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Abstract:

 Society is facing growing environmental problems that require new research efforts to understand the way ecosystems operate and survive, and their mutual relationships with the hydrologic cycle. In this respect, ecohydrology suggests a renewed interdisciplinary approach that aims to provide a better comprehension of the effects of climatic changes on terrestrial ecosystems. With this aim, a coupled hydrological/ecological model is adopted to describe simultaneously vegetation pattern evolution and hydrological water budget at the basin scale using as test site the Upper Rio Salado basin (Sevilleta, NM, USA). The hydrological analyses have been carried out using a recently formulated framework for the water balance at the daily level linked with a spatial model for the description of the spatial organization of vegetation. This enables quantitatively assessing the effects on soil water availability on future climatic scenarios. Results highlighted that the relationship between climatic forcing (water availability) and vegetation patterns is strongly non-linear. This implies, under some specific conditions which depend on the ecosystem characteristics, small changes in climatic conditions may produce significant transformation of the vegetation patterns.
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1. Introduction

Patterns of vegetation on the landscape are mainly a function of the availability of light [1,2], nutrients [3,4,5], and soil moisture [6,7] that support plant growth, and other environmental conditions, such as temperature and snow, that determine the timing and length of the growing season [8,9]. Therefore, plant types, species richness, distribution and structure of vegetation are under the influence of climate at the regional scale [10], and resources availability (including water, nutrients, etc.), soil type and surface morphology at the local scale [11,12]. Vegetation patterns could have a profound role in the coupled dynamics of water, energy, and carbon in a region [13,14,15,16].

Vegetation, as interface between soil and atmosphere, plays a key role in biogeochemical cycles through photosynthesis and the subsequent production of organic matter and oxygen [17,18]. It exerts important control on the entire water balance recycling more than one half of the annual precipitation [19]. Consequently change in land cover, such as deforestation in the lowland tropics as well as grazing in semiarid regions, can induce a reduction of the precipitation amounts and an increase of temperatures [20,21]. Vice versa, a change in climatic conditions may modify the spatial patterns of vegetation in a way that is not fully understood.

Understanding and predicting vegetation patterns and their response to climate and other environmental stressors is a critical research challenge [22]. The complex interaction among biological, geophysical and geochemical processes makes difficult to define specific mechanisms of ecohydrological optimization in space. Vegetation patterns have often been used to investigate the relationships between the spatial structure of vegetation and the nature of competition, disturbance, and resource heterogeneity across a range of ecosystems and scales. It is recognized that many outstanding issues in plant ecology end ecohydrology are directly related to an incomplete understanding of the dynamics and persistence of spatial patterns [23].

In this framework, it is growing the interest on the impacts of climate on the interplay between vegetation and water availability. The latest report on climate change of the Intergovernmental Panel on Climate Change (IPCC) shows, on a global scale, a linear trend of increase in global average temperature of the last one hundred years (1906–2005) of about 0.74 °C (±0.18 °C), and significant changes in precipitation strongly heterogeneous in space [24]. Central Europe and the Mediterranean basin represent a vulnerable area, where rainfall reduction and increased temperatures may affect plant and animal species, regulating environmental characteristics.

The plant species may respond to climate change adapting to new conditions, using their plasticity, or through the selection of genetic variants whose physiology allows survival under the new climatic conditions. An alternative or complementary response of some species is the shift in time of the phases of the life cycle, or in space and depth of the rooting system. The sensitivity of different species to changing climate can cause the abundance of common species and, conversely, the disappearance of the rarest [25]. This process, together with a highly uneven distribution of species undermines biodiversity.

The preservation of environmental diversity is necessary for the regulation of the hydrological cycle and biogeochemical cycles of carbon and nitrogen, flood protection, the availability of genetic diversity in agriculture, the natural pollination and the stability of ecosystems (e.g., [26]). Leaving aside the processes of biological evolution, the effects of climate change on species and ecosystems can be grouped into the following major categories [27,28]: (a) impacts on the physiology and behavior of species; (b) impacts on the lifecycle; (c) impacts on the geographical distribution; (d) impacts on the composition and interactions of species in ecological communities.

