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Abstract In the Patagonian steppe, years with aboveaverage precipitation (wet years) are characterized by
the occurrence of large rainfall events. The objective of
this paper was to analyze the ability of shrubs and
grasses to use these large events. Shrubs absorb water
from the lower layers, grasses from the upper layers,
intercepting water that would otherwise reach the layers
exploited by shrubs. We hypothesized that both lifeforms could use the large rainfalls and that the response
of shrubs could be more aected by the presence of
grasses than vice versa. We performed a ®eld experiment
using a factorial combination of water addition and lifeform removal, and repeated it during the warm season
of three successive years. The response variables were
leaf growth, and soil and plant water potential. Grasses
always responded to experimental large rainfall events,
and their response was greater in dry than in wet years.
Shrubs only used large rainfalls in the driest year, when
the soil water potential in the deep layers was low. The
presence or absence of one life-form did not modify the
response of the other. The magnitude of the increase in
soil water potential was much higher in dry than in
humid years, suggesting an explanation for the dierences among years in the magnitude of the response of
shrubs and grasses. We propose that the generally reported poor response of deep-rooted shrubs to summer
rainfalls could be because (1) the water is insucient to
reach deep soil layers, (2) the plants are in a dormant
phenological status, and/or (3) deep soil layers have a
high water potential. The two last situations may result
in high deep-drainage losses, one of the most likely
explanations for the elsewhere-reported low response of
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Introduction
Precipitation is the main limiting factor of primary
production in arid and semiarid zones (Noy Meir 1973).
Aboveground net primary production (ANPP) is linearly related to annual precipitation (PPT) from deserts
to steppes and grasslands (Lauenroth 1979; Sala et al.
1988). However, the slope of the ANPP-PPT relationship changes if we consider only one site through time
(temporal model), instead of several sites across a region
(regional model) (Lauenroth and Sala 1992). The temporal model compares annual production and precipitation data for a given site, whereas the spatial model
compares average production and average precipitation
for dierent sites. In the shortgrass steppe of the United
States of America (mean PPT  321 mm), the temporal
model has a lower slope than the regional model (Lauenroth and Sala 1992). In the Patagonian steppe (mean
PPT  137 mm), ANPP increases linearly with PPT
until 150 mm, where it reaches a plateau (FernaÂndez
et al. 1991).
A hypothesis which accounts for the dierent slopes
between the regional and temporal models is that ecosystems have limited ability to use the extraordinary
water inputs which are characteristic of wet years. The
response of ANPP to an increase in water availability
can be accounted for by the response of several components: species composition, plant density, and production of individual plants. While these three
components change from arid to subhumid sites, only
the third variable can rapidly change from a dry to a wet
year in one site. This hypothesis suggests that in arid and
semiarid zones, rain use eciency (RUE  ANPP/
PPT; Le HoueÂrou 1984) may be lower in wet years than
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Fig. 1 Amount of water received
in events of less than or equal to
5 mm (+, ...) or of more than or
equal to 10 mm (j, ___) as a
function of annual precipitation
for 22 years recorded in the
Patagonian steppe at RõÂ o Mayo
(45°41¢S, 70°16¢W)

