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Abstract. Many land surface schemes and simulation mod-in model predictions that arise when water uptake compensa-
els of plant growth designed for practical use employ simpletion is neglected. In the first case, it is shown that only a com-
empirical sub-models of root water uptake that cannot adpensated model can match the strong relationships between
equately reflect the critical role water uptake from sparselywater table depth and leaf area and transpiration observed in
rooted deep subsoil plays in meeting atmospheric transpirariparian forest ecosystems, where sparse roots in the capillary
tion demand in water-limited environments, especially in thefringe contribute a significant proportion of the water uptake
presence of shallow groundwater. A failure to account forduring extended dry periods. The results of the second case
this so-called “compensatory” water uptake may have serioustudy suggest that uncompensated models may give biased
consequences for both local and global modeling of waterestimates of long-term evapotranspiration at the continental
and energy fluxes, carbon balances and climate. Some purelcale. In the example presented here, the uncompensated
empirical compensatory root water uptake models have beemodel underestimated total evapotranspiration by 5-7 % in
proposed, but they are of limited use in global modeling ex-climates of intermediate aridity, while the ratio of transpira-
ercises since their parameters cannot be related to measuien to evaporation was also smaller than for the compensated
able soil and vegetation properties. A parsimonious physicsmodel, especially in arid climates. It is concluded that the
based model of uptake compensation has been developed thaarsimonious physics-based model concepts described here
requires no more parameters than empirical approaches. Thiway be useful in the context of eco-hydrological modeling at
model is described and some aspects of its behavior are illudecal, regional and global scales.

trated with the help of example simulations. These analy-
ses demonstrate that hydraulic lift can be considered as an

extreme form of compensation and that the degree of com- ]
pensation is principally a function of soil capillarity and the 1 Introduction

ratio of total effective root length to potential transpiration. . )
Thus, uptake compensation increases as root to leaf area riR00t water uptake by plants is one of the major components

tios increase, since potential transpiration depends on lea®f the terrestrial water balance and a critical process control-
area. Results of “scenario” simulations for two case stud-iNg €nergy exchange between the land surface and the atmo-
ies, one at the local scale (riparian vegetation growing abovéPhere and plant growth. Sub-models of root water uptake
shallow water tables in seasonally dry or arid climates) and®'® thergfore sensitive and .|mportant bU|Id|_ng blocks in eco-
one at a global scale (water balances across an aridity gradpydrologlcal models that simulate terrestrial water, energy

ent in the continental USA), are presented to illustrate biasend carbon balances to support, for example, crop growth
or global climate models (Wang and Smith, 2004; Senevi-

_ ratne et al., 2010). One especially important and difficult
Correspondence ta\. J. Jarvis task for root water uptake models is to reflect the dynamic
BY (nicholas.jarvis@slu.se) response of plant uptake to water stress, in which uptake
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increases from sparsely rooted but well-watered parts of théime scales (e.g. Wan et al., 2002; Peek et al., 2006) and also
root zone to compensate for stress in other parts. This comas a result of inter-species competition for scarce resources
pensatory increase of water uptake from soil zones that ar¢e.g. Celette et al., 2008).
still well-watered following drying of more densely rooted  One important unresolved challenge is to develop root wa-
layers has been repeatedly and convincingly documented faier uptake models which are both relatively parsimonious
several decades (e.g. Arya et al., 1975a, b; Nnyamah andith respect to data requirements and can also capture the
Black, 1977; Green and Clothier, 1995). Indeed, water up-complexity of the bio-physical response mechanisms under-
take from deep subsoil has been shown to be critical in meetlying compensatory uptake in a realistic way (Doussin, 2003;
ing atmospheric transpiration demand in water-limited envi-Wang and Smith, 2004). “Root architecture” models linked
ronments (e.g. Jipp et al., 1998; Oliveira et al., 2005), es-to soil water flow models (e.g. Clausnitzer and Hopmans,
pecially where roots can reach shallow groundwater (Zhandl994; Somma et al., 1998; Javaux et al., 2008; Draye et
et al., 1999; Zencich et al., 2002; Lamontagne et al., 2005al., 2010) can provide extremely useful insights into the pro-
Cleverly et al., 2006; Gazal et al., 2006; Paco et al., 2009). cesses, but are too complex for routine use in large-scale
The physical basis of compensatory uptake can be exmodeling applications. Conversely, many crop growth mod-
plained by an Ohm’s law analogue to water flow in the soil- els and land surface schemes include advanced mechanistic
plant-atmosphere continuum. As soil dries, plant water po-treatments of above-ground processes, but tend to oversim-
tentials will also decrease, but the spatially (and especiallyplify one or more aspects of root water uptake and cannot
vertically) distributed nature of the root system means thatsimulate compensation mechanisms. The failure to account
the hydraulic gradient between the canopy and soil layerdor compensatory water uptake and the related phenomenon
that are still wet increases to compensate for the increased ref hydraulic lift from deep subsoil (Dawson, 1993; Caldwell
sistance to flow encountered from dry soil zones, so that tranet al., 1998) may have serious consequences for both site-
spiration can be maintained at the potential rate demandedpecific applications of plant growth and eco-hydrological
by the atmosphere. This is analogous to the “constant ratetodels and the global modeling of water, energy and carbon
stage of soil evaporation, whereby the reduction in hydraulicbalances and climate (Desborough, 1997; Zeng et al., 1998;
conductivity in the drying surface soil is compensated byKleidon and Heimann, 1998; Lee et al., 2005; Teuling et al.,
the increasing hydraulic gradient towards the soil surface2006a, b; Seneviratne et al., 2010), although the magnitude
However, at air-dryness of the surface, the gradient cannobf these errors is not yet well understood.
further increase and the “falling rate” stage begins. Analo- Several simple “macroscopic” models have been proposed
gously, stomata close at a critical leaf water potential (Jarvisthat can account for compensatory uptake. Empirical ap-
1976) when the rate of supply of water from the soil root proaches have been proposed that have been incorporated
zone falls below the atmospheric demand and the “fallinginto some widely-used crop growth models and land sur-
rate” stage for transpiration begins. A corollary of this ex- face schemes and found to improve predictions of soil wa-
planation is that “compensatory uptake” should be implicit ter contents compared to the case without compensatory up-
in any physics-based model of water uptake. Biological re-take (e.g. Cabelguenne and Debaeke, 1998; Braud et al.,
sponse mechanisms are superimposed on these physical &005; Varado et al., 2006; Bodner et al., 2007; Lawrence
pects: “plastic” responses of plant rooting patterns to spa-and Chase, 2009; El Maayar et al., 2009; Yadav et al., 2009).
tial variation in soil wetness are very well documented in A simple macroscopic physics-based model of compensatory
annual crops (e.g. Wraith and Wright, 1998). For example,uptake was recently proposed (de Jong van Lier et al., 2008;
contrasting irrigation practices can significantly alter the rootJarvis, 2010) that requires no more parameters than these em-
biomass and vertical distribution of roots (e.g. Meyer, et al.,pirical approaches. This is a significant advantage, especially
1990; Zuo et al., 2006). Soil drying in the densely rooted since its parameters can also be related to measurable proper-
topsoil can induce an increased allocation of assimilates tdies of the soil and vegetation. This helps clarify the physical
roots, a faster root penetration rate into the subsoil, and inbasis of compensation and may also allow us to have more
creased root growth in deeper, wetter soil layers at the exeonfidence in using it to make “blind” predictions at large
pense of dry soil zones (Sharp and Davies, 1985; Meyer escales. In this paper, some aspects of the behaviour of this
al., 1990; Engels et al., 1994; Kager et al., 2004). Thesegarsimonious physics-based macroscopic approach to mod-
plastic root responses can be both rapid, occurring on a timeeling compensatory root water uptake are explored in exam-
scale of weeks or even days (Klepper et al., 1973) and ar@le simulations. Two case studies are then presented that il-
also reversible (Engels et al., 1994). The potential for sucHustrate the potential advantages of the approach as well as
plastic responses depends on the degree to which the platite consequences of failing to account for water uptake com-
can adjust the allocation of assimilates, which is determinecpensation, one at the local scale (trees and shrubs growing in
by growth stage (Carmietal., 1993), and can also vary signiftiparian areas in arid climates that avoid drought stress by ex-
icantly between crop species (Benjamin and Nielsen, 2006)ploiting shallow groundwater) and one at a continental scale
Perennial plants can also show significant root plasticity in(simulated water balances for grassland vegetation across an
response to vertical variation in soil water status at seasonadridity gradient in the USA).
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2 The Model From Eq. (2), the maximum possible transpiration r&gax
(L T-1) is attained whedo =0, so combining Egs. (2) and

