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Contribution of hydraulically lifted deep moisture to the water
budget in a Southern California mixed forest

Kuni Kitajima,1 Michael F. Allen,1 and Michael L. Goulden2
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[1] Trees and shrubs growing in California’s mountains rely on deep roots to survive the
hot and dry Mediterranean climate summer. The shallow montane soil cannot hold enough
water to support summer transpiration, and plants must access deeper moisture from the
weathered bedrock. We used the HYDRUS-1D model to simulate the moisture flux through
the soil-plant continuum in Southern California’s San Jacinto Mountains. The mechanisms
facilitating deep water access are poorly understood, and it is possible that either or both
hydraulic lift and capillary rise contribute to the survival and activity of trees and soil
microorganisms. We modified HYDRUS to incorporate hydraulic lift and drove it with
meteorological and physiological data. The modeled quantity of water lifted hydraulically
ranged from near zero during the wet months to ~28mmmonth�1 in midsummer. Likewise,
modeled capillary rise was negligible during the winter and averaged ~15mmmonth�1

during June through November. Both mechanisms provided water to support
evapotranspiration during the dry months. Isotopic measurements of xylem water for eight
shrub and tree species confirmed the importance of a deep source of water. Conventional
and automated minirhizotron observations showed that fine-root and rhizomorph biomass
remained relatively constant year-round, while mycorrhizal hyphae biomass varied
markedly, peaking in the wet season and declining by ~70% in the dry season. Model results
predict that hydraulic lift and capillary rise play key roles in Southern California’s
mountains: they support evapotranspiration and photosynthesis during the summer drought;
they contribute to the year-round survival of fine roots and soil microorganisms.

Citation: Kitajima, K., M. F. Allen, and M. L. Goulden (2013), Contribution of hydraulically lifted deep moisture to the
water budget in a Southern California mixed forest, J. Geophys. Res. Biogeosci., 118, 1561–1572, doi:10.1002/2012JG002255.

1. Introduction

[2] Southern California’s mountains rise above 3000 m,
creating strong orographic precipitation gradients and a mon-
tane Mediterranean climate. The resulting mosaic of ever-
green and deciduous hardwood and conifer forest is a
biodiversity hotspot. Precipitation arrives during the cool
winter as a mix of snow and rain; the summer is hot and
dry with very infrequent monsoonal rains. Mean precipita-
tion is low and exceedingly variable, averaging 665mm
yr�1 (1982–2010) on the west slope of the San Jacinto
Mountains. The soils are shallow entisols overlying weath-
ered granitic regolith and bedrock. Water storage in the sur-
face soil is inadequate to sustain plant growth through the
summer and fall, and trees and shrubs rely on water from

the weathered granite for survival [Hubbert et al., 2001;
Witty et al., 2003; Ichii et al., 2009; Graham et al., 2010;
Bales et al., 2011]. Climate models project 3°C to 5°C
warming in inland Southern California by 2100, which will
increase both thermal stress and potential evapotranspiration
[Hayhoe et al., 2004; Cayan et al., 2008]. Moreover, precip-
itation variability is expected to increase, and the snow to rain
transition is expected to rise, leading to long droughts
punctuated by heavy rains, as opposed to the slower input
of water during snowmelt that has been common over the last
century. The future of these forests will likely depend on
plant access to deep water; a more quantitative understanding
of the input, redistribution, and withdrawal of water within
these ecosystems is needed to project and manage the impact
of climate change.
[3] Evergreen Mediterranean climate plants often tap deep

water during the dry season [e.g., Hubbert et al., 2001;
Warren et al., 2007; Querejeta et al., 2007, 2009; Miller
et al., 2010; Orellana et al., 2012]. Three mechanisms may
mediate plant access to deep moisture. First, water may move
upward through small soil and rock pores by capillary rise
driven by large water potential gradients [e.g., Bales et al.,
2011;Glenn et al., 2012]. Second, moisture may be drawn into
deep roots and directly transported to the canopy for transpira-
tion [e.g., Ichii et al., 2009; Miller et al., 2010]. Third, mois-
ture may be drawn into deep roots and subsequently “lifted”
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or “redistributed” to shallow horizons, where it passively
flows to the soil through fine roots and hyphae [e.g.,
Richards and Caldwell, 1987; Ludwig et al., 2003;
Querejeta et al., 2003; Kurz-Besson et al., 2006; Egerton-
Warburton et al., 2008; Warren et al., 2008; Prieto et al.,
2012]. Broader forms of plant-mediated hydraulic redistribu-
tion are also possible, including vertical or horizontal water
movement and upward or downward transport.
[4] Trees and shrubs in Mediterranean climate ecosystems

rely heavily on symbiotic fungal relationships for nutrient
and water uptake [e.g., Allen, 1991; Allen et al., 2003].
Mycorrhizal hyphae extend into the weathered granite matrix
and very fine saprock microfractures (in a broad sense
Graham et al. [2010]), thereby facilitating deep water uptake
[Egerton-Warburton et al., 2003; Bornyasz et al., 2005].
Mycorrhizal root tips may persist for years or decades by
tolerating freezing, thawing, drought, and rewetting [Allen,
1991; Ruess et al., 2003; Allen et al., 2003]. Laboratory studies
have shown that the water provided through hydraulic lift con-
tributes to the survival of mycorrhizal hyphae [Querejeta
et al., 2003] and associated shallowly rooted seedlings
[Egerton-Warburton et al., 2007] and also facilitates N uptake
[Egerton-Warburton et al., 2008]. California evergreen oaks
redistribute deep water to the surface, which is thought to sus-
tain ectomycorrhize through the dry season [Querejeta et al.,
2009]. Similarly, isotopic analyses have shown that seedlings
in the field receive deep water through mycorrhizal connec-
tions [Querejeta et al., 2003]. Ectomycorrhizal sporocarp pro-
duction can continue despite extreme drought and inadequate
surface water availability [Allen, 2009]; sporocarps may utilize
hydraulically lifted water for growth [Lilleskov et al., 2009].
[5] A range of experimental approaches are available for

