PROJECT SUMMARY
The vulnerability and resilience of hydrologically-controlled ecosystems are dependent on phenomena that link the cycling of water, nutrients and other biogeochemically active elements. Understanding the perturbations in these cycles that trigger impacts on ecosystem health is a challenge that generally transcends disciplinary and geographical boundaries, and is key to sustaining the diversity of life on Earth. 
This Biocomplexity in the Environment (BE) integrated research and education proposed project focuses on the development of a spatiotemporal model to quantify the interactions between coexisting vegetation species and the hydrologic cycle, and how these interactions aggregate from smaller scales, e.g., temporal: rainfall event; spatial: individual plants, to larger scales, e.g., temporal: seasonal/multiseasonal; spatial: ecosystem wide. The proposed research methodology is based on a systems-level stochastic modeling framework that has been used by the PIs to aggregate physical, chemical and biological processes occurring at several spatial and temporal scales, quantifying biogeochemical stocks and fluxes as well as providing estimates of their uncertainty. This quantitative approach combines mathematical modeling and field experimental techniques to integrate the occurring physical, chemical and biological processes across different spatial and temporal scales.
Intellectual Merit: An academic team has been assembled for this project, with expertise in physiological ecology, hydrology and ecosystem dynamics, who are united by the interest in elucidating the upscaling of local scale processes (plant, soil moisture, nutrient pools, permeability) to the ecosystem scale. Advancing knowledge in the quantification of interactions/feedbacks between vegetative biogeochemical and ecological processes and the hydrologic cycle is the overall intellectual goal of this effort. Over the past 2-3 years, there has been significant progress on analyzing the temporal dynamics of interacting hydrologic-ecosystem processes. This research intends to advance these efforts by incorporating spatial variability of these processes and interactions, a key to answering the “where?” related questions in addition to the “when?” related questions. The proposed approach offers the ability to quantify the aggregated impact of physical, chemical and biological heterogeneities occurring at varying spatial scales, on indicators of overall ecosystem health: soil moisture, nutrient concentrations and fluxes, vegetative stress and vegetation variation at the ecosystem scale. 
Broader Impacts: This proposal is a joint effort between investigators at the University of Miami (UM, USA), the Universidade de Brasilia (UNB, Brazil), the University of Buenos Aires (UBA, Argentina) and the United States Geological Survey (USGS). The primary impact of the proposed project will be on preparing a new generation of ecosystem scientists and practitioners who will acquire: (i) strong interdisciplinary science skills applicable to ecosystem analysis, assessment and decision making; (ii) exposure to diversity in terms of treating different ecosystems (dry, average and humid) and in terms of geographical/cultural settings, as students in this program will work in the Everglades and the Cerrado (savanna) ecosystems. The individual PIs as well as the University of Miami have experience and ongoing active access to what is perhaps the most diverse student population in the US, as well as ongoing collaborations in Caribbean and South American nations, so participation of underrepresented groups of students in this project is insured. The existing international research network cultivated by individual PI efforts will be expanded and further strengthened by this project.
PROJECT DESCRIPTION
I.- Introduction
Hydrologically-controlled ecosystems, e.g. systems in which either excess and/or deficit of water and nutrients are determinants of its structure and function, have complex dynamic characteristics that depend on many interrelated links between climate, soil and vegetation. For instance, vegetation exerts important controls on the water and nutrient balances of ecosystems and is responsible for many feedbacks to the atmosphere [Moreira et al., 1997, Sternberg et al., 2002]. At the same time, climate and soil have a key influence on vegetation stress [Ridolfi et al., 2000, Porporato et al., 2001]. Vegetation plays a special role in hydrologically-controlled ecosystems: plants’ physiological processes condition the water and nutrient balances of the system. At the same time, plants are also impacted by the climate conditions and the vegetation stress they contribute to produce. The links between water and nutrients availability in the soil, i.e., soil moisture and nutrient concentrations, and vegetation pose interactions of direct and indirect natures. Directly, through the impact of soil moisture and nutrient availability on the essential physiological processes of individual plants: transpiration, photosynthesis and biomass production [e.g., Larcher, 1995, Lambers et al., 1998]. Indirectly, by controlling many other vital aspects for vegetation such as absorption of nutrients [Scholes and Walker, 1993] and soil temperature [Lambers et al., 1998]. The availability of water and nutrients is also a driver for competition mechanisms between plants, whose differences in water use can produce complex spatial and temporal dynamics [Huston and DeAngelis, 1994, Rodriguez-Iturbe et al., 1999].
The link between hydrologic cycle processes, vegetation activities that depend and influence water circulation processes (e.g., canopy interception and soil moisture), and spatial patterns of species and vegetation distribution, has been studied with cellular automata models [Jeltsch et al., 1996, 1998, van Wijk and Rodriguez-Iturbe, 2002]. In such models, the necessary biological information for the modeled processes is included in the form of mechanistic rules rather than biogeochemically-based quantitative formulations. This simplification allows for a reduction in the number of modeling parameters and the associated uncertainty introduced by multiple parameter estimation. However, this simplification occurs at the expense of the ability to quantify the water and nutrient stocks and fluxes which control physiological processes at the plant level that aggregate to the spatiotemporal distribution of vegetation species at the ecosystem level. 
The primary objective of the proposed project is to develop a quantitative-based research and educational model of the spatial structure and temporal changes of heterogeneous ecosystems. This integrated research-education model will be developed at a systems level, i.e., seeking the quantification of stocks and fluxes of water and nutrients, as they couple and aggregate into the spatial and temporal organization and adaptation mechanisms of vegetation at the ecosystems level. We illustrate the linkages between research and education activities proposed here in Figure 1. The team of researchers assembled for this project has done work on two hydrologically-controlled ecosystems that have very similar spatiotemporal structures: a similar field scale of heterogeneity in vegetation characterized by the dynamic coexistence of sparse woody and graminaceous species. This convergent vegetation structure however, interacts/feedbacks with potentially different hydrologic flows and nutrient transport mechanisms. We seek to quantitatively and comparatively evaluate this interactive feedback on these two hydrologically-controlled ecosystems in the proposed research and education activities: the Everglades of South Florida and the central savannas of Brazil (Cerrado). Both of them are subjected to strong seasonal fluctuations in rainfall, have an extended dry season, receive similar amounts of annual rainfall, and are located in the tropical/subtropical belt. Undoubtedly, differences in the driving factors of the hydrologic cycle are large. While the Everglades are very close to sea level and areal movement of water is a major controlling factor of vegetation distribution, the Cerrado is also relatively flat but the soils are very well drained with a deep groundwater table; consequently lateral movement of water is practically nonexistent.  
[image: image11.wmf])

