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Modeling soil water availability for tropical trees is a prerequisite to predicting the future impact of
climate change on tropical forests. In this paper we develop a discrete-time deterministic water balance
model adapted to tropical rainforest climates, and we validate it on a large dataset that includes micro-
meteorological and soil parameters along a topographic gradient in a lowland forest of French Guiana.
The model computes daily water fluxes (rainfall interception, drainage, tree transpiration and soil plus
understorey evapotranspiration) and soil water content using three input variables: daily precipitation,
potential evapotranspiration and solar radiation. A novel statistical approach is employed that uses Time
Domain Reflectometer (TDR) soil moisture data to estimate water content at permanent wilting point
and at field capacity, and root distribution. Inaccuracy of the TDR probes and other sources of uncertainty
are taken into account by model calibration through a Bayesian framework. Model daily output includes
relative extractable water, REW, i.e. the daily available water standardized by potential available water.
The model succeeds in capturing temporal variations in REW regardless of topographic context. The low
Root Mean Square Error of Predictions suggests that the model captures the most important drivers of
soil water dynamics, i.e. water refilling and root water extraction. Our model thus provides a useful tool
to explore the response of tropical forests to climate scenarios of changing rainfall regime and intensity.
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1. Introduction

Despite annual precipitation that always exceeds
1500 mmyear—!, most of the Amazon’s neotropical forests
experience some annual dry season (less than 100 mm per month),
that is variable in both duration and intensity (Malhi and Wright,
2004; Sombroek, 2001; Xiao et al., 2006; Marengo, 1992).

The consequences of annual drought on tropical forest function-
inginclude adecrease in growth primary production and ecosystem
respiration (Goulden et al., 2004; Hutyra et al., 2007; Bonal et al.,
2008), and areduction in tropical tree fluxes for both carbon (Bonal
et al., 2000; Miranda et al., 2005) and water fluxes (Fisher et al.,
2006). Very recently, an analysis of tree responses to the intense
2005 dry season highlighted the vulnerability of neotropical forests
to moisture stress, with the potential for positive feedbacks on cli-
mate change due to increased tree mortality (Phillips et al., 2009).

Climate modeling scenarios suggest that the dry season in north-
eastern Amazonian forests might lengthen during the 21st century
(Cox et al., 2000, 2004; Malhi and Wright, 2004; Malhi et al.,
2009). The short-term effect of soil water availability deficits on
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tropical tree growth, mortality and carbon and water fluxes has
recently been quantified under experimentally controlled condi-
tions (Fisher et al., 2007; Nepstad et al., 2007). Long-term inventory
plots with regular tree censuses (growth, recruitment, mortality)
have been set-up widely in the past few decades throughout Ama-
zonia (Phillips et al., 2010; Clark, 2004; Wagner et al., 2010). These
plots offer an unexpected opportunity to analyze the impact of
soil water availability on tropical forest dynamics on a large tem-
poral and spatial scale (Clark, 2007). However, to the best of our
knowledge, no soil water balance model explicitly accounting for
tropical soil and climate characteristics, and able to compute avail-
able water for the trees on a plot scale, has ever been developed.
The relation between amount of rainfall and water availability for
trees is not straightforward and determined by various plant char-
acteristics, such as the root distribution, and soil characteristics,
such as the permanent wilting point and the field capacity. By
contrast, other widely studied climatic variables such as light and
temperature give a relatively direct indication on their effect on
forest dynamics (Graham et al., 2003; Clark et al., 2010). Soil water
availability to the trees, which can be characterized by Relative
Extractable Water (REW, i.e. daily available water standardized by
maximum available water), depends on soil characteristics such as
structure, texture, composition and porosity, as well as on the rate
of water uptake by the trees. Different soil water balance models
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Fig. 1. Overview of the Soil Water Balance model general framework and the articulation of the different submodels, P: precipitation, c: canopy cover, S.: canopy capacity,
pe: proportion of rain diverted to the trunks, S: trunk capacity, Ec: mean evaporation rate from the canopy, R: mean rainfall rate, Opwp: soil water content at permanent
wilting point, Oc: soil water content at field capacity, Njqye-: number of layers of the model, Ip = net radiation, PAI: plant area index, FractG: reflected radiation below trees,
a: constant of proportionality between energy and evapotranspiration of the understorey, Ag,: understorey root density parameter, REW: relative extractable water, PET:

potential evapotranspiration, Agg: tree root density parameter.

have been used in Amazonian tropical forests to estimate drought
implications for forest flammability and tree growth (Nepstad et al.,
2004), to reproduce hydrologic processes (Belk et al., 2007), to eval-
uate soil water controls on evapotranspiration (Fisher et al., 2007),
or to evaluate the importance of deep root uptake (Markewitz et al.,
2010). However, none of these models aims to estimate REW. The
nearest estimate of REW is so-called plant available water (PAW)
described by Nepstad et al. (2004). The spatial resolution of PAW, i.e.
8 km, is too large for use in any precise modeling of the impact of soil
drought conditions on tree growth, mortality and/or recruitment.
Furthermore, the modeling framework never explicitly simulates
the amount of water taken up by tree roots. Modeling approaches
designed to estimate REW have already been developed for tem-
perate forests and, for instance, were used to assess soil water
control on carbon and water dynamics in European forests during
the 2003 drought (Granier et al., 2007). Such temperate models are
not suitable for tropical forests. For instance, the polynomial rain-
fall interception submodel is unsuited to the stand characteristics
of tropical forests. Another limit is that water extraction is not mod-
eled and field data is needed for root density, meaning that soil pits
need to be dug to quantify vertical root distribution, also meaning
that the strong assumption must be made that water absorption by
roots is proportional to root distribution.

