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Abstract. Numer i c al model s can gquantify subsoil compactionods
measures for climate change adaptations on compacted subsoils (e.g., augmenting groundwater recharge). Compaction al
affects vegetation growth, which, however, is often parameterized using only limited field measurements or relations with
other variablesOur This study shows that uncertainties in vegetation parameters linked to transpiration (leaf area index [LAI])
and water uptake (root depth distribution) can significantly affect hydrological modeling outé¢®mesed-The HYDRUS

1D soil water flow mdelwasused o si mul ate the soil water balance of exp:¢
sandy soil. The compacted plot has the compact subsoili 8646 depths while the nesompacted plot underwent -de
compaction. Using twgear soil moisture sensor data at two depthscalibrated-and-validated-otlresemodels of these
compacted and necompacted plotsvere calibrated and validateuhder three different vegetation parameterizations,

reflecting various canopy and root growth reactions to compactianthen—simulated-the \Water balancesvere then

simulatedunder future climate scenarios.

OurThe experiments reveal that the compacted plots exhibited lower LAl while theorapacted plots had deeper roots.
Considering these vVvegeutnadelsimulasiohs shosvahatcampaation willmot ahveays eeduce deep
percolation, compensated by the deep rootedmonmp act ed case model 6s higher evapo
vegetation growth can also further influence the water balance. Heydreldgical modeling studies on (Jeompaction

should dynamically incorporate vegetation growth abawe belowground, of which field evidence is vital.
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1 Introduction

Soil compaction has been a persistent worldwide issue that has reduced agriculturglsyiatfiet al., 2001; Saqib et al.,
2004)and even forest growth ratéidawaz et al., 2013)t comprises at least 17% of anthropogenic soil degradation cases in
Europe and 4% worldwid@lakukku, 2012; Oldeman et al., 19919 occurs when soils are subjected to stresses exceeding
their strength{Dexter, 1988)The sources of soil stresses could be natural (e.g., drying/freezing, rainfall, roots, soil mineralogy
and parent material, higher clay content present, foot traffic, animal grazing) or artificial (e.g., madhireoyu g k o v 8 a
Montanarella, 2008; Nawaz et al., 2013; Shaheb et al., 2021; Yang et al., 2022; Zhao et alTI2a@ stresses lead to
increased soil bulk densities and reduced porosities and infiltration(kKetesz et al., 2013; Silva et al., 2008; Soil Science
Society of America, 2008)n turn, these changes in physical parameters can stunt plant growth in terms of height, biomass,
roots (depth, length, penetration), and leaf growth (leaf éréa) i EGs ki and Li piec, 2018; Kris
et al., 2013; Passioura, 2002; Shah et al., 2017; Shaheb et al., @0R1jaction is more persistent in subsoils than topsoils
because the natural alleviating processes (wetting/drying, freezing/thawing, root growth) rapidly diminish wighasheghdim

Akker and Schjgnning, 2003; Batey, 2009)

Compaction also affects soil hydrological processes. Topsoil compaction promotes surface runoff especially during heavy
precipitation events because of hindered vertical infiltration by reduced macropore v{iaoes et al., 2018; Byrd et al.,

2002) Moreover, it also promotes evaporation due to the small pores that favor more capillgi@dldbergYehuda et al.,
2022; Romer o RRorsabsodst conphct layer?(Sueh2as plow or tillage pans) have a higher bulk density and a
lower total porosity (smaller and more isolated pores) than the soil directly above or bel@neitr t ol i no et al

et al., 2011) This then prevents surplus water from further percoldéugkalu et al., 2006; Allmaras, 2003; Bertolino et al.,

2010) thereby increasing soil moisture on the zones above the densgMayeno et al., 2003; Nawaz et al., 20480 lateral

flow above the plow pan (interflow) and rundgflaoui et al., 2018; Jiang et al., 2015)Vith more retained soil moisture,

more water is available for evaporati@ygrawal, 1991; Assaeed et al., 1990; Hoefer and Hartge, 20@oot water uptake

(and thus transpiration). However, the stunted root growth brought by compaction reduces soil water uptake in the dense
subsoil and deeper zon@engough et al., 2011; Passioura, 2002; Wang et al., 200B)is then compensated by increased
uptake in looser soils overlying the dense subsoil, attributed mainly to increasedbsabntact and higher unsaturated
hydraulic conductivity promoting more water flgndersen et al., 2013; Lipiec and Hatano, 2003; Nosalewicz and Lipiec,
2014) Moreover, stunted leaf growth, manifested by reduced leaf areas, hindered tranqpissteed et al., 1990; Grzesiak,

2009; Umaru et al., 2021%ubsoil compaction also hinders deeper percolation and hence groundwater r@tbgegeet al.,

2020; Owuor et al., 2016; Radatz et al., 203 compaction is thus recommended to promote rech@gecia and Galang,

2021; Priori et al., 2020; Tarigan et al., 202®) short, subsoil compaction leads to higher accumulated soil moisture above
the compact subsaoil layer, higher runoff, and lower deep percolation, but transpiration and evaporation can be higher or lowe

with compaction Appendix Ai Fig. A1, Appendix Bi TableB1).
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These conclusions from experimental observations were further confirmed by hydrological modeling studies that quantify
compactionds i mpacts on soil water fluxes. These model s
resource management under climate change scenarios. However, accurate model simulations require accurate estimates
model parameters that should be based on accurate measur@vuartso et al., 2003)Given that transpiration has a large
impact on the soil water, vegetation parameters related to root water uptake and leaf area are thus important. Therefore, t
impact of soil compaction on vegetation parameters should also be included in model simtdatissess the overall effect

on soil water fluxes. However, vegetation parameter values were mostly based on limited field measurements (i.e., taken onl
at the end of harvesting period), assumptions based on correlations or derivations from other variables, or
calibrations/parameter estimations. Some of these parameters were even assumed to be the same for compacted and n
compacted setupg\ppendix Bi TableB1), examples of which are leaf area indices (L@Mpreno et al., 2003; Voter and
Loheide, 2018and root developmeritHar t mann et al . , 2012; Romero Ruiz et a

These modeling studies also focused mostly on fine soil textures (i.e., silty, loamy). Only one hydrological modelimy study o
compaction involved sandy soi{Moreno et al., 2003jAppendix Bi Table B1), which reported negligible hydrological
impacts of compaction. But, sandy subsoils exhibit higher susceptibility to macimdeiged compaction than loam or clay
subsoils(Jones et al., 2003; Scanlan et al., 2022; Spoor et al., . 2d083over, sandy soils are globally relevant, occupying
31% of total global area comprising all continefi?e Holanda et al., 2023; Huang and Hartemink, 2020)

Hence, for these less studied sandy seiksthis papershows how such uncertainties wegetationparameterselated to
transpiration and root water uptatan largely affect the modeling outcomelere ywe-perfermedilot experiments involving
vegetated plots with intact compact sandy subsoil and plots which underwemmgactionvere performedie-thenused
cCalibrated and validated 1D soil water flow models (HYDRUS), parameterized based on these experimmentsedo

di sentangle these plotsdéd water budgets under various cl
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2 Materials and Methods
2.1 Experimental Site and Setup

OurThestudysite is located southeast of Lille, Province of Antwerp, northern Belgium (Apperidixigs ALA2) within the
Kleine Nete watershed of the Campine Region. The site elevation is about 10 m above sea level. The lanebudes@ar

is grasslandand arable land (maize and potatoes are the main crops) and tmesditeemunder grasslands since 1970s. The
site exhibitshasa temperateceanicclimate(Peel et al., 20070vertheyears 19782023, annual precipitation and potential
evapotranspiration values range from #6880 and 500800 mm respectivel{Toreti, 2014){Fig-—2a-Fig—2).

The sitebds soil i s | oamy s an{Bogemansh 20GH
Agenecy;—2005) A compactedsubsoil at 40 to 550 cm depthis present, which israiron oxide pan (Bsm horizon) having

green color and redrange concretions (Appendix iAFig. A2A3). This pan is also reported to be common on sandy soils
found east of Antwerp, Belgiufvandamme, 1978wherecurthest udy site i s situated. Ot h
vicinity are in Appendix Al Fig. A43.

Eight 2 m square plots were constructed at theirsiiecember 2021-cur-of them-still-have-the-compactlayerintactat 40
em-downwards—TheremainiRgur of thenwere decompacted by excavating the soil down to 150 cm depth using a crane to

eliminate the compact layer (AppendixiAFig. A4A5, ABAGB). To check the effectiveness of-dempaction penetrometer

logs were also usedherein the lack of peaks in pressure values indicate the absence of compacted layer (Hige 2a).

remaining foumplotsstill have the compact layer inta@ig. 2b, Appendix Ai Fig. A5).

