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ABSTRACT

The coupled dynamics of soil moisture, transpiration, and assimilation are studied at the daily time scale by
temporally upscaling the hourly time scale results obtained in a companion paper. The effects of soil and
vegetation characteristics on soil moisture dynamics at the daily time scale and the parameters characterizing
the dependence of transpiration and assimilation on soil water content are analyzed and discussed. The daily
leaf carbon assimilation is then coupled to a stochastic soil moisture model to obtain a probabilistic description
of the carbon assimilation during a growing season. The rainfall regime, in terms of both frequency and amount
of precipitation, controls the mean assimilation during a growing season that reaches a maximum for an inter-
mediate range of daily rainfall probabilities, indicating the existence of arainfall regime that is most effective
for plant productivity. The analysis of the duration and frequency of periods of no assimilation provides a
measure of plant water stress as a function of the soil, vegetation, and climate characteristics. The results are
in good agreement with the dynamic water stress defined in Porporato et al. on the basis of the crossing properties

of the stochastic soil moisture dynamics.

1. Introduction

When temperature and nutrient availability are not
controlling factors, the soil moisture is the key envi-
ronmental variable at the basis of vegetation dynamics.
Thetemporal evolution of soil water availability directly
controls the plant water potential, the related tissue tur-
gor, the transpiration rate, and the leaf carbon assimi-
lation by photosynthesis, which, in turn, impacts the
plant growth and reproduction (e.g., Rodriguez-Iturbe
et al. 2001; Porporato et a. 2001; Porporato and Rod-
riguez-1turbe 2002). The dynamics of plant water po-
tential as well as that of transpiration and assimilation
rates have marked diurnal fluctuations that are modu-
lated by soil moisture dynamics whose crucial features
evolve on a longer (i.e., daily) time scale. The short-
term variability resulting from the diurnal solar forcing
affects plant conditions primarily through its daily av-
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eraged impact on the soil water balance. To pinpoint the
essential interactions between hydrological processes
and vegetation it isthus convenient to bypass the diurnal
fluctuations and focus on the behavior of their mean
daily values.

In this paper, starting from the integration of the re-
sults of a suitable model at the hourly time scale (Daly
et al. 2004, hereafter Part ), the functional dependence
of daily transpiration and net carbon assimilation on
relative soil moisture is found to follow regular behav-
iors that allow simple parameterizations in terms of the
climate, soil, and vegetation characteristics of the orig-
inal hourly time scale model. In particular, the similarity
of the obtained transpiration function with the empirical
one often used in the daily time scale models of soil
moisture dynamics (e.g., Cordoba and Bras 1981; Ding-
man 1994; Rodriguez-lturbe et al. 1999; Laio et al.
2001b) and the analogous link between plant carbon
assimilation and soil moisture offer anew interpretation
of such models and reinforce their previous results. The
functional dependence of daily transpiration and assim-
ilation on soil moisture is then embedded into a sto-
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Fic. 1. Results at daily time scale for Jarvis's approach (continuous line) and Leuning's formulation
(dashed line): (a) relative soil moisture during a drying period; (b), (c) respectively, daily transpiration and
daily net assimilation as a function of relative soil moisture (the approximating piecewise functions are
shown with dotted line; see text for details); and (d) relation between assimilation and transpiration. Loamy
soil, Ry, = 5.6, L,, = 1.4, and soil depth Z, = 60 cm. For vegetation and soil parameters, refer to Tables

1,2, and 3in Part I.

chastic soil moisture model (e.g., Rodriguez-Iturbe et
al. 1999; Laio et al. 2001b) to analyze the impact of
rainfall intermittency on the dynamics of plant carbon
assimilation.

2. Daily time scale dynamics

As discussed in Part |, the diurnal patterns of tran-
spiration and assimilation are strongly controlled by the
values of soil water potential. The mean daily values of
transpiration and assimilation are thus expected to be
characterized by regular and relatively simple relation-
ships with soil moisture dynamics.