2.1 Theory and concepts (5) gives:

From an upscaling analysis of the microscopic flow equationEmax: ZipiﬁiAZi (6)

(Darcy’s law) of radial water flow to a single root, de Jong The actual transpiration can also be defined as:
van Lier et al. (2008) derived a physics-based macroscopic

sink term for root water uptake in which the compensation £a= MiN(Emax, Ep) (7)
mechanism is implicit. This model makes use of the matric
flux potential,M (L2 T~1) to linearize the highly non-linear
(Darcy) flow equation:

where Ej is the potential transpiration rate, which depends
on both atmospheric conditions and canopy properties. If the
plants are stressedmax < Ep and Ea = Emax, SO Mo =0

h andsS; = p; M;. For unstressed plant8may > Ep and actual

M= | K(h)dh (1)  transpiration equals the potential rate. In this cadg,can
i be obtained by combining Egs. (2), (5) and (6) and setting

whereh andhy, are the actual soil water pressure head andEa= Ep. Thus, we have:
the pressure head at permanent wilting point respectively (L) Emax— Ep
andX is the soil hydraulic conductivity (L T!). Atthe mi-  Mo= N A Emax> Ep
croscopic scaleyf continuously decreases in the rhizosphere 2Pz
soil towards its value at the root surfaddp (de Jong van Mo=0 i Emax<Ep (®)

Lier etal., 2006; Scfader et al., 2007). Neglecting the influ-  Thijs model was incorporated into the widely-used soil wa-
ence of varying internal plant resistances and assuming thakr balance model SWAP and tested against two long-term
Mo is constant with depth through the root zone, de Jong varyata sets of measured soil water contents (de Jong van Lier
Lier et al. (2008) showed that: et al., 2008). The approach gave somewhat better predic-
tions than the empirical Feddes et al. (1978) model which
does not consider compensatory uptake. More recently, Faria
et al. (2010) and Casaroli et al. (2010) tested the model
in experiments with split-compartment lysimeters and pots
planted with sorghum and beans. Their results generally val-

Si = pi(M; — Mo) 2

wheres; is a macroscopic “sink” to the soil water flow equa-
tion (T~1), which accounts for root water uptake in a given

soil layer, i, in the root zoneM; is the value ofM at the ! .
average water content of the rhizosphere soil an.~2) is idated the overall model concept, but it was shown hat
n Eqg. (2) should be multiplied by an empirical correction

a composite rooting parameter given by (de Jong van Lier e#actor (=ca. 0.05) to reduce the effective root length. This

al., 2008): may be attributed to heterogeneity of the root distribution,
4 non-negligible plant resistances and the presence of gaps be-

o= R2 — 02,2 +2<r2 -|—R2)In (am) ) tween soil and root. One interesting potential advantage of

0 ma) m@) 0 Ro the physical approach is apparent from a consideration of

Eq. (2): the phenomenon of hydraulic lift or re-distribution

whereRy is the root radius;m;) is the half mean distance be- i .
tween roots and is the distance from the root (normalized to (Dawson, 1993; Caldwell et al., 1998) ca}n_be simulated as a
source term to the water flow equation, sin¢gcan become

rm()) at which the water content is equal to its average value.

Numerical analyses showed that of the three parametgrs, sznﬂ thgrﬂ(;lc;. Howevetz_r, F?n?het al (2t2_10) nfoteii thatlthls d
is most sensitive tom), and thatz is also reasonably con- M0d€!tendec to overesimate the quantities orwater release

stant for soils of contrasting hydraulic properties and so carPy the roots into the soll in their experiments, probably be-

be fixed at an average value (median =0.53; de Jong van LigFause internal plant r(_asis_tances_ are_n_eglected. :

etal., 2006, 2008). It can also be noted that, is related to Uptake compensation is only implicit in the physics-based

the root Ien,gth densit. o), by: model described by de Jong van Lier et al. (2008) and thus
1) .

its effects are not at first glance obvious from the equations

developed above. However, by expressing the model in di-
4) mensionless parameters, the role of compensation and the
7 RLD () soil and plant factors that influence it, can be made more ex-
plicit. A root parameterR, a soil resistance facter, and a
composite factor, (comprising parameters controlling the
balance between the potential rates of soil supply and atmo-
Cépheric demand for water) can be defined as (Jarvis, 2010):