,

,

,

(

)

(

)

(

t

x

C

s

x

C

nsD

x

x

C

q

t

sC

n

i

j

ij

i

i

i

f

-

ú

ú

û

ù

ê

ê

ë

é

¶

¶

¶

¶

+

¶

¶

-

=

¶

¶


Figure 1: Flow chart of proposed research and education activities

II.- Research Hypotheses

Through an integrated combination of mathematical modeling and field experimental efforts detailed in Section III, we will test the general hypotheses on the effect of hydrology on soil water availability, nutrient distribution, vegetation response and their feedbacks of a savanna (Cerrado) and a wetland (Everglades) ecosystem.  These hypotheses stem from our observation that the vegetation in the savanna and the Everglades wetland share some similarities: a grassy matrix punctuated with a sparse distribution of woody shrubs, trees or tree islands. We provide a schematic of these research hypotheses in Figure 2 and Figure 3.
Hypothesis of hydrologic flow directionality controls on vegetation changes: Because the Everglades ecosystem is saturated with water and dominated by horizontal (areal) flow of water, upstream input of nutrients, e.g., from agricultural and urban runoff will move through the system rapidly, causing a wave of vegetation change.  The vegetation change, which depends on vegetation dispersal mechanisms, may lag behind the change in nutrient concentrations; but areal vegetation changes will still be relatively fast. In the Cerrado, where the soil moisture and nutrient fluxes occur primarily in the vertical direction, the characteristic time of vegetation changes will be controlled by the vertical hydrologic transport.
Hypothesis of Savanna vegetation response to hydrology and feedback: The upper 20 cm of the soil profile has a low nutrient content and high water availability during the wet season and a high nutrient content but a low water potential during the dry season, whereas below this depth nutrients can be quite dilute but the soil will have the highest water potential.  The higher nutrient content at the upper layers of the soil profile is brought about by the localized decay of plant debris whereas the lowest water potential is brought about by evaporation and rapid plant water uptake during the dry season.  As such this nutrient layer is relatively inaccessible to plants during the dry season unless plants have developed some means of bringing moisture into that layer.  We propose just such a mechanism.  Specifically:  (1) grasses having a fibrous root system can only utilize the dilute nutrient supply during the wet season and are dormant during the dry season.  (2) Woody shrubs not only function during the wet season, but during the dry season hydraulically lift water from the lower more moist layers of the soil and deposit at the surface layers of the soil profile thus making the high nutrient concentration at this layer more accessible to woody plants or any plants in close proximity to it.
Hypothesis of Everglades wetland vegetation response to hydrology and feedback:
We propose that any local nutrient pool below the hydroperiod (the pattern of water level rise and fall over time) is diluted to concentrations similar the regional nutrient layer.  As such mostly grasses with a fibrous root system can access the highly dilute local nutrient layer.  However micro-topography plays an important role in the Everglades.  Any area above the hydroperiod will accumulate debris and nutrient with less dilution.  Hence woody shrubs such as Myrica cerifera, without a fibrous root system will be able to access this particular localized nutrient pool.  There may be some feedback where the establishment of woody plants may entrap particles and cause the overall increase in elevation of the micro-site above the hydroperiod.
Hypothesis of feedback effects between plant competition and their local environment: Nutrient and hydrologic conditions in particular, affect changes in community composition due to the allogenic change in external soil moisture and nutrient loading.  We propose to establish a linkage between observed changes in plant communities at the landscape scale and mechanisms at the scale of plants through modeling.  This requires a substantial revision of the simple chemostat model of species competition [Ref] to include both the effects of space and its affects on nutrient movements, and the possibility of feedback effects of plants on their local environments.  A model including of spatial effects was developed by Huston and DeAngelis (1994).  Instead of conceiving of plants in a perfectly mixed medium, we assume that because of the low mobility of nutrients in soil, a plant can only cause local depletions of nutrients.  Thus, at these low densities of plants, at least, plants do not compete directly for nutrients, but only indirectly by lowering the general background pool.
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III.- Proposed Research Topics
The proposed research will focus around the following series of topics on the relationship among soil moisture, nutrients and vegetation in the context of testing the hypotheses on ecosystem vegetation-hydrologic response and feedback dynamics in space and time posed in Section II:
(1) Spatial patterns in vegetation development in response to spatiotemporal dynamics of limiting resources:  The climate of the savannas in central Brazil and seasonal wetlands of South Florida have something in common.  They both have a strong seasonal rainfall pattern (details on the seasonal pattern easily acquired in web sites).  They both have about the same amount of yearly rainfall (1200 to 1500 mm).  They may even share the same nutrient limitations: phosphorus.  In other aspects, however, they differ in hydrologic flow patterns: primarily areal/horizontal in the Everglades and primarily vertical infiltration in the Cerrado.  Nevertheless, the vegetation of these two ecosystems share much in common.  In fact, older literature on the Everglades has called the Everglades vegetation as a “wetland savanna” [Hoffmeister, 1974].  Both ecosystems have a matrix of graminaceous plants with a sparse distribution of woody shrubs and trees in this matrix.  