Examples of the integrated processes obtained from
the results at the hourly time scale (section 5 of Part 1)
are shown in Figs. 1 and 2. The vegetation parameters
used in the simulations are typical of a C, woody plant
adapted to a semiarid climate (e.g., Scholes and Walker
1993). The mean daily values of soil moisture during
the drying phase are observed to follow a very similar
pattern to those at the hourly time scale. More inter-
esting, the behavior of transpiration, shown in Figs. 1b
and 2a, is found to closely resemble the empirical re-
lationship often employed in hydrologic and ecologic
models at the daily time scale (e.g., Cordoba and Bras
1981; Dingman 1994; Paruelo and Sala 1995; Rodri-
guez-lturbe et al. 1999; Laio et a. 2001b), where tran-
spiration is approximated as a piecewise function of
relative soil moisture, s, constant above a certain s* and

linearly decreasing to zero at the so-called wilting point,
S,; that is,

EO S=S,
S~ Sy
E(s) = ——E, & =s=g¢g 1
© <= S @
OE e s <s=1,

where E,,, is the daily transpiration rate under well-
watered conditions. Thanks to its derivation from the
hourly time scale model, which is more specific from a
physical point of view, this result offers a sounder jus-
tification of the previously mentioned models of soil
moisture dynamics and is similar to the results reported
by Federer (1979). Moreover, as discussed in detail in
the next section, the three parameters of the daily tran-
spiration function (i.e, s,, s, and E,.,) become con-
nected by the temporal upscaling to the plant, soil, and
climate characteristics.

A behavior similar to that of daily transpiration is
also found for the dependence of daily carbon assimi-
lation on soil moisture (Figs. 1c and 2b), which may be
approximated as

to S=s,,
S~ S,
A =0 Am  S,=5=s1 (9
|:|SA ~ Sua
A s <s=1
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FiG. 2. Influence of soil type on (a) mean daily transpiration, (b) mean daily assimilation, and (c) mean
daily soil moisture using Jarvis's approach: loam (continuous line) and loamy sand (dashed line). Dotted
lines in (c) show the times after which soil moisture reaches s* with the two considered soil types. (d)
Comparison of different mean daily conductances for a loam with Z, = 60 cm: stomatal conductance
(continuous line), soil—root conductance (dashed line), and plant conductance (dotted line). See caption of
Fig. 1 for other parameters.

Such a relationship is key to link photosynthesis and
assimilation to the probabilistic description of soil mois-
ture dynamics at the daily time scale (see sections 4 and
5). Owing to the direct effects of low |eaf water potential
on the chemical reactions of photosynthesis, the values
of s,, and s§ in Eq. (2) are slightly higher than the
corresponding points for transpiration. The relation be-
tween E and A, (Fig. 1d) shows a nonlinear behavior
linked to the faster decrease of A, compared to that of
E at low soil moisture. This difference is less marked
with Leuning’'s (1990, 1995) formulation because, in
that case, E is related to A, through g..

Jarvis's (1976) and Leuning’s approaches give almost
the same values of s,, and s}, while for Leuning’s for-
mulation the assimilation rate under stressed conditions
is lower (Fig. 1c), and s, and s* are higher. This is
probably an artifact in Leuning’s formulation that could
be solved by making the parameter a, of Eq. (14) in
Part | a function of soil moisture. In what follows we
only consider Jarvis's formulation for its simplicity. In
any case, the qualitative similarity of the results of the
two approaches gives confidence about the robustness
of the hourly time scale model, whose integrated re-
sponse at the daily time scale proves to be independent
of the details at the hourly time scale and in particular
of the specific (e.g., Jarvis's or Leuning’s) formulation
of the stomatal function. It is important to remark that
a direct estimation from field data of the parameters of
the daily time scale model isrequired for the quantitative
analysis of specific ecosystems to account for complex

spatial and temporal variability of the soil—-plant—at-
mosphere dynamics (Wetzel and Chang 1987, 1988;
Crow and Wood 2002).

