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Abstract. The study was conducted in the Chihuahuan Desert
Rangeland Research Center, 32 km north of Las Cruces, NM, USA.
Physiological responses of the shrub Larrea tridentata (DC) Cov. and the
perennial grass Muhlenbergia porteri Scribn were determined from the sum-
mer 1997 to the winter 1998-99 when they grew together. In the summer
1997, Larrea iridentata competed for water with M. porteri, as shrubs grow-
ing alone showed higher integrated photosynthesis than shrubs in competi-
tion with M. porteri following a heavy rainfall event. Larrea tridentata had
lower water use efficiency (WUE) than M. porteri plants. In the summer
1998, M. porteri had greater pre-dawn xylem water potentials () than L.
iridentata when soil water potentials were above -3 MPa. Larrea tridentata
showed a higher photosynthetic activity when M. porteri was defoliated than
when it remained undefoliated. Muhlenbergia porteri presented a higher
WUE. While green in the fall, plants of M. porteri had higher y; and WUE
than those of L. iridentata. Net assimilation was similar between shrub and
grass plants. Both species responded to soil moisture availability in this sea-
son. Muhlenbergia porteri had higher net assimilation when growing alone
than when growing under creosotebush. In the winter season, and while
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being small, creosotebush had higher photosynthetic activity when growing
alone than when growing with M. porteri (p<0.005). Small and large plants of
L. tridentata growing alone showed higher photosynthetic activity than L. tri-
dentata growing with M. porteri (p<0.01). In the spring, M. porteri and L. tri-
dentata had the same net assimi][;tion. At this time, however, water loss was
lower in M. porteri than in L. tridentata. When soil water potential decreased
below -7 MPa, L. tridentata still showed net assimilation.

Key words Larrea tridentata, Muhlenbergia porteri, photosynthesis.

Resumen. El estudio fue realizado en el Chihuahuan Desert
Rangeland Research Center, 32 km al norte de Las Cruces, NM, USA. Se
cuantificaron respuestas fisiolgicas de plantas del arbusto Larrea tridentata
(DC) Cov. creciendo juntas con las de la graminea perenne Muhlenbergia por-
teri Scribn desde el verano 1997 al invierno 1998-99. En el verano de 1997,
L. tridentata compitié con M. porteri después de un evento de abundante llu-
via; Larrea tridentata tuvo menor eficiencia en el uso del agua (WUE) que
M. porteri. En el verano de 1998, el potencial hidrico del xilema antes del
amanecer () fue mayor en M. porteri que en L. tridentata, cuando el poten-
cial hidrico hel suelo fue mayor de -3 MPa. La actividad fotosintética de
plantas pequefias de L. tridentata fue mayor cuando, creciendo debajo de L.
iridentata, fue defoliada que cuando permanecid sin defoliar. Muhlenbergia
porteri presenté una mayor WUE. Cuando estuvo verde en el otofio, M. por-
tert tuvo 1Py y WUE mayores que L. tridentata; 1a asimilacién neta fue simi-
lar entre las plantas de arbustos y gramineas. En esta estacién, ambas espe-
cies respondieron a la disponibilidad de humedad del suelo. Muhlenbergia
porteri creciendo sola tuvo mayor tasa de asimilacién que cuando crecié bajo
L. tridentata. En invierno, la actividad fotosintética de las plantas pequefias
de L. tridentata fue mayor (p<0,005) cuando crecieron solas que cuando lo
hicieron teniendo a M. porteri bajo su cobertura. Plantas grandes y peque-
fias de L. tridentata creciendo solas tuvieron mayor actividad fotosintética
que las de M. porteri que crecieron bajo su cobertura (p<0,01). En la prima-
vera, M. porteri tuvo la misma asimilacién neta que L. tridentata, pero con
menos pérdida de agua. Cuando el potencial hidrico del suelo disminuyé por
debajo de -7 MPa, L. tridentata aun mostré asimilacién neta.

Palabras clave: Larrea tridentata, Muhlenbergia porteri, fotosintesis.

INTRODUCTION

In the Chihuahuan Desert, a common plant association occurs
between the shrub Larrea tridentata (DC) Cov. and the perennial grass
Muhlenbergia porteri Scribn. Larrea tridentata is a dominant perennial
evergreen shrub in the deserts of North America (Runyon, 1934; Reynolds,
1986). This plant has a stress-tolerant strategy with distinct growth patterns
which vary with soil depth. Longevity of its leaves in the Chihuahuan desert
is from less than one year to two years. This species is tolerant to extreme
temperatures and desiccation: photosynthesis and respiration strongly
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acclimate to seasonal changes in temperature (Reynolds, 1986). This shrub
is metabolically active throughout the year (Oechel et al., 1972; Bamberg et
al., 1975). Ecophysiological studies are necessary on this shrub (1 (1) for try-
ing to explain variations in its growth and (2) to understand the relative
importance of abiotic factors on its productivity (Reynolds, 1986). Since
lack of water has been a major selective force for plant evolution in these
ecosystems, it is important to learn about plant strategies which may con-
tribute to cope with water stress (Freitas, 1997). Muhlenbergia porteri is a
highly-branched perennial grass which occupies dry plateaus, canyons and
rocky deserts in the southwestern United States and northern Mexico
(Tidestrom & Kitell, 1941; Welsh & Beck, 1976). This grass species is often
growing under the canopy ‘of L. tridentata. Muhlenbergia porteri is one of the
grasses that appear to have possibilities for either compete or coexist with
shrubs (Pieper, 1994). This shrub-grass association is unusual since cre-
osotebush more often appears to displace grasses from their historical dis-
tribution in these warm desert ecosystems.