In this paper we introduce a locally parameterized soil water
budget model inspired by the BILJOU temperate model (Granier
et al,, 1999). As performed by BILJOU, this model estimates soil
water availability, stand transpiration and rainfall interception in
tropical forests with a daily time step and for different soil types
(Fig. 1). Model inputs are daily rainfall, annual means of potential
evapotranspiration (PET) and solar radiation, and averaged plant
area index (PAI). The soil is filled by rainfall water passing through
the canopy. The amount of rainfall intercepted by the canopy is
computed in a submodel adapted to tropical forests (Gash et al.,
1995). In our model, the soil consists of a succession of fine lay-
ers, each of which has a unique field capacity and permanent
wilting point. We developed a new method using a Bayesian frame-
work to estimate these two parameters using only Time Domain
Reflectometer (TDR) measurements. When the water in a given

layer exceeds water content at field capacity, drainage occurs and
water fills the next layer, etc. Water extraction from soil layers
is due to tree transpiration in addition to soil and understorey
evapotranspiration. Soil evaporation and understorey transpira-
tion are computed based on equations developed by Granier et al.
(1999), and are assumed to be proportional to the energy reach-
ing the understorey; tree transpiration is computed using potential
evapotranspiration. Both understorey and tree transpiration are
extracted in accordance with estimated root distribution.

This paper has three specific objectives: (i) to present our water
balance model and to describe the different submodels it contains;
(ii) to present an original statistical method used to estimate per-
manent wilting point, field capacity, and root distribution based on
Time-Domain Reflectometer (TDR) data only; and (iii) to param-
eterize and validate the model using TDR data collected on a soil
topographic gradient in Paracou, French Guiana.

2. List of symbols and abbreviations

P precipitation

In rainfall interception
Th throughfall

Tr tree transpiration

PET potential evapotranspiration
P ratio Tr/ETP

Eu understorey and soil evapotranspiration

Dr drainage in depth

Opwp;  soil water content at permanent wilting point for layer |
Orcy soil water content at field capacity of soil layer [

ARfd root density parameter

EW, extractable water of soil layer [

EWM#  maximum extractable water of soil layer [, Ogc; — Opwp;
REW relative extractable water of the soil

REWc; REW of soil layer [, critical when <0.4

doi:10.1016/j.agrformet.2011.04.012
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Table 1
Interception model components adapted from Cuartas et al. (2007).

Components of interception loss Formulation of components

For a storm insufficient to saturate the cPg
canopy

Wetting up the canopy for a storm >P,. P — cSe
which saturates the canopy

Evaporation from saturation until rainfall % (Pc —Py)
ceases

Evaporation after rainfall ceases cSe

Evaporation from trunks for a storm which St
saturates the trunk, P¢ > St/pt

Evaporation from trunks for a storm pePc

insufficient to saturate the trunk

3. The model

Our daily water balance model was constructed using
discrete-time deterministic formalism. The model contains and
interconnects four submodels that compute interception, water
infiltration and deep drainage, tree transpiration, and soil plus
understorey evapotranspiration (Fig. 1). First, part of the precipita-
tion is intercepted by the canopy, then the remaining part reaches
the soil surface and fills the soil. If the soil is at field capacity, the
excess water is lost by deep drainage. Tree transpiration is assumed
to absorb water from the soil depending on root distribution, and
soil plus understorey evapotranspiration are assumed to absorb
water from the top 1 m of soil. The daily change in soil water content
is computed as:

AEW =P —In—Tr — Eu—Dr (1)

where AEW s the daily change in soil water content, Pis the precip-
itation, In is the rainfall interception by the forest canopy, Tr is tree
transpiration, Eu is evapotranspiration from soil plus understorey
and Dr is drainage. We used Granier’s framework for the general
structure of the model (Granier et al., 1999, 2007).

3.1. Rainfall interception model

In tropical forests, rainfall interception by the forest canopy
and the evaporation of intercepted rainfall constitute an important
part of the ecosystem’s water flux. The most commonly applied
models are the original and sparse Rutter models (Rutter et al.,
1971; Valente et al., 1997) and the original and sparse Gash model
(Muzylo et al,, 2009; Gash, 1979; Gash et al,, 1995). The Gash
model has been validated for tropical rainforests (Lloyd et al., 1988;
Germer et al., 2006; Cuartas et al., 2007), and we estimate the daily
rainfall interception using this model with a daily step, assuming
one rainfall per day. To estimate In we need to determine canopy
cover ¢, canopy capacity per unit area of cover S, the proportion of
rain diverted to the trunks py, the trunk capacity S; and the amount
of rainfall needed to saturate the canopy P, given by:

P = et {1 - Ef] (2)
E. R
where R is the mean rainfall rate for saturated canopy conditions
and E. is the mean evaporation rate from the canopy.
In our model we compute In under the assumption of one rainfall
per day, and interception is computed as the sum of the compo-
nents listed in Table 1.

3.2. Soil characteristics and drainage

The water reaching the soil (Throughfall, Th) for each day d is
computed as:

Thd = Pd — ITld (3)

where P; and Ing are precipitation and intercepted precipitation by
the canopy, respectively, for day d.

The modeling of water dynamics in soil follows a layered bucket
model frame. Soil is assimilated as a succession of 1 cm layers. Each
layer has a field capacity and a permanent wilting point. For layer
I, the difference between field capacity (6fc;) and permanent wilt-
ing point (Opyp,) is the maximum extractable water by the plant
(EW® = Opc | — Opwp,1)- The extractable water in layer [ for each

day d is noted as I::V\Vl,d.

When precipitation reaches the soil surface, the first layer is
filled to field capacity before draining and filling the next layer to
field capacity, continuing until no water remains. The model does
not take account of surface runoff. If there is more water than total
field capacity, the excess water is lost by deep drainage. Details of
the algorithm are given in Appendix A.

