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Abstract. Plant ecosystems in arid and semiarid climatesits leaf biomass as well as its rate of transpiration in an at-

show high complexity, since they depend on water availabil-tempt to minimize total water stress.

ity to carry out their vital processes. In these climates, water

stress is the main factor controlling vegetation development

and its dynamic evolution. 1
The available water-soil content results from the water bal-

ance in the system, where the key issues are the soil, the vegvater-controlled ecosystems are complex, evolving struc-
etation and the atmosphere. However, it is the vegetationiures, whose characteristics and dynamic properties depend
which modulates, to a great extent, the water fluxes and then many interrelated links between climate, soil and vege-
feedback mechanisms between soil and atmosphere. Thugtion (Rodriguez-Iturbe et al., 2001). To this end, soil and
soil moisture content is most relevant for plant growth main- climate control the vegetation dynamic, while the vegetation
tenance and final water balance assessment. modulates the total water balance, being the main link be-
A conceptual dynamic vegetation-soil model (called HO- tween atmosphere and soil (Porporato and Rodriguez-Iturbe,
RAS) for arid and semi-arid zones has been developed. Thi2002; Larcher, 2003). Light, nutrients and water are fun-
conceptual model, based on a series of connected tanks, redamental resources for vegetation development, but in arid
resents in a way suitable for a Mediterranean climate, theand semiarid conditions, water is the major controlling factor.
vegetation response to soil moisture fluctuations and the actherefore, in this climatic scenario, soil moisture fluctuation
tual leaf biomass influence on soil water availability and is the key variable in the soil-vegetation-atmosphere contin-
evapotranspiration. Two tanks were considered using at eacbum (D’Odorico et al., 2000; Rodriguez-Iturbe, 2000; Al-
of them the water balance and the appropriate dynamic equaertson and Kiely, 2001; Porporato et al., 2001; Rodriguez-
tion for all considered fluxes. The first one corresponds tolturbe et al., 2001; Isham et al, 2005).
the interception process, whereas the second one models theDue to climate-soil moisture variability in arid and semi-
evolution of moisture by the upper soil. The model parame-arid climates, vegetation has developed adaptation strategies
ters were based on soil and vegetation properties, but reduced survive at decreasing or null water availability, for instance
their numbers. grouping in functional types characterized by an optimum
Simulations for dominant specieQuercus cocciferd.., use of water resources (Eagleson and Segarra, 1985; Gitay
were carried out to calibrate and validate the model. Our re-and Noble, 1997; Shugart, 1997; Cantet al., 2004).
sults show that HORAS succeeded in representing the vege- Nowadays, there are many ways to answer the vegetation-
tation dynamics and, on the one hand, reflects how followingmodelling question. Most of the hydrological models are
a fire this monoculture stabilizes after 9 years. On the othemble to represent (properly) the hydrological processes at wa-
hand, the model shows the adaptation of the vegetation to thtershed scale, but all of them consider the vegetation as a
variability of climatic and soil conditions, demonstrating that static parameter. In some cases, hydrologic processes like
in the presence or shortage of water, the vegetation regulatesil moisture dynamic and bare-soil evaporation, so impor-
tant in semi-arid and arid ecosystems behaviour, are mod-
elled together due to their close interaction. These ap-
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In the same way, the Soil-Vegetation-Atmosphere Trans-
fer schemes (SVAT) were thought to simulate, energy and
Precipitation carbon fluxes. Moreover, t_hese models tgke into account the

P water balance, but they still consider static vegetation (Fed-
erer, 1979; Dawes et al., 1997; Arora, 2002). To this end, the
processes of photosynthesis, respiration from vegetation and
® D, soil carbon components, and net carbon uptake computation

E, should be explicit, which means a requirement for too much
B 7 information.
Finally, to solve the static character of the vegetation, Veg-
Throughfall | 7, || v etation Dynamic Models coupled with Land Surface Mod-
P i 1 els (\_/DM-LSM) have been de\_/eloped. The VDM-!_SMS are

g ,L 1 physically based models that include the vegetation physio-
logical process as well as the water balance computation, but
require a great amount of input data and parameters (Dawes
Dy and Hatton, 1993; Mackay and Band, 1997; Cao and Wood-
\ T+E ward, 1998; Nouvellon et al., 2000b; Arora, 2003; Montaldo
— - et al., 2005).

Therefore, the main aim of our research was to develop
a Conceptual Dynamic Vegetation-Soil model (called HO-
Exceedence| H, RAS), specifically designed for arid and semi-arid ecosys-

X H tems, with a similar objective to the Montaldo et al. (2005)
approach, but with a more parsimonious model in its param-
eters and input requirements. The resulting model simulates
the vegetation response to the soil moisture fluctuations, tak-
Fig. 1. HORAS model scheme. ing into account the main water fluxes between soil, vegeta-
tion and atmosphere. Moreover, leaf biomass evolution was
included in the model as a state variable considering the veg-

and the vegetation dynamic itself (Lee and Pielke, 1992: Par_e.tation water demand, water-soil availability and the vegeta-
lange and Katul, 1992: Walker and Langridge, 1996; Akgen 0N Water-stress concept.
and Jansson, 1997; Snyder et al., 2000; Aydin et al., 2005).

Several models for specific vegetation physiological pro-,
cesses have been developed at plant or vegetation plot scale.
Processes like interception (Calder, 1990; Eltahir and Brasyhe HORAS model is based on a tank type conceptualiza-
1993), transpiration (Mackay et al., 2003; Guswa et al.ton with two interconnected tanks representing the vegeta-
2004) and the s§n5|b|llty to water availability (Nouvellon et tion interception and the upper part of the soil. The vege-
al., 2000a; Gracia et al.,, 2003; Mackay et al., 2003; Rosatiagion is assumed to be monoculture (functional vegetation
and Dejong, 2003) are modelled, but with high parameter reyyne or dominant specie), considering mature communities
quirements. and neglecting successional processes. In our model, the

Models designed to simulate agriculture managementtate variable related to vegetation is the relative leaf biomass
(ALMANAC: Kiniry et al., 1992; SWAT: Neitsch et al., R, which is equal to one when vegetation transpiration is at
2002; SWAP: Kroes and van Dam, 2003) are focused on reits potential rate when there are no water restrictions, Re.,
producing crops’ growth, irrigation practices, pesticides useijs equivalent to the crop coefficient factor used traditionally
and nutrient requirements, but they still need a large amountor the evaluation of the actual evapotranspiration (Allen et
of data. al., 1998), but not fixed in time.

