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Abstract

To assess suitable areas for species, plant estlogeed accurate spatial information about
available water for plants. Despite the recognirgabrtance of topography in controlling soill
moisture patterns, existing maps do not accounthi@redistribution of water through lateral
fluxes. We included lateral fluxes in a GIS-based water balance model with the aim of
evaluating the influence of lateral fluxes on swoibisture patterns and their importance to
explain tree species distribution at regional sce#® used hydrological knowledge about
lateral fluxes to map the distribution of monthlyesage soil moisture over the 1961-1990
period, for a 43,000-km? area in northeastern Fgaki¢e then compared the ability of soil
water estimated with or without lateral fluxes t@kin the distribution of 19 common tree
species. Spatial patterns significantly change whaesral fluxes are included in the model,
with both large-scale effects due to variationslimate and soil properties, and local effects
due to topography. The lateral redistribution ginwnthe model revealed from 5% to 25%
less water on the crests compared to in the vafi@ysnetamorphic, sand and sedimentary
bedrocks. Most of the tree species distributionslisd were better explained when lateral
fluxes were taken into account. Estimating soil stuie dynamics improves the ability to
determine suitable areas for species at the lapdsseale. It has major implications in the
current climate change context owing to the poatmd delineate topographic refugia or areas
where species could colonize.

Highlights
» Contribution of lateral redistribution of water wiasluded in soil moisture maps.

» Lateral runoff leads to 5 to 25% less water avéddr plants on the crests
compared to the valleys.

» Tree species distribution was better explained wtaing lateral fluxes into
account.
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1 Introduction

Soil moisture is both recognized as one of theomaleterminants for plant
composition and ecological processes, and oneeofnibst difficult to estimate due to its high
variability in space and time (Porporato et al.0£20 The evaluation of the fine-scale spatial
variability of available water for plants over largeographic areas and for long periods of
time is crucial for plant ecologists in order topmave their understanding of species ecology
and to adapt vegetation management to local camdit{Barbour and Billings, 2000; Botkin
and Keller, 1995; Chabot and Mooney, 1985). ThisWedge is particularly important in the
current climate change context, with an expectaeutadese in water availability in large parts
of the world (Bates et al., 2008). The importardatsd variability of soil moisture and the
difficulties to obtain relevant datasets at thedsrape scale make its estimation particularly
difficult. It is often evaluated using the soil watbalance (SWB, see table 1 for
abbreviations), which estimates the amount of pkargilable water (PAW) for a defined
period. Its calculation, based on the principletlté conservation of water contained in a
volume of soil (Choisnel, 1992), states that theoamt of water entering is equal to the
amount of water leaving, plus the change in thewarhof water stored.

The variables involved are related to climate,ssaind vegetation (Dyck, 1985;
Saxton, 1985). Climate includes both precipita(@hand potential evapotranspiration (PET),
defined as the water demand of the atmosphereninaiti be possible under ideal conditions
of moisture supply (Thornthwaite, 1948). The selated components are linked to soil water
holding capacity (SWHC), actual evapotranspira{id&T), and soil water runoff processes.
The SWHC represents the maximum amount of watdrplaats can extract from the soll
(Granier et al., 1999), corresponding to the défere between the water contents at field
capacity @fc) and the permanent wilting poir@gwp). It depends on soil physical properties
such as soil depth, texture, density and organitema@ontent, and the prospectable soll
volume (Bruand et al., 2003). AET represents theowarh of soil water delivered to the
atmosphere both by evaporation and transpiratioi. v@ater runoff processes concern the
surface runoff (water that flows at the ground acei), subsurface lateral fluxes (soil water
that moves laterally) and percolation (soil watettflows downwards). Vegetation plays a
significant role in the processes of interceptiod anfluences evapotranspiration through the
transpiration of plants and the evaporation of aod foliage (Thornthwaite, 1948).

Numerous water balance models have been develapgdrious time scales (e.qg.,
hourly, daily, monthly and yearly) and to varyinggiees of complexity (Xu and Singh, 1998,
Schwarzel et al 2011). Most existing PAW maps aldéd over broad areas have been
comprised using simplified equations (Van der Swohet al., 2006; Zierl, 2001). They are
often based on models at the monthly scale piodeieréhe middle of the last century by
Thornthwaite and Palmer (Palmer, 1965; Thornthwaité Mather, 1955). They do not take
hydrological fluxes into account, despite their ortance in influencing soil moisture patterns
at the toposcale. Indeed, many hydrological studieswed a redistribution of the soil
moisture gradient along the hillslope gradient (@ et al., 2007; Ticehurst et al., 2003),
with large variations depending on the season aadiptation (Weyman, 1973). The effect
of topographical position has also been observedegetation. Several studies attributed
changes in species composition (Deblauwe et a@08;2bhnson et al., 2007) and productivity
(Berges et al., 2005; Curt et al., 1996; KoballetZz®15) along the topographical gradient to
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variations in soil moisture, suggesting that ldtéitexes could be an important consideration
in the study of plant ecology.

Abbreviation Description Units
SWB soil water balance mm
P precipitation mm
PET potential evapotranspiration mm
AET actual evapotranspiration mm
DE deficit of evapotranspiration mm
RAW runoff available soil water mm
PAW plant available water mm
D soil thickness m
SWDC soil water draining capacit¥(,- O¢) * D mm
SWHC soil water holding capacityd- Opwp) * D mm
SWC soil water content (PAW + RAW) mm
Volumetric SWC volumetric SWC (SWC/D) cnt/cn?
FC soil water content at field capacity mm
SAT soil water content at saturation mm
K sat hydraulic conductivity at saturation mtd
() volumetric soil water content cnm/ent®
Opwp volumetric water contents at permanent wilting poin  cn/cn?
O volumetric water contents at field capacity cnt/em?
Oy volumetric water content at saturation o
Quurf surface runoff mm
Qub lateral subsurface runoff mm
la initial abstraction mm
S potential retention mm
Shax maximum potential retention mm
CN curve number
\Y; flow velocity (0. 02 m.3 <V< 2 m.s") m.s*
Qout surf surface runoff discharge g or mm
n Manning’s roughness coefficient s.m?
R hydraulic radius at cell i m
Slope slope at ground surface m.m*
B flow width (cell width) m
A upstream drainage area at cell i m2
a network constant (2.4 19
b geometric scaling exponent (0.5)
Dy saturated depth area m
w flow width (dimension of the cell) m
tan land slope m/m
d; fraction of the discharge from a particular cell
L; effective contour length of cell i: 0.5 and 0.3®%¢ f
downslope cells in cardinal directions and diagonal
directions, respectively
e maximum downslope gradient
DTW depth-to-water index m
X (dz/dx) the cumulative slope (sum of slope values) aloeg th m
least cost path connecting any point of the lanuisca
to a watercourse
a a is a multiplier equal to 1 when the path is ig
cardinal direction, and 1.414214 when it is diagon
W grid cell size m

Table 1: List of abbreviations.