1

rm(i) =

while the total root lengthR; is given by}, Ripu)Azi,
whereAz; is the layer thickness.
Neglecting any water storage changes in the plant, the a
tual transpirationf, (L T~1), is given by:
R — piAz; 9)
Ea=Y iSiAz G T Y Az
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M;
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whereMmaxis the maximum value aff; (i.e. ath = 0). Note
that in the following analysisMmax must be assumed con-
stant with depth (i.e. a homogeneous soil with respect to hy-
draulic properties). Combining Egs. (9), (10) and (11) with
Eq. (6) gives:

We =

a1 ~a 1.0,

E
S
oo

e
o
N

Emax _ 2 (12)
Ep We

wherew (0 <w < 1), given by}, R;«;, termed the weighted
stress index by Jarvis (1989), can be seen as an overall mee
sure of the potential water supply rate from the root zone.
Equation (12) shows that = w, at the onset of stress in the
plant. If w. > 1, water stress will occur in the plant regard- — ‘ —
less of the soil water status. df. = 1, stress will immedi- 00 02 04 06 08 1.0
ately set in as soon as the soil starts to dry from saturation .
(i.e. whenw becomes less than 1). &, < 1, Emax can be Stress lndex’ ®
larger thank, (depending on the value af and actual tran- ig. 1. Water stress, compensation and transpiration predicted b
spiration can therefore be maintained at the potential rate a%g' .' le bhvsi b dp del. In thi pl h P id i .I_y
the soil dries (see Fig. 1 and Eq. 7). Thus,can be consid- ¢ SIMPle physics-based model. In this example, the solid line 1

; . lustrates a compensated model with= 0.5, while the uncompen-
ered as a “compensation factor” that determines the lengtfy ;.4 caser, = 1) is illustrated by the dashed line.
of the non-stressed period, i.e. how long actual transpira-
tion can be maintained at the potential rate and thus how

far the soil can be dried without plant stress occurring (se€pressure head rather than with Eq. (10), with transpiration
Fig. 1). A comparison of compensated.(< 1) and uncom-  maintained at the potential rate until a critical pressure head
pensatedd. = 1) models shows that compensation increasess reached. Some implicit recognition of the compensation
total water uptake at any moment in time by a factes Il mechanism was introduced by making this critical value de-
the non-stressed phase and by When plants are stressed pendent on&p, such that uptake is maintained at the maxi-
(see Egs. 7 and 12 and Fig. 1). Note also that the solid lingnum rate for longer (i.e. to smaller pressure potentials) when
(the compensated model) in Fig. 1 is similar to the type of g, is low. A comparison of Egs. (13) and (14) shows that
simple function used in single soil reservoir models to esti-compensation increases the proportion of water extracted
mate actual transpiration as a function of available soil wa-from any given soil layer (=; Az;)IEp) by a factor 1i,
ter. The key difference is that transpiration is here controlled. hr— L (o _1 i
by w, which depends on the relative vertical distributions of If the plants are stresssat;l orby a facwcr Qi (wc . ) un
roots and soil water within the root zone, something which der non_—stres_sec_i co_ndltlons. Thus, compensation only alters
single reservoir models cannot account for. the v_e_rt|cal dlstr|b_ut|on of water uptgke under non-_stress_ed
Substituting Egs. (6) and (8) to (11) into Eq. (2), gives the condltlpns, when !t_favours wet_ter so.|l layers over drier. This
sink term in the de Jong van Lier (2008) model expresseoa”alys's also clarifies the relationship between water uptake

Relative transpiration (
=]
v

with dimensionless parameters as: compensation and hydraulic lift or re-distribution. From
Eqg. (13), it can be seen that hydraulic lift (i.e. negathyg
S = EpRi {ﬂ _ [max(ﬁ, 1) _ 1“ (13) can only occur if the following condition is met:
Az |we we
o <w—w: (15)

If w. =1 (i.e. no compensation), then Eq. (13) reduces to the l
same functional form as the widely-used empirical model of Thus, hydraulic re-distribution can only occur under non-

root water uptake introduced by Feddes et al. (1978): stressed conditionsu(> w. and Emax> Ep). Equation (15)
E also shows that it should be promoted by small values of
S; = A—pR,»a,- (14) w, (i.e. strong compensation due to either to low potential
i

transpiration, large total root length or capillary soils, or a
Note, however, that Feddes et al. (1978) defirgdin combination of these factors, see Eq. 11) and markedly non-
Eqg. (14) as an empirical threshold function of soil water uniform root distributions, since during droughtg,can then
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Table 1. Parameter values used in the simulations.

3435

Parameter aSeries 1 PSeries 2 CSeries 3
Saturated water contertk (m3 m—3) 0.4 0.4 0.403/0.366
Residual water contert; (m3 m—3) 0.0 0.0 0.025/0.025
Shape parametel 1.2 12,14 1.38/1.52
Shape parameteatyg (cm™ 1 0.1 0.1,0.05 0.038/0.043
Saturated hydraulic conductivitis (cm hl) 1.0 1.0, 2.0 2.5/2.9
Tortuosity factor/ 0.5 0.5 0.5

Effective root lengthR, efr) (cm cni?) 2,10,50 4.0 56
Maximum root depth (cm) 100 250 See Table 3
Root radius Rg (cm) 0.02 0.02 0.01

Root distribution factors 0.955 0.982 See Table 3
Priestley-Taylor coefficientys - 1.0 1.0
Priestley-Taylor coefficientymax - 1.3 1.3
Extinction coefficientg - 0.5 0.5
Unstressed stomatal conductangge(m s) - 0.002 0.005

Julian day of maximum leaf area - - 200

@ Loam, Figs. 2-4° Loam (first number) and sand (second number), Figs. $€tarse soil, topsoil to 30 cm depth (first number), subsoil (second number), Figs. 8-10.