For each plot, the excavated sandy topsoil layer (40 cm thick for compacted plots and 150 cm thickdongemted plots
(Fig. 32)) was loosened and homogenized well using a cement mixer and then returned to that same plot. In four plots, 480 L
woodchips were also mixed, mi mi cking Campi niFigRA&ig5).o0nd s

ack of pes A-pressure-values

indicate-the-absence-of compacted-layer{(Ba-Impermeable plastic boxes were installed to avoid subsurface lateral in or
outflow (Appendix AT Fig. ASAB). Per plot, two capacitance sensors (HOBfset SSMC-M005) monitored the soil

moisture content at 10 and 40 cm depths, allowing to capture the hydrological conditions near the surface and right above th

compact subsoil layer, respectively (Fig). This monitoring spanned from 08 July 2022 to 08 September 2024.

Each plot had either mai8ea mayspr mixtures of Italian ryegragkolium multiflorum)and white clove(Trifolium repens)
as vegetation cover (AppendixiAFig. A4A5) , t hus replicating Campine Regionés

were fertilized.
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The grasslover mixtures were mowed to 15 cm stubble height (mowing timeline ik&id and Appendix A Fig. AGAT7)
whenever they appeared to grow beyond the plot boxes Bjg.- As shown in Eq. (1), t he
converted intd_Al using a representative leaf dry mass of 66 bbased on the mean of the median leaf dry mass of herbs

(60 g m?, representing white clover) and of graminoids (72°% rapresenting graséfpoorter et al., 2009)

000 (1)

Temporal hourlyLAl values during grass | ov er 6 s  g2elio) weréd Imearly interpalated from theAl after last
mowing andLAl before the next mowing. THeAl after last mowing, pertaining to the grass remaining after mowing, was
always assumed to be 0.25, significantly lower than the lowdsirom clippings (0.841.01) (Fig.2€lb). ThisLAI afterthe

lastmowing was then added wittAlIf r om t he next mowi ngds weildlefae lastimowingi ngs

Maize was sowron 26 April 2022; 11 May 2023; and 22 May 2024 and then harvested on the onset of wet season on 17
October 2022; 20 October 2023; and 08 October 2024. Harvesting was done by cutting them down, leaving 10 cm stem abov

ground level, whereafter the maize plots were left fallow.

Outside the plotsywe-alse-obtainegight noncompacted sand and seven compact sand samplesbtainedat 15 and 50

cm depths, respectively. Their grain size compositions were estimated by laser diffraction technique. Their bulk deesities we
estimated based on their dry masses and ring kit volumes. Saturated hydraulic con@kigtivitg estimated from the falling

head methodTable2l).

Table 21. Laboratory measurements of soil properties. Values in parenthes@enote the geometric mean foKsand arithmetic mean
for the rest.

Dominant grain size

Layer Grain size composition classification* and Bulk density Ks
. 0 . -1
[sampling depth] [%] diameter [g cm ] [cm d?]
Loose sand gﬁl{]dllsgzgzdzl(gd'?;s) fine sand 1.221.44 26.71977
[15 cm depth] Clay: 2.53.1 (2.8) 201 222 (208) (1.37) (202.56)
Compact sand gﬁl{]dllsgfgzl(l(g%f) fine sand 1.481.65 0.634111
[50 cm depth] _ : ' 201 215 (204) (1.59) (7.35)

Clay: 2.4 2.5 (2.5)
*Based on Harmonized world soil database version 2.0 of f¥eé@htergaele et al., 2023)

Precipitation, air temperature (Figeld), solar radiation, relative humidity, and average wind velocity were measured on an

hourly resolution usingura localweather station located 2 km from the site. Measurement gaps were filled using the data
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from the closest active meteorological station at Here(f#snish Environment Agency, 202810W-HiCet-al-2021)5.5
km away from the site. Daily mean temperature ranged fBo°C (in December 2022) to 27.5 °C (in July 2022) dusing
theexperiments (Fig2eld). From these meteorological variablés potential evapotranspiratiok& {o) [mm Y] was derived
usingthe Food and Agriculture Organization (FAO) 56 Pennm\donteith Equation for a reference crop (hypothetical grass

surface)Allen et al., 1998)shown in Eq. (2).

8 v e
y 8
O ™Y AY T [daytime]
"O ™Y RY  m[nighttime]

oy

whereeeis the slope of the vapor pressure curve [kP§S®,i s t he net radi ati onrhYaGisthehe
soil heat flux [(MJ ? h'Y] whose calculation depends on the sigiRRghat indicates if the hourlR,was measured at daytime

or nighttime ois the psychrometric constant [kPa¥]jQU; is the wind speed measured at 2 m height [éJnes-e. is the vapor

)

gr

pressure deficit [kPa] anidis the average air temperature [°C]. The resulting daily potential evapotranspiration and comparison

with precipitation are shown in Fige-laand Fig.2€dlb.

In 2022, we-mimickedintense summer rainfall events that could generate surface runoff and could be more frequent in the

future climate(Hodnebrog et al., 2019; Hosseinzadehtalaei et al., 20283 mimicked by irrigating the plotslrrigation is
performed by sprinkling using ler graduated watering carApplied irrigation doses are listed and justified in Appendix

B i TableB1B2 andAppendix Bi TableB2B3.

At the end of the monitoring periode-then-samplethe roots inside plots with grastover mixturesveresampledFor each
of these plots, a root length density profile and a dry biomass profile were obtainegoRgotes (8 cm diameter, 15 cm
height) were extracted every 15 cm throughout th£#08 cm depths using root augers. These cores were then washed

thoroughly to obtain the roots. The root lengths were estimated using thiatgrakction method and Eq. (Freschet et al.,

2021; Newman, 1966; Tennant, 1975hese roots were also ovdried at 70 °C for a week and then weighed.

YE QQEDQS- 0 & RMON GQTRE 0 Qi I V@ £ 0 QD 40 VE £'0Q0

The timeline ofourtheseexperiments is summarized in AppendiX Aig. A76.
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Figure 32. Experimental plots, schematic soil profiles, and averaged penetrologger profiles §tandard deviation, represented by
shaded bands) for (a) a norcompacted case and (b) a compacted case.

2.2Numerical Model Setup

We represented he experimental plotsere representeas 1D soil columns, assuming that lateral flow there was insignificant

(Fig. 32). The soil water hydrology was modeled using the numerical model HYBRJSGi mTnek et al ., 2
2.2.1Soil Water Movement

The HYDRUS1D code simulates 1D (vertical) water movement in porous media by numerically solving the Richards equation
for water flow along variablsaturated media, neglecting air phase and thermal gradtieet flow( Ri char ds, 1931
et al., 2008)shown in Eq. (4).

— -0 — p YQ (4)
whereh is the water pressure head [d]is the soil moisture content (SMC)JLJ], tis time [T], zis the spatial coordinate
[L], S(h)is the sink term [B L T-Y] that accounts for root water uptake afh) is the unsaturated hydraulic conductivity

function [LTY].

The van Genuchtellualem functions were used to describe d&ie) andK(h) relations(Mualem, 1976; Van Genuchten,
1980) shown in Eg. (5):

—E  p 3G
I "Q
VE 0Yp p Y7 (5)
, P .
a p : ke p

where thels andd; are the saturated and residual soil water content, respectyéthe saturated hydraulic conductivity [L

T1. Sis the effective water conterd]L ] andn [-] are empirical parameters of the water retention curve functions. Together
with the tortuosity and pore connectivity paraméter hes e empi ri cal parameters influe
eurthemodelsetups L was set to 0.5, the value frequently applied for mineral go#g¢tmann et al., 2014; Mualem, 1976)

The Richards equation is then solved numerically at each node using Gafekimear finite element schemes.

15



225

230

|235

240

245

250

For the root water uptake, the water volume removed from a unit soil volume per unit time (sirf§ isrdefined using Eq.