The Cy L. tridentata is an evergreen shrub with metabolic activity
throughout the year (Giorgetti et al., 2000), and the C, M. portert is a peren-
nial grass dormant during winter. Both species grow successfully under arid
conditions. Thereafter, the question is how these plants deal with C fixation
and loss of water by transpiration to remain under these conditions. The
objective of this study was to observe the effect of large and small plants of L.
tridentata on the gas-exchange activity of M. porteri, and vice versa. Several
hypotheses related to the success of the L. tridentata-M. porteri association
were considered: (a) the resource islands under L. tridentata provide a better
microhabitat for M. portert which will be reflected in its greater photosyn-
thetic activity when compared with M. porteri growing alone, (b) M. portert
and L. tridentata are able to coexist because they stratify periods of greatest
physiological activity: creosotebush is physiologically active during dry peri-
ods, while M. porteri tends to be more physiologically active during periods
of adequate soil water availability, (¢c) M. porteri has greater photosynthetic
rates when growing under small than large plants of L. tridentata, (d) removal
of senescent plant material from plants of M. porteri will result in greater pho-
tosynthetic rates due to greater light levels available for photosynthesis.

MATERIALS AND METHODS

The study site is on a northwest-facing piedmont slope of Mt.
Summerford in the Chihuahuan Desert Rangeland Research Center
(CDRRC), approximately 32 km north of Las Cruces, NM. Elevation is
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1327 m.a.s.l. The vegetation classification corresponds to a desert shrub
formation, Chihuahuan desert region, creosote series, creosote-bush
muhly association (Donart et al., 1978). The vegetation at this site is dom-
inated by L. tridentata with some dispersed individuals of honey mesquite
(Prosoptis glandulosa Torr. var. glandulosa) and tarbush (Flourensia cernua
DC). The principal grass is M. porteri with some fluffgrass (Dasychloa pul-
chella (Kunth) Steudel) and spike dropseed (Sporobolus contractus A.S.
Hitch.).

The soil association corresponds to Haplargids-Torripsamments
(Maker et al., 1974). The soil at this site is loamy fine sand about 10 ¢m thick
in the surface layer; the subsoil is sandy loam, and sandy clay loam about 78
cm soil depth. The substratum is sandy clay loam to a depth of 150 ¢m or
deeper (Bulloch & Neher, 1980). Since 1954, people at the site were in the
search for grass species which would need to respond to favorable environ-
mental conditions. Finally, M. porteri became established on the site in
1960. In 1965, the site was fenced to prevent grazing by large domestic her-
bivores (Welsh, 1972). The coolest months are December and January with
mean monthly temperatures of 5.5 and 5.3 °C, and minimum temperatures
of 3.2 and -3.5 °C, respectively. The warmest months are June, July, and
August with mean monthly temperatures of 24.7, 26.4, and 25.3 °C, and
maximum temperatures of 34.4, 34.3, and 33.1 °C, respectively (Kunkel et
al., 1988). From 1997 to 1999, seasons had an average of 21.1, 14.0, 14.7,
and 25.1 MJ per day of solar radiation for summer, fall, winter and spring,
respectively. Maximum relative humidity was 71.4, 57.5, 60.1, and 40.8%,
and minimum relative humidity was 21.3, 20.5, 23.1, and 13.3% during
summer, fall, winter and spring, respectively (1997, 1998, 1999 weather
data, http://jornada-www.nmsu.edu/datacat.php?withJS=true). Rainfall data
are shown in Fig. 1; these data were obtained using a raingauge located at
the Headquarters of the CDRRC, a mile away from the study area. Long-term
rainfall data were obtained from Kunkel et al. (1988).

In July 1997, creosotebush plants with or without bush muhly were
tagged in the field. On each shrub, the (1) canopy height, (2) largest diam-
eter, and (3) diameter perpendicular to the largest diameter of the canopy
were measured. Canopy volume of each shrub was calculated using the pre-
diction equation of Ludwig et al. (1975):

Ve = @/3)°((D+Dy)/4)%)" (h)

where V, is canopy volume, D; is the largest canopy diameter, D, is the
diameter perpendicular to D;, and h is height. Shrubs were stratified based
on the calculated volume: Small plants = between 25.4 to 122.9 dm3; medi-
um plants = 204.8 to 409.7 dm3, and large plants = >491.6 dm?3. A total of
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64 plant units were chosen; each unit was a plant of creosotebush and a
plant of bush muhly growing together, or each species growing alone. Bush
muhly canopy volumes were similar, 593.8 + 50.2 dm3; this was calculated
using the upper-half prolate sphermd shape (Ludwig et al., 1975):

V. = (43)*x*((D;+ Dy)/4)*(h2)

where V, is canopy volume, D; is the largest canopy diameter, Dj is the
perpendicular diameter to D;, and h is height.

On 18 July 1997, the first measurement of gas exchange was carried
out in half of the plots; however, more than 1.5 hour was spent measuring
them. Due to the data variation we encounter investing more than one hour in
measurements, we decided to discard the medium-size creosotebush plants
from the study. Plants selected for measurements are in Table 1. In order to
measure the treatments units in less than one hour, half of these units were
measured on one date, and the other half on the day after. Each plant unit was
around 1 m in area, and contained one shrub and/or grass clump. Defoliation
of 50% of M. porteri biomass was done according to the equations of Almeida
(1981), where the dependent variable was biomass and the independent vari-
able was height. M. porteri was defoliated on 15 July 1997.

Fig. 1. Rainfall during the study period (1997, 1998) and longterm average
(1870-1987).

Fig. 1. Llwia durante el periodo de estudio (1997, 1998] y el promedio a largo plazo (1870 — 1987).
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Table. 1. Plant units (treatments); one half of all plants (n/2) were sampled on
each study date.