become small in relation to the overall soil water status in theabove-ground plant properties that contiy, such as leaf
root zonew. area index, plant height and unstressed stomatal conductance
Jarvis (2010) noted that under stressed conditions: ( (see Egs. 3, 4 and 11). All other factors remaining constant,
), EQ. (13) is equivalent to the compensatory water uptakecompensation should be larger for vegetation characterized
model proposed by Jarvis (1989), which can be written as: by large root length to leaf area ratios. These and many of
the other plant properties that influence compensation vary
with time. However, although the allocation of assimilates to
shoots and roots may vary with plant growth stage and also
However, a comparison of Egs. (13) and (16) shows thatrespond to environmental factors, the temporal development
the two models predict different vertical distributions of wa- of leaf area and root length through the life cycle of a plant is
ter uptake in the soil profile under non-stressed conditionsunctionally linked (Enquist and Niklas, 2002). Thus, a sim-
(Jarvis, 2010). The model proposed by Jarvis (1989) aspler version of the model which assumes a constant value of
sumes that the total water uptake under non-stressed condis. may be quite robust.
tions (whenEa = Ep andw > w,.) is distributed in the root The model proposed by Jarvis (1989) is incorporated into
zone proportional to the overall soil stress (i&.K;)/w, see  the dual-permeability soil water balance and solute trans-
Eq. 16). It is straightforward to derive an expressionfy port model MACRO (Larsbo et al., 2005), and as such has
that equates to this assumption: Eqg. (2) can be derived fronbeen widely applied under field conditions since the early
Eq. (16), withe; and R; defined by Egs. (9) and (10), when 1990’'s. Most of these applications have not focused ex-
Mo is given as (Jarvis, 2010): plicitly on the water uptake sub-model, but in those cases
where detailed measurements of soil water content have en-

Ep o

Si=—Rj ———
Az; MmaXw,w:)

(16)

E
M0=M<1—E—p> i Emax> Ep abled such a test, soil water contents have been found to
maxs be accurately simulated (e.g. Jarvis, 1995). The model de-
Mo=0 ; Emax<Ep 17) scribed by Jarvis (1989) has also recently been included as

Thus, the compensatory water uptake model proposed b§n option in the HYDRUS-1D simulation modedimunek
Jarvis (1989) can be considered as a dimensionless form gind Hopmans, 2009). This option was used by Marke-
the model derived by de Jong van Lier et al. (2008), but W|thW|tZ et al. (2010) who demonstrated an excellent agreement
different assumptions concerningy (contrast Egs. 8 and with soil water contents measured to 11 m depth under an
17). Another difference is that Jarvis (1989) treated the com-Amazonian rainforest during a 6-yr rainfall exclusion experi-
pensation factowc as an empirica] constant Subject to cali- ment and imprOVEd simulations Compared to the case without
bration. However, the analysis here shows that, for any givertPtake compensation.

soil and climate, the degree of uptake compensation should

depend on many plant properties that are in principle measur-

able, including the total root length and root radius and also

www.hydrol-earth-syst-sci.net/15/3431/2011/ Hydrol. Earth Syst. Sci., 15, 34382011
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Fig. 3. Water uptake sink during dry-down from saturation, simu-
lated with Egs. (1) to (4) after 5, 10 and 20 days, assumfggdo be
given by Eq. (8) (dashed lines) or Eq. (17) (solid lines), for the case
of moderate compensatioR { efr) = 10 cm cm2). Remaining pa-
rameter values are as given in Table 1, initial/boundary conditions
in the text.

2.2 Example simulations: water uptake under
non-stressed conditions

These simulations illustrate the consequences of the differ-
ent assumptions concerning the functional formvgf(either

Eqgs. 8 or 17) for water uptake under non-stressed conditions
in the physics-based model given by Egs. (1) to (4). Simula-
tions are run for a 20-day dry-down period without rainfall,
for an initially fully wetted 1 m deep loamy soil and a tran-
spiration demand of 5 mm day, which is assumed to vary
sinusoidally during the day, with a maximum value at midday
and a minimum at midnight. For the sake of simplicity, these
simulations were run without considering soil water flow. Ta-
ble 1 lists the parameter values. The root length density was
assumed to be distributed according to the equation proposed
by Gale and Grigal (1987):

Y=1-p° (18)

where Y is the cumulative proportion of roots above the
depthz (in centimeters) ang8 is an empirical parameter.
Three contrasting degrees of compensation (“low”, “mod-

Fig. 2. Water content distributions during dry-down from satura- €rate” and “high”) were simulated by varying the effective
tion, simulated with Egs. (1) to (4) after 5, 10 and 20 days, assumingotal root length (see Eqgs. 3, 4 and 11). The values chosen
Mg to be given by Eq. (8) (dashed lines) or Eq. (17) (solid lines). (2, 10, and 50 cm cT?, Table 1) were selected to cover most
Parameter values are given in Table 1, initial/boundary conditionsof the range of total live fine root length found among dif-

in the text.

Hydrol. Earth Syst. Sci., 15, 3433444 2011

ferent vegetation types (Jackson et al., 1997), assuming that
perhaps up to 10 % of the total fine root length may be ef-
fective or active (Faria et al., 2010). With a maximum root
depth of 1 m (Table 1), 1 % of the root length is unaccounted
for if B is set to 0.955. This was added to the uppermost

