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Abstract

Ecosystem dynamics in arid and semiarid climates are strongly dependent on the soil water availability which, in turn, is the
result of a number of complex and mutually interacting hydrologic processes. This motivates the development of a process-based
framework for the analysis of the soil water content in the root zone at the daily time scale. This paper reviews the results that the
authors have obtained using a probabilistic-mechanistic model of soil water balance for the characterization of the seasonal regimes
of soil moisture with different combinations of climate, soil, and vegetation. Average seasonal soil water content and level-crossing
statistics have been used to study conditions of water stress in vegetation. The same framework has been applied to the analysis of
the impact of interannual climate fluctuations on the seasonal regime of soil moisture and water stress.

© 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction

The spatial and temporal dynamics of soil moisture
has been often investigated in connection to its inter-
actions with a number of hydrologic, atmospheric, and
ecologic processes. In fact, the soil water content con-
trols the rates of rainfall infiltration, deep percolation,
and runoff generation; soil moisture conditions affect the
heat budget of both soil and near-surface atmosphere,
leading to an important coupling between processes
taking place at the soil surface and in the planetary
boundary layer. Soil moisture controls also the dy-
namics of terrestrial ecosystems, especially in conditions
of scarce water availablity. In such environments, the
rates of transpiration, carbon assimilation, and biomass
production are often limited by the soil water content
during the growing season. In these conditions of water-
limited transpiration, vegetation undergoes a state of
water stress, which depends (in terms of duration and
frequency) on the plant physiology and the local ped-
ological and climatic characteristics. The nutrient cycle
and the budget of organic matter in the soil are also
strongly affected by the dynamics of soil moisture.
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This paper reviews some of the analytic probabilistic
tools we have recently developed to address the study of
the temporal dynamics of soil moisture at a point and its
implications on plant ecosystems. Due to the random
character of precipitation, a stochastic approach has
been used to investigate the soil water balance, and a
probabilistic characterization of soil moisture dynamics
has been obtained in terms of probability distribution,
moments [9,26,29], and crossing statistics [20,22] of soil
water content. The analysis of the stochastic soil water
balance has privileged a process-based approach instead
of a mere fitting of some stochastic models to the data.
This has allowed the development of mechanistic models
of ecosystem dynamics in water-limited environments
(e.g., [27,28]). In particular, these models have shown
how different climate, soil, and vegetation characteristics
can affect the regime of soil moisture during the growing
season in plant ecosystems [10]. They also provide a
quantitative criterion to assess to which extent the non-
linearities and feedbacks embedded in the dynamics of
soil moisture are able to enhance the effect of climate
fluctuations on the seasonal regime of soil moisture
[5,23].

The present analysis is limited to cases where the soil
moisture dynamics may be considered in statistically
steady conditions during the growing season. For an
assessment of the importance of transient conditions at
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the beginning of the growing season the reader is re-
ferred to Laio et al. [11] and Rodriguez-Iturbe et al. [30].

2. Probabilistic modeling of soil moisture dynamics and
water balance

This section presents a brief summary of the analyt-
ical tools characterizing the probabilistic soil moisture
dynamics as studied in detail by Rodriguez-Iturbe et al.
[26] and Laio et al. [9]. The probabilistic representation
of the soil water balance is expressed by the stochastic
differential equation

an$:1(s,t)—E(s)—L(s), (1)
where 7 is the porosity, Z, is the active depth of soil, s is
the relative soil moisture content, I(s,¢) is the rate of
infiltration from rainfall, E(s) is the rate of evapotran-
spiration, and L(s) is the rate of leakage or deep infil-
tration.

Rainfall is stochastically represented as a Poisson
process of storm arrivals in time with rate 4, each storm
having a depth 4, modeled as an exponentially distrib-
uted random variable with mean «. Rainfall results in an
infiltration depth into the soil, /(s,¢), which is taken to
be the minimum of / and nZ.(1 — s) to reflect the fact
that only a fraction of / can infiltrate when the rainfall
amount exceeds the storage capacity of the soil column.
Excess rainfall produces runoff according to the mech-
anism of saturation from below. Canopy interception,
which is responsible for the capture and subsequent di-
rect evaporation of some of the precipitation prior to its
arrival at the soil surface, is included in the model by
assuming a threshold of rainfall depth, 4, below which
no water effectively penetrates the canopy. Then, ana-
lytically, the only change necessary is to modify the rate
of storm arrivals, 4, to A’ = ie~* [26]. All model results
are interpreted at the daily time scale.

The term E(s) incorporates losses due to evaporation
from the soil and transpiration from the plant. At the
daily time scale E(s) may span three regimes: it linearly
increases with s from 0 at the hygroscopic point, sy, to
E,,, at the wilting point, s, (soil evaporation regime).
For larger values of s E(s) has a linear rise (stressed
evapotranspiration regime) from Ey, at sy, to Ep,x at s*,
where s* is the soil moisture level at which the plant
begins to close stomata in response to water stress and
E.x 1s the climate and vegetation dependent maximum
daily evapotranspiration rate. For values of s exceeding
s* evapotranspiration is decoupled from soil moisture
and remains constant at E,x (unstressed evapotranspi-
ration regime), which represents the average daily
evapotranspiration rate during the growing season
under well-watered conditions.
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Fig. 1. Soil water losses (evapotranspiration and leakage), x(s), as
function of relative soil moisture for typical climate, soil, and vegeta-
tion characteristics in semiarid ecosystems. After Laio et al. [9].

