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INTRODUCTION
Large drainage basins are composed of multiple

smaller catchments. Each of these catchments contains
a heterogeneous collection of land uses, which vary in
composition and spatial pattern (structure) and thus dif-
fer in functions such as nutrient retention. Two prob-
lems arise from this heterogeneity that present major
challenges to both research and management. First,
variation in structure and function inevitably prevents
true replication in intensive field studies that attempt to
relate landscape function to landscape structure. Sec-
ond, variation among land uses within watersheds
makes it difficult to directly extrapolate among spatial
scales. Even though drainage basins can be broken
down hierarchically into smaller catchments based on
topography, “scaling up” from intensive catchment
studies is not a linear additive process because of differ-
ences among catchments and interactions between
adjacent land uses. Management of water quality over
large drainage basins must address both problems with
innovative methods synthesizing data from intensive
experimental studies on a few watersheds, then extrap-
olating important generalizations to larger drainages
using modeling techniques.

The Patuxent Landscape Model (PLM) was
designed to serve as a tool in a systematic analysis of
the interactions among physical and biological dynam-
ics of the Patuxent watershed (Maryland, USA)
(Fig. 1), conditioned on socioeconomic behavior in the
region. A companion socioeconomic model of land use
dynamics in the region is developed to link with the
PLM to provide a means of capturing the feedbacks
between ecological and economic systems (Fig. 2). By
coupling the two models and exchanging information
and data between them the socioeconomic and ecolog-
ical dynamics can be incorporated. Whereas in most

ecosystem models, the socioeconomic development is
fed into the model in the form of scenarios or forcing
functions, a coupled model can explore dynamic feed-
backs, adjusting the socioeconomic change in response
to the ecological perturbations.

To run the ecological and economic modules in con-
cert, we need to account for specifics of both modules
in their design and make assumptions about how the
information will be exchanged. In particular, the spatial
representation of both should be matched such that land
use or land cover transformations in one module can be
communicated to the other one directly inside the
model. In this case it would be difficult to employ the
approach based on spatial aggregation to larger units,
called elementary landscapes, elementary watersheds,
elementary areas of pollution or hillslopes [1–4], which
are considered homogeneous and form the basis for the
hydrologic flow network. In these models the bound-
aries between spatial units are fixed and cannot be mod-
ified during the course of the simulation. A more mech-
anistic approach seems to be better suited when the
landscape is aggregated as a grid of relatively small
homogeneous cells and process-based simulations are
run for each cell with relatively simple rules for mate-
rial fluxing among nearest neighbors [5–9]. This fairly
straightforward approach requires extensive spatial
data sets and high computational capabilities in terms
of both storage and speed. However it provides for
quasi-continuous modifications of the landscape, where
habitat boundaries may change in response to socioeco-
nomic transformations.

The economic component for the PLM was pre-
sented elsewhere [10–13]. Here we focus on describing
the construction of the ecological component, paying
special attention to those aspects of the model that were
stipulated by the integrated fashion of the entire
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landscape. The temporal resolution is different for various components of the model. We used a modular, mul-
tiscale approach to calibrate and test the model. Model results show good agreement with data.
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research effort. We first outline the overall model
design in terms of its spatial, temporal and structural
organization. Then we look at the single-cell (local)
ecological processes. Next we consider the spatial
implementation of the model and discuss some aspects
related to scale and resolution. We conclude with a
review of the results and potential applications of the
model.

MODEL STRUCTURE

The PLM may be considered as an outgrowth of the
approach first developed in the Coastal Ecosystem
Landscape Spatial Simulation (CELSS) model [5, 6],
and later applied to a series of wetland areas, the Ever-
glades clearly being the most sophisticated example
[14, 15]. The modeled landscape is partitioned into a
spatial grid of square unit cells (ranging in this applica-
tion from 2352 to 58905 square unit cells). The model
is hierarchical and modular in structure, incorporating
the ecosystem-level unit model that is replicated in each

of the unit cells representing the landscape (Fig. 3).
With this approach, the model builds on the format of a
raster-based geographic information system (GIS),
which is used to store all the spatially referenced data
included in the model. Thus, the model can be consid-
ered an extension of the analytical function of a GIS,
adding dynamics and knowledge of ecological pro-
cesses to the static snapshots stored in a GIS.

