fertilized, ulrde3B)Y mewi tah e
values of 11.41Y 8e%Speandve&l¥y.t ha
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— Fertilized Control L:oamisoil — Fertilized —- Intermediate Control
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Figure 4. 4: Tempor al dynamics of 20adtnudloaaayndd( syamddl)yg t i v

| oasno i | ( C, D) over itMaey p2e0r2i3o.d ADueareaig2Bd2 2Nns f or bot h s
CcC) for Fertilized (black solid Iine) and Control (gr
standard error of the mean ( SE)YO eRdrselisonB and bl tshh csw i
for threerdatmeremt i |l ized (black solid |ine), Contr ol
(bl acdalsthheg | i ne) . Dashed box indicates the period of
Il n loamy soils wunder fertilized and irrigat
63.3% from Jun® emi ©cst ober weNe 80% higher th
44 A) . P&ak | lxes occurred in June and August
stabilization at emi ssion rates equivalent

October 2022. Despite a moderate emission pe

backgroundl emélssavar agi ng Dhtf@hrRBu@hOoL? mdems
Again, -otfie dymami ¢ was mirror #£d ewi tstsii o ntsh @ ad |

with Fertilized treatment showing a steep 117
|l evelling off as emissions déB)yeadsdaumtislul
cumul atOi veemi M si on f or Fertilized pl ot wer e 2
|l ntermedi ate and Control emislsibn03r kRghthant :
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3.03 kgreapectively. S@Oneyilscamns pialt $ emad NoC

l oamy soils, with a 70% increase under fert.|
(Fi g4drCe¢ . Even in this situdtivernd, eft@ reftclitd xoensa tNi
after being stopped in 20ctmbess.i ombe f oumulha

condition was nearly double those of the con
in sandy |l oam soilf owende6 F@6t kbi Adadbr plt dite,

|l ntermedi ate treat- hieonrt st,heanQon3t.r3000 .k g ha

Analysis of the tempoumdl agatwwmes@H omrdr ¢ hea
substanti al contrast between areas subjectec
group (4ki)gurWwhen fertilizer was applied, | 0 ¢
uptake, transisemoeashngnsoonete CErtilization ¢
45A). From OctobenremiosfApons RO2ZIBed Clhlef ore gr
Il n contrast, contdgeonerpalotc osnhsouwnepdt i WHh capacit
CHemi ssions highlight tthe mdét fé mifs ®Dimomr oinrs upnlp
to fertilization, while both the Control ar
consumption of satTroe pehsetrii ma §@di sasninoumasl iICH | o ar
amounted t olwi.t6h9i nk gt hhea FOe.r5t8 |kignehtahg! dtn,t er me c
treat menlt.sO,1 akfigp rhat he Contr ol
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— Fertilized Control Loam soil — Fertilized — Intermediate Control
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Figur@ewmpbdral dynamic of actual & mdI|owmyl stoiive (Ami B9 i,

| oasno i | ( C, D) over itMaey Re0r2i3od AlWeemieasg@d@ 8CsH f or bot h soi
CcC) for Fertilized (black solid Iine) and Control (gr
standard error of the mean ( SE)asenRarsdlo:m sB iann d ol hs hscow |
for threerdaftmememtti |l i zed (black solid Iine), Control
(bl acdalsthegl | i ne). Dashed box indicates the period of
I n contrast, fertilizedssandygiboamthoiolugdhuit

period 45B)gur he hieglhessti o€ were observed |
October 2022, followed by a persisting emiss
Il n contrast, the contuwobnplwmpt isdhro weadp acictlyea
| ower than that of | oamyl sgeb. rAfhect edumbleas
fertilized sandy | oam sois4g wlkirvenghaeascantnhreol

as a sinKS5DFigure
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4. 3. 2 |l nterrel ationship bet ween GH
climate factors

