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Ecology, 69(6), 1988, pp. 1731-1740 
g- 1988 by the Ecological Society of America 

INTERACTIONS BETWEEN SEEDLINGS OF AGA VE DESERTI 
AND THE NURSE PLANT HILARIA RIGIDA1 

AUGUSTO C. FRANCO AND PARK S. NOBEL 
Department of Biology and Laboratory of Biomedical and Environmental Sciences, 

University of California, Los Angeles, California 90024 USA 

Abstract. Seedlings of the succulent crassulacean acid metabolism (CAM) plant Agave 
deserti in the northwestern Sonoran Desert were found only in sheltered microhabitats, 
nearly all occurring under the canopy of a desert bunchgrass, Hilaria rigida. Apparently 
because soil surface temperatures can reach 71 0C in exposed areas, seedlings were generally 
located near the center or on the northern side of this nurse plant. Both species have shallow 
root systems, about half of the roots of H. rigida and all those for seedlings of A. deserti 
occurring above soil depths of 0.08 m. 

To examine competition for water between the nurse plant and an associated seedling, 
a three-dimensional model for root water uptake was developed. The model divided the 
soil into 17 concentric sheaths each subdivided radially into eight wedges and vertically 
into nine layers. Predicted pre-dawn soil water potentials at the mean root depth and total 
shoot transpiration agreed well with field measurements. Simulated annual water uptake 
by a seedling of A. deserti was reduced 50% when the seedling was moved from an 
exposed location to the center of the nurse plant. Shading by the nurse plant reduced total 
daily photosynthetically active radiation (PAR) by up to 74% compared with an exposed 
seedling. On the other hand, soil nitrogen under the canopy of H. rigida was 60% higher 
than in exposed locations. Assuming that the effects of nitrogen, temperature, PAR, and 
soil water on net CO2 uptake are multiplicative, the predicted net CO2 uptake by a seedling 
of A. deserti under the nurse plant was only -45% of that for an exposed seedling. Thus, 
although the nurse plant facilitates seedling establishment by reducing maximum soil 
surface temperatures and provides a microhabitat with higher soil nitrogen levels, its 
shading and competition for water reduce seedling growth. 

Key words: Agave deserti; CO2 uptake; competition; desert; Hilaria rigida; nurse plant; photosyn- 
thetically active radiation; temperature; water relations. 

INTRODUCTION 

Seedlings of desert succulents often occur in shel- 
tered microhabitats provided by the canopies of other 
species, referred to as "nurse plants" (Turner et al. 
1966, Steenbergh and Lowe 1977, Jordan and Nobel 
1979). Shade from nurse plants reduces maximal soil 
surface temperatures, which can exceed 70'C in deserts 
(Hadley 1970, Kbrner and Cochrane 1983), tempera- 
tures that are lethal to most desert succulents (Nobel 
1984a, Nobel et al. 1986). Although shading by the 
nurse plant reduces soil surface temperatures, it also 
decreases the available photosynthetically active ra- 
diation (PAR), which would limit CO2 uptake by desert 
CAM plants (Woodhouse et al. 1980, Nobel 1986). On 
the other hand, nitrogen levels can be higher around 
desert trees and shrubs, which could enhance growth 
of associated seedlings (Garcia-Moya and McKell 1970, 
Charley and West 1975, Hunter et al. 1982). 

Soil water availability generally controls plant es- 
tablishment and growth in desert environments (Noy- 
Meir 1973). Competition for water can be especially 
critical in a seedling/nurse plant situation, because the 

' Manuscript received 4 February 1988; revised 4 May 1988; 
accepted 5 May 1988. 

plants are close together and their root systems overlap. 
Although seedling growth is generally reduced in the 
presence of adult plants (Friedman 1971, Grubb 1977, 
Harper 1977, Gurevitch 1986), evidence of interspe- 
cific competition between nurse plants and associated 
seedlings is scant and based primarily on spatial anal- 
yses (Yeaton 1978, McAuliffe 1984). Evidence that 
seedling survival and growth is constrained by com- 
petition for water can be provided by removing neigh- 
boring plants and observing the water status and 
aboveground productivity of the remaining plants 
(Fonteyn and Mahall 1981, Robberecht et al. 1983, 
Ehleringer 1984, Nobel and Franco 1986). Differences 
in size and hence transpiring area among potentially 
competing individuals must also be considered (Gold- 
berg and Werner 1983). 

