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demonstrated that the magnitude of recent observed sea level rise and atmospheric warming
exceed the forecasts associated with the highest COy emission scenario constructed by the
Intergovernmental Panel on Climate Change [1]. In order to provide more accurate forecasts of
future temperature increases, climate models formulated during the next decade will require a
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recently-published compartment model of the C cycle [3]. Previous work has used sub-optimal
heuristic algorithms to solve TECO-R, resulting in imprecise estimates of some C residence times.
The proposed work will first reformulate TECO-R as a quadratic mathematical program called
TECO-R-QP. Next, I will solve TECO-R-QP using an optimal numerical algorithm to precisionize
C residence time estimates for the conterminous US. Data products generated by the proposed
work will include 1 km resolution raster maps of: (i) C residence times, (ii) C sources and sinks,
and (iii) net primary productivity under present day climate and a range of IPCC scenarios in
2050. All maps will be made available to users for free on the World Wide Web. This work is best
done at NCEAS because TECO-R-QP will be parameterized with an existing data set on C
dynamics available from Oak Ridge National Laboratory (ORNL). Moreover, the proposed work
will develop new techniques in mathematical and geospatial modeling, which is part of NCEAS’
mission. The geographical extent of the analysis will be restricted to the conterminous US because
most of the ORNL data is for this region and because limiting the study to this area will make it
feasible to complete the proposed work within two years. Finally, I will generalize TECO-R-QP by
incorporating: (i) scenarios of 21% century land cover change in the Midwest developed by the
EPA Office of Research and Development and (ii) uncertainty about C residence times in
terrestrial pools using stochastic programming and info-gap theory [4, 5].
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1 Problem statement:
1.1 What is to be done. Research objectives:
1.1.1 Using numerical optimization to precisionize estimates of C residence time:

Carbon (hereafter “C”) leaves the atmosphere and enters plants and soil via photosynthesis and
exits back to the atmosphere as CO3 via plant or microbial respiration [6]. The time that C atoms
spend in an ecosystem between the entrance and exit events is referred to as C residence time [3]. C
residence times are important because they affect C uptake, net primary productivity (NPP), and
indirectly influence atmospheric CO,. C residence times are typically studied using compartment
models, which treat plants, soil, and the atmosphere as distinct pools among which C circulates.
In the past, compartment models have been solved using heuristic algorithms, which may result
in some imprecise residence time estimates [3]. The proposed work will use optimal algorithms to
generate more accurate estimates of C residence times in the conterminous US at the 1 x 1 km
resolution.

1.1.2 Extending compartment models to address land use/land cover change (LULC)

Objective (§1.1.1) will use optimal algorithms to analyze existing compartment models. This objec-
tive will construct new compartment models that incorporate LULC into the analysis of C dynamics
among terrestrial C pools. Muller et al. [2] formulated coarse-grained (0.5° x 0.5°), global scale
predictions of the effect of LULC in the 21% century on the terrestrial C cycle. The proposed work
will extend the analysis of Muller et al. [2] by using a finer spatial resolution of 1 x 1 km and
restricting the analysis to the conterminous US. Muller et al. [2] utilized LULC scenarios that were
not specific to the US. I will use scenarios of LULC developed specifically for the US by the EPA
Office of Research and Development.

1.1.3 Incorporating uncertainty into compartment models of the terrestrial C cycle

Objective (§1.1.1) will formulate and solve deterministic models of the terrestrial C cycle. The
present objective will generalize those models to include uncertainty. For example, deterministic C
cycle models assume that C resides in woody biomass for no more than 500 years [3]. The upper
bound of 500 years is based on expert opinion and literature review but may be open to the charge
of arbitrariness. The proposed work will analyze the effect of treating such parameters as random
variables and will solve the resulting stochastic models using stochastic mathematical programming
and info-gap decision theory [4, 5].

1.1.4 Forecasting C uptake at a fine spatial scale in response to future increases in
atmospheric CO»

Recent work has investigated spatial and temporal variation in NPP in the Great Plains of the
US using linear regression to quantify the effect of climate on NPP [7, 8]. This objective will
extend the analysis of Bradford et al. [7, 8], which analyzed present day climate, by forecasting
NPP under future climate scenarios formulated by the IPCC. Bradford et al. used multiple linear
regression to analyze the effect of climate and soil conditions on NPP. The proposed work will refit
the regression models of Bradford et al. with the IPCC’s A2, B1, and B2 scenarios of temperature
and precipitation in 2050.