3. Physical interpretation of the parameters

Before proceeding with the analysis of the links be-
tween photosynthesis and soil moisture dynamics at the
daily level, it is interesting to analyze in detail the de-
pendence of the parameters of the transpiration and as-
similation functions on soil and vegetation character-
istics. Figures 2a and 2b show the impact of two dif-
ferent soil types on soil moisture dynamics. As ex-
pected, soil properties, especially hydraulic conductivity
and soil texture, control transpiration through their in-
fluence on both soil—oot conductance and soil water
potential. Plants in soils with higher K, tend to have
lower s*, because of the lower soil resistance to water
uptake and transpiration, but reach s* approximately at
the same time because of the faster soil moisture de-
pletion (Fig. 2c), due to the higher leakage. The soil
type has negligible influence on the maximum transpi-
ration and assimilation rates, which essentially only de-
pend on the leaf—plant conductances that are dominating
under well-watered conditions.

The plant type may have an important effect on the
value of s* through the root and leaf area index, the
maximum |eaf—plant conductances, and the thresholds
controlling stomatal functioning and photosynthesis. Al-
though the role of R,, and L,, is modeled very simply
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Fic. 3. Influence of root area index and leaf area index on s*.
Continuous line represents constant R,, = 5.6, while the dashed line
is for constant R, /L, = 4. Soil type is a loam with Z, = 60 cm;
plant parameters are typical of a C, plant adapted to semiarid con-
ditions (see Tables 1, 2, and 3 in Part 1).

in Part I, some general comments are possible. Asshown
in Fig. 3, the root area index (R,,) has some impact on
the resulting value of s*, because a decrease in R,, re-
duces the soil—root conductance and thus s* increases,
while the leaf area index (L,,) has a greater influence
on s* for its direct control on transpiration. A higher
L., causes a faster soil drying accompanied by higher
values of s* (Fig. 3) so that, when plants allocate more
biomass to |eaves than to roots, their sensibility to water
deficit isincreased. On the other hand, since an increase
in L,, implies higher transpiration rates and an earlier
onset of water stress, a plant maintaining aconstant R,,/
L, has lower s* variability even with a high leaf area
index and, therefore, is probably less sensitive to water
stress. The strategy of allocating more biomass in the
leaves in humid conditions to achieve higher assimi-
lation rates and of preferentially allocating biomass in
the roots in arid environments for a better soil water
use (Larcher 1995, p. 143) supports these observations.
The value of s* is also conditioned by ¢, that is, the
leaf water potential level at which stomata start closing
in Jarvis's formulation (see Part | for details). Low val-
ues of ¢, which are typical of plants with high resis-
tance to water stress, correspond to low values of s*
when al the other parameters are the same.

If s* appears to be significantly affected by R,, and
L,,, these two indexes do not seem to influence s, very
much, which instead mainly depends on K, through g,
which isthe first conductance to become limiting at low
soil moisture levels (Fig. 2d). The plant influence on s,
occurs through ¢, the leaf water potential correspond-
ing to complete stomata closure (i.e., g, = 0) and to
widespread xylem cavitation (i.e., g, ~ 0). In asimilar
way, s, is strongly influenced by the combined effect
of ¢, and i, that is, the values at which the |eaf water
potentlal starts affecti ng, respectively, stomata move-
ment and net assimilation (see Part | for details). A
reduction in ¢, lowers the water potential at which the
chemical reactions of photosynthesis start being im-
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paired. Thisin turn increases the steepness of the curve
A, versus s in the tract between s,, and s.

Finally, analysis not reported here shows that the
maximum transpiration and assimilation rates, E,., and
A, €ssentially depend on both vegetation type,
through the physiological parameters g, and g,,.., and
the atmospheric boundary layer conditions.

