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[1] The goal of this study is to understand the interaction between belowground and
aboveground ecohydrologic dynamics as facilitated by hydraulic redistribution. We analyze
the partitioning of moisture and energy between tall and understory vegetation, and soil
evaporation. Both the competitive and facilitative dependencies are examined using a
shared resource model where the soil serves as a common reservoir for the interaction
between the different vegetation species. The moisture state of the reservoir is altered by the
addition and withdrawal by vegetation roots in conjunction with soil-moisture transport.
Vertical patterns of soil moisture state and uptake reflect the nonlinear interactions between
vegetation species. The study is performed using data from the Blodgett Forest Ameriflux
site in the Sierra Nevada Mountains of California. The Mediterranean climate of the region,
with wet winters and long dry summers, offers an ideal environment for the study. The
results indicate that deep layer uptake of water by the tall vegetation and its release in the
shallow layers enhances the productivity of the understory vegetation during the summer.
The presence of understory vegetation reduces direct soil-evaporative loss making more
moisture available for vegetation which enhances the total ecosystem productivity. The
litter layer is also found to play an important role in the partitioning of the water and energy
fluxes by damping the radiation reaching the soil and thereby reducing water loss due to soil
evaporation.
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1. Introduction
[2] The dynamics of water flow between plant roots and

the surrounding soil play an important role in controlling
the link between aboveground ecophysiological processes
governing carbon, water and energy exchange, and the
atmosphere [Bardgett and Wardle, 2010]. At longer time-
scales, these processes contribute to the formation of soil
structure and the distribution of carbon and nutrients
through the soil column [Allton et al., 2007; Angers and
Caron, 1998; Huxman et al., 2004]. The flow of water
from the roots to soil was first established experimentally
by Kramer [1933], and has since been identified in a wide
variety of plant species including shrubs [Richards and
Caldwell, 1987; Ryel et al., 2002; Prieto et al., 2010],
grasses [Schulze et al., 1998] and trees [Burgess et al.,

1998; Smith et al., 1999; Burgess et al., 2000; Brooks
et al., 2006] across a range of dry to wet climates. The con-
ductivities of transport through the root system are signifi-
cantly larger than that of the surrounding soil [Blizzard,
1980], resulting in movement of moisture at rates that are
substantially larger than those through the soil matrix
[Amenu and Kumar, 2008]. As a result, the roots serve as
preferential pathways for the movement of moisture from
wet to dry soil layers. This passive transport is determined
by the soil water potential gradients and can result in the
transport of moisture deeper in the soil column during the
wet season (hydraulic descent, HD) [Burgess et al., 1998;
Schulze et al., 1998; Smith et al., 1999; Hultine et al.,
2003], and transport of moisture from deep to shallow
layers during the dry seasons (hydraulic lift, HL) [Dawson,
1993; Espeleta et al., 2004; Ishikawa and Bledsoe, 2000;
Ludwig et al., 2003]. There is also evidence that roots can
transport moisture laterally when a strong gradient in soil
water potential is imposed across the breadth of a plant root
system [Brooks et al., 2002, 2006; Nadezhdina et al.,
2010]. This general phenomena of moisture transport
through the soil system by way of the root system has been
referred to as hydraulic redistribution (HR) [Burgess et al.,
1998, 2000, 2001; Hultine et al., 2003, 2004].

[3] A number of studies have attempted to characterize
the hydrologic and ecological significance of HR. The roles
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of HR include buffering against daily soil water depletion
and seasonal drought [Emerman and Dawson, 1996; Bleby
et al., 2010], facilitation of savanna tree-shrub clusters
[Zou et al., 2005], root litter decomposition and nutrient ac-
quisition [McCulley et al., 2004], extension of the growing
season [Ryel et al., 2002; Scott et al., 2008], impact on
competition between different plant functional types at
continental scales [Wang et al., 2010] and even alteration
of seasonal climate [Lee et al., 2005]. Although a number
of species across a range of climate gradients from the tropi-
cal Amazon to the semiarid southwestern United States have
been studied in this context, a predictive modeling based
characterization that develops a comprehensive understand-
ing of the impact of HR on the biophysical processes occur-
ring in ecosystems with different species that coexist and
share resources remains an open challenge.

[4] The objective of this study is to understand the role
of HR in the interaction of aboveground and belowground
ecohydrologic dynamics using a modeling approach. Spe-
cifically we explore the role of HR in regulating the parti-
tioning, and trade-off of hydrologic fluxes between tall and
understory vegetation and soil evaporation. This is accom-
plished using a ‘‘shared resource model’’ where the soil
serves as a common reservoir whose state is altered by the
addition and withdrawal of moisture by vegetation roots, in
conjunction with the moisture transport dynamics and the
nonlinear dependence of vegetation uptake and release on
the existing soil-moisture state. The model extends the
work of Amenu and Kumar [2008] for root and soil interac-
tions through HR for a single species to incorporate mois-
ture uptake and release dynamics involving roots of
multiple plant species. It also extends the model of Drewry
et al. [2010a, 2010b] developed for coupling the below-
ground moisture transport through soils and root system,
and aboveground water, energy, and carbon fluxes for both
C3 and C4 vegetation to allow for multispecies composi-
tion of vegetation. Further, the existing functional represen-
tation of HR is enhanced to represent ecosystem scale
dependencies such as soil evaporation and its dependency
on the litter layer.

[5] Both hydraulic descent and lift affect soil evapora-
tion. Ryel et al. [2002] suggested that by transporting water
down to deeper layers, hydraulic descent reduces the mois-
ture that would otherwise be available for soil evaporation.
On the other hand hydraulic lift may allocate water to shal-
low layers that is likely to support evaporation [Dawson,
1993, 1996] which could be detrimental for the plants in
water-limited environments. In some cases water potential
in the soil can reach very low levels thereby creating a soil-
root potential gradient for the movement of significant
volume of moisture from the roots into the soil. It has been
suggested that in such conditions it is likely that physiologi-
cal controls may act to reduce the efflux of water [Caldwell
et al., 1998; Jackson et al., 2000; Espeleta et al., 2004], for
example through the death [Espeleta et al., 2004] or
shrinkage [Jackson et al., 2000] of fine roots near the
ground surface. We explore this situation by implement-
ing a hydraulic fuse mechanism [Espeleta et al., 2004],
which is a hydraulic disconnection between roots and the
surrounding soil when the daily average water-potential in
the soil falls below the wilting point, thereby preventing
both uptake and release of water by the roots. On the other

hand the presence of a litter layer lying over the soil has
been observed to influence the energy balance at the sur-
face. Experimental and numerical studies have recognized
that the presence of a litter layer above the soil reduces
evaporative fluxes [Park et al., 1998; Bristow et al.,
1986; Bussiere and Cellier, 1994; Chung and Horton,
1987] and soil temperature [Bussiere and Cellier, 1994;
Chung and Horton, 1987]. Therefore, the presence of lit-
ter introduces a new level of complexity that impacts the
dynamics occurring belowground. Here we also analyze
how the presence of litter influences the subsurface trans-
port of moisture by HR through the regulation of soil
evaporation.

[6] The role of water uptake and its redistribution is of
significant interest at the ecosystem scale [Scott et al., 2008].
Although important advances have been made in detecting
the presence of HR and the quantification of the moisture
fluxes it produces [Caldwell et al., 1998; Yoder and Nowak,
1999; Burgess et al., 1998; Domec et al., 2010; Wang,
2011], most studies have been conducted to understand its
significance on the transpiration and gross productivity of a
single plant species [Caldwell and Richards, 1989; Brooks
et al., 2002; Ryel et al., 2002], or have considered a
lumped system that encapsulates the net impact of species
composition [Amenu and Kumar, 2008] rather than resolv-
ing the competitive or mutualistic dependencies between
different species. Although the presence of more than one
species sharing the soil and resources, such as water and
nutrients, in the same ecosystem imply competition for
resources, there is experimental evidence that also suggests
that facilitation of shared resources between different spe-
cies may occur [Ludwig et al., 2003; Scott et al., 2008]. It
has also been suggested that HR may influence the dynam-
ics of microbial populations and consequently the biogeo-
chemical cycling [Caldwell and Richards, 1989; Caldwell
et al., 1998; McCulley et al., 2004; Querejeta et al., 2007]
resulting in a mutual feedback effect between vegetation
and microbial populations in the soil. These studies have
established HR as a significant ecohydrological process
with implications for ecosystem dynamics and the interac-
tions between vegetation and the atmosphere. Model and
simulation studies present an opportunity to further unravel
the complexity of these ecohydrological processes and
their role in ecosystem functioning [Kumar, 2011]. Here
we use a novel process-based model, capable of incorpo-
rating HR in a multispecies framework, to gain deeper
insight into ecosystem scale hydrological dynamics and
interactions. In particular, we explore how the presence of
multiple species utilizing the same soil domain induces
both competitive trade-off in water utilization and mutual-
istic benefits in ecosystem productivity, and the role of HR
in mediating these interactions. The impact of these proc-
esses on subsurface nutrient dynamics is presently being
studied.