Here we propose to compare factors in both ecosystems contributing to the presence of these two functional groups, specifically we wish to answer the following questions: (i) Is the abundance of graminaceous cover in both ecosystems with its fibrous roots system a response to particular environmental stressors such as lack of nutrients (savanna and wetland), lack of water (savanna) or anoxic conditions (wetland)?  If so, what stressors are common to both ecosystems and what factors differ between both ecosystems? (ii) Is the sparse woody cover in both ecosystems driven by the same factors in both ecosystems?  For example: micro-topography or nutrient islands; (iii) What hydrologic characteristics in both ecosystems might be contributing to the environmental stressors driving the presence of these functional groups in both ecosystems? (iv) Can we quantify vegetation gradients that emerge in response to existing hydrologic and nutrient gradients in these ecosystems?  Changes in vegetation types and vegetation diversity are observable along spatial transects in the Everglades and the Cerrado that appear to reflect such gradients.
(2) Allogenic and Autogenic Factors in Competition between Plants in Space: Changes in environmental conditions (e.g., hydrologic factors and nutrient availability) can lead to changes in an autotroph community, such as changes in dominant autotrophs.  This has occurred in some areas of the Everglades, where the dominant, sawgrass (Cladium jamaicense), has changed to cattails (Typha sp.) in response to phosphorus (P) loading and increased flooding depth. Theoretical modeling based on a chemostat (well-mixed) approach has not provided a solid basis for predicting the competition in space between species under allogenic changes, such as changes in nutrient loading. First, since sawgrass is able to thrive on lower levels of limiting nutrient (P) than cattails, such models would predict that the sawgrass would simply take up any additional P loading, keeping the P concentration down to a level at which cattails could not survive. Second, the chemostat model assumes that the limiting nutrient is homogeneous in the medium.  Adapting this to typical terrestrial situations requires modeling the spatial spread of nutrient in a realistic manner. Other factors may also mediate the replacement of one species by another.  The autotroph that is initially present may be able to maintain local environmental conditions favorable to itself until allogenic factors become too strong to be resisted. For all of these reasons, factors that affect the diffusion of nutrients, or that buffer local areas around plants against changes in soil nutrient levels, may affect the change in an autotroph community impelled by nutrient loading.
(3) Hydraulic lift/redistribution and its impact on soil moisture and the partitioning of water consumption among woody and herbaceous plants: The movement of water from moister to drier portions of the soil profile via plant root systems has been termed hydraulic lift and more recently hydraulic redistribution [Richards and Caldwell, 1987; Burgess et al., 1998]. This flow process requires a gradient in the soil water potential, a more positive water potential in the root xylem than in the surrounding soil and a relatively low resistance to reverse flow from the roots. This process occurs generally at night, when transpiration has diminished sufficiently to allow the water potential in the roots to exceed that in the drier portions of the soil profile. Hydraulic lift/redistribution potentially contributes to the water balance of not only the plant responsible for it, but also of neighboring plants of other species [Dawson, 1996]. In addition to this, it may affect the availability and enhance competitive uptake of nutrients through the plant roots. The brazilian Cerrado (IBGE ecological reserve), characterized by a prolonged rainless season leading to sever drying in the upper portion of the soil profile, and by the dynamic coexistence of deeply rooted woody species and shallow rooted herbaceous species, represents an ideal ecosystem to evaluate ecosystem-level consequences of hydraulic lift/redistribution. In the Cerrado, some of the deeply rooted trees or shrubs have dimorphic root system, and therefore may hydraulically lift water to the upper soil layers during the dry season. Because the main direction of water movement is vertical in Cerrado ecosystems, there is no allogenic exchange of nutrients and water from one type of savanna to the other. Most of the water movement tends to deplete nutrients from the upper soil layer. During the dry season the shallow rooted grasses die back resulting in an increase of nutrients for plant growth in the upper few cm of soil at the beginning of the rainy season. Hydraulic redistribution allow the shallow roots of the dymorphic root systems of trees to use nutrient resources during the dry season when competition by grasses is reduced due to slow growth and die back. In the everglades, similarly there is in certain cases hydraulic lift, particularly near the coast where the water potential gradient is determined osmotically by different concentrations of sea water and fresh water.
IV.- Research Methods
The complex nature of the various processes involved, i.e., hydrology, nutrient transport and uptake, and vegetation ecophysiology, along with their spatial and temporal variation, impose a quantitative approach that introduces reasonable approximations, and focuses on capturing the large scale spatial and temporal patterns in these interacting processes. The conceptual models proposed have been designed to describe the hydrologic and nutrient environments of plants in the two ecosystems to adequately describe the alternative hypotheses concerning how different mechanisms lead to heterogeneous mixtures of grasses and woody vegetation in both Cerrado and Everglades systems.  Therefore, the quantitiative implementation of these conceptual models must be able to represent at least the following observations:

Patchy distribution of vegetation.  We will do this by representing the landscape horizontally as a grid of square cells, each perhaps a few tens of square meters or less.  Each cell may have certain individual features of microtopography, such as elevation, and each can be occupied by its own vegetation type, woody or grassy.

