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Application of Landscape Models
to Alternative Futures Analyses
Anne C. Neale, K. Bruce Jones, Maliha S. Nash, Kick D. Van Remortel, James D. Wickham,
Kurt H. Riitters, and Robert V. O'Neill
INTRODUCTION
Scientists and environmental managers alike are concerned about broadscale changes in land
use and landscape pattern and their cumulative impact on environmental and economic end points,
such as water quality and quantity, species habitat, productivity, erosion potential, recreational
value, and overall ecological health (Rapport et al., 1998). They also are interested in predicting
short- and long-term future impacts on ecological goods and services based on current land
management policies and decisions (Steinitz, 1996). Because we have the means to adjust land
management policies, it is worthwhile to develop approaches that can predict the consequences
(alternative futures) of different land management policies for different environmental end points.
This type of analysis can, for example, allow decision makers in resource conservation and
restoration programs to estimate how they can get the most ecological benefit for the least cost
(Steinitz, 1996).
Modeling alternative futures can be a simple or complicated process depending on the method
employed and the environmental end point in question. The questions and end points of interest
are paramount in developing a valid model. Very different models, for example, are needed to
predict terrestrial wildlife habitat vs. aquatic conditions. Even within a broad category such as
aquatic conditions, different models may be appropriate for different aspects of aquatic conditions
(e.g., macroinvertebrate health, pesticide toxicity, eutrophication potential). While different models
may be required for different end points, common landscape composition and pattern metrics may
be employed in a number of models for a suite of environmental end points. For example, percent
natural cover or road density in a measurement unit (e.g., watershed) is an important factor for
many environmental end points, including water quality and quantity, wildlife habitat, erosion
potential, and recreational value (Burns, 1972; Harden, 1992; Saunders et al., 1992; Kattan et al.,
1994; Koopowitz et al., 1994; Short and Turner, 1994; Jones et al., 2000).
Different methods have been proposed and used to predict future conditions, but the basic
premise is the same; they are predicated on (1) what land managers and the public want based on
needs and values, and (2) the biophysical constraints of the environment (Steinitz, 1996). Models
may be developed by establishing trends based on past and present conditions and projecting those
trends into the future. They also may be developed empirically by assessing how conditions of
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Figure 61.1 The use of landscape models in assessing the consequences of alternative landscape futures.

environmental end points vary with landscape composition and pattern (substituting spatial variability for time) and then manipulating the landscape conditions for different scenarios to project
environmental end point conditions based on those different scenarios. Figure 6 1.1 describes the
process used to apply a landscape model to alternative futures analysis.
This chapter will describe a model to predict nitrogen loading, one aspect important to water
quality of streams, from a suite of landscape metrics and then will apply this model to a series of
alternative future landscapes. This example also will illustrate important issues to consider when
developing models for future conditions. Although we will describe only the process for modeling
nitrogen loading, the methods presented could easily be applied to other environmental end points.
A similar approach, using virtually the same suite of landscape pattern metrics, was used in an
assessment relating landscape metrics to breeding bird richness in the Middle Atlantic region (Jones
et al., 2000).