[7] In section 2 we describe the Blodgett Forest study
site. The shared resource model developed for this study is
described in section 3. Results and analyses for above-
ground and belowground hydrologic fluxes and states is
presented in section 4. Section 5 provides a summary and
discussion of the key points. A list of symbols is included
in the notation section and several technical aspects of the
model are presented in the Appendix A–C.
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2. Study Site
[8] The Ameriflux study site in the Blodgett Forest was

established in 1997 in the Sierra Nevada Mountains in Cali-
fornia, United States (38.8952�N, 120.6328�W, 1315 m
above MSL) [Goldstein et al., 2000]. In 1997 the ground
cover consisted of 25% shrubs, 30% conifer trees, 2% de-
ciduous trees, 7% forbs, 3% grasses and 3% stumps [Fisher
et al., 2005]. The dominant overstory species is Pinus Pon-
derosa (hereafter PP) and the most ubiquitous understory
shrubs are Arctostaphylos manzanita and Ceanothus Cor-
dulatus (hereafter shrubs) [Xu and Qi, 2001; Misson et al.,
2006]. The region is characterized by a Mediterranean cli-
mate with wet winters and long dry summers in which
most of the precipitation falls between September and May
with little rainfall between June and October. PP is a native
forest species in the western regions of North America
which has adapted to the long dry summers in California
and the Pacific Northwestern United States [Panek, 2004].
PP trees are able to sustain high transpiration rates during
the dry period [Panek, 2004]. Observational studies have
demonstrated the presence of HR in PP [Brooks et al.,
2002; Domec et al., 2004; Warren et al., 2007], indicating
that hydraulically lifted water provides a substantial portion
of dry-season transpiration in these deep-rooted trees.

[9] Ponderosa pine was initially planted at the Blodgett
Forest site in 1990 [Tang et al., 2005]. At the end of the
1998 growing season the leaf area index (LAI ) of overstory
(total needle surface area) and understory (total surface area)
vegetation was about 4.5 and 1.6, respectively [Xu and Qi,
2001]. In June of 1999 most of the shrubs were removed and
in the spring of 2000 the PP plantation was thinned in order
to analyze variations in carbon flux due to management
practices [Misson et al., 2005]. The LAI reduction after the
thinning was around 30% [Xu and Qi, 2001]. PP was the
predominant species in 2001 but in 2002 the shrubs returned.
The LAI trends for the shrubs and the pines are shown in
Figure 1 (note zero LAI for the shrubs in 2001) along with
ecophysiological parameters Vcmax and Jmax [Farquhar
et al., 1980]. Figure 1 also shows the seasonal rainfall and
incoming shortwave radiation patterns, where the signature
of the Mediterranean climate is clearly evident.

[10] These site and climate characteristics provide for an
ideal environment to study the role of HR and multispecies
interactions. Simulations for 2001 involving only PP and
for 2002 involving PP and shrubs allow us to compare and
contrast the single and multispecies response. Shrubs
started to grow back in 2002 but the maximum LAI of 1
reached during 2002 is low compared with the maximum
value of 2 reached in 1998 [Goldstein et al., 2000] before
they were cut. This suggest that the shrubs had not fully
established in 2002. The parameters for the model
described in section 3 are obtained from published litera-
ture and listed in Tables 1 and 2. In most cases they were
measured directly at the Blodgett Forest site. The data for
year 2000 are used for model spin-up by running the model
several times consecutively with this 1 year of data until
the annual cycle of soil moisture reaches steady state. Each
scenario (see section 4) is spun up independently using
year 2000 forcing data, resulting in different initial condi-
tions for the start of each simulation experiment, which
spanned the study period 2001–2002.

3. Shared Resource Model for
Multiple Species Interactions

[11] The model development is based upon the multi-
layer canopy-soil-root (MLCan) biophysical model of
Drewry et al. [2010a, 2010b]. MLCan incorporates explicit
coupling between leaf-level ecophysiological processes
(photosynthesis and stomatal conductance), physical proc-
esses (energy balance and boundary layer conductance),
and belowground water status which incorporates the HR
model of Amenu and Kumar [2008]. It resolves the radia-
tion regimes, both direct and diffuse shortwave as well as
longwave, throughout the vertical domain of the canopy.
Radiation attenuation is determined by the leaf area density
(LAD) profile [Drewry et al., 2010a]. It predicts the latent
and sensible heat fluxes for each canopy layer through an
iterative solution of the leaf energy balance, considering
sunlit, shaded, and wet leaf fractions (due to dew or rainfall
interception) separately. CO2 fluxes (assimilation and respi-
ration) are also calculated for each canopy layer, being
directly coupled to the energy balance through stomatal dy-
namics. The details of the MLCan formulation can be
found in the online supplement of Drewry et al. [2010a].

[12] For this study, the MLCan model is extended to
include formulations for several plant species coexisting in
the same environment. As the MLCan model is designed to
include both C3 and C4 photosynthetic pathways, it allows
us to study the interaction between different tall and under-
story vegetation combinations: C3-C3, C3-C4 (or in rare
cases C4-C4). This enables us to simulate the water,
energy, and carbon dynamics when several species with
different structural and ecophysiological characteristics
interact and share resources. The role of HR in these inter-
actions is of particular interest in this study.

[13] The schematic of the model is presented in Figure 2.
As illustrated, we assume that several species can coexist in
the same environment and they are homogeneously distrib-
uted in the spatial domain. Aboveground, their coexistence
affects the radiation regime. For example, tall vegetation can
shade the understory vegetation, thus reducing the radiation
available for understory plants. Radiative effects such as
this will directly impact the partitioning of energy between
ecosystem components, the energy balance of each vegeta-
tion type and the soil, and consequently the net photosyn-
thetic productivity of the system. The different rooting
depths and root distributions of tall and understory vegeta-
tion impact belowground resource acquisition, as different
species draw from the same resource pool, but potentially
with different strengths and from different locations in the
soil profile.

[14] We assume that all the individuals of a given species
have the same structural and ecophysiological characteris-
tics, but each plant species is different from the other. To
resolve the light regime we use a composite LAD obtained
as a linear sum of the LAD of the individual species. This
composite LAD is then used to attenuate the transmission of
downward radiation. Once the light attenuation is solved,
the energy absorbed by the canopy at different layers is
obtained using a weighted average calculation based on the
fraction of LAD from each species in the composite LAD at
each layer (see equation (A4)). This approach allows us to
separately consider the ecophysiological and structural
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differences of each species. As a result, the latent heat, sen-
sible heat, and CO2 flux profiles for each species are
different.

[15] The HR dynamics are formulated by extending the
single species model of Amenu and Kumar [2008] and
Mendel et al. [2002], which are based on coupling two

equations for the transport of moisture through the soil and
the root system. The presence of M different plant species
necessitates the use of M independent equations for the
transport of moisture through the root systems. This allows
for their differences in structural and functional properties to
be incorporated. These root system equations are coupled

Figure 1. Physiological and climatological data from Blodgett used in the model simulations.
(a) Variation of maximum rate of electron transport (Jmax) and maximum carboxylation velocity (Vcmax)
throughout the year (data obtained from Misson et al. [2006]). (b) Daily averaged downward shortwave
radiation, (c) rainfall for 2001 and 2002, and (d) leaf area index (LAI). All-sided ponderosa pine LAI is
2.3 times LAI shown (projected). (LAI data obtained from Misson et al. [2005]).
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with a single Richards equation for soil-moisture transport
through the soil profile. The system of equations is

@�

@t
� @

@z
Ks

@ s

@z
� 1

� �� �
¼ �

XM

i¼1
KR

ri
 s �  ri

� �

� @

@z
KA

r1

@ r1

@z
� 1

� �� �
¼ KR

r1
 s �  r1

� �

� @

@z
KA

r2

@ r2

@z
� 1

� �� �
¼ KR

r1
 s �  r2

� �
. . .