Tabla. 1. Unidades de plantas; la mitad del total de las plantas (n/2) fue muestreada en
cada fecha de estudio.

Plant Unit Description n
LL Large L. tridentata growing alone 4
LLM Large L. tridentata growing with M. porteri 12
MLL M. porteri growing underneath a large L. tridentata 12
M M. porteri growing alone 4
SL Small L. tridentata growing alone 4
SIM Small L. tridentata having M. porteri underneath its canopy 12
MSL M. porteri plant growing underneath a small L. tridentata 12
SLMD Small L. tridentata having defoliated M. porteri 8
MDSL Defoliated M. porteri plant growing underneath a small L. fridentata 8

Plant and Soil Water Potentials. Pre-dawn water potentials ()
were measured on plants using a 3000 series Plant Water Status Console
(Soilmoisture Equipment Corp., Santa Barbara, CA) (Scholander et al.,
1965). For creosotebush, plant water potential and gas-exchange were
taken on the same days. Muhlenbergia porteri xylem water potential was
determined during the summer 1998. Prior to this date, we did not have the
appropriate rubber gasket to hold the bush muhly in the pressure bomb.

Soil water potential () was measured with soil psychrometers,
calibrated in the laboratory and installed at 0.2 m depth in November 1997
under the following plants units (treatments): 2 in SL, 2 in M, 2 in LL, 4 in
SLMD, 6 in LLM, and 6 in SLM (see Table 1 for plant unit references). The
first measurements of soil water potential were made in December 1997.
These measurements were carried out either on the same day the gas-
exchange measurements were conducted, or within 24 hours of these
measurements.

Gas Exchange. One marked apical stem segment with several leaves
(L. tridentata) and one marked leaf segment (M. porteri) on each experimen-
tal plant were used for repeated measurements of gas exchange, usually five
sets of measurements per day. When M. porteri was in a quiescent or senes-
cent stage, two apical stem segments of L. tridentata were used per plant to
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measure gas exchange; a mean of these two measurements was obtained to
avoid pseudoreplication. Each set of gas exchange measurements took
approximately one hour: 8:30-9:30, 10:00-11:00, 11:30-12:30, 13:00-14:00,
and 15:00-16:00 h on relatively cloudless days, using a LI-6200 Portable
Photosynthesis System (LI-Cor, Inc., Lincoln, NE). Data were integrated
(area under the curve) by plant for each sampling day prior to statistical
analysis to minimize the effects of environmental variability on photosyn-
thetic activity, e.g. (1) vapor pressure deficit (Shirke & Pathre, 2004), (2)
reversible photoinhibition (Gray et al., 1996), or (3) high temperature which
affects water use efficiency (WUE) (Polley, 2002). For each twig of L. tri-
dentata or leaf of M. porteri, daily integrated values of photosynthesis and
transpiration were obtained between 8:30 to 16:00 h. Water use efficiency
was calculated by dividing integrated photosynthesis by integrated transpi-
ration. At the end of each day gas-exchange was measured, leaves of M. por-
teri used for gas exchange measurements were excised, and leaf area was
determined in the laboratory using a LI 3000 Leaf Area Meter (LI-Cor, Inc.,
Lincoln, NE). The single-surface area on creosotebush leaves used for gas-
exchange was determined in situ using the method of Franco et al. (1994).

Statistical Analysis. For each date, data were analyzed in a com-
pletely randomized design, using the Duncan’s multiple-range test. Also,
the data were grouped by season. For each season, data were arranged fac-
torially in a completely randomized design where one factor was the plants
and the other was the sampling dates. Data were analyzed with analysis of
variance procedures using indicator variables (Litell et al., 1991). For each
season, the comparison of each response variable of L. tridentata was car-
ried out between dates. Within a season, dates when M. porteri was green
were compared for the respective variable. Dates when M. porteri was
senescent or quiescent were excluded. Mean comparison for sampling dates
was conducted using Duncan’s multiple-range test.

Also, contrasts were used for mean comparisons of plants in each
season. Contrasts were: (a) L. tridentata vs M. portert; (b) large vs small L.
tridentata; (c) L. tridentata growing alone vs L. tridentata growing with M.
porteri; (d) large L. tridentata growing alone vs large L. tridentata growing
with M. porteri; (e) small L. tridentata growing alone vs small L. tridentata
growing with M. portert; (f) small L. tridentata with M. porteri undefoliated
vs small L. tridentata with M. porteri defoliated; (g) M. porteri growing alone
vs M. portert growing underneath L. tridentata; (h) undefoliated M. porteri
growing underneath a small L. tridentata vs M. porteri defoliated growing
underneath a small L. tridentata; (i) M. porteri growing underneath a large
L. tridentata canopy vs M. porteri growing underneath a small L. tridenta-
ta canopy.
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RESULTS AND DISCUSSION

In the summer season, and although measurements were carried out
every week from 31 July 1997 to 28 September 1997, and from 06 July to
29 September 1998, only four dates will be shown per year in this season.
However, when results are shown without a specific date, it implies that all
measurement dates were taken into consideration. In the summer 1997, M.
porteri was green during five out of nine sampling dates. In summer 1998,
M. porteri was green during seven out of 12 sampling dates.

Plant and Soil Water Relations

Summer season. During summer 1997 (Fig. 2A), pre-dawn 1} was
greatly influenced by rainfall. However, there were no significant effects of
either L. tridentata plant size or presence/absence of a M. porteri understory
underneath L. tridentata. The only exception was on 30 August, where large
plants (LL) had greater ¢y (-3.25 MPa) than small plants (SL; -4.75 MPa).