Assuming no interaction with the underlying soil
layers and water table and the absence of significant
topographic gradients, L(s) represents vertical percola-
tion with unit gradient

K

L(s) = Fl—w) — 1

[eﬂ(sfsm —1], (2)

where K is the saturated hydraulic conductivity, sg is
the field capacity, and f = 2b + 4 with b the pore size
distribution index. The leakage losses predicted by Eq.
(2) have very similar behavior to those given by the
commonly adopted power law representation (e.g., [3]),
yet for reasons of analytical tractability Eq. (2) is
adopted over the customary power law. The sum of the
evapotranspiration and leakage losses y(s) = E(s) + L(s)
is shown in Fig. 1; its behavior is very similar to the ones
both employed in similar studies (e.g., Cordoba and
Bras [38]) and found in field investigations (e.g., Salv-
ucci, 2001). The values of sy, sy, s* and sg. are related to
the corresponding soil matric potentials ¥, , ¥, ¥,
and ¥, through the empirically determined soil-water
retention curves (e.g., [3]).

The analytical expression for the steady state proba-
bility density function (pdf) of soil moisture as well as
the expressions for the water balance components dur-
ing the growing season are given in Laio et al. [9] under
the assumption of statistically homogeneous growing
season climate.

Fig. 2 shows an analysis of the role of changes in the
frequency of storm events A on the soil moisture pdf,
while the mean rainfall depth o and the climatic control
on E.« are kept constant. A coarser soil texture corre-
sponds to a consistent shift of the pdf toward drier
conditions. The shape of the pdf also undergoes marked
changes and resembles the one empirically found (e.g.,
Salvucci [39]). The broadest pdfs are found for shallower
soils.
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Fig. 2. Examples of pdfs of soil moisture for different type of soil, soil
depth, and mean rainfall rate. Continuous lines refer to loamy sand
(Ks =100, n = 042, s, = 0.08, s, = 0.11, s* = 0.31, s, = 0.52), dashed
lines to loam (K; =20, n=0.45, s, =0.19, s, =0.24, s* =0.57,
sie = 0.65). Left panels correspond to Z. = 30 cm, right panel to 90 cm.
Top, center, and bottom graphs have a mean rainfall rate 4 of 0.1, 0.2,
and 0.5 d™' respectively. Common parameters to all graphs are o, = 1.5
cm, 4 =0 cm, E, = 0.01 cm/d, and E,x = 0.45 cm/d (after Laio et al.
9D.

An indication of the impacts on vegetation of the
probabilistic dynamics of soil moisture is provided by
the analysis of particular realizations of soil moisture
traces. Fig. 3 shows a superposition of two traces of soil
moisture with the same rainfall realization for the case
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Fig. 3. Example of traces of soil moisture for the same rainfall se-
quence in a loamy soil with different depths (¢ =1.5cm, A=02d"",
A =0 cm, E, =0.01 cm/d, E..x = 0.45 cm/d). Continuous line refers
to Z, = 90 cm, dashed line to Z, = 30 cm. The other parameters are the
same as in Fig. 2¢ and d (---) (after Laio et al. [9]).

of a loam with two different depths of active soil. In both
cases the levels of soil moisture s* and s,, are the same.
The mean soil moisture is also approximately the same
in both cases. The continuous line, corresponding to the
deeper soil, is almost always between s* and s,,, differ-
ently from the shallower soil where the trace lively jumps
and decays between low and high soil moisture levels.
The following section discusses how this different be-
havior in the soil moisture dynamics is important to
plants of different types, and which are the possible re-
sponses of vegetation and the different strategies of ad-
aptation to water stress.

2.1. Long-term water balance

The different terms of the long-term water balance are
the averages of the respective components of the soil
moisture dynamics. Rainfall is first partitioned into in-
terception, runoff, and infiltration. Infiltration is then
divided into leakage and evapotranspiration. For pur-
poses of describing vegetation conditions, the amount of
water transpired can be further divided into water
transpired under stressed conditions and water tran-
spired under non-stressed conditions. The water balance
is thus

(R) = (1) = (Q) — (E) — (Ews) — (L), (3)

where (R) is the mean rate of the rainfall, (/) is canopy
interception, (Q) represents the mean rate of runoff, (E)
and (E,s) are the mean rates of evapotranspiration un-
der stressed and non-stressed conditions, respectively,
and (L) is leakage.

Fig. 4 presents examples of the dependence of the
water-balance components—normalized by the mean
rainfall rate—on some characteristics of rainfall regime,
soil, and vegetation. The influence of the rainfall rate 4 is
shown in Fig. 4a for the case of a shallow loam. Since
interception is a linear function of the rainfall rate, it is
not surprising that the fraction of water intercepted re-
mains constant once it is normalized by the total rain-
fall, «A. The percentage of runoff increases almost
linearly. More interesting is the interplay between leak-
age and the two components of evapotranspiration. The
fraction of water transpired under stressed conditions
rapidly decreases, while the evapotranspiration under
non-stressed conditions evolves in a much more gradual
manner. As discussed by Porporato et al. [20], this last
aspect has interesting implications for vegetation pro-
ductivity. It is clear that in semiarid conditions most of
the water that actually reaches the soil is lost by evapo-
transpiration (in particular transpiration), a result in
agreement with many field observations (e.g., [6,32,
33,35)).