in dry years, because of structural constraints which
hamper the ability of plants to quickly respond to pulses
of high water availability (Lauenroth and Sala 1992).
In the Patagonian steppe, the occurrence of a few
large rainfall events is sucient to generate a wet year.
Annual rainfall is signi®cantly correlated with the
amount of water received in events larger than 10 mm
(r  0.83, P < 0.01, n  22), but not with the amount
of water received in events smaller than 5 mm, which
is almost constant among years r  0.37, P > 0.05,
n  22) (Fig. 1). The same pattern was found in the
shortgrass steppe of Colorado (USA), suggesting that
this could be a general phenomenon in arid and semiarid
regions (Sala et al. 1992).
The Patagonian steppe is a cold semiarid system, with
70% of annual rainfall occurring during fall and winter,
which results in a recharge of the soil pro®le during the
cold season almost every year (Sala et al. 1989; Golluscio
and Sala 1993). Shrubs and grasses, the dominant lifeforms in the Patagonian steppe, have contrasting
rooting patterns, resource utilization patterns, and
phenologies. Shrubs concentrate most of their roots
below 30 cm in the soil (FernaÂndez and Paruelo 1988),
use water from the lower layers (Sala et al. 1989), and
remain dormant from late summer to early spring
(Soriano 1983). Grasses concentrate most of their roots
above 30 cm (Soriano et al. 1987), use water from the
upper layers (Sala et al. 1989), and their tillers always
have leaves capable of expanding when soil water
availability and air temperature are favorable (Soriano
1983).
Our objective for this paper was to analyze the ability
of shrubs and grasses to use large rainfall events. This
study attempts to contribute to understanding the phenomenon of reduced RUE during wet years found by
Lauenroth and Sala (1992). Based on the rooting and
water use patterns of shrubs and grasses in the Patago-

nian steppe, we hypothesized that (1) both shrubs and
grasses use the water provided by large events, which
wet the whole soil pro®le, (2) the response of grasses
does not depend on the presence of shrubs, but (3) the
response of shrubs is larger in the absence of grasses.
To test these hypotheses, we simulated rainfall events
of 30 mm on plots with both grasses and shrubs, and
plots with only one of these life-forms. The experiment
was repeated in three dierent years.

Materials and methods
We performed a two-way factorial experiment with two rainfall
regimes (control vs. irrigated with 30 mm rainfall) ´ three life-form
habitats (intact, shrub removal, and grass removal). We repeated
the experiment in three dierent years. The response variables were
leaf growth, leaf water potential, and soil water potential at 5, 15,
30, and 60 cm of depth. On the basis of available information and
experience, we considered Poa ligularis and Mulinum spinosum as
representatives of the grass and shrub life-forms, respectively (Sala
et al. 1989).
The work was carried out at RõÂ o Mayo, southwest Chubut,
Argentina (45°41¢S, 70°16¢W). Vegetation corresponds to the Stipa
speciosa Trin. et Rupr., S. humilis Cav., Adesmia campestris
(Rendle) Skottsb., Berberis heterophylla Jubb., and P. lanuginosa
Poir. community, which predominates in the Patagonian Occidental District (Soriano 1956; Golluscio et al. 1982). This community has a mean aerial cover of 48% and two strata: an upper
shrub layer (15% cover) and a lower grass-dominated herbaceous
layer (33% cover) (Golluscio et al. 1982). The dominant species are
the shrubs M. spinosum (Cav.) Pers., A. campestris and Senecio
®laginoides DC., and the grasses S. speciosa, S. humilis and P.
ligularis Nees ap. Steud. Mean annual rainfall is 137 mm (n  37),
and mean annual temperature is 8.4oC, with mean monthly temperature ranging between 2 and 14oC, in July and January, respectively (FernaÂndez et al. 1991). Soils have an upper sandy layer
45±60 cm deep, and a lower calcareous stony layer (Paruelo et al.
1988).
The experiment was repeated in three consecutive years which
were very similar in terms of overall precipitation: the amounts of
rainfall during the 12 months prior to the simulation were 158, 171
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and 158 mm in years I, II, and III respectively. However, initial
conditions were dierent: the soil water potential in the pro®le was
lowest in year I (dry), and was highest in year III (wet). The second
year had dry initial conditions but a 18-mm natural rainfall event
occurring 9 days after rainfall simulation turned it into the wettest
year (year II, intermediate). Dierent initial conditions were
re¯ected in the green grass biomass at the beginning of the
experiment: in the wet year III, it was 42% higher than in the
initially dry years I and II: 41.8  8.2 versus 29.5  4.7 and
29.4  2.8 g m)2, respectively (means  SE, four 1-m2 plots
harvested each year). Experimental rainfalls were applied at the
beginning of summer.
We randomly allocated four replications per treatment to 24
20 ´ 20 m plots, separated by 10-m-wide alleys and located within
an exclosure for large animals. We manually removed grasses and
shrubs every year, and we simulated rainfalls with water sprinklers.
We compared only control and irrigated intact plots the ®rst year.
We performed analysis of variance on each response variable
within each date, and considered dierences as signi®cant when
P < 0.05.
Leaf elongation of P. ligularis was measured on expanding
leaves following the technique described by Soriano et al. (1976):
we ®rst placed a 3-mm-diameter wire rod vertically near the tiller
containing the leaf to be measured. Second, we attached the tiller
and the leaf to the rod with two plastic rings. Third, we marked the
location of the leaf tip on the rod with another plastic ring. We
recorded periodically the dierence between current and previous
position of the leaf tip on the rod. The selected leaf was replaced by
an other expanding leaf from the same tiller when the ligule was
visible. Five subsamples, each from a dierent tussock, were measured in each plot with grasses.
We measured the length of the growth of the year in branches of
®ve individuals of the shrub M. spinosum of modal height in each
plot. Growth of the year is easy to identify in M. spinosum because
their branches change color from green to gray during winter. At
the end of each experiment, we harvested the growth of the year on
10 ´ 25 cm quadrats located at the top of ®ve shrubs selected from
each plot with shrubs.
We evaluated leaf water potential using the pressure chamber
technique (Scholander et al. 1965), taking standard precautions to
minimize errors (Turner 1988). We enclosed grass leaves in a plastic
tube, 3 mm in diameter, prior to severing them from the plant. We
transported shrub twigs from the plot to the pressure chamber, a