A critical value is computed daily for each layer, i.e. critical rel-
ative extractable water REWCc:

EW, 4—6
Ld PWP, | (4)

REWCc¢; 4 =
Y Oee 1 — Opwp

where Opyp; and Ogc are the permanent wilting point and the field
capacity of layer L

3.3. Understorey and soil evapotranspiration

The evapotranspiration of understorey and soil (Eu) is computed
by assuming that it is proportional to the energy reaching this level
(Granier et al., 1999). Available energy under the canopy is com-
puted using the Beer Lambert equation, the extinction coefficient
(k), plant area index (PAI) and net radiation (Ip), Eq. (5). Part of
this energy is reflected (FractG) while the energy that remains is
assumed to be proportional to understorey and soil evapotranspi-
ration, applying coefficient a. We assume Eu to absorb water in the
top meter of soil with an exponential function of parameter 0.5. For
layer [, Eu; is computed as:

Eu; = Iy x exp(—k x PAI) x (1 — FractG) x a x 0.5
x exp(-0.5 x Nlayer,l) (5)

3.4. Tree transpiration

Tree transpiration is computed based on potential evapotran-
spiration (PET). Granier et al. (1999) observed, for a LAI greater
than 6 and when the soil water content was unlimited (Relative
Extractable Water, REW>0.4), a constant ratio between tree tran-
spiration and PET for temperate and tropical forest stands. When
soil water content became limiting for plants (REW <0.4), the ratio
p=Tr[PET, decreased linearly (Granier et al., 1999). We made the
assumption that under stress conditions (REW<0.4), the ratio p
decreases linearly to reach 0 when no water is available for the
trees, Eq. (8). Tree transpiration is extracted from each layer in rela-
tion to root density. As the relationship between amount of roots
and rooting depth follows an exponential function (Humbel, 1978),
we used an exponential function to model fine root density (Rfd).
Rfd is defined by:

Rfd(depth) = Aggy x exp(—Agp x depth) (6)

doi:10.1016/j.agrformet.2011.04.012
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where Aggy is the root density parameter. The percentage of tran-
spiration extracted between soil surface and layer [ is the integral
of Rfd between 0 and depth,, the depth of layer I in cm. To simplify
notation, we set Rfd; as the percentage of transpiration extracted
from layer [, which is defined by

depth,
Rfd; = / Rfd(depth)d depth
depth;_4

Tree transpiration extracted for layer [ and for day d is computed
as:

Tr;q = o x PET x (1 — exp(—Aggy x Nigyer)) x Rfd (7)
where

_Jp lf REWCl’d > 0.4 (8)
PI= (REWc 4 x p)/0.4 if REWc 4 < 0.4

3.5. Model output

The model outputs REW (Relative Extractable Water), a daily
value between 0 and 1, is computed as follows:

layer ——~

N
EW, ;-0
REW, — Ld = Opwpi Rfd,

9 —9 Nlayer
-1 FC,1 PWP, 1 § o Rfdl

(9)

REW is computed from the soil surface to the depth of the Niye;.
When REW =1, the amount of extractable water by the tree is at
its maximum and, when REW =0, no water is available for trees.
A REW of less than 0.4 is considered to represent hydric stress for
temperate and tropical forest trees (Granier et al., 1999; Stahl and
Bonal, unpublished data). This REW is weighted by root density
(Rfd) in order to limit the weight of layers that are full of extractable
water but contain few or no roots.

4. Calibrating and testing the model
4.1. Site descriptions and experimental setup

The study site used for calibration is located in Paracou, French
Guiana (5°18'N, 52°55’'W), a lowland tropical rain forest near
Sinnamary (Gourlet-Fleury et al., 2004). The forest is typical of
Guianan rainforests (ter Steege et al., 2006). More than 550 woody
species attaining 2 cm DBH (Diameter at Breast Height) have been
described at the site, with an estimated 160-180 species of trees
>10cm DBH per hectare. The dominant families at the site include
Leguminoseae, Chrysobalanaceae, Lecythidaceae, Sapotaceae and
Burseraceae. The climate is affected by the north/south movements
of the Inter-Tropical Convergence Zone and the site receives nearly
two-thirds of its annual 3041 mm of precipitation between mid-
March and mid-June, and less than 50 mm per month in September
and October. The site is located approximately 40 m above sea level
(Gourlet-Fleury et al., 2004) and is made up of a succession of small
hills with slopes of less than 30% (Ferment et al., 2001; Ferry et al.,
2010).

In 2003, a 55 m self-supporting metallic eddy covariance flux
tower, Guyaflux, was built in the Paracou forest in a natural 100 m?2
gap, with minimal disturbance to the upper canopy. This loca-
tion covers a range of more than 1km of forest in the direction
of the prevailing winds. The top of the tower is about 20 m higher
than the overall canopy and meteorological and eddy flux sensors
are mounted 3 m above the tower. Full details on tower sensors
are given by Bonal et al. (2008). Potential evapotranspiration (PET
in mm), was computed based on the Penman-Monteith equation
(Allen et al., 1998) from meteorological data gathered by tower
sensors.

Soils were mapped based on a soil classification developed in
French Guiana (Boulet et al.,, 1993; Sabatier et al., 1997) which
defines seven functional units corresponding to seven successive
evolutionary stages in a ferralitic soil. The first stages involve the
thinning of a miggroaggregated upper horizon, whereas the sec-
ond stages describe the mineralogical changes that occur under
different hydromorphic conditions. The evolutionary degree of the
ferralic cover is also related to the soil’'s hydrodynamic functioning
and chemical properties (Sabatier et al., 1997). The seven func-
tional soil units are referred to as DVD (deep vertical drainage), Alt
(red alloterite at a depth of less than 1.2 m), SLD (superficial lateral
drainage), UhS (uphill system), UhS+DC (uphill system +dry char-
acter, i.e. horizons at a depth of less than 1 m are dry to the touch
in all seasons), DhS (downhill system) and DhS+DC (Downbhill sys-
tem +dry character). Humbel (1978) observed similar patterns of
vertical root distribution within soils with vertical drainage (Alt,
Uhs, DVL), or superficial lateral drainage (SLD). Root distribution is
very extensive in the upper horizon with more than 80% of the fine
roots found in the top 60 cm. The presence of fine roots decreases
exponentially with depth. Rooting depth has not been investigated
at our study site but potentially extends to 10 m, as observed else-
where in the Amazon basin (Markewitz et al., 2010).

Soil water content (SWC; m3 m~3) has been measured using
a time domain reflectometry probe (TRIME FM3; Imko, Ettlingen,
Germany) every 3 weeks since 2003 in depth profiles of 0.2-2.6 m
every 0.2m, in 10 tubes located along a 1 km transect that crosses
the Guyaflux site. At least one tube is located in each of the four
terra firme soil units Alt, UhS, SLD and DhS. Measurement error,
given by the manufacturer, is 5vol.% for a 25 vol.% water content
and may reach 10vol.% at very high contents (50 vol.%).