Fig. 4b shows the role of the active soil depth in the
water balance. For relatively shallow soils there is a
strongly non-linear dependence on soil depth of all the
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Fig. 4. Components of the water balance normalized by the total
rainfall. (a) Water balance as a function of the mean rainfall rate 4, for
a shallow loamy soil (Z, = 30 cm, o = 2 cm). (b) Water balance as a
function of the soil depth Z,, for a loamy sand (¢ =2 cm, A = 0.2d™").
(c) Water balance for a loamy sand as a function of the ratio between
rainfall rate of occurrence (1) and mean rainfall depth (o) for a con-
stant mean total rainfall during a growing season, ® = 60 cm. Other
common parameters are E, =0.01 cm/d, En., =045 cm/d, and
A = 0.2 cm (after Laio et al. [9]).

components of the water balance (with the obvious ex-
ception of interception, which is constant because the
rainfall is constant). For example, changing from
nZ, =5 to 20 the amount of water transpired is practi-
cally doubled.

Fig. 4c shows the terms of the water balance when
both the frequency, 4, and the average storm depth, o,
change but the total amount of rainfall in a growing
season (i.e. al) is kept constant. The result is interesting,
due to the existence of two opposite mechanisms regu-
lating the water balance. On the one hand, for a given
seasonal amount of rain, runoff production strongly

depends on the ratio between soil depth and the mean
depth of rainfall events. The rapid decrease of runoff is
thus somewhat analogous to that in the first part of Fig.
4b, where a similar behavior was produced by an increase
in soil depth. On the other hand interception increases
almost linearly with 4. The interplay between these two
mechanisms determines a maximum of both leakage and
evapotranspiration at moderate values of 4 (of course the
position of the maxima changes according to the pa-
rameters used). This is particularly important to vege-
tation, since the mean transpiration rate is directly linked
to productivity of ecosystems (e.g., [14, p. 383]). The role
not only of the amount, but also of the frequency of
rainfall in soil moisture dynamics, especially in water-
controlled ecosystems (see also [18]), is made clear by the
existence of an optimum for transpiration (a surrogate
for productivity). The particular position of this maxi-
mum in the parameter space is governed by the interplay
of all the mechanisms acting in the soil-water balance,
namely the intensity and amount of rainfall, intercep-
tion, the active soil depth, and the non-linear losses due
to evapotranspiration and leakage.

The steady state analysis of Eq. (2) is most appropri-
ate for the study of water-controlled ecosystems where
rainfall is mostly concentrated in a warm growing sea-
son, and winter is usually temperate and dry. As a con-
sequence, in those cases the starting soil moisture
condition at the beginning of the growing season is not
very different from the rest of the season and transients
due to seasonality are generally not significant. Different
ecosystems which are examples of these conditions are
the savannas of South Africa [35], the shrublands in
southern Texas, at least for most of the growing season
[1,34], and the shortgrass steppe in Colorado [32]. In
contrast, transient soil moisture dynamics and climatic
seasonality can be important in other semiarid environ-
ments, especially at the beginning of the growing season.
As discussed by Rodriguez-Iturbe et al. [30] and Laio
et al. [11], this is related to the climatic conditions (e.g.,
seasonality), to the soil depth, and to the ratio between
losses and rainfall input during the months preceeding
the growing season. Typical cases include Mediterranean
climates (e.g., [15-17]) and the Patagonian steppe [8,19].
Temperate forests in the northwest United States (e.g.,
[37]) are also heavily controlled by transient soil moisture
conditions. In these cases, rainfall and temperature are
markedly out of phase, and the dormant season becomes
a period of consistent soil-water storage to be used
during the following growing season.

3. Plant water stress
This section briefly reviews the analytical tools char-

acterizing the plant conditions in water-limited ecosys-
tems as presented in [20].



A. Porporato et al. | Advances in Water Resources 25 (2002) 13351348 1339

A concept of static vegetation water stress, {, has
been developed to relate the actual value of soil moisture
to two levels of the same variable associated with im-
portant changes in the physiological activities of the
plant, namely the point at which transpiration (and thus
photosynthetic activity) starts being reduced, s*, and the
point at which plants begin to wilt, sy. These two levels
correspond to the point of incipient and complete
stomatal closure, respectively. Static stress is assumed to
be equal to 0 when soil moisture is above s* and equal to
1 when soil moisture is at or below s,,. In between these
soil moisture levels, the static stress is given by

=220

§* — Sy

(4)

where ¢ is a measure of the non-linearity of the effects of
soil moisture deficit on plant conditions.

The simple relationship between { and s permits the
derivation of the pdf of { as a derived distribution of
the steady state pdf of soil moisture [20]. The mean of
the pdf of { includes the periods when { is 0 and is
therefore not very representative of actual vegetative
conditions. The mean value of water stress given that the
plant is under stress, ¢, is more meaningful for our
purposes and is calculated by only considering the part
of the pdf corresponding to { values greater than 0, i.e.
7 ¢
(= )’ (5)

where P(s*) is the probability of a given plant to be
under stress and { is the mean of the pdf of the static
water stress (.

Besides the information given by {, the dynamical
aspects of the water deficit process, namely the duration
and frequency of the stress periods, should also be taken
into account to fully describe the plant stress conditions.
To this purpose, Porporato et al. [20] derived the ex-
pressions for the mean length, T:, of an excursion below
an arbitrary soil moisture threshold, &, as well as the
mean number, 7:, of such intervals during the growing
season. The two crucial thresholds to which these ex-
pressions have been explicitly applied are again s,, and s*.

The above information on the stress intensity, its
mean duration, and its frequency of occurrence may be
combined to define the dynamical water stress, 6. This is
an overall indicator of the condition of the plant under
given edaphic and climatic factors:

1
( CT} >\/n_?* lf E/TLX < knezls7 (6)

)
Il

kTseas
1 otherwise,

where k is an indicator of plant resistance to water stress
and Ty, is the duration of the growing season. The
reader is referred to Porporato et al. [20] for the deri-

vation and full discussion of the dynamical water stress

function, 6.