6)( Feddes et al., 1978; GimTnek et al., 2008)
YQ | QY (6)
wherethdXh)[-] is a prescribed function of ST s thepotential watet uptake.p r e

Sis further defined using Eq. (7):

Y Yod (7)
whereTp is the potential transpiration rate []l andb(z) is the normalized water uptake distribution'JLwhich reflectsS:6 s
spatial variation throughout the root zone. H{e) is based on normalized root distributioms ¢ ) as shown in Eq(8)
(Gi mTnek et al., 2008)

0o — (8)

WaQa p
whereLr s the root zone region or domain. Solving Terby combining Eq. (7) and Eq. (8esultingleadstoin Eq. (9):
Y . YQa 9)
Meanwhile, the actual root water uptake can involve water uptake compensation along root zones. The presence of thi
compensation depends on the dimensionless water stressyindefined in Eq. (10), and a us#efined threshold ¢ (also
known as the critical water stress index or root adaptability factdrlar vi s, 1989 ; .Gi mTnek et al
1T, | M oaQa (10)
Wheny exceeds ¢, reduced root water uptakes in stressed zonesvigdinr e compensated by ot her :
Otherwise, no compensation occurs. Following Eqg. {11)s 1 promotes compensation (fully1at = 0) while] =1
inactivatesif Gi mTnek et al ., 2008)
- | BR0OU —h
“YERU o (12)
| Bl U —h] 1 p

h .

p=x3
¢

whereT, is the actual transpiration rate [0

2.2.2Boundary Conditions

The upper boundary condition (atmospheric boundary condition with surface runoff)4@ignvolved meteorological
forcings related to precipitation and potential evapotranspiration. For precipitation, the hourly values recorded iy ghe site

weather station were used. For potential evapotranspiration, the hourly (Elgesere calculated using Eq. (2) and then
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partitioned to potential transpiratiofg) and potential soil evaporatiokd) in HYDRUS based on LAl in accordance to the

Beer s Law, s(hPiwnc hine EqL9 721;2)Gi mTnek et al ., 2008)
Y O O'Y p Q
O 0O Y 0OY Q (12)

whererExtinct is the radiation extinction coefficient, equal to 0.46%i mT n e k e The 1aAl time see® rénpn

compacted or compacted plots (Riglb) werewasu s ed t o par amet er i zETparttiening. or r es pon

Runoff was calculated whenever the pressure head reached zero at the soil surface. Ponding was disregarded to simplify tl

guantification of this excess wateranrthe simulations.

The lower boundary condition was set to free drainage (zero gradient boundary canditioorm T n e k & (Fig. 48). . , 2
This is based on the water table being signifiGam)tad vy de
observed fromeurthe soil profiles from March 2023 and March 2024. Even when considering capillary rise (+13.5 to +50 cm

for fine sandgFetter, 1994) the capillary fringe was likely still deeper than the compact layer.

2.2.3Vegetation Parameterizations

We-considered-@rasswas considere@s the modeketus 6 vegetati on. Since the grass
experimental period, root distributions are assumed to be constant in time. Root water uptake comjésusédioh989;

Gi mTnek ewasasopermitt2dusirge) 0.1. This is because the default Feddes model parameter values for grasses
inHYDRUS1ID( Feddes et al ., 1 ®a&d 8o;,undGestimptaderdot water upake. value2fdr Godxgered
soils(Peters et al., 201Tike the sandy soils inurthis study. These underestimations are relevant especially when simulating

dry and wet water stress conditions.

In setting up the model, three approaches on vegetation parameterizations were considered to examine the impact of varyir
vegetation parameters (likely affected by compaction) on the soil water balance components. For each vegetation
parameterization, two setups (rRoompacted and compacted) were represented with the compact layésatcad depths.

For each model setup, tlseil profile ranged from 10100 cm (Fig43), having211 nodes. Thei®5 cm depth had constant

fine spatialreselutionresolutiono f M ¢cm because this depth involved mor
evaporation, runoff), the observation points at 10 and 40 cm, and an additional compact layer for the compacted case model

The remaining 55100 cm depths had constant coarser 1 cm resolution to save computational time and power.

In Vegetation Parameterizationvie-assumed-th@ompactions assumed tdeesnot affect the vegetation, i.e., no effect on
LAI and root depth. Sincere-ebserved-thaio rootswere observed tdevelop in the compaldyer Appendix Ai Fig. A7A8),
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the roots were limited to 40 cm depths in both compacted andarmpacted casmodels Fig. 4a3a, Fig.4b3b). This is also

the typical root biomass distribution of Italian ryegreskbamy clay Cambisol undertamperate oceanic climaBurand et

al., 2010; Kunrath et al., 201&hd in a loamy soil under phytotron conditions (24 °C day, 22 °C night, relative humidity 80%,
16 h photoperiodjLambrechts et al., 2014Jhenorc o mpact ed p |l ot s 6 2elbwas addptetefor soth the e s
compacted and necompacted case models. With this, transpiration has more weight than soil evaporation even in the

compacted case model.

In Vegetation Parameterization\2e-assumed-agathe same root distributiomas again assuménl the compacted and non

compacted case models. Howevee-also-considerethe effect of the soil compaction on the LA&bsalsoconsideredFig.
43c, Fig. 43d). -and-Thus-usedthe respectivelymeasured LAI time seriesas usedor eachrespectivecase (Fig2€elb).

Compared to the previous parameterization, less weight is given to transpiration than evaporation in the compacted case mode

Furthermore, thisredelparameterizatiorepresents yield decrease in compacted soils, also reported for sandy $uakeils
2001; Laker and Nortjé, 2020; Pumphrey, 1980)

In Vegetation Parameterization 3, both the LAI and root distribution varied between the compactedendpenied case

models (Fig4€e3e, 43f). We-consideredlihe samesetupwassimilar to -asVegetation Parameterization 2 for the compacted

case model. Howevere-applieca deepefi-e100-em-deptirpot distribution(i.e., 100 cm depthas appliedor the non
compacted case model (Fitge). These are based on observed larger root length and biomass densities and deeper root depth:

for the noncompacted plots (Appendix AFig. A7A8) . This also represents the vege
availability in sandy soils by developing a deeper root zone with more access to deeper soil water especially undedsdrier per
Meanwhi |l e, the compact e ihthe ubsoiplarison etalg 9%, Varalerhrasselt etmle 20Bd)sr at e
vegetation parameterization allows to reduce the drought stress and leads to more transpiration-gothpaxiad soil than

in the previous vegetation parameterizations.

2.2.4Soil Hydraulic Properties: Model Calibration and Validation

For model calibrationwve-selecte@ single soil hydraulic parameter sets selectefor all vegetation parameterizations based
onHYDRUS1 D6s i nver se meaampdctedhagd conipactedcades underriVegetation Parameterization 3. With
this, no differences in soil parameters can contri.bute
The period of08 July 2022 (the start of soil moisture monitoring) until 30 September 2023 was selected for calibration,
covering both wet and dry periods. The next hydrological year (01 October 2023 to 08 September 2024) was used for mode

validation.
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The constraints afesidual soil water contend:§, saturated soil water conteink){ Uandn (Appendix Bi TableB3B4) were
derived from the measured grain size distribution and bulk densities using ROSEEObransfer function (version 2)
(Schaap et al., 2004The constraints fos of loose and compact satayers were based on falling head permeameter tests
(Table21). The hydraulic properties of the loose sand layers in botkcampacted and compacted plots were assumedly the

same, given their similar grain size composition (Tali)eand complete homogenization in the field.

The soil moisture timaeries used for inverse modeling are averages of observations taken across compacted and de
compacted plots (Appendix AFig. A8A9), regardless of the applied treatments (AppendixFAg. A4A5). The initial soil

moisture content values throughout the profiles were based on linear interpolation involving these averaged soil moisture
content measurements at 10 and 40 cm depths (corresponding to last hour beffesehther of simulations)Mean soll
moisturemeasurementduring hours with below 0 °C air temperatures were discarded as they might not reflect the actual

moisture content under freezing conditions.

The |l oose soil b6s parameter val ues wanpatedpmots.iThesedbtdinedrvalues u s
were then adopted and fixed for the compacted cased@s | oo
to be optimized via inverse modeling using the compacte
andconductivity curves depicting the estimates from the inverse models and from the ROSETTA functions for field samples
are in Appendix A Fig. ASA10, Fig. AZ0A11.