During the summer of 1998, {; measurements on July 22 (Fig. 3A),
coincided with increased soil water potentials (-2.6 MPa; Fig. 4); however,
there were no y; differences among plants. On 28 ]uly, YPg and Yy,
increased, and measurements were also possible for M. porteri. On this
date, \;, were greater in the grass than in L. tridentata; means ranged from
-0.62 to -1.05 MPa in the grass, and -1.73 to -2.3 MPa in L. tridentata. By
25 August, P, decreased to almost -4.0 MPa, and MDSL had greater ;.
than MSL, SLM, SL, M, and LLM; at the same time, SLMD had higher vy
than SL, M, and LLM. Finally, LL. and MLL had higher y; than M. On 29
September, 1 were significantly greater in LL (-4.50 MPa) than in SLM
(-3.23 MPa). Muhlenbergia porteri had greater 1p; than L. tridentata when
soil water potentials increased above —3.0 MPa. In 1998, 1p; was not affect-
ed either for L. tridentata plant size or for the presence of M. porteri. These
results agree with those found in a nearby area (Franco et al., 1994).

Fall Season. The results of soil water potential and the predawn 1},
readings for the fall season are shown in Fig. 4 and Fig. 5A. On 5 October 1997,
there were no significant differences (p>0.05) between plants (from —3.45 in SL
to =3.6 MPa in LL). On 9 November 1997, this variable was so low that we
could not measure it. This was the result of the absence of precipitation.

On 5 October 1998, y; readings for L. tridentata were similar to
those in September 1998, and soil water potentials were below —8.0 MPa.
On 28 October, soil water potentials increased due to rainfall, and v; in L.
tridentata increased as a result. These were the greatest Y; observed in the
study plants, although they were similar to those on 3 November (p>0.05).
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Fig. 2. Means of (A) Predawn xylem water potential (+ 1 s.e.), (B) Integrated
photosynthesis (£ 1 s.d.), and (C) water use efficiency (+ 1 s.e.) in the different
treatments during summer 1997.

Fig. 2. Promedios de (A) Potencial hidrico en el xilema antes del amanecer (+ 1 e.e.], (B)
Fotosintesis integrada (+ 1 d.e.) y (C] uso eficiente del agua (+ 1 e.e.) en los diferentes tra-
tamientos durante el verano de 1997.
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Fig. 3. Means of (A) Predawn xylem water potential (£ 1 s.e.), (B) Integrated
photosynthesis (+ 1 s.d.), and (C) Water use efficiency (£ 1 s.e.) in the different
treatments during summer 1998.

Fig. 3. Promedios de (A) Potencial hidrico en el xilema antes del amanecer (+ 1 e.e.), B)
Fotosintesis integrada (+ 1 d.e.) y (C) Uso eficiente del agua (= 1 e.e.] en los diferentes tra-
tamientos durante el verano de 1998.
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Fig. 4. Mean (+ 1 s.e.) Soil water potentials at the study site during the mea-
surement period.

Fig. 4. Promedios ( 1 e.e.] del Potencial hidrico del suelo en el sitio de estudio durante el
periodo de medicién.
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However, M. portert was still quiescent, and measurements were then not
possible. On 3 November, M. porteri was green most likely due to the high
soil water potentials coming from the October precipitations. It showed a ;.
range from -0.8 MPa in M to —1.07 MPa in MSL. These values were signif-
icantly higher (p<0.001) than those in L. tridentata, which showed values
from —1.95 MPa in LL to —2.4 MPa in LLM. While there were significant
differences (p<0.05) between M. porteri and L. tridentata plants, there were
no differences within either M. porteri or L. tridentata plants. On the
remaining dates, there were no significant differences (p>0.05) in Yy
between plants. In general, M. porteri showed a greater Yy than L. tridenta-
ta when it was green during its growing season.
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Winter Season. Low temperatures during winter prevented us from
taking valid ; measurements. Minimum and mean temperatures during
24 January were -3.9 °C and 6.7 °C respectively, and -1.7 °C and 8.9 °C,
respectively, during 25 January. On 19 February, minimum and mean tem-
peratures were -1.1 °C and 8.9 °C, respectively, and on 20 February val-
ues were 2.7 °C and 9.4 °C, respectively. Despite very high soil water
potentials were observed during winter 1997-98, predawn yy in L. triden-
tata could only be measured after March 1998 (Fig. 6A). During January and
February, however, this variable was too low to be measured (below -7.0 MPa).
This was very likely due to the low winter temperatures. In March 1998,
predawn ; increased from -3.44 MPa on 7 March to -2.82 MPa on 22
March. The minimum and mean temperatures were 10.0 °C and 14.4 °C,
respectively, on 6 March, and 2.2 °C and 7.2 °C, respectively, on 7 March.
On 21 March, minimum and mean temperatures were 5.0 °C and 15 °C,
respectively, and they were 6.7 °C and 18.3 °C, respectively, on 22
March.

Soil water potentials were also high during winter 1998-99. It
was then possible to measure {;, which were higher during this sec-
ond winter season (1998-99). On 19 December 1998, for example,
mean value of -1.7 MPa (p<0.05) was obtained. The minimum and
mean temperatures on 18 December were 8.3 °C and 12.2 °C, respec-
tively, and they were 11.2 °C and 11.7 °C, respectively, on 19
December. Mean xylem water potentials on L. tridentata plants were -
3.82 MPa in January and -3.38 MPa in February 1999. Within each
date, there was no difference among plant units (treatments), except
on 19 December 1998 where SLMD (-1.05 MPa) had greater 4y than
SL (-2.7 MPa; p<0.05).