� @

@z
KA

rM

@ rM

@z
� 1

� �� �
¼ KR

rM
 s �  rM

� �

; (1)

where the first equation is the Richards equation and the
other M equations represent transport through M different

plant species. The terms  s and  ri
are the water potential

in the soil and the root of the ith plant species, respectively,
and � is the soil-moisture. The vertical coordinate and time
are represented as z and t, respectively. Note that there is a
unique water potential value for the roots of each plant spe-
cies in each layer. The term Ks is the soil hydraulic conduc-
tivity, and KR

ri
and KA

ri
are the radial and axial root

conductivities of the ith plant species, respectively [Amenu
and Kumar, 2008]. These equations are solved simultane-
ously for 12 layers where central nodes are located at 0.7,
2.8, 6.2, 11.9, 21.2, 36.6, 62.0, 103.8, 172.7, 286.5, 474.0,
783.0 cm below the surface.

[16] The individual root systems of each species do not
directly interact. They do share the common soil system,
such that � and  s in each soil layer are the same for all

Table 1. List of Parameters Used in the Simulations for the Blodgett Site

Description Symbol Units Ponderosa Pine Shrubs

Photosynthesis
Fraction absorbed Q available to photosystem II Bf – 0.5a 0.5a

Conductance and Leaf States
Ball Berry slope m – 13b 13

Ball Berry intercept b
mol

m2s
0.001c 0.001c

Stomatal sensitivity parameter for m sf MPa�1 1b 1
�l at which half potential for m is lost �f MPa �2b �2
Leaf forced convection parameter cf – 4:3� 10�3 d 4:3� 10�3

Leaf free convection parameter cf – 1:6� 10�3 d 1:6� 10�3

Canopy Structural
Canopy Height hc m 5e 1e

Displacement Height d m 2/3 hc 2/3 hc
Leaf width (Needle diameter) do m 0.001f 0.02g

Shoot diameter for Conifers wo m 0.07f –

Maximum H2O storage capacity of a leaf Sm
mm

ðLAIÞ 0.2 0.2

Foliage drag coefficient Cd – 0.5h 0.5h

Mixing Length coefficient � – 0.13h 0.13h

Decay Coefficient for Leaf Nitrogen Content kn – 0.5 0.5

Radiation and Energy Balance
Leaf emissivity �l – 0.95i 0.95
Leaf Reflectance in the Visible Wavelength �rv – 0.09f 0.09
Leaf Transmittance in the Visible Wavelength �rt – 0.06f 0.06
Leaf Reflectance in the near IR Wavelength �ri – 0.52f 0.52
Leaf Transmittance in the near IR Wavelength �ti – 0.35f 0.35
Leaf angle distribution parameter x – 0.6j 0.6

Root Structure
Maximum Root depth rd m 10 0.85
Fiftieth percentile rooting depth z50 m 0.37k,l 0.07k

Logistic Equation
Ninety-fifth Percentile Rooting Depth z95 m 2.60k,l 0.48k

Logistic Equation
Radial Conductivity Krad s�1 5.0 � 10–8k,l,m 2.5 � 10–8k,l,m

Axial Conductivity Kax mm2 s�1 0.2k,l,m 0.1k,l,m

aBernacchi et al. [2003], Bernacchi et al. [2005].
bMisson et al. [2004]. See also Appendix B.
cFrom sensitivity analysis.
dNikolov [1995].
eFisher et al. [2007].
fKurpius et al. [2003].
gSmith [2005].
hKatul et al. [2004].
iCampbell and Norman [1998].
jAssuming more tendency toward vertical leaf angle distribution [Schade, 2002].
kJackson et al. [1997].
lAmenu and Kumar [2008].
mHuang and Nobel [1994].
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species (see Figure 2). This conceptualization of shared
resource dynamics allows us to capture interspecies interac-
tions, both competition and mutualism, as the water uptake
or release by one species affects the shared soil moisture
state, resulting in an indirect effect of each vegetation spe-
cies on the dynamics of the others. When plants uptake
water from the same layer they compete for available water.
The release of water through hydraulic redistribution may,
however, benefit the other species that share that layer by
increasing available moisture. The model can simulate HR
in all plant species and is structured so that the ability to
hydraulically redistribute water can be switched off on a
selective basis by setting the root radial conductivity of a
species to zero, i.e., Kri ¼ 0, when the water potential in the
roots is higher than the water potential in the soil, i.e.,
 ri

>  s. This approach to simulate the impacts of HR has
been used previously by Mendel et al. [2002].

[17] The maximum root distribution for shrubs during
2002 is unknown. Ceanothus Cordulatus, which accounts
for 22% of the understory shrubs [Fisher et al., 2007],
are able to resprout from remnants of roots belowground
[Oakley et al., 2003]. Arctostaphylos manzanita comprise
the remaining 78% of understory shrubs. They can reach
up to 3 m in height after many years of establishment.
However Arctostaphylos manzanita has difficulty in
resprouting from remnants of belowground roots [Peter-
son, 1975; Wright and Bailey, 1982] and is mainly estab-
lished from seeding. According to Fisher et al. [2007],
shrubs reached 1 m height in 2003 and a maximum LAI of
1.6 which is close to the maximum LAI of 2 reported in
1998 before they were cut [Goldstein et al., 2000]. This
suggests that the shrubs were not fully established in 2002.
Available information for Arctostaphylos patula shrubs in
the Sierra Nevada region suggests that at full establishment
the rooting depth can be up to 160 cm [Plamboeck, 2008].
For our study we have assumed a maximum rooting depth
of 85 cm and performed sensitivity analyses for the range
60 cm to 140 cm and included in the discussion. The 50th
(z50) and 95th (z95) percentile of the root depth for shrubs
used in this study were obtained by scaling those reported
in the work of Schenk and Jackson [2002]. The maximum

root distribution for ponderosa pine was found to reach 10
m. However most of the root biomass is allocated in the
first 2 m with z50 and z95 0.37 m and 2.60 m, respectively
[Amenu and Kumar, 2008].

[18] The MLCan model, thus modified to incorporate
multiple species interactions, can be used to study the eco-
hydrologic consequences of the coexistence of multiple
vegetation species. Our preliminary investigations with the
MLCan model at the Blodgett Forest site indicated that the
litter present on the soil surface could play a significant
role in both the surface energy balance and the water bal-
ance of the system. Ogee and Brunet [2002] and Wilson
[2000] have also emphasized the role of litter on the esti-
mation of soil evaporation and energy balance. A litter
layer can act to decrease the conductivity of water vapor
between the soil surface and the atmosphere. This effect,
therefore, reduces the latent heat flux (LEsoil) from the soil
surface. Furthermore, the thermal conductivity of a litter
layer is considerably smaller than that of the soil, causing
the ground heat flux (G) to also be reduced. The net result
of these effects is an increase in the sensible heat flux and
emitted longwave radiation due to an increase in tempera-
ture at the surface.

[19] Given the potential importance of litter at the Blodg-
ett Forest site, we have included a litter model for this study,
which is described in Appendix B (see also Figure 3). Its
implementation requires parameters such as the thickness,
thermal conductivity, and thermal diffusivity, which are
obtained from existing literature and are listed in Table 2.

[20] Throughout the study we contrast the impact of
including or excluding a litter layer. Figure 4a shows the
ground heat flux at the surface computed for the year 2001.
The red and the blue lines show the predicted G at the sur-
face when a litter layer is excluded and included, respec-
tively. It can be seen that the incorporation of a litter layer
has a significant impact on the magnitude of the ground
heat flux. Figure 4b shows the same fluxes but now G is
computed at 8 cm below the surface, a depth at which meas-
ured ground heat flux is available (black dots in Figure 4b).
The simulation, when a litter layer is included, matches bet-
ter the fluxes observed at the Ameriflux site. Also the

Table 2. List of Parameters for the Soil and Litter Model

Description Symbol Units Value

Soil Parameters
Atmospheric Emissivity �a – 0.94a

Soil Surface Emissivity �s – 0.85a

Litter Parameters
Saturated Litter Moisture �Ls – 0.8b

Litter Moisture at Field Capacity �Lfc – 0.025
Litter Moisture at which rs (resistance to LE due to litter) becomes zero �Lr – 0.2c

Litter Moisture at which evaporation (LEsoil) becomes negligible �Le – 0.0001
Exponent for Litter Matric Potential bl – 2.42d

Matric Potential for Litter Moisturized at 1 kg kg�1  1l m 35.3d

Litter Thickness �z cm 3
Litter Thermal Conductivity TCL W m�1 K�1 0.15e

Litter Thermal Diffusivity �L m2 s�1 5.7 � 10–7e

aCampbell and Norman [1998].
bPark et al. [1998].
cSchaap et al. [1997].
dOgee and Brunet [2002].
eAhn et al. [2009].
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inclusion of the litter layer increases the release of sensible
heat from the surface and decreases the release of latent
heat (not shown). Figures 4c and 4d show the sensitivity of
the ground heat flux to the litter layer thickness and the
thermal conductivity, respectively. When the litter layer is
thicker (Figure 4c) or the thermal conductivity is lower
(Figure 4d) the ground heat flux decreases. The litter layer
thickness is specified as 3 cm (which is within the range
reported by Black and Harden [1995] at Blodgett), and the
thermal conductivity is set as 0.15 W m�1 K�1 (which is
within the range of values reported by Ahn et al. [2009]).
Figures 4a and 4b are illustrated using these values.