BACKGROUND INFORMATION FOR EXAMPLE MODEL
Key to model development was establishing a quantitative relationship between landscape
pattern metrics and nitrogen loading to streams. Nitrogen is of particular interest to the U.S.
Environmental Protection Agency (EPA) because, as a nutrient, it is essential to the health and
continued functioning of natural ecosystems. I-Iowever, when nutrient inputs exceed the assimilative
capacity of a water body system, the system progresses toward hypereutrophic conditions. Excessive
nutrient loadings can result in excessite growth of macrophytes or phytoplankton and potentially
harmful algal blooms IHAB), leading to oxygen declines, imbalances between prey and predator
species, public health concerns, and a general decline of the aquatic resource (U.S. Environmental
Protection Agency, 1998).
A number of studies have shown strong relationships between water quality and landscape
characteristics. A decrease in natural vegetation indicates a potential for future vvater quality
problems (Likens et al.. 1977: Franklin, 1992; Walker et al., 1993; Hunsaker and Levine, 1995;
Smith et al.. 1997). Many stud~eshave shown that land use within a watershed can account for
much of the variability in stream and estuary water quality (Omernik et al., 1981; Omernik, 1987;
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Hunsaker et al., 1992; Charbonneau and Kondolf, 1993; Roth et al., 1996; Herlihy et al., 1998:
Jones et al., 2001). Changes in landscape conditions in the riparian zone and in areas surrounding
water quality sample sites may have a greater infiuence on water quality than broader-scale
watershed conditions (Lowrance et al., 1984). The relationship between intact riparian areas and
high water quality is well established, especially in the eastern U.S. (Karr and Schlosser, 1978;
Yates and Sheridan, 1983: Lowrance et al., 1984; Cooper et al., 1987). Riparian habitat functions
as a sponge, greatly reducing nutrient and sediment runoff into streams (Peterjohn and Correll.
1984; Cooper et al. 1987). Wetlands also play an important role in reducing nutrient loads to surface
waters (Weller et al., 1996). High amounts of impervious surface and roads on watersheds also
may result in high loadings of nutrients and sediment to streams (Bums, 1972; Harden, 1992;
Arnold and Gibbons, 1996), and atmospheric deposition may be a significant source of nitrogen
in surface waters (Stensland et al., 1986). Degraded water quality and quantity can, in turn, affect
many other environmental end points such as species habitat, productivity, recreational value, and
overall ecological health.
In 1996, a regional-scale land-cover database was developed for the five-state area of the U.S.
Middle Atlantic region, and this database, along with other regional landscape coverages (e.g.,
topography, soils, road networks, stream networks, and human population density) were used to
assess landscape conditions across the entire region down to a scale of 30 m (Jones et al., 1997).
The assessment used a set of landscape metrics (O'Neill et al., 1988, 1997) to evaluate the spatial
patterns of human-induced stresses and the spatial arrangement of forest, forest-edge, and riparian
habitats. Advances in computer technology and geographic information systems (GISs) have made
it possible to calculate landscape metrics over large areas (e.g., regions) at relatively fine scales
(e.g., down to 30 m).
Using landscape metric data generated from Jones et al. (1997), and nitrogen loading data
provided by the U.S. Geological Survey (USGS) (Langland et al., 1995), we developed a preliminary model predicting nitrogen loading to streams from landscape metrics for a subset of Middle
Atlantic watersheds found in the Chesapeake Bay basin (Jones et al., 2001). The analyses presented
in this chapter are demonstrative only and should not be construed as an ultimate model for
predicting future nitrogen loading. The research to develop predictive nitrogen loading models
based on landscape metrics is still ongoing.

METHODS
The obvious first step in developing alternative future models is to collect the appropriate input
data for the models. In some cases, the researchers may have the luxury of designing and collecting
their own data. In many cases, however, we are limited to existing data, especially if we want to
include historical data in our analyses.
In this project, data were compiled from two independent sources. The nitrogen yield data were
acquired from the USGS (U.S. Geological Survey, 1995) and the landscape metric data were derived
from the data used by Jones et al. (1997).
The USGS calculated annual nutrient and suspended-sediment loads and yields for 148 nontidal
streams within the Chesapeake Bay basin. The Chesapeake Bay basin contains more than 150,000
stream miles in the District of Columbia and parts of New York, Pennsylvania, Maryland, Virginia,
West Virginia, and Delaware. The basin comprises six major river systems: the Susquehanna,
Patuxent, Potomac, Rappahannock, York, and James Rivers (Langland el. al., 1998). The USGS
annual nitrogen yield estimates were based on the USGS water year which is October 1 through
September 30. We calculated a median annual nitrogen yield based on the yields for the years 1989
through 1996. The inputs for the USGS model were measured concentration of nitrogen in milligrams per liter, measured discharge in cubic feet per second, and time measured in decimal years.
USGS model methods and results are described in detail in Langland et al. (1998). The USGS
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annual loads and yields are based on two different sampling regimes: flow-driven and fixed-interval
sampling. In the flow-driven (or total stream flow) sampling regime, samples are collected on the
basis of stream flow conditions. Fixed-interval sampling programs collect samples on a regular
schedule, usually monthly or quarterly (Langland et al., 1995). Loads are reported by USGS in
tons per year. Yields, which have been normalized by watershed area, are reported in pounds per
acre. Our analyses were conducted with the yield data only and we combined data for flow-driven
and fixed-interval sampling.
Watershed support areas were delineated using Archnfo GIs software (ESRI, 1996) for each
of the USGS water quality monitoring locations so our support areas consisted of only that part of
the watershed actually contributing to the water quality monitoring point. For the landscape metrics,
we acquired digital coverages of landscape metrics generated by Jones et al. (1997) and then
calculated landscape rnetrics for each of the delineated watersheds. The source of the land cover
map from which many of the landscape metrics were derived was the Multi-Resolution Land
Characteristics (MRLC) project (Vogelmann et al., 1998). The MRLC data were derived from
Landsat Thematic Mapper and had a resolution of 30 m and 15 land cover classes (Vogelmann
et al., 1998). However, before calculating the landscape metrics, we used an ArcIInfo routine to
aggregate the 15 land cover classes into six classes: urban, agriculture, wetland, forest, barren, and
water. The landscape metrics used in this analysis are listed in Table 61.1.
Figure 61.2 shows the delineated watersheds used in this analysis in the context of the entire
Middle Atlantic region. Although it cannot be detected in Figure 61.2, several of the watersheds
are actually nested within larger watersheds. The points on the figure represent water quality data
collection sites. Any delineated watershed that did not overlap the Middle Atlantic study area by
at least 75%, such as those in the northern portion of the study area, were deleted from the analysis.
Table 61.l.List of Landscape Metrics Compared to Nitrogen Loadsa
Name of Metric
Riparian agriculture
Riparian forest
Forest fragmentation