Process-based ecosystems models were developed mainly Considering the hydrological part of HORAS (Fig. 1), in
focusing on the simulation of the photosynthesis, autotrophicour model the rainfallP enters the system and a quantity of
and heterotrophic respiration, allocation, turnover, mortal-waterD; is derived at the first tank;, which represents the
ity, recovery after disturbance (i.e. fire or land-use changesyegetation interception. The amount of water in this tank, in-
recovery, plant competition, etc. These models involve theterception/, is a function of leaf biomass, precipitation and
plant physiological processes from regional to global scalesprevious interception, and is available to direct evaporation
paying special attention to the energy balance and &>  E;. The quantity of rainfall that cannot ent&f is consid-
changes to evaluate climate changes (White et al., 2000gred the throughfalP,, and it is able to enter into the sec-
Arora and Boer, 2005). ond tankTg, which represents the capillary storage (below

Ty: Interception

O,

-

Ty Water-soil content

Model description
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field capacity) in the upper part of the soil. The available The water inTy can outflow either bye, or by 7. The evap-
water-soil content is the quantity of water stored ify; otranspirationE T represents the sum of water lossesH)y

it depends on soil and vegetation properties, and is availabl§ and E;. The model gives priority td@ instead toE;, that

for transpirationT and bare-soil evaporatioB; processes. is, in the sequence of water extraction fr@g, T has the
Finally, the amount of water not involved iy andTy rep-  first chance to do it. If we use thRET traditional concept,
resents the water exceedenc¢ewhich will be available for  the transpiration is computed as:

percolation and surface runoff. ]

HORAS only models canopy interception and upper cap—T =min[PET -R- f®): PET — Ey; H] 4)
illary water-soil content, because the main processes relategnere £(8) is the extraction curve defined below in Eq. (6)
to the vegetation occur there. However, due to its structuregnqg is the upper soil moisture contenf. is related with
HORAS is easily coupled with any other hydrological model gy 4ilable water-soil conterif by:
in order to simulate the rest of the hydrologic cycle.

The model time discretization is daily. This has the aim of H = (6 — 6.,) - z¢ (5)
modelling the vegetation dynamics, the water stress respon . . , . .
and the f?uctuatigns of theysoil moisture content througiou?\%/hene is between optimud™ and field capacitgy. soil

the year. The model was thought to work with 10 to 100m”?°‘5‘“re contentsT 'depends on the type of plant (Iegf
cell sizes, because it makes it possible to model the physioplomass and soil moisture threshold of normal physiological

logical processes that occur at both individual and set of pIanP roce_s_ses),_ vegetation ‘?'eF‘S'W and energy and gtmospherlc
conditions (i.e. solar radiation, temperature, relative humid-

levels, taking into account the hydrological processes scale.. .
9 y glealp ity, etc.). As long a® decreases, T is reduced by stom-
atal closure to prevent water losses, which continues until

0 reaches the wilting poirtt,. The plants are in water stress.

As mentioned abové; represents the water retained by veg- T_hi_s behaviour has been_ widely studied at both levels: in-
etation on the surface of its leaves and stems. The maximurfividual plant and plantation scale (Federer, 1979; Cordoba
capacity off; is I,.; this depends in general on quantity and and Bras, 1981; Spittlehouse and Black, 1981; Dingman,

intensity of rainfall, leaf biomass and vegetation type. Ac- 1994; Laio et al., 2001; Daly et al.,, 2004) and has been
cording to the model schem@, is stored in7; until I,y is demonstrated that can approach to a linear piecewise func-

2.1 Interception and direct evaporation

reached. Then?, is defined by: tion, wheng* determines if the plant is unstressed or not:
1 for 6% <0 <0y,
P, =max[0; P — [y -R+1 1 -
8 [ s mx + ] ( ) f6) = 90*—_09,,; for Oy <60 < o* (6)
The interception of water can be reduced mainly by evapo- 0 for 6 <6,

ration or by leaf and stem absorption, but this last way only
represents low percentages, so it has been disregarded in H
RAS. The water evaporated from interceptionis evaluated

Eq. (4) T is limited by the energy availability and at-
1ospheric conditions, represented by the residual potential
by: evapotranspirationRET — E ), and the water availability in
y: the upper part of the soil, represented iy
E; = min[I; PET] @) The bare-soil evaporqtion process is restricted to th.e area
not covered by vegetation (approximated by H) and is
where PET is the potential evapotranspiration rat®.ET considered to take place into a soil surface layer with the
is the simplest and traditional way to represent the energys@me soil properties arécthan rooting zone, but with a depth
availability and the atmospheric conditions for evapotranspi-zss much smaller than,. The E; process is limited by a
ration. Therefore7; is not only needed for an explicit water Second residual potential evapotranspiratiBi("— £;—T)
balance, but also for an implicit energy balance in our model.and is computed by:

2.2 Upper soil storage and evapotranspiration E; = min [H . (Zzﬂ) -(1—R); PET — E1 — T} )
e
The second storag@&y represents the water retained by
capillary-soil forces in the upper part of the soil or rooting 2.3 Dynamic vegetation modelling
zone. This storage has a maximum capaéifyfunction of
field capacityd ., wilting point 6,, and effective soil depth In spite of the fact that vegetation growth requirements are
z.. Effective soil depth can be equal to soil depth if the lat- dependant on light, water and nutrients, in semiarid and arid
ter is smaller.P, is stored inTy up to H,. Then, the water environments, the vegetation is highly conditioned to the

exceedencd is determined by: availability of water to carry out vital processes. To repre-
sent this dependency, the model considers for the seasonal
X = [0; P, — H, + H] 3) variation of R with time on a daily basis:
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160 35 covers extensive areas of Mediterranean garrigue in Mediter-
140 - — N\ 1 30 ranean watershed (Le Herou, 1981). Quercus coccifera

120 . L. inhabits regions where the edaphic conditions lead to a
T 100 " " T25 great aridity and_ is con5|dered_ pyrostable, since it shows
= " . . 20 — a high regeneration rate after fire. The latter, seems to be
g 807 , = . " \ 115 e due to the continuity of belowground biomass after fire that
E 60 L] /' plays an important role in determining the optimum tactics
E 40 1 S = 10 to be adopted during succeeding cycles (Abril and Gracia,

204 " = " \J +5 1989; Cdiellas and San Miguel, 2000; Delitti et al., 2005).

0 0 The kermes oak is found commonly in Spain in continen-
winter spring summer autumn tal vegetation structure in the meso-Mediterranean belt and

varied ombrotype climates (dry-humid, semiarid-dry, dry-
subhumid and dry) reaching up to 2m in height. It is also
— P — PET Tmd = Tmx = Tmn founq in coastal formation ip the thermo.—l\/llediterr.anean belt
and in several ombrotype climates (semiarid-humid, dry, dry-
Fig. 2. Mean monthly climatic conditions extracted from Manises Subhumid and semiarid), where it covers 75% of terrain. In
(precipitation) and Forn d’Alcedo (temperature) stations, recordedthis formation, the kermes impedes the development of herb
from 1 August 1966 to 31 December 2001. substrate, reaching no more than 1 m in height. Sanchis et
al. (2003) has pointed out that the kermes oak specie is able to
live in soils with any kind of chemical characteristics, but it is
1. The increase oR is a function of the transpiration rate very frequently found in soils with low depth, over Chromic
per unit of vegetation biomas#(R), following the Wa-  Luvisols (“terras rossas”).
ter Use Efficiency concept (Larcher, 2003; Daly et al.,
2004; Rodriguez-lturbe and Porporato, 2004). 3.1 Data series

[month]