measuring in situ water dynamics, including sap flow sensors,
which can be installed in tap or lateral roots [Burgess et al.,
1998; Nadezhdina et al., 2010], and also amended or natural
abundance isotopic tracers [Moreira et al., 2003; Kurz-
Besson et al., 2006; Querejeta et al., 2009]. The isotopic com-
position of moisture in the weathered bedrock is usually similar
to that of the local precipitation, while the composition of
moisture in the surface soil is shifted by evaporative fraction-
ation. The isotopic composition of water extracted from a plant
therefore provides a measure of water source. Similarly, a
range of models are available for simulating water, carbon,
and nutrient cycles, including (the daily version of the
CENTURY ecosystem model) [Parton et al., 1998],
CENTURY [Parton et al., 1993], PnET (simple, lumped-
parameter, monthly-time-step model of carbon and water
balances of forests) [Aber and Federer, 1992], SIPNET (the
simplified Photosynthesis and Evapo-Transpiration model)
[Braswell et al., 2005], HYDRUS-1D [Simunek et al., 2005],
and many others [e.g., Amthor et al., 2001; Tang et al., 2006;
Knohl and Baldocchi, 2008].
[6] We combined observations and modeling to investigate

the moisture flux through the soil-plant continuum at the James
Reserve in Southern California’s San Jacinto Mountains. We
collected climate, belowground microclimate, plant physio-
logical, plant biomass, root and rhizomorph, and stable isoto-
pic data over a 7 year period. We used these data to calibrate
and refine the HYDRUS-1D model (available at http://www.
pc-progress.com/en/Default.aspx?hydrus-1d). HYDRUS has
been used successfully to address problems in ecology,
environmental science, soil science, and agriculture [e.g., Yin

et al., 2008; Yuan et al., 2011]. HYDRUS was configured
to predict evapotranspiration, plant water uptake (sap flow
density), soil CO2 efflux, soil temperature, soil water con-
tent, and CO2 concentration. Our specific objectives are to
(1) develop, calibrate, and validate a model to simulate
water and CO2 flux, (2) refine the model to incorporate
hydraulic lift, (3) estimate how much water is hydraulically
lifted to the surface layer and how it varies seasonally, and
(4) infer whether lifted water contributes to the survival of
mycorrhizal fungi.

2. Methods

2.1. Study Site

[7] Observations were made at the University of California
James Reserve (http://www.jamesreserve.edu) located in
the San Jacinto Mountains in Riverside County, California,
USA (Elevation: 1650m, Longitude: 33.8078°N, Latitude:
116.7771°W). The site is an old-growth, uneven-aged, mixed-
conifer forest. Dominant trees include ponderosa pine (Pinus
ponderosa C. Lawson), sugar pine (P. lambertiana Douglas),
incense cedar (Calocedrus decurrens (Torr.) Florin), and
canyon live oak (Quercus chrysolepis Liebm.), which are all ev-
ergreen, and black oak (Q. kelloggiiNewberry), which is winter
deciduous. Manzanita (Arctostaphylos glandulosa Eastw.) is
the dominant understory shrub, and there are scattered herbs
and grasses. The climate is montane Mediterranean with cool,
wet winters and hot, dry summers. Daily average air tempera-
ture ranges from �5°C in winter to 23°C in summer. Most of
the precipitation falls during the winter; very occasional and
highly variable monsoonal rains fall during the summer. Soils
are shallow (~2m) sandy loams belonging to the Pacifico-
Wapi, Pacifico-Preston, and Green Bluff-Brader families
(http://websoilsurvey.nrcs.usda.gov).

2.2. Field Observations

[8] Most of our measurements were made along a gently
sloping 76 m transect (<10°, Figure S1 in the supporting
information). We began meteorological observations at the
transect in 2000 (air temperature, relative humidity, solar
radiation, wind direction and speed, and precipitation;
ONSET®, U30-NRC-000-10-S045-000). We added obser-
vations of soil conditions at 10 nodes along the transect in
2005; soil temperature (ONSET® S-TMB-M002), moisture
(ONSET®, S-SMC-M005), and CO2 concentration
(Vaisala®, GMM222F0N0A4A2E1B) were recorded every
5 to 15min at three depths (0.02, 0.08, and 0.16m).
[9] Sap flow was recorded every 30min with thermal dis-

sipation probes (Dynamax®, FLGS-TDP XM1000, and
TDP-30) on three dominant tree species (ponderosa pine,
sugar pine, and black oak). Two to six 30 mm long probes
were inserted into the sapwood of each tree (21 probes total).
The probes were insulated with two or more layers of reflec-
tive foil insulation (2 ft wide × 1/4 in thick) to reduce thermal
gradients. The sap flow (mm d�1) was calculated using
Granier’s formula [Granier, 1987]:

Sap flow rate ¼ 119*3600*24*10�3* ΔDTmax � ΔDTð Þ=ΔDT½ �1:231;

where, ΔT is the temperature difference between the heated
and reference probes and ΔTmax is the ΔT at zero sap flow.
[10] Fine-root/rhizomorph growth was monitored weekly

beginning in 2005 with 15 conventional minirhizotron
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(CMR) tubes and a Bartz minirhizotron (Bartz Technology®,
Santa Barbara, CA) [Allen et al., 2007; Vargas and Allen,
2008; Rundel et al., 2009]. Automated minirhizotrons (AMR)
were added to the study in 2008 and 2010 to track the
dynamics of individual hyphae [Allen et al., 2007; Rundel
et al., 2009; Allen and Kitajima, 2013]. We used four
automated AMRs (Rhizosystems Inc. ®, Idyllwild, CA) to
monitor hyphal growth at least once every 24 h since
January of 2010. The frame size was 13mm×9mm for the
CMR, and 3.10mm×2.26mm for the AMR. Images col-
lected with CMR and AMR were digitized using ROOTFLY
version 2 to measure length and diameter of fine roots,
rhizomorphs, and hyphae (http://www.ces.clemson.edu/~stb/
rootfly/). Approximately 90,000 CMR images and 7,300
AMR images were examined for the study. Relative length
was calculated by dividing the length at time t by the maxi-
mum length over the entire year for each observed area.
[11] Eddy covariance observations of CO2 and water vapor

exchange were collected at the site beginning in 2006
[Fellows and Goulden, 2013; Goulden et al., 2012]. The
eddy flux tower footprint included the transect used for the
sap flow and belowground observations.
[12] Twigs of dominant tree species, well and creek water,

and soil samples were collected during the wet and dry
seasons. Samples were sealed in vials and frozen within a
few hours for storage. Water was subsequently extracted in
the laboratory by cryogenic vacuum distillation. Isotopic
signatures of δD and δ18O were measured by mass spectros-
copy (inductively coupled plasma (ICP)-MS, Agilent™

7500ce, Agilent™ Technologies, U.S. (http://ccb.ucr.edu/
firms.html)). The range of observed δ18O was much smaller
and its variation was relatively greater than δD (~100/00
versus ~500/00), and so we focused our analysis on δD.
Data are reported in conventional delta notation, defined as

the per mil (0/00) deviation from SMOW (Vienna standard
mean ocean water):

δdD ¼ Rsample –RSMOW

� �
=RSMOW *1000;

where Rsample and RSMOW are the D/2H ratios in the samples
and the SMOW standard, respectively. δD and δ18O measure-
ments had a precision of ±2%.
[13] The climate data are available at http://cens.jamesreserve.

edu/jrcensweb/GUI/start.php. The belowground and sap flow
data are available at http://ccb.ucr.edu/amarssdata.html. The
minirhizotron images are available at http://cens.jamesreserve.
edu/rootview/. The eddy covariance data are available at http://
www.ess.uci.edu/~california/.

2.3. Model Description

[14] Observed and measured fluxes are shown in Figure 1,
and optimized variables and constants taken from the litera-
ture are listed in Table 1. All fluxes (both observed and esti-
mated) are presented on a ground area basis. The HYDRUS
model is briefly described below.
[15] Soil water transport is governed by the Richards

equation:

∂θ=∂t ¼ ∂=∂z K hð Þ * ∂h=∂zf g � Suptake þ SHL; (1)

where θ (�) is soil water content, h (L)is the water pressure
head, t (T) is time, z (L) is depth, K(h) (LT�1) is the hydraulic
conductivity, Suptake (LT�1) is the plant water uptake rate,
and SHL (LT�1) is the hydraulic lift rate. James Reserve has
shallow (~2m) sandy loam soil. Boundary conditions are
the atmospheric flux at the upper boundary and a zero gradi-
ent at the bottom.

Figure 1. Schematic of observed and estimated fluxes. Fluxes marked with a red star were observed;
unmarked were estimated with the model. The direction of arrow shows the positive value of the flow.
Actual fluxes flow both ways.
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Table 1. Variables and Constants Used in the HYDRUS-1D Model

Labels Dimensions Variables Values

a cm�1 Exponential space distribution of CO2 production. Optimized
aex (�) Extinction coefficient for sunlight. 0.39
Alpha cm�1 Parameter a in the soil water retention, assuming van Genuchten-type curve. 0.075
b1 Wcm�1K�1 Coefficient b1 in the expression for the thermal conductivity function. 1.47E+ 16
b2 Wcm�1K�1 Coefficient b2 in the expression for the thermal conductivity function. �1.55E+ 17
b3 Wcm�1K�1 Coefficient b3 in the expression for the thermal conductivity function. 3.17E+ 17
ca (�) Volumetric concentrations of CO2 in gas phase.
Cn J cm�3K�1 Volumetric heat capacity of the solid phase. 1.43E+ 14
Co J cm�3K�1 Volumetric heat capacity of organic matter. 1.87E+ 14
Cp J cm�3K�1 Volumetric heat capacity of the soil.
Critical pressure head cm Value of the pressure head below which CO2 production by soil microorganisms ceases. �1.00E� 06
cw (�) Volumetric concentrations of CO2 in liquid phase.
Cw J cm�3K�1 Volumetric heat capacity of the liquid phase. 3.12E+ 14
Da cm2 d�1 Effective soil matrix diffusion coefficient of CO2 in the gas phase. 13737.6
Dispersivity cm Longitudinal dispersivity for carbon dioxide. 1.5
Dl cm Longitudinal thermal dispersivity. 5
Dw cm2 d�1 Effective soil matrix dispersion coefficient of CO2 in the dissolved phase 1.529
Ea

root J Activation energy of a CO2 production of fine root and mycorrhizal fungi. Optimized
Ea

s J Activation energy of a CO2 production of soil microorganisms. Optimized
fh (�) Limiting factor for SHL due to water pressure head difference.
ft (�) Limiting factor for SHL due to time variation.
ft
0 (�) Constant term for the limiting factor for SHL due to time variation. Optimized
gi (�) Limiting factor for CO2 production for each component.
h cm Water pressure head.
hr cm Residual water pressure head for soil.
hsat cm Saturated water pressure head for soil.
i (�) Denotes component, either soil or roots.
Kcorr (�) Scaling factor from FAO standard evapotranspiration to the one for the forest. Optimized
Ks cm d�1 Saturated hydraulic conductivity. Optimized
l (�) Tortuosity parameter in the soil water retention, assuming van Genuchten-type curve. 0.5
LAI (�) Leaf area index. Observed
Michaelis’ constant (�) Michaelis constant of CO2 production by soil microorganisms. 0.19
Michaelis’ constant (�) Michaelis constant for CO2 production by plant roots. 0.14
n (�) Parameter n in the soil water retention, assuming Van Genuchten type curve. 1.89
Optimal pressure head cm Value of the pressure head for which CO2 production by soil microorganisms is at the optimal level. �1.00E� 03
Org (�) Volume fraction of organic matter in soil. 0
P d�1 CO2 production.
P0 (�) The exponent in the root water uptake response function associated with water stress, assuming van