Although the same unit model runs in each cell,
individual models are parameterized according to hab-
itat type and georeferenced information for a particular
cell. The habitat-dependent information is stored in a
parameter database, which includes initial conditions,
rate parameters, stoichiometric ratios, etc. The habitat
type and other location-dependent characteristics are
referenced through links to GIS files. In this sense, the
PLM is one of several site-specific ecological models
that are process-based and are designed to apply to a
range of habitats. Some other models within this cate-
gory are CENTURY [16], TEM [17], and BIOME-
BGC [18]. All these models can be adapted to a partic-
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 Location of the Patuxent watershed. Background map is based on NOAA C-CAP land cover data of Chesapeake Bay Water-
shed 1988/89. Resolution is 30 m. (
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ular site through parameterization of initial stocks and
flux rates among various ecosystem components. These
models vary in complexity and capabilities, which
makes one model more suitable for certain applications
than others. As a rule of thumb, more complex models
will resolve issues in more detail, but are more difficult
and time-consuming to calibrate, run, and interpret
[19]. The PLM aims for an intermediate level of com-
plexity so that it is flexible enough to be applied to a
range of ecosystems but is not so cumbersome that it
requires a supercomputer.

The unit models in each cell exchange matter and
information across space. The horizontal fluxes that
join the unit models together are defined by surface and
subsurface hydrology. Alternative horizontal fluxes
could be movement of air, animals, and energy such as
fire and tidal waves although at this stage the PLM
fluxes only water and entrained material. The spatial
hydrology module calculates the amount of water
fluxed over the surface and in the saturated sediment.
The fluxes are driven by cell-to-cell head differences of
surface water and saturated sediment water, respec-
tively. Water fluxes between cells carry dissolved and
suspended material. At each time step, first the unit
model updates the stocks within each cell due to verti-
cal fluxing and then cells communicate to flux matter
horizontally, simulating flows and determining ecolog-
ical condition across the landscape.

Figure 4 presents how the various modeled events
are distributed in time when simulated in the PLM. The
model employs a time step of 1 day so that most of the
ecological variables are updated daily. However certain
processes can be run at longer or shorter time steps. For
example some spatial hydrologic functions may need
an hourly time step, whereas certain external forcing
functions are updated on a monthly or yearly basis.
This explicit spatial and flexible temporal design of the
PLM ecological module is instrumental for a linkage
with a companion economic model that predicts the
probability of land use change within the seven coun-
ties of the Patuxent watershed [11]. The economic
model allows human decisions to be modeled as a func-
tion of both economic and ecological spatial variables.
Based on empirically estimated parameters, spatially
heterogeneous probabilities of land conversion are
modeled as functions of predicted land values in resi-
dential and alternative uses, and costs of conversion.
Land value predictions are modeled as functions of
local and regional characteristics. The predictive model
of land use conversion generates the relative likelihood
of conversion of cells, and thus the spatial pattern of
greatest development pressure. To predict the absolute
amount of new residential development, the probabilis-
tic land use conversion model is further combined with
models of regional growth pressure. As a result a new
landuse map is generated and fed into the ecological
model on a yearly basis.
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 Relationships and linkages between the economic and ecological subsystems. The ecological and the economic modules
provide essential feedbacks that are instrumental to create a realistic system of values and to learn to measure these values.
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GEOGRAPHIC AND TIME SERIES DATA

A variety of spatially and temporally disaggregated
data is required to develop and calibrate the model. The
database we have assembled is partially described in
Appendix 1. The model database contains the data,
which drive the model forcing functions, parameterize
equations, and provide calibration and verification data
for adjusting model parameters and comparing model
output to the real system. The database was developed
from extensive data sets collected for the Patuxent
watershed by various governmental agencies, academic

institutions, and research programs ([20

 

−

 

22, 23]) .
Existing data for the local region were supplemented
with broader regional databases where appropriate.