Table3-2 summarizes the parameter values and settings useg iihe non-compacted and compacted case models under all

vegetation parameterizations.
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1340 Figure 43. Schematic diagram of 1D soil water flow models for negompacted and compacted cases under the three vegetation
parameterizations.

| 1LeafArea Index (LAI) adopted only from the noncompacted case in the experimental plots (Figelb)
°Rooting depth reaches to 40 cm and distribution is 1 fromi@0 cm depths and linearly decreasing to 0 from 10 to 40 cm depths

| SLAI adopted from non-compacted and compacted cases in the experimental plots, respectively (RigLb)

345  “Non-compacted case model: distribution is 1 {AL0 cm depths), then linearly decreasing to 0 (10 to 100 cm depths); compacted case:
distribution is 1 from 07 10 cm depths and linearly decreasing to 0 from 10 to 40 cm depths
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Table 32. Model parameter specifics and justifications applied to all vegetation parameterizations

Simulations

Process

Soil Water Flow
Root Water Uptake
No Root Growth

To simulate soil water flow with transpiration under constant rooting
depths as the grasses have been present since the start of the
experimental period (Appendix AFig. A6AT)

Model Domain

Profile Depth

Spatial
Resolution

Temporal
Resolution

100 cm

M cm at

0i 55 cm depths
1lcmat

55/ 100 cm depths
Number of nodes = 211
Hourly for model
parameterization

Daily for scenario
analyses

To adopt the rooting depth -of
compacted case model that shows deeper root distribution

Finer resolution for shallower zones 85 cm) depths where observatic
points and compact layer are present

Based on temporal resolution of recorded precipitation and calculate
potential evapotranspiration from

-ourthestudys i t eds weat her station (1
-from historical and future climate projection data (for scenario analy

Boundary Conditions

Atmospheric

Allows to inputprecipitationand potential evapotranspiration from
-weather station (hourlyFig. 31a), and

Upper (with Runoff) -historical and future climate projection data (daifyscenario analyses
Runoffimmediately occurs beyond saturation of topmost soil profile
. The w/ater tableanrd-capillary-fringe-wearse observed to be deep
Lower Free Drainage

from soil profiles (200 cm in March 2023 and March 2024)

Vegetation Parameters

rExtinct 0.463 Default value in HYDRUSID( Gi mTnek et al ., 2
To promote root water uptake compensations across the profile bas
Y 0.1 Eq. (11), given reported underestimated transpiration in coarse soils
(Peters et al., 2017)
PO -10 cm
POpt -25cm _
P2H -300 cm Default value for grass in HYDRUSD ( Gi mTnek et al
P2L -1000 cm
P3 -8000 cm
rrZZILl 8? g?i Default value in HYDRUSID ( Gi mTnek et al ., z
Loosened Sandds Hydraulic Parameters
dr 0.0427 crd cm® _ L i . L
a 0.407 crd e Optlmlz_ed using inverse modeling undt_er vegetation parameterizatiol
Us 0'0544 " constraints derived from measured grain size compositions via
N 1'457 ROSETTA 2
K 297 672 cm d Optimized using inverse modeling; constraints from head test
© ' measurements
L 0.5 Usual value for mineral soil®ettmann et al., 2014; Mualem, 1976)
Compact Sandds Hydraulic Parameters
dr 0.0429 crd cm?® _ L i . L
& 0.365 crd et Optlmlz_ed using inverse modeling undt_ar vegetation parameterizatiol
N 0'0535 ot constraints derived from measured grain size compositions via
N 1-666 ROSETTA 2
K 1283 ¢cm d Optimized using inverse modeling; constraints from head test
© ' measurements
L 0.5 Usual value for mineral soil®ettmann et al., 2014; Mualem, 1976)
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2.3Scenario Analyses

The calibrated and validated models were then used to quantify the water budget under the histofi@glqapaad wet and

dry future climate scenarios (2072L00).\We-used-&Constant LAl based on the temporal means of measured Lé\itne
experimental setupsere sed(1.57 for noncompacted and 1.32 for compacted case models) 1Bi&gp). For Vegetation
Parameterization 1,thenano mpact ed case model 6s LAI was a®agig.edb). f or
These ensure that tlseasonapatterns othydrologicalvariables are solely brought by the climate forcings. The initial soil

moisture profiles were also set at field capacity.

The future climate projection data are in the form of a 30 run ensemble from regional climate models, usedetfarce

soil water flow models. All these runs, set at the Royal Meteorological Institute at Uccle, Brussels, Belgium (Apgendix A
Fig. ALA2), can be considered representativeiitand Flandersexeept-foerthe-coastal-ar@dan Schaeybroeck et al., 2021)

They were generated based on the ELRORDEX regional climate models under the combined feapresentative
Concentration-Pathway-seenar(®RCP 2.6, 4.5, 6.0, 8.5) for the future period 2071100. Equal weights were given to these

four RCP scenario3.he regional climate model outputs were statistically downscaled via the quantile perturbation method of
Willems & Vrac (2011)ased on the historical daily meteorological observatiotkoie (01January 1971 to 3december

2000).

For t he mupdheiesdBearseaasults fromlanuaryNovember 1971vere discardedinder each run. This is to

omit undesired deep percolation recorded a few days after the start of model simildtiachsen-defineTthe year 1972vas
thusdefinedas the calendar months of December 1971 to November 1972 and so on. Thus, each run spans from the year
1972 to 2000, corresponding to the calendar months of December 1971 to Novemb@fi00ls, we-ensure@qual number

of data setsvas ensuredcross seasons @rthescenario analyses: 29 data sets each under winter (DJF: Deetambary
February), spring (MAM: MarciApril-May), summer (JJA: Jurduly-August), and autumn (SON: Septeni@mtober
November). This scheme also appliestfarfuture scenarios.

To represent a wet and a dry future scenasie;this studyused the 95 percentiles of the mean annual hydric excess

(precipitation minus potential evapotranspiratiorPdr ETo) and deficit(potential evapotranspiration minus precipitation or

ETo 1 P), respectively, from the full ensemble of 30 model runs (T&B)e(Christensen and Christensen, 2003; Van
Schaeybroeck et al., 202Thesed5 percentidh as ed scenar i os ¢ anmmpbaec tion tsecrepnraerti eods ,a ¢

is expected to lie with high likelihood between the current climate and thatrhjgdtt scenario.

The whole modeling workflow from setup to scenario analyses is summarized in Fig. 4.
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—Table 43. Selected wet and dry future scenarios and specifications

Scenario Main Basis for Selection RCP Regional Climate Model
Wet 95 percentile mean annual hydric exc@®$s ETo) RCP4.5 HadGEM2CC-r1
Dry 95 percentile mean annual hydric defi&flo 7 P) RCP6.0 MIROC-ESM-r1

385 Abbreviations: P=precipitation; ETo=Potential Evapotranspiration; RCP=Representative Concentration Pathwag
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Calibration (based on Vegetation Parameterization 3) Soil Hydraulic Parameters
.0,

. ROSETTA

oo version 2

. N

* K, — falling head tests

ted Case

HYDRUS-1D inverse Modeling: Non-cc

Local Meteorological Data During Experimental Period m e e —— |
= Precipitation —4 Loose sand's optimized hydraulic paramelers. g (08 July 2022-30 September 2023) [ i
* Potential Evapotranspiration (Eq. 2) Use and keep these optimal values fixed
HYDRUS-1D Inverse Modeling: Compacted Case
. - ’ soil content across compacted plots
Compact sand's optimized hydraulic p - (08 July 2022-30 September 202;; P

apove

Calibration (for Vegetation Parameterization 1, 2)

Validation (for Vegetation Parameterizations 1, 2, 3)

HYDRUS-1D Forward Modeling: Non-compacted & Cc cted Cases
Local Meteorological Data During Experimental Period Simulated soil moisture for:
* Precipitation ———————+ + Calibration Period (08 July 2022-30 September 2023)
= Potential Evapotranspiration (Eq. 2) = Validation Period (01 October 2023-08 September 2024)

Scenario Analyses 7 ! values from above
HYDRUS-1D Forward M ling
Non-compacted & Compacted Cases Model Spin-up, Grouping of Results
Climate Projection Data (1971- 2000; 2071 - 2100) Simulations Filtered Results (29 year span)
* Historical Scenario — from Royal Meteorological Institute + Historical + December 1971 — November 2000
+ Wel Future Scenario — 95 percentile mean annual 7 - £T,,(30 model runs) + Dry Future + December 2071 -~ November 2100
+ Dry Future Scenario — 95 percentile mean annual £T, - P (30 model runs) + Wet Future +  Seasons: DJF, MAM, JJA, SON
Calibration (based on Vegetation Parameterization 3) Soil Hy icF (van Mualem Model)
v a,
v L ROSETTA
ca version 2
* N
*» L - fixed always at 0.5 (typical for mineral soils)
+ K, - faling head tests

HYDRUS-1D Inverse Modeling: Non-compacted Case
L e S R B B (T ‘ TTrPyTrp——Tw— Averaged soil moisture content across non-compacted plots
e ‘ (08 July 2022-30 September 2023)
L o(Eq. Use and keep these optimal values fixed

HYDRUS-1D inverse Modeling: Compacted Case

Compact sand's optimized hydraulic parameters «———————— Aretaoe] s(g;l Eﬁ?;;;_g%"é:’;:ﬂ:::;u‘g?awd Rl

Calibration (for Vegetation Parameterization 1, 2) Use the optimal values from above
Validation (for Vegetation Parameterizations 1, 2, 3)

HYDRUS-1D Forward Modeling: Non-compacted & Compacted Cases
Local Meteorological Data During Experimental Period Simulated soil moisture for:
of + Calibration Period (08 July 2022-30 September 2023)
* ET,(Eq. 2) + Validation Period (01 October 2023-08 September 2024)