1.2 Why it is important:

Terrestrial carbon dynamics influence atmospheric COg2, which influences climate [2]. Climate
change is likely to have important societal impacts during the 215 century, such as affecting agri-



cultural production [9]. In light of these impacts, it is important to develop more precise forecasts of
climate change. One aspect of more precise forecasting is to develop a more accurate understanding
of the terrestrial C cycle.

Zhou and Lou [3] have recently developed a nuanced model of the terrestrial C cycle (Fig. 1).
The contribution of the proposed work to ecological theory will be to formulate the model of Zhou
and Lou [3] as a mathematical program. A large body of computational techniques exist for solving
mathematical programs optimally [10]. By formulating a C cycle model as a mathematical program,
the proposed work will make it possible to apply those techniques to the study of C dynamics in
terrestrial pools. I have already developed a preliminary version of the mathematical program,
which can be downloaded from http://uts.cc.utexas.edu/~consbio/Cons/TECO-R-QP.pdf.

1.3 How it will be accomplished:
1.3.1 Data sources

I will reanalyze existing data sets on the terrestrial C cycle that are available from the Oak Ridge
National Laboratory Distributed Active Archive Center (ORNL DAAC). Current climate data will
be obtained from the PRISM data set of Oregon State University [11]. Future climate forecasts
will be based on the new COy emission scenarios published in 2007 as part of the IPCC’s Fourth
Assessment Report [12]. The University of Maryland Global Land Cover Facility’s 1 km land cover
raster, which is based on satellite imagery from 1981-1994, is typically used to model the dynamics
of terrestrial C [13]. My analysis will use the European Space Agency’s new GlobCover version 2.2
300 m land cover raster, which is based on 2004-2006 imagery [14]. All of the data sets that will be
utilized in the proposed work are already available for free on the World Wide Web.

1.3.2 Using numerical optimization to precisionize estimates of C residence time (see
§1.1.1)

Inverse modeling is a statistical technique that attempts to minimize an objective function (whose
ideal value is zero), which represents the difference between observed data and the parameters of
a model that explains the data [15]. In the context of the terrestrial C cycle, inverse modeling
estimates parameters of a compartment model given observed data on plant biomass, precipitation,
soil organic C, and solar radiation. Due to the computational difficulty of the estimation, parameter
estimates are typically obtained using a heuristic algorithm, which provides good but possibly sub—
optimal estimates. For example, Zhou and Lou [3] used a genetic algorithm to estimate spatial
patterns of C residence times in the conterminous US. They solved the inverse model 30 times and
reported the mean and standard deviation of the estimated residence times. A shortcoming of this
approach is that different runs of the heuristic algorithm may return significantly different estimates.
For instance, the mean residence time of C in coarse litter in the shrubland biome was estimated
to be 3 years, but the standard deviation of the estimate was also 3 years [3]. The proposed
work will use optimal numerical algorithms rather than heuristics to provide more precise estimates
of C influx and efflux in compartment models. Optimal numerical algorithms have already proved
effective for modeling oceanic carbon cycles [16]. I have previously used optimal algorithms to design
biodiversity conservation areas and am familiar with open source C++ software implementations
of such algorithms [17, 18, 19]. In the proposed work, I will use optimal algorithms to estimate
terrestrial C residence times in compartment models in order to develop more accurate estimates
of spatially heterogeneous C uptake.

I have already formulated a preliminary version of the optimization model that will be analyzed
during the proposed work, which is called TECO-R-QP. TECO-R-QP has 11 data parameters that
are set by the user prior to solving the model, 25 state variables whose values are determined by
solving the model, and 40 constraints that model properties of the terrestrial C cycle. Due to the



word limit for NCEAS proposals, TECO-R-QP is not included in this proposal. However, a pdf
document describing TECO-R-QP can be downloaded from my web site at the University of Texas:
http://uts.cc.utexas.edu/~consbio/Cons/TECO-R-QP.pdf.

