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Direct and Indirect Facilitation

of Plants with Crassulacean Acid
Metabolism (CAM)

Kailiang Yu* and Paolo D’Odorico

Department of Environmental Sciences, University of Virginia, Charlottesville, Virginia 22904, USA

ABSTRACT

Plants with crassulacean acid metabolism (CAM)
are increasing their cover in many dryland re-
gions around the world. Their increased dom-
inance has been related to climate warming and
atmospheric CO, fertilization, while the effects of
interspecies interactions and the role of CAM
plant facilitation by trees and grasses remain
poorly understood. Woody plants are known for
their ability to directly facilitate CAM plants
through amelioration of the abiotic environment.
Mechanisms of indirect facilitation of trees on
CAM plants in tree-grass—CAM associations,
however, have received less attention. It is also
unclear whether grasses might facilitate CAM
plants in mixed tree-grass—-CAM communities.
For instance, the inclusion of grasses in tree—-CAM
associations could enhance hydraulic lift and fa-
cilitate CAM plants in their access to shallow soil
moisture at the expenses of deep-rooted trees. If
this effect outweighs the competitive effects of
grasses on CAM plants, grasses could overall fa-

cilitate CAM plants through hydraulic lift. Here
we develop a process-based ecohydrological
model to investigate the direct and indirect fa-
cilitation in tree-CAM-grass associations; the
model quantifies transpiration of CAM plants
when isolated as well as in associations with trees
and/or grasses. It is found that woody plants
having a high root overlap with CAM plants
indirectly facilitate CAM plants by significantly
reducing grass transpiration in shaded conditions.
For situations of a low-to-moderate root overlap,
facilitation may occur both directly and indirect-
ly. Conversely, grasses are unable to indirectly
facilitate CAM plants through the mechanism of
hydraulic lift because the competitive effects of
grasses on CAM plants outweigh the facilitation
induced by hydraulic lift.

Key words: direct facilitation; indirect facilita-
tion; woody plants; crassulacean acid metabolism
(CAM); grasses; transpiration; hydraulic lift.
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INTRODUCTION

Plants with crassulacean acid metabolism (CAM)
are increasing their abundance in many dryland
regions around the world (Borland and others
2009, 2011). This effect is typically related to
changes in climate or increasing atmospheric CO,
concentrations (for example, Drennan and Nobel
2000; Borland and others 2009), whereas the role
of interactions with other species and the rela-
tionship with other ongoing changes in plant
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community composition (for example, woody plant
encroachment and grass invasions) remain not
completely understood. The role of facilitation or
positive interactions has been increasingly empha-
sized in plant community studies in the past few
decades (Bruno and others 2003; Brooker and
others 2008), especially under high levels of envi-
ronmental stress (Callaway and others 2002;
Maestre and others 2009). A common example of
facilitation that has been widely documented is the
nurse effect of woody plants on CAM plants in
dryland regions (Withgott 2000; Castillo and
Valiente-Banuet 2010; Cares and others 2013).
Studies of CAM plants engender scientific interest
because their photosynthetic plasticity can buffer
fluctuations in environmental conditions (Borland
and others 2009, 2011). Renewed interest in CAM
plants is further contributed by their suitability as
feedstock for bioenergy production in dryland re-
gions (Borland and others 2009; Davis and others
2011).

Past studies have largely focused on the direct
facilitation of woody plants on CAM plants,
whereby woody plants increase the establishment
rate of CAM plants by increasing soil resource
availability (water and/or nitrogen) and/or pro-
viding refuge from physical stress under extreme
environmental conditions (temperature and/or so-
lar radiation) (Withgott 2000; Castillo and Valien-
te-Banuet 2010; Cares and others 2013). Indirect
facilitation of woody plants on CAM plants, how-
ever, remains poorly investigated. Indirect facilita-
tion involves three interacting species in which
competitive species A suppresses species B and thus
reduces the competitive effect of species B over
species C (Levine 1999; Kunstler and others 2006;
Brooker and others 2008). Studies suggest that
indirect facilitation tends to occur in a system
where pairs of plants (A-B, B—C) compete for dif-
ferent resources (Levine 1999; Pages and others
2003; Callaway 2007; Brooker and others 2008).
For example, woody plants suppress the growth of
herbaceous vegetation through light competition
(A-B) and thus lead to competitive release of soil
nutrients (water and/or nitrogen) which favors a
third species (B-C) (Levine 1999; Siemann and
Rogers 2003; Kunstler and others 2006).

Experimental evidence of indirect facilitation
among species of different trophic levels has been
extensive (for example, Rousset and Lepart 2000;
Corcket and others 2003; Boulant and others 2008;
Anthelme and Michalet 2009); fewer studies have
investigated indirect facilitation among species
within the same trophic level, especially in arid and
semiarid systems (Brooker and others 2008; Cuesta

and others 2010). This is presumably due to the
simultaneous occurrence of direct facilitation
(Miller 1994; Siemann and Rogers 2003) and the
difficulty in interpreting the results of experiments
in which more than one species is manipulated
(Callaway 2007). In fact, species A can also com-
pete with species C and thus indirect facilitation
requires that the indirect facilitative effect through
suppression of a shared competitor outweighs the
direct competitive effect (Levine 1999; Brooker and
others 2008). For instance, Pages and others (2003)
and Pages and Michalet (2003) found that the di-
rect negative effect of species A on species C
through light reduction outweighs the indirect
positive effect of competitive release. Some models
have explored the indirect facilitation among spe-
cies within the same trophic level (for example,
Lawlor 1979; Vandermeer 1990; Stone and Roberts
1991), but their approach has been mostly theo-
retical with no reference to specific functional
groups. Here we develop a process-based model to
investigate the emergence of indirect facilitation
within dryland plant communities with three
functional groups: C3; woody plants, C4 grasses, and
CAM plants.

C4 grasses sustain a high additional metabolic
cost for photosynthesis in hot and/or dry environ-
ments, and thus tend to be shade intolerant (for
example, Siemann and Rogers 2003; Sage and
McKown 2006; Borland and others 2009). In con-
trast, the photosynthetic plasticity of CAM plants
and their acclimation to shade allows them to be
shade tolerant (Medina and others 1986; Fetene
and others 1990; Ceusters and others 2011).
Grasses and CAM plants are typically shallow
rooted (Ogburn and Edwards 2010; Nippert and
others 2012), and thus they compete for soil water
resources. Thus, in tree-CAM-grass associations, it
may be straightforward to expect that trees can
suppress grasses through light reduction (for ex-
ample, Siemann and Rogers 2003; Kunstler and
others 2006) and thus indirectly facilitate CAM
plants (Figure 1A, B). This may imply that the
widely documented phenomenon of woody plant
encroachment (Van Auken 2000; D’Odorico and
others 2012) can directly and/or indirectly exert a
positive net effect on CAM plant productivity in
dryland regions.

