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ABSTRACT

Sala, O.E., Lauenroth, W.K. and Parton, W.J., 1982, Plant recovery following prolonged
drought in a shortgrass steppe. Agric. Meteorol., 27: 49—58.

The recovery cycle of Bouteloua gracilis (H.B.K.) Griffiths after a 56-day drying cycle
has been monitored to assess the effect of a prolonged drought upon the ability of differ-
ent plant processes to respond to an increase in water availability. Leaf water potential
before dawn and at noon recovered rapidly indicating that the previous drought had a
minimal effect upon these variables. Leaf conductances during the first seven days of the
cycle were considerably lower than the potential values estimated by a simple model,
indicating that the prolonged drought had a profound effect on the behavior of stomata.
Since leaf conductance represents the major control of photosynthesis during recovery
cycles we suggested that the ecological significance of prolonged droughts and the after-
effects lies in their impact upon carbon assimilation.

INTRODUCTION

Semiarid grasslands are water-controlled ecosystems in which biological
activity is stimulated by scant and irregular pulses of precipitation (Noy-
Meir, 1973). Available soil water is the major factor to which the variability
in annual production of semi arid ecosystems can be attributed (Lauenroth,
1979). The availability of soil water influences primary production directly
through plant water status and indirectly through its influence upon nutrient
cycles. ,

In the semi arid shortgrass region, water entering the soil as a result of pre-
cipitation is lost to the atmosphere via evaporation or transpiration
(Lauenroth and Sims, 1976). Deep drainage is a very rare phenomenon
which has not occurred during the ten years we have been monitoring soil
water dynamics. Our interests were focused on the factors which condition
the partitioning of water between evaporation and transpiration.

The water status of plants and activity of water-controlled processes do
not immediately respond to an increase in the water status of the soil. A
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variable period of time elapses between a change in soil water status and an
observed change in a plant process or plant variable status. This period of
time is called the response time or time constant and is a measure of the
inertia of a particular process (Orians, 1975; Westman, 1978).

A rainfall event wets the soil for a specific period of time. Processes with
short time constants relative to the time the soil remains wet will exhibit
long periods at or near the maximum activity level. Plant processes with long
time constants will manifest shorter periods of time at an increased activity
level according to the new status of the soil water. If the time constant is as
long as the duration of the soil wetting, no response will be observed. The
time constant of water-controlled processes is not fixed but is, at least
partially, a function of the degree of water stress to which plants were
previously subjected. The efficiency of utilization of a water input will
decrease as the time constant of the process increases and therefore will
depend on the water status of the plants before the rainfall event.

We designed an experiment in which we subjected the system to a pro-
longed drought and monitored the recovery cycle. By comparing the normal
drying cycle with the recovery cycle, we attempted to assess the effect of
prolonged drought upon the inertia of plant processes. Two key plant
variables were chosen, leaf water potential and leaf conductance, and these
were monitored throughout both cycles. Leaf water potential is related to
photosynthesis, respiration, translocation, and transpiration. Leaf conduct-
ance is a major determinant of photosynthesis under water stress through its
control of CO, uptake (Ludlow et al., 1980). Simultaneously it represents
the major resistance in the transpiration pathway.

MATERIALS AND METHODS

The experiment was conducted at a shortgrass steppe site (latitude
40°48'N and longitude 104°45'W) located in north-central Colorado, approx-
imately 61km northeast of Fort Collins and 40km south of Cheyenne.
Mean annual precipitation is 311 mm, 70% of which occurs during the May
to August growing season. Precipitation at this site is characterized by large
annual variability and by a large proportion of small events which account
for 47% of the total precipitation and 87% of the events. Mean monthly
temperatures range from below 0° C in December and January to 22° C in
July. .

Native vegetation of the Central Plains Experimental Range is dominated
by blue grama [Bouteloua gracilis (H.B.K.) Griffiths] which accounts for
90% of above ground grass biomass and 30% of total above ground biomass
(Lauenroth et al., 1978). Besides grasses, the perennial vegetation is made up
of suffrutescent shrubs such as fringed sagewort (Artemisia frigida Willd.),
forbs including scarlet globemallow [Sphaeralcea coccinea (Pursh) Rydb.],
and succulents such as plains prickly pear (Opuntia polyacantha Haw.).