Scenario Analyses m above
HYDRUS-1D Forward Modeling:
Non- acted & Compacted Cases Maodel Spin-up, Grouping of Results
Climate Projection Data (1971- 2000; 2071 - 2100) Simulations Filtered Results (29 year span)
+ Historical Scenario — from Royal Meteorological Institute * Historical + December 1971 — November 2000
+ Wet Future Scenario — 95 percentile mean annual P - £T, (30 model runs) + Dry Future « December 2071 — November 2100
* Dry Future Scenario — 95 percentile mean annual ET, - P (30 model runs) + Wet Future - Seasons: DJF, MAM, JJA, SON

Figure 54. The modeling workflow of this study

Abbreviations: P=precipitation; ETo=potential evapotranspiration; DJF=DecemberJanuary-February; MAM=March-April -May;
395 JJA=June-July-August; SON=SeptemberOctober-November
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3 Results

3.1Simulated vs Observed Soil Moisture Conten

Overall, the compacted setup has higher soil moisture than theongpacted setup, as showed by both observation data and

simulations (Fig65). At 40 cm depth, these differences are even larger. Moreover, very high soil moisture peaks are more
flattened in the compacted

|l ayerds role in both experimental

setup,

refl ect i &dgd. Debpe tteo mp a
irrigation at t he e xcompactedhstopasiirser thae tgeicompactsgjl., All theseereflectthe compact

plots and

S i

mu |

ations

At 10 cm depth, the models simulate the soil moisture dynamicshiailever, at 40 cm depth, simulations underestimate

the soil moisture (Figebsb, Fig. 665d). Moreover, the compacted case models simulate a faster decline in moisture content

in mid-January 2023 to start of March 2023 (Fig5d) .

Thi s

mi ght

ndi cat e

t hat

t he

conductivity from optimizations is still relatively higNearer to the soil surface (Figsba, Fig. 6¢5¢), models involving

different root depths are closer to observations than the ones with same root depths.

At 10 cm depth (Figesba), the deep rooted nescompacted case model improved the moisture content simulations-n mid

May 2023 to mieJuly compared to its shallow rooted counterpart. With shallow roots, the model overestimates the root water

uptake, | eadi n g tetdecline than bathitha ohseaveations angl deeperaraot simulations. At 40 cm depth (Fig.

6b5b), the shallow rooted necompacted case model underestimated the observed decline in moisture contertlimyune

2023. Meanwhile, for the compacted case models @&ig. Fig.6¢5d), the differences in LAl yielded very little differences

in the simulated moisture contents.
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| Figure 65. Observed soil moisture content (+ standard deviation (SD)) vs simulated soil moisture content time seried@and 40
420 cm depths under various vegetation parameterizations under calibration (08 July 20220 September 2023) and validation periods
(01 October 202830 September 2024). Performance indicators are listed in AppendixBTable B4B5.
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3.2Scenario Analyses (1972000; 20722100)

Compared to the historical scenario, the wet scenario depicts slightly higher annual precipitation yet similar annahl potenti
| evapotranspiration (Figieba, Fig. 7e6¢). Meanwhile, the dry scenario has a similar annual precipitation yet higher summer
425  potential evapotranspiration. Both future scenarios also show stronger precipitation seasonality (lower in summers and highe
| in winters) than the historical scenario (Fig6b, Fig. #€6d).

1250

(a) Annual Precipitation (c) Annual Potential Evapotranspiration
10001 I l
E - I ] ! 1
5001 1
250+
0
350+ (b) Monthly Precipitation + 1 (d) Monthly Potential Evapotranspiration
300 ¢
250
¢
200 ~ ‘, ‘.0 ) +
E MY ’ RN
1501 L 4
100- H& b%
50 1 ; %' é
¢

Historical Wet Dry Historical Wet D‘ry

Color Legend for Monthly Boxplots
Winter (DJF) I Spring (MAM) N Summer (JJA) Autumn (SON)

| Figure 76. Annual and monthly precipitation and potential evapotranspiration under the historical and wet and dry future scenarios.
Boxplots are also colored by seasons.

430  Abbreviations: DJF=DecemberJanuary-February; MAM=March-April -May; JJA=June-July-August, SON=SeptemberOctober-
November
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For the hydrological components (actual evapotranspiration, actual evaporation, actual transpiration, soil moisture storage
above the compact layer [i.el,4D cm], deep percolation), the actual fluxes are reported iBFignd Fig.28. We-also-report

{Their resultsivere reportedn terms of the annual and monthly differences between the compacted acdnmoscted case

models in Fig109 and Fig.2210.

Parameterizations 1 & 2: Shallow Roots Parameterization 3: Deep Roots
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Figure 87. Annual comparison of different hydrometeorological variables for the norcompacted case under historical and wet and
dry future scenarios across the three vegetation parameterizations. All thegxes have the same scale

Abbreviations: ET=actual evapotranspiration, E=actual evaporation, T=actual transpiration, SMS=mean daily soil moisture
storage,DP=deep percolation
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Parameterizations 1 & 2: Shallow Roots

Parameterization 3: Deep Roots
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Figure 98. Monthly comparison of different hydrometeorological variables for the norcompacted case under the historical and
wet and dry future scenarios. For each scenario under a subplot, 12 boxplots are shown, representing the months of the yrean f
January to December. Sets of boxplots are colored according to their seasons (see legend above). Alltxey have the same

scales.

Abbreviations: ET=actual evapotranspiration, E=actual evaporation,T=actual transpiration, SMS=mean daily soil moisture
storage,DP=deep percolation DJF=DecemberJanuary-February; MAM=March-April -May; JJA=June-July-August;
SON=SeptemberOctober-November

With compaction, water storagé the upper soil profile increaseluring winter for all vegetation parameterizations and

climate scenarios (Fig-110a, Fig.+310b ) .
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parameterization 3 with deeper roots and higher LAI in thecoompacted model than in the compacted soil model (Fig.

410c).
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For vegetation parameterizations 1 anth@ assumes same shallow root depémsl root density profile@ig. 209a, Fig.
109b), actual evapotranspirati@nd evaporation incregsand deep percolation decreagéth compaction. The lower LAI
for the compacted case model in parameterization 2 leads to a lower transpiration tharctiraperied case. This is almost
fully compensated by higher evaporation in the compacted case model. Thus, vegetation paraomstdriaatl 2 do not

exhibit much difference on the simulated impact of compaction on deep percolation

Under vegetation parameterization 3, thesoo mpact ed case model 6s deeper rootin
deeper subsoil. This further increases the difference in transpiration between-twnpatted and compacted case models,
especially uder the dry future scenario (Figo9c). This deeper rooting also reduced the uptake from theompacted case
model 6s upper depths compared to t heodbd Alaus, morevwaterorenained g f
available for evaporationnithe norcompacted soil, leading to smalldifferencesin evaporation losses between the
compacted and necompacted soils (Fig-09c), than in parameterization 2 (Fig29b). Higher transpiration and evaporation

from the norcompacted case model algad to its simulated less deep percolation than in parameterization 2. This is shown
by parameterization 3086s smaller di fference tcompxtedtaseat e c
models (Fig+89c). For the historical and wet climate scenarios, more deep percolation is simulated inr¢bepanted soil,

but the oppositeazurs for the dry climate scenario. Thus, whether deep percolation increases or decreases with compaction
or after decompaction depends on how vegetation was parameterized and can be opposite in dry or wet future climate scenario
(Fig. £09c).

In terms of seasonal dynamics, when root depth does not change with compactiéhOg;ifrig.110b), deep percolation is
reduced and delayed for the rRommpacted setup after the summer season (especially in November and December). However,
if root depth is also adjusted after compaction (Eific), deep percolation is reduced in the compacted setup in March and
April. During this period, the compacted setup has water still draining from the subsoil while root water uptake from deeper

layer in the norcompacted setup already starts, reducing geegolation.