Within a 30 m radius of the Guyaflux tower (Alt soil type),
changes in trunk circumference were monitored in 2007 and
2008 in 6 dominant trees (Dicorynia guianensis 34.8cm and
41.1cm in diameter at breast height, Oxandra asbeckii 16.8 cm,
Sloanea sp. 47.5 cm, Vouacapoua americana 27.6 cm, Goupia glabra
75.5cm) using automatic dendrometers (SLS 095; Penny + Giles,
Christchurch, UK). Data were collected at 30-min intervals using
a CRX10 datalogger (Campbell Scientific Inc.).

4.2. Model parameters and calibration

Model parameters were established based on the literature and
field data. We performed a preliminary sensitivity analysis to quan-
tify the impact of model parameters and their interaction on the
decomposition of the REW variance. The methodology given in
Wernsdoerfer et al. (2008) was used. We chose to keep in the cal-
ibration those parameters that accounted for at least 10% of REW
variance: the ratio p = Tr/PET, root density parameters, field capacity
and permanent wilting point and the REW threshold value defin-
ing stressed conditions. Parameters that accounted for less of 10%
of the variance were set at the value reported in the literature,
Table 2. Canopy cover, ¢, 99%, was estimated by LIDAR measure-
ments (Vincent et al., 2010). For the proportion of rain diverted to
the trunks, p; and trunk capacity S, values of 1.3% and 0.06 mm were
used, respectively. These are the values measured by Cuartas et al.
(2007) in a tropical forest 80 km from Manaus (Brazil). The mean
value of k at the study site was assumed to be 0.88 (Cournac et al.,
2002), i.e. a value in the upper range of photosynthetically active
radiation extinction coefficients for tropical forests, from 0.7 to 0.9
(Wirth et al., 2001). AS. of 1.9 mm was estimated with the previous
fixed parameters for total 20% interception, the mean intercepted
precipitation measured by Roche (1982) 30 km from Paracou in a
similar forest stand. Mean PAI at Paracou is 6.92 (SD=1.061), mean
PET3.97mmd~! (SD=1.15) and mean Iy measured on the Guyaflux
tower 586.8MJm~2 d~! (SD=174.91) (Bonal et al., 2008). PET, PAI
and [, are assumed to be constant. Using the methodology of Bonal
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Table 2
Fixed parameters of the model.
Parameter Value Unit Origin
c 0.99 % Vincent et al. (2010)
R 8.64 mm Guyaflux data
E. 0.64 mm Guyaflux data
Dt 0.013 % Cuartas et al. (2007)
St 0.06 mm Cuartas et al. (2007)
k 0.88 m1 Cournac et al. (2002) and Wirth
etal. (2001)
threshold 0.4 - Granier et al. (2007) and Breda
et al. (2006)
Se 19 mm Roche (1982)
Io 586.8 Mjm-2d-! Guyaflux data
PAI 6.92 m? m—2 Guyaflux data
PET 3.97 mmd-! Guyaflux data
a 10 % Granier et al. (1999)

et al. (2008), we assume that a PAI of 6.92 is equivalent to a LAI
above 6, the threshold value above which the ratio between tree
transpiration and PET is assumed to be constant (Granier et al.,
1999).

Two methods are currently used to determine pyp and Ogc at
the plot scale. The first consists of plotting the water retention
curve by collecting field samples and making laboratory measure-
ments using the pressure plate, as by Granier et al. (2007) and Fisher
et al. (2008). This approach is expensive and difficult to implement
because the structure of the soil sample must be conserved. It is
possible to retain the structure in surface samples, but a soil pit is
needed to sample a depth profile. Unfortunately, in tropical soils,
some horizons are extremely porous, fragile and full of roots, such
that conserving the structure of these horizons is impossible. Some
surface horizons show very high saturated hydraulic conductivity,
with a maximum of Ks>500mmd~! (Guehl, 1984), making it dif-
ficult to saturate the sample. The other problem in this approach
is to define the pressure applied to obtain @pyp and Ogc. The com-
monly used pressure is —1.5MPa, but we know that some trees
can extract water under —1.5 MPa (Tyree et al., 2003). In addition,
this approach is not plant-centered, in other words the significance
of values of Opyp and Orc are unclear in the absence of roots. The
second approach is to use existing pedotransfer functions to plot
the water retention curve, as has already been used in Amazonian
forests (Tomasella et al., 2000; Markewitz et al., 2010). The use of
pedotransfer functions and the measurement of uncertainty associ-
ated with this approach has been well described by Brimelow et al.
(2010). This approach provides water retention curves at different
points of pressure. It suffers from the same problem of defining the
pressure applied to obtain Opyp and O, and of a definition of these
particular points driven only by hydrology, not by plant uses. In this
paper we describe a new approach used to estimate Opyp and O
for which soil texture and physical laboratory measurements are
not needed.

Parameters p (tree transpiration/PET), root density (Agsy), field
capacity (0gc;) and permanent wilting point (Opyp,) were estimated
simultaneously. The model was calibrated at three different reso-
lution levels, tube (M1), soil (M2) or forest level (M3), Table 3 and
Appendix D, Fig. D.1. Data from 2007 to 2009 where used for model
calibration, and data from 2006 were used for its validation. We

Table 3

Number of parameters used in the estimates according to model resolution level.
Parameter vector Parameters
Omn P )\Rfd Opwp Orc
O, Tube level 1 Ntupe Niupe x Nlayer Niupe % Nlayer
(T)sz Soil level 1 Nioit Nioif x Nlayer Nioil X Nluyer
®us, Forest level 1 1 Niayer Nigyer

chose to keep 2007 and 2009 in the calibration because these years
were witness to extreme events, a rare event of 180 mm of precip-
itation in September 2007 during the height of the dry season, and
an exceptional dry period in the middle of the 2009 wet season.

We used a Bayesian framework to estimate model parameters
as this is well suited to hierarchical models. Here, the value of a
parameter is estimated by its posterior distribution. By definition
the posterior distribution is proportional to the product of the like-
lihood of the model and the parameter prior distribution, Eq. (11).
The user chooses the prior distribution based on his prior knowl-
edge of the possible values of the parameter.