1.3.3 Extending compartment models to address LULC (see § 1.1.2)

A consensus has emerged that terrestrial C dynamics depend on LULC as well as plant photosyn-
thesis and respiration (reviewed in [2]). The TECO-R model of the C cycle will be extended to
incorporate LULC by adding state variables that model land-use patterns at geographic sites. I
will analyze a set of spatially-explicit LULC scenarios that have already been formulated by the
US Department of Agriculture [20]. Data on land cover change associated with these scenarios
are already available in GIS—format from the Environmental Protection Agency’s Future Midwest-
ern Landscapes Environmental Decision Toolkit (http://www.waratah.com/fmledt). First, I will
determine the effect of each USDA scenario on C residence times and NPP at each site in the
conterminous US at the 1 km resolution. Second, I will compare the USDA scenarios with scenarios
derived from LPJmL, a process-based model of vegetation dynamics that has seen frequent use in
the literature on land-use change [2].

1.3.4 Incorporating uncertainty into compartment models (see § 1.1.3)

TECO-R-QP is a model of C circulation among terrestrial pools comprised of soil, roots, and leaves.
TECO-R-QP is deterministic insofar as no data parameter has any uncertainty explicitly associated
with it. I will extend TECO-R-QP by converting it into a stochastic mathematical program in
which some parameters are treated as random variables [4]. Initial work will assume that each
random variable has a known distribution function but that the exact value of the parameter will
be determined by a random experiment. For example, TECO-R-QP assumes that C resides in
deep soil for at most 500 years (see constraint (A39) of TECO-R-QP). I will relax this assumption
by modeling the upper bound on C residence time in deep soil as a normally-distributed random
variable with a mean of 500 years.

1.3.5 Forecasting C uptake at a fine spatial scale in response to future increases in
atmospheric CO; (see § 1.1.4)

Bradford et al. [7] formulated a multiple regression model that predicts NPP using data on tempera-
ture, precipitation, soil, and land use as explanatory variables. I will construct fine-scale predictions
of temperature and precipitation in the conterminous US in 2050 by downscaling IPCC scenarios
from 0.5° to 1 km using ordinary kriging interpolation [21]. Next, I will use the future climate fore-
casts to estimate future NPP and the residence time of C in terrestrial pools. Finally, I will compare
how C residence times are affected by (i) increases in atmospheric CO2 only and (ii) increases in
atmospheric CO2 accompanied by LULC (see § 1.3.3).

2 Proposed activities:
2.1 Brief description of methods:

A mathematical program is an optimization model that takes as input data parameters [22]. Solving
the mathematical program amounts to selecting values for state variables that optimize an objective
function while obeying one or more constraints. In the context of compartment models of the terres-
trial C cycle, the state variables represent estimates of the residence time of C in the compartments.
The data parameters include information about temperature, precipitation, and soil characteristics
in geographic sites. Typically, the objective function minimizes the difference between the observed
data and model estimates.

The proposed work will reformulate the C cycle model of Zhou and Lou [3] as a mathe-
matical program called TECO-R-QP. A preliminary version of TECO-R-QP is available from



http://uts.cc.utexas.edu/~consbio/Cons/TECO-R-QP.pdf. TECO-R-QP will be solved opti-
mally using a modified version of the simplex algorithm for linear programs [10, 23]. The proposed

work will use an implementation of the simplex algorithm in C++ that is already available as part
of the COIN-OR library [24].

2.2 Why the methods are appropriate:

I have already produced peer-reviewed articles about GIS-based ecological modeling, including pub-
lications on the use of mathematical programming for biodiversity conservation planning [17, 18, 19].
I have seven years’ experience with C++ programming and GIS using the ArcGIS software package.
I also have experience modeling the responses of ecological communities to climate change with a
focus on terrestrial vertebrates [18]. The proposed work will apply the approach of [18] to vascular
plants. I have already produced an open source C++ software package for conservation planning
called LQGraph (available from http://uts.cc.utexas.edu/~consbio/Cons/ResNet.html) [25].
My work on LQGraph demonstrates that I am capable of developing new C++ software for eco-
logical modeling, such as the software that will be required to solve TECO-R-QP optimally. The
proposed work will also require analysis of satellite imagery such as the GlobCover land cover data
set [14]. T already have experience with the such analysis using the ERDAS Imagine software pack-
age. As part of my dissertation, I have utilized ERDAS to analyze satellite images (Landsat 7
scenes) in order to construct a supervised classification of five vegetation communities in central
Texas using a decision tree classifier.