What remains unclear is how tree-CAM asso-
ciations respond to increase in grass density (grass
invasions). Grasses will compete with CAM plants,
but increase in grass transpiration and root uptake
from the shallow soil layer are expected to promote
the occurrence of hydraulic lift (for example, Yu
and D’Odorico 2014a). Hydraulic lift transports
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Figure 1. Schematic diagram of indirect (dotted line) and
direct (solid line) interactions among Cs trees, C4 grasses,
and CAM plants. A, B Trees suppress grass transpiration
through solar radiation reduction (SRR) and reduce the
competitive effect of grasses on CAM plants in access to
soil water resources, thus indirectly facilitating CAM
plants. A Trees and CAM plants compete for soil water
resources because of a high degree of root overlap; B
trees directly facilitate CAM plants in situations of a low-
to-moderate root overlap. C Inclusion of grasses in tree—
CAM associations increases hydraulic lift suppressing
trees and thus may indirectly facilitate CAM plants.

water from the wetter deep soil to the drier shallow
soil through plant roots (Richards and Caldwell
1987; Ludwig and others 2003). Shallow-rooted
plants have been found to be capable of scavenging
the lifted water (Richards and Caldwell 1987; Zou
and others 2005; Brooks and others 2006). Thus, it
has been suggested that hydraulic lift contributes to
facilitation of deep-rooted plants on shallow-rooted
plants (Riginos and others 2009; Moustakas and
others 2013; Dohn and others 2013) at the expense
of deep-rooted plants (Yu and D’Odorico 2014a).
However, can the benefit to CAM plants associated

with hydraulic lift induced by grass invasions out-
weigh the competitive effect? In other words, can
the introduction of grasses into tree—CAM asso-
ciations indirectly facilitate CAM plants through
the mechanism of hydraulic lift (Figure 1C)?

In this study, we develop a model to investigate
the occurrences of direct and indirect facilitation in
tree-CAM-—grass associations along a rainfall gra-
dient. We quantify CAM plant transpiration—here
used as an indicator of water availability—in CAM
plants alone, CAM-grass, tree—-CAM, and tree—
CAM-grass associations, at seasonal-to-annual
timescales. By clarifying the roles of direct and
indirect facilitation in the tree—CAM-grass asso-
ciations, our study contributes to the understand-
ing of dynamics of CAM plants in response to
important global environmental change phe-
nomena, such as woody plant encroachment and/
or grass invasions.

METHODS

We develop a model to investigate the direct and
indirect facilitation in tree~CAM-grass associations
along a rainfall gradient. The model simulates soil
moisture dynamics in two soil layers and accounts
for flows between them due to drainage and hy-
draulic redistribution (HR) (Ryel and others 2002;
Lee and others 2005; Yu and D’Odorico 2014a). It
quantifies transpiration of CAM plants in CAM
plants alone (C), CAM-grass (C-G), tree-CAM
(T-C), and tree-CAM-grass (T-C—G) associations,
at seasonal-to-annual timescales (Table 1). Tran-
spiration can be linked to total CO, assimilation
and hence to plant fitness. A lower transpiration of
CAM plants in CAM-grass (C-G) and tree-CAM
(T-C) associations than in CAM plants alone (C)
indicates the competitive effects of grasses and trees
on CAM plants and vice versa. A comparison of
transpiration of CAM plants in tree-CAM-grass
(T-C-G) and CAM-grass (C-G) associations can
explain whether trees directly or indirectly fa-
cilitate CAM plants. A comparison of CAM plant
transpiration rates in tree-CAM-grass (T-C-G) and
tree-CAM (T-C) associations will indicate whether
grasses indirectly facilitate CAM plants through the
mechanism of hydraulic lift. To this end, in the
following subsections, we define the CAM tran-
spiration ratios (see below for details). We focus on
the case in which roots of CAM plants and grasses
grow only in the shallow soil layer (Ogburn and
Edwards 2010; Nippert and others 2012), while
roots of woody plants (trees) are present in both
the shallow and deep soil layers (Yu and D’Odorico
2014a). Woody plants and grasses transpire in the
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Table 1. A Summary of Vegetation Associations in This Study

Vegetation associations Deep-rooted plants Shallow-rooted plants Plants performing HR at night
CAM CAM

CAM-grass CAM; grass

Tree-CAM Tree CAM Tree

Tree-CAM-grass Tree CAM; grass Tree

daytime (12 h) and woody plants perform HR at
night (12 h) (Ryel and others 2002; Lee and others
2005; Yu and D’Odorico 2014a), while CAM plants
are assumed to transpire only at night (12 h)
(Liittge 2004; Ogburn and Edwards 2010). Some
facultative CAM plants can actually perform reg-
ular C; photosynthesis and thus also transpire
during daytime (for example, Borland and others
2011). This effect can be easily accounted for by
varying the duration of transpiration in facultative
CAM plants. In this study, however, we will focus
on the case of obligated CAM plants. To account for
the non-negligible plant water capacitance of CAM
plants (Liittge 2004; Ogburn and Edwards 2010),
we account for changes in water storage in CAM
plants (for example, Lhomme and others 2001;
Bartlett and others 2014).

Water Balance

Soil moisture dynamics in the two soil layers for
tree—CAM (T-C) and tree-CAM-grass (T-C-G) as-
sociations are modeled by two coupled equations:

ds;
nZlE:P—Ul—E—Dl‘FHR, (1)
and
ds
nsz—;:Dl — U, — D, — HR, (2)

where the subscripts 1 and 2 refer to the shallow
and deep soil layers, respectively; # is the soil por-
osity; Z; and Z, are the soil layer thicknesses (mm);
S; and S, are the relative soil moisture (0 < S,
S, < 1); Pis the rate of rainfall infiltration into the
top soil layer (mm d™'); U, and U, are the soil
moisture losses from each soil layer due to root
uptake (mm d™'); E is the evaporation rate from
the soil surface (mm d~'); D, and D, are the drai-
nage rates (mm d~'); and HR is the hydraulic re-
distribution at the patch scale (mm d™'). Positive
values of HR indicate ‘‘hydraulic lift”” (that is, up-
ward hydraulic redistribution), while negative
values of HR indicate ““hydraulic descent” (that is,
downward hydraulic redistribution). For CAM
plants alone (C) and CAM-grass associations (C-
G), only equation (1) needs to be used to quantify

soil moisture dynamics, where HR is taken to be
0 mm d~ !, because in these two cases, there are no
deep-rooted plants to perform HR.

Precipitation is modeled as a sequence of inter-
mittent rainfall events occurring as a marked
Poisson process with average rainfall frequency, 4,
(events per day). The depth (mm) of each storm is
modeled as an exponentially distributed random
variable with mean, # (mm per event) (Rodriguez-
Iturbe and others 1999). Runoff occurs when the
surface layer is saturated (that is, S; = 1). Drainage
is assumed to be driven only by gravity and is ex-
Ks[exp(B(S—5i)—1]

exp[B(1-5)—-1]
saturated hydraulic conductivity (mm h™"), g is a
coefficient, S is the relative soil moisture, and S;. is
the field capacity (Laio and others 2001).