Data = {Datay, ..., DataNmbe}
and
— EW i j i j
Dataj = (EW; y, ..o Wy EW o EW e EWR ) (10)

where Data corresponds to the values of extractable water mea-
sured on number of days of field measurements Nyqy, for the
number of TDR probe measurements by tubes N, and for number
of tubes N¢ype-

Tm(Om|Data) « £(Data|®p )l (Om) (11)

where me {M1, M2, M3} is the model resolution level, ®;, the
parameter vector values, 7,m(®pn | Data) the posterior distribution
of the parameters, £(Data|® ;) model likelihood given the param-
eter ©p, and 79, (@) is the prior distribution of the parameters.

We assumed that measurement errors were distributed accord-
ing to a centered normal distribution with a standard deviation
of 20% around the measured value. This standard deviation was
chosen to be consistent with the TDR probe error as given by its
manufacturer. The error corresponds to the maximum error of the
probe for soil water content near 50%, and such high soil water
contents never occurred in the TDR probe data. The probe measure-
ment error is multiplicative, increasing with soil water content. The
likelihood is then given by:

Ntube
£(Data|®p) = Hﬁ(Dﬂfﬂp@m)
p=1
Neube Naay Niayer FAP >
- HHH expl-((EW], — W) /02 x EWE
27(0.2 x EW!,)

p=1 d=1 I=1

where E/V\Vﬁd are the extractable water values predicted by the
model.

The posterior densities of the different parameters were esti-
mated using a Monte Carlo Markov Chain algorithm (Robert and
Casella, 2004). As the model contained many parameters, we
built a Metropolis-Hastings algorithm within a Gibbs algorithm.
Unlike the situation with a Metropolis-Hasting algorithm where
the parameters are updated together, in our algorithm each param-
eter is updated separately and this, when many parameters need to
be inferred, increases convergence speed. Details on the algorithm
are given in Appendix B.

The same priors for each parameter were used at all three model
resolution levels. We used uniform priors as we had no prior knowl-
edge regarding the value of these parameters. To simplify, we give
the prior distributions for the forest model, M3.

7'[2:2/{[0’1] (13)
0

T = Ui0,10] (14)
0 _

nGPWP,OFC;L...,NmyE, = u[OSQPWP:l.“.,N,ay” <OFCi1,...Nigyer <11 (15)

The algorithm was run for 120,000 iterations. The first 20,000 iter-
ations were discarded as spin-up. Thinning of 100 iterations was
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Table 4
RMSEP for model resolution levels M1, M2 and M3.

Soil Tube RMSEP of extractable water, median +(95% ci)
Tube level (M1) Soil level (M2) Forest level (M3)
Alt 1 1.696 (1.654-1.756)
Alt 2 2.032(1.978-2.108)
Alt 4 1.819(1.747-1.903) 2:631(2.618-2.650)
Alt 13 1.897 (1.817-1.992)
SLD 5 1.943 (1.884-2.022) 3.582(3.576-3.592)
SLD 9 1.770(1.741-1.819) 3.176 (3.163-3.193)
SLD 18 2.684 (2.663-2.716)
DhS 19 4.420 (4.326-4.563)
DhS 7 2.888(2.815-2.998) 4184(4.126-4.252)
UhS 16 1.570 (1.512-1.653) 1.570 (1.510-1.658)

used to remove autocorrelation in the Monte Carlo Markov chains.
We used the median of the posterior densities to estimate the
parameters, and the distribution of the posterior densities to esti-
mate parameter uncertainties 95% Bayesian credibility intervals
(95% ci).

4.3. Quality of fit and validation

The three model resolution levels were compared using the
Bayesian information criterion-Monte(Carlo), BICM (Raftery et al.,
2007),

BICM = 2Zmax — Npar x 10g(Ngqy % Negr) (16)
where Zmax is the maximum likelihood of the chains, Npqgr is the
number of parameters, Nyq, the number of observation days, and

N4y the number of TDR probe measurement. Prediction quality was

assessed by computing the root mean square errors of the predic-
tions, RMSEP,

Ntue Nday Near EWt

RMSEP = ZZZ Neo

t=1 d=1 I=1

*Ewld)

(17)
x Naqgy x Near

where EWE 4 Is the mean of model predictions for the layer mea-
sured by the probe (from 10 cm above to 10 cm below the depth of
the probe measurement).

We used EW values measured from the 1 January 2006 to 30
December 2006 for the validation (data not use in the calibration).
The model was run using median values for parameter posterior
densities of the parameters of the soil level model. We assigned
to each 1 cm layer the median posterior density of the permanent
wilting point and the field capacity of the nearest probe measure-
ment point, from 1 to 29 cm depth. Each 1cm layer was assigned
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Fig. 2. Roots repartition function obtained for the soil level model M2 (Alt: alloterite at a depth of less than 1.2 m, SLD: superficial lateral drainage, DhS: downhill system,
UhS: uphill system). Shown are the 95% Bayesian credibility intervals. Red dotted lines give the soil depths at 50% roots density. (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of the article.)
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the permanent wilting point and field capacity given by the 20cm
depth TDR probe measurements, and from 30 to 49 the soil char-
acteristics of the 40 cm depth TDR probe measurements. Predicted
values of EW and REW were compared with measured values.

5. Results
5.1. Model resolution levels

The best resolution selected with the BICM was the for-
est level, BICM = —4148.4 (soil level, BICM = — 2066.7; tube level,
BICM = — 1250.0). Extractable water RMSEP at all model resolutions
ranged from 1.5 to 4.5% of water content, Table 4. With regard to
the running soil level in M2, the RMSEP for Alt, SLD, DhS and UhS
corresponded to 2.631, 3.176, 4.184 and 1.570 % of water content,
respectively.

5.2. Parameters

5.2.1. Ratio p, tree transpiration/PET,

At all model resolution levels, i.e. tube (M1), soil (M2) or forest
(M3), forest stand transpiration accounted for more than 98% of the
PET. The median posterior density value of p for the forest model
was 0.997 (95% ci=0.986-0.999).