Much of the available data is at a temporal or spa-
tial resolution that is different than we would like, so
we sometimes employed data aggregation or interpo-
lation techniques to adjust the data. For example,
maps of model driving forces such as precipitation are
created as the model runs by interpolating time series
data from the set of 7 meteorological stations distrib-
uted throughout the area. Land use data are aggre-
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 Spatial organization of the Patuxent watershed model. The unit model is replicated in each of the cells on the study area.
Different habitat types are characterized by different parameters in the unit model. Hydrological fluxes connect the unit models hor-
izontally. (1) water; (2) forest; (3) agricultural; (4) rural resident; (5) urbanized;
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 Temporal course of events in PLM. SME offers certain flexibility in scheduling simulation events. Individual time steps can
be assigned to different modules.

 

gated from higher resolution maps with more catego-
ries than we need. Another example is our use of ele-
vation data (1 : 100000, with 1-m vertical resolution)
combined with river network data (Maryland Office of
Planning) to improve the watershed boundary and
shoreline delineation.

Spatial (GIS) data include several types of data sets.
One set of maps describes initial conditions, such as
land cover, elevation, soil type, bathymetry, and
groundwater elevation. Other spatial data developed
from satellite images provide a time series of estimated
ecological conditions, which are used for calibration
purposes (e.g. Normalized-Difference Vegetation Index
(NDVI, [24])). Watershed boundary, slope, aspect, and
study area map layers were developed with the water-
shed basin analysis program in GRASS—Geographic
Resources Analysis Support System [25], and later
refined using similar functionality in ArcInfo@.
Figure 5 shows the basic spatial coverages that have
been employed in the PLM and some of the derived lay-
ers that were also essential for the hydrologic module.
Spatial fluxes of surface water in watershed models are
predominantly driven by the elevation gradient.

In addition to the meteorological time series data,
which are used to map daily weather conditions, time
series data are used to provide other information at spe-
cific points in the landscape. For example, point source
discharges are used to introduce materials at specific
points in the landscape. Hydrologic point time series
data (stream flow, surface and ground water quality) are
used for calibration in the non-tidal portions of the
streams.

Specific rate constants are generally functions of
spatial or habitat characteristics, such as soil or vegeta-

tion type. Habitat-dependent parameters include
growth coefficients, uptake rates, and seasonal controls.
About half of these data are specific to the Patuxent
watershed with the remainder derived from a more gen-
eral database or literature sources.

ECONOMIC LAND USE CONVERSION
(ELUC) MODEL

Spatially explicit data on property sales and many of
the economic and ecological characteristics of areas in
spatial proximity to these sales was available for the
seven counties encompassing the Patuxent watershed.
This allowed land use change to be empirically mod-
eled in a spatially disaggregated way. The model esti-
mates probabilities of land conversion from forest or
agriculture to different densities of residential use
within each spatial cell in the seven-county area of the
Patuxent basin [11, 12, 13, 26].

The model consists of two stages. The first stage
estimates the value of land parcels in different uses. The
assessed value of any structures was subtracted from
data on the selling price to get the residual value of the
land in residential use. This land value was used as the
dependent variable and spatial variation in land prices
were explained by an extensive array of features of the
location, including: distance to employment centers,
access to public infrastructure (roads, recreational
facilities, shopping centers, sewer and water services),
and proximity to desirable (e.g. waterfront) and unde-
sirable (e.g. waste dumps) land uses. Also included
were some less obvious explanatory variables that
describe the nature of the land uses surrounding a par-
cel. The estimation techniques used were maximum
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likelihood and generalized method of moments, the lat-
ter being an approach that allows for treatment of the
obvious spatial autocorrelation in the model

The second stage involved estimating “qualitative-
dependent variable” models (i.e. discrete choice mod-
els) of historical land use conversion decisions. In this
stage, historical decisions as to whether or not to con-
vert a parcel in an agricultural or forest use to residen-
tial use are modeled as functions of their value in orig-
inal use, predicted value in residential use (derived
from the first stage model), and proxies for the relative
costs of conversion. The purpose of this stage was to
determine what factors affect land use conversion and
to estimate parameters of those conversion functions.