Uptakes by woody plants and grasses are deter-
mined assuming that steady-state exists within the
soil-plant-atmosphere continuum, and therefore
uptake is taken being equal to transpiration (Por-
porato and others 2003; Manzoni and others 2013).
The maximum total potential evapotranspiration in
the daytime is assumed to be constant (Table 2).
Transpiration of CAM plants does not occur during
daytime (Liittge 2004; Ogburn and Edwards 2010).
Therefore, for CAM plants alone (C), the maximum
total potential evapotranspiration in the daytime
(ETmaxq) is contributed only by the potential
evaporation at the soil surface (Enaxq). For the
CAM-—grass associations (C—G), ETnaxq IS parti-
tioned into potential transpiration for grasses
(Temaxd) and potential evaporation at the soil sur-
face (Emaxd), where Tgmaxa depends on grass cover

(fe), as

pressed as D = where K is the soil

Tgmaxd = ETmaxdfga (3)

For the tree-CAM associations, ETy,.xq IS parti-
tioned into potential transpiration for trees (Timaxd)
and potential evaporation from the soil surface
(Emaxa)- For the tree—CAM-grass associations,
EThaxq 1S partitioned into potential transpiration for
trees (Timaxda) and grasses (Tgmaxq), and potential
evaporation from the soil surface (Fpaxq). TO ac-
count for the solar radiation reduction by trees, the
incident shortwave radiation is assumed to verti-
cally irradiate the plant and soil surfaces (Caylor
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Table 2. Parameters, Parameter Values, and Reference Sources Used in the Study

Parameter Symbol Value References
Maximum total potential evapotranspiration in the daytime ETjaxq 4.5 mm d~’ This study

Total potential evaporation at soil surface at night Emaxn 0.5 mm d™* This study
Extinction coefficient of shortwave radiation ks 0.35 Brutsaert (1982)
Leaf area index of woody plants in arid environment LAIL 1.5m? m™2 This study

Leaf area index of woody plants in semiarid environment LAJL, 3m?m2 This study

Storage conductance per unit leaf area

Leaf area index of CAM plants in arid environment

Leaf area index of CAM plants in semiarid environment

Plant conductance per unit leaf area

Fraction of plant resistance below the storage branch
connection

Air density

Specific humidity in the atmosphere in arid environment

Specific humidity in the atmosphere in semiarid environment g,

Factor reducing root hydraulic conductance’

Je 0.002 pm MPa~ ! s™' Bartlett and others (2014)
LAI. 1m?m™2 This study

LAI. 2m?m2 This study

Ip 0.0004 pm MPa~' s™' Calkin and Nobel (1986)

f 0.5 Bartlett and others (2014)
Pa 1.2kgm™ Bartlett and others (2014)
Ga 0.00359 kg kg™* This study
0.00504 kg kg™ ! This study
c W Ryel and others (2002)
50

"y, is the soil water potential where soil-root conductance is reduced by 50% and b an empirical constant. Wsy = —1 MPa and b = 3.22 (Ryel and others 2002)

and others 2005; Yu and D’Odorico 2014a, b). Po-
tential evapotranspiration depends on the available
shortwave radiation, which exponentially decays
through the tree canopy according to Beer’s law.
Therefore, following Caylor and others (2005) and
Yu and D’Odorico (2014a, b), for the tree-CAM
associations, we have Tynaxq = ETmaxd[l — €Xp
(_ksLAIt)] and  Emaxd = ETmaxd eXp(_kSLAIt)/
where k; is the extinction coefficient of shortwave
radiation, and LAI, is the leaf area index of woody
plants (m? m~?). Likewise, for the tree~CAM-grass
associations (T-C-G), we have

Timaxd = ETmaxd[1 - exp(fksLAIt)L (4)
Tgmaxd = ETmaxd exp(_ksLAIt) g (5)

Emaxd = ETmaxd exp(_ksLAIt)(l _fg)a (6)

A comparison between equations (3) and (5)
shows that trees reduce shortwave radiation and
thus decrease the grass transpiration rate even
when the grass cover remains the same as in the
case with no trees.

Potential transpiration for trees (Tymaxq) 1S con-
tributed by the shallow soil layer (T}iqmax) and the
deep soil layer (Trumax); these two fractions are
assumed to be proportional to the water volume
available in each layer (Yu and D’Odorico 2014a):

218
T = Tidmax ——— 7
1tdmax tdmax ZlSl + Zzsz ( )
VARY)
T = Tidmax ——— 8
2tdmax tdmax ZISI T ZzSz ( )

The actual transpiration by plants depends on the
soil water availability (Rodriguez-Iturbe and others
1999); we express the limitation of transpiration by
soil water availability as

0, S<Sy
S-S
7(8) = - SW . S<§F
w
1, s> s

where 7(S) expresses soil moisture limitations on
evapotranspiration, S is the soil moisture, S* is the
vegetation-specific value of relative soil moisture
above which transpiration is not limited by soil
water availability, and S,y is the vegetation-specific
wilting point at which transpiration ceases. Trees
and grasses are assumed to have the same S* and
Sw. Therefore, the actual transpiration rates of
woody plants in the shallow (T}4,) and deep (T54a)
soil layers are determined as

Titda = Tltdmaxf(sl)rla (9)

Totda = TthmaxT(SZ)rZa (10)

where r; and r, are the cumulated (and normal-
ized) tree root densities in the shallow and the deep
soil layers, respectively (r; + r; = 1). The actual
transpiration by grasses (T)qqa) is determined as
Tigda = Tgmaxd X T(S1). As seen from equations (7)
through (10), a high degree of overlap between the
roots of trees and CAM plants are characterized by
high values of Z,/Z, and r,/r, and is expected to
lead to the competitive effects of trees on CAM
plants.
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Uptake by CAM plants is determined using a
non-steady-state approach. Following other studies
(for example, Lhomme and others 2001; Bartlett
and others 2014), we model the non-steady-state
plant water storage by incorporating capacitances
and resistances into the water flow pathway similar
to the case of electric circuits (Figure 2). In this
method, the rates of water uptake (Ucanm) and the
plant water capacitance (Q.,) balance the leaf
transpiration (Tcam) per unit ground area. There-
fore, we have

Tcam = Ucam + Qw, (11)

Following Bartlett and others (2014), Ucam and Qy,
are controlled by water potential gradients, with
Ucam :gsrp(\Psl - "Px) and Qw :chAIC(‘Pw - LPX)a
where g, is the soil-root-plant conductance per
unit ground area (ms ' MPa'), gLAI. is the
storage conductance per unit ground area (m s’
MPa™ ') (g is storage conductance per unit leaf area
and LAI is leaf area index of CAM plants), ¥y, is
the soil water potential in the shallow soil layer,
and ¥, is the xylem water potential (MPa), ‘¥, is
the plant storage water potential (MPa). Tcap is the
flux from the xylem to the leaves, which can be
expressed as

IpLAL
1—-f

Tcam = (Px — 1)), (12)

where g, is the plant conductance per unit leaf

area, fis the fraction of plant resistance belov& the
gpLAL .
1-f

storage branch connection (Figure 2), and is

the plant conductance per unit ground area be-
tween the storage connection node (with water
potential, ¥, MPa) and leaf (with water potential,
¥,, MPa).