5.2.2. Root fine distribution parameter, Agg

Under non-stressed condition, water was extracted in all the soil
layers, with a preference for the water contained in the upper lay-
ers, Fig. 2. Indeed, all the posterior values for root density parameter
were between 0.005 and 0.01 (A4, =0.0080+(0.0076 — 0.0085),
Astp =0.0069 +(0.0062 — 0.0079), Apps =0.0094 + (0.0085 — 0.0106),
Auns =0.0073 £ (0.0057 — 0.0095), AForest = 0.0082 +(0.0079 —
0.0086)). The higher the value of Ag; the more shallow the rooting.

Values for root distribution parameters differed slightly between
the soils. Alt, SLD, DhS and UhS soil had respectively 88.4%, 84.6%,
92.0% and 85.9 % of roots between 0 and 270 cm depth. Under non-
stressed conditions, in the forest model, 25% of the transpiration
was extracted in the horizons above 35 cm, 50% above 85cm and
75% above 170 cm depth. Differences in root distributions in the
forest model and soil model are given in Appendix E, Fig. E.1.

5.2.3. Permanent wilting point, Opyp

Median Opyp posterior density values ranged from 3.9 to 17.8%
of volumetric water content in M2, Fig. 3. In Alt, SLD and UhS soil,
Opwp slightly increased with depth and the 6pyp profile showed
smooth variations. DhS showed sharp 6pyp variations from 80 to
240 cm depth, with high values for 80,100, 120 and 240 cm in depth,
i.e. 16.0, 17.3, 16.4 and 17.8% of volumetric water content, Fig. 3.
Credibility intervals for all four soil types were stable above 120 cm
and increased below 120 cm depth.

5.2.4. Field capacity, Orc

Median O posterior density values ranged from 10.4 to 24.4% of
volumetric water content in M2, Fig. 3. The lowest values for esti-
mated field capacity 0pc were near 10% and the maximum value
near 24% of water content. The estimated values were slightly
higher below 1 m in depth. The g profiles correlated with the
Opwp profile except for DhS between 60 and 160 cm. The credibility
intervals showed small variations with depth. With the exception
of soil DhS at a depth of 260 cm, all 95% credibility intervals were
less than 2% of water content under or above the median value.

5.2.5. Extractable water EW

Soil extractable water profiles are given in Appendix F, Fig. F.1.
The median EW value varied slightly with soil type. Median EW
values ranged from 1.3% to 15.3% and correspond to extreme val-
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Fig. 3. Permanent wilting points and field capacities obtained for the soil level model M2 (Alt: alloterite at a depth of less than 1.2 m, SLD: superficial lateral drainage, DhS:

downbhill system, UhS: uphill system). Shown are the 95% Bayesian credibility intervals.
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Fig. 4. Seasonal time course of predicted relative extractable water, REW, for 2006
(validation) and from 2007 to 2010 (calibration). The points are the observed values
of REW.

ues for DhS soil. The EW profile may be described in three parts.
First, a decrease in EW is observed in the first 100 cm. Second, from
100 to 200 cm, the EW profile and credibility interval remain stable
or increase steadily with depth. Under 200 cm, all soils exhibited
an increase in EW (>4%) coupled with a marked increase in the
credibility interval.

5.3. Model validation

The model was run from 1 January 2006 to 30 December 2006
using the median posterior density values for M2 parameters. Uhs
had the smaller RMSEP, 2.24% followed by Alt, SLD and DhS with a
RMSEP of 5%, Appendix C, Table C.1. The model successfully repro-
duced the general trend seen for REW variations in 2006 (Fig. 4).

5.4. Variations in relative extractable water, REW

The model reproduced the general trend seen in soil water
dynamics from 2006 to 2009, and this for all four soil types, Fig. 4.
The model captured the start and end of the dry season. The two
unusual events, 180 mm of rain during the dry season in Septem-
ber 2007, and the exceptional drought in the wet season of 2009
were also predicted by the model. In the wet season, the observed
REW often took a value in excess of 1 whereas maximum REW in
the model was 1. Agreement was very good between observed and
predicted values of REW.

5.5. Relative extractable water and stem growth

REW fluctuations matched stem growth measurements in six
dominant trees over the period between January 2008 and March
2009, Fig. 5. During the wet season, from January to mid-September,
the trees showed different patterns of diameter growth. Four
showed a decrease in diameter growth between March and June
2008. When REW become critical (<0.4) between October and
December, diameter growth ceased in all the trees.

6. Discussion

In this study we constructed a model of soil water balance for
tropical forests and parameterized this model using a dataset col-

1Mar2008 1Jun2008 1Sep2008 1Dec2008

Time (days)

Fig. 5. Diameter growth series (a) and derivatives (b) of Dicorynia guianensis (Dg),
Oxandra asbeckii (Oa), Sloanea sp (Sg), Vouacapoua americana (Va) and Goupia glabra
(Gg). Grey font represents REW<0.4

lected in Paracou, French Guiana. We then validated this model
on an independent dataset from the same forest site. Extractable
water is accurately predicted at the three levels of model resolu-
tion, i.e. TDR tube, soil type and forest stand, Table 4. At the soil
level, RMSEP was always less than 4.2%. This is remarkable consid-
ering that precipitation is the only daily step data needed to run
the model. Goodness of fit was unaffected by unusual events such
as the exceptional rain event in September 2007 during the dry
season (c. 180 mm) or the exceptionally dry period during the wet
season in 2009, Fig. 4. However, we must acknowledge that the
current model does not include porosity (deep drainage through
macropores), lateral drainage, run-off, capillarity rise, or potential
within-tree root redistribution of water. Our results suggest that
these processes are of secondary importance in the accurate pre-
diction of soil water content from our data. Whether they might
be needed in other tropical forest sites with different topographic
variability, soil properties and rainfall regimes is a worthy question
that we intend to test in the near future.