Once the parameters of the two stages of the model
were estimated, it was used to generate the relative like-
lihoods of conversion of different parcels in the land-
scape. A spatial pattern of relative development pres-
sure was obtained as a function of the characteristics of
the parcels and their locations. Since the explanatory
variables used to predict the values in residential and
alternative uses and the costs of conversion are all func-
tions of ecological features, human infrastructure, and
government policies, the effects of changes in any of
these variables can be simulated. Total growth pres-
sures in the region were then used to estimate the spa-
tial patterns of new residential development into the
future. For example, to generate the scenarios used in
this paper, a projection of 28000 new dwelling units in

the 5 years from 1997 to 2003 in the 7 counties that
include the Patuxent watershed was used. Other alter-
natives for growth pressure could also be analyzed, but
this seemed to be the consensus opinion on growth
pressure in the near term. The new dwelling units were
then distributed in the watershed in the “most likely”
locations based on the results of the stage 1 and 2 mod-
eling exercises described above.

CALIBRATION AND TESTING

Much of the time involved in developing spatial pro-
cess-based models is devoted to calibration and testing
of the model behavior against known historical or other
data [6]. To adequately test model behavior and to
reduce computational time, we performed the calibra-
tion and testing at several time and space scales, and for
the unit model independently of the full spatial model.
To calibrate the model we have followed the multi-tier
calibration strategy (Fig. 7). This was a step-wise pro-
cess that started with the calibration of individual mod-
ules, moving then to spatial implementations of mod-
ules and groups of modules at several scales, until
finally the full ecological model was calibrated for the
whole watershed. The obvious benefit of this was a
much simpler model to calibrate at each step. Clearly
the aggregate of several modules does not necessarily
behave similarly to the individual modules taken sepa-
rately. Therefore recalibration was needed every time
we went from simple individual modules to their com-
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 PLM spatial coverages. There are 6 basic coverages. Additional maps are created during preprocessing and model initializa-
tion. Other spatial parameters and variables are calculated and updated during model runs.
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binations, both locally and spatially. However, it was
always much easier to fine-tune the already performing
modules, than to do a full-scale calibration of the full
model in its overall complexity.

MODULE CALIBRATIONS

We start with a series of calibrations of the unit
modules and then the full unit model [27]. Next we add
the spatial dimension and start calibrating individual
modules for smaller subwatersheds. Calibrating and
running even the hydrologic module of this level of
complexity and resolution requires a multi stage
approach [28]. We first identified two spatial scales at
which to run the model—a 200-m and 1-km cell reso-
lution. The 200-m resolution was more appropriate to
capture some of the ecological processes associated
with landuse change but was too detailed and required
too much computer processor time to perform the
numerous model runs required for calibration and sce-
nario evaluation for the full watershed. The 1-km reso-
lution reduced the total number of model cells in the
watershed from 58905 to 2352.

Secondly, we identified a hierarchy of subwater-
sheds. The Patuxent watershed has been divided into a
set of nested subwatersheds to perform analysis at three
scales (Fig. 8). The small (23 km

 

2

 

) subwatershed of
Cattail creek in the Piedmont northern part of the
Patuxent basin was used as a starting point. Another
small subwatershed, Hunting Creek, was selected to
calibrate the model for the different hydro-ecological
conditions of the coastal plain area. The next larger
watershed was the upper non-tidal half of the Patuxent
watershed that drained to the USGS gage at Bowie
(940 km

 

2

 

). And finally we examined the whole Patux-

ent watershed (2352 km

 

2

 

). The number of total model
cells grew from 566 cells initially, to 23484 cells for the
half watershed, and then to 58905 cells for the entire
study area at the 200-m resolution.

In this stage of the calibrations, we ran only the
hydrologic component of the model, without links to
the plants and nutrients. While transpiration by plants
and the influence of nutrients on plant productivity and
transpiration are obviously important influences on
hydrology, we excluded them at this stage: (1) for sim-
plicity; (2) for direct comparison to other hydrologic
models; and (3) to test the effects of adding the plant
and nutrient dynamics later (see below).