4. Optimal plant conditions

It was shown in Fig. 4 that, given a total rainfall
during the growing season, there is an intermediate value
of the storm frequency 4 that produces a maximum of
evapotranspiration and possibly optimal conditions for
plant growth. Along the same lines, Fig. 5 shows that, for
a constant seasonal rainfall, the interplay between 4 and
o produces a minimum of dynamic water stress, again for
intermediate values of A. Such evidences provide a richer
connotation to the concept of effective rainfall (i.e. an
event which is intense enough to stimulate biological
processes, particularly growth and reproduction), whose
importance is well known in the ecology of arid and
semiarid ecosystems (e.g., [18]). The number of such ef-
fective events during the growing season is strongly
linked to the interplay between A and o in controlling the
total rainfall. Moreover, the concept of vegetation-
effective rainfall (and thus also the definition of optimal
environmental conditions for vegetation) is not just re-
lated to climatic conditions, but is intimately coupled
with soil and plant properties, such as rooting depth, soil
texture, and physiological plant characteristics. The
same rainfall event, in fact, can be effective for shallow-
rooted plants and completely ineffective for deep-rooted
ones. An interesting field evidence of the importance of
Z, is given by Sala and Lauenroth [31], who found that an
event of 0.5 cm, that is often considered not very im-
portant for some deep-rooted vegetation (e.g., [4]), is
fundamental for Bouteloua gracilis, a short C4 grass of
the Colorado steppe which has most of its roots in the
first centimeters of the soil.

An example of the connection between rainfall regime
and rooting depth is shown by Fig. 5a, where the veg-
etation dynamic water stress is calculated for different
values of Z, and A, keeping fixed the total rainfall during
the growing season at @ = 50 cm. The dynamic stress is
equal to 1 in a large region near the upper right corner
of the diagram, where the values of o are low and the
soil depth is high. In fact, with a low o the percentage of
vegetation-effective rainfall decreases because intercep-
tion becomes more important. In such conditions plants
that are unable to develop a shallow rooting system end
up with suffering permanent damages, because in deeper
soils the level of s is consistently too low to sustain ef-
fective transpiration. The dynamic stress 0 is high also
for very low values of A, mainly because in this case the
rainfall events become too rare and plant survival be-
comes very difficult. For the specific plant parameters
and the particular total rainfall considered in this ex-
ample, the area of best fitness (minimum dynamic stress)
covers a wide range of values of 1 but tends to be limited
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Fig. 5. Optimal vegetation conditions in terms of plant water stress
and total evapotranspiration. (a) Mean dynamic water stress and (b)
total evapotranspiration during the growing season versus timing and
amount of rainfall and active soil depth, keeping fixed the total amount
of rainfall per growing season. In (a), 0 = 1 in the white part of the
diagram, 6 < 0.5 in the darker area of the diagram, and the fixed in-
terval between two adjacent contour lines is 0.05; in (b), evapotran-
spiration is more than 92% of incoming rainfall in the white part of the
diagram, less then 50% in the black area, with a distance of 3% be-
tween adjacent contour lines. Ty, is 200 d, ¢ = 2, and k£ = 0.5. Canopy
interception is included here with a value of 4 = 0.1 cm (after Porp-
orato et al. [20]).

to medium-low rooting depths (dark gray area in Fig.
5a). Of course, the region of optimal condition for a
given amount of rainfall may be different when the
transpiration characteristics of the plants or the soil
properties are changed. Therefore, even when dealing
with only a single plant resource (e.g., soil moisture),
multiple optimal conditions for vegetation may be a
possible way for the coexistence of very diverse species
and the maximization of species diversity. The investi-
gation of such aspects could help clarify how hydro-
logical processes drive and control many aspects of the
biological richness of ecosystems.

A minimum of the plant water stress, however, does
not alone suffices to define the optimal conditions for a
given type of vegetation. A more comprehensive mea-
sure of favorableness of an environment, besides the
plant water stress, should also take into account a
measure of the effective plant productivity and repro-
duction capacity. A preliminary indication of this can be
obtained by confronting the optimum fitness region of
Fig. 5a with analogous regions of maximum evapo-
transpiration, which frequently can be assumed to be a
good surrogate for the productivity of a plant (e.g.,
[2,14,18]). Fig. 5b shows total evapotranspiration as a
function of Z, and /, keeping the total amount of rainfall
fixed to ® =50 cm. The unfavorable conditions for
vegetation are now found near the left bottom corner of
the diagram, where evaporation is low because of an
excessive production of runoff and leakage due either to
a high amount of rainfall per event or to a low rooting
depth. Very high values of 1 are also unfavorable, be-
cause with very light rainfall events canopy interception
becomes increasingly more important. The maximum
evapotranspiration is attained in this case for deep soils
with values of o of about 2 cm (white area in Fig. 5b).

In water-controlled ecosystems, optimal plant con-
ditions are likely to be subordinated to the achievement
of a compromise between low water stress and high
productivity, which is better accomplished through
some specific combinations of climate, soil, and vege-
tation parameters. For the particular example of Fig. 5,
in the case of very frequent but light rainfall events (say,
A > 0.3) the controlling factor is the plant water stress.
Thus shallow rooted species are preferred both because
of a better exploitation of the incoming water (the
amount of water transpired is approximately the same
except for very low values of Z,) and because of less
severe conditions of water deficit. In case of more in-
tense and infrequent rainfall events (e.g., 4<0.3) the
preferable range of Z, shifts toward deeper values where
one finds both high transpiration (e.g., productivity) and
low plant water stress.