PCA for fertilized conditions data reveal ed

GHG emi ssions, soill physi coehami oakbhi pndsclkeE
the first t wo PCs. PC1 and PC2 account for
respectively, defining a hyperplane that dis

samples under fertuirkkbAaprd PGhdcoroeba(g&gsgposi

N20, WFPS, Tsoi |, DN, and I rr4 whereasg, PC2 s
DOC, DN, and Pr 4, but!l megataneldR9 avil IPla(nEaDb | 6eB
which represents the two soil tatpePsClunnadnedr R®2
accounting for 23.8% and 19. 2% of the varian
|l oamy and sandy | oam soil sampl es.
Fertilized conditions Control conditions
| A 6 B
Soil type f Soil type
(@] Loam 2 [®] Loam
Sandy Loam 8 Sandy Loam
Cc0o2
o -6 -2 ' 2 6 : -6 -2 ' 2 6
PC1(24.8 %) PC1(23.8 %)
Loamy soils Sandy Loam soils
6 : [o] 6 D
Treatment f Treatment
B ey
o
-6~ 6
° * PC1(26.2 %) : ° * * PC1(23.5 %) ‘ °

FigurePr4 ng:i pal component anal ysis o P&A)anmn@)c,Nugdadinlg G
physiochemi cd8bopipdlp e DNi, & HXNO WNAS, C: N ratio), cumul at
at 4 days (Pr4), and irrigatilomaaimdnéaoemgnicopldi t4pnbori
and B illustrate the relationkba(py eddtoween olidamyu n(dbelru e
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treat ment, while panels C and D show how responses d

(brown) and unfertilized (blue) conditions.

To highlight the significance of PCl1l and PC2
for both soidgrdjypetsedvecret o et he corresponding
of a distinct separation indicates that PC
informative directions for separatd42nesandy

conduk€CAdboth on | olaonggmahdtypredy separately t

di rlemgact of .fertilization

Table 4.2 Maobti xi oéddtwiet PCBHG, soil properties, and
| oaamd | oamy soils over the46eAR.arree netxgpgee ivnermitan c ep ea X [
each prcionncpiopnaelnt i s reported in the head of each colu
Vari ance PC1 PC2 I n | oamy s46QC),(FRQ@ur e
explaine (24. 8% (20.5%

co 0.328 0.296 | and PC2 represent 26
N20 0.372 -0. 049 0

CHh 0. 027 0 o0go | 20.8% of t he var
WF P S 0.272 0.229 |[respectively, showi i
St emp 0.4009 -0.281 . )

N O 0. 242 0 384 | Substanti al di fferenc
N H* 0.120 0.130 1 fertilized camdi tciomn g .c
Pr 4 0.149 0.313

DOC 0.198 0.496 | Conversely, I moislandy
DN 0.310 0.482 di st t | ¢ ¢

L rr4 0.417 0.073 Pstince crusters or
p H 0.265 0.043 | control conditions we
CNrati o -0. 184 -0. 148 . _
Bold values represent the va( Fi gu46D) . PC1, whi
PCs.

contributed the most t
separation with 23.5% of the variance expl ai
and PR4, and negati veeb®, cTesroridl, atachd®dd) wirtrild Q a't

43 . Bri vers of GHG emi ssions

Il n examinizhigus®s | ©€ClOe mi ni mum adequate model
soi l type, soi l temperatur e, and the intera
effects. This model explained 73% of the va

N ZEUE N1
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43.5%. Soil temperature showedemi ssgonsi CRng
47A andd4Zabl e

Tabd 3| Matrix of the PCA obtained with GHG, soil prop
| oaamd | oamy soils over thed46eDn)R.e mr®e retxgpoea i ymemit an c e ee X [
each principal component is reported in the head of e
Vari ance PC1 PC2 The interaction betwee
explaine (23.5% (20. 2% ] ]

cCG 0.438 0.130| and pH exhibited a pos
N20 -0.322 0. 147 : ; .

CH o0 013 0. 027 COemissiondg4,(T&bhQeaeres
WF P S 0.385 0.130 | 47A47B) . Il n contrast, s
St emp -0. 487 -0.070 . . . .

NG 0 097 0 337 | Nnot significan€C@y i nfl
N H” 0.004 0.193 ) fluxes44)Tabl e

Pr 4 0.297 -0.217

DOC 0. 136 -0.535

DN 0.063 -0.598

Il rr4 -0. 369 -0. 050

pH 0.2009 0.230

CN ratio 0.126 0.237

Bold values represent the var
PCs.