Agave deserti is a long-lived succulent CAM plant 
common on rocky slopes in the Mojave and Sonoran 
deserts that reproduces mainly vegetatively (Gentry 
1972). Establishment from seed is rare and occurs only 
in sheltered microhabitats (Gentry 1972, Jordan and 
Nobel 1979). The desert bunchgrass Hilaria rigida often 
serves as a nurse plant for seedlings of A. deserti (Jordan 
and Nobel 1979). The roots of both species occur at 
approximately the same mean root depth of 0.10 m 
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(Nobel 1976, 1981). In the present study, the positions 
of seedlings of A. deserti under the canopy of H. rigida 
were determined. Then the seedling microenvironment 
was characterized in terms of light, soil temperature, 
and soil nitrogen content. To evaluate the effect of the 
nurse plant on the net CO2 exchange of seedlings of A. 
desert, information was also needed on water uptake. 

Most models for water uptake are one dimensional 
and assume that the water moves toward a root element 
from a soil cylinder surrounding the root axis (Taylor 
and Klepper 1978, Hanks 1981, Molz 1981, Rowse et 
al. 1983). These models are appropriate for uniformly 
spaced roots, such as in agricultural fields, where root 
density may change only with depth. Some two-di- 
mensional models have been developed, incorporating 
changes in root density as a function of the distance 
from the plant base (Baldwin et al. 1972, Hunt and 
Nobel 1987a, b). Although more realistic than one- 
dimensional models, even two-dimensional models 
misrepresent the situation where overlap between ad- 
jacent root systems is not uniform (Caldwell and Rich- 
ards 1986). Therefore, a three-dimensional simulation 
model of root water uptake was developed. This model 
was used to examine competition for water between 
the nurse plant and associated seedlings under different 
climatic conditions and various spatial arrangements. 

MATERIALS AND METHODS 

Field site and microclimate 

The study was conducted at the Philip L. Boyd Deep 
Canyon Desert Research Center of the University of 
California (33?38' N, 1 16?24' W, 850 m elevation) in 
the northwestern Sonoran Desert. A site of 8000 m2 
was selected, subdivided into 10 x 10 m quadrats, and 
searched for seedlings of A. desert that were up to 0.2 
m in height. A seedling was considered to be associated 
with another plant when their canopies overlapped. In 
each such case, the major and the minor axes of the 
nurse plant canopy were measured, together with the 
distance and compass direction of the seedling with 
reference to the center of the nurse plant. The rela- 
tionship was then scaled relative to a representative 
medium-sized nurse plant with 100 culms (stems). 

To contrast soil nitrogen availability, soil samples 
were collected under the canopy of H. rigida and in 
exposed areas. Eight medium-sized plants of H. rigida 
with ;100 culms each were selected; samples were 
taken 0.10 m from the center of the clump at the mean 
root depth of 0. 10 m (Nobel 1981). Eight samples were 
also taken at the same depth outside the root region. 
Total N determinations were performed on 10-g (dry 
mass) samples using an Orion ammonia electrode fol- 
lowing Kjeldahl digeston (Bremmer 1965). 

To characterize the thermal and the light environ- 
ment of a seedling under the canopy of H. rigida, a 
representative medium-sized nurse plant was selected 
(based on measurements of 26 plants with associated 

seedlings). Its canopy was approximately elliptical, with 
the major axis pointing east-west; the major canopy 
axis was 0.54 m in length and the minor axis was 0.40 
m. Using copper-constantan thermocouples 0.51 mm 
in diameter, soil surface temperatures were measured 
hourly over 24-h periods with a Campbell Scientific 
CR5 digital recorder on 12 clear days (; every 2 mo) 
during 1986 and 1987. Measurements were taken at 
the center of the plant, at 0.15 m away from the center 
in the four compass directions, and 1 m outside the 
canopy. To characterize the seedling light environ- 
ment, seedling replicas were constructed 0.04 m in 
height with four leaves inclined 400 from the vertical, 
a typical angle for a small seedling of A. deserti ; 2 yr 
old (Jordan and Nobel 1979, Nobel 1985). One replica 
was located at the plant center, another 0.15 m away 
toward the north, and a third outside the canopy. Nip- 
pon Electric PH20 1A photodiodes, calibrated in pho- 
tosynthetically active radiation (PAR) units with a LI- 
COR 190S quantum flux sensor, were located at the 
abaxial and adaxial surfaces of all four leaves of the 
seedling replicas (at approximately the four cardinal 
directions). Measurements were taken every half hour 
through a day near the winter solstice (10 December 
1986), the spring equinox (28 March 1987), and the 
summer solstice (22 June 1987). 

Water uptake model 
A three-dimensional model was developed to predict 

root water uptake at various depths and distances from 
a nurse plant and its associated seedling (Fig. 1). In the 
model, which is an extension of a two-dimensional 
model (Hunt and Nobel 1987a, b), a central cylinder 
of soil with a radius of 0.05 m and centered on the 
nurse plant was surrounded by 16 additional concentric 
sheaths whose radii increased in 0.05-m increments 
(overall diameter of 1.70 m). Each concentric sheath 
was radially subdivided into eight wedges and verti- 
cally into nine layers (Fig. 1). The top two layers were 
0.02 m thick, the next four were 0.04 m thick, and the 
last three were 0.05 m thick (0.35 m total depth). For 
each subvolume or node of the soil, the model calcu- 
lates the water that enters or leaves through the six 
surfaces, is absorbed by roots (if present), or changes 
the soil water content. 