The dynamic water stress has been used by Porporato
et al. [21] to investigate optimal plant conditions and the
coexistence of trees and grasses in the Kalahari precip-
itation gradient. As shown in Fig. 6, differences in water
balance and plant water stress between trees and grasses
generate varying preferences for vegetation types along
the transect, with deeper-rooted trees favored in the
more mesic regions of the northern Kalahari and grasses
favored in the drier zones of the southern Kalahari. The
point of equal stress, which could be interpreted as
identifying a region of tree—grass coexistence, is found at
around 4 = 0.2 d~!, which corresponds to a total rainfall
of approximately 420 mm for the seven-month period of
the wet season (October to April). The fact that the
slope of the two curves near the crossing point is fairly
mild may contribute to explain the existence of a wide
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Fig. 6. Behavior of the dynamical water stress as a function of the
mean rainfall rate for trees (---) and grasses (- --) along the Kalahari
precipitation gradient (¢ = 1 cm, Ti,s = 210 d) (after Porporato et al.
[21]).

region suitable for tree—grass coexistence at average
rainfall rates. The pronounced interannual variability of
both rainfall parameters might further enhance the
possibility of coexistence by randomly driving the eco-
system from an increase in grasses during dry years to
tree encroachment during wet years. A similar mecha-
nism has been found to be a possible reason for tree—
grass coexistence in the savannas of southern Texas,
where a strong interannual rainfall variability induces
marked fluctuations in the percentage of tree canopy
coverage (see [1,10,27]).

The analysis of optimal plant conditions in cases
where the initial soil moisture content is important needs
a suitable modification of the dynamic water stress given
before. Such an extension was carried out by Rodriguez-
Iturbe et al. [30]. In particular, they investigated how
intensive or extensive use of water (i.e. plants that rely
on a dependable winter recharge, as opposed to others
that quickly respond to the intermittent and uncertain
rainfall during the growing season) affects soil moisture
dynamics and thus also plant water stress. We refer the
reader to that paper for a discussion of climate, soil, and
vegetation characteristics leading to the dominance or
possible coexistence of these two strategies of water use.

5. The role of soil texture in the Colorado shortgrass
steppe: the inverse texture effect

Soil texture has been shown to influence patterns of
vegetation structure in water-controlled ecosystems
through its impact on soil water availability (e.g., [18]).
This is specially important in an area where water
availability is the key variable driving the structure and
function of the ecosystem. Noy-Meir [18] introduced the
concept of “inverse soil texture effect” as a diagnostic of
arid and semiarid ecosystems. According to his inter-
pretation of this effect, climate and soil texture interact

to give rise to different patterns of soil water availability
with the result that the same plant can exist with lower
seasonal amount of rainfall on coarse soils.

The well documented shortgrass steppe in north-
central Colorado, with its large variability in soil tex-
ture, was used by Laio et al. [10] as a case study to
investigate the role of soil texture on the soil water dy-
namics and on the water stress of its dominant species,
B. gracilis. Other studies in this region have focused on
the influence of soil texture on the probability of re-
cruitment of B. gracilis [13] or on soil water storage
patterns within different soil texture sites [36]. The
occurrence of the inverse soil texture effect may be a
possible explanation for the dominance over time of B.
gracilis at this site.

The mean dynamic water stress, 0, combines the in-
formation contained in the soil moisture crossing
properties and the static water stress to provide a
quantitative index of the overall condition of a plant
under given edaphic and climatic factors. Fig. 7a and b
show USDA soil texture triangles illustrating the 0
values for B. gracilis during the relatively dry and rela-
tively wet years, respectively.
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Fig. 7. Dynamic water stress on the soil texture triangle for B. gracilis:
(a) under a relatively dry climate, o = 0.576 cm and 2 = 0.17 d'; and
(b) under a relatively wet climate, « = 0.674 cm and 4= 0.28 d.
Tieas = 183 d, ¢ = 3, and k = 0.5 (after Laio et al. [10]).
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Fig. 7a shows the 0 values to be in the 0.575 (sand;
black in the figure) to 0.95 (silty clay/silt loam; white in
the figure) range, indicating large sensitivity to soil tex-
ture in the overall condition of B. gracilis under a rela-
tively dry climate. Under such a climate, this C, grass
performs better in a coarse soil than in a fine soil. In
contrast, Fig. 7b shows 0 to be in the 0.44 (silty clay/silty
loam; black in the figure) to 0.48 (sand; white in the
figure) range, indicating reduced sensitivity to soil
texture in the overall condition of B. gracilis under a
relatively wet climate. In addition, for these wetter
conditions this C, grass performs better in a fine soil
than in a coarser one.