Standardized CO,-C emission
>

Fertilized Control

Standardized CO,-C emission
«©

-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
Standardized pH

Figur®rédvctions from the mini mumfhdrgeaawet mod88MW erpf
interval s. Panel A shows theftaoakkstempeltat prasmmekf fBec

interactions between fertilization and pH.
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The sel ect edO neondieslsifoonrs M aw od wrew!l dtoiuvre i rri ga
temperature as fixed effects, both showing
(Fi gdBr eand 4Habl eThe model descri bedO52Puxésit h

with fixed effects accounting for 16. 7 %.

The mini mum adequate model f or safelnwx a0 nememlt ail |
21. 2% of the total wvari anfciex,edwietfhf efcetr taiclciozuantt
A B
i oL Figure 4.8: predic

8 model s expd aamdsriGH

&

g
W with 95% confidenc
L%

indicate t he rel ad

Standardized N,O-N flux
o
o \3
ol
O
0 0 o®
o RS
o
%
o
<
o]
o
o
o

2 B | e P I °e fluxes and soil t
o o
° o panel B t he int .
2 a0 1 2 3 0 1 2 3 4 . . )
Standardized soil temperature Standardized cumulative irrigation cumul ati ve irriga0
fluxes response. P
o W di fferent modelsfou
>
2205 S according to fer
A . . .
o unfertilized (bl ue
Rl s s s e s s s e e e —r— e
N i |k
S
S -05
5
& =I=
-1.01

T T
Fertilized Control

The significant Hedpd)i vé coaeft riotci e d@sti ons
soil consum@gBConTidBli.gur e
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Tabl eSdmear y

of mi ke tiffiece ar

mog exNs & ogdenCB si mhs. tRe

variance explained by theZ%ifsi xtehde evfafrei catnsc e neaxrpglianianle)d abn
including both fixed and random effects.
CQo Variabl es Esti mate (Spwvalue
Rim: 0. 43Et(intercept) 9.31 (0.61)<0.001
R%: 0. 730Fertilization -0.49 (0.50)0.328

pH -0.57 (0.12)<0.001

Soil typleoagnsan 0.59 (0.42)0.165

St emp 1.82 (0.30)< 0.001

Fertilization* 1.33 (0.28)<0.001
N2O Vari abl es Esti mate (Spwvalue
R?m: 0.167(intercept) -0.01 (0.29)0.976
Rx: 0.5181rr4 0.23 (0.05)<0.001

Tsoil 0.3®. 10) 0.005
CH Vari abl es Esti mate (Spwvalue
R 0.05:(intercept) 0.14 (0.14)0.324
R% 0.212Fertil[iuznatriecat e -0. 56 (0.21)0.008
4. 3.4 Global war mi nguptodleent i al and
Fertilized condi thigrhestesoltta¢éd GWP tameng al l
values of 106C@edv9i B s$ahdy |l oam and | oamy so
9A). Control exhibited | oweqgvyeal segnofi6att
hafor sandy l oam and | oamy soil s, respect
increased GWP by 34% in sandy |l oam soil anc
control s. GWP observed for I ntermedi ate tre
sandy | oam andekpaemyiseilVys, Fhgonrehé&Acahsoold
tree growth responses across 6SobE&tUppakeand
(GCU) . Under fertGClUialeuesomes uli neadoifn€3@ and
sandy |l oam and | oamy soil s, respectively. Co
values were 8130an€0516 okagnyhand sandy | oam
This represents an 82% and 62% reduction in
soil s, respectively, compared to st hneetFeGWR | i
(defined as Gross GWP minus the ©GC&e qGoof f

N Z0BUE N1
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di fferent soil types and treatments. Under f
7 and T7'Cxetgqvha with tree C offset potentials
|l oam and | oamy soils, respectively. I n the C

and 5.'€0teqhvg with tree C offset potential of

and | oamy soil s, respectively. The I nter med
GWP values, atiC@&emvandal®Dntg twath the highest
at 40% and 30%, respectively, for sandy | oam
14000 A