Genuchten-type curve.
3

P50 cm Root water uptake response function associated with water stress. �800
PET cmd�1 Potential evapotranspiration for forest.
PET0 cm d�1 FAO standard potential evapotranspiration.
q cm d�1 Water flux.
qa cm d�1 Soil air flux.
qw cm d�1 Soil water flux.
R Gas constant.
R(z) (�) Root density distribution function for temperate coniferous forests [Jackson et al., 1996]. Observed
Scw d�1 CO2 removed by the plant water uptake.
SHL cm d�1 Daily ground water hydraulically lifted from the weathered bedrock layer.
SHL

0 cm d�1 Optimal daily ground water hydraulically lifted from the weathered bedrock layer. Optimized
Solid (�) Volume fraction of solid phase in soil. 0.59
Suptake cm d�1 Daily plant water uptake from the soil.
t day Time.
T K Soil temperature.
z cm Soil depth from the soil surface.
α (�) Limiting factor due to water stress for plant water uptake.
θ (�) Soil water content.
θw (�) Soil water content.
θ8 (�) Soil water content at 8 cm depth in soil. Observed
θa (�) Volumetric air content.
θcrit, root (�) Critical soil water content for roots. Optimized
θr (�) Residual soil water content for soil. 0.065
θs (�) Saturated soil water content for soil. 0.41
λ Coefficient of the apparent thermal conductivity of the soil.
γroot

0 cm d�1 Optimal CO2 production by roots/mycorrhizae. Optimized
γs
0 cm d�1 Optimal CO2 production by soil. Optimized
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[16] Suptake at depth z is given by Feddes et al. [1978]:

Suptake zð Þ ¼ a*R zð Þ *PET; (2)

where α (0 < α < 1, (�)) is the water stress response func-
tion, R(z) (�) is the root density reported for temperate conif-
erous forests [Jackson et al., 1996] at depth z and was
assumed to be independent of time; PET (LT�1) is the
forest-specific potential evapotranspiration. We assumed α
was a van Genuchten-type function, which is an S-shaped
curve that increases nonlinearly from 0 to 1 with increasing
hydraulic potential. PET is related to Food and Agriculture
Organization (FAO) standard PET (PET0) by

PET ¼ Kcorr * PET
0 lim
x→∞

; (3)

whereKcorr (�) is a correction factor for scaling from the PET0

of the standard crop to a forest. PET0 is given by the Penman
equation and is a function of meteorological conditions and
leaf area index (LAI, (�)). LAI was interpolated at a daily time
step from satellite observations (https://lpdaac.usgs.gov/prod-
ucts/modis_products_table/mcd15a2, downloaded from the
NASA Land Processes Distributed Active Archive Center,
U.S. Geological Survey/Earth Resources Observation, and
Science (EROS) Center, Sioux Falls, South Dakota).
[17] Several models of hydraulic lift exist [Ryel et al.,

2002; Zheng and Wang, 2007; Amenu and Kumar, 2008;
Siqueira et al., 2008], but we are unaware of previous efforts
to incorporate hydraulic lift into HYDRUS. We added
hydraulic lift into HYDRUS by assuming roots access water
in the weathered bedrock and redistribute it throughout the
rooting profile. This assumption was based on the patterns
of moisture redistribution previously reported for California
oak stands [Querejeta et al., 2007]. We incorporated hydrau-
lic lift using the following simplifying rules.
[18] 1. Hydraulic lift takes place once every 24 h at midnight.
[19] 2. Deep moisture in the bedrock moves through roots,

rhizomorphs, and hyphae to each soil layer based on the cor-
responding hydraulic potential difference. The bedrock is
assumed to remain at “field capacity” year around. The roots,
rhizomorphs, and hyphae are in the cracks and soil pockets of
the bedrock.
[20] 3. The water storage capacity in fine roots, rhizomorphs,

and hyphae is assumed to be zero.
[21] 4. The uplifted deep moisture is released and redistri-

buted in proportion to the corresponding hydraulic potential
difference and the fine root density, R(z).
[22] 5. The soil temperature in each layer is adjusted at mid-

night by assuming the temperature of redistributed water is the
same as the soil temperature at the bottom (2m) of soil column.
[23] 6. Plant may reabsorb moisture according to equations

(2) and (3) over the subsequent 24 h.
[24] 7. Plants are unable to withdraw moisture from ex-

tremely dry soil layers; the water content in dry layers reaches
a residual value and water extraction from the layer ceases.
[25] These simplifications were intended to strike a balance

between representing the full complexity of nature and pro-
ducing a tractable model. For example, the first assumption
—spontaneous redistribution of hydraulic lift moisture—
was necessary to incorporate hydraulic lift into the stand
alone HYDRUS model. Likewise, Bleby et al. [2010] used
sap flow sensors in coarse lateral and deep roots to show that
downward moisture redistribution through roots can occur

after rain, whereas we ignored this possibility because mon-
soonal summer precipitation is rare in Southern California
and the downward movement of water through roots is
expected to occur infrequently.
[26] Hydraulic lift (upward water transfer) was expressed as