The root length in a particular node is a function of 
soil depth, distance from the center of the H. rigida, 
and the seedling location with respect to the nurse plant. 
To obtain root length at various depths and distances 
from the center of the nurse plant, four plants of H. 
rigida with ; 100 culms each and four associated seed- 
lings of A. deserti 0.04 m tall were excavated. Each 
excavation required 12 h for H. rigida and 3 h for the 
much smaller A. desert. Extreme care was taken to 
trace each root to its terminus, although some fine roots 
were inevitably lost. During excavation two two-di- 
mensional maps (a horizontal projection and a vertical 
projection) were drawn showing all recovered roots of 
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a particular plant. For larger sizes of A. desert, the root 
length in the various nodal volumes was adapted from 
Hunt and Nobel (1987a). 

The water vapor flux density (Jsoil, m3 M-2 -I or 
m/s) from the upper side of each soil surface node was 
calculated according to Fick's law of diffusion, taking 
into consideration the effect of canopy shading and soil 
wetness on soil surface temperatures (Nobel 1983, No- 
bel and Geller 1987): 

J. = DWV (co'l - cair/( + 1), (1) 

where Dv,(m2/s) is the diffusion coefficient of water 
vapor in the air, cs' (m3/m3) is the soil water vapor 
concentration determined from the soil surface tem- 
perature and the water potential at the soil surface, 
car is the atmospheric water vapor concentration,6 (m) 
is the average boundary layer thickness, and 1 (m) is 
the mean effective diffusional path length for air in the 
pores of the soil surface layer (Young and Nobel 1986). 
For an open area at the site, 6 averages -0.005 m and 
1 is 0.007 m (Young and Nobel 1986). The presence 
of clumps of H. rigida reduces the average wind speed 
to 30% of the value at an open site, which increases 6 
to ;0.009 m (Nobel 1983, Nobel and Geller 1987). 
Soil water potential at the soil surface was allowed to 
vary until convergence between JWv and the vertical 
water movement from the middle to the top of the 
surface layer was obtained by iteration (Hunt and No- 
bel 1987a). 

Darcy's law for cylindrical symmetry was used to 
calculate the volume flux density of water moving in 
the soil at the root surface (Jsvil, m/s): 

Jvoil = Lsoi1(\tisoil - !Prs)/[,.rootln(r/1.root)] (2) 

where Lsoil (M2 s-I-MPa-1) is the soil hydraulic con- 
ductivity, 11soil (MPa) is the soil water potential of the 
node, tirs is the soil water potential at the root surface, 
rroot (m) is the root radius, and r is the radial distance 
over which water moves through the soil to a particular 
root. The quantity r was defined as the smaller of one- 
half the distance between randomly distributed roots 
(Taylor and Klepper 1978) or the effective distance of 
root influence for water uptake, which depends on Lsoil 
(itself a function of ?,soi) rroot, and the root hydraulic 
conductivity, Lp (Caldwell 1976, Hunt and Nobel 
1987a). The distance of root influence was determined 
by setting Lp equal to Lsoil/[rrootln(r/rroot)] for the driest 
soil where water uptake would just occur (Hunt and 
Nobel 1987a), which is -0.5 MPa for A. deserti (No- 
bel 1984b) and -2.8 MPaforH. rigida (Nobel 1981), 
leading to an r of 30 mm for A. desert and 2.5 mm 
for H. rigida. 

Root water uptake at the root surface (JVOot, m/s) 
satisfies the following phenomenological equation: 

Jvoot = Lp(itrs 
- 

roott, (3) 

where 41root is the water potential in the root and Lp 
(m sol MPa-') is the slope of the line obtained by mea- 

A B 

4 
6 

2 
3 

5 

FIG. 1. (A) Schematic representation of the nodal system 
of the soil for the water uptake model. Only a few of the 17 
concentric sheaths and the nine soil layers are indicated. (B) 
A nodal subvolume, with various fluxes indicated by arrows. 
Fluxes 1-5 represent water movement between nodes. Flux 
6 represents rainfall plus the evaporation term for a surface 
node or the water flux between two nodes for a subsurface 
node. Root water uptake plus water storage in a node is al- 
gebraically equal to the net resultant of the six fluxes. 

surfing Jv001 at various applied hydrostatic pressures (see 
Hunt and Nobel 1987a, c for values of L, for both 
species). /irs was allowed to vary in the model until 
convergence between Jsyil (Eq. 2) and JV??t (Eq. 3) was 
obtained (Hunt and Nobel 1987a). 