12000 o
i 100001 Total GWP
L;aooo S

9 Soil type
C(;GOOO Loam
]
g 4000 Sandy Loam
;_:‘2000
o

Gross CO2 ==

-2000 Uptake o _

4000 Fertilized Intermediate Control

14000 B

12000
‘7(“10000 Net GWP
| & o
8: 6000 -1 O Sandy Loam
x4000

2000

9 Fertilized Intermediate Control

L

Figur &1 4bal war ming poGrem€&@apt §®&AWH() iandoam (grey) an
Loam (brown) soils for three different treat ment s:
illustrates the Totahe®GWPhan|l caltlatedili nt kgpeL Ocompar ed
GCU (green)}fom «klye hahree treat ment s, with error bars
mean ( SEM) . Panel B depicegvitltivat heter GWPs i hakg 1©COpr e

standard error of the mean (SEM).
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4 Bl scussi

441 Effect of N fertildization on soi
Continuous N fertilizefrl ap@s iicmtbotinh ilncamysa
soi |l sarge¥)i.g The results from LMMs highlight a
application of fertil i z4e4r) . anAdn seefikle td dibdieflN ci;
decrease soil C: N ratio which fosters microb
which in turn, enhances soAddheéeti ematlt t gphNc f E
enhangredsgstem pr odhketiymu lagttiong ophic respira
Hi gher vegetation growth under fertilized co
and thus, an increase in resource acquisitio
et al., 2006), and high respirations baoensassT
due to fertilizer application may stimul ate
1990; Field et al ., 1992), thereby increasi
mycorrhizal, and faunalk, cemmancedesaboMegeo
contributes to increasing soil carbon cont
stimulating Rh.

The combined application of N fertilizer and
sustaining higher soil respiration. Soi l mo |
carbon dynamiears samadn€0Orates (Fairbairn et a
1998) . This was particularly evident when a
l oamy soil i n June 2022 resulted in a signi
| evel s even olseweorb sterarredt h n ®WBA) cohnriedon{ Fia¢
sandy | oam 43G)l, (Wherue ei rrigation ivagx@®vin
fertilized treatments consistently exceeded
fertilizer application period.

Soi |l texture plays a cruci al role i n the <ca
bet ween microbi al activity, nutrient availab

N dMUE N1
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al., 2020; Dilustro et al., 2005). Sandy | oa
(Table 1), ensure macroporosity and foster o
clay and organic matter content may trieodnuc e
against mi crobi al degradation (Reichenbach
patterns46(Dhi,guwhecer e fertilized sandy | oam s
hi gher DOCs, DaNh,d*dNNHcentrations compared to
highlidhtectheffect of N application on incr

Ssubstrate degnradhéeéavsea. aRdi €0 | and use practi

(Abdal |l a et al ., 2013) , may exacerbate t h
breakdown, | eading to rapid |l oss of C-(Six e
contr ol fluxesam nmpltohes daondywiag ir43Q@)ati on
suggests | imited | egacy:2felfuUxeecst,s loifk efleyr tdu & zta
| owapacity of sandy | oam soil to retain nutr
Thi s highlights t he i mportance of account.i
management strategies aimed to increase car
Rodrigues et al ., 2023) . Loamy soil fosters

retentaonty,apas evi démAce dvhiin eFiad sroe sl owi ng
decomposition, which results in increased <cz&
al ., 2003) . In this context, it 'S notewort
| oamy shwiwl ssi gni ficant overlap dedpCle Whiso
suggests that nutrient | evels may have reach
effects of further fertilizati on. Sandy | o

mi neralization and N supply cé6pAa)c.i tN ftdrrati I

application may accelerate the decomposition
influencing the equilibrium of soil carbon
2023) @eivmglethhe need of additional research i
Finally, the influence of soil tempxéidlaxerse o

tempor al pattern and cu4Bul aTtdibylee Bmit syseieamn MalyF
September 2022, the averlarge 2s di 13 .tle mbCe r aw huir c
with fertilizer and irrigation, l ed to inc

N JHELE N 1)
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feedback of Il ncreased microbi al and fine ro
col der peri od, with soil temperatuouf buxaeser ac
decreased by 30% in |l oamy soil and 50% in sa

442 Effect of N f©Or emli s.eaabinen on soi

l rrigation increases soil moi s wrmd,s siimfnlsu g nNMfa
44, FidgBrne The high volumetric water conten
irrigated areas may have | owered oxygen | eve
2024; BuBabklrpbacbl3). I n fact, depending on
cont emtescuant i n WFPS values greater than 60 %,

and2ONproduction by denitrifying bad®dtaéddia (I
2013) .