2. The decrease oR is proportional toR and a function  the meteorological data are taken from two stations belong-
of a leaf-shedding rate (obvious) and water stress (Poryng 15 the Spanish National Meteorological Institute. The
porato et al., 2001; Neitsch et al.,, 2002; Kroes and varkirt station, Manises, is located in the Southwest of Valen-
Dam, 2003). cia city (latitude 392530 N, longitude 62617’ W, altitude

Oma.s.l.) and monitors mean, maximum and minimum

aily temperature. The second station, Forn d’Alcedo, is sit-

uated close to the previous one (latitudé 2822’ N, longi-

dR ([ Aymx T ¢ _— R 3 tude 02816” W, altitude 57 ma.s.l.) and monitors only pre-

dr ( ) ' (me . R) k(A4 (8) cipitation. The climatic conditions correspond to the upper

] ] o ] thermo-Mediterranean belt and dry ombrotype, according to
whereA,, . is maximum net assimilations ,,; is leaf po-  Rjyas-Martinez (1983) bioclimatic classification.

tential biomass [, is maximum transpiration rate; is a The observation period for both stations was from 1 Jan-

shape exponenk is leaf-shedding rate (it can be different 51y 1966 to 31 December 2001. During the recorded period,

throughout the year), and is water stress. The last one he'mean annual precipitation was 517 mm. During the first
is calculated by the expression proposed by Porporato egyears, annual precipitation regime oscillated between hu-

Therefore, the proposed expression for the vegetation evolug’
tion is:

Bpot

al. (2001) as a function of the soil moistufe mid to dry conditions, with three years specially humid: 1969
or_p 14 . (794 mm), 1971 (1133 mm) and 1989 (1158 mm). In addi-

¢ = { [M] for 6y <6 <6 9) tion, three years were particularly dry (1978 with 273 mm,
for 6> 6~ 1981 with 270 mm and 1983 with 271 mm), but the driest pe-

riod has been recorded from 1992 to 2000 (mean total precip-
itation below 500 mm). During the year, the mean total pre-
cipitation is near to 131 mm during the winter; decreasing to
108 mm in the spring season and decreasing further to 80 mm
during the summer, after which increases to 197 mm in au-
tumn (see Fig. 2).
3 Model application The recorded period was characterized by non-extreme
temperatures: a winter season with the mean monthly tem-
HORAS model was applied to a Mediterranean semiaridperature varying between 5 and°C; a warm summer sea-
slope covered by kermes oak spec®iércus cocciferd..). son with the mean monthly temperature oscillating between
The kermes oak is an evergreen sclerophyllous shrub, whici9 and 30C; and spring and autumn seasons with mean

wheregq is a measure of nonlinear effects of soil-moisture
deficit on plant conditions. Below*, the plant stars being
stressed; below,,, the plant cannot extract more water and
can suffer damage on its tissues.
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Table 1. Soil and vegetation parameters and physical characteristics for the case study (loamy Sandrand cocciferd..).

Parameter Physical characteristic ~ Description Value S8urce
Crar, mm Interception capacity by unit @fA 7 0.15 1
Csar, mm Interception capacity by unit ¢fA7 0.15 1
LAIL,,, dimensionless Maximum leaf area index 6 1
SAl,,, dimensionless Maximum stem area index 0.7 1
Lyx, mm Maximum interception 1.0 Eg.(11)
k, day1 Leaf shedding 0.0018-0.0024 2;3
Ty, MM day'1 Maximum transpiration rate 4.7 4
Ap.mx, thalyear?! Maximum net assimilation carbon 57 4
Bpor, tha™t Potential leaf biomass 6 5
¢, dimensionless Shape exponent 0.03338 cal
Ze, MM Effective soil depth 400 obs
Zss, MM Soil surface depth 50 obs
Yae, MPa Aeration pressure 1.74E-04 6
b, dimensionless Porosity distribution index 4.38 6
¢, dimensionless Porosity 0.41 6
¥*, MPa Optimum water potential 0.03 7
H*, mm Optimum available water-soil content 50.6 Eq. (10)
Ve MPa Field capacity water potential 0.015 8
Hfe, mm Field capacity water-soil content 59.3 Egq. (10)
Yw, MPa Wilting water potential 3 7
Hy, mm Wilting water-soil content 17.7 Eg. (10)
H,, mm Maximum available water-soil content 41.6
g, dimensionless Nonlinearity effect exponent 1 7

@ Sources are as follow: 1: Federer (2002); 2: Specht (1988); 3: Castmdhd Montserrat-Mar(1998); 4: C. A. Gracia personal
communication; 5: Delitti et al. (2005); 6: Clapp and Hornberger (1978); 7: Laio et al. (2001); 8: Larcher (2003); cal: calibrated value; and
obs: estimated value from field observations.

monthly temperatures between 12 and@3both being the  for Eq. (10) for loamy sand soil texture, which were used in
optimal seasons for growing vegetation. The mean annualhe case study. Lastly, Larcher (2003) reported 0.015 MPa
potential evapotranspirationP(€T) computed with Harg- field capacity water potential ;. as a representative value
reaves’ equation (Allen et al., 1998) was around 1128 mm,n semiarid and arid environments.

which is much larger than the precipitation. During the year, Vegetation parameters are related with interception, water
the maximum mear? ET was around 430 mm in summer stress and relative leaf biomass calculation. Parameters as
and the minimum was around 190 mm in winter, as it is An mx, Bpors Tmx, k. ¥, ¥y andl,,, depend on the specie

shown in Fig. 2. selected to be modelled. For vegetation in semiarid and arid
o environment, Corcuera et al. (2002) reported 3.2 MPa wilting
3.2 Parameters estimation water potentialy,, as a point of turgor-loss, whereas Laio et

_al. (2001) used 3 MPa. The last one was used for the HORAS
The parameters of the HORAS model can be separated intgimy|ations. Quercus cocciferd.. leaves fall in spring and

soil and vegetation parameters. Soil parameters, as was Me@gntinue falling through the summer season and occasion-
tioned before, are related to available water-soil content estia"y in autumn (Castro-z and Montserrat-Mdt 1998).

mation at different soil moisture contents*(6 ¢, 6u). AC- gpecht (1988) indicatek parameter was around 0.0012—
cording to the following soil-water retention curve (Clapp g gg24 dayl. In HORAS, k was set to 0.0018 in winter
and Hornberger, 1978}, can be computed by: summer and autumn, and 0.002 in spring.