4. Probabilistic dynamics of carbon assimilation
during a growing season

The previous description of the daily dynamics of soil
moisture, transpiration, and carbon assimilation during
interstorm periodsis now extended to include stochastic
rainfall fluctuations. Asin Rodriguez-lturbeet al. (1999)
and Laio et a. (2001b), the description of the rainfall
model and the resulting infiltration takes advantage of
the physical interpretation at the daily time scale at
which the internal storm structure is not important and
the soil moisture conditions are assumed to instanta-
neously adapt to the intermittent rainfall input. Thus, at
the daily time scale, the previous soil moisture model
remains valid during randomly varying interstorm pe-
riods, provided the initial conditions are properly up-
dated according to the stochastic infiltration dynamics.

Following Rodriguez-Iturbe et al. (1999), the rainfall
input is modeled as a marked Poisson process whose
events take place with rate A and carry arandom depth
of water with exponential distribution of mean «. Can-
opy interception is modeled by reducing the effective
rainfall frequency as A’ = Ae~%/«, where A is the max-
imum rainfall depth intercepted by each event (Rodri-
guez-lturbe et a. 1999) and depends on L,, and plant
type. The increment in soil moisture due to infiltration
from arainfall event is assumed to be equal to the rain-
fall depth of that particular event when it does not ex-
ceed the available soil storage, otherwise the excess is
considered to be converted in surface runoff.

Under the previous assumptions, the equation for the
vertically averaged soil moisture dynamics at the daily
time scale is

ds(t)

nZ,—— = I[s(t), t] — E[s()]

— EV[s()] — LIs(t)] ©)

where n is porosity, Z, is root depth, I[s(t), t] is the
infiltration rate after subtraction of runoff and intercep-
tion losses, and transpiration E[s(t)] is a function of s
according to Eq. (1). Soil evaporation is as in Part I,
and leakage is modeled as in Laio et a. (2001b) using
an exponential function to simplify analytical devel-
opments.

For rainfall and evapotranspiration parameters rep-
resentative of atypical growing season, the steady-state
probability density function (pdf) of soil moisture can
be obtained analytically as (Rodriguez-Iturbe et al.
1999)
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FiG. 4. Probability density function of soil moisture and assimilation as a function of frequency of rainfall
events (A = 0.15, continuous line; A = 0.3, dashed line). The vertical bars are the atoms of probability
in zero and A,... Soil type is aloam with Z, = 60 cm; E,,, = 43 mmday 1, L, = 14, R, = 56, A
= 0.68 mol m~2day-?, s, = 0.29, s* = 0.43, 5,, = 0.34, and sf = 0.45.
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where C is a normalization constant and p(s) is the
normalized sum of the losses, that is, p(s) = {E[s(t)]
+ EV[s(t)] + L[s(t)]}/nZ,.

Since the pdfs of s and E(s) have been investigated
in detail by Laio et a. (2001b), here we concentrate on
the probabilistic structure of the daily assimilation, A,.
The pdf of A,, easily obtained as a derived distribution
of p(s), has an atom of probability in zero, P, = |5
p(s) ds; onein A, .., P, = [& p(s) ds; and is continuous
in between. The two atoms of probability represent, re-
spectively, the fraction of time during a growing season
in which soil moisture is too low for a plant to perform
photosynthesis and the fraction of time when the plant
achieves maximum assimilation. The probability P, =

& P(s) dsis the average fraction of time in a growing
season in which assimilation takes place in nonoptimum
(i.e., stressed) conditions. These statistics, through the
soil moisture dynamics, synthesize the action of climate,
soil, and vegetation characteristics on plant photosyn-
thesis and carbon assimilation. Figure 4 shows an ex-
ample of pdfs of s and A, for two different climatic
conditions. In arid climates, the low soil moisture values
cause a higher P, value and a fast decrease of p(A,)

C .| du
PO =~ expl =y + A f

AY
0.8
\ a)
\
0.6 \
g N
T 0.4 //
\/
0.2 AN\ N
o ~
———— ~ —
0.2 04 0.6
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for high A, values, while in wetter climates P, _ is
higher and the decrease of p(A,) with A, is slower.

