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Abstract 

The aim of this work is to deepen our understanding on the mutual relationship between climate, vegetation and soil 
water budget within an ecohydrological framework. To this end a coupled hydrological/ecological model is adopted 
to describe simultaneously soil water budget and vegetation pattern evolution in a semiarid river basin in New 
Mexico (USA). This basin represents an ideal area to study the properties of water-controlled ecosystems. Analyses 
have been carried out using a recently formulated framework for the water balance at the daily level linked with a 
vegetation model for the description of the spatial organization of vegetation. Using this approach, we identified the 
dynamic water stress of vegetation during the growing season, taking into account effects of morphology on the 
spatial distribution of solar radiation and the initial soil moisture condition at the beginning of the growing season. 
Several different variants of the vegetation model have been tested with the aim to identify the main drivers for the 
spatial organization of the vegetation. Results clearly show that the observed vegetation patterns emerge from the 
minimization of water stress and the maximization of water use.  
 
© 2013 The Authors. Published by Elsevier B.V.  
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1. Introduction 

The complex interaction between climate, soil and vegetation makes it difficult to define specific 
mechanisms of ecohydrological optimization of spatial structure of vegetation. As a consequence, a 
significant number of scientists are focusing on the development of models able to predict the formation 
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of spatial patterns of vegetation. In semiarid environment, water is the driving force in shaping the 
vegetation distribution and composition [1; 2; 3]. For this reason, theories of self-organization are often 
invoked to explain the emergent patterns [4; 5; 6; 7; 8]. Other mathematical models incorporate the 
physical mechanism of symmetry-breaking instabilities to recreate the diverse set of spatial patterns 
observed in these environments [9].  

There is a clear need to develop conceptual models that are capable of interpreting and predicting 
spatial pattern formation in dryland (and similar ecosystems), as well as metrics for assessing 
optimization or organization of patterns. Vegetation patterns on the landscape are mainly a function of the 
availability of light [10; 11], nutrients [12; 13; 14], and soil moisture [15; 16] that support plant growth, 
and other environmental conditions, such as temperature and snow, that determine the timing and length 
of the growing season [17]. Therefore, plant types and patterns are under the influences of climate at the 
regional scale, and soil properties and topography at the local scale [18; 19; 20].  

To better understand how physical and biological processes influence vegetation patterns, it is 
important to investigate the interaction between climate, soil and vegetation. Ecohydrological models 
represent a useful tool to describe the effects of climate on natural ecosystems and landscape. Among 
others, Caylor et al. [21] recently proposed an interesting model where vegetation patterns are defined 
according to two main factors: soil water stress [22] and river basin morphology. In the present study, we 
explored the potential of this model using different options of the replacement strategies of different 
plants. These changes have been made with the specific aim to identify the driving principle for 
vegetation patterns organization. Moreover, in order to provide a more careful description of soil moisture 
dynamics, we incorporated the effect of river basin morphology on the incident solar radiation and the 
effect of seasonality in the proposed framework. 

2. Description of the case study 

The study area is the Upper Rio Salado basin located near the Sevilleta Long-term Ecological 
Research (LTER) site in central New Mexico (Fig. 1). This represents an ideal area to study water-
controlled ecosystems in which soil moisture plays a critical role. The basin is characterized by a marked 
heterogeneity in vegetation composition that may be influenced by the basin topography.  

The basin covers an area of 464 km2 and its elevation ranges from 1985 m above sea level (a.s.l) to 
2880 m a.s.l. It contains three different soil textures: loam and silty loam, in the upper part of the basin, 
and sandy-loam along the channel network. The composition of vegetation cover can be distinguished in 
three different plant functional types: grassland (25.4%), shrubland (28%), and forest (45.7%). A small 
fraction of the basin (<1%) is represented by bare soil. Maps of soil texture and vegetation cover are 
given in Fig. 1. More detailed information about the site is available in Caylor et al. [19].  