4. Results and Analysis
4.1. Latent Heat Flux and Water Uptake

[21] The extraction of soil moisture to satisfy the tran-
spirational demand is regulated by the interplay of different
variables such as leaf phenology, vertical distribution of
root biomass, ecophysiological properties and the available
soil moisture. The contrasting characteristics of tall and
understory vegetation will result in signature differences in
soil water extraction in time and space, making their
coupled dynamics complex, with the potential for both
competitive and mutualistic interactions. In this section we

Figure 2. Schematic representation of the multispecies MLCan model. (a) The structure and composi-
tion of the above ground canopy involving several vegetation species determines the partitioning of the
incident solar radiation and water uptake patterns. (b) The combination of the leaf area density (LAD) of
each individual species is used to develop a compound LAD. This compound LAD in turn determines the
radiation regime through the vertical profile and the radiation reaching the soil. (c) The energy absorbed
or emitted by each species at different levels is a function of the fraction of the LAD of that species in
the compound LAD. (d) Below the ground the uptake of water and nutrients by each species is coupled
with a common soil pool. The model framework allows the incorporation of different ecophysiological
and structural parameters for the vegetation species considered.
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present the results from a set of sensitivity analyses
designed to disentangle the relative roles of HR, the
coupled interactions of different species, and the presence
of a litter layer, on the ecohydrological functioning of the
land surface. Our focus here is on the surface energy bal-
ance and belowground water uptake patterns and resulting
soil moisture states. We contrast the situations in which
only tall vegetation is present (year 2001) and when both

tall and understory vegetation are present (year 2002). We
also investigate the role of the hydraulic fuse mechanism,
that is, the hydraulic disconnection between roots and soils
under extremely dry situations, on the latent heat flux.

4.1.1. Single Species Analysis
[22] For the year 2001, when no understory shrubs are pres-

ent, Figure 5 shows the daytime (07:00 UTC to 19:00 UTC)

Figure 3. Schematic illustrating the litter model. (a) The litter layer is modeled as a single layer.
(b) Iterative Solution flowchart. A numerical implementation is performed to include litter layer dynam-
ics. Energy balance is solved at the litter surface and also at the soil litter interface. Three equations
((1) litter surface energy balance, (2) Litter heat equation, (3) litter-soil interface energy balance) are
solved simultaneously using an iterative framework.

Figure 4. Sensitivity of ground heat flux (G) to litter layer thickness (�z) and thermal conductivity
(TCL) at the Blodgett site for year 2001. (a) Modeled G at the ground surface with and without litter
layer. (b) Measured G at 8 cm below the surface compared with modeled response with and without litter
layer. (c) Modeled G at 8 cm below the surface for different litter layer thicknesses, (d) and for different
thermal conductivities.
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average latent heat flux from the ecosystem (LEeco),
consisting of contributions from PP (LEPP) and soil evapo-
ration (LEsoil) :

LEeco ¼ LEPP þ LEsoil: (2)

As illustrated in Figure 5, four different cases are examined
involving the presence or absence of HR and litter which
are compared to observations obtained from the flux tower.
Comparing Figures 5a and 5b we see that LEsoil is higher
when the litter layer is absent. The presence of the litter
layer reduces the radiation that reaches the soil underneath,

Figure 5. Illustration of the annual variation of the daytime (07:00 UTC to 19:00 UTC) average latent
heat flux from ponderosa pine for four different scenarios. (a) HR is included but there is no litter layer
above the soil column. (b) HR is included and there is a litter layer above the soil. (c) HR is included, a
litter layer lies above the soil column and hydraulic disconnection between the roots and the soil occurs
when  s �  Tr, where  s is the daily average of soil water potential. (d) HR is not included and there is
a litter layer above the soil. Blue line indicates the total ecosystem flux consisting of the sum of transpi-
ration and soil evaporation, the red line shows soil evaporation only, and black color indicates observed
values. Left insets show the diurnal cycle of the latent heat flux averaged for July and August. For refer-
ence the top panel shows the daily average downward shortwave radiation and daily total rainfall for
2001. The coefficient of determination R2 between simulated and observed latent heat flux for the four
cases in Figures 5a–5d are 0.71, 0.81, 0.82 and 0.75, respectively.
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thereby reducing soil evaporation (Figure 5b). This
increases the available soil-moisture for PP, resulting in
increased transpiration. The trade-off between transpiration
and soil evaporation in these plots demonstrates that PP
will make use of available moisture, and that a litter layer
suppresses soil evaporation, increasing available water for
transpiration.

[23] When HR is switched off (Figure 5d) soil evapora-
tion becomes negligible by the middle of the summer as the
shallow layer dries up in early summer and there is no
source of moisture replenishment due to the lack of rainfall
through the summer. This lack of moisture sources together
with the atmospheric demand have been observed to trigger
HR [Warren et al., 2007]. Here in the absence of HR we
observe that PP transpiration is also reduced during this pe-
riod. Although the deep roots of PP are able to tap into the
deeper reservoirs of moisture in the soil column, the tran-
spiration remains suppressed without HR. As a conse-
quence of the dry near-surface soil layers, most of the
energy absorbed by the soil is dissipated in the form of sen-
sible heat flux and longwave radiation emission as the sur-
face warms.

[24] When compared to the observations we see that the
absence of litter results in an overestimation of the fluxes
of LE during the summer period (Figure 5a). When litter is
present there is a better agreement with the measurements
during the summer period, (Figure 5b), however it still
overestimates the fluxes in the late summer and autumn
(days 250–300). In the absence of HR the ecosystem LE
flux is underestimated during most of the summer period
(Figure 5d) although there is a better match in the late
summer and autumn period. The observations show a pro-
nounced decrease in LE in the late summer which seems to
be produced by water stress.

[25] As the soil column becomes dry and the soil mois-
ture potential drops, an efflux of water from the root to the
soil can occur. To prevent such situations a hydraulic dis-
connection between the roots and the soil is triggered when
the daily average  s falls below a threshold  Tr. This
threshold indicates the onset of the hydraulic disconnec-
tion. However, the threshold is species specific [Espeleta
et al., 2004] and relies on several physiological variables
which are difficult to obtain for a particular site and species.
The standard value for the wilting point is  Tr ¼ �1:5 MPa.
Although other studies have adopted different values for the
wilting point (e.g., Rose et al. [2003] uses  ¼ �2:2 MPa as
a threshold for Jeffrey pine and manzanita shrubs) we use
 Tr ¼ �1:5 MPa in this study. Once the daily average soil
matric potential in any layer reaches the wilting point the
root radial hydraulic conductivity is set to zero, that is, it is
modeled as a threshold mechanism, which prevents both
uptake and release of water in the layer. This disconnection
remains until the daily average soil matric potential increases
again above the threshold.

[26] Figure 5c shows the LE fluxes resulting from the
simulation in the presence of litter, HR and hydraulic dis-
connection. Simulations showed that hydraulic disconnec-
tion occurs only in the topmost layer. The immediate
consequence of this is a significant reduction in soil evapo-
ration. The inclusion of hydraulic disconnection, along with
the HR and litter layer dynamics, produce simulated LE
fluxes that resemble better the observations from Blodgett

during the late summer (Figure 5c) and do not show the
early shut off of soil evaporation characteristic of the ab-
sence of HR (Figure 5d). This leads us to conclude that each
of these components has an important role to play in this
ecosystem.