The impact of the rainfall regime, both in terms of
total amounts per growing season and as a function of
the frequency and amount of rainfall per event, may be
studied by varying the parameters A and «. Figure 5a
shows the effect of increasing the total rainfall by vary-
ing A while keeping « constant. As expected, a greater
water availability increases the probability of maximum
assimilation rate, P, _ and lowers the total time of zero
assimilation, P, . Interestingly, the maximum of assim-
ilation under stressed conditions, P,,, roughly corre-
sponds to arainfall regime for which previous analysis
based on the crossing analysis of soil moisture (e.g.,
Porporato et al. 2001, 2003) found the transition be-
tween stressed and unstressed plant conditions.

Figure 5b shows the result of the probability of as-
similation when the total rainfall is kept constant but
the frequency and the mean depth of rainfall events are
changed. A maximum in the probability of both stressed
and unstressed assimilation is present. In particular, a
maximum in P, _ for the same total rainfall implies a
maximum in the efficiency of the rainfall regime for
assimilation and photosynthesis. Further analysis of the
water balance (not reported here) shows that in such
conditions runoff and interception losses are low com-

Fic. 5. Probabilities of assimilation rate, P, (dashed line), P, (continuous line), and P, _ (dotted line)
as a function of frequency of rainfall A (a) for a given rainfal depth (« = 1.5 cm) and (b) for constant
mean total rainfall (® = 60 cm) during a growing season (T, = 200 days, A = 0.2 cm). Soil type is a
loam with Z, = 60 cm; E,, = 43 mmday %, L, = 14, R, = 5.6, A, = 068 mol m—2day~1, s, =

0.29, s* = 043, s,, = 0.34, and s; = 0.45.
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FiG. 6. Mean assimilation rate as afunction of frequency of rainfall
events for different total rainfall in a growing season (® = 80-cm
continuous line, 70-cm dashed line, 60-cm chain line, and 50-cm
dotted line). Soil type is a loam with Z, = 60 cm; E,,, = 4.3 mm
day%, Ly = 14, R, = 56, A, = 068 mol m2day1, s, = 0.29,
st =043, s,, = 0.34, and s} = 0.45.

pared to transpiration and, at the same time, the soil
moisture is at a level that allows the plant to maintain
relatively high water potential and hence sufficient lev-
els of tissue turgor, hydration, and photosynthesis.

5. Mean carbon assimilation and plant water
stress

Although A, does not take into account the carbon
lost by plant respiration (see Part I), the net carbon
assimilation at the leaf level can be considered an index
of plant productivity. In this respect, the analysis of the
mean assimilation during a growing season, (A,) =
fem= A p(A,) dA,, assumes a particular interest.

Figure 6 shows the interplay between the timing and
the amount of rainfall and (A,). Similarly to the results
in Fig. 5b, net assimilation reaches a maximum at in-
termediate values of A. Increasing the mean total rainfall
induces higher (A,), but also shifts the maximum
toward higher values of A. For a given type of soil and
vegetation, amaximum in (A,,) islinked to the efficiency
of the rainfall regime and recalls the results of Laio et

0.2 0.4 0.6
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al. (2001b) and Porporato et al. (2001), who reported
the existence of optimal plant conditions, in terms of
transpiration and water stress, for average conditions of
frequency and amounts of rainfall events. Related find-
ings have been reported by Mearns et al. (1996, 1997),
Riha et al. (1996), and Knapp et a. (2002). The latter
ones, in particular, have investigated the response of a
Kansas mesic grassland to changesin therainfall regime
during a series of a manipulative experiments. In agree-
ment with their results, with the previous approach we
found (Porporato et al. 2004, manuscript submitted to
Amer. Nat.) that the net primary productivity decreased
by about 20% when the frequency of rainfall was re-
duced while keeping mean total rainfall unchanged.