www.hydrol-earth-syst-sci.net/15/3431/2011/
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numerical layer. Matric flux potential)/, was calculated 0
from the parameters of the van Genuchten-Mualem model
(van Genuchten, 1980) of soil hydraulic properties (see Ta-
ble 1) using the approximate function derived by de Jong van
Lier et al. (2009). With these initial and boundary condi-
tions and parameter values, the plants remained unstresse |
and actual transpiration equaled the potential rate for the en- 60 1
tire 20-day period, with one exception (low compensation |
and Mp given by Eq. 17), for which actual transpiration was 80
slightly less than the potential rate for the final 2 days of |
the simulation. 100 +———m—————————
Figure 2a, b, ¢ show the soil water contents simulated by 05 0 0.5 1.0
the two model approaches for low, moderate and high de-
grees of compensation, respectively, on three occasions dur Water uptake sink (h'l .1()'3)
ing the 20-day period (after 5, 10 and 20 days). Figure 3
shows the vertical distribution of the water uptake sink for rig_ 4. Diurnal variations in the water uptake sink on day 10 of
the case of moderate compensati® e, = 10cm cnr?). a 20-day dry-down period from saturation, simulated with equa-
These results demonstrate that Egs. (8) and (17) can givélons 1 to 4, assuming/q to be given by Eq. (8) (dashed lines)
very different water uptake distributions in the soil profile, or Eq. (17) (solid lines), for the case of moderate compensation
with the former producing a much more markedly uniform (Rpeff =10cm cnT2). Remaining parameter values are as given
extraction rate with depth. This contrasts with the conclusionin Table 1, initial/boundary conditions in the text.
drawn by Jarvis (2010) who suggested that the different as-
sumptions concerningfg in the two models would not pro-
duce significantly different water uptake distributions under
nonjst.ress',ed conditiqns. The reason for this appar.ent COM3 1 Water uptake by riparian forest
tradiction is that the difference between the models is much
smaller when compensation is weak (see Fig. 2a—c) and Fhese simulations illustrate the effects of uptake compensa-
very low degree of compensation was implicitly assumed intion on the soil water balance in the presence of a shallow wa-
the limited case study presented by Jarvis (2010), signifiter table, by comparing predictions from the physics-based
cantly lower than that represented by Fig. 2a. Experimentamodel of compensated uptake represented by Egs. (1) to (4)
studies of water uptake under field conditions suggest thaind (17) with an uncompensated model based on equation
water uptake closely mirrors the root distribution during the 14. In the latter casey is assumed to be given by the func-
initial dry-down phase (Ndék, 1987; Coelho and Or, 1999), tion adopted in the SiB model (Alton et al., 2009):
which suggests that Eq. (17) produces more realistic simula- 1
tions than Eq. (8). However, other likely explanations are thate = 0 h
the total resistance to uptake is underestimated because plant 1+e0e
resistances are ignored and that the effective root length urwherenh is in MPa and the critical soil water pressure head,
der field conditions is smaller than that assumed here (i.e. lesc, IS set to—2 MPa.
than 10 % of the total root length), because of poor hydraulic The simulations are intended to reflect the hydrology of
contact of roots with soil and its heterogeneous distributionriparian vegetation in Mediterranean or semi-arid/desert cli-
in undisturbed structured soil (e.g. Wang and Smith, 2004;mates that meet atmospheric evaporative demand and avoid
White and Kirkegaard, 2010). If this is the case, the differ- drought stress with the help of deep roots that exploit ground-
ence between Egs. (8) and (17) will be much less significantvater or soil water in the capillary fringe (Zencich et al.,
in practice, as suggested by Jarvis (2010). 2002; Lamontagne et al., 2005; Cleverly et al., 2006; Gazal et
Unlike Eq. (8), Eg. (17) cannot simulate the phenomenon&L, 2006). A 100-day dry period was modeled without rain.
of hydraulic lift. This is illustrated by Fig. 4 which shows the Soil water flow is calculated by Richards’ equation with the
vertical distribution of the water uptake sink on four occa- soil hydraulic functions given by the Mualem-van Genuchten
sions (at 06:00, 12:00, 18:00 and 24:00 h) on the fifth day ofmodel (van Genuchten, 1980). The water retention function
the simulation. The model represented by Eq. (8) simulateds given by:

201
401

Depth (cm)

3 Case studies

(19)

nighttime hydraulic lift in response to the diurnal fluctuation 1
in potential transpiration. As transpiration demand decrease§ = (1+ (|0lvgh|)N> (20)
during the nightMy increases (Eq. 8), sd; — Mg in Eq. (2) _ _
becomes negative in the uppermost 50 to 60 cm. where the effective water content, is given by:
— 0—6
0=——+ 21
66 (21)
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whereé; is the residual water content frm—23) andayg and Arizona. A root distribution typifying sclerophyllous wood-
Nare shape parameters. The hydraulic conductity,is land and scrub was simulated (see Table 1), with parameter

given by (van Genuchten, 1980): values describing maximum root depth (2.5 m) and distribu-
) tion (8 = 0.983) set according to the global dataset collated

— _ v \I# by Schenk and Jackson (2002). Thus, contrasting hydrologic

K =K' (1_ (1_9 N_l) ) (22) situations are considered in these simulations, from the case

where roots are in direct contact with groundwater at 2.5m

where K is the saturated hydraulic conductivity ahds a  depth, to a case where the water table is located 2.5 m deeper
tortuosity factor. than the deepest roots. The effective root length (4 cm%m

Two contrasting soils are simulated: a sandy soil and theTable 1) was estimated from the global database presented by
same loamy soil from the previous example (Table 1). ItJackson et al. (1997) as roughly 5% of the typical live fine
can be noted that the selected parameter values result in rgot length of sclerophyllous shrubs and trees.
roughly tenfold larger value of the maximum matric flux po- ~ The optimality principle (e.g. Kleidon and Schymanski,
tential, Mmax for the sandy soil compared with the loam 2008; Schymanski et al., 2008; Schaefli et al., 2011) was
(3.22 vs. 0.354 ch~! respectively). The bottom bound- adopted as a basis for comparing the two models. This was
ary condition was given by a pressure potential of zero at thdmplemented by defining an optimal leaf area as the maxi-
base of the soil profile. The depth of soil profile (and thus mum value of leaf area index LAl that does not result in water
the depth to the water table) was varied between 2.5 and 5 nstress exceeding a critical level (Woodward, 1987; Kergoat,
The initial condition was given as drainage equilibrium with 1998; Kochendorfer and Ramirez, 2010). The maximum al-
the water table. lowable stress was defined as a ratio between total actual and

A simple approach was used to partition evaporative de-{otential transpiration of 0.9 (i.e. actual transpiration for the
mand into potential soil evaporatioBys, and transpiration, ~100-day period was 90 % of the potential). This optimization

Ep, as a function of canopy leaf area index, LAL: was performed independently for both models for ten fixed
water table depths varying between the minimum (2.5 m) and
Eps) = asEeqr (23)  maximum (5m) values considered. A maximum value of
LAl was also set (=4) to reflect in a simple way the like-
Ept = Eeq(1—1) (24) lihood of light and/or nutrient limitations on above-ground
production when water supply is non-limiting.
where the equilibrium evaporation rat€sq, was fixed at 0.5 Figure 5a, b shows the optimal leaf area indices, total
cm d, the Priestley-Taylor co-efficient for soil evaporation transpiration and capillary rise (the latter defined as the flux
as was assumed constant at 1.0, and: across the bottom boundary of the profile) simulated as a
;— oOLA (25) function of water table depth for the 100-day dry-down pe-

riod for the loamy and sandy soils respectively. The remain-
where o is set to 0.5 (Table 1). Actual soil evaporation ing term in the water balance, soil evaporation, is not shown
is calculated as the minimum of the potential soil evapo-On these figures, since it amounted to less than 6 mm in all
ration, Eps), and the current maximum supply rate to the cases. This is because the soil surface was rather dry even
soil surface calculated from Darcy’s law. F0||owing De at the start of the simulations. Figure 5a, b show that the
Bruin (1983) and Monteith (1995), the Priestley-Taylor co- Uncompensated root water uptake model (Egs. 14 and 19) is
efficient for transpirationg, is given as a function of the Very insensitive both to water table depth and to soil type: ir-

canopy conductance: respective of soil type, the optimal leaf area index is around
A 1, the transpiration a little less than 100 mm and the capillary
at=amax(1_e—(W%ss‘°)> (26) rise is less than 10 mm, with only small increases in these