The experiment utilized a lysimeter containing a cylinder 3 m diameter
x 1.5 m deep of the undisturbed steppe (Armijo et al., 1972). The lysimeter
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provided an accurate measurement of the water received and prevented
lateral losses of water. The experimental system was subjected to a
prolonged drying cycle which started early in the growing season with the
soil profile completely wet and lasted 56 days. Following this, the area
received a major rainfall event of 32mm. Experimental conditions were
obtained by eliminating natural rainfall. The lysimeter was covered with a
canvas tarp supported by a portable structure 50 cm above the ground.
Environmental conditions beneath the tarp were minimally modified because
the area was covered and immediately uncovered after the rainfall occurred.
Moreover, precipitation events in this region are mostly thunderstorms which
occur in the late afternoon or early evening when the effect of covermg the
grassland was minimal.

Soil and plant water status were periodically monitored throughout the
drying and recovery cycles. The data of the drying cycle have been pre-
viously published and are presented in this paper as a reference to compare
the two cycles (Sala et al., 1981). (The leaf conductance values presented
here are 2.23 times greater than the data presented by Sala et al., 1981,
because of a correction for leaf width.) Plant water status was assessed by
measuring leaf water potential and leaf conductance to water vapor. Both
measurements were made exclusively on B. gracilis. Leaf water potential was
measured using the pressure chamber technique (Scholander et al., 1965) at
predawn and after noon between 1300 and 1400 h. Ten replications were
used on each sample date maintaining the standard error below 7% of the
mean.

Leaf conductance to water vapor was measured by means of a diffusion
porometer (Kanemasu et al., 1969), the limitations of which were taken into
account (Meidner, 1981). These data were collected simultaneously with the
leaf water potential information for the same species, but only after noon.
Leaf conductance variability was larger than leaf water potential variability,
consequently the replication number was increased to 15 in an attempt to
achieve similar standard errors.

We assessed soil water status by measuring soil water potential at different
depths. We utilized thermocouple hygrometers (Spanner, 1951) placed at
depths of 5, 15, 25, 40, and 60 cm. Six replications were installed at each
level.

RESULTS

'The 32-mm rainfall event on 8 August rapidly wet the soil profile to a
depth of 15cm (Fig. 1). Thereafter, water was lost to the atmosphere via
evaporation and transpiration from the upper soil layer, slowly decreasing its
soil water potential. The wetting front continued its movement downwards
for 16 days. Deep soil layers at 40 and 60 cm did not exhibit a significant

(P> 0.05) increase in soil water potential but the decreasing trend which
was measured before 8 August ceased, suggesting that transpiration demand
“was being satisfied by the upper layers. These two constrasting processes,
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Fig. 1. Soil water potential as a function of depth throughout a recovery cycle.

drying of the soil from the top downwards and the wetting of it in the same
direction from 15 cm, drove the system to a condition around 31 August in
which the soil water potential was the same throughout the entire profile
except in the 5cm layer. Thereafter, the entire soil profile presented a
decreasing water potential trend.

Predawn leaf water potential recovered rapidly following watering from
— 1.8 to — 0.6 MPa (Fig. 2). After 18 days predawn leaf water potential
began a decreasing trend which finalized when it reached a stable condition
of — 2 MPa at the end of August. Leaf water potential at noon also recovered
rapidly following watering. Values immediately following the rainfall event
were characteristic of non-water deficit conditions (Fig. 2). Noon and pre-
dawn leaf water potentials began to decrease at the time the top soil layer
exhibited a soil water potential of — 2 MPa. Both variables attained stable
minima when the profile of soil water potential was similar to the one
observed before watering. The maxima and minima of predawn and noon
leaf water potential were similar to the ones observed during the first drying
cycle.