The leaf transpiration (Tcam) per unit ground
area can be also calculated (for example, Bartlett
and others 2014) as a function of the specific hu-
midity gradient between the leaf mesophyll (g;)
and the atmosphere (¢q,), that is,

Tcam = ngsa&(ql - Qa)a (13)
Pw
where p, is the density of air (kg m™>), py is the
density of water (1 kg m™>), and g are the series
of the mesophyll, stomatal, and atmospheric con-
ductances (m s™') to water vapor per unit ground
under well-watered conditions (that is, g,LAIL,
gsLAIL., and g, respectively); thus, gmsa can be ex-
pressed as gmsa = LAlcgmds T AIcgmgf—igsga—O—gm - In
equation (13), /is a coefficient limiting g5, in dry
conditions, while g, is a function of ¥, and leaf
temperature. Detailed calculations of parameters
srpr Pwr Imsar [ g1, and other parameters can be
found in Bartlett and others (2014). The rate of
CAM plant uptake is then calculated combing
equations (11)—-(13) as in Bartlett and others
(2014) with equation (13) driven by atmospheric
conditions.

Actual evaporation from soil surface (E) also
depends on soil water availability. Consistent with
Porporato and others (2003) and Bartlett and oth-
ers (2014), we have

Figure 2. Schematic diagram of water flux within canopies of CAM plants. V|, leat water potential; ¥y;, soil water
potential in the shallow soil layer; Wy, xylem water potential; ¥, plant storage water potential; f, fraction of plant
resistance below the storage branch connection; g, plant conductance per unit leaf area; g., storage conductance per unit
leaf area; Ucanm, uptake rate of CAM plants; Tcan, transpiration rate of CAM plants; Q,,, water capacitance of CAM plants.
Adapted from Lhomme and others (2001) and Bartlett and others (2014).



Direct and Indirect Facilitation of Plants

where S}, is the hygroscopic point below which
evaporation at the soil surface ceases (Laio and others
2001), and E,,,x is the potential evaporation during
the daytime or at night. The daytime potential
evaporation is calculated with equation (6), whereas
the total potential evaporation from the soil surface at
night (Epaxn) 1S assumed to be constant (Table 2).
Consistent with other studies (Ryel and others
2002; Lee and others 2005; Yu and D’Odorico
2014a), hydraulic redistribution is determined as
HR = CCrmax(LPsz — ‘I’sl)min(h s T‘z),, where Crmax 1S
the maximum root hydraulic conductance of the
entire active root system (mm MPa~' h™'); cis a
factor reducing root hydraulic conductance and a
function of soil water potential (Table 2); and ¥,
and ¥, are the soil water potentials (MPa) in the
deep and the shallow soil layers, respectively. ¥ is
determined as ¥ = Wg x S*d, where V¥ is the soil
water potential, Sis the soil moisture, while ¥sand 4
are the experimentally derived parameters that have
been determined for a variety of soils (Table 2)
(Clapp and Hornberger 1978). The detailed calcula-
tions of ¢ can be found in Yu and D’Odorico (2014a).

CAM Plants’ Transpiration Ratios

To compare the different levels of water stress in
CAM plants in different associations with other
functional types, we define the transpiration ratios

Tlc(CaS)7 where T;c(Cas) and T,¢(C) are the
Tic(C)

transpiration rates of CAM plants in CAM asso-
ciations (with trees, grasses, or both) and CAM
plants alone, respectively. Likewise, to evaluate
whether grasses indirectly facilitate CAM plants,
we define the transpiration ratio (¢) between tree—

CAM-—grass associations (T-C-G) and tree-CAM

associations (T-C) as ¢ = ?i(&cg where T,¢(TCG)
1

as &=

and T,¢(TC) are the transpiration rates of CAM
plants in tree-CAM-grass association and tree—
CAM associations, respectively.

Parameterization of the Model

The model is mainly parameterized with respect to
environmental conditions with two rainfall regimes
corresponding to arid (4= 0.2 d"! and # = 5 mm)
and semiarid (1 =0.2d"' and # = 10 mm) envi-
ronments. Soil moisture dynamics are simulated
with a time step of half an hour for 10 years. The
transpiration rates of CAM plants in CAM asso-
ciations and CAM alone are averaged over 10 years
and then used to calculate the transpiration ratios
defined above. Other variables such as evapotran-
spiration and hydraulic redistribution are also re-
ported as average values over 10 years. The
growing seasons of trees, grasses, and CAM plants
are assumed to coincide and last 210 days each year
(Bhattachan and others 2012). The root depths of
CAM plants and grasses are assumed to be the same
and constant (Z; = 10 cm) in all the simulations
(Ogburn and Edwards 2010; Nippert and others
2012). To investigate whether a high degree of root
overlap leads to the competitive effects of trees on
CAM plants (Figure 1A), low values of deep soil
layer thickness (Z, = 10 cm) and root allocation to
the deep soil (r,/r; = 0.2) are used, thus precluding
the occurrence of hydraulic distribution (Caldwell
and others 1998; Espeleta and others 2004). Con-
versely (Figure 1B, C), woody plants with deeper
roots (that is, Z, = 30 cm) can perform hydraulic
redistribution; these conditions allow us to evaluate
the role played by hydraulic redistribution in the
direct and/or indirect facilitation in tree—-CAM-
grass associations. This model is mainly imple-
mented in loamy sand, and the results of sensitivity
analysis of sandy loam are provided in Supple-
mentary Material. Parameters describing various
soil characteristics used in this study can be found
in Table 3. The maximum root hydraulic conduc-
tance of woody plants for the entire active root
system (Cpmax) 1S taken to be Cypax = 0.75-
LAL, mm MPa ' h™!, following Lee and others
(2005) and Yu and D’Odorico (2014a). Other pa-
rameters required in this study can be found in
Table 2. This study does not explicitly account for
the effects of canopy interception in the soil mois-
ture balance. Canopy interception in CAM asso-

Table 3. Parameters Describing Various Soil Characteristics Used in This Study

Soil types ¥, (MPa) d Ky (mm h™) n B Sh Sw s* Ste
Sandy loam —2.1x107° 4.9 33.33 0.43 13.8 0.14 0.18 0.46 0.56
Loamy sand —0.88 x 107° 4.38 50 0.42 12.76 0.08 0.11 0.33 0.35

The values of these parameters are from Laio and others (2001). Following Laio and others (2001), B is calculated as f = 2 x d + 4.
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ciations could be higher than that in CAM plants
alone. To account for the effect of canopy inter-
ception, we rerun the model in which rainfall in
excess of canopy interception is available for infil-
tration in the soil moisture balance. By this way,
we calculated the canopy interception (CI) as
CI = 0.2 x LAI (Yu and others 2012), where LAI is
leaf area index of canopies. Grass cover is taken to
be 70% both in arid and semiarid environments in
this study, and the LAI of grasses is taken to be
2.5 m”> m 2. The LAISs of trees and CAM plants can
be found in Table 2. Some grasses have deeper
roots (that is, 20-40 cm) than CAM plants. To
evaluate the effect of deeper grass root zones, we
allow the root depth of grasses to differ from that of
CAM plants (that is, Z;) and investigate the model’s
sensitivity to changes in this parameter. The sen-
sitivity of this model with respect to changes of
rainfall regime is also evaluated. The results of this
sensitivity analysis, which are detailed in Supple-
mentary Material, are generally consistent with
those presented in the main text.