Tree transpiration (Tr) accounts for the largest part of ecosystem
evapotranspiration (PET). At the Paracou forest site, Granier et al.
(1996), working in the dry season of 1991, determined the ratio
p=Tr/PET at 0.75 and observed that this increased up to 0.80-0.85
after a 25 mm rain event. However, other water balance models
(e.g. Markewitz et al., 2010) often assume that no soil surface evap-
oration takes place and that ecosystem evapotranspiration is solely
due to tree transpiration. In line with the latter study, we estimated
Tr/PET at 99.7%. This high value may also suggest that we under-
estimated the water leaving the soil system by lateral and deep
drainage. Indeed, some studies report cases where water drains
below a given soil layer even though this layer has not reached field
capacity (Grimaldi and Boulet, 1989-1990). This process is related
to soil porosity, a parameter not taken into account in our model.
Including it would greatly increase model complexity as the pores
differ in nature and dimensions in the soil layers in our neotropical
forest (Grimaldi and Boulet, 1989-1990). Our results nevertheless
show that soil porosity is not really needed to accurately simulate
soil water content, although its absence prevents us from using the
model to simulate PET.
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We made the major assumption that soil root density decreases
exponentially with depth, and from this we computed the per-
centage of tree transpiration extracted by the roots from each soil
layer. Model predictions suggest that this new approach to model-
ing root distribution in soil water models is efficient. This manner
of modeling root distribution also offers the opportunity to predict
the amount of water extracted below the last TDR measurement
point, an estimate that is often neglected (Nepstad et al., 2004;
Granier et al., 2007). The water extracted at 270 cm ranged from 8
to 15% under non-stressed condition, Fig. 2, consistent with Bonal
et al. (2000). However, the water extracted below 250 cm at two
other Amazonian sites was estimated to be ca. 30% Markewitz et al.
(2010). The difference may be due to differences in root distribu-
tions or in soil drainage which is greater at the Tapajés research site
over the first 3 m than at Paracou (Guehl, 1984; Belk et al., 2007).
We estimated REW by explicitly taking account of root density dis-
tribution in the soil, Eq. (9), offering the advantage of limiting the
weight of the deep layers full of water that contain a negligible
proportion of total roots.

Estimated permanent wilting point values are consistent with
those obtained for the 0 to 160 cm soil layers in French Guiana by
Guehl (1984), ranging from 10 to ca. 15%. As modeled using our DhS
soil data, Guehl (1984) registered some profiles of 6pyp exhibiting
sharp permanent wilting point variations in less than 40 cm of soil
(seeFig. 3). These variations can be explained by a red clay alloterite
horizon with very different soil properties (Sabatier et al., 1997). No
field measures of field capacities (6rc) have yet been made of French
Guianan soils for comparisons with our estimates (from 3 to 15% of
water content). But at two other tropical sites where a long-term
tree growth census has been established, Barro Colorado Island
(BCI, Panama) and La Selva (Costa Rica), available water capacities
reported by Kursar et al. (2005) range respectively from 12 to 29%
and 3 to 15% for the upper soil layers (<0.5 m depth). With regard to
permanent wilting point, DhS soil showed an uncommon profile.
Estimated available water capacity was less than 3% between 80
and 120 cm. This may be explained by a temporarily waterlogged
watertable during the rainy season. The presence of this watertable
led to no change in the water content of these soil layers, which in
turn led to an extremely low extractable water value.

We adapted a Bayesian numerical method to infer model param-
eters, permanent wilting point Opyp and field capacity Ogc, using
only soil water content values obtained from a TDR probe and a
mechanistic model of forest functioning. The first novelty of our
approach is that Opyp and Ogc estimations are entirely data driven.
We believe that our approach is more realistic than previous models
because we explicitly model water extraction by the forest ecosys-
tem and we do not infer parameter values from soil water content
measured at a fixed pressure commonly assumed to be less than
—1.5MPa. Kursar et al. (2009) have shown that drought tolerance
differs widely for seedlings of 20 species from central Panama, and
Tyree etal.(2003) determined that many woody species tolerate far
lower Opyp. If we consider that each tree species has different and
independent sensitivities to Opyp and Ogc, the values we estimated
can be interpreted as averaged 6pyp and Oc at the forest ecosystem
level. Uncertainties in Opyyp and Oc estimates are explicitly assessed
during the calibration procedure using the Bayesian framework we
developed. These uncertainties are far more difficult to assess when
pedotransfer functions are used, as no standard method is available
(Brimelow et al., 2010).

Despite average rainfall of ca. 3000 mm per year, the Paracou
site is subject to a 3-month dry season during which rainfall is less
than 50 mm per month (Bonal et al., 2008). In 2006 and 2008, REW
decreased to below 0.2 during this dry season, Fig. 4. In temperate
forests, a REW value of 0.4 (Granier et al., 2007) has been consid-
ered as the limit below which trees experience major physiological
stress.Ina 1-year growth dataset obtained from the Paracou site we

also observed that diameter increments stopped when REW < 0.4,
Fig. 5. If we apply this threshold, it is evident that the potential
period of tree water stress shows marked inter-annual variability,
Fig. 4, from 1.5 months in 2007 and 2009 to 3.0 months in 2008.
The consequences of this interannual variability on tree function-
ing, growth and mortality remain to be investigated (but see Fig. 5).
Near future measurements of leaf gas exchange and water poten-
tial will be used to test whether the 0.4 threshold also characterizes
a significant step in leaf gas exchange. Interestingly, we noted a
period of drought during the 2009 wet season with exceptionally
low rainfall in May (7.2 mmd~! instead of 16.6 mmd~" for the 10-
year average), and this led to an exceptional reduction in soil water
content.

During wet seasons, an observed REW value greater than 1 is rel-
atively frequent (Fig. 4) while the maximum predicted REW from
our model remains 1 because estimated deep drainage is instanta-
neous and incoming water exceeding the field capacity is excluded
at the daily time step. In other words, soil water content cannot
mechanically exceed field capacity in the model. For most soil types
during heavy rains, the model therefore does not predict reality.
Moreover, lateral drainage events have been observed during heavy
rains along hill slopes (Gourlet-Fleury et al.,2004) and so our model
may underestimate the water entering the soil along slopes (Daws
et al., 2002; Sabatier et al., 1997). Further research should improve
these components of the model to take account of wet season con-
ditions in downhill and bottomland systems.