4.1.2. Multispecies Analysis
[27] The presence of shrubs in the year 2002 adds an

additional complexity to the moisture dynamics. The total
ecosystem latent heat flux now includes a contribution
from shrubs, LEshrubs, and is given as

LEeco ¼ LEshrubs þ LEPP þ LESoil: (3)

Figure 6 shows the components of LEeco for the same set of
sensitivity simulations presented in Figure 5, but for the
year 2002 with the inclusion of shrubs. The simulations for
2002 were started from the conditions at the end of the
2001 simulation runs. HR has been observed in different
shrub species [Prieto et al., 2010; Muñoz et al., 2008], and
so we allow for HR to be present in shrubs for these simula-
tions. In Figures 6a, 6b, and 6c, HR is enabled in both PP
and shrubs while in Figure 6d HR is switched off for both
PP and shrubs.

[28] Soil evaporation during summer in the presence of
shrubs (Figure 6a and 6b) is smaller compared to that with-
out them (Figure 5a and 5b). Shrubs rely more on near sur-
face moisture than PP due to their more shallow root
profile, making soil evaporation a process that significantly
impacts the energy balance of shrubs. In Figure 6a the
summer soil evaporation is higher than in Figure 6b due to
the absence of the litter layer. As in Figure 5d, Figure 6d
shows that in the absence of HR soil evaporation drops dur-
ing the middle of the summer because there are no sources
of water to replenish the depleted near-surface soil mois-
ture. The total latent heat flux released by the ecosystem is
higher in the presence of HR.

[29] Although the rate of transpiration in shrubs is con-
siderably smaller than PP (Figure 6) the strong dry condi-
tions during summer create water stress in the near-surface
domain. Since the roots of shrubs are more confined to the
near-surface zone of the soil column they are more vulnera-
ble to this drying. HL by PP during the summer plays an
important role in supporting both shrub transpiration and
soil evaporation. It is interesting to note that in 2002 the
presence of shrubs avoids the triggering of hydraulic fuse
by reducing the moisture loss due to soil evaporation.

[30] The dynamics observed in Figures 5 and 6 are a
strong function of the processes occurring belowground.
Figure 7 shows the monthly mean values of root water
uptake through the soil column for year 2001 and 2002 for
the four scenarios analyzed above. Figure 7a shows that
when no litter is included, the evaporative demand from the
soil-surface during summer establishes a steep gradient
between the soil and root water potential and results in a
significant release of moisture from the roots in the near-
surface zone, i.e., negative uptake values. This moisture,
supplied by moisture taken up from the deeper layers by
PP, contributes to high values of LEsoil. By comparing the
year without shrubs (2001) to that with shrubs (2002), we
see that the presence of shrubs results in an increased
uptake by PP from the deeper layers, and a reduced release

W05518 QUIJANO ET AL.: MULTISPECIES VEGETATION DYNAMICS W05518

10 of 22



in the near surface zone. This is in part due to the increased
shading of the ground surface by the shrub cover. We also
note the presence of hydraulic descent during the rainy
periods. Comparing Figure 7b with 7a we see a similar pat-
tern but the presence of litter reduces soil evaporation and
this is reflected in a reduction in the release of moisture
from the roots in the near-surface zone. Again we note
higher uptake of water by PP and reduced moisture release
near the surface in the presence of shrubs.

[31] In Figure 6c hydraulic fuse is not reached and there-
fore there is a continuous efflux of moisture from the roots

to the soil surface during the summer of 2002. The rate of
this efflux is smaller in comparison to year 2001 when
shrubs were absent. This efflux of water helps to sustain the
water potential in the soil surface above the threshold
( Tr ¼ �1:5 MPa). In the absence of HR shown in Figure
7d, the water uptake shows less complex dynamics where
the water uptake during the summer is from the deeper
layers but at much reduced levels due to the absence of
nighttime transport to dry shallow layers. These results,
although qualitatively similar to earlier studies [e.g., Amenu
and Kumar, 2008], extend our understanding with regards

Figure 6. Same as Figure 5 but for the presence of two vegetation species, PP and shrubs, during 2002.
Green lines represent the flux from the shrubs and the inset on the right shows the comparative details
between the latent heat from soil evaporation (red) and shrub transpiration (green). The coefficient of
determination R2 between simulated and observed latent heat flux for the four cases in Figures 6a–6d are
0.72, 0.80, 0.80 and 0.82, respectively.
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to the role of shrubs, soil evaporation and a litter layer in
the HR dynamics.

4.2. Summer Season Diurnal Dynamics

[32] The results presented above have revealed interest-
ing patterns of seasonal dynamics based on the analysis of
daily average values. In this section we analyze the interac-
tion between different vegetation species and moisture
transport at the diurnal time scale using the half-hour
observed and simulation data. We analyze the same four
scenarios as illustrated in Figures 5, 6 and 7.

[33] Figure 8 (top) shows the mean diurnal water uptake
dynamics by PP in 2001, when shrubs are not present. In
Figures 8a and 8b there is a continuous redistribution of
water to the top layer throughout the day by PP, indicated
by negative uptake values. The top layer is the thinnest
layer in the numerical simulation (1.7 cm of thickness) and
is in direct contact with the atmosphere unless a litter layer
is present. The radiative energy reaching the surface in
summer creates a high evaporative demand for moisture.
Apart from moisture due to HL and dew in the night, there
is no other source of moisture replenishing the surface
layer. As a consequence,  s �  r for the top layer through-
out the day. Note that the moisture released by the roots is
highest in the afternoon. There is HL in the night also,
albeit at lower volumes, that moves the water to the near
surface layer which in turn supports the evaporative
demand during the day. Some experimental studies have
reported daytime redistribution [Burgess et al., 2000;

Scholz et al., 2002; Espeleta et al., 2004]. HR is enhanced
by the low water potential that arises in shallow soil layers
during dry periods. The importance of HR in regulating
soil moisture in this critical zone during prolonged
droughts has been indicated in recent studies [Warren
et al., 2011].

[34] When litter is considered in the simulation (Figure 8b),
the flux of water redistributed to the top layer is reduced
considerably but not eliminated. Figure 8c shows the dy-
namics in water uptake when hydraulic disconnection is
also enabled. Although the average shown in Figure 8c for
July and August includes several days before the hydraulic
disconnection is triggered, we see that the efflux of water in
the top layer is reduced.

[35] In Figure 8, the middle and bottom rows show the
diurnal average water uptake by PP and shrubs, respec-
tively, in 2002 when both species are present. Shrubs
uptake water from the shallow (up to 100 cm depth) soil
layers. Thus the presence of shrubs generates a new
demand that competes with soil evaporation for hydrauli-
cally lifted water. The water uptake patterns by PP are dif-
ferent in 2002 as compared to 2001. In 2002, under the
presence of shrubs, the water released by PP to the surface
is reduced. Instead PP release increases in deeper layers
located between 6 and 80 cm where the transpiration use
by the shrubs creates a water potential gradient that results
in efflux of water out of the pine roots.

[36] In the shallow soil layers both PP and shrub roots
are present and compete for water uptake during the

Figure 7. Water uptake patterns by vegetation in 2001 and 2002 corresponding to the four scenarios
presented in Figures 5 and 6 (negative values imply moisture release from the vegetation roots to the
soil). The dashed and dot-dashed lines overlaid on the color panel indicate the root distribution for shrubs
and PP, respectively. (a) HR is included but there is no litter layer above the soil column. (b) HR is
included and there is a litter layer above the soil. (c) HR is not included, a litter layer lies above the soil
column and hydraulic disconnection between the roots and the soil occurs when  s �  Tr, where  s is
the daily average of soil water potential. (d) HR is not included and there is a litter layer above the soil.
For reference the top panel shows the daily average of downward shortwave radiation and daily total
rainfall for 2001 and 2002.
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daytime. The competition for water is dictated by equation
(1) and the capacity of each plant species to uptake water
at a given layer is determined by the root radial conductiv-
ity, which in turn is a function of the root distribution and
fine root biomass [Amenu and Kumar, 2008]. In the shal-
low layers shrubs have higher root radial hydraulic conduc-
tivity and, therefore, are more efficient in the uptake of
water. The deeper distribution of root biomass makes PP
more efficient in water uptake from the deeper layers. The
patterns of water uptake and release by shrubs are less
prominent than the ones by PP as the redistribution of
water by HR in shrubs is found to be small in comparison
with those by PP. As seen already, the presence of litter

reduces the near-surface evaporative demand. Figure 8g
also shows the uptake pattern when the hydraulic discon-
nection mechanism is implemented, but as mentioned
before hydraulic fuse is not triggered in this case, suggest-
ing that the presence of shrubs reduces near-surface drying
that would occur for PP alone. Note that under No HR sce-
nario (Figure 8h) the water uptake patterns are not signifi-
cantly different from that of the single species case. The
third row in Figure 8 shows the water uptake pattern for
shrubs. We see that, as expected, most uptake is supported
in the middle layers where the release by PP during the
night provides the moisture to support the transpiration
demand of shrubs during the day.