Spring Season. High winter rainfall in 1998 led to high soil
water potentials: -0.86 and -1.03 MPa on 10 April and 19 April,
respectively (Fig. 4). Leaf water potentials measured on 10 April were
lower (p<0.05) than those determined and 18 April (means were from
—1.97 to 2.3 MPa). We were unable to measure ; from 18 May
throughout 23 June. This was because of the extremely low y; regis-
tered at this time. In turn, this coincided with low 1y, (ranging from -
7.6 to -8.1 MPa) which probably resulted from the low precipitation at
this time. On 10 April, SL (-2.35 MPa) and SLMD (-2.38 MPa) had
greater P; (p<0.05) than LL (-2.9 MPa). On 18 April, there were no
significant differences (p>0.05) in ;.
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Fig. 5. Means of (A) Predawn xylem water potential (£ 1 s.e.), (B) Integrated
photosynthesis (+ 1 s.d.), and (C) Water use efficiency (+ 1 s.e.) during fall
1997 and 1998.

Fig. 5. Promedios de (A) Potencial hidrico en el xilema antes del amanecer (+ 1 e.e),
Fotosintesis integrada (x 1 d.e.) y (C) Uso eficiente del agua (+ 1 e.e.) en el otofio de 1997 y 1998
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Fig. 6. Means of (A) Predawn xylem water potential (+ 1 s.e.), B) Integrated pho-
tosynthesis (+ 1 s.d.), and (C) Water use efficency (+ 1 s.e.) during winter of
1998 and 1999.

Fig. 6. Promedios de (A) Potencial hidrico en el xilema antes del amanecer (+ 1 e.e.), (B) Fotosintesis
integrada ( 1 d.e.) y (C] Uso eficiente del agua (+ 1 e.e.) durante los inviernos de 1998 y 1999.
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Photosynthesis

Summer season. On 7 August 1997 (Fig. 2B), M. porteri was in a
quiescent state, L. tridentata increased its photosynthetic activity in rela-
tion to the first sampling data, and LL showed a higher photosynthetic activ-
ity than SLM plants (p<0.05). On 14 August, L. tridentata showed the high-
est photosynthetic activity of the whole season, partially as a result of the
rainfall on 13 August (40.1 mm). Photosynthetic activity was higher
(p<0.05) on SL, LLM, and SLMD than in the other plants. Muhlenbergia
portert exhibited less (p>0.05) photosynthetic activity than L. tridentata.
Photosynthetic rates were similar (p>0.05) on all M. porteri plants.

Photosynthetic activity decreased in both species on 30 August in
part due to the absence of rainfall. At this date, the standard error was so
high that there were no statistical differences among plant units (treat-
ments). On 28 September, both species showed activity because of a previ-
ous rainfall. However, no differences (p>0.05) were detected between
species. The exception was L. tridentata which showed the highest activity
(p<0.05) in the LL treatment. Also, activity was lower (p<0.05) at the M
than at the LLM, SLM and SLMD treatments.

Larrea tridentata exhibited an opportunistic role due to its
increased photosynthetic activity after the high rainfall. Our results suggest
that L. tridentata competed with M. portert for water resources. This is
because L. tridentata plants growing alone had higher net assimilation after
a large rainfall event [i.e., in summer 1997, where rainfall (132.1 mm) was
above the long-term average (116.3 mm)| (Kunkel et al. 1988). These
results differ from those of Dodd et al. (1998): they found that the woody
Atriplex canescens and grass species used water from different soil horizons.

In the summer of 1998 (Fig. 3B), photosynthetic activity was lower
than 50 mmol/m2/h on 22 July, and there were no differences (p>0.05)
among plants (treatments). On 28 July, M. porteri was green and its photo-
synthetic activity was greater in the MSL and M than in the SL, MLL, LL
and SLM treatments (p<0.1). Photosynthetic activities were higher than 50
mmol/m2/h. On 25 August, SLMD had greater (p<0.05) photosynthetic
activity than LL and LLM plants. On 29 September, M. porteri was senescent,
and L. tridentata has mean photosynthetic activities lower than 15 mmol/m?/h.
There were no differences among plants within each date (p>0.05). Small L.
tridentata plants showed a greater (p<0.0005) photosynthetic activity when
M. porteri was defoliated (40.9 mmol/m2/h) than when it remained undefo-
liated (29.8 mmol/m?/h). This indicates that L. tridentata plants were more
active when M. porteri was defoliated than when it remained undefoliated.
Even though 1998 was marginally drier than 1997, it was still above the
long-term average with 120.1 mm of rainfall. However, only 4.6 mm were
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recorded in September whereas the long-term monthly average is 31.8 mm
(Kunkel et al., 1988). There were no clear patterns of L. tridentata —M. por-
tert interactions. This was likely due to limited water availability in the soil
profile where roots of L. tridentata and M. porteri occur together.

Fall Season. On 5 October 1997, photosynthetic activity was simi-
lar (p>0.05) in both species and plants (treatments), having values no
greater than 70 mmol/m2/h (Fig 5B). On this date, L. iridentata had the
highest (p<0.05) photosynthetic activity during the fall season in 1997.
This value was also greater than those found in the 1998 fall season. On 9
November 1997, only L. tridentata was physiologically active, and photo-
synthesis was lower (p<0.05) than that observed on 5 October, when LLM
had greater (p<0.05) photosynthetic activity than all others.

During fall 1998, we could not measure photosynthesis in M. porter:
plants on 5 October and 28 October. The lowest photosynthetic activity for
L. tridentata was recorded on 5 October 1998. Photosynthetic activity was
similar (p>0.05) during 5 and 28 October. On 3 November, M. porteri plants
showed photosynthetic activity because of the high soil water potentials.
The greatest (p<0.1) net assimilation was found in M plants. In turn, MDSL
and SL treatments had greater photosynthetic activity than LL (p<0.1).