Processes leading to the local accumulation of nutrients through time.  Local accumulation of nutrients can reinforce local vegetation type or drive changes in vegetation.  Accumulation of nutrients may occur through the buildup of soil.  Therefore, production of detritus, along with decomposition processes, will be modeled.  

Movement of water and nutrients from external sources.  Nutrient availability in the Cerrado during the dry season may depend on the hydraulic lift of water from the water table.  Movement of nutrients in the Everglades is horizontal, from inflow of water, and through precipitation.

The model can be thought of in two coupled parts.  The first part describes the hydrology and hydrologic transport of nutrients, while the second part describes individual plants and their local nutrient environments.

III.1.- Mathematical Modeling

Due to the spatial variability of the hydrologic, nutrient and vegetation stocks and fluxes, focus is placed here on a stochastic water and solute balance approach where soil moisture is the key link between climate variations, hydrologic cycle processes, nutrient cycling and vegetation ecology in space and time. This approach has been the focus of recent research efforts in the field of ecohydrology [Rodriguez-Iturbe et al., 1999, Rodriguez-Iturbe, 2000, Rodriguez-Iturbe et al., 2001, Laio et al., 2001a,b, Porporato et al., 2001, Guswa et al., 2002], who have focused on the temporal dynamics of vegetation in water-controlled ecosystems. The approach proposed here incorporates the spatially variability in addition to the temporal dynamics, and has been used in the broader context of linking physical, chemical and biological processes in spatiotemporal varying systems [Miralles-Wilhelm et al., 1997, Miralles-Wilhelm and Gelhar, 2000, 2002]. The approach is based on a probabilistic solution to the soil moisture and solute (e.g., nutrients) balance equations:
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(3)

where n is the soil porosity; s is the soil saturation; t is time; xi (i=1,2,3) is the spatial coordinate system; qi is the flow rate vector; (s,xi,t) is the rate of soil moisture losses from the active soil, including evaporation and vegetation moisture uptake; C=C(s,xi,t) is the concentration of the limiting nutrient (e.g., nitrogen, phosphorus) in the pore water; Dij is the solute dispersion coefficient; (s,C,xi,t) is the rate of nutrient uptake (and other potential nutrient geochemical transformations); kW(s) is the relative permeability of the soil (0<kW<1), Kij is the saturated hydraulic conductivity of the soil; and(s,xi,t) is the pressure head (tension) in the soil. 

This set of equations needs to be complemented with constitutive relations for relative permeability and tension head as a function of saturation, known collectively as soil characteristic curves, e.g., Guswa et al., [2002] and for the nutrient dispersion tensor Dij, e.g., Naff [1978], Miralles-Wilhelm and Gelhar [1996a]. In addition, appropriate boundary and initial conditions must be used to solve this set of equations to account for rainfall-derived infiltration, which is randomly distributed in space and time, and initial soil moisture and nutrient distributions. Functional forms for the soil moisture (s,xi,t) and nutrient (s,C,xi,t) sink functions need to be specified as well. In the case of the soil moisture balance, equation (1) functional forms for the processes of evaporation and plant uptake of water which are spatially distributed will be adopted from recent literature, e.g., Guswa et al., [2002]. These functions are dependent on the local soil moisture and plant specific physiological parameters, such as root density and plant water potential.
To model the interaction of nutrients with vegetation, a formulation based on the model of Huston and DeAngelis [1994] will be used. In this model, plants compete locally for nutrients by causing localized depletion of nutrients and indirectly lowering a regional, larger scale nutrient pool. The proposed model has spatially distributed vegetation unit (e.g., individual trees or bushes, or spatial plots of grass), each surrounded by a local nutrient pool and a local detritus compartment.  These local nutrient pools are connected to the regional nutrient pool through diffusional transport.  This model formulation allows for dynamically changing local nutrient heterogeneity, depending on the uptake coefficients of individual plant types and detrital decomposition rates.  A given vegetation type can thus alter its local nutrient environment.  This model was shown by Huston and DeAngelis to help avoid the R* -rule (e.g., Tilman 1976, Holt et al. 1994) whereby one plant species would necessarily eliminate all others. The nutrient sink function  describing nutrient uptake by vegetation is based on a Michaelis-Menten kinetic model:
(4)
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Here, M=M(s,xi,t)  [ML-2] and D=D(s,xi,t)  [ML-2] are the local nutrient per unit area stored, respectively, in vegetation and detritus; b is the half-saturation nutrient concentration [ML-3] for biomass growth; f [T-1] is a biomass yield rate (biomass produced per unit mass of nutrient uptake per unit time), d [T-1] is a death rate of biomass, and e [T-1] is the local decomposition rate of detritus.

Equations (1), (2), and (3) describe the large scale hydrologic processes driven by seasonal rainfall patterns on the landscape, while equations (4), (5), and (6) described the local variations driven by individual plant and detrital characteristics, and by microscale environmental variations.  The latter equations will represent local (order of square meters) cells on a spatial grid.  Both stochastic factors and microscale variations in soil and elevation may determine an initial spatial distribution of plant types.  The plants then affect the local nutrient concentrations and detrital composition. This leads to emerging spatial structures of vegetation.