REsuLTs

We first focus on the case of a plant community
with a high degree of root overlap between trees
and CAM plants; under these conditions, trees with
very shallow roots (that is, 20 cm) cannot perform
hydraulic redistribution. A high degree of root
overlap leads to a relatively strong competition for
soil water resources between trees and CAM plants
both in arid (Figure 3A) (A=02d"' and
h =5 mm) and semiarid environments (Figure 3B)
(2 =0.2d "' and & = 10 mm); this fact is evidenced
by a lower transpiration of CAM plants in tree—
CAM (T-C) associations than by themselves. This
result can be explained by the high rate of water
uptake from the shallow soil layer by trees and thus
the high water losses (ET;) from the shallow soil
and the lower soil water availability (Figure 4A, B).
Likewise, grasses exert a higher competition on
CAM plants than trees in both arid (Figure 3A) and
semiarid environments (Figure 3B). Interestingly,
transpiration rate of CAM plants in the tree-CAM-
grass associations (T-C—G) is higher than that in the
CAM-grass associations both in arid (Figure 3A)
and semiarid environments (Figure 3B), which
indicates that trees facilitate CAM plants. This fa-
cilitation of trees on CAM plants in tree—-CAM-
grass associations results from a substantial reduc-
tion in grass transpiration (Figure 4A, B). Overall,
these results indicate that trees indirectly facilitate
CAM plants by significantly reducing grass tran-
spiration.

T-C T-C-G C-G
Different types of vegetation associations

T-C T-C-G c-G
Different types of vegetation associations

Figure 3. A, B Transpiration ratios (¢) of CAM plants
between CAM associations and CAM alone for arid
(A=02d"' and h=5mm) (A) and semiarid
(2=0.2d 'and # = 10 mm) (B) environments in loamy
sand in the case of a high degree of root overlap between
trees and CAM plants. Parameters: the depth of shallow
soil layer, Z; = 10 cm; the depth of deep soil layer,
Z> = 10 cm; grass cover in arid and semiarid environ-
ments, fy = 70 %; and root allocation into the deep soil
layer, s2 = 0.2.

We now focus on the case in which woody plants
have deeper roots and can thus perform hydraulic
redistribution. In arid environments (1= 0.2 d"'
and /# = 5 mm), drainage (D;) from the shallow to
the deep soil layer is overall small, and therefore
the deep soil layer is often drier than the shallow
soil. Thus, hydraulic redistribution is often in the
form of hydraulic descent (that is, downward)
performed by trees (Figure 5A). In contrast, trees
perform hydraulic lift in semiarid environments
(2=0.2d" and # = 10 mm), where drainage in-
tensity is sufficient to maintain higher levels of soil
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Figure 4. A, B Actual evapotranspiration components in the shallow soil layer for CAM plants alone (C), tree—-CAM
(T-C), tree~CAM-grass (T-C—-G), and CAM—grass (C—G) associations for arid (1 = 0.2 d”* and # = 5 mm) (A) and semiarid
(#=0.2d " and # = 10 mm) (B) environments in loamy sand in the case of a high degree of root overlap between trees
and CAM plants. Ty, refers to the transpiration by trees, T), refers to the transpiration by grasses, T). refers to the
transpiration by CAM plants, and E refers to evaporation from the soil surface. Parameters: the same as Figure 3A, B. C, D
Actual evapotranspiration components in the shallow soil layer for CAM plants alone (C), tree-CAM (T-C), tree—-CAM—
grass (T-C-G), and CAM-grass (C—-G) associations for arid (4 = 0.2 d”' and # = 5 mm) (C) and semiarid (1 = 0.2 d~' and
h=10 mm) (D) environments, in loamy sand in the case of a low-to-moderate root overlap between trees and CAM
plants. 22 =, root allocation into the deep soil layer. The number 3" means ’f = 3, while the number “1”” means 22 = 1.
Parameters depth of shallow soil layer, Z; = 10 cm; depth of deep soil layer, Z, = 30 cm; grass cover in arid and semlarld
environments, f, = 70 %.

moisture in the deep than in the shallow soil same total amount of rainfall) reduces the hy-
(Figure 5B); a low allocation of roots to the deep draulic descent performed by trees in arid envi-
soil layer (that is, high r,/r,) increases water usage ronment (Supplementary Figure S5A) and
in the shallow soil and thus enhances hydraulic lift increases hydraulic lift in semiarid environment

(Figure 5B). Reduction of rainfall frequency (the (Supplementary Figure S5B). Inclusion of grasses
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Figure 5. A, B Hydraulic redistribution (HR) by trees in tree-CAM (T-C) and tree-CAM-grass (T-C—G) associations for
arid (A= 0.2d " and # = 5 mm) (A) and semiarid (4= 0.2 d"! and # = 10 mm) (B) environments. C, D Transpiration
ratio (¢) of CAM plants between CAM associations and CAM alone for arid (A = 0.2 d™! and # = 5 mm) (C) and semiarid
(4#=0.2d" and # = 10 mm) (D) environments. All panels refer to the case of loamy sand and low-to-moderate root
overlap between trees and CAM plants. Parameters: the same as Figure 4C, D.

into tree-CAM associations also increases water
usage in the shallow soil, thus reducing hydraulic
descent in arid environments (Figure 5A) and in-
creasing hydraulic lift in semiarid environments
(Figure 5B). Regardless of the effects of hydraulic
redistribution, direct facilitation of trees on CAM
plants occurs in situations of a low-to-moderate
root overlap between trees and CAM plants, and
this effect is weaker in arid (Figure 5C) than in
semiarid environments (Figure 5D). Hydraulic
descent reduces (Figure 5A, C) whereas hydraulic
lift increases the direct facilitation of CAM plants by

trees (Figure 5B, D). Interestingly, a high rate of
hydraulic lift can lead to a higher transpiration of
CAM plants in tree-CAM-grass associations (T-C-G)
with respect to the case of CAM plants alone (C)
(Figure 5D), which indicates that CAM plants may
prefer to establish themselves under canopies of
trees even in the presence of grass competition. The
indirect facilitation of trees on CAM plants occurs
because trees substantially reduce grass transpira-
tion in tree-CAM-grass associations (T-C-G) com-
pared to CAM—grass associations (C-G), especially
in semiarid environments (Figure 4C, D). Overall,
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Figure 6. A, B Transpiration ratio (¢) of CAM plants between tree-CAM-grass association (T-C-G) and tree-CAM as-
sociation (T-C) for arid (A = 0.2 d"! and # = 5 mm) (A) and semiarid (4 = 0.2 d"! and # = 5 mm) (B) environments in
loamy sand as affected by grass cover (fy). C, D Hydraulic redistribution (HR) and grass transpiration (T,) in tree—CAM~—
grass (T-C-G) association in loamy sand as affected by grass cover (fy) for arid (C) and semiarid (D) environments.
Parameters: the depth of shallow soil layer, Z; = 10 cm; the depth of deep soil layer, Z, = 30 cm.

this leads to a higher transpiration of CAM plants
when they are in tree~-CAM-—grass associations
(T-C-G) than in CAM-grass associations (C-G)
(Figure 5C, D). Thus, we conclude that direct fa-
cilitation of CAM plants by trees occurs simulta-
neously with the indirect effect in situations of a
low-to-moderate root overlap between trees and
CAM plants.