terms as the water table becomes shallower, approaching the
whereamay is set to 1.3 angsyo is the unstressed stomatal root depth of 2.5 m. In contrast, capillary rise, leaf area index
conductance (in ms). Based on a summary of literature and transpiration show a much stronger sensitivity to water
data, Schulze et al. (1994) reported a mean valuggfor table depth and soil type for the compensated root water up-
sclerophyllous vegetation of 0.0048 mis However, a value take model (Egs. 1 to 4 and 17). The sand, being a more
at the low end of the range reported by Schulze et al. (1994kapillary soil, gives rise to a larger capillary rise for any
was selected for the simulations shown here (0.002'ns given water table position than the loam, and can therefore
Table 1), since the typical values reported for other vege-support greater leaf area without inducing significant water
tation types (temperate grasslands and forests) in Schulzstress. Figure 5a also demonstrates that models accounting
et al. (1994) are up to 2-3 times larger than those given irfor compensated uptake will not necessarily give larger tran-
the more recent review presented by Breuer et al. (2003)spiration rates than uncompensated models (note the results
Gazal et al. (2006) reported minimum stomatal resistances ofor the loam soil at water table depth2.9 m). This is be-
the order of 300-500 st for riparian cottonwood forestin cause the predictions of the uncompensated model depend
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As a kind of qualitative validation test or “reality check”, it
can be noted that Zencich et al. (2002) and Lamontagne et
al. (2005) demonstrated with the help of isotope techniques
that during long dry seasons, more than 50% of the total
water uptake of phreatophytic trees and woody shrubs origi-
nated from the capillary fringe or from groundwater. In com-
parison, on the last day of the simulation, ca. 54 % of the wa-
ter uptake was supplied from the deepest 50 cm of the root
zone (Fig. 6a). In contrast, the uncompensated model pre-
dicts that only 2 % of the uptake originates from these layers
(Fig. 6b). The simple approach adopted here to determine
optimal leaf areas results in a tight coupling between actual
0 lnssusn—a ! transpiration, leaf area index and groundwater depth (Fig. 5a,
25 30 35 40 45 5.0 b), something which has also been observed in such riparian
ecosystems (Cleverly et al., 2006; Gazal et al., 2006).
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50 3.2 Water balance across a continental aridity gradient

This second case study illustrates the consequences of fail-
ing to account for compensatory water uptake for water bal-
ances modeled at continental/global scales. Simulations are
performed for grassland vegetation at eight locations span-
ning an east-west aridity gradient across the continental USA
(Table 2). Locations at similar latitudes were selected so
that potential evapotranspiration was similar at all locations
and their climates differed primarily with respect to annual
precipitation (Table 2). The temporal distribution of pre-
cipitation was also similar, although a summer maximum
is somewhat more pronounced at the western end of the
. — aridity gradient. Twenty-year simulations were performed
25 30 35 40 45 5.0 for each site using weather data (precipitation, air temper-
Depth to water table (m) ature, solar radiation) for the period 1971-1990 obtained
from SAMSON fttp://www7.ncdc.noaa.gov/CDO/cas

Fig. 5. Leaf area index (diamonds), transpiration (circles) and cap-dnvmg, data. Equilibrium gvaporatlon was calculated with
illary rise (squares) simulated by compensated (Egs. 1 to 4 and 17t,he Priestley-Taylor equation. The same models for Com'
open symbols) and uncompensated (Egs. 14 and 19, solid symbol§€nsated and uncompensated uptake were used as described
models as a function of water table depth during a 100-day dry-in the previous example simulations for riparian forest, but
down period for(a) a loamy soil andb) a sandy soil. Parameter complemented with a simple routine for rainfall interception
values are given in Table 1, initial/boundary conditions in the text. (Alavi et al., 2001) in which both the canopy storage capacity
and the proportion of direct throughfall were given as func-
tions of leaf area index. Leaf area index was assumed to
on how the empirical functioa is defined, which may differ  follow a fixed seasonal variation described by a sinusoidal
from the physics-based definition in the compensated modelfunction with a maximum in early summer and a minimum
These simulation results are further illustrated in Fig. 6a,in winter.
b, which shows the time-course of the water uptake sink term A sandy soil was simulated with a unit hydraulic gradi-
for the sandy soil at a water table depth of 3m. For theent as the bottom boundary condition for a 3m deep soil
compensated model, the uptake sink becomes progressivefyrofile. A three-year spin-up period was employed to de-
dominated by the deeper sparsely rooted layers closest to thfne the initial condition in the profile. This was found suf-
water table. Finally, Fig. 7 shows the contrasting water con-ficient to ensure that the change of soil water storage at
tent profiles simulated by the compensated and uncomperthe end of each simulation was negligible. The parameters
sated models at the end of the 100-day period. In the latteof the van Genuchten-Mualem model were set according to
case, uptake is largely confined to the surface 2m, and théhe HYPRES class pedotransfer functions for a coarse soil
uppermost 10 cm of soil dried out to close to wilting point (Wosten et al., 1999, Table 1). Vegetation parameters were
(0.028n* m~3). The subsoil is predicted to be a far more set to values appropriate for temperate grassland based on
important source of water uptake in the compensated modeliterature data collated in global databases (Tables 1 and 3).
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Table 2. Weather stations (SAMSON) used for driving data and nearby catchments (HCDN) with measured discharge/precipitation ratios.

Cc
Location Latitude Precipitation 2Potential bAridity HCDN Catchment
Longitude (mmyrl)  evapotranspiration index Site dRunoff
(mmyr -1 ratio
1.Pueblo, Colorado 38 N 279 1041 3.73 Conchas River at Variadero 0.018
104 3P W
2. Amarillo, Texas 35 19N 504 1085 2.15 Sweetwater Creek nr. Kelton 0.027
10142 W
3. Dodge City, Kansas 3745 561 1036 1.85 Crooked Creek, nr. Kye 0.016
101 0P W
4. Wichita Falls, Texas 33 58\ 757 1138 1.50 East Fork, Little Wichita River,0.073
98 29 W nr. Henrietta
5. Oklahoma City, 3526 N 902 1071 1.19 Walnut Creek at Purcell 0.157
Oklahoma 97 28 W
6. Fort Smith, Arkansas 3520 1075 1025 0.95 Lee Creek, nr. van Buren 0.409
9422 W
7. Nashville, Tennessee  36°I 1221 955 0.78 Sequatchie River, nr. Whitwell 0.477
8647 W
8. Asheville, North 3526 N 1194 883 0.74 French Broad River at Asheville 0.462
Carolina 8232W

a Calculated as 1.3 times the Priestley-Taylor equilibrium evapord?ioalculated as potential evapotranspiration divided by precipitation (Budyko, 19ft:/pubs.usgs.gov/
wri/wri934076/151page.html"| calculated as measured stream discharge divided by precipitation.