For the scope of the work, analyses are focused on the growing season in order to describe the state of 
plant during this phase. Rainfall and temperatures characteristics were studied by Caylor et al. [19] using 
the reference period 1990-2001. To this aim, the rate of rainfall, R(t), is represented as a marked Poisson 
process of storm arrival in time with rate λ(d-1), each storm having a depth h(mm), where h is modelled as 
an exponentially distributed random variable with mean α(mm). Both rainfall and temperature are 
strongly controlled by local elevation, consequently these variables were assumed spatially variable using 
the following relationships between elevation (x expressed in meter above the sea level) and parameters 
of rainfall processes (λ and α) or mean temperature estimated for the dormant and growing season. 
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Fig. 1. Map of vegetation (A), soil texture (B) and 3D representation (C) of the Upper Rio Salado basin (New Mexico, USA). 

 

Table 1. Functions describing the climatic parameters during the two reference periods (the dormant season from October-April and 
the growing season from May to September). 

Dormant season Growing season Eq. 
 [1/day]  (1) 

 [cm/event]  (2) 
[°C]  [°C] (3) 

 

3. Methodological approach 

We investigated the influences of soil moisture, solar radiation distribution and seasonality of climatic 
forcing on the spatial organization of vegetation. The model adopted here describes the coupled dynamics 
of soil moisture and its linkage with vegetation. In particular, soil moisture dynamics are described 
following the approach proposed by Laio et al. [23], while the vegetation distribution is defined using the 
model proposed by Caylor et al. [21]. 

The impact of solar radiation is studied paying particular attention to the effects of basin morphology 
on the distribution of incoming radiation at the local scale. Basin morphology, in fact, modifies the 
amount of direct solar radiation, and also the amount of diffuse and reflected solar radiation received by a 
given point of the river basin. This influences the potential evapotranspiration that is critical in the 
characterization of vegetation water stress. Using the analytical model developed by Allen et al. [24], it is 
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possible to describe the radiation balance taking into consideration the effects of basin morphology. This 
approach is extremely useful to describe the spatial distribution of solar radiation and to derive the 
potential evapotranspiration maps during any phase of the year [25]. 

The other innovative aspect introduced in the present study is related to the definition of vegetation 
water stress, accounting for the initial soil moisture conditions at the beginning of the growing season. 
The initial state of the basin must necessarily be taken into account to define the dynamic water stress of 
vegetation in climates marked by strong seasonality. With this specific aim, the dynamic water stress has 
been computed using the correction factor introduced by Rodrìguez-Iturbe and Porporato [3].  

3.1. Solar radiation and potential evapotranspiration 

Evapotranspiration (ET) is one of the most important processes that characterize the hydrological 
cycle. Together with precipitation, ET represents the major water flux exchange occurring within the 
Earth system. In water-limited ecosystems, evapotranspiration (ET) losses can account for more than 95% 
of all water inputs [26]. In this context, Penman-Monteith method proved to be the most suitable in 
different climate contexts. Penman-Monteith method estimates the latent heat flux according to the 
equation (4):  

 

 
(4) 

 
where  is the latent heat of vaporization [MJ kg-1]; Δ represents the slope of the saturation vapour 
pressure curve [kPa °C-1];  is the net radiation [MJ m-2 day-1]; G is the soil heat flux [MJ m-2 day-1];  
is the mean air density at constant pressure [kg m3];  is the specific heat of the air [kJ kg-1°C-1];  is the 
saturation vapour pressure [kPa];  is the actual vapour pressure [kPa];  is the aerodynamic resistance 
[m s-1];  is the surface or canopy resistance [m s-1]; γ is the psychometric constant [kPa °C-1].  

To evaluate evapotranspiration, it is necessary to estimate the net radiation  and soil heat flux, G. 
 can be derived from the soil radiation balance: 

 
  (5)  

 
where  is the global solar radiation [MJ m-2 day-1] reaching the earth, which is the sum of the direct 
radiation, , of diffuse radiation, , and of reflected radiation from the surrounding land, ; α is 
the albedo [%];  [MJ m-2 day-1] represents the earth longwave radiation;  [MJ m-2 day-1] 
represents the atmospheric longwave radiation;  is the earth emissivity coefficient [%];  is the 
atmospheric emissivity coefficient [%]; σ is the Stefan-Boltzmann constant [MJ m-2 K-4 day-1];  is the 
earth surface temperature [K] and  is the atmospheric temperature [K]. Generally, the atmosphere 
temperature and the earth temperature are assumed coincident. In such case, the net emissivity, , is 
equal to the difference between the atmospheric emissivity and surface emissivity. In this way, the 
equation 5 can be simplified: 
 