Transpiration of CAM plants in tree—-CAM-grass
associations (T-C-G) is lower than that in tree-
CAM associations (T-C) in both arid (Figures 5C,
6A) and semiarid environments (Figures 5D, 6B)
regardless of the effects of hydraulic redistribution.
A higher rate of hydraulic lift by trees in tree-
CAM-grass associations reduces the competitive
effects of grasses on CAM plants, as indicated by an
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increase of transpiration ratio of CAM plants be-
tween tree-CAM-—grass associations (T-C-G) and
CAM-grass (C-G) (Figure 5D). However, reduction
in hydraulic descent and the increase in hydraulic
lift cannot outweigh the increase of shallow soil
moisture depletion by grass transpiration (com-
petitive effect of grasses) (Figure 6C, D). This ex-
plains why an increase in grass cover reduces
transpiration ratio of CAM plants between tree—
CAM-grass associations (T-C—-G) and tree-CAM
associations (T-C) (Figure 6A, B). Overall, these
results indicate that the introduction of grasses in
tree-CAM associations still exerts a competitive
effect on CAM plants in presence of a relatively
high hydraulic lift rate. In other words, the addition
of grasses cannot indirectly facilitate CAM plants
through the mechanism of hydraulic lift.

DiscussioN

Our study evaluates conditions that could lead to
indirect facilitation in dryland vegetation. Par-
ticularly, we focus on the case of CAM plants
whose direct facilitation by woody plants has been
widely documented (Withgott 2000; Castillo and
Valiente-Banuet 2010; Cares and others 2013). We
developed a model to quantify transpiration of
CAM plants in CAM plants alone (C), CAM-grass
(C-G), tree-CAM (T-C), and tree—CAM-grass
(T-C-G) associations, at seasonal-to-annual time-
scales. A comparison of transpiration of CAM plants
in these communities allows us to investigate the
direct and indirect facilitation in tree—CAM-grass
(T-C—G) associations. The role of hydraulic redis-
tribution is accounted for by coupling soil moisture
dynamics in a shallow soil layer and the underlying
soil (Ryel and others 2002; Lee and others 2005; Yu
and D’Odorico 2014a).

Our study shows that woody plants having a
high degree of root overlap with CAM plants
indirectly facilitate CAM plants in the access to soil
water resources (Figures 1A, 3A, B). The indirect
facilitation occurs because woody plants sig-
nificantly reduce grass transpiration through solar
radiation reduction (Figure 4A, B) and thus reduce
the competition of grasses on CAM plants in the
access to soil water resources (Levine 1999;
Brooker and others 2008). These results are con-
sistent with other studies. For example, Siemann
and Rogers (2003) found that canopies of alien
Chinese tallow tree (Sapium sebiferum) reduce the
competitive interaction of grasses and thus indi-
rectly facilitate the growth of tree seedlings in
shaded conditions. Kunstler and others (2006)
indicated that shade from shrub canopies indirectly

facilitates Fagus survival by limiting herb competi-
tion for access to soil water resources. Other pos-
sible mechanisms of grass suppression by trees
include allelopathy (Knipe and Herbel 1966; Call-
away 2007; Ehlers and others 2014). In contrast,
other studies indicate that the indirect positive ef-
fect can be outweighed by the direct negative effect
(Pages and others 2003; Pages and Michalet 2003),
thus precluding the occurrence of indirect facilita-
tion (Levine 1999; Brooker and others 2008). In
our study, CAM plants are thought to be shade
tolerant because of their photosynthetic plasticity
and acclimation to shade, as confirmed by ex-
perimental evidence (Medina and others 1986;
Fetene and others 1990; Ceusters and others 2011).

Our study also shows that woody plants having a
low-to-moderate root overlap with CAM plants
have a direct facilitation effect on CAM plants
along with an indirect facilitation effect (Fig-
ures 1B, 5C, D). The direct facilitation effect results
from a substantial reduction of evaporation from
the soil surface (shade effect) (Figure 4C, D), con-
sistent with other studies (Ludwig and others 2004;
D’Odorico and others 2007; Dohn and others 2013;
Moustakas and others 2013). Experimental evi-
dences confirming the direct facilitation effects of
woody plants on CAM plants are extensive
(Withgott 2000; Castillo and Valiente-Banuet 2010;
Cares and others 2013). The simultaneous occur-
rence of direct and indirect facilitation was also
suggested by other studies. Miller (1994) found
that indirect effect is often confounded by the si-
multaneous occurrence of direct effect. Siemann
and Rogers (2003) documented the occurrence of
direct facilitation via nitrogen and indirect facilita-
tion via light reduction in tree-tree seedling—grass
associations in Texas, USA.

Woody plants with relatively deep roots and a
low-to-moderate root overlap with CAM plants can
perform hydraulic redistribution (Figure 5A, B),
which may play a role in the direct and indirect
facilitation in the tree-CAM-grass (T-C-G) asso-
ciations. Past studies suggest that hydraulic lift can
contribute to the facilitation of understory plants
by trees (Riginos and others 2009; Dohn and others
2013; Moustakas and others 2013). Our study
confirms the weakening of direct facilitation of
CAM plants by trees with hydraulic descent (Fig-
ure 5C), and the enhancement of direct facilitation
when hydraulic lift occurs (Figure 5D). Moreover,
we found that hydraulic lift increases transpiration
of CAM plants in tree-CAM-grass (T-C—-G) asso-
ciations with respect to the case with CAM plants
alone, in contrast to the situation without hy-
draulic lift (Figure 5D). Therefore, hydraulic lift
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may contribute to explain the preference of CAM
plants to establish and grow under tree canopies
even in presence of grass competition rather than
bare soils. Unlike the case of direct facilitation,
hydraulic lift may reduce the indirect facilitation of
CAM plants by trees because it favors grasses at the
expense of trees (Richards and Caldwell 1987; Zou
and others 2005; Brooks and others 2006; Yu and
D’Odorico 2014a), thereby increasing the com-
petitive effects of grasses on CAM plants. This effect
depends on how CAM plants and grasses compete
for the access to hydraulically lifted water. CAM
plants transpire and photosynthesize at night when
trees perform hydraulic lift, although neither trees
nor grasses transpire for photosynthesis (Liittge
2004; Ogburn and Edwards 2010). Thus, it has
been suggested that CAM plants should benefit
more than grasses from hydraulic lift (Yoder and
Nowak 1999). By comparison, hydraulic descent
suppressing grass growth increases the indirect fa-
cilitation of trees on CAM plants (Burgess and
others 2001; Hultine and others 2004).

Past studies have largely ignored whether inclu-
sion of grasses in tree—CAM associations can indi-
rectly facilitate CAM plants through the
mechanism of hydraulic lift (Figure 1C). Yu and
D’Odorico (2014a) found that a high rate of tran-
spiration by grasses in the shallow soil layer can
promote the occurrence of hydraulic lift. Thus, the
indirect facilitation of CAM plants by grasses will
occur if the benefits from hydraulic lift outweigh
the competitive effects of grasses on CAM plants
(Levine 1999; Brooker and others 2008). Our study
shows that the competitive effects of grasses on
CAM plants outweigh the hydraulic lift effect
(Figure 6D), thereby leading to a lower transpira-
tion of CAM plants in tree-CAM-grass associations
(T-C—G) than that occurs without grasses (that is,
T-C) (Figure 5D). Therefore, transpiration ratio of
CAM plants between tree—CAM-grass association
(T-C-G) and tree—CAM association (T-C) decreases
with the increasing grass cover even in cases with
relatively high rates of hydraulic lift (Figure 6B). In
fact, conditions that maximize hydraulic lift (high
hydraulic conductivity, relatively small leaf area
index, and high tree root allocation in the shallow
soil layer) are associated with strong grass compe-
tition with CAM plants. However, the ability of
CAM plants to benefit from hydraulic lift cannot be
ignored because of their preferential access to hy-
draulically lifted water (Yoder and Nowak 1999;
Liittge 2004; Ogburn and Edwards 2010). Overall,
this model-based study provides the first analysis of
the direct and indirect facilitation in the tree-CAM-

grass (T-C-G) associations. More experimental
evidence is needed to further support these results.