SHL zð Þ ¼ f h * f t *R zð Þ*SHLo; (4)

where SHL(z) is the hydraulic lift rate at depth z, fh (0< fh< 1,
(�)) is a limiting factor due to the water potential difference
between the soil and weathered bedrock, ft is a limiting factor
that accounts for seasonal hyphal biomass variation, and SHL

o

(LT�1) is the optimal hydraulic lift rate, which is constant. SHL
is the actual hydraulic lift water, which varies with depth and
time due to the three factors, fh , ft , and R(z). fh at depth z is
expressed as a linear function of water pressure head, h,

f h zð Þ ¼ hsat � h zð Þð Þ= hsat–hrð Þ; (5)

where hr and hsat are the residual and saturated water pressure
heads of the soil layer. This formulation is similar to that used
for plant water uptake [Feddes et al., 1978].
[27] Our minirhizotron observation revealed that root/

rhizomorph mass was relatively constant over the year but
hyphal biomass increased during winter and decreased in late
spring and early summer coincident with soil drying and
warming. We therefore defined ft as a limiting factor that ac-
counts for seasonal variation of root, rhizomorph, and hy-
phae biomass. ft (�) was represented as a ramp function of
soil water content at 0.08m depth (θ8),

f t ¼ f t
0; if θ8 < θr;

f t ¼ θ8 � θrð Þ= θcrit;root � θr
� �

* 1� f t
0ð Þ þ f t

0; if θr < θ8 < θcrit;root;

f t ¼ 1; if θcrit;root < θ8 < θsat;

(6)

where ft
0 is a constant, and θr ,θsat, and θcrit, root are residual,

saturated, and critical soil water contents, respectively. For
simplicity, ft was assumed to be uniform throughout the soil
column and h8 was used as a proxy for the water potential
of the entire soil column.
[28] Heat transport is described by

Cp θð Þ*∂Ts=∂z ¼ ∂=∂z λ θð Þ * ∂Ts=∂z½ � � Cw *q * ∂Ts=∂z; (7)

where λ(θ) is the coefficient of the apparent thermal conduc-
tivity of the soil and Cp(θ) and Cw are the volumetric heat
capacities of the soil and the liquid phase, respectively, and q
is the water flux density, which is determined by equation (1).
The upper boundary condition is the extrapolated daily aver-
age soil temperature at the soil surface. The lower boundary
condition is a zero gradient.
[29] CO2 transport is described by

∂=∂t caθa þ cwθw½ � ¼ ∂=∂z θaDa∂ca=∂z½ � þ ∂=∂z θwDw∂cw=∂z½ �
� ∂=∂z qaca½ � � ∂=∂z qwcw½ � � Scw þ P; (8)

where cw (�) and ca (�) are the volumetric concentrations of
CO2 in the dissolved and gas phases,Da (L

2 T�1) is the effec-
tive soil matrix diffusion coefficient of CO2 in the gas phase,
Dw (L2 T�1) is the effective soil matrix dispersion coefficient
of CO2 in the dissolved phase, qa (LT

�1) is the soil air flux,
qw (LT�1) is the soil water flux, θw (�) is the soil water con-
tent and θa (�) is the volumetric air content, Scw is the CO2

removed by the plant water uptake, and P is the CO2 produc-
tion/sink term [Šimůnek and Suarez, 1993; Suarez and
Šimůnek, 1993]. P is a sum of root and soil CO2 production
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(distinguished by i). The CO2 production for each component
is the product of the optimal CO2 production (γi0 ) and the
limiting factors (gi), which are functions of z, θ, Ts, ca, and t:

P ¼ ∑i Ri zð Þ * gi Tð Þ * gi cað Þ * gi hð Þ * gi tð Þ * γi0
� �

; (9)

where, Ri(z) (L
�1) is an exponential function describing root

density; gi(Ts) (�) is an Arrhenius function (b*exp(�Ea/R
Ts), where Ea is an activation energy) describing the temper-
ature sensitivity of CO2 production; gi(ca) (�) is a Michaelis-
Menton function describing the effect of oxygen availability;
gi(h) (�) is a Feddes function (also see equation (5)) [Feddes
et al., 1978] describing the effect of soil moisture on CO2

production; γi0 is the optimal CO2 production for each com-
ponent. For soil, gi(t) was assumed to be constant throughout
the year (= 1). For roots, we used ft for seasonal variation of
root mass (equation (6)).
[30] We divided the soil column (2m deep) into 100 layers

and numerically solved the three differential equations (equa-
tions (1), (7), and (8)) on a daily basis. The model was

calibrated using observed data for 2009 to optimize the 10
parameters in Table 1 by minimizing the negative log likeli-
hood of the sum of squared errors, SS:

SS ¼ yi obsð Þ–yi estð Þf g2; (10)

where yi(obs) and yi(est) are the observed and estimated
values for soil CO2 efflux, soil water content (θ), soil temper-
ature (Ts), soil CO2 concentration (CCO2) at three depths, and
evapotranspiration. Observed sap flow density was not used
to calibrate the model but was used to compare with the pat-
tern of the estimated transpiration rate (we lacked the detailed
information of stand structure required to scale sap flow den-
sity to the stand level). We used MATLAB (R2011b, func-
tion fminsearch, http://www.mathworks.com/help/optim/ug/
fminsearch.html) to optimize the model.
[31] We examined the effect of removing hydraulic lift

from the model by optimizing for seven unknown parameters
without equations (4) through (6), and then comparing the
results with the output for the full model optimized for all