¢>b For I,,, estimation, Federer (2002) proposes a simplified

V= Yae - (5 (10)  version of Gash model:

. . . . . Inx =C - LA C - SAL 11
where ¥, is the aeration pressuré, is the porosity dis- "™~ 4 mx + Csal " (11)

tribution index and¢ is the porosity. Clapp and Horn- whereCy 45 andCgsa; are the interception capacity by unit of
berger (1978) experimentally determined the values/fpr  leaf area index and stem area index respectively. [Théyx
andb used in this work. Table 1 includes parameters requiredandSAI,,, are maximum leaf area index and maximum stem
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7.0 Table 2. Set of Landsat images used for the validation process.
6.0 .
50l . " Date Satellite Sensor Path/Row Pixel
LYL " . ANMVW, L A AN, resolution
=407 . " 29 July 1976 L1 MSS  214/032 60m
= 304/" 24 March 1978 L2 MSS  214/033 60m
- = Field observations 19 July 1984 L5 T™  199/033 30m
2.0 1» — Mean leaf biomass 11 January 1985 L5 T™M  199/033 30m
1.0 Simulated leaf biomass 13 August 1987 L5  TM  199/033 30m
06 September 1990 L5 T™  199/033 30m
0.0 T T T T T T T T T T T T T T T T T 20 April 1992 L5 ™ 199/033 30m
EEERESRRYLEIRSEIIILES 29 January 2000 L5 T™™  199/033 30m
aasas s O
e e e e e Rl B e N 08 June 2001 L5 T™  199/033 30m
[day]

Fig. 3. Daily leaf biomass simulated (continuous line) and mean3 4 HORAS model validation
leaf biomass after stabilisation (horizontal line). Dots are the field

observations obtained from Ballas and San Miguel (2000). The HORAS model was validated against the Normalized

Difference Vegetation IndexNDVI) obtained from nine
: . andsat images. Two of them come from Multi-spectral
area index r_espectlve_ly. For the Federer (2002) proposed Vagcanner (MSgS) and the rest of them from Thematir:: Map-
ues, the estimated,  is equal to 1..0mm. er (TM) sensors. The images considered are distributed
Table 1 reproduces all the estimated parameters and th etween July 1976 and June 2001 (Table 2). The valida-
physical characteristics needed for their estimation. tion process included intra-annual and inter-annual analysis,
since images are available from different seasons and several
years.

Unfortunately, it was not possible from literature to estimate G€ometric and radiometric corrections were performed
with confidence the parameter which is the key factor in ~ USing ground control points, and the respective 'sun.angle and
Eq. (8), since it determines the relationship between vegedate. Then, thé&iDVI was computed. ThalDVI is widely
tation growth and transpiration rate. Therefore, the calibra-US€d as aremote sensing indicator for green vegetation cover
tion of this parameter was needed. Although the model time2nd itis calculated by the following expression:
resolution is daily, the objective function for calibration was
the root mean square error (RMSE) of annual relative leafNDVI =
biomass simulated with HORAS, compared with field obser-
vations of leaf biomass after a fire (obtained from€ldas  wherepy;r and pr.qs are near infrared and red reflectance
and San Miguel, 2000). Generally, forest fires are in summerespectively. TheNDVI varies betweer-1 and 1. Carlson
and, therefore, the period for the HORAS simulation in the and Ripley (1997) pointed out three thresholdN®VI in-
calibrations started on 1 August 1966. terpretation: NDVI<0.2 means predominance of bare sall,
Daily leaf biomass (computed d@&x B),;) after calibra-  between 0.2 and 0.5 mix of bare soil and vegetation, and
tion, and Caellas and San Miguel (2000) field observations NDVI>0.5 mainly vegetation. ThBDVI values are of spe-
are showed in Fig. 3. In this figure, the 18 dots (two of themcial interest in the validation process, because they have been
are superimposed) represenfi€has and San Miguel (2000) related satisfactorily with leaf chlorophyll content, leaf wa-
field observations. Each of them is the mean value of arounder content, absorbed photosynthetic active radiation, vegeta-
20 measurements of leaf biomass after a fire in different lo-tion net production, leaf area index, rainfall, vegetation phe-
cations in the Province of Valencia (East coast of Spain),nology dynamic and potential evapotranspiration (Chuvieco,
with similar soil and climatic conditions (between them and 2002). In fact, several studies have been carried out in order
with our case study). HORAS simulations andi€bas and  to find the correlation between vegetation biomassiNDY |
San Miguel (2000) observations are in good agreement fo(Escan@én et al., 1999; Bader, 2000; Chirici et al., 2007).
a ¢ calibrated parameter equal to 0.03338 (with minimum  Four-shrub land plots were selected from the images, all
RMSE equal to 0.49 and Nash-Sutcliffe efficiency index of of them located in the upper part of the Rambla del Poyo
0.64), as it is showed in Fig. 3. Younger communities showwatershed, which is also close to Valencia city. The size of
maximal development until 6-8 years, reaching 5.6 ttmn the plots varies from 6000 to 37 00¢ni_and cover change
average (4.8thd in the calibrated model); the six old- in this watershed was analysed by Pascual (2001), from this
est communities show a leaf biomass stabilization aroundstudy, it was possible to confirm that since 1956 fires had
3.5thal (4.5thalin the calibrated model). not affected these plots. The observyd®fDIs are highly

3.3 Calibration of vegetation equation

PNIR — PRed

(12)
PNIR + PRed
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28 Table 3. Soil characteristics needed by Eq. 10 for eleven different
soil textures. Source: Clapp and Hornberger (1978).
1,5 4 29/07/1976 24/03/1978
s 06/09/1990 OPlot 1 Soil texture Vae [MPA] @[] b[]
7 m A Plot 2
§ ‘ ‘ \&/ Plot 3 Sand, S 3.42E-04 0.395 4.05
= s ton07nom ((R)2/01R00 0041992 | xPlotd Loamy sand, LS 1.74E-04 041 4.38
11/01/1985 (1) 08/06/2001 Sandy clay loam, SCL  8.43E-04 0.42 7.12
15 13/08/1987 Sandy clay, SC 6.02E-04 0.426 10.4
Sandy loam, SL 7.01E-04 0.435 4.9
s p =076 Loam, L 1.43E-03 0.451 5.39
| 15 05 05 15 25 Clay loam, CL 3.53E-03 0476 852
R Silty clay loam, SiCL ~ 1.43E-03 0.477 7.75
Clay, C 1.82E-03 0.482 11.40
Fig. 4. Scatter plot of standardized Normalized Differenced Veg- Siltloam, SiL 553E-03 0485 5.30
etation Index KDVI,,4) versus standardized relative leaf biomass Silty clay, SiC 1.70E-03  0.492 10.40

(Rstd)-

inputs and state variables (fluxes and storages) for the basic
variable in all plots. This response can only be related to thescenario.
soil moisture temporal variability. Higher values NDVI Figure 5 shows the behaviour of the main state variables

were preceded by rainy periods, while low values coincidedue to the proposed changes. Details are explained in the
with previous drought spells. The HORAS model repro- next paragraphs.

duces this behaviour quite well, with a correlation of 0.76.

Figure 4 shows th&lDVI versus the relative leaf biomags 4.1 Soil types

both standardized by the mean and standard deviation at each

plot. The graph shows clearly a positive correlation (first Figure 5a shows the variations of the main state variables
and third quadrants) between measuxi@VI and simulated  due to changes in soil texture. Different soil types may yield
R. Only one result is located outside the first or third quad-very different levels of the water-soil content corresponding
rants, which could be related with some not significant rain-to the same value of water potentigh®, v, ¥ ¢.). In this

fall events which occurred just before and during the day thesense, each soil type in our model modifies the maximum
image was acquired. These events did not produce a signifiwater-soil content kiand optimum soil moisture contefit,

cant increase in relative leaf biomass, but they may disguiséhrough the soil-water retention curve (Eg. 10).

the actual vegetation appearance. Consequently, it is likely Ingelmo et al. (1994, after Ceballos et al., 2002), obtained
that relatedNDVI was overestimated. a positive correlation betweel and the silt plus clay frac-
tions. In Fig. 5a, the soil textures with more content of silt
and clay (i.e., more water holding capacity) report the greater
values of mearH, reaching 102 mm for silt loam (SiL) fol-
lowed by clay loam (CL) with 74 mm.