All these key findings of water balance changes due to compaction under various vegetation parameterizations are summarize
in Fig. 112.
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Figure 209. Annual comparison of hydrological variables for the historical and wet and dry future scenarios across vegetation
parameterizations (a) 1, (b) 2, and (c) 3. All the-axes scales are ensured to be consistent. As such, outied Ralues of-196 and-
157 were excluded from parameterizations 1 and 2, respectiveljositive valuescompacted case > nogompacted caseNegative
values:compacted case < noitompacted case

Abbreviations: ET=actual evapotranspiration, E=actual evaporation, T=actual transpiration, SMS=mean daily soil moisture
storage,DP=deep percolation.fi gpsignifies subtraction difference between compacted and nemo mpact e d
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495

| Figure 10%. Monthly comparison of hydrological variables for the historical and wet and dry future scenarios across vegetation
parameterizations (a) 1, (b) 2, and (c) 3. For each scenario under a subplot, 12 boxplots are shown, representing the catenda
months (Janwaryi December). Boxplots are also colored by seasofsee legend aboveAll the y-axes scales are ensured to be
consistent. As such, 9 and 6 outliesp D Ralues <-40 were excluded from parameterizations 1 and 2, respectively, belonging to

500 either August, Odober, or December.Positive valuescompacted case > noitcompacted caselNegative valuescompacted case <
non-compacted case

Abbreviations: ET=actual evapotranspiration, E=actual evaporation,T=actual transpiration, SMS=mean daily soil moisture

| storage,DP=deep percolation.DJF=DecemberJanuary-February; MAM=March-April -May; JJA=June-July-August;
505 SON=SeptemberOctober-November. fi gpsignifies differences between calculated values of compacted and rasmpacted case.
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Figure. 1211, Schematic summary of

in a year.
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4 Discussion
4.1 Implication on Water Resource Management

Results fromeur-the scenaricanalysisshow the effect of both soil compaction and its interaction with the vegetation on the
soil water balancéFig. 112). As per parameterizationl and 2 (Fig489a, Fig.109b, Fig. Dia, Fig. Dib), a tradeoff
seemingly exists between soil water retention for vegetation (by leaving the subsoil compacted, based on high soil moisture
for the compacted case model) and maximizing groundwater recharge potentialqbmpuiection, based on high deep
percolation for the nogompacted case model). Considering that compaction reduces vegetation biomass production (i.e.,
parameterization 2) (Figto9b, Fig. £10b), decompaction could promote both groundwater recharge and vegetation
productivity. Finally, if the vegetation is allowed to develop a deeper root system in-tengacted case model (i.e.,
parameterization 3), deompaction will not always guarantbgyher recharge (Fig-09c). These abovementioned inferences
drawn from these three vegetaticar@meterizations provide very different and even contrasting overviews of the agricultural
water availabilityéds dynamics and sustainability. From

tailored to those inferences in this climate change context.

These insights show that while sandy subsoil compaction directly affects both vegetation growth and watesbalaneeld
notferget-thathe affected vegetation growth also further influences the water balance. Therefore, in hydrological studies
involving (de)compaction, vegetation growth abewnd belowground should be dynamically incorporated. With this, field

evidence of vegetation growth, root growth and yield, often far lacking in compaction studies, is crucial.

Climate change would likely negatively impact crop production as it could promote more and longer dry (d(Qadtits)
Cabello et al., 2023; Li et al., 2009; Shanker et al., 2@hd)even very wet periods (waterloggiiEischer et al., 2023; Tian

et al., 2021; Yang et al., 2024) T h e s e ternorgs@osses|umdarghese contrasting extreme events could also be

considered in the hydrological model simulations of future scenarios. This could treficierrent understanding of future

agricultural water balance even further, including evaporation losses and groundwater recharge.

4.2 Limitations of the Study

Compared to observations at 40 cm depth,themonmpact ed casebs model s severely un
during wet periods in two weeks of January 2023 during calibration period (napeak) andnid-November to end of
December 2023 and migebruary to March 2024 during validation period (wider peak) @5b, Appendix Ai Fig. A98).

The water table could have risen temporarily high enough to satheste loosened layers at 40 cm depth. The wider soll
moisture peak during 2023024 & likely due to much higher precipitation (528 mm from 01 Octab&t March) than 2022

2023 (359 mm from 01 Octob&w 31 March)in the site Unfortunately, the 200 cm deep water talskeobserved from soil
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profiles during Marcl2023 and 2024ould have occurred only when the water tdidd alreadyecededIn flat, low-lying
areas, sch shallow water table can influence soil hydrological fli@&®sh et al., 2016and even vegetation growf@lanville
etal.,, 2023; Horsnell et al., 2009; Odili et al., 2023; Ridolfi et al., 200&h this, thefeedback loojnvolving soil compaction,

vegetation, and soil watbecomes moreomplex which, howeveris beyondourthisst udy 6s scope.

We This studydid not alsandicatethe runoff amountsn eurthe main results. This is because under all scenarios, ranbff
occursfor one dayjust on all compacted case modéi€., 31 mmon 29 August 1996; 74 mm and 96 mm in wet and dry
August 2096, respectivelyyhenever an extreme rainfall event occurs under very high antecedent soil moisture conditions.
This means that runoff appears to be infrequently simulated, despite reported occurremaesiofiging in even sandy
subsoil compactiof Huang and Hartemink, 2020; P o |. ks miybt beCduanb thee t
difficulty in simulating infiltrationexcess runoff as the projected meteorological data ¢warse time resolution (i.e., daily),

and thus rainfall intensity is not consider@dertens et al., 2002)This then leads to overestimated infiltration and
underestimated runoff inurthescenario analysdsGi mTne k and We MdarevhilegHtheourly sinilatibrs )
during the experiments generated runoff for the compacted setups (Appendbalile BS5), linked to intense irrigation
events (40 mm runoff brought by 100 mm irrigation in three hours of 07 Octobey ZD22m runoff brought by 160 mm
irrigation of which 5060 mm is delivered for six hours every day of 13 September 2023 (AppendixiBTable B32)).
Nevertheless, the compactionébés role on runoff generatio

both the experiments and scenario analyses.

5 Conclusion

To assess both compact i-campastionisyeftectioehessgd pcomate irifiltrghican and graundivatedt e
recharge, soil water flow modeling has long been performed to quantify its impacts on soil water balance. Here, for sandy
subsoilswe-this studyshowed that interpretations and insight from these model simulations can drastically change with the

l evel of understanding on the vegetationds role in the

By assuming same root depths and LAI, compaction promotes more soil storage and thus more evaporable water whil
reducing and delaying deep percolation. Lower LAls for the compacted setups further lead to higher evaporation yet lower
transpiration than theompacted case with unadjusted LAls. Finally, if root depths increased also foomgacted setups,
evaporation still increased for the compacted case while transpiration decreased. However, deep percolation can increase
decrease with compaction depkng on the year (Fig.1R). Thus, having different results across various vegetation
parameterizations highlights the need for more accurate
confident conclusionsin other words, to properly assess sandy subsod) (deo mpacti onods hydr ol og

vegetationbdés role must be clearly understood.
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Appendix A: Additional Figures

Transpiration

Precipitation

Evaporation

?

Precipitation

Vegetation
Stunted
leaf
(a) (b) growth
Surface
” H - R UNOTT Runoff
More o Stunted roots So'l Moisture
roots Storage
ﬁ
Deep Runoff
Percolation Compact
Subsoil
Legend for Text Box Colors: Deep
Increase Percolation
Increase or Decrease|
Figure A1 Summar v o fprecioustykmown impaats ®is soil water hydrology, comparing (a) nortompacted case and
(b) compacted case with compact subsoil.
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Figure ALA2. Location map showing the study area, the location region of soil map (Appendix iAFig. A4), and nearby countries
(top inset) and municipality (bottom inset). Coordinate system: EPSG 31370BD72/Belgian Lambert 72. Basemap: Bing Virtual
Earth (©Microsoft, 2012)
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Loose Sand

Compact Sand

Loose Sand

Ap horizon
{dark brown layer with mulch
and earthworm tracks)

E horizon
(brown to light grey color
with earthworm tracks)

Bh horizon
(greenish color with
occasional black material)

Bsm horizon/

Sandy iron hardpan
(blocky structure, greenish
color with red-orange
patches)

BC(?) horizon
(greenish color with rarely
occurring black material)

Figure A2A3. Characterized soil profiles taken outside the plots and the corresponding penetrologger profile
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184500 184600 184700 184800

I Dystric Gleyic Retisols (Loamic)
% Fluvic Gleyic Umbrisols (Loamic, Fluvic)
B Gleyic Plaggic Retisols (Loamic)

I Plaggic Anthrosols (Arenic) B
I Plaggic Anthrosols (Loamic)
I Technosols/Not Surveyed

T
184500 184600 184700 184800

212100

595 Figure A3A4. Soil types present in the vicinity (based on the boxed region in AppendixiAFig. ALA2). The soil map dataare based
on Dondeyne et al. (2015)Coordinate system:EPSG 31370 BD72/Belgian Lambert 72.