  (6)  
 

The soil heat flux, G, is assumed to be equal to 10% of net radiation [27].  
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Allen et al. [24] proposed an analytical solution for the computation of daily global radiation over an 
inclined surface. This algorithm accounts for local slope and aspect of surface and evaluates all 
components of global solar radiation (direct, diffuse and reflected). These components of the incident 
solar radiation are computed starting from the extraterrestrial solar radiation, Ra, which is a function of 
solar incidence angle ( ). Its value at the daily time scale can be estimated integrating the solar incident 
angle between two limit values at sunrise and sunset. 
 

 (7) 

 
where  is the solar constant (1367 Wm2);  is the inverse relative distance earth-sun;  is the sun 
hour angle. 
 

 
Fig. 2. Potential evapotranspiration [cm/day] computed using the Penman-Monteith equation, where the solar radiation is estimated 
with the algorithm proposed by Allen et al. [24] during the dormant period [October-April] (A, B, C) and the growing season [May-
September] (D, E, F) for the three different PFT (tree, shrub and grass).  

 
Following the approach proposed by Allen et al. [24], we defined the spatial patterns of potential 

evapotranspiration estimated on the mean climatic characteristics (described in Table 1) for both the 
dormant [October-April] and the growing season [May-September]. The patterns of potential 
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evapotranspiration, estimated during the two reference periods, are given in Fig. 2, where one may 
appreciate the strong influence of basin morphology on the distribution of solar radiation and as a 
consequence on the potential evapotranspiration. The observed variability tends to be even more 
significant during the dormant phase. 

3.2. Relative soil saturation and its effects on vegetation water stress 

In this section, we provide a brief summary of the concepts used to formulate the dynamic water stress 
index based on the probabilistic structure of soil moisture proposed by Laio et al. [23]. The concept is 
derived from the so-called “static” water stress ζ that measures the state of stress of the plants as a 
function of the relative saturation of soil, s(t), [22]:  

 

ζ t( ) =

1 if s(t) ≤ sw

s* − s(t)
s* − sw

⎡

⎣
⎢

⎤

⎦
⎥

q

if sw ≤ s(t) ≤ s
*

0 if s(t)> s*

⎧

⎨

⎪
⎪⎪

⎩

⎪
⎪
⎪

 (8) 

 
where the exponent q accounts for the non-linear relationship between plant stress and soil water content, 
sw is the relative soil saturation at the wilting point and s* at the point in which plant start to close 
stomata.  

The static stress does not account for the temporal dynamic of soil moisture, for this reason Porporato 
et al. [22] introduced the two variables: Tξ the length of the time intervals in which the soil moisture is 
below a threshold ξ (in the present case represented by s*), and the number, nξ , of such intervals.  

These metrics allow the definition of the average dynamic water stress under steady state conditions: 
 

 (9) 

 
where  is the average static water stress during the periods of stress conditions; K is an index of plant 
resistance to water stress;  is the length of growing season;  is length of the time intervals in 
which the relative soil saturation is below s*, and is the number of such intervals during the growing 
season. 

Given the seasonal fluctuations observed in both rainfall and potential evapotranspiration, the dynamic 
water stress has been rescaled using a correction factor that takes into account the effects of initial 
conditions of soil. With this purpose, the initial soil moisture conditions have been assumed equal to the 
mean relative saturation of soil, defined by using the stochastic model proposed by Laio et al. [23], during 
the dormant season. The distribution of the mean soil saturation during the dormant season is depicted in 
Fig. 3 for the three different plant functional types (PFT) studied herein. 
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Fig. 3. Mean value of soil saturation for the three PFT (tree, shrub and grass) during the dormant period in the Upper Rio Salado 
basin.  

 
In order to account for the initial state of the soil moisture, we used the correction factor proposed by 

Rodrìguez-Iturbe and Porporato [3] that rescales the dynamic water stress according to the mean first 
passage  (in days) of the stochastic process between the initial condition, , and the steady-state 
mean relative soil saturation, . The equation adopted is the following: 
 

 (10) 

 
For any initial condition  above the steady-state mean relative soil saturation , it is possible to 

determine the mean first passage  (in days) of the stochastic process between  and , which we 
use to rescale the dynamic water stress experienced by vegetation. This reformulation of the dynamic 
water stress represents the stress experienced by vegetation during the portion of the growing season not 
influenced by the transient dynamics associated with an initial condition when water is readily available.  