If changes on physiology and life cycle may increase the resilience of ecosystems, changes in composition and distribution of vegetation patterns may deteriorate the environmental diversity. Several authors have investigated the effects of climate change on the spatial structure of vegetation. Some of these works relate the trends of precipitation and temperature with index NDVI and phenological measures. This type of analysis showed a negative effect of the decline in rainfall of Mediterranean forests, a positive effect due to the increase in temperature of mountain forests [29] and an anticipation of the growing season and delayed senescence (grass and bushes of the Alps and Central Europe) [30,31].

In this context, there is a clear need to develop conceptual models that are capable of interpreting and predicting spatial pattern formation especially in dryland (and similar ecosystems) that are the most vulnerable environments to eventual climatic change (e.g., [32,33,34]).

In semiarid environment, where water is the driving force in shaping the vegetation distribution and composition [35,36,37], theories of self-organization are often invoked to explain the emergent patterns [38,39,40,41,42,43].

Based on the Eagleson’s optimality hypothesis, ecosystem tends to minimize its water demand stress while maximizing soil moisture [38]. Using this pioneering idea, several authors developed cellular automata (CA) models where local interactions, describing competition of trees and grasses for water and energy, are represented by mathematical rules over a domain of regular grids. In particular, competition among plants, plant establishment and mortality processes are tied to rainfall and plant water stress [44,45,46]. The results of these CA models highlighted the importance of spatial processes in maintaining savanna ecosystem [47], and supported the concept that local-scale interactions can drive large-scale vegetation patterns [48].

These ecohydrological models represent a useful tool to describe the effects of climate on natural ecosystems and landscape. Among others, Caylor et al. [49] recently proposed an interesting CA model where vegetation patterns are defined according to two main factors: soil water stress and river basin morphology. In the present study, we explored the potential of this model using different climatic scenarios to explore the impact of changes on the climatic forcing on semiarid environments. With this specific aim, we generated a number of synthetic vegetation patterns over a well-known basin located in central New Mexico, NM, USA.



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 (Figure 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.

Figure 1. Map of vegetation (A); and soil texture (B) of the Upper Rio Salado basin (Sevilleta, NM, USA).
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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 Figure 2. More detailed information about the site is available in Caylor et al. [50].

Figure 2. Land cover fractions of the Rio Salado basin: (A) as a function of the altitude (m); (B) for the three soil types identified in the basin; (C) as a function of the basin aspect; and (D) as a function of slope classes.
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A preliminary description of the characteristics of the vegetation of the Rio Salado Basin is depicted in Figure 2, where the vegetation composition is described as a function of: local elevation, basin aspect ratio, local slope, and soil textures. It is instructive to look at this graph that provides an evidence of the effects of the morphology (local elevation, basin aspect ratio, and local slope) and soil texture on vegetation composition. In the present case, morphological characteristics seem to be a relevant controlling factor even if we are dealing with an arid river basin, while soil texture has a minor role.

For the scope of the work, analyses are focused on the growing season in order to describe the state of plant during this phase. 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 modeled 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 growing season.
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Equations above were derived by Caylor et al. [50] using data recorded in the period 1990–2001. This equations allow to define the following climatic characteristics averaged over the basin area: α = 5.75 mm, λ = 0.28 day-1, and Ta = 17.83 °C.



3. Methodological Approach

We investigated the influences of climate on the spatial pattern of vegetation using an ecohydrological model able to couple dynamics of soil moisture and its linkage with vegetation. In particular, soil moisture dynamics are described following the approach proposed by Laio et al. [51], while the vegetation water stress is computed using the formulation proposed by Porporato et al. [52]. Finally, the vegetation distribution is simulated using the CA model proposed by Caylor et al. [49] using different climatic scenario.