We staged a set of experiments with the small Cat-
tail creek subwatershed to test the sensitivity of the sur-
face water flux. Three crucial parameters controlled
surface flow in the model: infiltration rate, horizontal
conductivity and number of iterations per time step of
the unit model. Riverflow peak height was strongly
controlled by the infiltration rate. The conductivity
determined river levels between storms and the number
of iterations modified the width of the storm peaks.

Surface water flow was calibrated against the 13
USGS gaging stations in the area that have data concur-
rent with the climatic data series (1990–1996). In this
calibration, the model results for the Cattail subwater-
shed (Fig. 8a) are in fairly good agreement with the data
and may be considered as a partial model verification,
because none of the parameters had been changed after
the initial calibration using 1990 data. Some of the flow
statistics are presented in table, where we have also
included calibration results from the Hydrologic Simu-
lation Program—Fortran (HSPF) [29], that has been
previously applied to the Patuxent watershed [30]. We
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 The Library of Hydro-Ecological Modules used to build the PLM. The modules can be run as stand-alone models or com-
bined together using the SME.
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attained a better fit to the data with our model, than with
HSPF. HSPF is a more empirically based model that
uses high temporal resolution input data (e.g. hourly
rainfall data), but low spatial resolution (e.g. aggre-
gated subwatersheds). Much more of the behavior in
HSPF is embedded in the parameters of the model than
in the PLM, (which uses the pattern of land use to drive
much of the behavior). Thus the effects of changes in
the spatial pattern of land use (one of our key questions)
cannot be adequately addressed using HSPF, since it
would require recalibrating the model for the new land
use pattern, and empirical hydrologic data for this new,
hypothetical, land use pattern obviously does not exist.

Next we performed a spatial scaling experiment,
which involved varying the spatial resolution of the
model. In this experiment we were mainly looking at
the effects of changing the 

 

model

 

 resolution, not the

 

data

 

 resolution. Using GIS operations we aggregated
the model, switching from a 200-m to a 1-km cell reso-
lution. Model runs for the 1-km resolution were
remarkably close to the results from the 200-m model.
This finding was especially promising for analysis of
the other modules of the full ecological economic
model. Since most of the horizontal spatial dynamics is
governed by the hydrologic fluxes, the coarser 1-km
resolution should be sufficient for the spatial analysis of
the integrated model of the watershed in this case.

Overall, the model of the half watershed (Fig. 8b)
showed less precise model results (Fig. 9) than the Cat-

tail subwatershed, as predicted from theory [19]. The
calibration statistics for the half watershed area are
summarized in table. In general, the increased spatial
extent of the model presented more heterogeneity that
was not fully accounted for in the calibration. Specific
reasons for this include: the spatial resolution of the
input climatic data, the greater complexity of ground-
water flows at this scale (which are handled in a very
simplified way in the model), and the need to recali-
brate some of the hydrologic parameters at the larger
scale.

One parameter that needed to be adjusted was the
number of iterations 

 

N

 

 in the hydrologic module. At the
larger watershed scale, it turned out that a better fit
could be obtained if the number of iterations was fur-
ther increased. Apparently this was because at this
larger scale we needed to move water further and faster
to better simulate the short-term high peaks that were
observed in the data. This was a clear illustration of the
fact that different scales present new emerging behavior
of the system, and that rescaling is an important process
that can usually not be done mechanically. The best fit
to data was obtained when running the model with the
self-adjusting method for 

 

N

 

 with the maximum number
of iterations 

 

m

 

 = 100 [28]. Interestingly, the Cattail sub-
watershed still performed as well as before with this
value of 

 

m

 

. This could be expected since the previous
analysis showed that there was no sensitivity of subwa-
tersheds to increases in 

 

N

 

 beyond 20 (

 

m

 

 = 20).
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 The multi-tier calibration strategy, when we perform the model calibration by calibrating individual modules and groups of
modules in different types of spatial representations. We start with local modules and then gradually increase the spatial domain of
the model. Each time we have to recalibrate the model, however the complexity of the full spatial implementation would be over-
whelming and prohibitive for analysis and interpretation.
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Within the subwatershed we assumed that the
groundwater dynamics closely follows the surface
water flows and confined the groundwater to the subwa-
tershed area. This is probably not accurate even for Cat-

tail Creek, and at larger scales the groundwater patterns
are even more complex.