Lateral fluxes can be estimated by hydrologicalel® such as TOPMODEL (Beven
and Kirkby, 1979), TOPOG (Oloughlin, 1981), WET (Me et al., 1993) and SMR
(Frankenberger et al., 1999), using soil hydraatinductivity at saturation (Ksat: maximum
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rate at which a soil can transmit water) and thegslof the surface topography as data inputs.
Most of them aim to determine where the runoff takéace in the catchment to reproduce
river discharge at the basin outlet (Beven, 1991 aKd Singh, 1998). They are not suitable to
study plant distribution over large areas for diéf# reasons:

- they do not describe PAW spatial variation. Mae&o many of them are semi-distributed,
which means that hydrologically similar portionstbé watershed are lumped together and
are characterized by averaged ecological conditwhgch do not provide precise estimation
of soil moisture;

- they are based on fine time step calculationanasing PAW for long periods of time and
over broad areas can be too time-consuming andgiatd always available;

- some parameters should be calibrated at theroatahscale and cannot be extrapolated.

The aim of this study was to include lateral flsxe a simple GIS-based soil water
balance model at regional scale, to improve thenasibn of available water for trees and
evaluate the importance of lateral fluxes to explage species distribution. By building a
program that could easily use available input datd that does not need calibration, we
estimated the monthly time step average soil mastar the 1961-1990 reference period,
accounting or not for the lateral fluxes, in a 4®&m?2 area in northeastern France. We used
the model outputs to evaluate the influence ofrédtBuxes in SWB, and determined their
ability to explain the distribution of the most comon tree species present in the study area.

2 Materialsand Methods

To estimate available water for plants, we deveadopdully-distributed water balance
model coupled with a Geographic Information Syst@ES) that requires easily available
variables. To account for runoff that usually oscat daily or shorter time scales, the model
uses a daily subroutine whose soil water balanoepooents are aggregated on a monthly
basis to provide average monthly values of PAW #ratrepresentative of a long period of
time in order to be related to tree species distigm. The routine was implemented and
launched from R statistics software and executatierenvironment of GRASS GIS through
the R interface library for GRASS 6.4 spgrass6.

2.1 Input data

2.1.1 Climatic data

The study area (43,000 km?) covers a large clorgthdient in northeastern France,
with altitudes ranging between 140 and 1424 m {ficand mean annual temperature
and precipitation ranging between 6 to 10.5° an@ té02400 mm, respectively. Average
PAW values are required over long periods of timeuhderstand plant distribution
patterns, whereas runoff estimation requires data daily or shorter time scale. Since
accounting for runoff at a daily time step for magcades is too time-consuming, we
used P and PET daily values for a year that wereesentative of the 1961-1990 period.



Because averaging P over this time period will lteBuan unrealistic sequence, we
disaggregated monthly average P for the 1961-1280ginto the most likely sequence
of daily rainfall events (Supporting information)SDaily PET were obtained using the
Turc formula (Turc, 1961). This requires solar &tidin obtained by dividing monthly

1961-1990 values by the number of days in the moatid temperature obtained by
averaging daily values over the 1961-1990 periocc&xh Julian day of the year.

Elevation

B -0
B o =0
B 0«0
Bl <o =0
[ s00- 700
[[]] 7o- 1000

T — [

Fig.1: Elevation of the study area (m).

Mean temperatures were extracted from the SAFRANeh(Quintana-Segui et al.,
2008; Vidal et al., 2010) and solar radiation frima Helios model (Piedallu and Gégout,
2007). For P, we extracted averaged monthly vadwes the period 1961-1990 from a 1-
km resolution map (Bertrand et al., 2011) and aeswes of daily rainfall events used
for disaggregation from SAFRAN data (Quintana-Sexjul., 2008).

2.1.2 Soil properties

The model requires knowledge about the soil thesknD), SWHC, hydraulic
conductivity Ksa) and volumetric water content at saturatiéia,f, field capacity ©x)
and wilting point Opwp). All these data were gathered from plots monitobgdthe



French National Forestry Inventory (IFN), part dletFrench National Geographic
Institute (IGN). We used 15,369 plots distributecc@ding to a quasi-systematic
sampling over the forests, with a mean distancapproximately 1 km (Drapier and
Cluzeau, 2001). For each plot, a maximum of twazoms were determined as well as
the texture class to which they belong, at a sbsgale of a maximum depth of 1 m. For
each texture horizo®sa, Or. andBOpwp Wwere estimated with Al Majou et al. (2008b) class
pedotransfer function (class-PTF) afg; was estimated using Schaap et al. (2001) class
PTFs (see Supporting information S6). SWHC wasredgd according to Al Majou et
al. (2008a) as the difference in potential watentent between -100 hPa and -15000 hPa,
and taking both rock outcrops at the plot scalethedstone content for each horizon into
account (Piedallu et al.,, 2011). D was estimatedsbbsjnming the thickness of each
horizon. For each plot, average values of hydrapdicameters for each horizon were
weighted according to the thickness of soil horzohhey were assigned to the whole
soil profile and mapped at a 50-m resolution. SWIBG; and Oz, were mapped using
linear models as a function of geology, altitude &pographic features derived from a
digital elevation map (McBratney et al., 2003).drder to ensure consistency between
databasesthe amount of water at permanent wilting point whtined by the difference
between the amount of water at field capacity dredamount of water at SWH® g5
maps were obtained through interpolation using mandi kriging, which gave better
results than linear models.