CONCLUSIONS

We found that a high degree of root overlap favors
competition between trees and CAM plants for soil
water resources, but trees indirectly facilitate CAM
plants by significantly reducing grass transpiration in
shaded conditions. Under conditions with a low-to-
moderate root overlap, the indirect effect is con-
founded by the simultaneous occurrence of the direct
effect. The increase of hydraulic lift with inclusion of
grasses in tree—-CAM association is not sufficient to
outweigh the competitive effects of grasses on CAM
plants, thus precluding the indirect facilitation of
grasses on CAM plants through hydraulic lift.

ACKNOWLEDGMENTS

This research was funded through a fellowship
from China Scholarship Council and a grant from
the VPR Office of the University of Virginia. We
also would like to thank the two anonymous re-
viewers for their constructive comments on an
earlier version of this paper.

REFERENCES

Anthelme F, Michalet R. 2009. Grass-to-tree facilitation in an
arid grazed environment (Air Mountains, Sahara). Basic Appl
Ecol 10:437-46.

Bartlett M, Vico G, Porporato A. 2014. Coupled carbon and water
fluxes in CAM photosynthesis: modeling quantification of
water use efficiency and productivity. Plant Soil 383:111-38.

Bhattachan A, Tatlhego M, Dintwe K, O’Donnell F, Caylor KK,
Okin GS, Perrot DO, Ringrose S, D’Odorico P. 2012.
Evaluating ecohydrological theories of woody root distribu-
tion in the Kalahari. PLoS ONE 7:€¢33996.

Borland AM, Griffiths H, Hartwell J, Smith JAC. 2009. Exploit-
ing the potential of plants with crassulacean acid metabolism
for bioenergy production on marginal lands. J Exp Bot
60:2879-96.

Borland AM, Barrera Zambrano VA, Ceusters J, Shorrock K.
2011. The photosynthetic plasticity of crassulacean acid me-
tabolism: an evolutionary innovation for sustainable produc-
tivity in a changing world. New Phytol 191:619-33.

Boulant N, Navas M-L, Corcket E, Lepart J. 2008. Habitat ame-
lioration and associational defence as main facilitative me-
chanisms in Mediterranean grasslands grazed by domestic
livestock. Ecoscience 15:407-15.

Brooker RW, Maestre FT, Callaway RM, Lortie CL, Cavieres LA,
Kunstler G, Liancourt P, Tielborger K, Travis JM, Anthelme F.
2008. Facilitation in plant communities: the past, the present,
and the future. J Ecol 96:18-34.

Brooks JR, Meinzer FC, Warren JM, Domec JC, Coulombe R.
2006. Hydraulic redistribution in a Douglas-fir forest: lessons
from system manipulations. Plant Cell Environ 29:138-50.



K. Yu and P. D’Odorico

Bruno JF, Stachowicz JJ, Bertness MD. 2003. Inclusion of fa-
cilitation into ecological theory. Trends Ecol Evol 18:119-25.

Brutsaert W. 1982. Evaporation into the atmosphere: theory,
history and applications. Boston: D. Reidel Publishing Com-
pany.

Burgess SS, Adams MA, Turner NC, White DA, Ong CK. 2001.
Tree roots: conduits for deep recharge of soil water. Oecologia
126:158-65.

Caldwell MM, Dawson TE, Richards JH. 1998. Hydraulic lift:
consequences of water efflux from the roots of plants. Oe-
cologia 113:151-61.

Calkin HW, Nobel PS. 1986. Nonsteady-state analysis of water
flow and capacitance for Agave deserti. Can J Bot
64(11):2556-60.

Callaway RM. 2007. Positive interactions and interdependence
in plant communities. Berlin: Springer.

Callaway RM, Brooker R, Choler P, Kikvidze Z, Lortie CJ, Mi-
chalet R, Paolini L, Pugnaire FI, Newingham B, Aschehoug ET.
2002. Positive interactions among alpine plants increase with
stress. Nature 417:844-8.

Cares RA, Mufioz PA, Medel R, Botto-Mahan C. 2013. Factors
affecting cactus recruitment in semiarid Chile: a role for nurse
effects? Flora 208:330-5.

Castillo JP, Valiente-Banuet A. 2010. Species-specificity of nurse
plants for the establishment, survivorship, and growth of a
columnar cactus. Am J Bot 97:1289-95.

Caylor KK, Shugart HH, Rodriguez-Iturbe I. 2005. Tree canopy
effects on simulated water stress in southern African savan-
nas. Ecosystems 8:17-32.

Ceusters J, Borland AM, Godts C, Londers E, Croonenborghs S,
Van Goethem D, Maurice P. 2011. Crassulacean acid meta-
bolism under severe light limitation: a matter of plasticity in
the shadows? J Exp Bot 62:283-91.

Clapp RB, Hornberger GM. 1978. Empirical equations for some
soil hydraulic properties. Water Resour Res 14:601-4.

Corcket E, Callaway RM, Michalet R. 2003. Insect herbivory and
grass competition in a calcareous grassland: results from a
plant removal experiment. Acta Oecol 24:139-46.

Cuesta B, Villar-Salvador P, Puertolas J, Rey Benayas JM, Mi-
chalet R. 2010. Facilitation of Quercus ilex in Mediterranean
shrubland is explained by both direct and indirect interactions
mediated by herbs. J Ecol 98:687-96.

Davis SC, Dohleman FG, Long SP. 2011. The global potential for
Agave as a biofuel feedstock. GCB Bioenergy 3:68-78.

D’Odorico P, Caylor K, Okin GS, Scanlon TM. 2007. On soil
moisture-vegetation feedbacks and their possible effects on
the dynamics of dryland ecosystems. J Geophys Res
112:G04010.

D’Odorico P, Okin GS, Bestelmeyer BT. 2012. A synthetic review
of feedbacks and drivers of shrub encroachment in arid
grasslands. Ecohydrology 5:520-30.

Dohn J, Dembélé F, Karembé M, Moustakas A, Amévor KA,
Hanan NP. 2013. Tree effects on grass growth in savannas:
competition, facilitation and the stress-gradient hypothesis. J
Ecol 101:202-9.

Drennan P, Nobel P. 2000. Responses of CAM species to in-
creasing atmospheric CO, concentrations. Plant Cell Environ
23:767-81.

Ehlers BK, Charpentier A, Grondahl E. 2014. An allelopathic
plant facilitates species richness in the Mediterranean gar-
rigue. J Ecol 102:176-85.

Espeleta J, West J, Donovan L. 2004. Species-specific patterns of
hydraulic lift in co-occurring adult trees and grasses in a
sandhill community. Oecologia 138:341-9.