Figure 8. Diurnal pattern of water uptake by PP and shrubs in summer (July–August) for the four sce-
narios discussed in Figures 5 and 6. (a, e, i) HR is included but there is no litter layer above the soil col-
umn. (b, f, j) HR is included and there is a litter layer above the soil. (c, g, k) HR is not included, a litter
layer lies above the soil column and hydraulic disconnection between the roots and the soil occurs when
 s �  Tr, where  s is the daily average of soil water potential. (d, h, l) HR is not included and there is a
litter layer above the soil. First row shows the water uptake in 2001 by PP. Second row and third row
shows water uptake by PP and shrubs, respectively, during 2002 when the two species are present. The
presence of litter and shrubs influences the dynamics of water uptake in the soil. Redistribution of water
to the soil surface occurs during the daytime also due to the gradient created from the high evaporative
demand. The presence of litter and shrubs decreases the efflux of water observed at the surface.
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[37] Figures 9a, 9c, and 9d show observed data of soil
moisture from a single point measurement and model
results for year 2002 at three different depths (10, 30, and
50 cm). The model with both HR and No HR capture the
general trend quite well. We should not expect an exact
match between modeled and observed soil moisture since
observations are at a specific point under the vegetation
whereas the model represents the spatial average behavior.
Figure 9b shows the soil moisture dynamics at 10 cm
between days 150 to 166 which are located at the beginning
of the summer with no rainfall occurring during this period.
In this figure the diurnal cycle of soil moisture can be
observed in more detail showing the oscillating pattern
which is characteristic of HR. Note that the No HR simula-
tions does not show this behavior. The inset figure shows
the diurnal cycle of soil moisture averaged between days
150 to 166 for the observed and the model result in the pres-
ence of HR. In both cases it can be seen that there is an
increase of soil moisture during the night due to efflux from
roots and a reduction during the day due to transpiration.

4.3. Competitive and Mutualistic Dependencies

[38] The above results suggest that the dynamics of the
multispecies composition at the Blodgett site are best repre-
sented through considerations of HR and litter dynamics
along with the hydraulic disconnection mechanism. The set
of sensitivity simulations that selectively incorporate differ-
ent subsets of these functions have helped us understand the
significance of each component on the latent heat flux and
belowground water uptake, release, and transport patterns.

Figure 10 sheds more light on the trade-off between the dif-
ferent components of water use. When there is No HR,
LEsoil is small and LEshrubs can reach over 40 W m�2 (trian-
gles in the Figure 10a). Note that the color of the symbols
in Figure 10a are associated with the total vegetation LE
while the size of the symbols are associated with LEPP. The
transpiration for PP and shrubs is supported by soil mois-
ture uptake from the middle and deeper layers (Figure 8,
fourth column). Together they increase the LEeco (darker
green color). However, when HR is considered (squares
and stars in Figure 10a), both LEsoil and LEshrubs are higher
and there is a trade-off between them as characterized by
the dotted line obtained from the regression on the largest
10% of the values. That is, LEshrubs increases as LEsoil

decreases. However, it is noteworthy that the high values of
LEshrubs are larger than the case when there is No HR. We
also note that LEPP increases (larger boxes and stars) as
LEshrubs increases and LEeco is higher (darker green color)
as a result. This is a result of higher uptake of water by PP
and shrubs (Figure 8, column 1 and 2). When we compare
the presence (boxes) and absence (stars) of litter in Figure
10a, we see that by reducing the energy reaching the soil
surface, the litter has the net effect of increasing LEshrubs.
Also the presence of litter enhances the fluxes LEPP

and productivity for PP. These are further exemplified in
Figures 10b and 10c where the presence of litter results in
higher latent heat as captured by the points which trend
upward of the 1:1 line. This analysis establishes that the
trade-off in water use occurs in a way that benefits both the
tall and understory vegetation and facilitates increase in

Figure 9. Soil moisture dynamics at the Blodgett site during the year 2002 at depths of (a) 10 cm,
(c) 30 cm and (d) 50 cm. Observed data is compared with the model simulation in the presence and ab-
sence of HR. (b) Soil moisture at 10 cm is shown in more detail for days 150 to 166 which correspond to
the beginning of the dry summer period. The inset figure shows the diurnal cycle of the observed and
modeled (HR presents) soil moisture averaged over days 150 to 166. Since No HR simulations do not
show an increase in nighttime soil moisture, they are not plotted in the inset figure.
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total ecosystem productivity. The role of litter layer in nu-
trient cycling and its impact on ecosystem productivity is
presently being studied.

[39] Figure 11a shows the total net carbon assimilation
An from the model and that reconstructed from Blodgett
observations for 2002. Comparison of model predictions in
the presence and absence of HR (see Figures 11b, 11c, and
11d) capture the expected higher productivity of shrubs in
the presence of HR. However, the dependence of shrubs on
water redistributed by PP trees is regulated by their root
depth and therefore their capacity to reach deeper layers.
Due to the uncertainties in maximum shrub root depth dur-
ing 2002 three different maximum shrub root depths, rang-
ing from 60 to 140 cm, were analyzed (Figures 11b, 11c,
and 11d). For the 85 cm depth, the presence of HR results
in an additional C uptake of 2 mol m�2 in 2002 which

comprises 28% of the net C uptake by the shrubs in that
year. For the case of 140 cm depth, the presence of HR
results in an additional C uptake of 0.9 mol m�2 in 2002
which comprises 13% of the net C uptake by the shrubs in
that year. As expected, the difference in net shrub produc-
tivity between HR and No HR is reduced as the shrub root
system becomes deeper. Although the differences in shrub
C uptake in the presence or absence of HR is small com-
pared to the PP net uptake (�45 mol m�2), these numbers
comprise an important fraction of the shrub budget at this
stage.

5. Summary and Discussion
[40] In this study we analyzed the roles of three potentially

important ecohydrological processes and their interactive

Figure 10. (a) Illustration of the trade-off between soil evaporation and shrub transpiration. This trade-
off is influenced by the presence of HR and litter. In the absence of HR, soil evaporation fluxes are small
(triangles). When HR is enabled, the presence of litter damps the radiative energy reaching the soil (com-
pare stars and boxes), thereby reducing the soil evaporative demand and therefore reducing the efflux of
water from the roots to the near-surface soil. This enhances shrub transpiration. Larger symbols indicate
higher latent heat from ponderosa pine, and greener color indicates higher total vegetation latent heat
flux. The dotted red line is the regression line for the highest 10% of the values showing the trade-off.
The inset figure shows the relationship between daytime average transpiration and photosynthetic CO2

assimilation. (b) Scatterplot of LE release by the ponderosa pine in the presence and absence of litter.
(c) Scatterplot of LE release by the ponderosa pine and shrubs in the presence and absence of litter.
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effects. The three processes were hydraulic redistribution, the
modulation of soil fluxes by a litter layer, and hydraulic dis-
connection in the context of a single and multispecies vegeta-
tion composition. Our goal was to disentangle the role of
each of these processes in root water uptake and vertical soil
moisture distribution through a resolved soil column, provid-
ing insight into the impacts on land-atmosphere energy parti-
tioning and carbon dioxide exchange. The Ameriflux site at
the Blodget Forest in the Sierra Nevada region of California
provided an ideal setting to examine the impacts of these eco-
hydrologic processes in a multispecies system forced by a

Mediterranean climate, in which water plays a dominant role
in controlling ecosystem function.