Fig. 2 Leaf elongation of the
grass Poa ligularis during the
®rst week after simulated rain
and annual branch growth of
the shrub Mulinum spinosum in
response to 30-mm simulated
rains in plots which remained
intact and plots where the other
life-form had been removed for
three years. White bars are
control treatments and black
bars are irrigated treatments.
Dierent letters indicate signi®cant dierences among treatments within each year
P  0:05

few meters away, in a plastic container. We did not enclose the
sample while it was in the chamber because condensation is unlikely to occur under dry Patagonian conditions. We never recut
the portions of leaves and twigs external to the seal of the chamber.
We accurately estimated the endpoint with a dissecting microscope.
We utilized one new branch of M. spinosum and one expanding leaf
of P. ligularis per replication. We made measurements at midday in
the three years, and before dawn only in the ®rst two years (dry and
intermediate).
We measured soil water potential with PC55 Wescor thermocouple hygrometers (Spanner 1951) and a Wescor HR 33 dew point
microvoltmeter. Hygrometers proved to be a reliable way of
assessing soil water potential patterns in the Patagonian steppe
(Soriano and Sala 1983, 1986; Sala et al. 1989). We buried one set
of hygrometers at 5, 15, 30, and 60 cm depth in the center of each
plot, which yielded a total of 96 hygrometers. We made the measurements on the same dates that we measured leaf water potential.
We did not record soil temperature because it does not aect the
estimate of soil water potential when using the dew point technique
(Wescor 1979). We took precautions against temperature gradients
which could cause errors in soil water potential measurements
(Brown and Oosterhuis 1992). First, the geometry of the Wescor
hygrometers minimizes the eect of temperature gradients between
the soil and the thermocouple (Wiebe and Brown 1979; Brown and
Bartos 1980). Second, we did not make comparisons among soil
depths, and we located hygrometers horizontally because the main
spatial gradient of soil temperature is vertical (Wiebe et al. 1977;
Brown and Oosterhuis 1992). Third, given that the main temporal
gradients of soil temperature are the daily and seasonal dynamics,
we always measured soil water potential at the same time of the day
(mid-morning), and only made comparisons among treatments
within each date.