2.2 Modeling approach
2.2.1 Soil water balance calculation

Our calculations are based on Thornthwaite's m@dkbrnthwaite and Mather,
1955; Thornthwaite and Mather, 1957) that providesnthly estimations of PAW
(Piedallu et al., 2013):

If P(t) > PET(t),
thenPAW(t)= minimum value betweePAW(t-1)+ P(t) - PET(t)andSWHC (1)

andAET equalsPET (1b)
andPET; - AET,, representing the deficit of evapotranspirafii, is equal to zero.
(1c)

If P(t) < PET(1):
thenPAW(t)= maximum value betwedPAW(t-1)+ P(t) - PET(t)e! 0 -PETOSSWHCI gpq

zero (2)
AET, = PAW,; + (P;- PAW) (2b)
DE; = PET; - AET, (2c)

We simulated two reservoirs of water storage whus@&mum capacities are given by
the difference betwee®, and By, respectively, corresponding the soil water drgéna
capacity (SWDC), and the difference betw@nand®,,,, corresponding to the SWHC.
SWDC controls the water surplus, i.e., the runefii@ble soil water (RAW), whereas
SWHC controls the PAW (Fig.2).
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Fig.2: The double reservoir for keeping track of incomamgl outgoing water fluxes in tl
soil (see Table 1 for abbreviatior

P falling from the atmosphere directly reaches ghwund surface. The water ¢
then either completely infiltrate the soil or bevided into two parts depending on 1
amount of P, initial soil moisture, land cover, moand soil typ(Fig.3) The part of P
that cannot infiltrate the soil generates watethatground surface available for surfi
runoff. The part of P that infiltrates the soil caither be stored in the soil water colu
in the case where SWC is not recharged ufield capacity (FC)pr move laterally b
lateral subsurface runof€orresponding tinterflow (Fig. 3).

At the end of the time period t, the soil moistaterage of a given grid cell is th
computed as follows:
SWGC=SWG 1+ Pi- AET: £ Qsurtt = Qsubrt (3)
where Quis= surface runoff anQsyp, = lateral subsurface runoff. The sign + stands
incoming/outgoing water fluxes. SWC is set to SWHCthe beginning of the fir:
month.

PAW, is calculated using Formula 3, and is equal to & within the limit of FC.

The daily subroutine first calculates the soil watalance at the daily scale in a Ic
over one month. At the end of the month, cumulatigdy values of P, AET, s and
Qsub are used to compute monthly values of SWC and PAWguEquations (.. The
monthly routine then uses these monthly SWC and RasVdtarting values for the ne
month and so on.
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Fig.3: Schematic pathways of water movements simulatédeirmodel (see Table 1 for
abbreviations).

2.2.2 Surface runoff
Qsurf (in mm) is the available surface runoff generatethe daily time scale by P in

excess and computed using a modification of thd Sonservation Service Curve
Number method (SCS-CN, USDA, 1972; USDA, 1986):

Qsurf = (P - 1)%/[(P - 1)+ it > 1, (4)
Qsurt=0 P<l,
where: - S is the potential retention in mm;

- 4is the initial abstraction in mm (Supporting infation S2).

The retention parameter S is related to soil tyfees] slope, antecedent soil moisture and
land cover via the curve number CN according to fhil®wing relationship (USDA,
1986):

S=25.4 (1000ZN - 10) 5)



where CN ranges from O under totally dry conditiots 100 under water-ponded
conditions (Supporting information S2).

Once Qurris calculated, it is discharged downslope usingiMiag's formula:

Y, = 1 R Slopé” (6a)
Qout,surt = V B Qurt (6b)
R=a@)’ (6¢)

where: - V is flow velocity (m:$), limited between 0.02 ni‘sto 2 m.§, corresponding
to a speed range that occurs naturally acrosdstopi¢é (Grimaldi et al., 2010; Maidment
et al., 1996),

- Quisurfis the surface runoff discharge¥sT),

n is the Manning roughness coefficient (3/H(Supporting information S7),

R is the hydraulic radius at cell i (m),

Slopeis the slope at ground surface (rif)m

- B is the flow width (cell width) (m)

- A is the upstream drainage area at cell i (m?2),

- ais a network constant (2.4 x)@and b a geometric scaling exponent (0.5),

empirically estimated with respect with flewlocity boundaries imposed.

The quantity of surface water moving laterally ashaet flow is limited by Qy, and is
equal to:
Qsurf (MmM) = minimum value betweeyyt surraNAdQsyrt (7)

2.2.3 Lateral subsurface runoff

The lateral subsurface runoff is calculated fromsiraple relationship for saturated
flow based on Darcy’s law (Darcy, 1856) and a kiagmapproximation of hydraulic
gradient i.e., the hydraulic gradient is equaltte tand slope at the site (Beven, 1981,
Frankenberger et al., 1999). Under saturated flomditions, the pores of the soil layer
are full of water and flow discharge depends onréwylic conductivity at saturation and
the contributing saturated depth of the soil layer:

Qoutsub= Ksat Ds W tan 8 (10°%/Area of cell) (8)

where: - QuisublS the subsurface lateral discharge (mm),

-Ksatis the (horizontal) hydraulic conductivity at sattion (m.d"),

-Ds is the saturated depth area (m),

- w is the flow width (dimension of the c&llm),

-tan # is the tangent of the land slope (m/m or unitless) 10%/(Area of
cell) is a factor of conversion to convert discteafigm ni.d*to mm.

As the soil layer dries, a saturated area is assumbuild up at its bottom because of the
tendency of water to accumulate downwards. Theeefdyis assumed to be a function
of the total soil layer depth and relative soil water content storage:

DS = D (@ - @fc/ @sat' @fc), @ > @fCa (9)
DS = O) @ S @fC 1
where: -Ds is the saturated depth of soil layer,

-@ is the actual soil water content (Yom?),
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- the term@ - O:/Osy - Or) determines the fraction of the soil layer
contributing
to saturated flow.

The quantity of subsurface water draining lateralymited by RAW and is equal to:
Qout.sub= Minimum value betweeQoy: supandRAW (20)

2.2.4 Lateral redistribution of fluxes

The lateral redistribution of surface flow ancelal subsurface flow is processed by
an automatic drainage path algorithm that divithesdischarge of a particular cell among
its downhill neighbors, based on the maximum dowpeigradient (MFD-md) proposed
by Qin et al. (2007):

d =tang@ L/ (tanp@ L) (11)

Each cell is potentially surrounded by eight cedisd MFD-md allocates a fraction af
the discharge from a particular cell into itsrieighboring cell; ta) is the directional
slope with the'! neighbor (the difference in elevation divided hg torizontal distance
between the centers of the cells);id the “effective contour length” of cell i (0.&nd
0.354 for downslope cells in cardinal directionsl @magonal directions, respectively, and
0 for non-downslope (Quinn et al., 1991).

The function f(e) is used for modeling the flow (Gt al., 2007):
fe) =8.9 ming1l) + 1.1 (12)
where e refers to the maximum downslope gradient.

The lateral inflow that a cell receives from itgreunding upslope neighbors is defined
as: Qsurtin =2 i Qsurf out,i

Or,Qsubin = Y. 0 Qsubi (13)
where Quri/Qsub in IS the quantity of runoff that enters the giveli aad is equal to the
cumulative contributions of water flow from neighlibahat drain it. According to our
flow velocity calculations, we allowed the subsudawater to flow from one cell to
another in one day. In agreement with the USDA 2)93urface flow was restricted to a
maximum of six cells per day.