In order to fully describe the link between assimi-
lation and plant conditions, the analysis needs to be
complemented by suitable statistics accounting for the
temporal dynamics of assimilation. One possihility isto
proceed by analyzing the crossing properties of assim-
ilation levels analogously to the methodology of Por-
porato et al. (2001), who employed a measure of plant
water stress based on the mean intensity, duration, and
frequency of the periods of soil water deficit, that is,

(5 TS*) 7T, < KT

KT s
1 otherwise,

0= ®)

o s

where  is the average of the static water stress, de-
fined as

st — s(t)|°

O =5y

S, < s < s, (6)
where g is a measure of the nonlinearity of the conse-
guences of water deficit on plants, T is the mean du-
ration of an excursion below s* (i.e., when the plant
experiences water stress), N is the mean number of
downcrossing of s* during a growing season, and k and
r are parameters defining the plant resistance to water
stress (k = r = 0.5). The dynamic water stresswas used
to describe plant response to drought conditionsin Laio

o o
] @

<An> (mol m=2d~1)
o

Fic. 7. Comparison of mean assimilation (A,) (continuous line), dynamic plant water stress 6 (dotted
line), and assimilation-based plant water stress 6, (dashed line) as a function of frequency of rainfall events
for different total rainfall: (left) ® = 50 and (right) 70 cm. Soil type is a loam with Z, = 60 cm, T, =
200 days, k = 0.5, g = 3, and interception A = 0.2 cm; E,, = 43 mmday 1, L, = 1.4, R,, = 5.6, A
= 0.68 mol m2day? s, =029, s* =043, 5, = 0.34, and s; = 0.45.
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et al. (2001a), Fernandez-Illescas et al. (2001), and Por-
porato et al. (2003). Along the same lines, the plant
water stress may also be linked to the statistics of re-
duction of carbon assimilation by soil moisture deficit.
For this purpose, the matter is considerably simplified
by the one-to-one correspondence of the crossing sta-
tistics of levels of sand A, [see Eq. (2)]. Thus, consid-
ering that the worst plant conditions in terms of plant
productivity occur when assimilation is zero, a new
measure of plant stress may be defined as

O == AT
P T. \" _
O] 7 i PT,, < KT
- kTseas A

0, = i

ol otherwise,

(")

where P, represents the average fraction of a growing
season in which photosynthesisis zero, T isthe mean
duration of periods of no assimilation, and n,, isthe
mean number of periods of reduced assmllatlon
Figure 7 shows a comparison of the mean assimilation
rate and the two stress measures, with 6 directly based
on water availability and 6 , defined through the assim-
ilation rate. Interestingly, the maximum reached by the
net assimilation for both rainfall conditions does not
correspond to a marked minimum in # and 6,. On the
contrary, and differently from (A,), thetwo stresseshave
a wide minimum at slightly higher values of A, sug-
gesting that the inclusion of the threshold-crossing prop-
erties of assimilation provide amorerealistic description
of plant response to hydrologic fluctuations than the sole
mean. This observation is also corroborated by the fact
that favorable conditions for plants are not expected to
be concentrated around a narrow range of parameter
values, but are rather expected to changerelatively slow-
ly from optimal to nonoptimal ones (e.g., Archer 1994).

6. Conclusions

After deriving the functional dependence of the daily
transpiration and carbon assimilation rates on soil mois-
ture, the dynamics of assimilation has been coupled to
the stochastic dynamics of soil moisture and studied as
a function of climate, soil, and vegetation characteris-
tics. The resulting framework has proved useful in syn-
thesizing the impact of hydrologic processes on plant
conditions. In particular, a new measure of plant stress,
based on the temporal dynamics of leaf carbon assim-
ilation, has been found to be in good agreement with
the dynamic water stress defined by Porporato et al.
(2001). Because of the relation between carbon assim-
ilation and plant productivity, such a stress index may
be used as a bhasis to assess the long-term vegetation
growth as a function of climate, soil, and plant param-
eters as well as to help model the plant strategies to
cope with water stress in conditions of interannual cli-
matic variability.
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