Table 3. Estimated root depth and distribution and maximum leaf area at the eight locations.

Location Depth containing  Root distribution 2Maximum root  Maximum leaf
95 % of roots (m) factorg depth (m) area index
Pueblo, Colorado 1.30 0.9772 2.00 0.96
Amarillo, Texas 1.31 0.9774 2.01 1.74
Dodge City, Kansas 1.21 0.9755 1.86 1.93
Wichita Falls, Texas 1.05 0.9719 1.61 2.60
Oklahoma City, Oklahoma 0.87 0.9662 1.34 3.10
Fort Smith, Arkansas 0.70 0.9581 1.08 3.70
Nashville, Tennessee 0.58 0.9497 0.89 4.20
Asheville, North Carolina 0.54 0.946 0.83 4.10

@ Defined as the depth containing 99 % of roots.

Based on this literature information, some parameters werdore estimated from a linear regression equation (=0.00344
assumed constant for all locations, while others varied as @gimes annual precipitation in mnk2 = 0.6, p < 0.0001) fit-
function of climate. The fine root radius (0.01 cm, Jack- ted to data on temperate grasslands in the USA (Asnher et
son et al.,, 1997) and the unstressed stomatal conductanad., 2003;www.daac.ornl.goi For the sake of simplicity,

of grass (=0.005ms, Schulze et al., 1994; Breuer et al., this maximum leaf area was assumed to occur on Julian day
2003) were set to constant values (Table 1). Both above200 irrespective of site (Table 1). The minimum leaf area
ground biomass and leaf area index of temperate grasslandsdex was set to a fixed fraction (=0.2) of the maximum
in the continental USA are known to be strongly and morevalue. Root parameters in the model were estimated from
or less linearly dependent on precipitation (e.g. Sala et al.the data collated by Schenk and Jackson (2002) and down-
1988; Lane et al., 2000; Polley et al., 2011). The maxi-loaded fromwww.daac.ornl.gov Significant effects of cli-
mum leaf area index at the eight sites (Table 3) was theremate on the maximum root depth of temperate grasslands
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Fig. 7. Water content profiles for a sandy soil (Table 1) after a 100
day dry-down period with a water table at 3m depth, simulated with
uptake compensation (Egs. 1 to 4 and 17, solid line) and without
(Egs. 14 and 19, dashed line). The dashed-dotted line shows the
initial water contents.

calculated using Eq. (18) (Table 3). In contrast to root depth,
no statistically significant trend of root biomass of temperate
2001 000 j:y _11’525’50 grasslands® = 58) with long-term precipitation or aridity
Y index could be detected. In a more controlled study, Zhou
et al. (2009) also found that root biomass did not vary sys-
250 ‘ . ‘ . ‘ . ‘ . tematically across an aridity gradient in the southern Great
0 2 4 6 8 Plains of the USA. Thus, a constant value is assumed for
. 1 5 all locations (=56 cm cm?, Table 1), calculated from the
Water uptake sink (h™.10™) mean live fine root biomass (0.95kg®) multiplied by a
typical specific root length for grasses of 118 mtgeported
Fig. 6. Water uptake simulated for a sandy soil (Table 1) during a by Jackson et al. (1997), assuming that only 5% of the root
100-day dry-down period, with the water table at 3 m deépjtwith length is effective for water uptake. Given the dependence of
uptake compensation (Eqgs. 1 to 4 and 17) @njdwithout uptake  |eaf area on precipitation, a constant root biomass implies
compensation (Egs. 14 and 19). Initial/boundary conditions arethat the root/shoot ratio increases as the climate becomes
given in the text. drier, which has also been reported for grasslands in the USA
(Zhou et al., 2009) as well as globally (e.g. Mokany et al.,
2006). This larger root-shoot ratio enhances water uptake by
can be detected in this database (Schenk and Jackson, 200#)e compensation mechanism (see Egs. 3, 4 and 11).
Despite a large scatter in the data, root depth tends to in- Clearly, there are some uncertainties involved in this pa-
crease as the climate becomes drier, at least up to an aridameterization. In the case of the compensated uptake model,
ity index (Budyko, 1974) of ca. 3. A non-linear regression the lack of data and process understanding concerning the
equation (locally-weighted regression method) was thereforgelationship between effective and total root length proba-
fitted to the datar{=63; R2=0.41) to estimate 95% root bly represents the largest knowledge gap. A simple sensitiv-
depths for the eight locations (see Table 3) as a function ofty analysis was therefore performed to investigate the likely
aridity index. Data from tropical grasslands (defined as sitesconsequences of these parameter uncertainties on simulated
at latitudes less than 2Bl or S) were excluded from this transpiration fluxes. The Oklahoma location (Table 2) was
analysis, as were data from sites where the root depth washosen for this analysis, since it was expected that evap-
deeper than the maximum sampling depth and the latter wastranspiration would be most sensitive to plant parameters
<0.5m. The root distribution paramet@mand the maximum  controlling water uptake in climates of intermediate aridity
root depth (the depth containing 99 % of roots) were then(Seneviratne et al., 2010). In dry climates, evapotranspiration

Depth (cm)
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Fig. 9. Comparison of simulated runoff ratio (percola-
Fig. 8. The sensitivity of simulated total transpiration at Oklahoma tion/precipitation) with measured stream discharge/precipitation ra-
City (see Table 2) to changes in the values of parameters controllingios (HCD databaséttp:/pubs.usgs.gov/wri/wri934076/1sage.
root length, root depth and leaf area. The base line parameter set lstml) (numbers on symbols refer to sites listed in Table 2).
defined in Tables 1 and 3.