We made a statistical comparison between 5 October 1997 and 3
November 1998, times when M. porteri was green: photosynthetic activity
was lower (p<0.05) on 3 November 1998, than on 5 October 1997. Large
plants of L. tridentata growing alone had lower (p<0.05) photosynthetic
activity than LLM plants. Muhlenbergia portert growing alone had greater
(p<0.005) photosynthetic activity than M. porteri growing underneath the
shrub canopy. Both species responded to soil moisture availability, in agree-
ment with desert plants which have the ability to respond to moisture dur-
ing late summer or early fall (Bamberg et al., 1975). No differences in the
Y;, or water use efficiency (see below) in M. porteri plants suggest that the
lower photosynthetic activity of these plants when growing underneath the
shrub canopies could be due to the shadow effect on this warm season grass

(Ballaré et al., 1990).

Winter Season. On 25 January 1998, there was no photosynthetic
activity for any of the study plants because of the low temperatures. At the
other measurement dates during the winter season, only L. tridentata
showed photosynthetic activity, with values lower than 50 mmol/m2/h (Fig.
6B). On 28 January 1999, 7 March and 22 March 22, 1998, L. tridentata
plants had higher photosynthetic activity than on 8 February 1999, and 19
December and 20 February 1998. On 20 February, 7 March and 22 March
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1998, there were no differences (p>0.05) in the assimilation rates between
L. tridentata plants. On 19 December, SL had greater (p<0.05) photosyn-
thetic activity than LL and SLM. On 28 January 1999, there were no sig-
nificant differences (p>0.05) among plants. On 8 February 1999, photosyn-
thetic activity was greater (p<0.05) in SL than in the other plants. In L. tri-
dentata plants, SL also had higher (p<0.005) photosynthetic activity than
SLM and SLMD plants. Also, LL and SL plants had higher (p<0.01) photo-
synthetic activity than LLM, SLM and SLMD plants.

Low temperatures reduce assimilation rates because Rubisco activ-
ity and electron transport capacity are reduced (Farquhar & Sharkey,
1982). Our results are similar to those of Reynolds et al. (1999). These
authors found a low net assimilation rate in the winter season, even when
soil moisture was high. The high temperature acclimation of L. tridentata
(Mooney et al., 1978; Reynolds et al., 1999), may allow this species to have
net assimilation durlng winter. Increasmg temperatures during the day may
allow carbon assimilation in spite of the low temperatures. Avoidance of
freeze-induced cavitation, caused by air bubbles formed in situ during
freezing, is associated with the small vessel size in L. tridentata (Pockman
& Sperry, 1997). Another associated factor is leaf age. New leaves grow in
spring and summer; therefore, winter leaves are, in general, older than
those of previous seasons (Reynolds et al., 1999).

During the winter season, M. porteri, although dry, appears to com-
pete with L. tridentata when they grow close to each other. This is because
L. tridentata plants growing alone showed higher photosynthetic activity.
This may have been the result of higher levels of photosynthetically active
radiation reaching these plants without interference by the grass (Welsh &
Beck, 1976).

Spring Season. In April, M. porteri was green because of the high
soil moisture and the fact that this grass has photoperiodic control for flow-
ering in long-days (Carr-Smith et al., 1989). On April 10, both species
showed almost equal photosynthetic activity; the exception was SLMD
which had higher photosynthesis than MLL plants (Fig 7B). Both species
still showed active by 18 April, although photosynthetic activity was lower
(p<0.05) than at the previous sampling dates, and differences were not sig-
nificant (p>0.05). On 18 May, 25 May, 8 June and 23 June, only L. triden-
tata showed photosynthetic activity with values lower than 40 mmol/m?2/h
for all plants; means at each date were lower than 34 mmol/m2/h. The low-
est photosynthetic activity during spring (22.6 mmol/m?2/h) was reached on
23 June; this reading was similar (p>0.05) to that on 18 May and 8 June.
On 18 May, photosynthetic activity was greater (p<0.05) on SLMD than LL



314 Castellanos-Pérez E et al., ®YTON 77 (2008)

plants. There were no differences (p>0.05) in photosynthetic activity
between plants from 25 May to 23 June. Low values in photosynthesis were
probably a result of low y_. On average, photosynthetic activity was greater
(p<0.01) on small than on large L. tridentata plants. Photosynthetic activi-
ty of L. tridentata was lower (p<0.05) when growing alone than when it grew
with M. porteri. Photosynthetic activity of undefoliated Muhlenbergia portert
was greater (p<0.005) when it grew under small than large L. tridentata
plants.

Greater net assimilation values for small than large L. tridentata
plants are consistent with data of de Soyza et al. (1996). They concluded that
these results allow L. tridentata to compete with grasses. The continued net
assimilation rates of L. tridentata at soil water potentials below -8.0 MPa show
its ability to survive under these conditions (Strain & Chase, 1966). Leaf
water potentials could not be measured at these low soil water potentials.
However, Oechel et al. (1972) found that L. tridentata have a continuous net
assimilation either at temperatures of 50 °C or 1 of -7.3 MPa.