Fetene M, Lee H, Liittge U. 1990. Photosynthetic acclimation in
a terrestrial CAM bromeliad, Bromelia humilis Jacq. New
Phytol 114:399-406.

Hultine KR, Scott R, Cable W, Goodrich D, Williams D. 2004.
Hydraulic redistribution by a dominant, warm-desert
phreatophyte: seasonal patterns and response to precipitation
pulses. Funct Ecol 18:530-8.

Knipe D, Herbel CH. 1966. Germination and growth of some
semidesert grassland species treated with aqueous extract
from creosotebush. Ecology 47:775-81.

Kunstler G, Curt T, Bouchaud M, Lepart J. 2006. Indirect fa-
cilitation and competition in tree species colonization of sub-
Mediterranean grasslands. J Veg Sci 17:379-88.

Laio F, Porporato A, Ridolfi L, Rodriguez-Iturbe I. 2001. Plants in
water-controlled ecosystems: active role in hydrologic pro-
cesses and response to water stress: II. Probabilistic soil
moisture dynamics. Adv Water Resour 24:707-23.

Lawlor LR. 1979. Direct and indirect effects of n-species com-
petition. Oecologia 43:355-64.

Lee J-E, Oliveira RS, Dawson TE, Fung I. 2005. Root func-
tioning modifies seasonal climate. Proc Natl Acad Sci
102:17576-81.

Levine JM. 1999. Indirect facilitation: evidence and predictions
from a riparian community. Ecology 80:1762-9.

Lhomme J-P, Rocheteau A, Ourcival J, Rambal S. 2001. Non-
steady-state modelling of water transfer in a Mediterranean
evergreen canopy. Agric For Meteorol 108:67-83.

Ludwig F, Dawson TE, de Kroon H, Berendse F, Prins HH. 2003.
Hydraulic lift in Acacia tortilis trees on an East African savanna.
Oecologia 134:293-300.

Ludwig F, de Kroon H, Berendse F, Prins HH. 2004. The influ-
ence of savanna trees on nutrient, water and light availability
and the understorey vegetation. Plant Ecol 170:93-105.

Liittge U. 2004. Ecophysiology of crassulacean acid metabolism
(CAM). Ann Bot 93:629-52.

Maestre FT, Callaway RM, Valladares F, Lortie CJ. 2009. Refin-
ing the stress-gradient hypothesis for competition and fa-
cilitation in plant communities. J Ecol 97:199-205.

Manzoni S, Vico G, Porporato A, Katul G. 2013. Biological
constraints on water transport in the soil-plant-atmosphere
system. Adv Water Resour 51:292-304.

Medina E, Olivares E, Diaz M. 1986. Water stress and light in-
tensity effects on growth and nocturnal acid accumulation in a
terrestrial CAM bromeliad (Bromelia humilis Jacq.) under
natural conditions. Oecologia 70:441-6.

Miller TE. 1994. Direct and indirect species interactions in an
early old-field plant community. Am Nat 143:1007-25.

Moustakas A, Kunin WE, Cameron TC, Sankaran M. 2013. Fa-
cilitation or competition? Tree effects on grass biomass across
a precipitation gradient. PLoS ONE 8:e57025.

Nippert JB, Wieme RA, Ocheltree TW, Craine JM. 2012. Root
characteristics of C4 grasses limit reliance on deep soil water in
tallgrass prairie. Plant Soil 355:385-94.

Ogburn R, Edwards EJ. 2010. The ecological water-use strategies
of succulent plants. Adv Bot Res 55:179-225.

Pages J-P, Michalet R. 2003. A test of the indirect facilitation
model in a temperate hardwood forest of the northern French
Alps. J Ecol 91:932-40.



Direct and Indirect Facilitation of Plants

Pages J-P, Pache G, Joud D, Magnan N, Michalet R. 2003. Direct
and indirect effects of shade on four forest tree seedlings in the
French Alps. Ecology 84:2741-50.

Porporato A, Laio F, Ridolfi L, Caylor KK, Rodriguez-Iturbe I.
2003. Soil moisture and plant stress dynamics along the
Kalahari precipitation gradient. J Geophys Res 108(D3):4127.

Richards JH, Caldwell MM. 1987. Hydraulic lift: substantial
nocturnal water transport between soil layers by Artemisia
tridentata roots. Oecologia 73:486-9.

Riginos C, Grace JB, Augustine DJ, Young TP. 2009. Local versus
landscape-scale effects of savanna trees on grasses. J Ecol
97:1337-45.

Rodriguez-Iturbe I, D’odorico P, Porporato A, Ridolfi L. 1999. On
the spatial and temporal links between vegetation, climate,
and soil moisture. Water Resour Res 35:3709-22.

Rousset O, Lepart J. 2000. Positive and negative interactions at
different life stages of a colonizing species (Quercus humilis). J
Ecol 88:401-12.

Ryel R, Caldwell M, Yoder C, Or D, Leffler A. 2002. Hydraulic
redistribution in a stand of Artemisia tridentata: evaluation of
benefits to transpiration assessed with a simulation model.
Oecologia 130:173-84.

Sage RF, McKown AD. 2006. Is C4 photosynthesis less pheno-
typically plastic than C; photosynthesis? J Exp Bot 57:303-17.

Siemann E, Rogers WE. 2003. Changes in light and nitrogen
availability under pioneer trees may indirectly facilitate tree
invasions of grasslands. J Ecol 91:923-31.

Stone L, Roberts A. 1991. Conditions for a species to gain ad-
vantage from the presence of competitors. Ecology 72:1964—
72.

Van Auken O. 2000. Shrub invasions of North American semi-
arid grasslands. Ann Rev Ecol Syst 31:197-215.

Vandermeer J. 1990. Indirect and diffuse interactions: compli-
cated cycles in a population embedded in a large community.
J Theor Biol 142:429-42.

Withgott J. 2000. Botanical Nursing: from deserts to shorelines,
nurse effects are receiving renewed attention. BioScience
50:479-84.

Yoder C, Nowak R. 1999. Hydraulic lift among native plant
species in the Mojave Desert. Plant Soil 215:93-102.

Yu K, D’Odorico P. 2014a. Climate, vegetation, and soil controls
on hydraulic redistribution in shallow tree roots. Adv Water
Resour 66:70-80.

Yu K, D’Odorico P. 2014b. An ecohydrological framework for
grass displacement by woody plants in savannas. J Geophys
Res 119:192-206.

Yu K, Pypker TG, Keim RF, Chen N, Yang YB, Guo SQ, Li WJ,
Wang G. 2012. Canopy rainfall storage capacity as affected by
sub-alpine grassland degradation in the Qinghai-Tibetan Pla-
teau, China. Hydrol Process 26:3114-23.

Zou CB, Barnes PW, Archer S, McMurtry CR. 2005. Soil mois-
ture redistribution as a mechanism of facilitation in savanna
tree—shrub clusters. Oecologia 145:32—40.



	Direct and Indirect Facilitation of Plants with Crassulacean Acid Metabolism (CAM)
	Abstract
	Introduction
	Methods
	Water Balance
	CAM Plants’ Transpiration Ratios
	Parameterization of the Model

	Results
	Discussion
	Conclusions
	Acknowledgments
	References