For the relatively dry and intermediate climates the
region of minimum sufferance is therefore the “sand
region” while for the relatively wet climate, the most
favorable soil texture region is the “silty loam region™.
This result from the dynamic model of soil moisture
supports the “inverse texture effect”” described by Noy-
Meir [18, p. 37]): “The same vegetation can occur at
lower rainfall on coarse soils than it does on fine ones.
The balance point between the advantage of coarser
texture and its disadvantage occurs somewhere between
300 and 500 mm rainfall”. In order to investigate this
further, Laio et al. [10] computed the mean dynamic
stress for B. gracilis on three soil types, namely sand,
clay, and silty loam, for a continuously varying total
growing season rainfall @ (Fig. 8). The values of « and /4
were linearly increased from those corresponding to the
relatively dry case (© = 179 mm) to those of the rela-
tively wet year (@ = 345 mm). Fig. 8 shows how the
preferential soil type for this grass differs as a function of
©. For a relatively dry year B. gracilis is more fit in sand
than in silty loam or clay (Fig. 7a). Its better fitness in
coarse soils than in fine ones is true for @ up to ap-
proximately 260 mm. As the total growing season

0.8
——Clay

0.7 1 = Sand
—a— Silty Loam

7

0.6

0.5 1

0.4 T T T

15 20 25 30 35

© (cm)

Fig. 8. Dynamic water stress 0 for B. gracilis at CPER as a function of
the total incoming rainfall during the growing season, @. The pa-
rameters o and A vary linearly with ©. T,s = 183 d, k =0.5and ¢ = 3
(after Laio et al. [10]).

rainfall increases above that value, it undergoes less
mean dynamic stress in fine soils than in coarse soils.
Taking into account that the total growing season
(April-September) rainfall is approximately 70% of the
total annual rainfall for this area [12], the point at which
coarse soils become better than fine soils for B. gracilis,
or viceversa, occurs at an annual rainfall of approxi-
mately 370 mm, which is in the range of values indicated
by Noy-Meir [18]. B. gracilis can do well on coarse soils
on years or sites where annual total rainfall is low and it
can also do well on fine soils on years or sites where
annual rainfall is higher.

Further analyses of the role of soil texture on the soil
moisture dynamics and plant conditions have been
carried out by Fernandez-Illescas et al. [7] who consid-
ered a wider range of climatic and vegetative scenarios
as well as all the textural classes within the USDA soil
textural triangle. Moreover, they investigated the ability
of soil texture to encourage grass/tree coexistence at the
savanna site of La Copita, Texas, under interannual
fluctuations in the rainfall conditions.

6. The impact of interannual rainfall fluctuations

The variability of precipitation during a growing
season is reflected in the high-frequency fluctuations of
soil moisture observed, for example, in Fig. 3. In many
arid and semiarid regions there is also a strong inter-
annual variability in the regime of precipitation (i.e. in
the frequency and in the depth of storms) and, as a
consequence, in the soil moisture dynamics as well (e.g.,
[24]). This year-to-year variability is in part controlled
by general circulation and global climate patterns which
enhance the fluctuations in the growing-season rainfall
regime compared to the typical variability of a Poisson
process with constant coefficient.

Through the action of the long-term water balance,
both such types of fluctuations may be at the origin of
temporal niches of soil moisture availability for plants,
which in turn may affect the coexistence of species and
the development of different strategies of soil water
use. The interannual variability, in particular, may ex-
plain the long-term evolution of some plant ecosystems.

D’Odorico et al. [5] and Ridolfi et al. [23] showed how
changes in the rainfall regime lead to year-to-year fluc-
tuations in the average seasonal soil moisture which may
have bimodal distribution. D’Odorico et al. [5] analyzed
the characteristics of the rainfall regime during the
growing season of the last 60 or 70 years in southwest
Texas, where the impact on vegetation of the pro-
nounced interannual rainfall fluctuations have been well
documented (e.g., [1,27,28]).

Following the stochastic characterization of rainfall
as a marked Poisson process, the interanual variability
of the rainfall regime was characterized through the
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Fig. 9. Analysis of the rainfall regime during the growing season at
Luling (Texas) based on daily data of precipitation: (a) time series of
total seasonal rain (May lst-September 30th). (b) Time series of the
estimated rate of arrival of storms, 4. (c) Time series of the average
storm depth, « (after D’Odorico et al. [5]).

sequence of values of average storm depth, «, and fre-
quency of storm arrivals, A, estimated for each growing
season using the available records of daily precipitation.
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The values of the parameters 4 and o characterizing
the rainfall regime during the growing season were
evaluated for a set of locations, along with their mean
and variance. Fig. 9 shows a typical example of time
series of seasonal precipitation and of average seasonal
values of storm depth, «, and frequency, 4.

The histograms of frequency distribution of these
parameters (Fig. 10) are always unimodal and the co-
efficients of variation of 1 and o are similar in value,
though in Texas the relative variability of 2 was found to
be somewhat weaker than that of «. In all cases, two-
parameter gamma distributions provided a good fit to
the histograms.

A correlation analysis of 1 and o has shown that both
the autocorrelations and the cross correlations are very
weak for o and 1. Thus, these parameters may been
modeled as independent gamma-distributed random
variables.

6.1. Probabilistic behavior of average soil moisture

The mean value of soil moisture during a growing
season, (s), was used by D’Odorico et al. [5] to charac-
terize the impact of climate on water balance and veg-
etation in arid and semiarid regions. A Monte Carlo
procedure was implemented to numerically estimate the
probability distribution of (s) resulting from the random
interannual fluctuations of A and «. Pairs of values,
{2, a}, were repeatedly sampled from their gamma dis-
tributions and the corresponding values of (s) were es-
timated using their analytical expression obtained
through the solution of s [26].

Fig. 11 shows an example of the distributions of (s) for
given climate, soil, and vegetation, with different hy-
potheses on the coefficients of variation of o and A. For
high values of the coefficient of variation of any or both of
these parameters, one observes the emergence of a bi-
modal behavior driven by the variability of the climatic
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Fig. 10. Frequency distribution of the rate of arrival of storms, 4, and of average storm depth, o, estimated from daily data of precipitation for some

locations in Texas during the growing season (after D’Odorico et al. [5]).
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parameters. This behavior suggests that the system tends
to switch between two preferential states, one character-
ized by high average soil moisture and the other by low
average soil moisture conditions. This feature has im-
portant implications for the dynamics of plant ecosystems
because it implies that these systems are subject to soil
moisture conditions which are far from the long-term
average. The bimodal behavior disappears when the
fluctuations become weaker, clearly showing the impor-
tance of the intensity of the fluctuations.