Results
Leaf elongation of grasses was always higher in irrigated
than in control plants, and this response was unaected
by the presence of shrubs. The magnitude of the response was larger in the driest than in the wettest year
(Fig. 2). Shrub growth did not show any response to
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Fig. 3 Midday leaf water potential responses of the grass P. ligularis to
30-mm simulated rains for three years. Thick lines indicate irrigated
treatments and thin lines indicate control treatments; ___ intact
treatments, - - - - shrub removal treatments; * signi®cant rain eect.
Statistical comparisons within dates: P  0:05, except when symbol is
between parentheses P  0:10

Fig. 4 Midday leaf water potential responses of the shrub M. spinosum
to 30-mm simulated rains for three years. Thick lines indicate irrigated
treatments and thin lines indicate control treatments; ___ intact
treatments, ...... grass removal treatments; * signi®cant rain eect, s
signi®cant removal eect. Statistical comparisons within dates:
P  0:05, except when symbol is between parentheses P  0:10

water addition, but showed an increment in response to
grass removal (Fig. 2).
Leaf water potential of grasses rapidly increased in
response to the large experimental rainfall events, and
reached similar values in wet or dry years. As with leaf
elongation, the response was unaected by the presence
of shrubs, and increased with the initial water stress
(Fig. 3). The leaf water potential of shrubs increased as a
response to simulated rainfall only in the driest year, and
it increased as a result of grass removal only in the intermediate year (Fig. 4). Pre-dawn leaf water potential
followed the midday patterns. The response of grasses
was greater than that of shrubs, the response of both
life-forms was greater in the dry than in the intermediate
year, and the shrubs did not respond to rainfall simulation but to grass removal (Fig. 5).
Soil water potential increased immediately after
rainfall simulation at 5 cm (Fig. 6a), and with a delay in
deeper layers. Time delays were longer at 60 than at
30 cm in all three years. These time delays are well
represented by the time after rainfall simulation at which
signi®cant rainfall eects begin to be observed in Fig. 6.

This lag was longer in the wet year (III) than in the
initially dry years (I and II). The increase in soil water
potential at 15 cm was immediate in the dry and the
intermediate year, but it also showed a time delay in the
wet year (Fig. 6b). The rain eect on soil water potential
was observed both in control and removal treatments
(Fig. 6a±d).
Grass removal resulted in an increase in soil water
potential at 15 and 30 cm depth, both in irrigated and
non-irrigated plots (Fig. 6b, c). At 5 cm, instead, grass
removal eects were only observed on irrigated plots
(see interaction eects on Fig. 6a). All these removal
eects were observed at least 1 month after the rainfall
simulation (Fig. 6a±c). No removal eects were recorded
at 60 cm, where root density is very low (Soriano et al.
1987; FernaÂndez and Paruelo 1988).

Discussion
Our results support the hypothesis about the response
of grasses to large rainfall events, but only partially
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Fig. 5 Pre-dawn leaf water potential responses of the grass P. ligularis
and the shrub M. spinosum to 30-mm simulated rains for two of the
three years. Thick lines indicate irrigated treatments and thin lines
indicate control treatments; ___ intact treatments, ...... grass removal
treatments, - - - - shrub removal treatments; * signi®cant rain eect, s
signi®cant removal eect. Statistical comparisons within dates:
P  0:05, except when symbol is between parentheses P  0:10

support the hypothesis concerning the response of
shrubs. As predicted, grasses used large rainfall events
both in the presence or absence of shrubs. Shrubs only
responded to them when the soil before the simulated
rainfall was relatively dry at 30±60 cm, which is where
their roots are concentrated (FernaÂndez and Paruelo
1988). In contrast, shrubs did not respond in years when
deep soil layers were already wet before watering. The
absence of grasses did not improve the use by shrubs of
the extra water supply.
The response of grasses and shrubs to large rainfall
events increased with water stress, as found by Hodgkingson (1992) (Fig. 7). The smaller magnitude of the
response in leaf growth and leaf water potential in wet
years than in dry years may be the result of plants being
closer to their maximum values (Ansley et al. 1992). The
values of the irrigated plants, similar in wet or dry years,
support this hypothesis and are in accordance with data
shown by Sala et al. (1982) for the shortgrass steppe of
North America.
Responses of shrubs to large rainfall events were
never measurable in terms of leaf growth, and only in