7. Conclusions

In this study we developed, calibrated and validated a daily soil
water balance model for use in tropical forests. Precipitation is the
only data required with daily precision. The model works with few
parameters, most of which are available in the specialized litera-
ture. We put forward a novel method to estimate the remaining
site-specific parameters, Orc, Opwp and Aggy, using TDR data only,
which should facilitate calibration in other tropical forest sites. The
use of a Bayesian framework is a major improvement in the mod-
eling of soil water balance for several reasons. First, it enables us to
estimate permanent wilting point (fpwp), field capacity (6rc) and
their uncertainties by modeling water actually extracted by the
roots (not by inferring their values by field measurements). Second,
it offers the possibility to infer hierarchical models, e.g. when model
parameters are estimated at different levels of integration, such as
forest stand/soil types/TDR tubes. The major output of this model
is soil REW, which may be the most appropriate metric for long-
term analyses of tropical forest dynamics under different climatic
situations. We believe the model will prove useful in deciphering
the relative impact of past environmental and climatic conditions
on tree growth and mortality and to explore the expected conse-
quences on tropical forest dynamics of currently simulated future
climate scenarios (IPCC, 2007).
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Appendix A. Soil drainage and characteristics, algorithm
details

The model of daily water dynamics may be summed up by the
following scheme:
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For the top soil layer, if Thy > 0:

Wy g =Thy (A1)

where W 4 is the water entering the top layer on day d. Water fills

the top layer and extractable water before vegetation uptake (ﬁv )
is computed as follows:

_ Wag = Wy g — (EWM™ _EW, 4)
it Wig > EWP™ _EW, 4, d o0 1 td (A2)
EW, 4 = EWmx
. . Wog=0
if Wl,d < EW] — EWl,dfl o~ (A3)

EWi 4 =EW1 4.1+ Wigq

While W ;>0 the same process is used to fill the next layers. If any
water remains after the last layer (Njgye), this is considered to be
lost by deep drainage (Dr):

if Wnyer1.d >0, Drg=Wy 114 (A4)

Once the water has infiltrated, part of the extractable water is

absorbed by trees, and soil plus understorey evapotranspiration.
E/‘/T/l,d = E/‘\A//l.d — Trl,d — Eu,yd (A5)

where EW 1,d denotes extractable water, Tr;4 denotes tree transpi-
ration and Eu; 4 denotes understorey plus soil evapotranspiration,
for layer [ on day d.

Appendix B. Metropolis Hastings within Gibbs

Before running the algorithm, the first values of the vector of
parameters are initialized.

Acceptation or rejection of the new candidate 6; by computing
the ratio of the likelihood:

L(Data|®*)  mo(6;) ) PGN16;)
Y= i< Ty < —prop 1y A (B.4)
L(Data|®"1) = mo(op~ 1) Al PG50 )
—— —— —/
,A
likelihood prior proposal

The candidate 6; is accepted or rejected as follows:

* ] t
ui~h 11, G;Z{Gk if y>u

ot if y<ut (B5)

Proposal distribution of the forest level model, M3. The same dis-
tribution were use for M1 and M2. Here we give the proposal
distribution and boundaries of the distribution.

7P = N7(p'~',0.008); truncated on [0, 100] (B.6)

T = N1l > 0.001); [0, 10] (B.7)
prop _ t—1 . t—1

nGPWP:I,.AA,N,ayer - NT(QPWP;IvMNluyer’ 0.003)' [0’ QFC:L“'VNIayer[ (BS)
prop _ t—1 .10t
GFC;I.“,,Nmyer - NT(QFC;L“"NIayer’ 0.003)' prPClv--*”layer’ 1] (Bg)

Appendix C. Quality of the soil level model’s predictions

See Table C.1.

Table C.1

Root Mean Square Error of Prediction (RMSEP) between observed and predicted val-
ues of extractable water obtained using the soil level model M2 with the validation
dataset (year 2006).

0 0 0 Soil Tube RMSEP
0" =1{0,..., ONpar} (B.1)
) Alt 1 2.92
where ©® is the vector of parameters 6 and Npar the number of Alt 2 2.97
parameters. Alt 4 325
Then the Metropolis Hastings within Gibbs works in several g‘ﬁ) 12 iﬂ
steps. We give an example for an iteration n and the k th parameters <LD 9 161
of the vector of parameters. SLD 18 337
Generation of a candidate 6; and the new vector of parameters DhS 7 4.00
O*: DhS 19 5.00
UhS 16 2.24
10, -1
Op~mb P (0 1) (B.2)
@ =1, ..o g ol o1y (B.3)
1o P12 Tk Tk 1ttt ENpar Appendix D. Nested structure of the model
where 9,’; is a random generation from the proposal distribution
7h"°P which depends on 67" See Fig. D.1.
Forest Paracou
Soil Alt /SLDN /DhS\ UhS
Tube tubel tube2 tubed4 tubel3 tube5 tube9 tubel8 tube7 tubel9 tubel16
Parameters
P P1 P2 Pa P13 Ps Pg Pis P7 P P16
A J-1 j-Z '14- ﬂ'13 J-5 ;19 Alﬂ 2-7 J-19 2’16
Bpwp Opwp1 Opwepz Opwes Opwpiz Opwes Opweo Opwris Opwrz Opwpio  Opwpis
B¢ Orca Orcz Orca Orcaz Brcs Orco Opcas Orcy Orcas Orcas
Fig. D.1. Nested structure of the model. M1, tube level: p;=p;=---=p1g; M2, soil level: pi=py3=---=p16, A1=Ar=Xs=Xt13, As=Ao=A1g, A7=Aq9,
Opwp,1 =Opwp2 =0pwpa =0pwp13, Opwps =Opwpo =0pwpis, Opwp7=0pwpr19, Orci =0rc2=0rca=0rc13, Orcs=0rco=0pwpis, Orc7=0rc19; M3, forest model: p1=p=---=p1s,
A=ha=---=A1g, Opwp1 =Opwp2 =---=Opwpie, Orca1 =Orc2 = - - =0Orca6; Alt: alloterite at a depth of less than 1.2 m, SLD: superficial lateral drainage, DhS: downhill system, UhS:

uphill system.
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Appendix E. Difference of roots repartition function

See Fig. E.1.
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Fig. E.1. Difference of roots repartition function between the forest level model
(M3, the plain vertical line) and the soil level model (M2, Alt: alloterite at a depth of
less than 1.2 m, SLD: superficial lateral drainage, DhS: downhill system, UhS: uphill
system). Shown are the Bayesian 95% credibility intervals.

Appendix F. Examples of extractable water profiles
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