Road density

Forest land cover
Agricultural land cover
Agricultural land cover on
steep slopes
Nitrate deposition
Potential soil loss
Roads near streams
Slope gradient
Slope gradient range
Slope gradient variance
Urban land cover
Wetland land cover
Barren land cover
a

Explanation
Percentage of watershed with agricultural land cover adjacent to stream edge; 1
pixel wide
Percentage of watersheds with forest land cover adjacent to stream edge; 1 pixel
wide
Forest fragmentation index for watershed; of all edges in the watershed involving
at least 1 forested pixel, the percent that joins a forest pixel to a nonforest pixel;
higher values indicate higher fragmentation
Road density for watershed expressed as an average number of kilometers of
roads per square kilometer of watershed; normalized to approximate scale of
land-cover metrics
Percentage of watershed with forest land cover
Percentage of watershed with agricultural land cover (pastureicrops)
Percentage of watershed with agriculture occurring on slopes greater than 3%
Estimated average annual wet deposition of nitrate
Proportion of watershed with the potential for soil losses greater than 1 ton per
acre per year
Proportion of total stream length that has roads within 30 m; normalized to
approximate scale of land-cover metrics
Average percent slope gradient for watershed
Percentage slope gradient range (maximum-minimum) for watershed
Percentage slope gradient variance for watershed; normalized to approximate
scale of land-cover metrics
Percentage of watershed with urban land cover
Percentage of watershed with wetland land cover
Percentage of watershed with barren land cover; includes quarry areas, coal
mines. and transitional areas, such as clear-cut areas

Calculation methods and details of each indicator can be found in Jones et al. (1997). Metrics were calculated
for each watershed support area.
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Figure 61.2 Location of water sampling points and their associated delineated watersheds.

We first examined the individual relationships between nitrogen yield (dependent variable)
and landscape metrics (independent variables) using individual scatter plots and preliminary
regression analyses (SAS Institute, 1990). From our preliminary analyses, we concluded that a
log transformation of the nitrogen yield data was necessary. We also performed a square-root
transformation of the nitrate deposition landscape variable to linearize the relationship between
it and the dependent variables.
We then ran several different regression analyses (SAS Institute, 1990) for nitrogen with the
suite of landscape metrics listed in Table 61.1 to help us understand the importance of each variable.
We selected a model based on four requirements:
1. The model had to be valid (i.e.. basic principles of regression analysis, such as normality, constancy,
and independency of error terms were not violated).
2. The model explained a high proportion of the variance in the nitrogen yield.
3. The model included variables over which we may have more control (e.g., selecting riparian forest
as a predictor variable over agricultural land cows; agricultural land cover may have explained
more overall variance in the model had it been included, but there is a low likelihood of changing
the amounts of agriculture in a watershed significantly).
4. The model did not include variables that were highly collinear, as it is difficult to separate the
effects of different variables when multicollinearity is an issue.
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After selecting the model, we applied it to three future scenarios for all watersheds (defined by
USGS hydrologic accounting units) in the Middle Atlantic region. The variables selected for this
regression model, based on the criteria discussed above, were amount of riparian forest cover and
air nitrate deposition. Amount of riparian forest cover is defined as the percentage of watershed
with forest land cover adjacent to the stream edge with a buffer size of 30 m (i.e.. one 30 x 30 m
picture element). Air nitrate deposition is a modeled value that represents the estimated average
annual wet deposition of nitrate. The resulting model from this analysis was:
total nitrogen yield = exps0.9056 - 0.02769(riparian forest cover)
+ 0.00168 (nitrate deposition)]
This model, based on 69 observations, explained 87% of the variation in nitrogen loading values
with 68% explained by riparian forest and 19% explained by nitrate deposition. We next applied
this model to the landscape metrics (riparian forest and nitrate deposition) from Jones et al. (1997)
for the USGS hydrologic accounting units and manipulated the amount of riparian forest to create
three future scenarios for nitrogen loading.
We subsequently applied this model to all the hydrologic accounting units in the Middle Atlantic
region based on current conditions of riparian forest and nitrate deposition. We then projected a
future scenario if the current amount of riparian forest were increased by an additional 10% to a
maximum value of 100%. We also projected a future scenario if the amount of riparian forest was
decreased by 10% to a minimum value of 0%. These predictions assume that the amount of nitrate
deposition remains constant. This is a simple model and does not take into account several
potentially important variables, such as loadings from point sources, hydrogeologic conditions,
groundwater contribution, and other highly correlated but important variables, such as total amount
of agriculture on the watershed. It also does not take into account other things that could affect
future scenarios (e.g., probable population growth patterns).