III.2.- Stochastic Solution
The proposed research aims to take a stochastic approach to incorporate spatial variability of the random fields considered in equations (1)-(6), and develop a solution for the state variables (s, C, qi, M, D) which considers the dynamic behavior of a spatially varying system (systems approach). The stochastic methodology to be followed with this purpose is based on a perturbation approach on random fields which has successfully been applied over the past two decades to spatiotemporally variable subsurface flow and transport problems, in references such as Gelhar and Axness [1983], Gelhar [1993], Miralles-Wilhelm et al., [1997] and Miralles-Wilhelm and Gelhar [1996a,b, 2000, 2002].

Using this stochastic perturbation approach may allow to obtain closed form solutions to equations (1)-(6) if nonlinear source/sink terms and constitutive relations, e.g., (s, xi ,t), (s,xi,t), kW(s), (s,C,xi,t), are linearized with respect to soil moisture (s)  and nutrient concentrations (C) . This approach has proven feasible and effective in the analysis of reactive solute transport in heterogeneous aquifers [Miralles-Wilhelm et al., 1997, Miralles-Wilhelm and Gelhar, 2000], where the source/sink terms are non-linear with respect to the dependent variables. In cases where closed form solutions are not feasible, this solution may need to be implemented in a numerical scheme, for different forms of the sink term functions and constitutive relations for tension head and nutrient dispersion.
It is important to note that the applicability of this stochastic approach relies on an ergodicity assumption, namely, that ensemble means can be used as an approximation of the spatial means. This assumption is valid as long as the scale of the problem is much larger than the correlation scale of the random fields involved. This assumption is expected to be applicable due to the large-scale focus of the quantitative model to be developed here. This probabilistic characterization of the state variables in terms of their statistical moments is valuable to quantify not only the magnitudes of these variables but of their uncertainty as well. 
III.3.- Field Experimental Tests
Tests to be conducted and modeled at the Cerrado:
1) The nutrient and water potential profile will show the greatest nutrient concentrations and the lowest mid-day water potentials at the top layers of the soil profile during the dry season: Water potential at every 20 cm in the soil profile will be monitored with a dew point psychrometer. Soil cores down to 2 meters will be collected and nutrient content determined at every 20 cm. In addition the nitrogen isotope ratios of available nitrogen will be determined to use as a potential tracer of nitrogen uptake.
2) Grasses not associated with a hydraulically lifting woody plant will be utilizing nutrients only during the wettest part of the wet season, where as hydraulically lifting shrubs will be utilizing the more concentrated localized nutrient pool at the soil surface layers during the dry season: This will be tested by two methods: First, we will use natural nitrogen isotope ratios and specific cations or cations ratios of plant tissues to attempt to identify the temporal and spatial location of the nutrient source utilized by grasses and woody plants.  Second we will irrigate areas near woody trees and near grasses with a 15N enriched nitrate solution to label only the top layer of the soil profile and analyze plant tissues after several days of nitrogen application. We will minimize the irrigation volume to minimally affect plant water relations.  In addition response of plants watered with the same volume of a control solution will be monitored for any irrigation effects. 
3) Hydraulic lifting by woody plants allows them to access the nutrient pool at the upper layers of the soil profile: Hydraulic lift in a group of woody plants will be ceased by severing the main tap root.  After one month plants will be irrigated with a 15N solution and their nitrogen isotope ratios monitored and compared with a control group. 
4) Grasses associated with woody plants that are hydraulically lifting will utilize the more concentrated nutrient pool in the upper layers of the soil profile: Techniques of natural stable abundance, specific cations, and cation ratios as well as artificially labeling with 15N nitrate as stated previously (hypothesis 2) will be applied to a group of grasses closely associated with a hydraulically woody plant and a control group far from any woody plant and compared.
Tests to be conducted and modeled at the Everglades:
1) No gradient in nutrient concentration and water potential will be found in areas below the flooding levels.  Further the nutrient concentration through out this profile will be low compared to upper layers of the topographic areas above the flood levels: Because the soil development in the Everglades is poor we may not be able to sample soil cores to examine the profile, but instead will utilize soil solution from small diameter (about 2cm) wells at specific depths. For topographic areas above flood levels some organic debris will be accumulated and this will be sampled for nutrients. As in the Cerrado, we will use isotopic signature of nitrogen to monitor plant nutrient uptake at each depth by analyzing the nitrogen isotope ratios of available nitrogen at each depth. Signature of nutrient at each depth will also be detected by analyzing for specific cations or cation ratios.
2) Plants  (mostly grasses with fibrous roots) found in areas below the flood levels  will utilize the more dilute local nutrient pool, which will differ little from the regional pool.  Where as those (mostly woody plants without a fibrous root system) found in elevations above the flood levels  will utilize the higher concentration local nutrient pool identified above: The same techniques of using natural stable isotope abundance, specific cations and cation ratios as well as labeling experiments will be utilized to identify the pool of nutrient utilized by the plants observed in these two areas. 
For all experiments, soil nutrient availability will be assessed using mixed-bed exchange resins [Lajtha et al., 1999], as well as static measurements at different times during the field experiments to assess inorganic soil N and P concentrations, Dumas combustion to measure total soil and foliar C and N, and Kjeldahl digestion for determination of total P and foliar N and P concentrations [Sollins et al., 1999]. Extracts and digests will be analyzed on an Alpkem 4 Autoanalyzer at the Universidad de Buenos Aires (Cerrado) and the UM (Everglades). Subsets of overstory tree species, seedlings and soil samples will be sent for analysis of 13C and 15N at the Stable Isotope Laboratory at UM.