All simulations were performed for 1.0-h intervals, 
starting with a soil volumetric water content of 0.1 
m3/m3 at the beginning of the year, a typical value for 
the 1st wk of January at the field site (Nobel 1987). 
For each time step, Jwv and Jk00t were determined, and 
then water movement among the soil nodes was cal- 
culated using Darcy's law in cylindrical or Cartesian 
coordinates as appropriate (Nobel 1983, Young and 
Nobel 1986, Hunt and Nobel 1987a). The relation- 
ships between soil volumetric water content and both 
?4soil and also Lsoil have been determined for the field 
site (Young and Nobel 1986). As indicated above, the 
nurse plant was a representative medium-sized H. rig- 
ida with 100 culms, located at the center of the cylin- 
drical system (Fig. 1). Agaves of various sizes were 
located at the center of the nurse plant or 0.15 m away 
on the northern side. Unless otherwise indicated, sim- 
ulations were performed using local weather data for 
a dry year (1973, 78 mm rainfall), an average year 
(1984, 159 mm rainfall), and a wet year (1983, 598 
mm rainfall). 

Root and shoot water potential 

For modeling purposes, water flow from the soil 
through the roots, stems, and leaves to the atmosphere 
in the transpiration stream is usually analyzed using a 
resistance-capacitance network through which water 
moves in response to gradients in water potential 
(Landsberg et al. 1976, Nobel and Jordan 1983). For 
nonsucculent plants with small capacitances like H. 
rigida, the time lags between water uptake by the roots 
and plant transpiration are small (Hunt and Nobel 
1987c). The amount of water moving through each 
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FIG. 2. Root distribution with depth for Hilaria rigida 
and Agave deserti for 0.04 m thick soil layers. No roots oc- 
curred below a depth of 0.24 m for either species. Data are 
presented as mean ? 1 SE. 

portion of the water flow pathway per unit time (cubic 
metres per second) is then equal to that removed from 
the soil and lost as vapor at the shoot surface: 

JrootAroot = JstemAstem + .evafAleaf (4) 

where Aroot (M2) is the total surface area of the roots, 
Jsem (m/s) is the volume flux density for water loss as 
stem transpiration (1 mm/s = 1 kg m-2 .S1 = 56 
mol m-2 s'), Astem is the total surface area of the stems, 
JTeaf is the leaf transpiration, and Aleaf is total surface 
area of the leaves. Changes in Ola or Jwrn are accom- 
panied by immediate and proportional changes in root, 
stem, and leaf water potentials. 

Using an analog resistance-capacitance network, 
analysis of the water flow pathway throughout H. rigida 
has shown that a drop in water potential between the 
soil and the root of 0.99 MPa for wet conditions (i/,soil 

> -0.5 MPa) and 1.03 MPa for dry conditions (oil 

=-2.6 MPa) is necessary to maintain the maximum 
simulated water uptake by the roots (Hunt and Nobel 
1 987c). For the root water uptake model, the minimum 
4 root was therefore set at 1.01 MPa below 41soil at a soil 
depth of 0.10 m (the mean root depth). Because field 
measurements indicate that between midnight and 
dawn Ostem of H. rigida is close to fsoll at 0. 10 m and 
transpiration rates are close to zero (Hunt and Nobel 
1987c), maximum Oroot was equated to the pre-dawn 
Osoil at 0.10 m. Hourly values of uproot were then cal- 

culated based on maximum and minimum 1nroot, and 
assuming that the same pattern of changes occurred as 
for 1stem, which was measured hourly. Because of the 
large shoot capacitance of A. desert, /root for this species 
was considered constant and equal to -0.5 MPa (Hunt 
and Nobel 1987a, b). 

The two-dimensional version of the model has been 
validated for A. desert (Hunt and Nobel 1 987a, b), and 
the present, three-dimensional version agrees within 
1% with the previous version when only a single, ra- 
dially symmetric individual of this species is consid- 
ered. To validate the predictions of the new model for 
H. rigida, soil water potential and transpiration for two 
individuals with approximately 100 culms each were 
determined at the field site. Wescor PCT 55-15 ther- 
mocouple psychrometers were placed 0.10 m away from 
shoots at root depths of 0.05, 0.10, and 0.20 m. Pre- 
dawn lsoil was measured using a Wescor HR 33-T mi- 
crovoltmeter. Jeavf and Jstem were determined approxi- 
mately hourly over three 24-h periods using a LI-COR 
LI- 1600 porometer, and stemm was measured hourly 
with a PMS 1000 pressure chamber. 