the driest year in terms of leaf water potential. In this
year, the increase in soil water potential at 30 and 60 cm
as a result of the experimental rain was higher than in
the other two years. The large events caused a very small
increase in deep soil water potential during wet and intermediate years, because it was close to its maximum
value (Sala et al. 1989).
The large events likely caused deep percolation losses
in wet years. The depth of penetration of a rainfall event
is inversely related to soil water content (Hanks and
Ashcroft 1980). If the rainfall simulated in the intermediate year immediately reached 60 cm depth, it must
have percolated beyond this depth in the wet year.
The depression of midday leaf water potential with
respect to the pre-dawn leaf water potential (pre-dawn
minus midday leaf water potential) was higher for
grasses than for shrubs in the two years compared
(Fig. 8). This could be the result of the dierent distribution of shrub and grass roots in the soil pro®le (Soriano et al. 1987; FernaÂndez and Paruelo 1988). Grasses
have their roots concentrated in the upper soil layers and
shrubs in the lower layers, which in the Patagonian
steppe are the wettest throughout most of the year (Sala
et al. 1989; Paruelo and Sala 1995). The dierential root
location may account for the higher leaf water potential
of shrubs and the lower amplitude between pre-dawn
and midday. The interaction between the location of
roots and the distribution of soil water in the pro®le can
be quanti®ed by the eective soil water potential which
weights the soil water potential by the root biomass of
each layer (Sala et al. 1981). The eective soil water
potential for shrubs was, on average, higher than that of
grasses ()2.4 MPa for shrubs vs. )6.2 MPa for grasses
in the dry year, and )1.0 for shrubs vs. )3.7 MPa for
grasses in the intermediate year).
Large rainfall events caused an increase in the soil
water potential of the entire pro®le, but with a time
delay which increased with soil depth because water
enters the soil from the top. Lags should be shorter in
wet than in dry soils because hydraulic conductivity
increases with soil water potential. In fact, the lag was
longer in the dry than in the intermediate year at every
depth (Fig. 9). However, the lag was longer in the wet
year than in the dry and intermediate years, suggesting
that an additional process may cause the time delay in
the wet soil. When soil is wet, water addition causes a
smaller increase in soil water potential than in soil water
content, because of the shape of water retention curves.
Only after evaporation and/or plant absorption have
signi®cantly reduced soil water content does the eect of
water addition become detectable in soil water potential.
We suggest that in wet soils, the time delay increases
with soil depth because both evaporation and plant
absorption decrease with soil depth (Alizai and Hulbert
1969; Soriano et al. 1987; FernaÂndez and Paruelo 1988).
Recent publications have reported the absence of
response to summer rainfall of deep-rooted shrubs.
Several of these papers found that the isotopic composition of xylem water of shrubs was closer to that of
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Fig. 6 Soil water potential at 5 (a), 15 (b), 30 (c), and (d) 60 cm depth
in response to 30-mm rain simulated during a dry, intermediate, and
wet (III) year. Thick lines indicate irrigated treatments and thin lines
indicate control treatments; ___ intact treatments, ...... grass removal
treatments, - - - - shrub removal treatments; * signi®cant rain eect, s
signi®cant removal eect, d signi®cant rain ´ removal interaction
eect. Statistical comparisons within dates: P  0:05, except when the
symbol is between parentheses P  0:10

winter rainfall than to that of summer rainfall (Ehleringer et al. 1991; Flanagan and Ehleringer 1991; Ehleringer and Dawson 1992; Flanagan et al. 1992; Valentini
et al. 1992; Donovan and Ehleringer 1994; Phillips and
Ehleringer 1995). These studies did not manipulate the
amount of water supplied by summer rainfall. Consequently, the lack of response of shrubs could have been
caused by the amount of water in summer rainfall being
insucient to reach the rooting depth of shrubs. Unfortunately, the few manipulative experiments available
are not sucient to answer this question either, because
the penetration depth of water was smaller than the
rooting depth of the unresponsive shrubs (MontanÄa et
al. 1995; Lin et al. 1996). In the experiment of Lin et al.
(1996), simulated rainfall only reached 45 cm, while