2.2.5 Alluvial zone delineation

In the model, we accounted for fluvial processed bperate in the alluvial zone,
subjected to variations in the water table. Wendated areas wher® is always
considered greater or equal@g using the depth-to-water (DTW, in m.) index at site
(Murphy et al., 2009):

DTW = [X (dz/dXa]w, (14)

where E (dz/dx)a] is the cumulative slope (sum of slopkigg) along the least cost path
connecting any point of the landscape to a wateseo(m); a is a multiplier that is equal
to 1 when the path is in the cardinal directiord &m14214 when it is diagonal; v8 the
grid cell size (m).
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To delineate the extent of the alluvial zone ohegiside of the watercourse, we assumed
that:

-If DTW < 1.6, ther® > ®¢ for main streams.

- If DTW < 1, then® > ®¢. for secondary watercourses.

- Every single grid cell located in a water bodys len actual water content fixed to
saturation i.e.® = Q¢yfor watercourses, lakes, etc.

2.3. Model run and evaluation

The model was run over one complete year from algnto December, assuming
that SWC is at saturation for every single grid aethe first day of the year (which also
means that PAW is equal to SWHC).

2.3.1 Comparison between soil moisture estimatel and without lateral fluxes

In order to evaluate the importance of fluxes WiEScalculation, the model was run
both with and without fluxes (a suffix f indicatéisat lateral fluxes are included). We
calculated monthly maps for volumetric SWC, PAW @i for the 1961-1990 period
and for the growing season (March-September). Tifereihces between SWC and
SWG indices were studied according to four geologstedta (calcareous, metamorphic,
sandstone and sedimentary; see Fig.4), and thpegraphic strata (crest, mid-slope and
valley; see Fig.4), using a uniform mesh of sanpuliets spaced on a 1-km grid over the
study area (n=27311 plots when removing flat ared$)e geological strata were
identified through the aggregation of detailed sofbrmation from the 1:50000 scale
map provided by the French Geological Survey (BR@WIdetermine areas of relatively
homogenous soil textures that can lead to simiardulic behavior. The topographic
strata allowed comparison for similar slope positemd were calculated using Jenness
Enterprises’ Land Facet Corridor Designer (Jenretsal., 2013) and a 50-m digital
terrain model input (Supporting information S3).eTmedian, first quartile and third
guartile values of the SW@nd SWC indices were plotted monthly and analyped
each of the 12 strata using bootstrapping, with t&@@dom samples (n=350) with
replacement.

2.3.2 Ability of lateral fluxes to improve tree spes distribution models

Because validating such soil moisture maps woedglire a dataset of measurements
collected over many decades at a regional scalehw$ currently impossible to obtain,
we have chosen to compare the ability of SWB andBSW explain tree species
distribution patterns. A dataset of 2,419 georefeed plots with the presence or absence
of 19 common tree species was extracted from tleadhr National Forest Inventory
(IFN) database collected from 2005 to 2014 (Drapied Cluzeau, 2001). All the tree
species that were present in the study area wedgest except those that are commonly
planted and those that had less than 50 presendés idataset. Their distribution was
modeled using generalized additive models (GAMs)hwa logistic link function,
binomial error distribution and smoothing splineé=@) (Hastie and Tibshirani, 1990).
Mean annual temperature for the 1961-1990 periBdrt{and et al., 2011) and soil pH
were systematically included as explanatory vaesldnd were supplemented by the
water variables. Four combinations of water vagahtalculated for the growing season
were evaluated per species: (i) including PAW or, D&spectively; and (i) PAW plus
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the difference between PAVENd PAW (Difbaw-paws) Or DE plus the difference between
DE; and DE (Difbe.per). Each model was evaluated using the explainetdee (D?).
The difference in D? between models including o inocluding Diffpaw-paws @ndDiff pe.
perwas evaluated, and its significance was estimasetgyian ANOVA with a Chi-square

test.

N

A

1:1 500 000

0 125 25 50
— —

N

A

1:1 500 000

0 125 28 0
— — <ilom cters

0
Kilometers

Topographic
Position
[ Jvaney

Flat

I vio-siope (»3°)

Geology

[ catkcareous
Il Vviet2morphic

Sand

B sedimentary

1:50 000 & = g e A =1:50 000
o 500 1000 2000 = 0 500 1000 ZDDF{
— S— |t 4 v B — m— /ot

Fig.4: Delineation of the four geological strata (on tledt) and the three topographical
strata (on the right)
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3 Results
3.1 Comparison between SWB and Sk maps

SWB and SWB indices representative for the 1-1990 period were calculatt
monthly and mapped at a -m resolution. Average SWC values vary from 45%
calcareous soils in winter, to 25% for sandstonisummer (Fig.5). The distribution
PAW: shows considerable spatial variations both at thbay and local scale, with low:
values in mountains and in calcareous plateaus reead steep areas (Fig.6). Late
redistribution along the topograpllogically leads toa more important decrease water
content near the crestisanin the valleys (Table 3, Fig.3upporting information £). No
differences occur between SWC and S when the soil is saturated and PET is lower f
P (during the winter) since the effects of latdlakes appear whenoil moisture ranges
between®s and®s. (Supporting information S. Including lateral fluxes in the calculati
globally decreases the amount of water availablgldaats Table 3,Figs. 5 and 7), mainl
for the metamorphic or sand strata where Ks ishighest (Table 2). For these two stre
lateral fluxes were amplified by the high precipda rates and steep slopes of the Vot
Mountains (Table 3)Calcareous areas show little difference betweésC3nd SW¢ due
to the similar values fabsand®;. and the low Kshat does not allow large fluxes (Tab).

Model Calculation — SWC — SWCI

Crest Mid-slope Valley

Yvﬂyf

D

(%

w
0

etric soil water content
w B
o o
[
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:,25—
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2 4 6 3 1D 12 2 4

Kigjuewipag

Month

Fig.5: Monthly SWC (%) calculated with SWB and & models for the period 19-1990,
according to geological and topographic strata. Tiedian is represented by a solid li
while the transparent area illustrates the rangenfrthe S to the & quartile; n=350 for
each strata.
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A. Depth (m) B. Ks(mday?)