Environmental productivity index 

To indicate the quantitative effect of water, temper- 
ature, and PAR on the net CO2 uptake of A. desert, 
an environmental productivity index (EPI) was used 
(Nobel 1984b). EPI, which is constructed as the prod- 
uct of individual monthly indices for water status, tem- 
perature, and PAR, represents the relative net CO2 
uptake expected under ambient environmental con- 
ditions. It has been successfully used to predict pro- 
ductivity of A. desert and other agaves (Nobel 1984b, 
Nobel and Quero 1986). 

Each of the component indices of EPI is assigned a 
maximum value of 1.00 when that variable is not lim- 
iting net CO2 uptake over a 24-h period. The water 
status index was based on the criteria developed for A. 

NORTH 

RPICAS o 
/ ? 0 ? 

0 0 o 0 

WEST 0 0 EAST 

oP 0 

0.10 m 

SOUTH 

FIG. 3. Location of seedlings of Agave desert under the 
canopy of Hilaria rigida. The distances were scaled for an H. 
rigida with 100 culms. The two locations for the seedling 
replica are also shown. 
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TABLE 1. Maximum (Tmax) and minimum (Tmn) soil surface 
temperatures (0C) at different locations under the canopy 
of Hilaria rigida and in an exposed location for clear days 
in the winter (11 December 1986), the spring (8 April 1 987), 
and the summer (26 June 1986). 

Winter Spring Summer 

Location Tmax Tm. Tmax Tm.n Tmax Tmm- 

North side 23.7 4.8 32.9 15.1 48.0 29.3 
Center 23.0 5.8 34.0 15.7 57.5 28.2 
South side 25.6 4.6 49.8 13.7 70.2 27.0 
Exposed 26.1 3.1 51.4 11.8 71.2 26.2 

deserti (Nobel 1984b), where )soil > -0.4 MPa at the 
mean root depth indicates no limitation of CO2 uptake 
by soil water; 4Osoil at the mean root depth was predicted 
by the water uptake model. Because daytime temper- 
atures have only a small influence on CO2 uptake by 
A. desert (Nobel and Hartsock 1978), the temperature 
index was based on the minimum nighttime temper- 
ature, maximum CO2 uptake occurring at 15sC (Nobel 
1984b). In the present case, the PAR index, which is 
based on total daily PAR, also considered the effect of 
canopy shading by the nurse plant. The monthly PAR 
index is the average of the individual PAR indices 
calculated for each of the eight leaf surfaces of the 
seedling replica. 

RESULTS 

Plant characteristics 

The root system of Hilaria rigida extends radially 
from the plant base, and root branching is uncommon. 
For a plant with 100 culms, 45% of the root length 
occurred between soil depths of 0.00 and 0.08 m (Fig. 
2A). The average root depth was 0.09 m, the average 
distance from the plant center to the root tips was 0.40 
m, and the ground area explored by the roots was 0.50 
m2 (determined from the horizontal projection map). 
Averaged over the ground area explored by the roots, 
total root length per unit soil volume for the bunchgrass 
was 1029 M/M3 for the 0.00-0.08 m layers and 779 
M/M3 for the upper 0.24 m of soil. For seedlings of 
Agave desert, roots occurred in the uppermost 0.08 m 
only (Fig. 2B). Its average root depth was 0.03 m and 
the average distance from the plant center to the root 
tips was 0.05 m, leading to a ground area explored by 
the roots of 0.008 M2. Total root length per unit soil 
volume for A. desert was 431 M/M3. 

In a detailed examination of the 8000 m2 plot (which 
would contain nearly 8000 rosettes; Nobel 1976), 33 
small, individual plants of A. desert were found (in- 
cluding one dead plant). All but the dead plant occurred 
in sheltered microhabitats and the majority (26) were 
under canopies of H. rigida. In the latter case, the seed- 
lings occurred preferentially on the northern side of the 
nurse plant (Fig. 3; x2 = 3.85, P < .05). For an H. 
rigida with 100 culms, seedlings occurred on the north- 

ern side up to 0.15 m away from the east-west axis of 
the nurse plant compared with up to 0.08 m away on 
the southern side (Fig. 3). 

Soil nitrogen content was also measured at 0.10 m 
below the soil surface. Under the canopy of H. rigida, 
the soil averaged (?SE) 0.046 ? 0.003% N, which is 
significantly higher (t = 3.89, P < .01) than the 0.029 
? 0.004% N measured for soil outside the canopy. 