Fig. 7 Response of midday leaf water potential of grasses and shrubs
to the rainfall simulation in dry and wet years. The response was
calculated as the dierence between the midday leaf water potential of
irrigated and control plants

at least one of the two unresponsive shrubs ± Chrysothamnus nauseosus ± in some cases behaves as a
phreatophyte (Toft 1995). The experiment performed by
MontanÄa et al. (1995) in Southern Chihuahua, Mexico
has the same problem because water penetrated 40 cm,
but 40% of the roots of the unresponsive shrub ±
Prosopis glandulosa ± are below 67 cm (Heitschmidt et al.
1988). The low penetration depth of the rainfall cannot
be a possible cause of the lack of response of the Patagonian shrubs to summer rainfalls since we showed that
water reached the soil layers where shrubs concentrate
their roots.
We identi®ed some other possible causes for the lack
of response of shrubs to summer rainfalls. We propose
that the response of deep-rooted plants to a summer
rainfall event (constant size) depends on the phenological stage of the plants and the water status of the soil.
When plants are dormant, they cannot use any summer
rainfall. When plants are active, if water falls on dry soil
it may be insucient to reach the depth where most
shrub roots are located. If water falls on wet soil, it will
only cause plant responses if the subsequent rate of soil
drying is high enough to cause detectable dierences in

Fig. 8 Depression of midday leaf water potential relative to pre-dawn
leaf water potential values for grasses (......) and shrubs (- - -) in dry
and intermediate years. The leaf water potential depression of grasses
and shrubs was calculated as the dierence between pre-dawn and
midday leaf water potentials. Only data from control and intact plots
were used in order to simplify the drawing
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cannot use water supplied by extremely large rainfall
events, which penetrate beyond their shallow rooting
depth. Finally, shrubs can respond to large rainfalls
which occur when the soil they explore (30±60 cm) is dry
(i.e., after December; Sala et al. 1989), but while shrubs
are still phenologically active (i.e., before April; Soriano
1983). This could explain a similar lack of response
to large rainfalls found in a Niger arid steppe (Wylie
et al. 1992), and in the shortgrass steppe of the USA
(Lauenroth and Sala 1992), where rainfall events of
more than 30 mm had only a minor in¯uence on forage
production.
Several global climate models predict that mean total
rainfall will increase in the Patagonian steppe between 5
and 12%, depending on the model (GISS, Hansen et al.
1983; GFLD, Manabe and Wetherald 1987; UKMO,
Wilson and Mitchell 1987). On a long time scale,
structural changes in the plant communities could occur
which would improve the response of the ecosystem to
these large rainfall events. However, our results suggest
that, for the current community structure, a larger increase in ANPP could be expected if this rainfall increase
is caused by an increase in the number than by an increase in the size of the rainfall events.

Fig. 9 Time delay in the response of soil water potential to rainfall
simulation at each depth in dry, intermediate, and wet years. The
delay is measured as the number of days between the rainfall
simulation and the time of occurrence of a statistically signi®cant
dierence in soil water potential between irrigated and control
treatments

the soil water potential of the layers the plants explore
before they become dormant. As the soil water potential
increases, the probability of a portion of a rainfall event
being lost through deep drainage increases. As the size of
the event increases, the probability of plant response
would increase if the rain falls on dry soil, but would
remain constant if it falls on wet soil.
The results of our rainfall simulation experiments
suggest an explanation for the reported decrease in RUE
in wet years, characterized by the occurrence of large
rainfall events. This decrease in RUE in wet years would
be responsible for the slope of the temporal ANPP
versus PPT model being lower than that of the ANPP
versus PPT spatial model (Lauenroth and Sala 1992).
First, during fall and winter, when the activity of plants
is minimal, all the water exceeding the water holding
capacity (100 mm until 120 cm depth) is lost via deep
drainage independent of the size of the event (Paruelo
et al. 1988). Paruelo and Sala (1995) showed that the
response of transpiration to increasing precipitation
¯attens out at lower values for fall-winter precipitation
than for spring-summer precipitation. Second, grasses
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