Geology Crest Mid-slope Valley Geology Crest Mid-slope Valley
Calcareous 0.44 0.50 0.54 Calcareous 0.19 0.19 0.18
Metamorphic 0.63 0.66 0.67 Metamorphic 0.73 0.78 0.78
Sand 0.80 0.84 0.86 Sand 2.08 1.28 1.97
Sedimentary 0.76 0.87 0.89 Sedimentary 0.57 0.46 0.48
C. O (Mm*m3) D. Opup (M3 m3)

Geology Crest Mid-slope Valley Geology Crest Mid-slope Valley
Calcareous 0.39 0.39 0.39 Calcareous 0.30 0.29 0.29
Metamorphic 0.28 0.28 0.28 Metamorphic 0.20 0.20 0.20
Sand 0.25 0.28 0.26 Sand 0.17 0.18 0.17
Sedimentary 0.33 0.35 0.33 Sedimentary 0.23 0.24 0.21
E. 05 (m*m3) F. Slope (%)

Geology Crest Mid-slope Valley Geology Crest Mid-slope Valley
Calcareous 0.44 0.44 0.44 Calcareous 14 12 8
Metamorphic 0.39 0.39 0.39 Metamorphic 31 28 31
Sand 0.39 0.40 0.39 Sand 20 16 17
Sedimentary 0.41 0.42 0.41 Sedimentary 17 10 5

Table 2: Mean values of model inputs linked to soil chaegstics, by geological and topographic

strata (n=27311). For abbreviations, see Table 1.

p PET
Crest Mid-slope Valley Crest Mid-slope Valley

Calcareous 76 76 76 Calcareous 52 52 53
Metamorphic 128 126 125 Metamorphic a7 48 49
Sand 88 82 86 Sand 50 52 52
Sedimentary 96 75 77 Sedimentary 51 53 53
Qsurf Qsub

Crest Mid-slope Valley Crest Mid-slope Valley
Calcareous -0,2 -0,3 -0,7 Calcareous -2,9 -1,4 0,5
Metamorphic -0,2 -0,5 -1,5 Metamorphic -33,3 -23,9 -12,4
Sand -0,1 -0,3 -0,8 Sand -37,5 -18,5 -15,0
Sedimentary -0,3 -0,4 -1,8 Sedimentary -17,7 -4,9 0,9
PAWf winter PAWf summer

Crest Mid-slope Valley Crest Mid-slope Valley
Calcareous 39 48 55 Calcareous 28 35 42
Metamorphic 48 57 54 Metamorphic 45 54 53
Sand 67 87 78 Sand 52 72 68
Sedimentary 78 101 102 Sedimentary 61 78 92

Table 3: Mean monthly values of climatic inputs, lateralxits, and PAW by geological and

topographic strata (in mm, n=27311). For abbrevism$, see Table 1. The winter period includes

December, January and February, and the summebogénicludes June, July and August.
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3.2 Effect of lateral fluxes to predict tree spedaléstribution

Most of the species distribution models were imprbby adding fluxes, regardless of
whether using PAW or DE calculations (Table 4)tekal fluxes have the greatest influence
for two species present in wet environmew{Bus glutinosa, and Salix capreand five
species among the most common in the study araggpresent half of the trees present in
the databaseCarpinus betulus, Fagus sylvatica, Pinus sylvest@siercus petraea and
robur. Most of the species whose distribution is thestieafluenced by lateral fluxes are
linked to rich soil and are mainly present in tladcareous plateaus where lateral fluxes are
insignificant @cer sp., Sorbus torminalis, Ulmus miphoexcept forSorbus aucuparia
present in the Vosges Mountains where P is alwegatgr than PET and SWautputs are
close to those of SWB.

PAWgs DEgs
Species Presence D2 Dzdif  Signif. D2 Dadif  Signif.
Acer_campestre 837 0.432 0.002 0.429 0.002
Acer_platanoides 108 0.117 0.003 0.083 0.012 *
Acer_pseudoplatanus 798 0.151 0.002 0.148 0.000
Alnus_glutinosa 155 0.156 0.022  *** 0.161 0.033  ***
Betula_pendula 575 0.095 0.004 * 0.092 0.006  **
Carpinus_betulus 1464 0.312 0.013  *** 0.315 0.014  ***
Fagus_sylvatica 1863 0.057 0.012 % 0.053 0.015  ***
Fraxinus_excelsior 948 0.162 0.004 * 0.171 0.005  **
Pinus_sylvestris 378 0.199 0.014  *** 0.171 0.031  ***
Prunus_avium 538 0.117 0.004 * 0.112 0.004 *
Quercus_petraea 1045 0.067 0.013  *** 0.074 0.011  ***
Quercus_robur 767 0.163 0.017  *** 0.164 0.017  ***
Salix_caprea 475 0.019 0.007 * 0.022 0.011  ***
Sorbus_aria 431 0.286 0.005 * 0.266 0.009  ***
Sorbus_aucuparia 210 0.292 0.006 * 0.288 0.004
Sorbus_torminalis 478 0.324 0.002 0.322 0.001
Tilia_cordata 124 0.099 0.008 * 0.104 0.011 *
Tilia_platyphyllos 133 0.132 0.009 * 0.128 0.013  **
Ulmus_minor 137 0.16  0.007 0.159 0.009 *

Table 4. Changes in performance for the 19 studied spedisitdition models when adding lateral
fluxes: D? for the models without lateral fluxesffetence in D2 when adding lateral fluxes and
significance of this difference. All the modeldude T and pH in addition to PAW or DE calculated f
the growing season (gs). presence = number of peesein the whole dataset (n = 2419). Signif. codes
*** <0.001; ** <0.01; * < 0.05.
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4 Discussion

For the first time, a large-scale study combiriad fesolution water balance and lateral
fluxes to estimate water available to plants. Tiheukated soil moisture values seem to be in
agreement compared to measurements provided by stindies. For example, Ali et al.
(2010) found volumetric SWC values between 10 ab%h 4n Canada, and Brocca et al.
(2007) between 13 and 52% in central Italy, while majority of our simulations range
between 19 and 45%. By accounting for soil moestlynamics, we refined existing maps
and improved the estimate of the spatial distrdoutof water available for plants. We
showed that including lateral fluxes in SWB sigradntly changes the soil moisture patterns,
with both a large area effect due to climate antpsoperties, and a local effect due to the
topography. We also showed that the intensityw{dt differs according to the location and
the period, with few changes when the soil wateemee is full (e.g., in the wet mountains),
or when soil characteristics do not allow for lafilygexes (e.g., on calcareous plateaus). This
little lateral redistribution of soil moisture algmillslopes in chalky catchments has already
been observed in previous studies (Blyth et alQ420 Spatial redistribution is also
meaningless when available water is lowdg), mainly during dry periods in summer
(Supporting information S4), in agreement with 8ri$ studies showing that the effects of
topography become negligible when soil moistureekeses (Ridolfi et al., 2003; Western et
al., 2002).