Temperature and PAR 

Daily variations in soil surface temperatures were 
less under the canopy of H. rigida compared with an 
exposed location, especially on the northern side (Table 
1). Maximum soil surface temperatures were similar 
for an exposed location and on the south side of the 
nurse plant canopy. On a clear summer day, maximum 
temperatures were 140C lower at the center and 230 
lower on the north side; smaller effects occurred at the 

600 _ A >9 WINTER_ 

EXPOSED 

? 600_ X 
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To~~~~~ 

FG 200 Y. f p y i Ii ra 
E . 4 Ud i 
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1-- 

< 

-j 4000- 

(0) attecneftenreplat(---\,ad01 

2 00 .13 

0 

m north of the center (El.El). Each datum represents the 
average for both sides of the four leaves, taken every half- 
hour near the winter solstice (A; 10 December 1986), the 
spring equinox (B; 28 March 1987), and the summer solstice 
(C; 22 June 1987). 
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FIG. 5. Daily course of stem water potential (A) and both 
measured (0) and predicted (t) shoot transpiration rate 
(stem plus leaf) of H. rigida (B) for a clear day (19 October 
1987). Data are presented as the average ? SE for four or five 
stems and 8-10 leaves from two H. rigida with 100 culms 
each. The total stem surface area was 0.080 m2 and the leaf 
surface area (one side) was 0.031 in2. 

two other times of the year (Table 1). Minimum soil 
surface temperatures under the canopy of H. rigida 
averaged 20 to 30 higher than for an exposed location 
at the three different times of the year (Table 1). 

Total daily PAR incident on the seedling was greatly 
reduced by the nurse plant (Fig. 4). On a clear day 
in the winter, total daily PAR decreased from 15.9 

mol/m2 for an exposed location to 7.5 mol/m2 for a 
seedling located at the center of the nurse plant to 5.8 
mol/m2 on the north side (Fig. 4A). In the spring, total 
daily PAR incident on the seedling was 23.8 mol/m2 
for an exposed location, 8.1 mol/m2 at the center, and 
6.3 mol/m2 on the north side of the nurse plant (Fig. 
4B). In the summer, total daily PAR was 3 3.2 mol/m2, 
13.4 mol/m2, and 10.6 Mol/m2, for an exposed loca- 
tion, the center, and the north side, respectively (Fig. 
4C). 

Model validation 

After sunrise 4/stem rapidly decreased and then re- 
mained relatively constant between 1000 and 1430 
(Fig. 5A). The minimum 4t/stem of - 1.76 MPa occurred 
at 1430 and the maximum of -0.30 MPa at 2400. The 
maximum 4/stem was 0.05 MPa lower than the pre-dawn 
41soi1 at a depth of 0. 10 m. Predicted shoot transpiration 
(stem plus leaf) was similar to the measured value (Fig. 
5B). For instance, maximum transpiration of the entire 

shoot was 4.4 x 10-9 m3/s compared with 4.5 x 10-9 
m3/s predicted by the model. Total shoot transpiration 
for the 24-h period was 152 x 10-6 m3/day compared 
with a predicted value of 162 x 10-6 m3/day. 

To test the accuracy of the model for predicting soil 
water potentials under a range of soil moistures, pre- 
dawn soil under H. rigida at a depth of 0.10 m was 
monitored for an extended period in the field (Fig. 6). 
Predicted 4usoil under H. rigida was in close agreement 
with measurements as Ssoil decreased from 0.0 MPa to 
<-6.0 MPa during a 10-wk period (Fig. 6). 

Simulations of annual water uptake 
The presence of the nurse plant markedly reduced 

the simulated annual water uptake of an agave seedling 
(Table 2). Although shading by H. rigida reduced soil 
water evaporation, the decrease was not enough to 
compensate for the amount of water taken up by the 
roots of the nurse plant. When the seedling was moved 
from an exposed location to the center of the nurse 
plant, simulated annual water uptake for the seedling 
decreased an average of 58% for the three years con- 
sidered (Table 2). Displacing the seedling 0.15 m north 
of the center of the nurse plant increased simulated 
water uptake of A. desert by 44% compared with water 
uptake at the center. The same pattern occurred for 
agaves of larger size (Table 2), although the fractional 
changes were less. For the medium-sized and large A. 
desert, simulated annual root water uptake decreased 
20 and 11%, respectively, when on the north side com- 
pared with an exposed location, and decreased an ad- 
ditional 10 and 14%, respectively, when the A. desert 
was located at the center of the nurse plant. Annual 
water uptake by H. rigida was only slightly affected by 
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FIG. 6. Measured (0) and predicted ( ) values of soil 
water potential at a depth of 0.10 m and 0.10 m north of the 
center of two H. rigida with 100 culms each. Measurements 
were taken from 25 February 1986 to 19 July 1986 at the 
field site. 