The spatial rainfall and other data were interpolated
from daily records of 7 stations distributed over the
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 Hierarchy of subwatersheds in the Patuxent drainage basin used to calibrate and analyze the model. (a) 23 km

 

2

 

 Cattail Creek;
(b) 940 km2 Upper Patuxent draining at Bowie; (c) 2352 km2 Full study area, (d) 70 km2 Hunting Creek.

PLM testing and comparison to the HSPF model statistics for the Cattail Creek and Unity subwatersheds and the Half sub-
watershed draining at Bowie

Summary 
Statistic

Cattail Unity Bowie

 Data Model PLM 
% error

HSPF 
% error  Data Model PLM 

% error
HSPF 

% error  Data Model PLM 
% error

HSPF 
% error

Total Flow 2510.41 2527.58 0.7 8.2 3950.54 3981.31 0.8 –2.1 36617.43 37978.78 3.6 9.7

Max 10% 930.2 925.79 –0.5 4.9 1410.15 2148.13 41.5 2.3 12497.58 16546.70 27.9 15.1

Min 50% 587.3 596.25 1.5 –14.7   826.76 626.78 –27.5 –12.1 7917.98 6582.62 –18.4 9.0

Total

1986 326.16 282.24 –15.6   484.52 446.30 –8.2 4752.94 4352.84 –8.8

1987 472.83 469.25 –0.8 –0.7   816.48 942.00 14.3 –11.6 6446.08 7041.22 8.8 –2.6

1988 482.01 414.22 –16.4 –   819.30 792.10 –3.4 – 6751.99 5841.62 –14.5 –

1989 660.62 748.29 11.7 +18.1   960.30 949.45 –1.1 +8.0 10507.98 11881.88 12.3 +25.3

1990 568.78 611.31 6.9   869.94 851.47 –2.1 8158.45 8861.23 8.3
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Fig. 9. Comparison of output from the hydrologic component of the model with the data for Upper Patuxent at Bowie for 1986–
1990. Calibration was performed for 1986–1987 data. The other years present a partial verification of the model. (1) Rainfall,
(2) data; (3) model run.
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study area. The Cattail subwatershed hydrology was
driven by one climatic station and the half-watershed
model incorporated data from 3 stations. The lack of
data on the true variability of the meteorological data in
space and time hinders the model’s ability to accurately
represent short term or localized responses in river flow.
However, the model is able to consider antecedent
moisture and runoff-generating areas in a spatially real-
istic manner based on topography, land use and soil
type, giving the simulation a fairly high degree of pre-

cision. The general hydrologic trends seem to be well
captured by the model and allow us to expand the study
to other modules [31].

We also refer the reader to our web page at
http://giee.uvm.edu/PLM, which further describes the
model.

FULL ECOLOGICAL MODEL CALIBRATION

The full spatially explicit ecological model was run
for several years using historical climate inputs for cal-
ibration purposes. In this case we ran the model at a
1-km spatial resolution. We used two methods to com-
pare the model performance to the available data.

Certain modeled variables, or indices that aggregate
model variables, were compared to point time series
data such as streamflow, nutrient concentration in the
streams, and historical tree-ring data for the region. The
inclusion of plant and nutrient dynamics improved the
model’s hydrologic performance in comparison to the
output reported above. The spatially explicit represen-
tation of plant and nutrient dynamics modifies the
evapotranspiration and interception fluxes in the model,
making the model performance more realistic. It was
also essential for scenario runs that take into account
land use and cover changes, in which these changes
modify the hydrologic fluxes in the watershed.