The proposed work will also require developing a Web portal from which users can download
raster maps of C residence times in the US. I have experience developing Web sites for computational
biology such as the BBCL Software Google Group (http://groups.google.com/group/bbcl_
software), the Systematic Conservation Planning Primer (http://www.consnet.org/primer),
and the ConsNet Portal (http://consnet.org/), which has received more than 14,000 visits since
2005. The ConsNet Web portal allows conservation practitioners worldwide to use computers at the
University of Texas to run conservation planning software through a Web browser. The Systematic
Conservation Planning Primer is a Web-based course on conservation biology, which has been used
in undergraduate courses at the University of Texas. The Primer consists of 14 modules about
different topics in conservation planning such as viability analysis, multiple criteria analysis, and
place prioritization. Each module takes approximately 50 minutes and is geared toward students
with a working knowledge of the basics of biology, ecology, and evolution. Each module is followed
by an online quiz.

Timetable of activities:

Activity Summer’09 Fall’09 Winter’l0 Spring’l0 Summer’10 Fall’l0 Winter’11 Spring’l1l

§1.1.1 X X

§1.1.2 X X

§1.1.3 X X

§1.1.4 X X

3 Anticipated results and benefits:

The proposed work will generate a manuscript submitted to the journal Global Biogeochemical Cy-
cles as well as the following data products, which will be made available to users for free on the
World Wide Web in the form of 1 x 1 km raster maps in May 2011: (i) a map of C sources and sinks
in the US under present day climate, (ii) maps of NPP in the US in 2050 under IPCC scenarios of



atmospheric COy concentrations and EPA scenarios of LULC, (iii) a map of C residence times in
the plant and soil pools in the conterminous US.

The benefit of constructing maps that quantify the effect of climate change and LULC on NPP
is that these maps provide important guidance to policy makers. For example, the EPA’s Region
7 office is studying the possible effects of increased biofuel production in the Midwestern US. The
maps generated by the proposed work could provide decision makers at EPA with forecasts of how
LULC associated with increased cultivation of biofuel stocks is likely to affect the terrestrial C cycle.

C++ software for solving TECO-R-QP optimally will be made available for free on the Internet.
I have experience with the development of open source software and have already written a C++
program for the design of connectivity areas to provide decision support for systematic conservation
planning in Mexico [25, 26].

The proposed work is suitable for NCEAS because the development of new mathematical and
geospatial techniques is part of the NCEAS mission. The proposed work will analyze existing data
on terrestrial C pools. Research at NCEAS focuses on the use of cutting-edge techniques to analyze
existing ecological data. The proposed work is cutting-edge because it would be the first application
of optimal numerical algorithms to analyze C cycle models. The proposed work will also synthesize
several existing C data sets and use modeling to garner ecological insights from these data sets.



How I heard about NCEAS Call for Proposals: The NCEAS Web site (www.nceas.ucsb.
edu/).

Letters of Recommendation: Letters will be sent directly as email attachments to proposal@
nceas.ucsb.edu by Chris Margules of Conservation International, Victor Sanchez-Cordero of the
National Autonomous University of Mexico, and Sahotra Sarkar of the University of Texas at Austin.
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Figure 1: Terrestrial Ecosystem Regional (TECO-R) compartment model [3]. Symbols: NDVTI:
Normalized Difference Vegetation Index, a measure of whether a site contains live green vegetation; ¢ :
carbon pool in leaves; gw: carbon pool in wood; gr: carbon pools in roots (R1: roots 0-20 cm, R2: 20—
50 cm, R3: 50-100 cm); gp: carbon pool in fine litter; go: carbon pool in coarse litter; gs: carbon pools in
soil (S1: 0-20 c¢m, S2: 20-50 cm, S3: 50-100 cm). For definitions of the state variables «, €*, 8, £, and 7 see
the TECO-R-QP model. For legibility, the Figure omits the subscripts 4, j, and k used in TECO-R-QP.
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