. ) In agreement with Wythers et al. (1999), fine-grained soils
In order to understand the soil-vegetation system response, @4 more water than coarse soils and consequefitiare

sensitive analysis of the main HORAS state variables (i.i5rger than in coarse soils. I.e., silt loam soil (SiL) evaporates
transpiration?’, bare-soil evaporatiort, available water- 137 mm yearl, while the minimum is reached for loamy
soil contentH, water stresg and relative leaf biomasg) sand soil (LS) only 71 mm yeat.

has been performed considering changes of soil (type and gjmjjar behaviour, but with lower sensitivity, was found
depth) and climatic conditions (mean precipitation and mea,: 7 and R. The same occurs far, but inverse to the ex-
PET). The case study parameters (Table 1) and 'npuﬁ)ected. Their behaviour shows how the determinatioH,pf

(Fig. 2) are fixed as the basic scenario, and chant3% basically a function of/ ., 6,, and z) and¢* are crucially

have been done for effective soil depth, precipitation and POy n4rtant, both in the water balance and in the study of leaf
tential evapotranspiration. With regard to soil type, elevenyy;q.-«q and water stress.
soil types and their respective soil-water retention curve pa-

rameters have been considered (Table 3). 4.2 Soil depth

In all considered scenarios, the 36 years of climatic data
were simulated and the initial conditions werR:equal to  Figure 5b considers changes to the state variables due to vari-
0.76 (mean value for the basic scenario); null interception ations in the soil depth. In semiarid Mediterranean climates,
and H at field capacity. Table 4 summarizes mean values ofthe limiting factor forz, is the soil depth. For this reason, in

4 Soil-vegetation system response
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Fig. 5. Sensitivity analysis of main state variables to changes in soil characteristics and mean climatic conditions. The vertical Y-axis is
the percentage of transpiratiofi){ bare-soil evaporationH), available water-soil contentf), relative leaf biomassK) and water stress

(¢). The X-axis is the change in soil types (texture), effective soil dept)) (nean annual precipitatiorPj and mean annual potential
evapotranspirationKET).

Table 4. Mean inputs and state variables for the basic scenario ob- Increments of. are producing |nc_rements onmean v_alues
tained by HORAS simulation from 1 August 1966 to 31 December of H, T, R and E; and decreases in. The effect onH is

2001. larger than the other state variables, as in the case of soil type
changes. However, the effect @y is smaller compared with
Variable Description Mean the soil type changes. This is due to: on the one hgnih-
1 — fluences directlyd, and consequently?; on the other hand,
P, mmyear— Precipitation o 517 positive changes i imply increments onR, diminishing
PET, mmyear= Potential evapoiranspiration 1128 the bare-soil area (1R) and, therefore, the evaporation from
I, mm Interception 0 .
E;, mmyearl Water-intercepted evaporation 44 it
Py, mmyear! Throughfall 474 43 Precipitation
H, mm Available water-soil content 11
T, mm yearll Transpiration _ 212 Figure 5c analyses changes of the model results due to varia-
Es, mmyearl Bare-soil evaporation 71 tions on mean precipitation input, but remaining constant in
X, mmyear L Exceedence 191 its temporal pattern and the soil parameters from the basic
ET(;'mm ygarl E\éa;?ottlranzplratlon 3%)6763 scenario.
R, dimensionless elative biomass . L e
¢ dimensionless  Water stress 0.677 As soon as the precipitation rise, shows a positive re-

sponse, reaching 13 mm of daily average. Fhencrements
produce positive changes th(from 154 to 251 mm year),
negative changes in (from 0.635 to 0.740) and, as a conse-

ence, increments iR (from 0.727 to 0.788). In addition,

. u
most cases, changes pn.son dgpth.mean the same change%s the most sensitive state variable to changes in precipita-
Z.- Inthis case, the variation ap implies changes off, and tion

the ratioz,s/z.. Thus, for loamy sand soil texture, aB0%
of z., H, is equal to 29 mm, rising to 54 mm for +30% 0f.
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Fig. 6. Box and whisker chart for each season of normalized relative leaf biomass produtki®)) (elative leaf biomassK), water
stress £), transpiration *), bare-soil evapotranspiratiof ) and available water-soil conterf{ (). The box represents the 25th and 75th
percentiles; the symbol (x): minimum and maximum value; the dash (-): median value; and the-gintiegn value.

E; is not sensitive to changes iR. This is due to the it is interesting to underline the effect abis similar with
fact the increase in soil moisture is compensated for by theequivalent changes ah andPET.
decrease in bare-soil area«(R) and the increment of the
days in which theP ET is the limiting factor.

5 Model dynamics

4.4 Potential evapotranspiration ] ) .
Figure 6 and Table 5 illustrate the model dynamic for pa-
rameters and inputs of the basic scenario. Figure 6 shows

Finally, Fig. 5d shows the model sensitivity to changes Inthe box and whiskers chart representing the behaviour of the

P ET input, precipitation and soil characteristics remain con- i state variables (relative leaf biomass productid)

stant. . i -
) ) .. relative leaf biomas®, water stresg, transpiratioril’, bare-

The increment of available energy for evapotranspirationgjj eyapotranspiratior, and available water-soil content
produces increments ifi and E;. At lower atmospheric ) for each season. Table 5 shows complementary informa-
demand PET reduction of 30%)T" and E; reduce their o \with monthly mean values of the same state variables
rates to 186 and 73mm yedr respectively. On the con-  ghawed in Fig. 6. Due to graphical convenience, some vari-
trary (PET increment of 30%), they increase up to 219 and gpjes were normalized to the range 0 to 1. Tiehas been
80 mmyear*, respectively. normalized by minimum-£2.67E—03) and maximum values

With respect to H and, they are more sensitive thah  of the series (maxfR-min(d R)] equal to 4.00E—03). There
andE; to PET. Looking the whole range oPET, H is  will be biomass growth for normalized values between 0.67
reduced from 14 to 9mm ang is increased from 0.591 to and 1, and biomass decrease between 0 a 076and E,
0.731. have been normalized by the maximum value of the evapo-

Despite the increments ifi with PET, there is not an  transpirationET (ET,,, equal to 6 mm day). Finally H by
increase ink. R changes from 0.791t0 0.739. l.e., in Eq. (8), H, (42mm).R and¢ already vary between 0 and 1.
the increase oy causes more leaf losses than the increase In Fig. 6 it can be seen autumn is the season with more
in leaf production due to th& increments, resulting in a variability, due to the torrential rainfall of this season in
reduction on leaf biomass. Therefore, in a climate changeMediterranean climate. In summer, the usual condition is
scenario with higher temperatures and higRéiT there will dry, but in the rare rainy days, extreme values can be reached.
be a significant increase ihbut a small decrease R. Also, Water stress and soil moisture show higher variability and
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Table 5. Monthly mean values of relative leaf biomass produc- In autumn (Fig. G?f)]i precipitation increases (mean value
tion dR, relative leaf biomas®, water stresg, transpirationT equal to 67 mm month) and temperature decreases slowly.