We logically observe a decrease in soil water eandluring summer, but with a lower
intensity, as can be expected. Compared to wister,moisture is reduced by 10-40% for
the driest month, compared to the 50-80% reductported in different studies in the same
area (Granier et al., 2007; Lebourgeois et al. 5200his difference can be due to the water
that is stored betwee®;. and ©s in our model, making it available for infiltratiotihe
following day, or because precipitation intercepby vegetation and percolation are not
accounted for. Improvements in the model’s outpotsld probably be obtained by further
investigating the partitioning between verticalxiis and lateral fluxes since the importance
of vertical fluxes is frequently reported in theetature (Grayson and Western, 2001; Selby,
1993). However, these values should be comparddaoaitition because soil moisture in our
study is averaged over 30 years, includes diffeseiitlayers up to 1 m, and is compared to
plot measurements or estimations at a specificeplager a short time period and at a
specific soil depth. As a follow-up to this wothke model should be validated with ground
measurements that could be made at a more lodalaod considering shorter time steps.

In contrast to SWC, SWCshows a large gradient in water content aloniglopes,
with between 5 to 25% less SWiD the crests than in the valleys for metamorpbkand
and sedimentary bedrocks (Fig.7). This soil moesnadient was expected because it was
already reported in numerous studies (Famigligttale 1998; Lookingbill and Urban,
2004). The amount of water redistributed along ttygographical gradient is difficult to
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compare between studies due to the consideraldedgeneity in climate, soils, topography,
periods of the year, time step and measurementadgtiDifferent authors reported that
SWC is 15 to 90% lower in the crests compared & ualleys at the same period, with
values higher than 40% for wet areas or wet peri@lgth et al., 2004; Western et al.,
2004), and ranging between 15 and 25% when theatdins dry (Blyth et al., 2004;
Famiglietti et al., 1998). Compared to the litarat the differences we observed seem
relatively small, despite the fact that they arebyaibly a bit underestimated in Fig.7 by the
averaging of SWgvalues from many plots with different environméntharacteristics.
Locally, differences exceeding 50% can be obseoresteep slopes or sand strata, but they
concern limited areas. These discrepancies mayabesed by differences between our
estimates based on the entire soil profile, andsti@low measurement depths (0-15 cm)
used in some studies since the topographic cootr@dWC is greater near the surface than
at greater depths (Famiglietti et al., 1998; Grayand Western, 2001; Wilson et al., 2004).
Additionally, our model provides monthly time stégta, whereas studies of spatial patterns
in soil moisture are often characterized by dailyhourly measurements of SWC during
storm events or intensive rains. Finally, the digagation method used to generate daily
data for P that is representative of the 1961-189@bd leads to obtaining a representative
number of days with rainfall events of the samenstty. By reducing the likelihood of
exceeding the thresholds that trigger lateral flaxg, probably limit the intensity of runoff.
Further work should evaluate the results obtainedding observed sequences of rainfall.

The largest magnitude of subsurface fluxes andsthengest effects of topographic
gradients in SW¢are observed in the sand strata that have thestigtansmissivity values.
This result highlights the model outputs' sendyivio soil textural assumptions and
corresponding PTFs. The range of available PTHsighly variable among similar soil
textural classes, and different PTFs for any giseih texture could result in very different
outcomes. For example, the ¥alue we used for sand is provided by RosettasaB8d’39 m
day’ (Schaap et al., 2001), but other PTFs useafues for sand of 5.315 m dayCarsel
and Parrish, 1988) and 0.690 m d4idypres, Wosten et al., 1999). Running the model
using the Carsel and Parrish database should coersily increase the lateral fluxes in the
sand strata, although they will be significantlyciased using the Hypres database. The
limited fluxes observed in the calcareous stratgaadso explained by PTFs (mainly K3
and®y ), and using different PTFs will change their magghé in this area. This comparison
emphasizes the importance of the PTF selection taadhigh variability that can be
generated according to the database used (Looswelt, 2011). Using local PFT and
improving the models' inputs by using continuoug=®Ehould be a solution for reducing
these uncertainties (Nemes et al., 2003).

Despite the fact that numerous studies have facuse the effects of hydrologic
processes on plants (Porporato et al., 2001), fesvyof them were interested in evaluating
the effect of lateral fluxes on vegetation overdaraareas (Berges and Balandier, 2010;
Hwang et al., 2012). The studied tree speciesiloisions were better explained when
accounting for the lateral fluxes, demonstratingt thoil moisture dynamics contribute to
shaping species distribution patterns at a regisnale. The importance of topographical
position on vegetation has been recognized for ry lbme by practitioners, and is
commonly linked both to changes in soil depth, watenutrient fluxes, and local climates
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(Cajander, 1926). By controlling changes in soipttie soil nutrition or temperature, we
showed that the observed model improvement isnthided by these three environmental
gradients, that can be linked with the topograpghpmsition (Burke et al., 1999; Dyer,
2009). The better performance of models accourfonghe lateral fluxes can probably be
attributed to the redistribution of water from takuvial zone for the species that occur in
wet areas, likeAlnus glutinosaor Salix caprea For the other species, soil moisture
dynamics along hillslopes are probably the bestamgtion for these results. The species
whose distributions are the least improved are Iypaiistributed on calcareous bedrocks
where lateral fluxes are weak, or in mountains wheater availability is not a limiting
factor. We can expect that the importance of rumo#haping species distribution would be
underestimated in this study. A large proportiorihe&f studied area is flat (35% is less than
3°, and 92% is less than 10°), and most of thepstdepes are located in the Vosges
Mountains where little difference exists between BB\Vnd SWBf. Moreover, water
constraint is relatively low in this area, and wan @xpect lateral runoff to have a greater
effect on plants in arid or Mediterranean ecosystéporporato et al., 2001).

Identifying the driest and the wettest areas atlémdscape scale is of crucial interest
for plant ecologists and natural resources manaliféesprovided a new tool that makes it
possible to study the redistribution of water aldnitslopes over large areas. The program,
that does not need calibration at the catchmeé sezquires only readily available data. It
can be used to characterize the spatial distributiavailable water over long periods, or to
simulate the evolution of soil moisture distributiamong years. This information can be
used for a wide variety of applications: to refithe delineation of areas with favorable
ecological conditions for species, to better predijgecies composition, to improve our
knowledge about species ecology, and to better ratadel tree growth dynamics, plant
health and forest fire risks. It also has importanplications for assessing ecosystem
responses to climate change by determining topbgrapfugia where species could persist
locally despite regional climatic conditions thaaynbe unfavorable in the future or local
areas where species could colonize (Ashcroft arlthG®013).
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Text S1: Temporal disaggregation of monthly rainfall

The variation of rainfalevens within a month is introducealy generating sequences of wet and dry «
with statistics similar to the 19611990 perio. Each monthly rainfall data averaged for the 1-1990 period was
disaggregated into sequences of daily rainfall oetices byusing a first-order twatate Markov Chain model
proposed by Haan et al. (1976).sfochastic model is used for simulating daily raiinbccurrences by assumi
that the climate alternates between two sta, either ‘dry’ or ‘wet’, and thathe transition at time t from one st:
to the other is controlled by transitional probdieis estimated from historical data for each maoitla year.The
probability of theoccurrence of an event (or state) in a certain ste@ depends on the staf the system in the
previous time stepHoel et al, 1972.