Figure 2. Daily trends of observed and estimated (a) soil temperature at three depths, (b) soil water
content at three depths, (c) CO2 concentration at three depths, (d) evapotranspiration (ET), and (e) soil
CO2 efflux. Observations are shown as open circles and estimates as solid lines. Modeled evapotranspira-
tion (ET) without hydraulic lift is also shown in solid blue line in Figure 2d. ETs are shown as 7 day moving
averages to reduce noise.
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10 unknowns. We tested the models against observed data
for 2007, 2008, 2010, and 2011. We ran a linear regression
between estimated and observed values and calculated the
correlation and regression coefficients.
[32] We investigated the effect of spatial variation of the

optimized parameters by separately optimizing the model
for each observational node using soil temperature, soil mois-
ture, soil CO2 concentration at three depths, soil CO2 efflux,
and eddy covariance based evapotranspiration in 2007 (a to-
tal of nine nodes; we did not consider node #7 due to a high
rate of missing data). The average, standard error (SE), and
coefficient of variations (CV) were calculated for each un-
known parameter. Rooting depth, root density, R(z), biomass
variation of fine roots/hyphae, ft, were assumed to be the
same for all nodes.
[33] The mass balance of water of the soil column was

calculated as

change in storage ¼ precipitationþ hydraulic lift
� evaporationþ transpirationð Þ
þ capillary rise or drainð Þ; (11)

where change in storage is the water content increase or
decrease in the soil column. Capillary rise (positive value)
is the upward movement and drain (negative value) is the
downward movement of moisture caused by the hydraulic
potential difference between bedrock and soil column. We
ignored horizontal water redistribution because of the gentle
local slope. The local precipitation measurements are made
near ground level, which minimizes the effect of canopy
interception on the water balance.

3. Results

[34] The evapotranspiration predicted using HYDRUS
without hydraulic lift was only one fifth that observed by
eddy covariance (Figure 2d), implying that a representation
of deep moisture access is crucial for modeling the local
hydrology. We therefore added a parameterization of hydrau-
lic lift to HYDRUS, as described in section 2. The resulting
model did a better job of matching the observations
(Figure 2 and Table 2). Soil temperature was in excellent
agreement with the observed values (slope = 1.000–1.089,
R2> 0.998, Figure 2a). Soil water content at 0.02 and
0.08m was slightly underestimated (slope = 0.846 and
0.889, Figure 2b), while water content at 0.16m was slightly

overestimated (slope = 1.151). Evapotranspiration was still
underestimated despite the inclusion of hydraulic lift (slope =
0.507, Figure 2d), though the predictions of evapotranspira-
tion were much better than those made by the model without
hydraulic lift (slope = 0.178). The degree of underestimation
varied from year to year; the underestimation was greatest in
2008 (slope = 0.539) and least in 2007 (slope = 0.870).
[35] Deciduous Quercus kelloggii (California black oak)

began to leaf out and transpire each year around day of year
(DOY) 150 (30 May; Figure 3). Black oak leaf out was com-
plete by the end of June and sap flow reached a maximum
within 30 days. Black oak sap flow remained high (at least
80% of peak) for ~120 days before declining rapidly with leaf
senescence fromDOY 270 and 300 (October). The evergreen
Pinus ponderosa and P. lambertiana transpired year-round,
though the rates were suppressed and barely detectable on
rainy, snowy, or cloudy days. Pine transpiration reached a
maximum in May from DOY 120 to 150. Transpiration by

Table 2. Regression Results of Observed and Estimated Soil
Temperature, Soil Water Content, CO2 Concentration, Whole-
Forest Evapotranspiration, and Soil CO2 Efflux

Category Constant Slope R2

Soil temperature at 0.02m �0.0188 1.0008 0.9999
Soil temperature at 0.08m �0.2634 1.0637 0.9985
Soil temperature at 0.16 cm �0.5664 1.0894 0.9979
Soil water content at 0.02m 0.0155 0.8457 0.6368
Soil water content at 0.08m �0.0121 0.8990 0.7299
Soil water content at 0.16m �0.0472 1.1513 0.7408
CO2 concentration at 0.02m 0.0004 0.3270 0.1136
CO2 concentration at 0.08m 0.0005 0.6325 0.1543
CO2 concentration at 0.16m 0.0005 0.7778 0.2073
Evapotranspiration 0.0628 0.5065 0.5063
Soil CO2 efflux 0.5411 0.4616 0.2549

Figure 3. Comparison of estimated (solid red line) and
observed transpiration for black oak (solid black circle),
ponderosa pine (solid blue circle), and sugar pine (solid green
circle). For comparison purpose, separate plots are shown for
each year and all rates are standardized by dividing the daily
rate by the maximum value of each year.
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both pine species decreased slowly during the summer
drought from DOY 180 to 270, while black oak transpiration
remained high. Sugar pine transpiration declined more rap-
idly in summer than did ponderosa pine, at least in 2008
and 2010.
[36] The model underestimated soil CO2 concentration at

three depths and predictability was poor (slope = 0.327–
0.778, R2 = 0.114–0.207, Figure 2c). Soil CO2 efflux was
also underestimated (slope = 0.503, R2 = 0.352, Figure 2e).
These results are likely linked; low predictions of CO2 con-
centration led to low predictions of soil CO2 efflux.
[37] The optimized parameters were spatially variable, ex-

cept for optimal uplift (SHL
o in equation (4) and Table 3).