[mm month~1] bare-soil evaporatioi; [mm monti1] and avail- ~ According to this,H increases up to 19 mm in December
able water-soil conterl [mm]. (late autumn); and mean value ofdecreases from 0.884
in summer to 0.529. The vegetation reactivates its growth
Month dR R ¢ T E; H with mean value ofR equal to 0.750 and consumes more

water in the transpiration process, achieving 23 mm nohth

L 3.37E-04 0.772 0446 15 719 in the rainiest month (October). Concerning fg, since

2 2.18E-04 0.780 0.549 17 7 16 . . . h . .

3 517E-05 0784 0665 21 7 1 H increases (increasing the soil moisturg),increases too,

4 _1.10E-05 0784 0713 25 6 10 reaching 5% OE T

5 —3.53E-04 0.779 0.770 26 6 8

6 —4.10E-04 0.767 0.860 18 4 5 ]

7 —458E-04 0754 0950 7 1 2 6 Conclusions

8 —3.12E-04 0.742 0.900 12 3 3

9 2.31E-05 0.737 0741 21 7 9 This paper presents a Conceptual Vegetation-Soil model
10 2.75E-04 0.742 0585 23 9 14 based on a tank type schematization. Assuming vegetation
11 3.65E-04 0.753 0.481 16 8 18 leaf biomass must be a state variable instead of a fixed param-
12 2.99E-04 0.762 0457 12 6 19 eter, the objective was to develop a simple model to represent

the soil-vegetation-atmosphere dynamic in arid and semiarid
zones, such as Mediterranean areas. However, this concep-
bare-soil evaporation and leaf biomass are more stable statéalization only can be reached by the suitable reproduction
variables. of the bi-directional interaction between vegetation and soil
In winter (Fig. 6a) the mean value @ is around 40%  Moisture.
of H,; as it can be seen in Table 5, December and January The proposed dynamic vegetation-soil conceptualization
are the months with greater available water-soil content. Defesults in a parsimonious model, which can be easily coupled
spite of this situation, meah andE; are low compared with ~ with other complete hydrological or land surface models, at
ET,,, (10 and 4% ofET,,,, respectively). This result is due low computational cost. It was proved in the validation stage,
to the restriction of a low potential evapotranspiration rate inthat HORAS reproduces well the leaf biomagsievelop-
the winter season. Low variations &mare recorded, remain- ment in semiarid and arid zones, using the water sress
ing around 0.777, but leaf biomass production records higran indicator of plant survival conditions afitlas an indica-
values in this season (seasonal mé&nequal to 2.26E—04). tor of leaf biomass growing. It could be concluded that both
¢ is most of the time between 0.859 and 0.171, with a mearvariables determine the growing season, the water-uptake dy-
value of 0.532. February records more water stress than Jamamic and can help to understand the adaptations strategies
uary and December, due positive variation (Table 5). of the vegetation in case of water shortage.
Figure 6b shows spring results, when temperature and pre- For Mediterranean semiarid areas w@ercus coccifera
cipitation increase (mean value equal to 38 mmmohth L., T is more sensitive to changes in precipitatiBnand
and vegetation is still growing at high rates. Mean values oféeffective soil depthz., while potential evapotranspiration
T andR are 14% ofET,,, and 0.779 respectively, March and P ET and soil types less influence it; this was expected, since
April being the months of the year with more leaf biomass. the main restriction in Mediterranean areas is rainfall level
These increments i and R with respect to winter values and the presence of shallow soils.
produce meaiH falls to 22% ofH,, and the meag rises to Bare-soil evaporationE; shows more dependence on
0.860in June. Mea#; is reduced due to increments in vege- changes in soil types, being insensitive to changes irP
tation growing and water-uptake and soil moisture reductionand PET. The model reproduces well ti#g, behaviour in
reaching 4 mm monttt in late spring (June). agreement with Wythers et al. (1999), but uses a lower level
In summer (Fig. 6¢), due to shortage of precipitation of parameterization.
(11 mm in August) and high temperatures, the vegetation dis- The state variabléd (or its equivalent soil moisture) is
plays a hight most of the time (mean value of 0.884; and highly sensitive to any type of change, being the connection
between 0.892 and 0.997 50% of the days), &nhis lower between all state variables and acting as a regulating factor
than other seasons achieving 2 mm in July. The lower valuédn the system.
of H implies a reduction iR, recording more leaf biomass Climatic conditions exert more influence @gnthan soil
losses in late summer (0.737 in September); concerfiing properties. In respect to reductionszn the model shows
and Ey, in this season they register lower values than othethow the plant in shallow rooting conditions suffers high wa-
seasons July being the most critical month. The higher valter stress and, consequently, redu@esind R. However,
ues of PET in this season do not influence the system, theminimum water stress is not enough to define the optimal
low precipitation being the controlling input in summer. conditions for the vegetation.
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the year (Table 5), recording its maximum values in March model for estimating evaporation from bare-soils in different en-
and April and minimum in August. However, the maximum vironments, Ecol. Model,, 182, 91-105, 2005.

. . .. Bader, M.: Productivity-biodiversity patterns — a study using mul-
leaf biomass productiodiR is in November, due to the com- titemporal Landsat TM NDVI data for the Alice Springs region

bination of high precipitation and low potential evapotran-  for central Australia, Msc thesis, Wageningen University, The
spiration. These results are in agreement with what can be Netherlands, 2000.
observed in nature, because in spring and autumn the veget&alder, I. R.: Evaporation in the uplands, John Wiley and sons Ltd.,
tion experience optimal conditions of temperature and avail- Baffins Lane, Chichester, 1990.
able water-soil content for growth. In summer, the high tem-Canbn, Y., Soé-Benet, A., and Domingo, F.. Temporal and spatial
peratures and shortage of water implies a regulation in all patterns of soil moisture in semiarid badlands of SE Spain, J.
vital processes, as transpiration reduction and losses of leaf Hydrol., 285, 199-214, doi:10.1111/].1365-2486.2004.00890.x,
biomass to stay in optimal conditions. §004' ) _

To summarize, the HORAS model allowed us to study, in aCanellas, I. and San Miguel, A.: Biomass of root and shoot systems

. . . . of Quercus cocciferahrublands in Eastern Spain, Ann. For. Sci.,
realistic way, the role of active soil depth and soil texture, the 57, 803810, 2000.

effect of plant.physm_lc')glcal. characteristics and the.lmpc.)r- Cao, M. and Woodward, F. I: Net primary and ecosystem pro-
tance of climatic conditions, in order to understand soil mois-  gyction and carbon stocks of terrestrial ecosystems and their

ture dynamic and water stress behaviour in water-controlled responses to climate change, Glob. Change Biol., 4, 185-198,
ecosystems. 1998.