The state of the climate at time t S(t) is simudaty a Markov process k
S(t)|S(t1) ~ Markov (Tr,P,) (Sl.eql)
where, S(t) is the state of the climate at dayt-1) the state of the climate at the previous tineg -1, and Tr, a
2x2 matrix of transition probabilities whose elertseare defined bP; such as:
P = Pr(S(t) = i|S(+1) =) i,j=wetordry, (Sl.eq2)
and whereP; denotes the “first order” Markov proci

PDW

Figure S1.1 Graphical model of states of the Markov process @adsitional probabilities associatewith the
matrix of transition probabilities.

If the transition probability to thother state is lower than the hazard, the climateains in the currel

state;if not, it switches to the other state. Thus, # thansition probabilities to other states areisigffitly low, the
climate persists in one state for a number of dleading to a sequence of wet spéfiai alternates with dry spells.
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The amount of rainfall on rainy days is assumebet@onstant and simply equal to monthly rainfatlieded by the
number of simulated wet days within the month.

The Markov model requires knowledge of two montbiyditional probabilities to simulate sequences of
rainy and no-rain days over a month: the probgbi,, that a wet day occurs at time t, knowing that ya ay
occurred at the precedent time t-1, and the prdibali,p that a dry day occurs at time t, knowing that 4 cay
occurred at the precedent time t-1. Both can heattd from the monthly probability density functi¢PDF)fy (t)
of times ofinter-arrivals, where the subscript M refers to the month considieand t represents the time of inter-
arrivals, i.e., the time elapsed between two swize®vents of interest. In our case, events #neraiainy day$pw
=fy (1) or dry daysPwp = fu (1). In order to estimate the P (t), we used available daily precipitation, and for
each month M of the year over the period 1961-86,wtithin-month distribution of the time elapsedvibeen two
successive rainy days or dry days was fitted bgngshree PDF: Exponential, Gamma and Weibull gsantwo-
sample Kolmogorov-Smirnov test. Whenever the exptiaklaw proved to be in agreement with the data
distribution, it was selected because of its edss®. For each montRp,y andPyp were computed according to its
corresponding PDF, and mappatia 50-m resolution by kriging. Then, for a giveionth and for each unique
couple of transition probabilitieRyw andPyp, 5,000 first-order Markov chain models producdaDb, sequences of
states of the Markov model. Each sequence of oa8ens consisting of successive weather, i.e., “wet, dry”
(two successive rainy days followed by a day withrain), has a probability to be observed, whictaisulated as:

P(WWD..)= P(Wy) * P(W[We) * P(D W) ... (S1.eq3)
The most likely sequence is defined as the sequaiticéhe highest probability (to occur), and
is used for generating daily maps of precipitation.
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Text S2: The Curve Number calculation.

The curve number CN usedEquation 5 (USDA, 1972) is estimated by:
(i) Dividing the soils into four classes or hydrologroups according to their infiltration capaci

A - high capacitylpw runoff potentig] (K s> 0.18 ni);

B - medium capacity [moderate runoff potential] (( M%< Kgy< 0.18 n);

C - low capacity [high runoff potential] (0.02 % < K¢y < 0.09 nf); and

D - very low capacity [very high runoff potential] so< 0.02 nf).
(ii) Assigning specific values to each of the presiclasses with respect to land cover. Land costa das
extracted from th€ ORINE projeci(European Environment Agency, 2000).

The CN values for normal moisture condiis (CN;) usedfor the four soil classes and the different I
cover are given in Table S2.1.

Hydrologic Soil Groups
Land Cover Corine cade A B C D
Industrial & urban zonge 111,112, g5 20 92 94
121
Broad-leaved forest 311 36 60 73 79
Coniferous forest 312 30 55 70 77
Mixed forest 313 33 57 71 78
Pastures 231 49 69 79 84
Agricultural land & cropping
systems 242,243 59 70 78 81
Water bodies 511,512 100 100 100 100
Sparse vegetation 333 ag 67 77 23
Moors & heathland 372 35 56 70 77
Arable land 211 77 36 91 94

Table S2.1: Look-up table between curve number and land cover fefour hydrologic soil group«(adapted from
the USDA SoiConservation Service, 19).

This classical SCE&N calculation was modified according to the pugpofkthe study, to facilitate tt
calculation, to account for the highriability in topography and land use, and toibkddto soil moisture.

CN adjustment for AMC

For changes in soil moisture conditions, ; values areadjusted depending cAntecedentM oisture
Condition indices (AMC-index)AMC-I referring to dry conditions; andMC-I1 (Table S2.1) andAMC-I111
referring to normal and wet conditi¢, respectively. In the traditional method, @\adjuste for a particular AMC
dependingon the quantity of precipitatiothat fell in the last fivedays and the season. In order to simplify
calculation we used the following consion formulas, making it possibte use only the CN values displayec
Table S2.1 (USDA SoiConservation Servi, 1972):

CN, =(4.2*CN,) /(10 -0.058 * CN) (S2.eql)
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CNy =(23*CN)) /(10 + 0.13 * CN) (S2.eq2)
where CN is the curve number for moisture condgianll and Ill, referring to dry, normal and
wet conditions, respectively.
CN,andCN;y, values were used to calculatenEquation (S2.eq4).

CN adjustment for different slope conditions

In the traditional method, GNs assumed to be used for 5% slopes. To adjusto€Nifferent slopes, we
used the following equatioM(illiams and Singh1995):
CNj siope = (CNy — CNy) /3*(1-2*exp(-13.86*Slope)) + CN (S2.e03)

where: - CN siope is the curve number for normal conditions adjusdtedslope,

- CN; is the curve number for normal conditions,

- CN, is the curve number for wet conditions,

- Slope is the slope at the ground surfaceéao,
CN adjusted for slopes were then recalculated pkaoing CN, with CN gi0pe in Equations C.1 and C.2.