In systems forced by fluctuations of the same inten-
sity, different combinations of climate, soil, and vege-
tation lead to different statistical distributions of (s). As
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an example, the role of climate can be investigated by
estimating the pdf of (s) for different mean values of o
and 1 while keeping unchanged their coefficients of
variation as well as all the other parameters represen-
tative of soil and vegetation. Fig. 12a shows that the
larger the mean seasonal rainfall, the higher the peak in
the mode corresponding to the wet regime. In a similar
way, drier climates lead to an increasingly higher dry
mode until the other mode disappears. For the climate
of Texas (solid line of Fig. 12a), we observe the emer-
gence of two preferential states with the mode corre-
sponding to the dry regime being more pronounced than
the one of the wet regime.

The probabilistic structure of (s) is also very sensitive
to the soil and vegetation characteristics. Fig. 12b shows
the probability distribution of (s) computed for different
values of E,,x. We observe that, as expected, lower rates
of evapotranspiration enhance the wet mode, while
higher values of E.,x correspond to larger values in the
dry mode until the wet mode finally disappears. The
roles of the active soil depth is shown in Fig. 12c re-
marking how the double-mode behavior disappears for
shallow soils. The probability distributions of (s) have
been determined also with different soil (Fig. 12d). The
occurrence of a second mode on the wet regime seems to
be favored in fine-grain soils because of their ability to
retain the water longer, while the dry mode is much
more pronounced in coarser grain soils.

The bimodal character of the probability distribution
of the average soil moisture under fluctuating climatic
conditions is due to the non-linearity embedded in the
dynamics and in particular to the non-linear dependence
of the rates of evapotranspiration and percolation on

p((s))
5
_—_ Emx=2850mmd~' &
4 Y Emx=320mmd~ | \ b)
Y i Emx=500mmd™’! ‘t '
; I
3 [
‘)
B [
P\ |
2 P iy A
/ B7aN
] / A ’ !
/ X P 1
; = |
/ Sl !

s
]<>

_ fine sandy loam d)
_ __ loamy sand
... sand

— (s)
0.2 04 0.6 08 1

Fig. 12. Probability density function of the average soil moisture during the growing season. The parameters for soil and vegetation are the same as
in Fig. 11, apart from (a) where CV[«] = 0.45; CV[4] = 0.23 (after D’Odorico et al. [5]).
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relative soil moisture, as well as to the dependence of
rainfall infiltration on the available soil water storage
capacity.

The possible occurrence of double modes in the
probability distribution of soil moisture had been pre-
viously reported by Rodriguez-Iturbe et al. [25] through
another stochastic model of soil water balance in a
completely different framework. Their results showed
how preferential states may arise in the soil moisture
dynamics at the continental scale as a consequence of
the coupling between soil surface and atmosphere. The
present analysis focuses on a much smaller scale where
there is no recycling of moisture between the land and
the atmosphere. Since here the mean soil moisture dur-
ing the growing season is statically linked to the rainfall
parameters for that same period, the rate of switching of
(s) between the two possible states is determined only by
the interannual rainfall fluctuations.

The effect of interannual rainfall fluctuations on the
mean crossing properties of soil moisture has been
studied by Ridolfi et al. [23] completing the analysis of
the impact of interannual rainfall variability on the
seasonal dynamics of soil moisture.

7. Tree—grass coexistence and optimization of water stress

Rodriguez-Iturbe et al. [27,28] proposed a model to
analyze the coexistence of trees and grasses in savannas
based on the optimization of plant water stress. A sim-
ple definition of water stress was used which is based on
a similar expression to that of Eq. (4) where the soil
moisture conditions are given by the average values
typical of a growing season, i.e.

s*—(s)
St — Sw
0 otherwise.

q
} for s < s*,

(7)

The value of ¢ represents the non-linear response of
vegetation to water deficit. Admittedly this representa-
tion of water stress is much simpler than the one pro-
vided by the dynamic water stress, nevertheless it
embeds most of the effect of soil moisture dynamics on
vegetation. The model considers a region heterogeneous
in soil and vegetation represented by a grid with square
cells which correspond to the average canopy coverage
(e.g., Sm x5 m or 10 m x 10 m). The area covered by
roots of the individual plants is larger than the indi-
vidual cell to allow for competition among neighboring
vegetation. The whole region is assumed to be under the
same climatic conditions.

From the definition of seasonal water stress (7), one
can visualize that different kinds of vegetation will un-
dergo different stress conditions under any prescribed
climatic characteristics. An example of this is shown in
Fig. 13 for a typical case of trees and grasses. The dif-
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Fig. 13. Diagram used to model plant responses to water stress for
mean typical parameter values of trees and grasses (after Rodriguez-
Tturbe et al. [28]).

ferent values of E,, s* and sy, for trees and grasses lead
to stress—soil water curves that intersect regardless of the
particular exponent, ¢, used in equation (7). When a site
is considered in isolation from its neighbors and no
spatial interactions take place, soil moisture values
above A favor trees while soil moisture values below A
favor the existence of grasses.