V.- Principal Investigators
The list below presents the principal investigators that will be involved in the proposed research and education activities. The list also includes “project participants”, investigators who will participate on the project by establishing interactions with other funded research projects that will benefit from the proposed work. Important Note: All individuals listed below will be involved in the education plan described in Section VI.

Amy Austin, Instituto de Fisiologia y Ecologia Vegetal (IFEVA) Universidad de Buenos Aires, Argentina: Biogeochemical cycles, Nutrient Availability, Ecosystems Ecology.

David A. Chin (Project Participant), Dept. of Civil, Architectural and Environmental Engineering, University of Miami:Field methods for determining evapotranspiration in the Everglades.

Donald L. DeAngelis, USGS and Dept. of Biology, University of Miami: Theoretical ecology and modeling of population dynamics driven by water and nutrients.

Guillermo Goldstein, Dept. of Biology, University of Miami: Tropical plant ecophysiology and functional ecology: experimental measurements of hydraulic redistribution.

William A. Hoffmann, Departamento de Engenharia Florestal, Universidade de Brasilia, Brazil: Modeling of global biogeochemical cycles, Savanna vegetation dynamics.

Fernando Miralles-Wilhelm, Rosenstiel School of Marine and Atmospheric Sciences, University of Miami: Groundwater hydrology, stochastic modeling of water flow and reactive solute transport in the subsurface.

Leonel Da Silveira Lobo Sternberg, Dept. of Biology, University of Miami: Upscaling of vegetation physiological processes to regional and global scales; stable isotopes field techniques.

Helena M. Solo-Gabriele (Project Participant), Dept. of Civil, Architectural and Environmental Engineering, University of Miami: Tree/nutrient islands in the Everglades.
VI.- Education Plan 
The research component of this project incorporates both elements from the field of ecohydrology, which will be used as a vehicle to conduct research with undergraduate and graduate students, as well as postdoctoral researchers in the multidisciplinary aspects of hydrology-vegetation interactions. This research would allow students to participate and learn in an innovative, relevant, applied and multidisciplinary atmosphere.The proposed research provides a unique seed opportunity to establish an educational curriculum in Ecosystems Hydrology at UM. The development of such a program is a primary goal which supports the strategic direction of the university for becoming an increasingly interdisciplinary educational institution with a focus on the global environment. The applicability of the proposed curriculum improvement to relevant societal problems is justified by the close proximity of Miami to the Everglades, where there is an extremely high demand for qualified personnel in this applied field of ecohydrology. In addition to this, UM is a common target for students from South America, and it is expected that enrollment and recruitment of international students from this area will be increased by implementation of this program. The individual PIs as well as the University of Miami have experience and active access to what is perhaps the most diverse student population in the US, as well as ongoing collaborations in Caribbean and South American nations, so participation of underrepresented groups in this project is insured. The existing international research network cultivated by individual PI efforts will be further strengthened by this project.

The proposed curriculum development in Ecosystems Hydrology consists in incorporating a teaching module in ecosystems hydrology (ecohydrology) to three existing courses at the upper undergraduate and graduate levels at UM, an intensive summer course in ecosystems hydrology and an annual retreat in symposium format.
(a) Introduction to Hydrology: this is an introductory level course which exists in UM’s undergraduate, degree-granting programs in Marine Sciences and Environmental Sciences (200+ majors currently). This course is taught by the PI with contributions by Profs. Chin and Solo-Gabriele, builds on fundamental concepts from hydrologic sciences, including hydrologic cycle processes and their role on global biogeochemical cycles. A case-study based module in ecohydrology is proposed to be incorporated in this course. This module will be based on the Everglades and Cerrado ecosystems, and will provide students an exposure to the relevant societal problem of ecosystem evolution and management. It is also anticipated that the Introduction to Hydrology course would be offered as a university-wide science requirement elective.
(b) Plant Environmental Physiology: This course will be co-taught by Profs. Goldstein, Hoffmann and Sternberg, and focuses on environmental influences on the physical and chemical bases of life processes in plants, including ecosystem consequences. The objectives of this course are to provide: i) a mechanistic understanding of plant adaptations to the physical environment, ii) experience with state of the art instrumentation and approaches to investigation those plant adaptations, and iii) ability to scale individual physiological processes to whole ecosystems. Key theories, techniques, and instruments will be explained, and these tools are used to answer important questions in the fields of water relations, carbon assimilation, nutrients and energy budgets, growth and carbon allocation, and soil and plant characteristics related to water and nutrient uptake.
(c) Environmental Hydrology: this is an advanced level course for upper undergraduate and graduate (UUG/G) students on fundamentals of hydrology applied to environmental problems such as contamination, natural hazards (land and mud slides, floods). A teaching module in stochastic treatment of large-scale hydrology-vegetation interaction will be incorporated into this course to disseminate the fundamental findings of this research to students in engineering, biology, chemistry, marine and atmospheric sciences. In addition to the scientific learning opportunity provided by this addition, students in this class will be exposed to the comparative analysis of water-controlled ecosystems in distinct geographical and geopolitical settings. This course will be team-taught by Profs. Miralles-Wilhelm and DeAngelis.
(d) Ecosystems Hydrology Summer Intensive Course: A new 4-week duration intensive short course in ecosystems hydrology will be developed jointly between UM and UNB in Brazil. This course will sponsor twenty (20) UUG/G level students to spend two weeks working on hands-on field experiments, focusing on the following educational components/skill building: familiarity with ecohydrological instrumentation, real-time data acquisition, interpretation of measured results and comparison with model simulations, and write-up of technical reports and papers. The course will be co-taught by Profs. Hoffmann, DeAngelis, Goldstein, Sternberg and Austin.
(e) Annual Retreat: this will be a four-day long event during which each student and all faculty member/investigator will report on completed, ongoing and planned research activities on the three major topics identified in Section II. Written summaries of these presentations will be compiled and reproduced to help disseminate the program’s research and to serve as a record of the program activities. Student presentations will be critiqued by a panel of professionals, and awards will be made for the best presentations. All students will receive feedback from the panel to help them improve their presentation skills. The event will also provide an opportunity for discussion of professional and scientific ethics, and program self-assessment activities
VII.- Dissemination of Proposed Research and Education Activities
The project dissemination will be targeted at the scientific (faculty and researchers), student (undergraduate and graduate), professional (industry), and regulatory (government) audiences, through a combination of the following mechanisms:

(a) The HYDROSPHERE web site: developed as part of UM’s strategic initiative of developing an interdisciplinary research and education program in hydrology: http://www.rsmas.miami.edu/groups/hydrosphere/. This web site will incorporate the findings of this project (research, curriculum, participants) and will serve as a clearinghouse for the project. 

(b) UM’s Investigating Nature Through Science Teacher Active Research (INSTAR) program (http://mgg.rsmas.miami.edu/groups/instar/index.htm/):because of the large proportion of Hispanic population in the Miami area, this program has become an important outreach vehicle to train science teachers and to attract Hispanic students to RSMAS-UM, as well as to raise awareness about science and engineering as career paths through the K-12 schooling system. 
(c) Presentations at conferences, workshops and symposia, particularly those sponsored by the National Parks Service (Everglades National Park) and the Instituto Brasileiro de Geografia e Estadistica (IBGE) in Brazil.
(d) Publication of scientific (peer reviewed) and professional articles

(e) Production and distribution (download from HYDROSPHERE) of all program contents: course materials, presentations and publications, modeling and visualization software.

(f) The integrated modeling and visualization hardware setup will be used as a demonstration exercise for the annual UM open house for prospective undergraduate and graduate students.

VIII.- Broader Impacts of the Proposed Program
This proposal is a joint effort between investigators at the University of Miami (UM, USA), the Universidade de Brasilia (UNB, Brazil), the University of Buenos Aires (UBA, Argentina) and the United States Geological Survey (USGS). The primary impact of the proposed project will be on preparing a new generation of ecosystem scientists and practitioners who will acquire: (i) strong interdisciplinary science skills applicable to ecosystem analysis, assessment and decision making; (ii) exposure to diversity in terms of treating different ecosystems (dry, average and humid) and in terms of geographical/cultural settings, as students in this program will work in the Everglades and the Cerrado (savanna) ecosystems. Below we provide more specific details of these broader impacts:
(1) Advance discovery while promoting teaching, training and learning: This project effectively integrates the hydrologic cycle processes and vegetation ecophysiology into a research and educational program that is global both in the geographic sense (by taking place in the US and Brazil) and in the ecosystem sense (by taking place in the Everglades and the Cerrado). Through its research component, the program contributes to train undergraduate and graduate students, as well as postdoctoral research associates. Through UM’s INSTAR (see Section V), the proposed program provides training for science teachers and contributes to their professional development.
(2) Broaden Participation of Underrepresented Groups: Because of its geographic location, the University of Miami has ongoing active access to what is perhaps the most diverse student population in the US, composed of a significant fraction of hispanic and african-americans. In addition to this, Miami is a natural target for students of South American countries. This is also reflected in the composition of our student body. This program will actively recruit undergraduate, graduate and postdoctoral prospects from these underrepresented groups for its research and educational activities described above.