Water Use Efficiency

Summer Season. Water use efficiency (WUE) increased from 31
July to 7 August 1997, with a WUE of 2.41 [mmol C/mol H50] / m2/h for
LL (Fig 2C). This value was statistically similar to that on LLM and SLM,
which had the highest (p<0.05) WUE ratio (Fig. 2C). The lowest (p<0.05)
WUE was on plants of SLMD, SLM, SL and LLM. On 14 August, WUE of
M. porteri was similar in MSL (mean = 2.08) and MLL (mean = 2.15) plants.
However, these WUE were higher (p<0.05) than those in L. tridentata
which showed WUE ranging from 1.11 (LL plants) to 1.40 (LLM plants). On
30 August, MDSL on L. tridentata plants had a high value (10.35), similar
(p>0.05) to that in MLL and MSL M. porteri plants and SLM plants of L. tri-
dentata. Except on MDSL plants, lowest WUE were found in SL, although
values were similar (p>0.05) in all other treatments. On 28 September, when
M. porteri was green again, MDSL plants showed a high WUE (mean = 6.65).
This value was greater (p<0.05) than that on L. tridentata and M. portert
plants in all other treatments. Except on MDSL plants in M. porteri, all
other plants in this species showed similar (p>0.05) WUE values, ranging
from 3.14 on MSL plants to 4.01 on MLL plants. L. tridentata plants had
lower (p<0.05) WUE than M. porteri plants. There were no significant dif-
ferences (p>0.05) in WUE between plants of different size in L. tridentata;
values ranged from 1.08 in LL plants to 1.74 in LLM plants.

On 22 July 1998, SL plants of M. portert had the greatest (p<0.05)
mean WUE (4.54) (Fig. 3C). The remaining plant treatments had similar
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Fig. 7. Means of (A) Predawn xylem water potential (+ 1 s.e.), (B) Integrated
photosynthesis (£ 1 s.d.), and (C) Water use efficiency (+ 1 s.e.) during spring
1998 and 1999.

Fig. 7. Promedios de (A) Potencial hidrico en el xilema antes del amanecer (+ 1 e.e.), (B] Fotosintesis
integrada (+ 1 d.e.) y (C) Uso eficiente del agua (+ 1 e.e.) durante la primavera de 1998 y 1999.
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(p>0.05) WUE ranging from 1.11 in SLMD to 1.66 in SLM plants. On 28
July, M. porteri was green and growing actively, which resulted in greater
(p<0.05) WUE than those found in L. tridentata. The WUE of M. porteri
ranged from 2.39 in MDSL to 5.41 in MLL plants, while that in L. tridenta-
ta ranged from 0.64 in SLM to 0.99 in LLM plants. On 25 August 1998,
MLL and MDSL had similar (p>0.05) WUE and values for these plants
were greater (p<0.05) than those in the other treatments. On 29 September
1998, SLMD, LLM and SLM plants showed similar (p>0.05) WUE. Water
use efficiency was lower (p<0.05) in the SL than in the SLMD treatment.
Results indicated that M. portert had higher WUE than L. tridenta-
ta despite both of them showed similar photosynthetic activities. Effects of
defoliation of M. porteri or growth of this species under different size L. tri-
dentata plants did not have clear effects on WUE. A difference in WUE was
not found with size in L. tridentata plants. This was because these plants
had similar y;, and photosynthetic activities. In turn, this was the result of
soil water availability above 0.6 m depth in this area (Franco et al., 1994),
and the fact that a large proportion of the roots were found at this depth.

Fall Season. In 1997, L. tridentata, had the highest (p<0.05) WUE
on 9 November (2.95 [mmol C/mol Hy0] / m2/h), whereas in 1998, this
species reached the highest WUE on 5 October (3.58) (Fig. 5C). The low-
est (p<0.05) WUE was found on 28 October 1998. Within each fall date on
either year, L. tridentata plants showed similar (p>0.05) WUE in the dif-
ferent treatments. It seems that L. tridentata shows a higher WUE when
soil water potentials decline. In this sense, L. tridentata fits the classifica-
tion of Lambers et al. (1998): a drought-tolerant species which shows con-
tinued photosynthesis in the phase of declining 1; and transpiration.
Dates when M. portert was green (i.e., 5 October 1997; 3 November 1998)
showed similar (p>0.05) WUE for this species. M. porteri had a higher
WUE than L. tridentata (p<0.0001). Within any species, there were no dif-
ferences (p>0.05) between plant treatments.

On 5 October 1997, M. portert plants had the greatest (p<0.05)
WUE and there were no differences among M. porteri plants. MSL plants
of M. porteri showed similar (p>0.05) WUE than L. tridentata. On 9
November 1997, and on 5 and 28 October 1998, there were no differences
(p>0.05) between shrub plants. On 3 November 1998, there were no dif-
ferences (p>0.05) between M. porteri plants. Larrea tridentata plants also
were statistically similar (p>0.05) in WUE. As a whole, L. tridentata plants
had lower (p<0.05) WUE than M and MSL M. porteri. Muhlenbergia por-
tert had higher 1; and WUE than L. tridentata.
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Winter Season. Muhlenbergia porteri was dormant during the winter
season. As a result, only WUE for L. tridentata were calculated (Fig. 6C).
The highest WUE (p<0.05) recorded on 28 January 1999 was on L. triden-
tata, showing a value of 4.62 [mmol C/mol HyO)/m2Z/h. This value was fol-
lowed by those obtained on 19 December and 7 March 1998. On 20
February 1998, WUE were lower than those reported previously, but they
were greater (p<0.05) than those found on 8 February 1999. On this date,
WUE were greater (p<0.05) than those found on 22 March 1998.

There was no relationship (p>0.05) with soil water potential, probably
because of the high soil water potentials during winter. At this time, when tran-
spiration and photosynthesis were measured, values were above -0.8 MPa.
Pre-dawn y; seemed to be related to WUE, as sampling dates with low y; had
higher WUE. The only exception was on samples collected on 19 December
1998. Photosynthetic activity responded to increases in air temperature, but
not to ;. This suggests that L. tridentata responds independently to 1,
although values were higher than -4.0 MPa. Increased 1; and temperatures
resulted in increased photosynthetic activity, while decreases in temperature
during periods of high y; resulted in decreased photosynthetic activity. Water
use efficiency was similar (p>0.05) between treatments in L. tridentata plants.