[41] Previous studies have indicated the potential for HR
to enhance soil evaporation [Caldwell et al., 1998], and nu-
merical studies have shown the impact of HR in soil evapo-
ration [Lee et al., 2005; Wang, 2011]. These studies turn
off HR in the near-surface layer during dry periods.
Although there is experimental evidence that fine roots die
at low soil water potentials and the response to drought is
species and site specific [Espeleta et al., 2004], the interac-
tion between different variables such as wilting point, the

Figure 11. Illustration of the annual variation of daytime (07:00 UTC to 19:00 UTC) carbon assimila-
tion in the presence and absence of HR in 2002. (a) Net carbon assimilation by the ecosystem. Net car-
bon assimilation by shrubs with maximum root depth equal to (b) 60 cm, (c) 85 cm, and (d) 140 cm. The
presence of HR enhances the net carbon assimilated by shrubs. Top panel shows the LAI of ponderosa
pine and shrubs.
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presence or absence of litter, hydraulic redistribution, and
soil evaporation regulate the redistribution of water to the
surface which is a critical process that merits further study.
To our knowledge these interactions between the hydraulic
redistribution of moisture through the soil system by roots,
and soil evaporation (see Figures 5 and 6) have not been
analyzed and quantified in experimental or numerical stud-
ies. Our results show that as the summer progresses, the
available moisture at the soil surface decreases such that
the soil potential in near-surface layers drops below the
water potential of the coincident roots. This potential gradi-
ent drives the uplift of moisture from moister lower layers
to the shallow soil layers through HL (Figures 7 and 8).
This upward transport of moisture is nearly continuous in
time during extensive dry periods (Figure 8). Simulations
conducted without HR show a reduction in soil evapora-
tion during these periods, indicating that HR supplies
moisture to near surface layers, which is then evaporated,
effectively resulting in an enhanced loss of moisture from
the system. Previous simulations have focused mainly on
transpiration and have neglected soil evaporation [Amenu
and Kumar, 2008; Mendel et al., 2002]. When soil evap-
oration was not considered (results not shown) the results
obtained by our simulations resembled the general dy-
namics of water uptake reported previously [Amenu and
Kumar, 2008].

[42] In natural ecosystems, the presence of a litter layer
affects energy and mass balance at the surface [Park et al.,
1998; Ogee and Brunet, 2002] with impacts on soil evapo-
ration. Here we introduced a litter layer above the soil col-
umn in the numerical model to analyze these dynamics. The
inclusion of a litter layer reduces the radiation flux reaching
the soil surface, thus reducing the soil evaporative demand.
This reduces the potential gradient between the soil and the
roots which in turn decreases the efflux of moisture from
the roots to the soil (Figures 5 and 6). Despite the reduction
in soil evaporation due to the existence of a litter layer, HR
moves moisture from deeper soil layers to shallow soil
layers throughout the summer months (Figure 7). It has
been argued that this enhances fine root longevity [Pregitzer
et al., 1993; Caldwell et al., 1998] in those layers, resulting
in enhanced moisture uptake once precipitation recom-
mences. It is also possible that higher moisture levels sup-
port decomposition of organic matter [Caldwell and
Richards, 1989; Caldwell et al., 1998; Horton and Hart,
1998; Dawson, 1993]) as well as facilitating nutrient mass
transport and the diffusion of ions in the soil [Nye and
Tinker, 1977; Caldwell and Manwaring, 1994].

[43] Under moisture stress plants seek to meet the tran-
spirational water demand while avoiding critical negative
water potentials that may cause cavitation [Alder et al.,
1996; Tiree and Sperry, 1988]. When shrubs are present,
the trigger for hydraulic fuse is dependent upon the depth
of the shrubs roots. Shallower shrubs roots prevent hydrau-
lic disconnection as shown in our results, but sensitivity
studies showed that as the root density of shrubs go deeper,
the hydraulic fuse is triggered resulting in disconnection.
Domec et al. [2004] found that the presence of HR in two
different tree species (ponderosa pine and Douglas fir)
helps to mitigate embolism because it sustains higher levels
of soil water potential in shallow layers (20–30 cm). How-
ever, under extreme stress, plants may develop specific

strategies to reduce the hydraulic connection with the soil
[Caldwell et al., 1998; Espeleta et al., 2004], for example,
death of fine roots [Espeleta et al., 2004]. To explore the
role of such strategies, we incorporated hydraulic fuse as a
threshold mechanism. When the hydraulic fuse is triggered
there is a sharp reduction in the latent heat flux during the
middle of the summer and captures the signature of the
observed fluxes during this period when shrubs are not
present. These results demonstrate that the stomatal control
on transpiration, or even standard approaches to modeling
root moisture uptake, may not be sufficient to accurately
predict water fluxes in protracted dry situations.

[44] Figures 5, 6, 7, and 8 show only one scenario of hy-
draulic disconnection that corresponds to a threshold
 Tr ¼ �1:5 MPa corresponding to a standard value for
wilting point. As mentioned in section 4, it is challenging
to estimate a specific value of wilting point for a particular
place and species. When the threshold was established as
 Tr ¼ �2:2 MPa (adopted in the work of Rose et al.
[2003]) hydraulic fuse does not occur if litter and HR are
present. However this threshold is exceeded if litter is
absent. In the absence of litter and presence of HR the daily
average of soil water potential reaches  s ¼ �3:8 MPa.
Although there is an uncertainty regarding the wilting point
at the surface, the presence of litter has a significant impact
on the soil water potential on the surface, and therefore in
triggering hydraulic fuse. We believe that these results may
have important implications for drought studies where
extended dry periods may have implication for root longev-
ity, water uptake, and ecosystem resilience.

[45] Natural ecosystems are characterized by the coexis-
tence of multiple vegetation species which have different
aboveground and belowground structural and ecophysio-
logical characteristics. Several studies have pointed to the
importance of HR in multispecies ecosystems [Dawson,
1993; Emerman and Dawson, 1996; Moreira et al., 2003;
Espeleta et al., 2004; Brooks et al., 2006]. The inclusion of
shrubs in the model modified the water uptake dynamics
(Figure 8), by altering the water potential gradient in the vi-
cinity of the shrub roots, resulting in more water being redis-
tributed to layers below the surface that contain the roots of
the shrubs while reducing that in the surface layer. The
deeper root system of PP moves water upward to shallower
soil layers where it is utilized to satisfy the transpiration
demand of the shrubs throughout the summer (Figure 6).
The shrubs in turn reduce the soil evaporative demand dur-
ing the day.

[46] Several previous studies have detected the presence
of hydraulically redistributed water by trees with deeper
root systems in understory plants [Dawson, 1993; Emer-
man and Dawson, 1996; Brooks et al., 2002; Moreira
et al., 2003; Espeleta et al., 2004; Brooks et al., 2006].
Dawson [1993] found that HR by overstory trees plays an
important role in the water dynamics of understory shrubs
influencing their growth which is an indirect indicator of
productivity. Similarly, Zou et al. [2005] found that in
some situations HR facilitates shrub performance in a sub-
tropical savanna composed of tree-shrubs communities. On
the other hand Ludwig et al. [2004] found that competition
between plants reduces the facilitative effects of HR. Also
Meinzer et al. [2004] claimed that the extent to which HR
benefits understory shrubs is regulated by the water

W05518 QUIJANO ET AL.: MULTISPECIES VEGETATION DYNAMICS W05518

17 of 22



potential differences in the soil which is the mechanism
that triggers HR. They indicate that this mechanism may
start at some point where water requirements have been
reduced. Furthermore, Emerman and Dawson [1996] found
labeled water from HR in understory species but the
amount was relatively small which suggests that it is
unlikely that this source is causing an effect on shrub per-
formance. The impact of hydraulically redistributed water
from overstory trees in understory vegetation is a complex
phenomenon that may vary from place to place. The model
implemented here is a useful tool to analyze these interac-
tions between different vegetation types. The simulation
results obtained in Blodgett suggest that HR is an important
mechanism facilitating shrub productivity throughout the
long and dry summer. However, the extent to which this
mechanism impacts shrub productivity is regulated by
shrub root depth. The impact of HR in understory vegeta-
tion is stronger as the understory root system is closer to
the surface.

[47] The results presented here are based on a numerical
model designed to resolve a broad range of physical and ec-
ological functioning through the canopy-root-soil contin-
uum [Drewry et al., 2010a; Amenu and Kumar, 2008] in
the spirit of exploring novel relationships [Kumar, 2011].
The simulations are based on the assumption of passive
control on the flow of moisture between the roots and soil
driven only by potential gradients. In augmenting the
MLCan model with a litter layer and implementing the hy-
draulic disconnection phenomena, as well as allowing for
multiple species interactions, we have been able to confirm
that each of these processes plays an important role, at least
under specific climatic conditions, in the ecohydrological
functioning of a mixed-species Mediterranean system. This
study has likewise presented an attempt to represent multi-
ple, interacting species in a detailed ecohydrological model
that represents the process of hydraulic redistribution. Our
analysis has demonstrated both competitive and mutualistic
interactions between the two simulated species, and opens
the door to future studies that will further examine the hy-
drology and biogeochemistry of mixed species systems.