CN adjustment for soil moisture changes

Once CN are adjusted for different moisture coodg and slopes, we allowed the retention parangter
(Equation 5) to vary continuously with soil profieater content by applying the equation used inhydrological
model SWAT (Soil and Water Assessment Toabnpld et al, 1998):

S = Suax * (1 - SW/[SW + exp(w- W, * SW)] ) (S2.eq4)

where: - Qaxis the maximum potential retention solved for dopditions (i.e., CN,,pd USiNg equation 5,

- SW is the soil water content of émgire profile excluding the water held at wiltipgint,

- w; and wg are shape coefficients related to maximum potentgi@ntion K., potential retention for wet
conditions g, soil water content at saturation SAT, and soilevaontent at field capacity FC:

Wy =IN[FC/(1 - $* Smax’) - FC] + W * FC (S2.eq5)
W, = (IN[ FC/(1 - $*Smax”) - FC] - In[ SAT/(1 - 2.54*S,,Y) - SAT]) / (SAT — FC)
(S2.e06)

The first coefficient w and the second smare solved in Equation 5 by assuming that: thent&in
parameter for moisture conditions | correspondsaib profile water content at the wilting point;cathe retention
parameter for moisture conditions Il corresporasail profile water content at field capacity. Sheassumptions
make the water retention parameter more dependestibwater storage.

Equation (S2.eq4) then replaces Equation 5 to as#ir8.

/S ratio adjustment

I, represents all losses before runoff begins sucimtasception by vegetation, water retained in scef
depression storage, evaporation and infiltratioistdtiically, the percentage of initial abstractiwas derived from
the study of many small, experimental U.S. watetshand may therefore not be appropriate in diffesiguations.
If needed, the SCS-CN user manual recommends agialgtionship other thag+ 0.2S.

Woodward et al. (2003) found thatS ratios of 0.05 would seem more appropriate. \B&this 5% JS ratio to
generate (more) surface runoff for smaller amoohf&ecipitation. Equation 4 becomé¥g¢odward et aJ.2003):
Qsurf = (P - 0.058092/(P - 0.95%,9), if P > 0.05S (S2.eq7)
Qsuf= 0, if P<0.05S
where $os=1.33%20 *°
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Text S3: Topographic strata calculation

Four topographic strata, including “crest”, “miliyze”, “valley”, and “flat”, were calculated usingnness
Enterprises’ Land Facet Corridor Designégr{iness et gl2013) for ArcGIS 10 Four-category Topographic
Position Tool and a 50-m digital terrain model ihpthe tool uses a topographic position index (T®bich is
calculated as the difference between the elevati@pixel and the average elevation of all thee|sxn the
surrounding neighborhood to assign pixels to diffeétopographic positiongénness et 312013). Positive TPI
values indicate that the pixel elevation is higiam the surrounding neighborhood, and negativeegaindicate
that the elevation is lower than the surroundinigimeorhood. If the TPI of a pixel is greater thagiwen crest
threshold or lower than a given valley threshdlavill be classified as a crest or valley. If il is near zero, the
elevation of the pixel is similar to that of themunding cells and may be located in a flat anemid-slope. The
slope of the pixel is used to differentiate the sitoations, and the slope threshold is the mininsiope required
for a pixel to be considered mid-slope. Pixels wgithpes lower than the slope threshold can beifitsas flat,
crest or valley.

Each pixel in our study area was assigned a tepdig position based on its classification cal@adatsing
a 300-m circular neighborhood with crest and vatlegsholds of +10 m and -10 m, respectively, aBf slope
threshold (Clas$, and also using its classification based on @4dfiheighborhood with thresholds of +5 m and a
3° slope (Clas$. Pixels were assigned to crest and mid-slopetipasibased on their classification in Claasd to
valley and flat positions based on their classiftrain Class, given that crest and mid-slope classificatioosnr
Class took priority, and Classcould only be used to classify remaining pixeldlasor valley. Classwas
calculated with a larger neighborhood and moreiteawvalley threshold so that pixels in broad es, which are
in a water receiving position at the catchmentestait have a relatively similar elevation to theighboring pixels
within 300 m (and are thus classified as flat iagg)), would be assigned to the valley classificaticiher than
flat). Areas classified as “flat” were not consigdébecause the elevation in the surrounding neijolod was so
similar that flat pixels were not expected to gateor receive lateral fluxes.
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Text S4: Lateral flux estimation

Estimation of lateral fluxes (in mm of water) aodiog to the topographical position: inputs inceef®m
the crest to the valleys, while outputs show thpasjite pattern. The net value results from theediifice between
inputs and outputs. We showed that fluxes maintuoduring spring and autumn, and are very weakgur
summer due to soil water conten®«=c.

Lateral Fluxes = Inputs == Net = Outputs
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Figure $4.1: Monthly subsurface lateral fluxes (mm) for the 1:9®90 period according to topographical strata (n
= 1400 for each strata).
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Figure S5. Difference between DE and DE;
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Table S6: O, O and K class PTF values calculated for the nine NFI soil textures

Texture Bs Og Orc Orc

Topsoil Subsoil Topsoil Subsoil Ksat

(mm’)  @m)  @m) @Pmd)  (mday)
1-Sand 0.397 0.367 0.241 0.196 3.739
2-Silty sand 0.424 0.387 0.279 0.257 0.323
3-Loamy sand 0.439 0.397 0.299 0.29 0.228
4-Sandy silt 0.465 0.416 0.335 0.347 0.173
5-Silt loam 0.465 0.416 0.335 0.347 0.273
6-Silt 0.428 0.388 0.323 0.319 0.384
7-Silty clay 0.464 0.423 0.365 0.368 0.108
8-Sandy clay 0.473 0.43 0.368 0.375 0.104
9-Clay 0.535 0.456 0.398 0.415 0.143

Oso, and@;, were estimated with thé\( Majou et al, 2008) class pedotransfer function (class-PTH] kKag was
estimated using Schaap et al. (2001) class PTFs.



Table S7: Look-up table between land cover and roughness coefficient n used in Equation 6a.

Land cover Corine code n

Industrial & urban zone 111,112, 0.03
121

Broad-leaved forest 311 0.6
Coniferous forest 312 0.6
Mixed forest 313 0.6
Pastures 231 0.25
Agricultural land & cropping systems 242,243 0.15
Water bodies 511,512 0.03
Sparse vegetation 333 0.13
Moors & heathland 322 0.25
Arable land 211 0.12

Manning'’s roughness coefficient (n, %) obtained for Corine Land cover codes, by comigininultiple value
tables reported in the literatu€Chow et al., 1988Grimaldi et al., 2010)
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