The definition of  is given by [3]: 
 

 (11) 

 

 
Fig. 4. Dynamic water stress during the growing season computed using as initial condition the mean soil saturation of the dormant 
period given in Fig. 3 and the potential evapotranspiration depicted in Fig. 2. 

 

DWS Tree

km

km

 

 

1 10 20 30 40 50 60 70 80 90 100

1

10

20

30

40

50

60

70

80 0

0.2

0.4

0.6

0.8

1
DWS Shrub

km

km

 

 

1 10 20 30 40 50 60 70 80 90 100

1

10

20

30

40

50

60

70

80 0

0.1

0.2

0.3

0.4

0.5
DWS Grass

km

km

 

 

1 10 20 30 40 50 60 70 80 90 100

1

10

20

30

40

50

60

70

80 0

0.2

0.4

0.6

0.8

1

(A) (B) (C) 

(A) (B) (C) 



175 Salvatore Manfreda et al.  /  Procedia Environmental Sciences   19  ( 2013 )  168 – 177 

Maps of the dynamic water stress computed with equation 9 are depicted in Fig. 4 for each plant type. 
In this figure, one may appreciate the strong irregularity of these spatial patterns. In general, shrub and 
grass experience a lower dynamic water stress, while trees have the higher values of stress with the 
exceptions of sites at the higher elevation and in north facing slopes where  may reach zero values.  
 

3.3. Vegetation model 

Space-time variability of soil moisture has important implications on plant growth and stress leading to 
patterns formation in dryland ecosystems [28; 29; 30]. The impact of plant water stress on the 
organization of vegetation patterns can be explored by using the dynamic water stress and the plant 
transpiration. 

The hypothesis of feasible optimality is explored using four simple cellular automata approaches to 
model the steady state conditions of a vegetation mosaic, initiated from a random condition containing 
1/3 each of trees, shrub and grass. In each model, the initial random vegetation mosaic is modified 
through the iteration of local interactions that occur between adjacent locations. These interactions are 
defined such that vegetation replacement can occur, at a randomly chosen location in an adjacent location, 
according to a replacement probability defined using the different hypothesis. In particular, the 
replacement probabilities (P) adopted combine both the dynamic water stress ( ) and the plant 
transpiration (T). The schemes proposed are the following:  

 
i) P=(1 -  with the condition that the replacement occur only if ;  

ii) P=(1 -  with the condition that the replacement occur only if ;  

iii) P=(1 - ;  

iv) P=(1 -  . 

The application of the described models produced the vegetation patterns depicted in Fig 5. Results 
show that basin morphology significantly affects the spatial distribution of vegetation in all cases. Among 
all considered cases, the second and third schemes (see Fig. 5 B and C) provide spatial patterns that 
replicate more closely the actual distribution of vegetation in the Rio Salado basin (see Fig.1.A). These 
two algorithms tend to distribute vegetation within the landscape minimizing dynamic water stress and 
maximizing vegetation water use. These two mechanisms together may be considered as the driving 
principles for the organization of vegetation in semi-arid environment [see 4].  
 

4. Conclusion 

In the present work, we present some preliminary results on the use of an ecohydrological model based 
on the soil moisture scheme proposed by Laio et al. [23], where the impact of morphology was 
incorporated by the use of climatic parameters related to the local elevation and adopting an analytical 
model for the estimation of incident solar radiation and potential evapotranspiration, accounting for the 
effect of local slope and exposure [24]. The soil water balance model was coupled with a vegetation 
model, where different algorithms have been tested for the simulation of vegetation patterns. Among all 
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analysed schemes, the algorithm that seems to explain the actual structure of vegetation observed in the 
Upper Rio Salado basin is the one that tend to minimize dynamic water stress and maximize vegetation 
water use. 
 

 
Fig. 5. Vegetation map obtained with the vegetation model using a four different replacement probability: A) P=(1 –

 with the condition ; B) P=(1 –  with the condition ; C) P=(1 –
; D) P=(1 -  . 
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