This can be explained by the patchiness of trees, canopy cov-
erage, under growth, and roots/hyphae. Factors affecting
CO2 production (a, exponential special distribution of CO2

production, optimal production, γ0i , and activation energy
Ea in equation (9)) also had large spatial variation, which
may be related to spatial variation of microbial activity
[Klironomos et al., 1999]. The high spatial variation of satu-
rated hydraulic conductivity (Ks) estimated by HYDRUS
reflected variable soil properties across the transect. The soil
under closed canopy was sandy loam with a comparatively
high organic content; the soil under open canopy was sandier
and had a lower organic content.
[38] The model indicated that hydraulic lift averaged

~28mmmonth�1 in July and August and was negligible
during the wet months, following the potential evapotranspi-
ration trend (Figure 4a). Estimated evapotranspiration was
the greatest in July, when the air temperature was the highest
(Figure 4b). Estimated capillary rise was almost constant
(~15mmmonth�1) between June and November. The ratio
of hydraulic lift moisture to evapotranspiration peaked in
August (~0.60, Figure 4c), and the ratio of capillary rise to
evapotranspiration increased from June through November.
Evapotranspiration exceeded the combined quantity of hy-
draulic lift and capillary rise during March through August,
resulting in a gradual and continuous depletion of soil water.
Precipitation, hydraulic lift, and capillary rise replenished
dried soil in October and November. The annual quantity
of hydraulically lifted moisture was ~112mmyr�1; the an-
nual capillary rise was ~83mmyr�1. These findings indicate
that both hydraulic lift and capillary rise contribute to evapo-
transpiration during dry months.
[39] Preliminary model runs showed that the addition of ft

in equation (6) did not substantially improve the model,

and so ft was set to 1 in the final analysis. Mycorrhizal
fungi (both arbuscular and ectotrophic) and fine roots are
interconnected and inseparable. Mycorrhizal fungi are not
explicitly represented in the HYDRUS model; we incorpo-

Table 3. Spatial Variation of Unknown Parameters Used in the Model Using Observed Data in Year 2007a

Node ID Kcor SHL
0 γs

0 γroot
0 a Ea

s Ea
root Ks

1 0.1581 62.0123 0.2063 0.3801 0.3933 7791 5759 85.69
2 0.2409 67.6150 0.1221 0.4296 1.8154 7789 3260 88.03
3 0.1375 68.9840 0.1577 0.3032 0.9605 10300 2262 47.61
4 0.2851 67.7389 0.2780 0.4197 0.4491 7962 3839 56.84
5 0.1872 67.4219 0.1384 0.2641 0.7374 9765 3326 35.35
6 0.1628 68.9938 0.1924 0.1823 0.6656 10029 5149 75.05
8 0.2135 50.7938 0.1460 0.0981 0.6719 1106 5297 168.65
9 0.1610 59.5905 0.1328 0.1569 0.6170 8538 4361 75.79
10 0.2068 51.5112 0.1414 0.1406 0.4693 2255 4754 203.18
Average 0.1948 62.7402 0.1683 0.2639 0.7533 7282 4223 92.91
SE 0.0156 2.4382 0.0165 0.0421 0.1447 1111 380 18.73
CV 0.2410 0.1166 0.2946 0.4786 0.5762 0.4575 0.2699 0.6047

aRefer to the parameter list in Table 1 for symbols.

Figure 4. (a) Seasonal patterns of precipitation (P) and hy-
draulic lift (HL); (b), evapotranspiration (ET), capillary rise/
drain (CR/D), and change in storage by month; (c) the ratios
of hydraulically lifted moisture to ET (solid black bar) and
capillary rise (solid gray bar) to ET. All fluxes except precip-
itation are estimated from the model. Error bars show 95%
confidence interval for 2007 to 2011.

KITAJIMA ET AL.: CONTRIBUTION OF HYDRAULICALLY LIFTED

1568



rated them by simply expanding the definition of roots to
include the lumped root/fungi complex. Observed fine-root
mass varied little over the year (Figure 5). A previous
study showed that fine root production rate was greatest

in late spring, coincident with warming and the occurrence
of moist soil [Kitajima et al., 2010]. The observed hyphal
mass remained high during the winter and gradually
decreased in late spring and summer coincident with
warmer soil temperature. Hyphal lengths were lowest in
late summer and fall coincident with drought. Hyphal
length increased rapidly in November with the onset of
the wet season.
[40] The isotopic composition of water collected during

the wet season from individuals of the low-stature shrub
Eriogonum wrightiiwas not significantly different from shal-
low soil water and significantly enriched with 2H relative to
groundwater (well, creek, and spring water, Figure 6a). In
contrast, the composition of water collected from larger
plants, including incense cedar, canyon live oak, and manza-
nita, was not significantly different from groundwater and
less enriched than soil water. Tissue water collected during
the dry season was more enriched than that collected during
the wet season (Figure 6b). Water collected from E. wrightii
during the summer was significantly enriched relative to
groundwater and not significantly different from shallow soil
water. Dry season water from incense cedar, interior live oak,
sugar pine, and manzanita was not significantly different
from groundwater and significantly less enriched than soil
water. The isotopic composition of black oak samples
collected during the winter were more enriched than soil

Figure 5. Relative mass of fine roots/rhizomorphs observed
with 10 conventional minirhizotrons during 2005 to 2011 (black
circle), and relative hyphal mass observed with four automated
minirhizotrons in 2011 (red circle). Averages are shown as
solid circles with error bars indicating 1 SE of spatial variation.

Figure 6. Comparison of δD values of various plant species, soil, and groundwater (creek, spring, and
well) (a) during the wet season and (b) during the dry season. Comparisons marked with double asterisks
were significantly at p< 0.01; those marked with a single asterisk were significantly different at p< 0.05;
those marked with “N.S.” were not significantly different.
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water, though it is important to note that these samples were
collected when the trees lacked leaves.