Il n this context, our study found that ferti/l
cumul a40i wvemiNsi ons off a4ahdO0O® . Rgrkgpbati vely (
44B44D). These emissions farkgexXddadgdf oheUKst i

forest (Dal al & Al l en, 2008) , underl ining
fertilizati on 20r esgiitnee eoidio$abu ratrelk.t ur e, organic
temperatur e, and | and wuse history0O mhuyxas$so

(Wang ,et20a&11.; Compton et ad .emi2s0s0i0ons Tihne |ha agnh
consistent with previous sttwekitas,edwhsiodh ss hp

posi t20 vfel Nxes due to the occurrencki oK athaalr.

2013; Gu et al., 2012). The average 63. 6% WF
during irrigation | ikely i ncr e@ sgeedn earnaateiroonb i(c\
et al ., 2000; Schl esinger & Bernhardt, 202
mi crobi al met asboalli srmesgn r ati onz,enmhainchOn § o We r
emi ssions {BBuWwtlt ertbadh , 2013; Cardoso et al

concurrent peakdONemis®si ofR® in fertidl3iAzed 1| o
and4A) . The | oamy Control pl ot ,2000umtlea toit \hee

N dmUE N1
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emi ssions than the 4&eA)t.i | Raxetd lomred (Fdagulriek el

these emissions by causing N soil accumul at
fraction (Compton and Boone, 2000), resultin
soil emissions (Wang .et 22018) .2020; Abraha et
I n sandy | oamOsoumpl annuvuel eMi ssions were 45¢
so( Fi gddrDe . The di fferenldeeminssdwmwsl, atdievsepi N e
management practices, iI's probably due to th
oxygen diffusion, thereby reducing denitrif
el evated mineralization crhaetlds e(tDianlg ,et204dl3)),.

higher tree gr owtph akat éFA)guwdr 6Ol i kel y to | €

roo bi omass, which in turn, enhances soil ae]
(De Bernardi et al., 2021).

N2O emi ssions from miner al fertilizer i n agr
national reporting using a default emission
gui delines (I PCC, 2006; De Klein et al., 200
N2O emi ssions from fertilizer in forest eco

investigation, TovheNM ewds 0adkdedchaov®Or emi meshbhs,
would be equivalentCOergqv 8423ia0y khpehadefault

measur eedg@lessi ons in | oamy and sandy | oam s
kg asnd 1805'r9e skpge chtai vel y. Thus, EF in our fo
2. 1% to 3.9%, depending on soil type. These
et al. (2020) foridagtriimeud tfualad tshoan ,t haosee 2pr

(2006) . Tghtss hilgdl i mportance o040 é&imi scst loyns me
accurately assefsrthéiizmpaoin afcrdss di fferen

and envimaénmemdi ti ons (Oertel et al., 2016;

443 Effect of N Fegetmilsisziaotnison on sSoi
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CHf l uxes can be partially explained by ferti
flux variability remdi nerd Q8un)s.ol Vieel ¢gdmbl al
performance of tchoe rloMMy ait € d adsscoorles i owt @Gl
anal ysi A60Fi glhines may be due to the compl ex |

on f{H uxes, which is not fully captured by t
model s i n accs dntxiersg vfaorn a®GH |l i ty, evident dif
bet ween soil types are observabpteak el hea p acain
during the fertilization period, af Feguwai c
45A). Conversely, ssiasntdeyntlloya na cstoeid acsona net er