Appendix A: Aboveground LAD for
Different Species

[48] The leaf area density (LAD) representing the vertical
distribution of leaves in a canopy of species i with height H
is given by

LADiðzÞ ¼ �iðzÞLAIi; (A1)

where �iðzÞ is the distribution function
RH

0 �iðzÞ dz ¼ 1
� 	

,

LAIi is the total leaf area index and LADiðzÞ is the leaf area
index of the ith plant species. For all species �iðzÞ is
assumed to follow a Weibull distribution with species-
dependent parameters � and �. The cumulative distribution
function is given as [Coops et al., 2007]:

Fðz;�; �Þ ¼ 1� exp � 1� z=H

�

� ��
: (A2)

By considering N vertical layers, the LAD for the ith spe-
cies in the jth layer can be obtained as

LADi; j ¼
Z zjþ1

zi

LADiðzÞ dz: (A3)

Therefore, the fraction from the total leaf area index that
belong to a given species i at a given layer j is given by

fi; j ¼
LADi; jXM

i¼1

LADi; j

:
(A4)

Appendix B: Litter Model
[49] The litter model uses the framework introduced in

previous studies [Bavel and Hillel, 1976; Chung and Hor-
ton, 1987; Park et al., 1998; Ogee and Brunet, 2002;
Haverd and Cuntz, 2010]. The following three coupled
equations are solve iteratively until convergence is reached
(see Figure 3a for the algorithm and the notation section for
a description of the symbols):

B1. Energy Balance at the Litter Surface
[50] At the litter surface

Rn � Rabs � LWs ¼ LEL þ HL þ GL1; (B1)

where Rn is the net radiation equal to the total radiation
absorbed by the soil (Rabs) minus the longwave radiation
emitted by the soil (LWs). LEL is the total latent heat
released by the litter and is obtained as

LEL ¼ Lv�d

RHLnq�Ln � qa1

ra þ rs

� �
; (B2)

where ra and rL are the aerodynamic resistance and the re-
sistance of litter to vapor transport. These resistances are
computed using the methodology developed by Ogee and
Brunet [2002]; Schaap et al. [1997]. The sensible heat flux
(HL) is obtained as

HL ¼ �dCp
TLSS � Ta1

ra

� �
: (B3)

The ground heat flux into the litter (GL1) is obtained as

GL1 ¼ TCL
TLSS � TLn

�zL=2

� �
: (B4)

Equation (B1) is solved using a numerical root finding
function for the temperature at the litter surface (TLSS).

B2. Conservation of Energy Inside the
Litter Layer

[51] Assuming that the thermal conductivity remains con-
stant through the litter layer, the heat equation for the litter
layer is given by:

@TL

@t
¼ �L

@

@z

@TL

@z

� �
� � @GL

@z
: (B5)
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The terms TL; GL, and �L in equation (B5) are the litter
temperature, heat flux inside the litter layer and litter ther-
mal diffusivity. We implement a simple numerical solution
of the heat equation using an implicit scheme and just one
layer to get

Tjþ1
Ln ¼

ð4�ðTjþ1
LSS þ Tjþ1

SL Þ þ Tj
LnÞ

ð1þ 8�Þ ; (B6)

where

� ¼ �L�t

�z2
L

: (B7)

B3. Energy Balance at the Soil-Litter Interface
[52] The ground heat flux from the litter layer to the soil

(GL2) is given as

GL2 ¼ LEs þ Gs; (B8)

where

GL2 ¼ TCL
TLn � TSL

�zL=2

� �
: (B9)

The latent heat emitted from the soil (LEs) is obtained as

LEs ¼ Lv�d

RHS1q�S1 � qa

ra

� �
: (B10)

The ground heat flux into the soil (Gs) is obtained as

Gs ¼ TCs1
TSL � TS1

�zs1=2

� �
: (B11)

The relative humidity in the topsoil layer is computed as

RH ¼ exp
�g 

RwT

� �
; (B12)

where Rw is the gas constant for water vapor and  is the
water potential. In the case of the litter the water potential
is computed as [Ogee and Brunet, 2002]

 L ¼  LL

�w�L

�b

� �
; (B13)

where �L is the soil water content in the litter layer. The dy-
namics of water in the litter layer are calculated based on
simple mass balance.

Appendix C: Stomatal Conductance
[53] Stomatal conductance gs is obtained using the Ball-

Berry model [Ball and Berry, 1982] that is coupled to the
soil-moisture state using the approach of Tuzet et al.
[2003]. This modified model is given as

gs ¼ fsv 	 m 	
An 	 hLS

CLS
þ b; (C1)

where intercept b and the slope m are regression parame-
ters, An is the net uptake of CO2 through photosynthesis,
hLS is the relative humidity at the leaf surface and CLS is
the CO2 concentration at the leaf surface. The moisture-de-
pendent parameter [Tuzet et al., 2003] fsvð lÞ varies
between 0 and 1, and is given as

fsvð lÞ ¼
1þ exp sf 	  f


 �
1þ exp sf ð f �  lÞ


 � ; (C2)

where sf is a sensitive parameter,  f is a reference water
potential value and  l is the leaf water potential.

[54] The implementation of this Tuzet-Ball-Berry model
requires four different species-specific parameters (m, b,
 f , sf). The quantification of these parameters is usually
obtained from intensive experimental studies involving dif-
ferent measurements, both belowground and aboveground.
Here, we use experimental information reported for the
Blodgett Ameriflux site by Misson et al. [2004] who ana-
lyzed information taken in PP trees [Panek, 2004]. They
obtained values of fsvm and b and analyzed the trend of
these parameters under different conditions of  l. Here we
use m ¼ 13 which is in the range of values found by Misson
et al. [2004]. Parameter b varies in the range 0–1.3
mol m�2 s�1. Due to the high uncertainty produced by this
range of values we computed gs using information from the
Ameriflux tower in year 2000 during wet periods (winter)
where LE is similar in the presence or absence of HR. Val-
ues of stomatal conductance for shrubs were not available
for the site and they were set to the same value as that of
PP (Table 1).

Notation

An net uptake of CO2 through photosynthesis
Cp specific heat of air

CLS Co2 concentration at the leaf surface
b Ball-Berry intercept

fsv Tuzet-Ball-Berry parameter for the stomatal
conductance

GL1 ground heat flux into the litter layer
GL2 ground heat flux from the litter layer into the

soil-litter interface
Gs ground heat flux into the soil

g acceleration due to gravity
gs stomatal conductance

hLS relative humidity at the leaf surface
Jmax maximum rate of electron transport

Ks soil water conductivity
Krad total conductivity in the root system in the radial

direction
KR

ri
root conductivity in species i in the radial direc-
tion, obtained for each layer from Krad accord-
ing to the root distribution [Amenu and Kumar,
2008]

Kax total conductivity in the root system in the axial
direction

KA
ri

root conductivity in species i in the axial direc-
tion, obtained for each layer from Kax according
to the root distribution [Amenu and Kumar,
2008]
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LEL latent heat emitted from the litter layer to the
atmosphere

LEeco latent heat emitted from the total ecosystem
LEshrubs latent heat emitted from the shrubs

LEPP latent heat emitted from ponderosa pine, PP
Lv specific heat of vaporization
m Ball Berry SLOPE

qs1 air specific humidity in the soil in the top most
layer

qa1 air specific humidity in the atmosphere in the
closest layer to surface

ra aerodynamic resistance
rs additional resistance of litter layer to transport

of vapor
Rw gas constant for water vapor

RHLn relative humidity in the litter layer
sf sensitivity parameter, Tuzet model

TL temperature in the litter layer
TLSS temperature at the litter-atmosphere interface
TLn temperature at the center of the litter layer
TSL temperature at the litter-soil interface
Ts1 soil temperature in the first (top most) layer
Ta1 temperature in the atmosphere in the layer

closest to the surface
TCL thermal conductivity of the litter

TCs1 soil thermal conductivity in the top most layer
Vcmax maximum carboxylation velocity
�L litter thermal difussivity
� soil moisture
 s soil water potential
 l leaf water potential
 f reference water potential in the Tuzet-Ball-

Berry model
 ri root water potential in ith vegetation species
 L litter water potential
 LL litter water potential for a liter moisture of

1 kg kg�1 [Ogee and Brunet, 2002]
 Tr soil water potential threshold for hydraulic

disconnection
 s daily average soil water potential
�b;L litter bulk density [Ogee and Brunet, 2002]
�zL litter layer thickness
�zs1 topsoil layer thickness
�d density of dry air
�w density of liquid water
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