3.1. Soil Moisture and Vegetation Water Stress

Soil moisture is a crucial link between hydrological and biogeophysical processes through its controlling influence on transpiration, runoff generation, carbon assimilation and nutrient absorption by plants (e.g., [38,53,54,55]). Its evolution in time and space is driven by different processes acting over a variety of scales influencing severity and persistence of water stress in plants, the outcomes of ecological competition, and the sustainability of vegetation communities (e.g., [56,57,58]).

Recent research has achieved significant progress in the description of vertically-lumped water balance dynamics through the development of a steady-state probability density function of soil moisture within the growing season [51,59]. This approach is based on the steady-state solution of the stochastic differential equation for the soil water balance in which the rainfall represents the stochastic forcing. The definition of the analytical expression for the steady-state probability distribution of soil moisture has allowed elucidating the complex and nonlinear interplay among climate, soil, and vegetation, and their impacts on vegetation water stress, plant carbon assimilation, soil bio-geochemical cycles, and land-atmosphere interaction [60].

Here we provide a brief summary of the concepts used to derive the dynamic water stress index proposed by Porporato et al. [52] based on the probabilistic structure of soil moisture derived by Laio et al. [51]. This index provides a quantitative measure of the water stress experienced by plants during the growing season.

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), [52]:
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where the exponent q accounts for the non-linear relationship between the plant stress and the 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. [52] introduced the two variables: Tξ the length of the time intervals in which the relative soil saturation is below a threshold ξ (in the present case represented by s*), and the number,  [image: Water 05 00819 i010], of such intervals during the growing season.

The mean number of upcrossing during a growing season of length Tseas is obtained from the rate of occurrence, νξ, as



 [image: Water 05 00819 i005]



(5)




where p(ξ) represents the probability density function and p(ξ) represents the soil water loss function evaluated at ξ.
The mean time duration of the soil moisture below the threshold ξ is:
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These metrics allow the definition of the average dynamic water stress under steady state conditions that is defined as:
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where  [image: Water 05 00819 i011] is the average static water stress during the periods of stress conditions; k is an index of plant resistance to water stress; Tseas is the length of growing season;  [image: Water 05 00819 i012] is the average length of water stress evaluated in s*;  [image: Water 05 00819 i013] is the mean rate of water stress in s*. In this case considering the climatic characteristics of the area, we adopt a parameter k equal 0.75.
This modeling approach has been used to describe the average dynamic water stress of each functional vegetation type using the same parameters of the work by Caylor et al. [50].



3.2. Vegetation Model

The cellular automata network model proposed by Caylor et al. [49] is used to describe impact of climate on vegetation pattern. This model was already validated on the Upper Rio Salado basin demonstrating the ability of a simple cellular automata model, driven by a feasible optimality principle, in the description of the actual vegetation pattern [49]. The model adopts as a key input the dynamic water stress of each vegetation type considered.

The approach is aimed at the modeling of the steady state conditions of a vegetation mosaic, initiated from a random condition containing 1/3 each of trees, shrub and grass. The initial random vegetation mosaic is modified through the iteration of local interactions that occur between adjacent locations, assuming that interaction occur in the moving preferentially in the downstream direction. These interactions are defined such that vegetation replacement can occur at a randomly chosen location in an adjacent downstream location, according to a replacement probability defined using the different hypothesis. In particular, the replacement probability (P) adopted is the following:
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The probabilistic replacement procedure is repeated until the mosaic of vegetation, initially random, evolves to a steady state condition in which there will be no further changes. A first version of the model involved a comparison between the considered cell and the neighboring cells chosen in the downstream direction following the drainage network (“network model”).
This tool can be used to investigate the possible effects of climate change on the landscape. In order to quantify the impact of climate change on the structure and composition of vegetation pattern, the spatial characteristics of land cover (composition and configuration of different patches) have been studied using landscape ecology indices (e.g., [61,62,63]). In particular, we described the landscape modification through perceptual coverage of different plant types and a landscape diversity index. Diversity indices are mathematical functions that combine richness and evenness in a single measure, although usually not explicitly. Although there are many others, one of the most commonly used diversity index in ecology is the Shannon diversity and also the Simpson diversity, and Fisher’s α.