On 20 February and 7 March 1998, there was no difference (p>0.05)
in WUE between L. tridentata plants. On 22 March 1998, SL., SLMD, and
LLM had greater (p<0.05) WUE than SLM and LL. On 19 December 1998,
and 28 January 1999, there were no differences (p>0.05) in WUE among
treatments on L. tridentata plants. On 8 February 1999, WUE was greatest
(p<0.05) on SL than on the other treated L. tridentata plants.

Spring Season. During spring, the highest (p<0.05) WUE on L. ¢ri-
dentata plants was on 18 April 1998 (mean = 1.93 [mmol C/mol H,0]/m?2/h;
Fig. 7C). Water use efficiency in this shrub was similar (p>0.05) on 10
April, 25 May, and 8 and 23 June 1998. Lowest (p<0.05) WUE on L. tri-
dentata occurred on 18 and 25 May, and 8 June 1998.

When comparing WUE values between plant species, significant differ-
ences (p<0.05) were found in small L. tridentata plants, where SLMD and SLM
showed values of 1.39 and 1.1, respectively. When M. porteri was green, on 10 and
18 April 1998, WUE was similar (p>0.05) at these dates. Water use efficiency was
higher (p<0.01) in M. porteri than in L. tridentata plants during the 1998 growing
season. Water use efficiency was also higher (p<0.05) in MDSL than MSL plants.

On 10 April 1998, MLL and MDSL had the greatest (p<0.05) WUE.
At this time, WUE was similar (p<0.05) on MDSL, MSL, and M plants.
Also, M, LLM, SL and SLMD plants showed a similar (p<0.05) WUE. There
were no statistical differences (p>0.05) in WUE between treatments for L.
tridentata plants. On 18 April, there were no differences (p<0.05) between
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M. porteri and L. tridentata plants. MDSL had greater WUE than L. triden-
tata plants (p<0.05). On 18 and 25 May, and on 8 and 23 June 1998, there
were no differences (p<0.05) between plant treatments within each date.
When there was high soil water potentials due to winter rainfall, L. tridentata
showed high WUE. This may contribute to increase the survival ability of this shrub
to drought periods. The C, pathway in M. porteri alows a greater C fixation with lower
transpirational water loss than a C; plant, contributing to its greater WUE.

CONCLUSIONS

The hypothesis that the resource islands under L. tridentata provide water and
a better microhabitat for M. porteri needs to be rejected in this study. This is because
grass plants growing under L. tridentata and those growing alone showed no differ-
ences in the study variables. In addition, M. porteri growing alone had a greater pho-
tosynthetic activity than M. portert growing under the canopy of L tridentata in the fall.

The hypothesis that M. porteri and L. tridentata coexist because
they stratify periods of greatest physiological activity was partially true.
Predawn 1y, and photosynthetic activity responded to soil water availabili-
ty during spring, summer, and fall in both C3 and C, plants.

Soil moisture availability in spring, summer, and fall, and winter temper-
atures contribute to dryness of M. porteri. Muhlenbergia porteri showed a good and
rapid response to the episodic soil moisture availability in spring, summer and fall.
We demonstrated that M. portert, like several G, grasses, is an opportunistic plant
(i.e., see Bamberg et al., 1975). As such, it quic ily responded to greater soil mois-
ture and warm temperature conditions by increasing its C assimilation and growth
These results partially agree with those of Nobel (1980) in the C, plant Hilaria rigi-
da; this grass was more influenced by water availability than by low temperatures.

Larrea tridentata showed net C assimilation during the entire study
period, except on 25 January 1998, demonstrating its resistance to extreme
both soil moisture and temperature conditions. These results agree with
findings of Strain & Chase (1966) and Bamberg et al. (1975). Larrea tri-
dentata was always metabolically active (Oechel et al., 1972). It was not
dormant like M. porteri under moisture or temperature stress. Larrea tri-
dentata behaved as an opportunistic species because of its increased pho-
tosynthetic activity during periods of high soil water potential. A general
pattern of water competition with M. portert was shown when L. tridentata
growing alone showed a greater net assimilation after a high rainfall event.
However, we were unable to detect if M. portert was affected by the pres-
ence of L. tridentata. Dodd et al. (1998) found that the woody plant Atriplex
canescens used water from different soil horizons than the grasses growing
under its canopy.
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The hypothesis that M. porteri has greater photosynthetic rates when
growing under small than large L. tridentata had to be rejected. This was because
this grass did not have greater photosynthetic rates when growing under small
shrubs. However, differences were found with plant size in L. tridentata and
when this shrub either was or was not in competition with M. porteri. During win-
ter, SL had higher photosynthetic activity than SLM and SLMD. At the same
time, LL and SL had higher photosynthetic activity than LLM, SLM and SLMD.

The hypothesis that removal of senescent plant material in M. porteri
would result in greater photosynthetic rates due to greater light availability for
photosynthesis was rejected. This was because defoliation of 50% biomass of
M. porteri did not result in greater photosynthetic rates compared to undefoli-
ated plants. During summer 1998, photosynthetic activity of small L. tridenta-
ta plants was greater when M. porteri growing under its canopy was defoliated
than when it remained undefoliated. We conclude therefore that L. tridentata
shows the major effects when it grows associated with M. porteri. These effects
are shown by a reduced (1) ability to gather resources (i.e., water), and (2)
capacity for photosynthetic C assimilation and subsequent growth.
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