4. Discussion

[41] The comparison of HYDRUS with and without hy-
draulic lift demonstrated the need to consider deep moisture
when modeling montane forest evapotranspiration. Adding
hydraulic lift to HYDRUS closed much of the gap between
modeled and observed evapotranspiration though some
discrepancy remained. Much of the remaining difference
may have been driven by the year-to-year variation of
bedrock moisture. The year 2007 was one of the driest
years in the last century, and it is likely that our assumption
of a constant and ample source of deep moisture was
violated during 2007 [Fellows and Goulden, 2013].
Further model refinement and new observational data are
needed to track the year-to-year availability of moisture
in the weathered bedrock. An additional source of uncer-
tainty is the determination of potential evapotranspiration
and subsequent calculation of actual evapotranspiration.
Uncertainty in the eddy flux measurements could also con-
tribute to the remaining mismatch between modeled and
observed evapotranspiration.
[42] Plant access to deep moisture may be mediated by

three mechanisms: capillary rise, deep root uptake and direct
transfer to the canopy, and hydraulic redistribution. We were
unable to fully explain the observations without including
hydraulic redistribution in the model. Excluding hydraulic
lift by resetting fh, ft, and R(z) in equation (4) resulted in
predictions that were poorer than those made when hydraulic
lift was enabled. Similarly, a model based solely on deep
root uptake and direct transfer to the canopy would have
underestimated the water content of the soil during the sum-
mer; hydraulic lift is necessary to prevent excessive drying in
the near-surface soil. Ryel et al. [2002] used a plant water up-
take model to show that transpiration is very sensitive to root
distribution; a more uniform root distribution led to a greater
transpiration rate with and without hydraulic lift. We found
that root density distribution had little effect on how well
the model fit the observed data, and we could not fully
explain the observed transpiration rate by changing root
distribution alone. Hydraulic redistribution appears to play
an important role in the hydrology of our site, though capil-
lary rise and direct transfer to the canopy are also important;
all three mechanisms contribute to deep moisture access.
[43] The species level observations of sap flow and water

isotopes are generally consistent with the whole-ecosystem
observations and model results. Whole-forest measured and
modeled evapotranspiration was lowest before DOY 60, in-
creased gradually with spring warming, reached a maximum
around DOY 180, and declined in the late summer. Whole-
forest evapotranspiration reflects the sum of all tree species
as well as surface evaporation, and the seasonal patterns of
evapotranspiration were in agreement with the combined
patterns observed by sap flow. Hence, the winter rates of
evapotranspiration appear to be attributable mainly to tran-
spiration by the pines, the early summer evapotranspiration
peak appears to reflect simultaneous high rates of transpira-
tion by most of the species of trees; the evapotranspiration
reduction during the late summer appears to reflect a decline
in activity by the pines.

[44] The trees are deeply rooted and appear to access water
in the weathered bedrock year-round, as predicted by the
model. The small shrub E. wrightii with shallow roots appar-
ently acquires most of its water from the surface soil.
Ponderosa pine and black oak xylem water were significantly
less enriched than the groundwater during both wet and dry
seasons, suggesting that the roots of both species reach deeper
in weathered bedrock than the other trees species. An interspe-
cific difference in access to deep moisture was supported by
the sap flow measurements, which showed sugar pine
transpiration declines comparatively early in the dry season,
ponderosa pine declines later in the dry season, and black
oak transpiration appears largely decoupled from moisture
availability and more tightly controlled by phenological shifts
that may be associated with cold temperatures.
[45] Moisture from the weathered bedrock appears impor-

tant for tree and shrub survival at the site. The combined quan-
tity of hydraulically lifted moisture and capillary rise averaged
196mm yr�1 from 2007 to 2011, which is ~1/3 of the mean
precipitation during this period (578mm yr�1). Deep moisture
presumably also contributes to the persistence of fine root/hy-
phal biomass during the summer drought, which we observed
with the minirhizotrons. This conclusion is supported by
Querejeta et al. [2007, 2009], who found that hydraulic redis-
tribution facilitates the survival of both ectomycorrhizal roots
and hyphae during extreme dry seasons.
[46] The model included a representation of soil CO2

production. The rate of respiration by roots and associated
mycorrhizae was 3.5mmd�1 (γi0 in equation (9)), and the rate
of respiration by heterotrophic organisms was 2.2mmd�1,
implying ~61% of soil respiration was generated by auto-
trophs. The Q10s were 2.9 for heterotrophic respiration and
2.0 for roots; these values are within the range reported in
the literature [Burton et al., 2002].
[47] The model’s underestimation of CO2 efflux from the

soil was a direct consequence of the underestimation of soil
CO2 concentration. Part of this discrepancymay have reflected
the importance of the duff layer of fallen leaves and twigs at
several nodes. The model did not include a representation of
the duff layer. An additional source of uncertainty is the tortu-
osity factor used to calculate CO2 diffusion. HYDRUS follows
Millington and Quirk [Millington and Quirk, 1961], whereas
measurements at the site using concentration profiles and soil
respiration chambers gave results that were closer to
Marshall [Marshall, 1959]. Additionally, the optimized pa-
rameters related to CO2 production, including soil and root
CO2 production (γi0), depth sensitivity (a), and temperature
sensitivity (Ea

s), were spatially variable; additional work is
needed to improve the representation of soil CO2 concentra-
tion and efflux in models.

5. Conclusions and Implications

[48] Our findings provide strong evidence that the trees at
our site depend on deep moisture to support year-round gas
exchange. We combined modeling and isotopic measure-
ments to show that deep water access and hydraulic lift play
important roles in semiarid forest hydrology. Bales et al.
[2011] and Goulden et al. [2012] reported similar patterns
for Sierra Nevada mixed coniferous forest. Likewise, Ichii
et al. [2009] used satellite-based observations and an eco-
system model to infer that rooting depths in California,
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especially in evergreen forest, are deeper than previously
thought. Global climate models project an extended dry sea-
son and warmer temperatures by 2100. A critical question
moving forward is whether warming and drying will limit
summer production and carbon fixation, or whether access
to deep water and hydraulic lift will allow many of the trees
at our site to continue to avoid summer drought stress.
Further refinements of the approach we describe above may
be able to address this issue.
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