A sample of calibration for flow weighted nitrogen
concentrations in the Patuxent River at Bowie is pre-
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Fig. 10. Calibration results for flow weighted nitrogen concentrations in the Patuxent River at Bowie for 1990 and 1991. (1) USGS
data, (2) model results.
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sented in Fig. 10. Data is available to calibrate longer-
term runs of the model with these data sets. Model out-
put was compared to field data by visually inspecting
superimposed graphs and comparing annual mean and
total values. For example, the long-term trend of nitro-
gen dynamics in Hunting Creek—a small subwatershed
in the Coastal Plain area—shows good correlation with
the annual dynamics calculated from the data (Fig. 11).

Comparison of raw spatial data is a much more dif-
ficult and less studied procedure. Spatially explicit data
is scarce and rarely matches the spatial extent and res-
olution produced by the model. Some example spatial
output from the model can be found on the project web
page at http://giee.uvm.edu/PLM [31]. In particular it
shows the typical pattern of seasonal plant growth in
the region, which has a significant impact on hydrology
through transpiration. Data derived from AVHRR satel-
lite images, the NDVI or “greenness” index, were used
to calibrate the full model’s predictions of primary pro-
duction for intra-annual effects. We created indices
from the NDVI data, and the model output so that we
were comparing the timing and pattern of NDVI change
to the timing and pattern of NPP change in the model.
A visual comparison shows fairly good agreement
between the model output and the data currently avail-
able.

ACKNOWLEDGMENTS

The EPA STAR (Science to Achieve Results) pro-
gram, Office of Research and Development, National
Center for Environmental Research and Quality Assur-
ance (R82716901), has provided funding for this
research.

REFERENCES
1. Band, L.E., Forest Ecosystem Processes at the Water-

shed Scale: Basis for Distributed Simulation, Ecol. Mod-
elling, 1991, vol. 56, pp. 171–196.

2. Bell, K. and Bockstael, N., Applying the Generalized
Methods of Moments Approach to Spatial Problems
Involving Micro-Level Data, Rev. of Economics and Sta-
tistics, 1997.

3. Beven, K.J. and Kirkby, M.J., A Physically-Based, Vari-
able Contributing Area Model of Basin Hydrology,
Hydrol. Sciences Bull., 1979, vol. 24, no. 1, pp. 43–69.

4. Bockstael, N.E., Ecological Economic Modeling and
Valuation of Ecosystems, Ecol. Economics, 1995,
vol. 14, pp. 143–159.

5. Bockstael, N.E., Economics and Ecological Modeling:
The Importance of a Spatial Perspective, American J. of
Agricultural Economics, 1996, vol. 78, no. 5, pp. 1168–
1180.

6. Bockstael, N.E. and Bell, K., Land Use Patterns and
Water Quality: The Effect of Differential Land Manage-
ment Controls, International Water and Resource Eco-
nomics Consortium: Conflict and Cooperation on Trans-
Boundary Water Resources, Just, S.N R., Ed., 1997.

7. Boumans, R.M., Non-Spatial Calibrations of a General
Unit Model for Ecosystem Simulations, Ecol. Model-
ing,. 2001, vol. 146, no. 17–32.

8. Brush, G.S., Lenk, C., and Smith, J., The Natural Forests
of Maryland: An Explanation of the Vegetation Map of
Maryland, Ecol. Monographs, 1980, vol. 50, pp. 77–92.

9. Burke, I.C., Regional Modeling of Grassland Bio-
geochemistry Using GIS, Land Cape Ecol., 1990, vol. 4,
no. 1, pp. 45–54.

10. Costanza, R., Sklar, F.H., and White, M.L., Modeling
Coastal Landscape Dynamics, Bioscience, 1990, vol. 40,
no. 2, pp. 91–107.

11. Costanza, R. and Maxwell, T., Resolution and Predict-
ability: An Approach to the Scaling Problem, Landscape
Ecology, 1994, vol. 9, pp. 47–57.

12. Correll, D.L., Jordan, T.E., and Weller, D.E., Nutrient
Flux in a Landscape: Effects of Coastal Land Use and
Terrestrial Community Mosaic on Nutrient Transport to
Coastal Waters, Estuaries, 1992, vol. 15, no. 4, pp. 431–
442.