. . o . , ca. 450 to 3000 knin size, with contrasting soil types and
will pe Ilmlteq by precipitation, Wh.ereas little stress will oc- vegetation cover). Simulated runoff is generally less than
cur in wet climates and uptake will be mostly controlled by ,aacured in the wetter climates, which is to be expected

atmospheric demand. Four parameters (the effective ro0Ljyce the model does not account for fast runoff processes

length, the maximum root depth, and the maximum and min-g,,c, a5 surface runoff and preferential flow that short-circuit

imum leaf area indices) were varied one-at-a-time around,o plant root zone.
their baseline values (Tables 1 and 3) by up#0%. Fig-  Fjgure 10 shows a comparison of transpiration and evap-
ure 8 shovv; that simulated transpiration was mqst Sens't'v%transpiration fluxes simulated by the compensated and un-
to the maximum leaf area, followed by the maximum root ., nensated models. As expected, the difference in total
depth, while transpiration was insensitive to both the min-g,anqtranspiration was negligible in arid climates (aridity in-
imum leaf area aﬂd espemall_y to the effective root .Iength.dex> ca. 1.5 to 2), since runoff is negligible and the total
This latter result is encouraging because the effective roog, an0ration flux equals precipitation. In less arid climates,
length is the most uncertain parameter. the compensated model gives ca. 5 to 7% larger evapora-
The simulated water balances are calculated for vir-tion fluxes, with this difference between models becoming
tual locations and, as such, cannot strictly be comparedmaller in more humid climates with an aridity index less
with measurements. However, a simple “reality check”than 1 (Fig. 10). In principle, these differences in predicted
is presented here to confirm that the simulated water balevapotranspiration between models should disappear in very
ances are at least reasonable. Figure 9 shows a compatumid climates in which water stress does not occur. It
son of simulated percolation (as a proportion of precipita-might be considered that differences in total evapotranspi-
tion) at the base of the soil profile with catchment runoff ration of this order of magnitude between the two models
ratios (stream discharge divided by precipitation) derivedwould, in practice, be overshadowed by parameter error and
from the USGS HCDN databasét{p://pubs.usgs.gov/wri/ uncertainty. This would certainly be the case if the uncom-
wri934076/1stpage.htmjl for the period from 1971 to 1988. pensated model gave random error, but the error is system-
Catchments measured close by the weather station locationgic (Fig. 10), which implies that a systematic error in other
were selected with, as far as possible, little forest cover (thejifficult-to-measure model parameter(s), such as the maxi-
Tennessee and North Carolina sites, which both had 73 %num root depth, would be required to compensate for it. This
forest cover, were exceptions). Figure 9 shows an encouragmight be the outcome of model calibration if parameters are
ing agreement between simulated and measured runoff, espghsufficiently constrained by scarce data (Beven, 1993).
cially considering the mismatch in scales between the model
(a single soil profile) and the data (catchments varying from
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g tal effective root length to potential transpiratidfy. Apart
3 ., E= from atmospheric conditiong;, depends on above-ground
9 § 1.08 ﬁ::,.\ \ 106 a plant morphological and physiological factors such as plant
*é 5 ] " . 2 height, leaf area and unstressed stomatal conductance. These
o = /O\ \ \. s parsimonious physics-based approaches therefore show great
S % 1.06 45 5] promise to support global modeling exercises since their pa-
§ = / 193 § rameters are, in principle, all measurable. However, more
%%’ 1,04 ¢ . < research is clearly needed, for example, to evaluate the ef-
g ‘% ‘ g fects of model assumptions introduced to make the problem
fg 2 {04 = tractable (e.g. the neglect of internal plant resistances), to
g8 1.02 a determine the relationship between total and effective root
[5 g % length and also the most appropriate functional formaiyr
o G & in Eq. (2). These questions can only be answered by testing
1.00 : B — 0.3 alternative model concepts against experimental data. This
0 1 2 3 4 will not be a straightforward task under field conditions, as
Aridity index the data normally available to validate models (e.g. soil water

contents measured as a function of depth and time) may not
be sufficient to distinguish errors arising from the description

Fig. 10. Transpiration and evapotranspiration simulated by com- f root water uptake from model and parameter error related
pensated and uncompensated models as a function of the aridityinc-) oot water uptake fro odel and parameter error reate

dex (defined here as 1.3 x equilibrium evaporation divided by pre-© SCil hydraulic properties, root distribution, soil water flow

cipitation). Open symbols are the evapotranspiration ratio (com-@nd potential evapotranspiration.

pensated/uncompensated; plotted against the left axis); closed sym- The case studies presented here suggest that models that

bols (right-hand axis) show the ratio of transpiration to evapotran-fail to account for compensatory water uptake will introduce

spiration (circles =compensated model, squares=uncompensategtror and bias into predictions of eco-hydrological models,

model). both at local scales, for example in relation to site factors

such as water table depth and also at global scales in relation

In coupled ecological-hydrological models that con- tO climatic factors. However, itis also important to note that

sider dynamic feedbacks between climate with vegetatioimodels thatonly consider the physical basis of compensatory
(e.g. Neilson 1995; Sitch et al., 2003; Schymanski et a|_’uptake also have t_he|r limitations. Blologllcal responses to
2009), the partitioning between transpiration and evaporaPlant water stress in terms of altered spatial patterns of root
tion will also be critical, since transpiration is tightly coupled 9rowth, activity and turnover do not lend themselves as easily
with carbon assimilation. Figure 10 shows that the ratio ofto exact mathematical description, but an ideal model should
transpiration to total evaporation is generally larger for the €XPplicitly consider both the physical basis of root water up-
compensated model: the differences are relatively small fof@ke and the plant response in terms of dynamic root growth
humid climates, but become progressively more significant!'”k_ed to both local soil conditions and above-ground assim-
as the climate becomes drier. Interestingly, the ratio of sim-lation. Such a model would not need to assume “a priori” a
ulated actual to potential transpiration was remarkably con-9!Ven static root dlstrlbut_lon, which is one limitation of most
stant across the eight sites, varying between 0.84 and 0.92 fd¥idely-used macroscopic water uptake models. Instead, the
the compensated model (with an average value of 0.87) an(é]lstnb_unon of root Iength density would .follow frqm the in-
showing no apparent trend with aridity. This result, which is teractions between soil and atmospheric conditions gnd the
the outcome of “forward” simulations parameterized solely CUrrent state of plant development (e.g. Schymanski et al.,
from literature data, suggests that the use of a constant rati§?08, 2009). Coupled vegetation-hydrologic models that in-
of actual to potential transpiration (c.f. the first case studyCorporate such dynamic interactions between climate, hydro-
discussed earlier), may be a very simple and effective wayl09iC processes and vegetation are becoming widely used.
of implementing the optimality principle (e.g. Kleidon and Thg |_Ilustrat|ve simulations presented hgre show that, wh_en
Schymanski, 2008; Schaefli et al., 2011) into global eco-building models to tackle the complexities of the dynamic
hydrological models. eco-hydrological system, it is critically important that sub-
models of root water uptake are physics-based.
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