investigatedd4p€)yi od (Figure

To our knowledge, no other researa«Hh usxteusd yhiarsg
illustrated such a c¢clear transition from si
recognized eitheptiaadkedidmienit ®h s@Hstr ate compe
2012; Liu et al ., 2009) aloe dwe etndhhaat e e rCdd
met hanogenic and methanotrophic microbes (Ve
soil, the significant rainfal!l beginning in
75% ontributed tosenmeitssp ouist.i viecheCH esul ting

sl owed nitrificationazl ewdBE&n@gsdppltdmentrarrsye m

4-S9) , which in turn competitively 1inhibited
activity of methanotrophic bacteria (Bodelie
Conversely, fertilized sandy | oamsemiidsicooms.i
(Fi gdbrCed . This aligmsgs awilitishedefweldi ngs of pr
of-bdsed fertilizer (Mosier et al., 1996; H¢t
with changes in community compositiong- which
t ol earnadn ta mmo mit wrh es4oaxnitd iCSH ng species, as wel |l
in sNdHxi di ser s co(nSmintimgetCHal , 2000; Bodel i er
Jensen et al. (1999), demonstrated how in ae

MMOs Dby, N@&tHxi di zi ng bacteria can starve. Thi ¢
indicating that tsbeidatoovoergapbhcsoyl m@y requ
et al., 2012; Jacinthe and Lal, 2006; Suwanw

NJdPULE N1
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rainfall events after October 2022 may have
(>75%), reducing oxygen ascimifsission5LHFd guu et ai

Beyond the combinddsetfgctrtof i INer applicat

met hanogenic conditions, soi l properCtHi es ma
fl ows atattmbes phe@irle i ntasesroflaucha.l iktoyw i @QH water | i
transport, potentially constraining emission
& Pattey, 1997) . We suggest that this mechar
magni tudemi ssCHns between | oamy dab&d4sm@)ndy | o
wi t hf arhmer able to retain more moisture, 62%
of 55% in sandy | oamy during the irrigation

444 Comparing GWP potential of 2s0i |
upt ake.

The assessment of an afforestation project
action requires a thorough =evaluation of t

intensive fertilizer management . Our study
systienmereased the Total Global Warming Potent
soils by 34% and 32%, respectivel vy, as comp
49A). At the same time, fertilizer a@@Uicati
of 3 .alndo2ha®®r sandy |l oam and | oamy soil s, I

increase over Contrd®lA)comdiwteivems WHRi ¢er d ert
incre@aBgdthe offset potential was 30% and 22

l oam and | oamy soil, respectivel vy, resul tin
emi ssi ons49BRi.gwWroensi d®r i nfget hme Nof about 114
2021) , we shoul d-laehshndei mphecabnhgns for cl

Al t hough ourt eGWPa se sctoinnsaer vati ve by accounti ng
adding root respiration to the over da55b5) GWP c
further strengthens our findings. These resu

of fertilizer application as a silvicultura

N dEUE N1
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carbon sequedaskamssom et al ., 2021; Bergh et
during early stages of afforestation on forr

intended objectives.

45 Concl us

This work highlights the potential challenge
of fdrtilization and irrigation during an aff
sandy |l oam and | oamy. ThefapNphi aawwinomnrof gh80
enhance wood production and C sequestratiol
increaseand208@mi ssi ons for bood mi sssdioln st yweea:
significantly influenced ®ywdrea tpdgdizteirvealpyla
with the irrigati on20r egnime.i olhhd aedtoirmat(ed )N
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powdered fertilizer with 100 Lt of water, w
prepared | iquid pfeer tliiltirzeer Tihse Owa8% i s t her
fertilized -grndwersd byumpbivier agaheodr spst ems, w

drip holes spaced 50 ¢cm with a flow rate o
measur ement s, soi |l ceoaltl ha r tsinh eanlr és ip@l cacccerdd i bnegn t

sampling strategy to capture the heterogenei

4-S2: hnmandde t op GHG chamber

A cusntaodne upper chamber section was empl oye

consists of a cylindrical PVC tube equipped
featuredcmwiplhasat i5c t uwaey wdiutehr al otchkr eveal v e, us
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sealing material was chosen for i1ts moldabil
& Kwolsorreck, 2017) . The average volume of t

aver age -tvwworleuaner ati o of the chamber was 14 c¢m.
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