Carlson, T. and Ripley, D.: On the relation between NDVI, frac-

AcknowledgementsThis research has been sponsored by Spanish tjonal vegetation cover, and leaf area index, Remote Sens. Envi-
Research Project CGL2005-06219/HID and by Generalitat Valen- ron,, 62, 241-252, 1997.

ciana, Spain, through grant CTBPR B /2004/168. Castro-Dez, P. and Montserrat-MaytG.: Phenological pattern of
_ fifteen mediterranean phanaerophytes frQmercus ilexCom-
Edited by: S. Manfreda munities of NE-Spain, Plant Ecol., 139, 103112, 1998.

Ceballos, A., Maiinez-Ferandez, J., Santos, F., and Alonso, P.:
Soil-water behaviour of sandy soils under semi-arid conditions
References in the Duero Basin (Spain), J. Arid. Environ., 51, 501-519,
. . o doi:10.1006/jare.2002.0973, 2002.
Abril, M. and Gracia, C. A.: Crecimiento de los rebrotesRista- Chirici, G., Barbati, A., and Maselli, F.: Modelling of Italian forest

cia _Ientiscus_y Qu?rcus cc?cci_ferajesp@s (_je un ir_lcendi’o, in: net primary productivity by the integration of remotely sensed
Options Mediterragennes: &rie A. Sminaires Mditerra@ens and GIS data, Forest Ecol. Manag., 246, 285-295, 2007.

n. 3, Jornadas sobre las Bases Bgalas para la Ges en
Ecosistemas Terrestres CIHEAM-IAMZ, edited by: Bellot, J.,
Zaragoza, 101-106, 1989.

Albertson, J. D. and Kiely, G.: On the structure of soil moisture

Chuvieco, E.: Teledetedmn ambiental — La observaxri de la
Tierra desde el Espacio, Ariel, Barcelona, 2002.

Clapp, R. B. and Hornberger, G. M.: Empirical equations for some

) o soil hydraulic properties, Water Resour. Res., 14, 601-604, 1978.

time series in the context of land surfaces models, J. Hydrol., oo qona 3. R. and Bras, R. L.: Physically based probabilistic mod-

243, 101-119, 2901' ) els of infiltration, soil moisture, and actual evapotranspiration,
Allen, R. G., Pereira, L. S., Raes, D., and Smith, M.z Crop  \yater Resour. Res.. 17. 93—-106. 1981.

evapotranspiration (guidelinesforcomputingcropwaterrequire-cOrcuera L., Camarero, J. J., and Gil-PeilegE.: Functional

ments), FAO Irrigation and Drainage Paper, No. 56, 326 pp.,  4roups in Quercus species derived from the analysis of pressure-

1998. _ _ volume curves, Trees, 16, 465-472, doi:10.1007/S00468-002-
Alvenas, G. and Jansson, P.: Model for evaporation, moisture and 0187-1. 2002.

temperature of bare-soil: calibration and sensitivity analysis,Daly E., Porporato, A., and Rodriguez-Iturbe, 1.: Coupled dynam-

Agr. F‘?rESt Me_teorol., 88'_47_56' 1997. ) . . ics of photosynthesis, transpiration, and soil water balance. Part
Arora, V.. Modeling vegetation as a dynamic component in soil- II: Stochastic analysis and ecohydrological significance, J. Hy-

vegetation-atmosphere transfer scheme and hydrological models, drometeorol.. 5. 559-566. 2004.
Rev. Geophys., 40, 1006, doi:10.1029/2001RG000103, 2002.  p,yes W, R. and Hatton, T. J.: TOPOG IRM. 1. Model descrip-

Arora, V.: Simulating energy and carbon fluxes over winter tion, Technical Memorandum 93/5, CSIRO Division of Water
wheat using coupled land surface and terrestrial ecosystem mod- Resources, Canberra, Australia, 40 pp., 1993

els, Agr. Forest Meteorol., 118, 21-47, doi:10.1016/S0168-, es W. R. Zhang, L., Hatton, T. J., Reece, P. H., Beale, G. T.
1923(3)00073-X, 2003. H., and Packer, I.: Evaluation of a distributed parameter ecohy-

drological model (TOPOG IRM) on a small cropping rotation
catchment, J. Hydrol., 191, 64-86, 1997.

www.hydrol-earth-syst-sci.net/12/1175/2008/ Hydrol. Earth Syst. Sci., 12, 118%-2008



1186 D. I. Quevedo and F. Frag& A conceptual dynamic vegetation-soil model

Delitti, W., Ferran, A., Trabaud, L., and Vallejo, V. R.: Effects of Le Houwérou, H. N.: Impact of man and his animals on Mediter-

fire recurrence irQuercus cocciferd. shrublands of the Valen- ranean vegetation, Ecosystems of the World 11: Mediterranean-
cia region (Spain): |. Plant composition and productivity, Plant  type shrublands, edited by: Di Castri, F., Goodall, D. W. and
Ecol., 177,57-70, doi:10.1007/s00468-002-0187-1, 2005. Specht R. L., Elsevier, Amsterdam, 479-521, 1981.

Dingman, S. L.: Physical hydrology, Prentice Hall, New Jersey, 575Mackay, D. S. and Band, L. E.: Forest ecosystem processes at the
pp., 1994. watershed scale: Dynamic coupling of distributed hydrology and

D’Odorico, P., Ridolfi, L., Porporato, A., and Rodriguez-Iturbe, I.: canopy growth, Hydrol. Process., 11, 1197-1217, 1997.
Preferential states of seasonal soil moisture: The impact of cli-Mackay, D. S., Ahl, D. E., Ewers, B. E., Samanta, S., Gower, S. T,
mate fluctuations, Water Resour. Res., 36, 2209-2219, 2000. and Burrows, S. N.: Physiological tradeoffs in the parameteriza-

Eagleson, P. S. and Segarra, R. I.: Water-limited equilibrium of sa- tion of a model of canopy transpiration, Adv. Water Resour., 26,
vanna vegetation systems, Water Resour. Res., 21, 1483-1493, 179-194, 2003.