This content downloaded from 192.135.179.249 on Mon, 1 Dec 2014 14:52:53 PM
All use subject to JSTOR Terms and Conditions

http://www.jstor.org/page/info/about/policies/terms.jsp


December 1988 SEEDLING/NURSE PLANT INTERACTIONS 1737 

E 
Irn 

- 50 

WET YEAR 

$3 40 ax 

z 30 

Lj20 AVERAGE YEAR 

z 10 DRY YEAR 

LJ * - U- -* . ........ C 

< 0.0 0.2 0.4 0.6 0.8 1.0 
Z GROUND AREA EXPLORED BY ROOTS OF 
< xAGAVE DESERT/ (m2) 

FIG. 7. Simulated annual water uptake by roots of the H. 
rigida associated with A. deserti of various sizes for a dry, an 
average, and a wet year. The agave was located at the center 
of the nurse plant. 

even a large agave located at its center (Fig. 7), which 
led to a maximum decrease of only 13% for the dry 
year. Similar results occurred when the agave was lo- 
cated 0.15 m north of the center of the nurse plant 
(data not shown). 

In all cases, annual water uptake by both plants in- 
creased markedly from a dry to a wet year (Table 2, 
Fig. 7). For the~medium-sized plant, the eightfold in- 
crease in rainfall from the dry to the wet year led to a 
twelvefold increase in annual water uptake by A. deserti 
and a fivefold increase for H. rigida, whose lower water 
potential allows a greater duration of soil water ex- 
traction under dry conditions. 

Predictions of net CO2 uptake for 
seedlings of A. deserti 

For an average year (159 mm rainfall), the maximum 
monthly EPI for an exposed seedling was 0.453, but 

only 0.151 for a seedling under a nurse plant (Fig. 8). 
Averaged over the entire year, EPI for a seedling was 
0.110 at an exposed location, 0.030 at the center of the 
nurse plant, and 0.021 at a point 0.15 m north of the 
center. Compared with seedlings protected by nurse 
plants, the higher EPI for an exposed seedling reflected 
its more favorable PAR and water status indices. A 
seedling at the center of the nurse plant had a higher 
average PAR index than a seedling 0.15 m north of 
the center; the higher PAR index led to a higher average 
EPI even though the average water status index was 
lower at the center of the nurse plant. In a wet and a 
dry year, EPI averaged 0.308 and 0.063, respectively, 
for an exposed seedling, 0.109 and 0.018 for a seedling 
in the center of the nurse plant, and 0.067 and 0.014 
for a seedling 0.15 m north of the center. 

DISCUSSION 

Seedlings of Agave deserti were found only in shel- 
tered microhabitats, 81% occurring under the canopy 
of Hilaria rigida. Apparently because of limitations 
caused by high temperature, most of the seedlings were 
located near the center or on the northern side of the 
nurse plant. In particular, soil surface temperatures in 
the summer reached 7 1C at an exposed location and 
nearly as high on the southern side of a medium-sized 
H. rigida compared with 480 at 0.15 m north of its 
center. Maximum shoot temperatures of a small agave 
and maximum soil surface temperatures are approxi- 
mately the same (Nobel 1984a). Because seedlings of 
A. deserti survive temperatures only up to z650, they 
are therefore unable to survive at the field site without 
nurse plants or other means of shading (Nobel 1984a). 
In fact, the only small agave seedling found in an un- 
sheltered microhabitat had died. 

Roots were shallow for both species. Mean root depth 
for H. rigida was 0.09 m, similar to the 0.10 m reported 
previously (Nobel 1981). However, mean root depth 
was only 0.03 m for a small seedling of A. deserti com- 
pared with 0.11 m for adult plants (Hunt and Nobel 
1987a). The soil water potential in the root zone of H. 
rigida predicted by the three-dimensional water uptake 

TABLE 2. Simulated annual water uptake by the roots of an Agave desert of three different sizes for a dry, an average, and 
a wet year. The agave had three different locations: an exposed area, a point 0. 15 m north of the center of the nurse plant, 
and at the center. 

Ground area Annual Annual water uptake by the roots of A. desert (M3) 
explored by rainfall 

Plant type the roots (M2) (mm) Exposed North side Center 

Seedling 0.005 78 149 x 10-6 62.7 x 10-6 37.3 x 10-6 
159 364 x 10-6 168 x 10-6 114 x 10-6 
598 947 x 10-6 754 x 10-6 652 x 10-6 

Medium-sized 0.5 78 9.19 X 10-3 7.41 x 10-3 6.61 X 10-3 
plant 159 26.4 x 10-3 18.2 x l0-3 14.8 x l0-3 

598 110 X 10-3 101 x 10-3 91.5 x 10-3 
Large, 1.0 78 16.6 x 10-3 14.3 x 10-3 11.9 X 10-3 

mature plant 159 45.6 x 10-3 37.4 x 10-3 29.7 X 10-3 
598 196 x 10-3 194 x 10-3 172 x 10-3 
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FIG. 8. Monthly values of the environmental productivity 
index (EPI) for a seedling located in an exposed area, at the 
center of the nurse plant, and 0.15 m north of the center. EPI 
was calculated for a year with an average rainfall at the field 
site (1984; 159 mm rainfall). 

model agreed with pre-dawn S/usoil, especially between 
0.0 and -3.0 MPa, a range that encompasses the S/soil 

for which water uptake by H. rigida occurs (Nobel 
1981). The predicted maximum transpiration rate and 
the predicted total daily shoot transpiration were with- 
in 6% of measured values. 