In the present application, we will focus on the Shannon’s evenness index (SHDI) that accounts for both abundance and evenness of species in the landscape. This index has the same expression of the informational entropy and is defined as:
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where pi = is the proportion of landscape occupied by the class i. The term pi is computed based on total landscape area (A) excluding any internal background present. SHDI increases as the number of different patch types (i.e., patch richness) increases and/or the proportional distribution of area among patch types become more equitable.




4. Discussion: Impact of Climate on Vegetation Patterns

Using the modeling scheme described in the previous sections, we derived a sequence of vegetation maps associated with different climatic conditions. Simulations have been carried out assuming different combinations of rainfall parameters with the same temperature values observed in the period 1990–2001 during the growing season. In this study, we focused on the impact of rainfall variations instead of modifying the potential evapotranspiration through the mean temperature of the season, mainly because in the present modeling scheme, we can modify the dynamic of the rainfall process changing the rate as well as the mean depth of rainfall events. In contrast, the relative change of temperature will produce an effect similar to the relative change of the total amount of rainfall during the growing season.

Manipulating the reference equations describing the climatic characteristics [Equations (1) and (2)], it is possible to simulate different climatic conditions varying rainfall parameters α and λ. In particular, Equations (1) and (2) have been modified keeping the coefficient of the linear regressions constant and changing the constant terms from 0.6 to 3.45 [for Equation (1)] and from 0 to 0.285 [for Equation (2)]. These changes produce a mean spatial value of the parameter α varying from a minimum value of 0.403 cm to a maximum value of 0.688 cm, while the mean value of the parameter λ varies from 0.196 day−1 to 0.481 day−1. Rainfall parameters have been modified producing 20 equally spaced values within the cited intervals that in total produce 400 climatic scenarios. The parameter space was set around the reference conditions of the Rio Salado Basin, which are described by α = 0.575 cm and λ = 0.284 day−1, moving the space of investigated conditions toward drier conditions, but incorporating a number of cases with a greater amount of water availability.

Consequently, the CA network model produced 400 patterns of steady state vegetation maps (see examples given in Figure 3). Given the range of variability of the rainfall parameters, it was necessary to include an additional option to the model that produces the condition of bare soil when the dynamic water stress experienced by all physiologically different vegetation types is equal to 1. Using this additional hypothesis, the model is able to produce clusters of bare soil in the portion of the basin where no vegetation can survive.

Figure 3. Examples of vegetation maps derived for the Upper Rio Salado basin for three different combinations of rainfall parameters. Maps are obtained using the measured rainfall rate (λ = 0.284 day−1) and changing the parameter α that assumes the following values: (A) 0.474cm; (B) 0.517cm; (C) 0.631cm.
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In order to study the modifications induced by all these scenarios, we decided to measure the changes brought by imposed climatic changes through landscape indices such as: the composition land cover types (Figure 4) and the Shannon diversity index (Figure 5).

Figure 4. Distribution in percentage of the types of soil cover as a function of the climatic conditions described by rainfall parameters α and λ. Percent cover of (A) bare soil; (B) grass; (C) shrub; and (D) tree.
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Figure 5. Distribution of the Shannon’s Index computed on the simulated vegetation patterns as a function of the climatic conditions described by the rainfall parameters α and λ.
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The percentages of each land cover types (tree, shrub, grass, and bare soil) as a function of the different climatic conditions are given in Figure 4. In particular, Figure 4A,D, which describes percentage cover of bare soil and trees, show a complementary behavior with an increase of trees when bare soil declines. The percentage of trees, in fact, increases with the increase of mean rainfall (greater frequency of rainfall λ, and greater mean daily rainfall depth α), up to a condition of stable equilibrium. In contrast, the percentage of bare soil tends to decrease with the increase of total rainfall. Different behavior is observed for shrub and grass that tends to prevail for intermediate values of the climatic conditions (see Figure 4B,C).