13. Donigian, A.S., Application Guide for Hydrological
Simulation Program - FORTRAN (HSPF), Environmen-
tal Research Laboratory, Athens, GA: U.S. EPA, 1984.

14. Engel, B.A., Srinivasan, R., and Rewerts, C.A., Spatial
Decision Support System for Modeling and Managing
Agricultural Non-Point-Source Pollution, Environmen-
tal Modeling with GIS, Goodchild, M.F. and
Steyaert, L.T., Eds., N.Y., Oxford: Univ. Press, 1993,
pp. 156–167.

15. Fitz, H.C., Costanza, R. and Voinov, A., A Dynamic Spa-
tial Model as a Tool for Integrated Assessment of the
Everglades, USA, Ecological Economics for Integrated
Modeling and Assessment, Costanza, R., Ed., 1997.

16. Fitz, H.C., Sklar, F.H. Ecosystem Analysis of Phospho-
rus Impacts in the Everglades: A Landscape Modeling
Approach, Phosphorus Biogeochemistry in Florida Eco-
systems, Reddy, R., Ed., 1997.

17. Geoghegan, J., Wainger, L., and Bockstael, N., Spatial
Landscape Indices in a Hedonic Framework: An Ecolog-
ical Economics Analysis Using GIS, Ecol. Economics,
1997, vol. 22, no. 3.

18. Jones, J., NDVI data for Patuxent area, Reston: USGS,
1996.

19. Krysanova, V., Simulation Modelling of the Coastal
Waters Pollution from Agricultural Watershed, Ecol.
Modelling,, 1989, vol. 49, pp. 7–29.

20. Lichtenberg, E. and Shapiro, L.K., Agriculture and
Nitrate Concentrations in Maryland Community Water
System Wells, J. Envir. Qual., 1997, vol. 26, pp. 145–
153.

21. Maxwell, T. and Costanza, R., Distributed Modular Spa-
tial Ecosystem Modelling, Inter. J. of Computer Simula-
tion: Special Issue on Advanced Simulation Methodolo-
gies, 1995, vol. 5, no. 3, pp. 247–262.

22. Parton, W.J., Stewart, J.W.B., and Cole, C.V., Dynamics
of C, N, P, and S in Grassland Soils: A Model, Bio-
geochemistry, 1988, vol. 5, pp. 109–131.

23. Patuxent River Basin Watershed Model, AQUA TERRA,
M., USGS. 1994.



384

WATER RESOURCES      Vol. 34      No. 4      2007

VOINOV et al.

24. Peterjohn, W.T., Nutrient Dynamics in an Agricultural
Watershed: Observations on the Role of a Riparian For-
est, Ecology, 1984, vol. 65, no. 5, pp. 1466–1475.

25. Running, S.W. and Coughlan, J.C., General Model of
Forest Ecosystem Processes for Regional Applications,
I. Hydrologic Balance, Canopy Gas Exchange and Pri-
mary Production Processes, Ecol. Modelling, 1988,
vol. 42, pp. 125–154.

26. Sasowsky, C.K. and Gardner, T.W., Watershed Configu-
ration and Geographic Information System Parameter-
ization for SPUR Model Hydrologic Simulations, Water
Res. Bull., 1991, vol. 27, no. 1, pp. 7–18.

27. Sklar, F.H., Costanza, R. and Day, J.W., Dynamic Spatial
Simulation Modeling of Coastal Wetland Habitat Suc-
cession, Ecol. Modeling, 1985, vol. 29, pp. 261–281.

28. USACERL, GRASS Version 4.1. User’s reference man-
ual, Open GRASS Foundation Center for Remote Sens-
ing. Boston: Boston University, 1993.

29. Voinov, A., Voinov, H. and Costanza, R., Surface Water
Flow in Landscape Models: 2. Patuxent Case Study,
Ecol. Modelling, 1999, vol. 119, pp. 211–230.

30. Vorosmarty C.J. Continental Scale Model of Water Bal-
ance and Fluvial Transport: an Application to South
America, Global Biogeochemical Cycles, 1989, vol. 3,
pp. 241–265.

31. http://giee.uvm.edu / PLM.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