Competition for soil moisture is assumed to take
place locally and depend on the levels of stress of
neighboring plants. The spatial dynamics controlling the
competition for soil moisture is assumed to globally
minimize the vegetation stress resulting from deficits of
soil water content. No attempt is made to model the
temporal dynamics of the vegetation system: given the
soil, climate and vegetation fields we allow for local
(spatial) competition for water (each cell with its eight
nearest neighbors) and we estimate the corresponding
field of soil moisture. Of all the possible scenarios of
competition and configurations of the field of soil
moisture, that leading to a minimum global vegetation
stress (i.e. mean seasonal stress throughout the simula-
tion domain) was assumed the one that takes place. In
this scheme, the competition for soil moisture is always
local but the goal is a global optimum. The analysis was
repeated with different (assigned) compositions of the
vegetation fields. The best fitness to the environmental
conditions (i.e. climate and soils) was assumed to be
associated with compositions of vegetation corre-
sponding to the minimum global stress.

The spatial scheme of interaction presented above was
applied to the case of Nylsvley savanna [27,28,35]. In this
case the vegetation layer was composed by Burkea afri-
cana (woody) and Eragostris pallens (herbaceous). As
shown in Fig. 14, the minimum-stress situation corre-
sponds to a tree canopy density near 35% which matches
quite well the values of 30-40% observed in the field [35].
With no spatial interactions, the optimal condition is a
field 100% covered with grass, while the spatial dynamics
lead to mixtures of trees and grasses that reduce global
vegetation stress. Fig. 14 also shows the dependence of
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Fig. 14. (a) Average water stress and (b) average soil moisture in tree
and grass sites as a function of tree canopy cover for broad-leaf sav-
annas at Nylsvley (after Rodriguez-Iturbe et al. [28]).

average soil moisture at the tree and grass sites as a
function of tree canopy density. As expected, tree sites
show a higher average soil water content than grass sites
with values that agree well with those observed in the
region (as inferred from Fig. 6.6 in [35]).

The impact of climatic fluctuations was studied by
repeating the experiments under different rainfall con-
ditions. A 20% wetter climate leads to a global minimum
vegetation stress with 100% trees. Similarly a 20% drier
climate yields a minimum-stress state at 100% grass. It
was also observed that the spatial interactions which
lead to a more efficient use of soil moisture also yield
higher evapotranspiration rates.

The optimization of water stress was also employed
to investigate the effect of climatic fluctuations on tree—
grass coexistence in the savannas of southern Texas [28]
where significant changes in the canopy density have
been observed to be associated with interannual rainfall
variability [1].

The climatic conditions responsible for the canopy
densities observed in 1941, 1960 and 1983 were assumed
to be those in the preceding decades. The mean growing-
season precipitation (from May through September) was
395 mm in 1931-1941, 339 mm in 1950-1960 and 412
mm in 1973-1983.

The minimization of global vegetation stress as
function of woody plant density resulted in the stress
values shown in Fig. 15. One observes in Fig. 15 that for
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Fig. 15. Average water stress of Eq. (7) with ¢ = 2 as a function of tree
canopy coverage for vegetation at La Copita. Rainfall conditions refer
to months from May through September in Alice during (a) 1931-1941
(average rainfall 395 mm), (b) 1950-1960 (average rainfall 339 mm)
and (c) 1973-1983 (average rainfall 412 mm) (after Rodriguez-Iturbe
et al. [28]).

1941, 1960 and 1983 the minimum vegetation stress
occurs when the density of woody plants is about 15%,
0% and 35%, respectively. These values agree quite well
with the observed ones for those dates (13%, 8% and
36%, respectively).

8. Conclusions

The study of soil moisture dynamics is instrumental
to the understanding of a number of ecological pro-
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cesses, especially in water-limited ecosystems. This paper
has reviewed some probabilistic models developed for a
process-based analysis of the temporal dynamics of soil
water content at a point. The probabilistic character-
ization of the soil moisture regime has been expressed
through its probability distribution, mean, and level-
crossing statistics and these have been used in the
analysis of the duration and frequency of water stress in
vegetation, leading to the formulation of the concepts of
static and dynamic water stress.

This framework has been applied in the study of the
spatial dynamics of soil moisture and water stress in
savannas, suggesting a possible explanation for the ob-
served coexistence of herbaceous and wood vegetation
in these ecosystems. The effect of climatic fluctuations
on the soil moisture dynamics has been finally investi-
gated through the analysis of how average seasonal
values of water content and stress duration are affected
by the interannual variability of the precipitation re-
gime. The non-linearity of the underlying dynamics may
lead to the emergence of a double mode in the proba-
bility distribution of seasonal soil moisture, suggesting
the existence of two preferential states in the interannual
variability of average soil water content, and the en-
hancement of the impact of climate fluctuations on
vegetation in arid and semiarid ecosystems.

Ongoing research is applying this probabilistic
framework to the study of the soil nitrogen and carbon
cycles: a process-based model of nutrient dynamics is
being developed which estimates the mass balance of
carbon and nitrogen in the different pools of soil organic
and inorganic matter accounting for the dependence of
the processes of mineralization, nitrification, denitrifi-
cation, root uptake, and leaching on the soil water
content. This approach leads to an analysis of the effect
of the random forcing of precipitation on the seasonal
dynamics of nutrients, and suggests a new criterion for
the mechanistic modeling of soil nitrogen availability,
nutrient uptake, biomass production, and plant growth
in water-limited ecosystems. Further research is inves-
tigating the role of topography in the spatial variability
of soil moisture, nutrients, and vegetation; the annual
variability of soil water content due to the seasonality of
precipitation and evapotranspiation; and the probabi-
listic modeling of biogenic emission of trace gases from
terrestrial ecosystems.
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