Legend

i ] H ’
|:| Compacted layer still present v Maize %
[ ] Decompacted M Grass and clover mix # North

& Woodchips placed East

Figure A4AS5. Experimental Plots in the Site, showing various treatments such as presence and absence of the compact layer,
vegetation type (maize, grasslover mixture), and application of woodchips for certain plots.
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600

| Figure A5AG6. Excavation works during set up of experimental site, showing the black impermeable plastic boxes and the crane
used for decompaction
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Event Category

Plots constructed; soil sampling (01-15 Dec) | Installation & Sampling
= |rrigation

—— Grass-Clover Treatment
Maize Treatment

< Sown (04Apn)| | Sown (26 Apr)|

Irrigated : 4 : 4
Irrigated 100 mm (07 Oct) Harvested (17 Oct)

Mowed (30 Nov)

Irrigated 10 mm (25 May) | Sown (11 May)
h Mowed (31 May)

Mowed (28 A
< “Irrigated 160 mm (13-15 Sep) % lowed (28 Aug)

|

Harvested (20 Oct)

A

w | Sown (22 May) |

Mowed (29 Jul)
‘Mowed (08 Oct)  Harvested (08 Oct)

| End soil moisture monitoring (08 Sep); root sampling (11 Sep)l

ZO0Ow>rc c TP EMc0Z0vrcc 2>PEZMcec0Z20ww>Pece 22>=2mce O

Figure A6A7. General Timeline of the Experimental Activities
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Non-compacted Compacted Non-compacted (with woodchips) Compacted (with woodchips)
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| Figure AZA8. (a) Mean root length and (b) biomass densitiex(standard deviation) across individual plots of grasslover mixtures

(n=2). Notethatthenonc o mpact ed pl ot A5 cmidepth bas amehn rgosbiomads density exceeding 1.00 (i.e., 2.83
+2.46)

Depth [cm]
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Figure A8A9. Soil moisture content measurements for eaghlot and averages across them.
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Figure A109. Water retention curves for loosened and compact sand layers based on optimization from inverse modeling and on
field samples whose properties were inferred from ROSETTA.
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Appendix B: Additional Tables

Table B1. Numerical hydrological modeling studieson soil (d¢ compact i onds

hy dr oiscalgsitesa |

Outcome of
Soil Type ) ) Compactionbds )
_w)_and Veoetation Study Location Soil Water Veqetatlon_Parameters Hydrology ?nd i Cited
ax ~egelion - e E— Flow Model Considered Vegetation6s Study
CLSL%‘ Size and Differen_ce i.e.,
2epihs compacted minus non
compacted
Temporally varying
root depths (measurec
and simulated in the
Sandy soil models separately for Annual scale:
=4andy so 2 . compacted and nen
(Cambisols) Maize subplots Seville SIMWASER compacted cases) No impact orET,DPand ~ |10r€N0
with subsoi SUb‘.Q‘O'I of 450 nt Lovmce,_ - Only one temporally  grain yield etal.
m‘?aﬂ” each (SW Spain) constant LAl value . (2003)
at 3545 cm -
applied for both
compacted and nen
compacted cases
Silty loam .
- ) d :
soil (Chromic Heyang, Annual scalgmm
Cambisol) . Loess Plateau ' Epee
with topsoil No mention No data — = Watermod No mention Inir(teasilg)ﬂz to +218)T  Missé
pacti (+1to +10 (2015)
;?g 1?,03;?1[1 (SE China) DecreaseDP (-1 t0-197),
o E (-1 t0-39),ET (-41 to-
43)
Growing season scale
(Aprili November) [mm]
IncreaseR (0 to +126.3),
ET during an average (nen
___ Constant LAI dry) year (+0.6 to 4.0)
(maximum and DecreasebDP (-1.6 to-
. minimum on|y) from 1286),ET durinq a dI'V
g_éliﬁym] literature (same for ~ Year 9.2 t0-50.0)
7(un known Madison, compacted and nen
WRB 825 nt Wisconsin 1D ParFlow compacted cases) Voter &
classification Turfgrass  residentia Common Land Calibrated constant  Thjs study is executed by ~Loheide
) with urban | parcel (United Model (CLM) root fitting parameters decompacting already (2018)
topsoil ) States) based on modified compact soil rather than
*9700?1' 73?'0” values from literature  inducing compaction in the
until 7.5 cm

(same for compacted

field. Moreover, de

and noncompacted
cases)

compacting could have
been performed in
conjunction with other
measures (e.g.,
disconnection with
impervious surfaces, etc.)
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Outcome of

Soil Type Stud Compactionos

udy . . Hydrology and .
and Vegetation Al ea Location Soil Water Veqetanon_Parameters Vegetationds Cited
- Flow Model Considered

Compaction Si and Difference i.e.,

Depths compacted minus nor
compacted

Temporally varying

root length density

across the 120 cm

profile (accounting for

root growth)

Same root length

density and root depth

for compacted and

noncompacted case

(measured in the field

at harvest season)

Constant potential

rooting depth value

from literature (same 6 month scalémm for
for compacted and hydrological components;

_ non-compacted cases; g ha' for biomass]:
Loamy silt Constant index for

soil (Eutric 7 m wide root fistre
Cambisol) strip Wieselbur (measured in the field IncreaseR (+37 to +90 Stenitzer
with topsoil Maize compacte +\cocPuUrd SIMWASER (measured in the fie mm), SMS(+2 to +30 mm) & Murer

and subsoil dbya (Austria) separately for 2003
compactior compacted and ne
compaction tractor compacted andnen o0 (12 t0-16), (2003

at 030 cm compacted cases) ET (-26 to-105), dry

_ Constant LAls biomass (+62 te4884 kg
(measured in the field ha)

separately for
compacted and nen

compacted cases at
the end of harvest

season)

Constant extinction
coefficient of visible
radiation (measured
in the field separately
for compacted and

non-compacted cases
Calibrated constant

stomatal resistance

Temporally varying

5 years: (gmg)ﬂwd Growing season scale
Silty soil Winter roots from Aprilto - (Aprili July) [mm]
(Stagnic wheat + July and Augustto  IncreaseT (+49 to +60)
Luvisol) with ~ Annual _ November (same [1991i 2000; 20512060;
topsoiland  winter North Rhine \\vnoiis1p parameter values for 2091 2100] Hartman
Nodata  \westphalia — compacted and nen  Almost no impactE netal

%Soz:ction barley (2 (Germany) compacted cases) (maximum 3 mm 2012
compactiof years), Impacts of difference for 3 scenarios)

gnt“ﬁgcm winter rye, compaction on root

7 compaction on roc

epth(?) sugar beet development were not Augusi March [mm
development were n
considered Almost no impactT, E
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Outcome of
Compactionods

September)

Soil Type
Study . . Hydrology and .
Coma_r?ction Vegetation Ar ea Location Fslg\'llvvl\\/lgt;él Veqetgg?]r;izi:zgneters Vegetationbs gtlltﬁjd
EptT Size E— e and Difference i.e., =lucy
DEPS compacted minus non
compacted
Silty loam Treatments Root distribution Annual scaldmm Keller et
L. with no PSS IncreaseE (+5 to +15) al.,
(Cambisol) vegetation functions are depth DecreaseDP (-5), T (-10)  (2017);
with topsoil and others 170204  Zurich HYDRUS-1D dependent and are the : Ro m'e ;
compaction - n? plot (Switzerland) same for both . —
until 30 cm Wit grass compacted and nen  Note: these valuesere Ruiz et
depth legume —DF acted cases visually from stacked bar  al.,
> p " -
deptt mixtures charts in their study. (2022)
Plant growth is
considered based on
potential yield,
proportional to the
global radiation
Silty loam intercepted by canopy
soil and factors that hindei
(unknown growth (e.g.,
; Annual scalgmm
WRB unfavorable air Annual scalgmm]
classification \\. . No data  Loess Plateau CoupModel temperature, nitrogen gg&?:;ggb(;%_zzt%f&)T Zhang et
) with topsoil (SE China) availability [assumed (10 to-15) . al. (2007)
and subs_,oil sufficient in this
compaction study], water stress)
until 40 cm (sane parameter
depth values for compacted
and norcompacted
cases)
Pests and nutrient
deficiency factors not
included
Annual scaldmm
IncreaseSMS(+6.1
LAl crop coefficient, [normal year] to +31.6
crop phenology based [Wetyear).E (+3'3 [wet
Silty clay Winter on experimental site  ¥earl 1o +12.4 [dry year))
e saalmeatres ™ DeCSSOLCT
PaT— earl separately for -
(V%O\Nn October to Xionaxian compacted and nen  Y&ar]). T(-0.3[dry year] to XU &
. midJune) 990nf = %ondxan 1D WAVE compacted cases) 127 [wetyear))
classification area (North model Root wat tak Mermoud
) with subsoil China) THOEE QoL waler UpLake (2003)
compaction Summer functions derived
at 40 70 om maize (mid separately for This study i; executed by
denth June to end compacted and nen  de-compacting (by

compacted cases fron

subsoiling tillage) already

field observations

compact soil rather than

inducing compaction in the
field.