(3) Enhance Infrastructure for Research and Education: The individual PIs have ongoing collaborations locally in South Florida, as well as in Caribbean and South American nations. Institutionally as well, the University of Miami is committed to becoming a gateway for scientific and educational interactions within the Americas. The already existing international research network cultivated by individual PI efforts will be expanded and further strengthened by this project. In addition to this, we have received logistical support commitments, expressed by agencies responsible for research physical infrastructure in the Everglades (SFWMD and USGS) and the Cerrado (UNB, IBGE).
(4) Broad Dissemination to Enhance Scientific and Technological Understanding: We have addressed this component of broader impacts in detail under Section VI above.
(5) Benefits to Society: Understanding the vulnerability and resilience of hydrologically-controlled ecosystems and the perturbations that trigger impacts on ecosystem health is a challenge that generally transcends disciplinary and geographical boundaries, and is key to sustaining the diversity of life on Earth. The consequences of ecosystem anthropogenic intervention, a common element of the Everglades and Cerrado ecosystems need to be quantified and addressed through a common framework that quantifies not only these expected consequences but that assesses the uncertainty in this quantification as well.
IX.- Management Plan, Assessment and Institutional Committment
The management team for this project will be lead by the PI, Dr. Fernando Miralles-Wilhelm, whose academic salary is supported on soft-money, and therefore will devote a large fraction of his academic appointment time to this project. The PI will be supported by all the co-PIs for specific research and education activities. This team will set policy regarding all aspects of the proposed program, initiate student and postdoc recruiting activities, advise students on research projects, communicate with local and international collaborators, make hiring and purchasing decisions, organize and coordinate all project activities and write project progress reports to NSF. The management team will be supported by a half-time administrative assistant. 
Program assessment will have a high priority. We will conduct assessment at various levels, including course evaluations by students, self-assessment conducted during annual retreats, and follow-up of dissemination activities identified in Section VI. Part of the program assessment will be based on an overseeing external Advisory Board composed of representatives from each participating academic unit in the university (College of Arts and Sciences, College of Engineering, The Rosenstiel School of Marine and Atmospheric Sciences) and from each participating non-UM organization: Universidade de Brasilia, Universidad de Buenos Aires, the United States Geological Survey and the South Florida Water Management District. The latter is an important link, as it is the local agency in charge of the Comprehensive Everglades Restoration Program (CERP), the largest ecosystem restoration program ever funded worldwide. We have attached corresponding letters of support from these institutions in the supplementary materials section of the proposal.
We have received unanimous verbal support from all levels of the university for setting a course leading toward a permanent research and educational program in ecosystem sciences. The university recognizes the need for innovative and interdisciplinary approaches, and support our efforts to create this integrative research and education program. In fact, the university has just launched its Center for Ecosystems Science and Policy (CESP), focused on integrated, interdisciplinary approaches to the analysis of ecosystems. We have received a logistics-supporting letter from the CESP Director, Prof. Mary Doyle, attached in the supplementary materials section of the proposal.
The Universidade de Brasilia (UNB) will offer logistics support for research and educational activities in the Cerrado ecosystem, including access and field work supervision in the ecological reserve at the Instituto Brasileiro de Geografia y Estadistica (IBGE) by one of the project co-PIs, Prof. William A. Hoffmann. The Instituto de Fisiologia y Ecologia Vegetal (IFEVA) of the Universidad de Buenos Aires will support experimental determination of soil and foliar nutrients in Cerrado samples, supervised by one of the project co-PIs, Dr. Amy Austin.
X.- Results from Prior NSF Support
Environmental and Physiological Regulation of Water Flux Through a Tropical Forest Ecosystem. IBN-94-19500, FC Meinzer and GH Goldstein, Amount: $375,130, Award period: 5/1/95 to 4/30/98 (no-cost extension to 4/30/2000)
Summary of results of completed work: The overall objectives of this project were to characterize the relative roles of intrinsic plant physiological characters and external environmental factors in the regulation of transpiration in selected plant functional groups in a seasonally dry tropical forest.  The research was carried out at the Smithsonian Tropical Research Institute canopy crane near Panama City and on Barro Colorado Island.  Some of the project’s most important results are described in the publications listed below.

Human resources development. At least 20 Latin American student assistants were supported for periods ranging from a few weeks to about three months. They received an orientation in the project’s rationale and goals, training in a variety of field and laboratory research techniques, and experience in analyzing and interpreting data.

Publications:

Goldstein, G., Andrade, J.L, Meinzer, F.C., Holbrook, N.M., Cavelier, J., Jackson, P., Celis, A. (1998) Stem water storage and diurnal patterns of water use in tropical forest canopy trees. Plant, Cell and Environment 21: 397-406.

Meinzer, F.C., Andrade, J.L., Goldstein, G., Holbrook, N.M., Cavelier, J., Jackson, P. (1997) Control of transpiration from the upper canopy of a tropical forest: the role of stomatal, boundary layer and hydraulic architecture components. Plant, Cell and Environment 20: 1242-1252.

Andrade, J.L., Meinzer, F.C., Goldstein, G., Holbrook, N.M., Cavelier, J., Jackson, P.,

Silvera, K. (1998) Regulation of water flux through trunks, branches and leaves in 

trees of a lowland tropical forest. Oecologia 115: 463-471.

Meinzer, F.C., Andrade, J.L., Goldstein, G., Holbrook, N.M., Cavelier, J. Wright, S.J. (1999). Partitioning of soil water among canopy trees in a seasonally dry tropical forest. Oecologia 121:293-301

Clearwater, M., Meinzer, F.C. Goldstein, G., Holbrook, N.M., Andrade, J.L. (1999) Potential errors in measurement of nonuniform sap flow using heat dissipation probes. Tree Physiology 19:681-687.

Becker, P., Meinzer, F.C., Wullschleger, S.D. (2000) Hydraulic limitation of tree height: a critique. Functional Ecology 14:4-11.

Meinzer, F.C., Goldstein, G., Andrade, J.L. (2001) Regulation of water flux through tropical forest canopy trees: Do universal rules apply? Tree Physiology 21:19-26.

Meinzer, F.C., Clearwater, M.J., Goldstein, G. (2001) Water transport in trees: current perspectives, new insights and some controversies. Environmental and Experimental Botany 45:239-262.

Goldstein, G., F.C. Meinzer, y J.L. Andrade (2002) El flujo de agua en arboles del dosel:

      Mecanismos y patrones. In: Ecologia y Conservacion de Bosques Neotropicales

      (M.R. Guariguata and G.H. Kattan eds.), LUR, Cartago, Costa Rica,  pp. 251-270
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      sapwood. Tree Physiology 22: 277-283.
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