A synthesis of the landscape modifications is given in Figure 5 that describes the Shannon’s index for all range of parameters investigated for the Upper Rio Salado. The index shows a rapid and marked decrease with the reduction of both rainfall rate and mean rainfall depth. More humid climatic conditions favor the growth of the index that tends to a maximum and after a certain value it slight decreases up to a condition of equilibrium. It is useful to remind that SHDI increases as the number of different patch types increases and/or the proportional distribution of area among patch types become more equitable.

The surface of Shannon index can be better described by plotting 2D graphs obtained using fixed values of α or λ. In fact, Figure 6 shows the distribution of the index of diversity as a function of the mean rainfall amount during the growing season given by α λ Ts. Such a graph is composed by families of curves characterized by a fixed value of λ (with variable α–blue line) and with a fixed value of α (λ with variable–black line). The Shannon index decreases more rapidly when the rainfall reduction is due to the rainfall depth (λ is constant) and vice versa when the total rainfall reduction is due to the rainfall frequency (α is constant). In this figure, we also included the relative position of the Upper Rio Salado basin (red full circle) that is placed on the upper-right side of the graph (corresponding to a total rainfall during the growing season equal to 241 mm). According to this elaboration the basin is in a stable condition in terms of landscape composition for total rainfall amounts larger than 180 mm, when the total water availability is lower than this value a significant modification of the landscape composition may be observed.

Figure 6. Distribution of the Shannon’s Index computed on the simulated vegetation patterns as a function of the mean rainfall depth during the growing season (α λ Ts) of assigned values of the rainfall parameters α and λ. The full red circle describes the relative position of the Rio Salado basin under the actual climatic conditions.
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The landscape diversity (described by the Shannon’s Evenness Index that accounts for both abundance and evenness of species) tends to increase non-linearly with changes of climatic conditions from dry to humid, with a sharp increase observed when moving from arid to semiarid conditions. These findings highlight that according to the state of different environments the same rainfall reduction may produce dramatically different effects on vegetation pattern with some environments more exposed of others. Moreover, the impact of climatic changes may also produce different effects depending on the type of change observed in the rainfall dynamics (rate or mean depth).

This behavior seems to be similar to the relationship observed in literature between the number of plant species and climate (e.g., [64]), where one observe that small increase of water availability may significantly increase biodiversity of a dry ecosystem. Of course, this behavior tends to be affected by other factors when water is not a limiting factor.

These findings can be a useful basis for the characterization of landscape diversity in the context of identification and delimitation of protected area as well as for their planning and management. In fact, this analysis highlight that some environment are more exposed than other to climatic changes and according to the physical characteristics of the site, the actual climatic conditions and the predicted changes one may evaluate its vulnerability and plan the extend of the area most exposed to future changes.





5. Conclusions

In the present work, we explored the impact of climate change on the vegetation patterns of semiarid ecosystems. The modeling approach proposed relies on the physically based approach, where a steady state solution of soil moisture is used to drive a cellular automata model applied on a real case study. Analyses show that the spatial distribution of vegetation is mainly controlled by local climate and basin morphology that play a dual role, influencing the soil water balance at the local scale and the interaction between species.

Vegetation maps obtained for different climatic scenarios have been characterized in terms of composition and diversity. In particular, the landscape analyses show that landscape composition changes non-linearly with climate changing from dry to humid evidencing different sensitivities of the vegetation patterns to the climatic conditions.

The main outcomes of the present work can be summarized in the following points: (i) the landscape analyses, based on the modeling applications, show that reduction of landscape diversity (described by the Shannon’s Index) may occur rapidly for small changes in the rainfall characteristics; (ii) these changes are exacerbated when rainfall modifications are due to reduction in the mean rainfall depth; (iii) the impact of climate change on the vegetation pattern depends on the vulnerability of a system with respect to the expected changes. These results are consistent with the analyses carried out by Walther et al. [28] that evidenced how the responses to relatively low average rates of climate change may be significant, raising several concerns about its ecological and socio-economic consequences.

The results of the present study are also confirmed by analyses carried out on basins characterized by different climatic conditions as shown in a similar study by Manfreda [18]. These findings can be a useful basis for the characterization of landscape diversity in the context of identification and delineation of protected areas and their management.
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