The response of leaf conductance to watering was very slow (Fig. 3) when
compared with the recovery of leaf water potential. Leaf conductances
characteristic of non-stress were not observed until 7 days after rewatering.
Leaf conductance decreased at the same time predawn and noon leaf water
potential decreased and reached a stable condition at the end of August.
However, this minimum value was significantly higher (P < 0.05) than the
minimum attained at the end of the first drying cycle.

As a result of the 32-mm rainfall event, leaf water potential before dawn
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Fig. 2. Leaf water potential of Bouteloua gracilis throughout a drying and recovery cycle.
The lower and upper lines represent values at noon and predawn, respectively. Each point
represents the mean of 10 leaves and vertical bars represent + 1 standard error.

and at noon remained at or near a maximum value for 18 days. In contrast,
leaf conductance exhibited only 10 days at or near the maximum.

DISCUSSION

We previously developed models which predicted leaf water potential and
leaf conductance using soil and plant variables (Sala et al., 1981). The
models did not take into account the conditions to which the system had
been previously subjected. Therefore, a good fit obtained using these models
during the recovery cycle will indicate that the previous drought had no
effect upon the status of the predicted plant variable. On the contrary, the
magnitude of the deviation from the predicted response will be an indication
of the effect of the previous drought upon the inertia of the process.

One of the models predicted predawn leaf water potential (¥lpp) as a
linear function of soil water potential of the wettest soil layer (¥,)

Vipp = — 045+ 0.84 ¥

This model, when it was applied to the recovery cycle data, very closely
predicted predawn leaf water potential (Fig. 4(a)) indicating minimal effect
of the previous drought upon the behavior of this variable.

Noon leaf water potential (¥/x) was predicted as a function of effective
soil water potential (¥ ) (Van Bavel and Ahmed, 1976) which is a soil water
potential weighed by the root biomass of different soil layers

Viy = — 3.07 — 0.48 ¥ — 0.22 W3

This model predicted very closely the course of noon leaf water potential
during the early stages of the recovery cycle (Fig. 4(b)) indicating that the
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Fig. 3. Leaf conductance of Bouteloua gracilis throughout a drying and recovery cycle.
Each point represents the mean of 15 leaves and vertical bars represent + 1 standard error.

previous drought had a minimal effect upon the behavior of noon leaf water
potential and it did not alter its response time.

Leaf conductance (g) was predicted as a function of leaf water potential
at noon

IfWly >—3MPa g = 2.77mms"
If—42<V¥iy <—3MPa g = 8.04+ 1.76 Wiy
If¥iy <—42MPa g = 0.66mms™!

The observed leaf conductance during the first 7 days of the recovery cycle
were considerably lower than the predictions of the model (Fig 4(c)). This
deviation during the first stages of the recovery cycle suggested that the
prolonged drought to which these plants were subjected had a profound
effect upon stomatal behavior. The increase in the response time of leaf
conductance as a result of prolonged drought is called ‘after-effect’ (Davies
et al., 1981).

This model predicted leaf conductance at noon utilizing only noon leaf
water potential and it did not consider any of the other environmental
factors such as ambient humidity, leaf temperature, carbon dioxide concen-
tration and radiation which are known to have a major influence upon
stomatal conductance (Hall et al., 1976). Having previously obtained a good
fit with this model (Sala et al., 1981), the lack of fit observed during the first
stages of the recovery cycle was attributed to the after-effect of the pro-
longed drought because the other environmental factors had remained
constant at noon during the portion of the growing season explored.

The models underestimated leaf conductance and overestimated noon
leaf water potential during the later stages of the recovery cycle (Fig. 4(b),
(c)). We hypothesize that the higher conductances observed at the end of the
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Fig. 4. (a) Leaf water potential before dawn; (b) leaf water potential at noon; and (c) leaf
conductance at noon throughout a recovery cycle. Observed (e— — —e) and predicted
(o o) by a model. Vertical bars represent + 1 standard error.

cycle are the result of changes in the average age of leaves and changes in
phenology which occur rapidly at the end of the growing season. Syvertsen
et al. (1981) found that old leaves of orange trees were capable of main-
taining open stomata at lower leaf water potentials than young leaves. On
the other hand, Ludlow and Wilson (1971) observed a decrease in stomatal
conductance with age. The studies of Frank (1981) in Agropyron intermedium
[(Link) Halac], Agropyron desertorum [(Fisch. ex Link) Schult] and
Phalaris arundinacea (L.) suggested a minimal effect of leaf age on stomatal
behavior. It can be concluded that the overestimation of noon leaf water
potentials is a result of the higher leaf conductance observed. The model pre-
dicted leaf water potential using only water potential of the soil and
assumed a fixed relationship between leaf conductance and leaf water status.
A distortion of this relationship resulted in an increase of the transpiration
rate for a given condition of soil water availability and finally a decrease in
the water status of the plant.