1985. Montaldo, N., Rodena, R., Albertson, J. D., and Mancini, M.:
Eltahir, E. A. B. and Bras, R. L.: A description of rainfall intercep- Parsimonious modelling of vegetation dynamics for ecohydro-
tion over large areas, J. Climate, 6, 1002-1008, 1993. logic studies of water-limited ecosystems, Water Resour. Res.,

Escandn, J. E., de Jong, B. H. J., Ochoa, S., March I., and Castillo, 41, W10416, doi:10.1029/2005WR004094, 2005.
M. A.: Evaluacbn de dos ratodos para la estimamni de biomasa  Neitsch, S. L., Arnold, J. G., Kiniry, J. R., Williams, J. R., and King,
arborea a traés de datos Landsat TM en Jusnajab La Laguna, K. W.: Soil and water assessment tool theoretical documentation

Chiapas, Mxico: estudio de caso, Investigaciones Gafigas, version 2000, Texas Water Resources Institute, College Station,
Boletin, num. 40, Instituto de Geogiaf UNAM, México, 71— TWRI Report TR-191, Texas, 506 pp., 2002.
84, 1999. Nouvellon, Y., Begle, A., Moran, M. S., Seen, D. L., Rambal, S.,

Federer, C. A.: A soil-plant-atmosphere model for transpiration and Luquet, D., Chehbouni, G., and Inoue, Y.: PAR extinction in
availability of soil water, Water Resour. Res., 15, 555-562, 1979. shortgrass ecosystems: Effects of clumping, sky conditions and

Federer, C. A.: BROOK90 A simulation model for evaporation, soil  soil albedo, Agr. Forest Meteorol., 105, 21-41, 2000a.
water, and stream flow documentation for versions 4 and 3.2/3/4Nouvellon, Y., Rambal, S., Lo Seen, D., Moran, M. S., Lhomme,
Compass Brook, Durham, New Hampshire, 2002. J. P., BgLe, A., Chehbouni, A. G., and Kerr, Y.: Modelling of

Gitay, H. and Noble, I. R.: What are functional types and how daily fluxes of water and carbon from shortgrasses steppes, Agr.
should we seek them?, in: Plant functional types: Their rel- Forest Meteorol., 100, 137-153, 2000b.
evance to ecosystems properties and global change, Internd?ascual, J. A.: Cambios de usos del suelégimen hdrico en la
tional Geosphere-Biosphere Programme Book Series, edited by: rambla del Poyo y el barranc de Carraixet, PhD Thesis, Valencia
Smith, T., M., Shugart, H. H., and Woodward, F. ., Cambridge  University, Valencia, 421 pp., 2001.

University Press, Cambridge, 3-19, 1997. Parlange, M. B. and Katul, G. G.: Estimation of the diurnal varia-

Gracia, C., Sabét S., and Sanchez, A.: GOTILWA+ An integrated tion of potential evaporation from a wet bare-soil surface, J. Hy-
model of forest growth, Barcelona University, Spain, 93 pp., drol., 132, 71-89, 1992.

2003. Porporato, A., Laio, F., Ridolfi, L., and Rodriguez-lturbe, I.: Plants

Guswa, A. J., Celia, M. A., and Rodriguez-lturbe, I.: Ef- in water-controlled ecosystems: active role in hydrologic pro-
fect of vertical resolution on predictions of transpiration in  cesses and response to water stress - lll. Vlegetation water stress,
water-limited ecosystems, Adv. Water Resour., 27, 467-480, Adv. Water Resour., 24, 725744, 2001.
doi:10.1016/j.advwatres.2004.03.001, 2004. Porporato, A. and Rodriguez-Iturbe, I.: Ecohydrology - A challeng-

Isham, V., Cox, D. R., Rodguez-lturbe, I., Porporato, A., ing multidisciplinary research perspective, Hydrolog. Sci. J., 47,
and Manfreda, S.: Representation of space-time variability of 811-822, 2002.
soil moisture, P. Roy. Soc. A-Math. Phy., 461, 4035-4055, Rivas-Martnez, S.: Pisos biocliaticos de Esgd#a, Lazaroa, 5, 33—
doi:10.1098/rspa.2005.1568, 2005. 43, 1983.

Kiniry, J. R., Williams, J. R., Gassman, P. W., and Debaeke, P.: ARodriguez-lturbe, 1.. Ecohydrology: A hydrology perspective of
general, process-oriented model for two competing plant species, climate-soil-vegetation dynamics, Water Resour. Res., 36, 3-9,
T. ASAE, 35, 801-810, 1992. 2000.

Kroes, J. G. and van Dam, J. C.: Reference manual SWAP VerRodriguez-lturbe, I., Porporato, A., Laio, F., and Ridolfi, L.: Plants
sion 3.0.3, Alterra, Green World Research, Wageningen, 211 pp., in water-controlled ecosystems: Active role in hydrologic pro-
2003. cesses and response to water stress- |. Scope and general outline,

Laio, F., Porporato, A., Ridolfi, L., and Rodriguez-Iturbe, I.: Plants  Adv. Water Resour., 24, 695-705, 2001.
in water-controlled ecosystems: active role in hydrologic pro- Rodriguez-Iturbe, I. and Porporato, A.: Ecohydrology of water-
cesses and response to water stress - Il. Probabilistic soil mois- controlled ecosystems: soil moisture and plant dynamics, Cam-
ture dynamics, Adv. Water Resour., 24, 707723, 2001. bridge University Press, Cambridge, 442 pp., 2004.

Larcher, W.: Physiological plant ecology: Ecophysiological and Rosati, A. and Dejong, T. M.: Estimating photosynthetic ra-
stress physiology of functional groups, Springer, Berlin, 3 edn., diation use efficiency using incident light and photosynthe-

513 pp., 2003. sis of individual leaves, Ann. Bot.-London, 91, 869-877,
Lee, T. J. and Pielke, R. A.: Estimating the soil surface specific doi:10.1016/j.fcr.2004.07.021, 2003.
humidity, J. Appl. Meteorol., 31, 480-484, 1992. Sanchis, E., Mariano, M., and Baud, Y.: Ecosistemas
mediterdneos, Valencia Polytechnical University, Valencia,
2003.

Hydrol. Earth Syst. Sci., 12, 11753487, 2008 www.hydrol-earth-syst-sci.net/12/1175/2008/



D. I. Quevedo and F. Frags: A conceptual dynamic vegetation-soil model 1187

Shugart, H. H.: Plant and ecosystem functional types, in: PlantSpittlehouse, D. L. and Black, T. A.: A growing season water bal-
functional types: Their relevance to ecosystems properties and ance model applied to two Douglas fir stands, Water Resour.
global change, International Geosphere-Biosphere Programme Res., 17, 1651-1656, 1981.

Book Series, edited by: Smith, T. M., Shugart, H. H., and Walker, B. H. and Langridge, J. L.: Modelling plant and soil water
Woodward, F. I., Cambridge University Press, Cambridge, 20— dynamics in semiarid ecosystems with limited site data, Ecol.
43, 1997. Model., 87, 153-167, 1996.

Snyder, R. L., Bali, K., Ventura, F., andé@®ez-MacPherson, H.: White, M. A., Thornton, P. E., Running, S. W., and Nemani, R. R.:
Estimating evaporation from bare and nearly bare soil, J. Irrig. Parameterization and sensitivity analysis of the BIOME-BGC
Drain. E.-ASCE, 126, 399-403, 2000. terrestrial ecosystem model: net primary production controls,

Specht, R. L.: Vegetation, nutrition and climate — Data ta- Earth Interac., 4, 1-85, 2000.
bles. Natural vegetation — Ecomorphological characters, in:Wythers, K. R., Lauenroth, W. K., and Paruelo, J. M.: Bare-soil
Mediterranean-type ecosystems: A data source book, edited by: evaporation under semiarid field conditions, Soil Sci. Soc. Am.
Specht, R. L., Kluwer Academic Publishers, Dordrecht, 13—-136, J., 63, 1341-1349, 1999.

1988.

www.hydrol-earth-syst-sci.net/12/1175/2008/ Hydrol. Earth Syst. Sci., 12, 118%-2008