Although temperature limits seedling establishment, 
water was the main factor limiting growth of exposed 
seedlings of A. deserti, in agreement with results for 
adult plants of this species and for other agave species 
(Nobel 1984b, Nobel and Quero 1986). For an exposed 
seedling, an eightfold increase in rainfall led to a five- 
fold increase in the predicted net CO2 uptake. Because 
leaf self-shading was minimal for an exposed seedling 
of the size used, its total available PAR per unit leaf 
area was - 60% higher than that measured for an adult 
plant at the same time of year (Woodhouse et al. 1980). 

Use of specific environmental indices allows eval- 
uation of the effects of nurse plants on selected physical 
factors affecting net CO2 uptake over 24-h periods. For 
instance, canopy shading by the nurse plant moderated 
daily variations in shoot temperature for seedlings of 
A. desert, which affected the temperature index less 
than 5% at the study site (Nobel 1984a, b). The PAR 
index and the water index at the center of the nurse 
plant were decreased - 50 and 35%, respectively, which 
reduced the predicted annual CO2 uptake by 70% com- 
pared with an exposed seedling. A seedling at the center 
of the nurse plant has a much higher PAR index and 
a slightly lower water index than one 0.15 m north of 
the center. Therefore, the predicted annual CO2 uptake 
for a seedling ofA. desert for the three years considered 
averaged 45% higher at the center of the nurse plant 
compared with 0.15 m north of the center. 

Hilaria rigida and A. desert that occupy approxi- 

mately the same total rooting area compete for soil 
water, which reduces annual water uptake of an agave 
located at the center of the bunchgrass by an average 
of 30%. For such medium-sized plants, 9% of the sim- 
ulated annual water uptake ofA. deserti was associated 
with a 5% reduction is simulated annual water uptake 
by H. rigida. The rest came mainly from a 3% reduction 
in annual soil water evaporation within a 2.0-M2 ground 
area around the two plants (reduction in annual soil 
water storage accounted for only 2% of the annual water 
uptake by A. deserti. Hilaria rigida is more effective 
than A. deserti in extracting water from the soil during 
dry periods, because H. rigida is capable of extracting 
water down to soil water potentials of ;-3.0 MPa 
(Nobel 1981), whereas A. deserti operates down to only 
-0.5 MPa (Nobel and Jordan 1983). Indeed, H. rigida 
could take up water for twice as many days as a similar- 
sized A. desert located at its center in a year with 78 
mm of rainfall. Simulated annual water uptake of both 
plants increased markedly from a dry to a wet year. 
Because of induction of new lateral roots following soil 
rewetting and high root conductances for A. deserti 
(Nobel and Sanderson 1984, Hunt and Nobel 1987c), 
an eightfold increase in annual rainfall led to a twelve- 
fold increase in water uptake for A. deserti. 

Soil nitrogen content was 60% higher under the nurse 
plant than outside the region of influence of its roots, 
a pattern common to many desert shrubs (Garcia-Moya 
and McKell 1970, Charley and West 1975, Hunter et 
al. 1982). Nitrogen appears to be the nutrient most 
limiting CO2 uptake and nocturnal acid accumulation 
for agaves (Nobel and Berry 1985). Increasing the soil 
nitrogen level 60% over that for bare ground would 
increase the total dry mass of seedlings of A. desert by 
;60% (Nobel and Hartsock 1986). 

In summary, the presence of the nurse plant reduced 
the PAR index of the associated A. desert seedling by 
an average of 61% and reduced the water index by 
28%, compared with an exposed seedling, for the two 
seedling locations modeled under the canopy of H. 
rigida. The temperature index was not significantly af- 
fected, but the soil nitrogen level was raised ;60%. 
Assuming that the effect of soil nitrogen level on net 
CO2 uptake is multiplicative, as are the other factors 
in EPI, the nurse plant would decrease seedling growth 
; 55% compared with an exposed seedling. Therefore, 
even though the nurse plant leads to a higher soil ni- 
trogen level and ameliorates soil surface temperatures, 
the latter allowing seedling establishment, competition 
for water and shading by the nurse plant greatly reduces 
the growth of the associated seedling compared with 
an exposed seedling. 
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