Fereres et al. (1979) in a field experiment subjected orange trees [Citrus
sinensis (L.) Osbeck] to severe water stress inducing predawn leaf water
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potentials of — 6.6 MPa. After irrigation they observed that leaf water
potential reached normal values in shorter periods of time than leaf con-
ductance. Furthermore, leaf conductance of trees under the most severe
stress did not fully recover in 2 months. Levy and Krikun (1980) working
with Citrus jembhiri Lush found after a mild water stress an immediate
response in leaf water potential, but leaf conductance required 5 days to
attain normal values. Ludlow et al. (1980) also found for a C, grass that leaf
water potential recovered to the control level after 24h while leaf con-
ductance needed 48h to attain a comparable level. All these experiments
provided support for Bengston et al.’s (1977) statement that the extent of
the after-effect of a drought period varies with the degree of water stress
experienced.

We found that when the soil profile was very dry, small rainfall events
frequently wet only the upper layer which very rapidly dried out. Under
these conditions B. gracilis was subjected to very rapid and severe drying
cycles. Although these plants attained leaf water potentials before rewater-
ing, even lower than those presented here, they showed a smaller after-effect
(Sala and Lauenroth, 1982). Therefore, we suggest that the extent of the
after-effect depends not only on the degree of water stress experienced,
which can be measured as soil or plant water potential, but also upon the
length of the dry period. Schulze et al. (1980) reported that net photo-
synthesis of wild and cultivated plants in the Negev Desert was a function
not only of water stress, estimated as leaf water potential before dawn, but
also of the duration of water stress experienced by the plants.

Usually in the laboratory under controlled conditions and using relatively
small pots, we can only simulate short drying cycles. Prolonged droughts
occur when plants are able to explore the entire soil profile. In this case
lower soil layers maintain a minimum supply of water for a long period of
time which sustains plants although they may be subjected to severe stress.
Under these conditions, roots in the upper layers in particular, will be sub-
jected to very low water potentials for long periods of time.

The physiological mechanism of the after-effect has not been described
for B. gracilis. However, there is abundant evidence in the literature suggest-
ing a negative feedback for drought on stomatal behavior via endogenous
regulators (Davies et al., 1981). This negative feedback occurs via accumu-
lation of abscisic acid (McMichael and Hanny, 1977) or a redistribution
within the leaves (Loveys, 1977).

The initiation of new leaves upon rewatering and the time lag in their
attaining a functional state (Leopold and Kriedemann, 197 5) may explain a
portion of the delay in the recovery of stomatal conductance. Field
observations convinced us that the largest portion of the response could be
attributed to leaves which survived the drought.

The response time of leaf water potential before dawn and at noon
appeared not to be affected by the prolonged drought. On the contrary, the
response time of leaf conductance or its closely-related stomatal conductance
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(Jarvis, 1981) increased as a result of the prolonged drought. Stomatal resist-
ance exerts a greater influence on the recovery of photosynthesis than the
intracellular resistance since it is usually larger and recovers more slowly
(Boyer, 1971, 1976; Bielorai and Hopmans, 1975; Ludlow et al., 1980). We
suggest that the ecological significance of prolonged droughts and the after-
effects lies in their impact upon the carbon assimilation process. Prolonged
droughts should then decrease the water use efficiency. Furthermore, we
suggest that the total activity of processes associated with carbon gains and
losses in an ecosystem depends not only upon total annual precipitation but
also upon the frequency distribution of different event sizes and the
temporal pattern of occurrence during the growing season.
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