620

Abbreviations: WRB=World Reference Base;ET=Actual Evapotranspiration; E=Actual Evaporation; T=Actual Transpiration;

DP=Deep Percolation;SMS=Soil Moisture Storage;R=Runoff
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Table B1B2. Irrigation amounts applied during the study period (July 2022 September 2024) and based historical evenits
Herentals (closest active meteorological station fromur-the study site) (Flemish Environment Agency, 2021)

. I Irrigation Dates of Actual Historical Summer Rainfall Event in
Date and Time of lrrigation amount [mm] Herentals that Produced these Amounts
12 July 2022, 12:0.3:00 10
13 July 2022, 08:0®9:00 12 261 28 July 2008
14 July 2022, 11:0Q.2:00 10
18 July 2022, 10:00.1:00 16.5
20 July 2022, 10:0012:00 24 12:14 July 2005
02 August 2022, 12:6@3:00 17 "
03 August 2022, 07:6@8:00 16 23125 June 2016
09 August 2022, 12:0@.3:00 12
10 August 2022, 08:0@0:00 23 117 13 June 2016
11 August 2022, 09:0@.0:00 10
23 August 2022, 10:6@3:00 38 04 June 2021
30 August 2022, 08:G@.1:00 47 18 August 2011
06 September 2022, 08i001L:00 46 15 July 2021 (time of 2021 summer European flood)
630 Table B2B3. Other applied irrigation amounts applied (not based on historical events)
Irrigation

Date and Time of Irrigation Reason for Applying

amount [mm]

Simulate the start dbng-termwet period with very high soi

07 October 2022, 14:008:00 100 .
moisture content
At that time, 35 maize seeds were sown in each maize plo
25 May 2023, 10:0011:00 10 thus had to k_:)e_ irrigated to guarantee growth. Thus, the ¢
amount was irrigated to graskver plots to ensure consiste
treatment.
13 September 2023, 13i018:00 50 . .
14 Seperber 2023, J0ME00 S0 Senerec s on et uvecordeq gy il event
15 September 2023, 111018:00 60
30 July 2024, 10:00.4:00 40 . . .
08 August 2024, 10:G0.4:00 40 To alleviate potential drought stress for the vegetation

Table B3B4. Constraints used for inverse modeling

Loosened Sand di[cm®cm®]  ds[cm®cm?) Ulem™] n[-] Ks[cm d?]
Minimum 0.0412 0.401 0.0544 1.457 26.7
Maximum 0.0427 0.463 0.0616 1.675 977.8

Optimal 0.0427 0.409 0.0544 1.457 297.672

Compact Sand dr[cmicm3]  ds[cm®cmd| Ulem? n[-] Ks[cm d7]
Minimum 0.0401 0.342 0.0535 1.666 0.634
Maximum 0.0429 0.391 0.0574 1.738 111

Optimal 0.0429 0.365 0.0535 1.666 1.283
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635 Table B4B5. Performance indicators of the models based on the presence of compaction, observation point depths, and model
parameterizations

Calibration Period (08 July 2022i 30 September 2023)

Case Non-compacted Compacted
Observation Depth 10 cm 40 cm 10 cm 40 cm
Model Shallow Deep Shallow Deep High Low High Low
Parameterization Roots Roots Roots Roots LAI LAI LAI LAI
MeanSMC, observed 0.191 0.191 0.208 0.208 0.211 0.211 0.282 0.282
MeanSMC, simulated 0.176 0.185 0.186 0.185 0.229 0.231 0.231 0.233
R? 0.687 0.661 0.212 0.224 0.831 0.821 0.719 0.719
NSE 0.560 0.644 -0.052 -0.112 0.672 0.657 -0.024 0.027
RMSE 0.032 0.029 0.050 0.052 0.030 0.031 0.069 0.067
MAE 0.027 0.023 0.041 0.043 0.024 0.025 0.059 0.057
ME 0.014 0.005 0.021 0.023 -0.018 -0.020 0.051 0.049

640  Validation Period (01 October 2023 08 September 2024)

Case Non-compacted Compacted
Observation Depth 10 cm 40 cm 10 cm 40 cm
Model Shallow Deep Shallow Deep High Low High Low
Parameterization Roots Roots Roots Roots LAI LAI LAI LAI
MeanSMC, observed 0.199 0.199 0.286 0.286 0.260 0.260 0.338 0.338
MeanSMC, simulated|  0.195 0.202 0.201 0.203 0.267 0.267 0.299 0.299
R? 0.566 0.562 0.371 0.364 0.507 0.508 0.803 0.803
NSE 0.499 0.540 -1.998 -1.901 0.418 0.418 -2.486 -2.482
RMSE 0.023 0.022 0.096 0.094 0.036 0.036 0.046 0.046
MAE 0.018 0.015 0.085 0.083 0.030 0.030 0.040 0.040
ME 0.004 -0.003 0.085 0.083 -0.008 -0.008 0.039 0.039

Abbreviations: SMC=Soil Moisture Content [cm® cm™¥]; R?=Coefficient of Determination; NSE=NashSutcliffe Efficiency;
RMSE=Root Mean Squared Error [cm?® cmS]; MAE=Mean Absolute Error [cm 2 cm3]; ME=Mean Error [cm 3 cmd]
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| Table B5B6. Water budget results for the three vegetation parameterizations during the experimental period. All units are in mm.

645
Calibration Period (08 July 20221 30 September 2023)
. Inflows Outflows Storages
Vegetat_lon_ Case Model :
Parameterization P | Imigation | E T | ET | DP | R | SMS | SMS | Net
Q) Non
Same High LAI, | compacted | 837 552 357 | 360 | 717 | 623 | 0 149 198 | 0
Samﬁo?t“sa"ow Compacted | 837 | 552 | 397 | 367 | 764 | 482 | 66 | 165 | 242 | 0
@) Nor 837 552 357 | 360 | 717 | 623 | O 149 198 | 0
Lower LAI compacted
(Compacted),
SamRe S?a"OW Compacted | 837 552 452 | 307 | 759 | 486 | 67 | 165 242 | 0
0ots
(3 Non
Lower LA compacted | 837 552 380 | 369 | 749 | 591 | 0 149 198 | 0
(Compacted),
Deeper Roots Compacted | 837 552 452 | 307 | 759 | 486 | 67 165 242 0
(Non-compacted)

Validation Period (01 October 2023 08 September 2024

. Inflows Outflows Storages
Vegetatllon. Case Model
Parameterization P | Irrigation E T ET | DP | R | SMS | SMS | Net
Non-
(1) ed | 923 80 229 | 287 | 516 | 522 | O 198 163 0
Same High LAI, compacte
Same Shallow
Roots Compacted | 923 80 255 | 287 | 542 | 506 | O 242 197 0
@) Nor 923 80 229 | 287 | 516 | 522 | 0 198 163 | 0
Lower LAl compacted
(Compacted),
SamRe St‘a"OW Compacted | 923 80 262 | 280 | 542 | 506 | 0 242 197 | 0o
00ts
(3) Non-
Lower LA compacted 923 80 239 | 287 | 526 | 512 | O 198 163 0
(Compacted),
Deeper Roots Compacted | 923 80 262 | 280 | 542 | 506 | O 242 197 0
(Non-compacted)

Abbreviations:  P=precipitation, E=actual evaporation, T=actual transpiration, ET=actual evapotranspiration, DP=deep
650 percolation, R=runoff, SMS=initial soil moisture storage, SMS=initial soil moisture storage=final soil moisturestorage,Net=(P +
Irrig ation) T (ET + DP + R)i (SMS i SMS)
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Code Availability

We This studyusedthe software HYDRUSD, version 4.17.014Qublicly availablefor downloadin the PGPROGRESS
Site (https://www.peprogress.com/en/Default.aspx?Hdownloads) Gi mTnek et al .. This h@udes the 2 0 1 2

inversesolution module which allows forinverse modeling

Data Availability

Daily meteorologicabbservatiordata(interpolated in a 25 km square gfidm 1979 to 2028 used to describe the general
climate context oburthe studysite(Fig-—2a;Fig—2h)arepublicly availableat Agri4Cast Data
-(https://agridcast.jrc.ec.europa.eu/DataPortal/RequestDataResource.aspx?idResourcewitB.dkel)grid numbefl03095

(Toreti, 2014) The weather data recorded from Herentals, Belgium (5.5 km away from theus#d)to fill in the missing

data ofeurthes i t e 6 s | o ¢ arealswawalabldrethre wakaainfaasitéhttps://waterinfo.viaanderen.be/Meetreeksen)
(Flemish Environment Agency, 20ZB)O0\W-HiC-etal2021)The amount of irrigated watere-applied in the experiments,
along with the input val ues f orindicdtoes ard water batarce resold during thg , r

experiments, are all in Appendix Bhe rest oburthefield, simulation, and climate projectioaw datawill be madeavailable
after publishing
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