RESULTS
Figure 61.3 shows nitrogen loading conditions as predicted by current conditions. Figure 61.4
shows a future scenario if the amount of riparian forest were increased by 10%. Figure 61.5 shows
a future scenario if the amount of riparian forest were decreased by 10%. These figures demonstrate
that by adjusting the riparian forest percentages, we could have a significant impact on nitrogen
loading to streams. The pattern of transition from lower to higher nitrogen loadings to streams is
clear in these three figures. The cutoff values for each of the five classes shown in Figures 61.3,
61.4, and 61.5 are based on quantiles and were defined from current condition data (Figure 61.3).
Cutoff values perhaps would be more meaningful if they were based on some known water quality
criteria for nitrogen such as those developed on an ecogregional basis by the EPA (U.S. Environmental Protection Agency, 2000).
A potentially serious limitation of this analysis is extrapolating the model derived from limited
spatial coverage (Figure 61.1) to a larger spatial extent. The farther away we get from those
watersheds shown in Figure 61.1 (i.e., to the north and the west), the less reliable our model may
be. We may be able to justify extrapolating to the north by examining the relationship between
total nitrate and the same landscape metrics. We had total nitrate data for 79 sites, including 20
sampling sites to the north of those shown in Figure 61.1. The resulting model, if we regress total
nitrate on the same two landscape variables (riparian forest and nitrate deposition), is as follows:
total nitrate load = expS0.9621 - 0.0366(riparian forest cover)
+ 0.00163 (nitrate deposition)]
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Figure 61.3 Nitrogen loadings (Ibsiacreiyear) as predicted by present conditions.

This model, based on 79 observations, explained 78% of the variation in nitrate loading values
with 55% explained by riparian forest and 23% explained by nitrate deposition. While this model
is somewhat similar to the model for total nitrogen, riparian forest explains less of the variation
but has a more severe impact on nitrogen loading (steeper regression slope).
Another potential limitation of the model concerns the important issue of scale. The model was
developed based on data from multiple scales ranging from very small to very large watersheds;
some of these were larger than the USGS hydrologic accounting units and many of them were
smaller. The model parameter estimates could be very different if, for example, all the watersheds
were based on either very small or very large watersheds.

DISCUSSION
Wall-to-wall landscape data of relatively fine spatial scale (e.g., 30 m), and field sample
measurements of a variety of stream chemistry parameters, permit the development of spatially
distributed empirical models that can be used to assess potential loadings to streams across an
entire region. As demonstrated in this chapter, the development of these models is critical to
assess how future landscape scenarios might affect stream water quality across a region. In our
study, riparian extent along streams was a strong predictor of nitrogen yield. Because of this
relationship, we were able to assess how two future scenarios of riparian habitat condition
would affect nitrogen loadings to streams at a watershed or catchment scale. We used two simple
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Figure 61.4 Nitrogen loadings (Ibslacrelyear) as predicted with a 10% increase of riparian forest.

future scenarios - one with a 10% increase in the amount of riparian habitat at the catchment
scale and one with a 10% decrease in riparian habitat - to demonstrate how the approach can
be used to target those watersheds that would benefit the most from an increase in riparian
habitat (restoration) and those that would be at the greatest risk due to decreases in riparian
habitat (catchments needing protection). The decreased riparian habitat scenario is similar to a
treadmill stress test in humans (after the ecohealth concept of Rapport et al., 1998). It finds
those catchments where streams are most vulnerable to increases in nitrogen load and, therefore,
a potential dramatic effect on human (waterborne diseases and drinking water quality) and
ecological health (stream biota).
Our modeling approach differs from other watershed or catchment models that predict nutrient
loadings in that it considers the spatial pattern and distribution of key landscape features; most
existing models only consider the percentage of land cover at the catchment scale (U.S. Department
of Agriculture, 1972; Liang et a]., 1994). Additionally, most existing models lack riparian and
atmospheric deposition parameters. Riparian habitats can be significant filters of nutrient inputs to
streams (Lowrance et al., 1984; Peterjohn and Correll, 1984; Cooper et al., 1987) and atmospheric
nitrogen deposition can be a significant source of nitrogen input at the catchment scale (Stensland
et al., 1986; Appleton, 1995).
Our modeling approach is a significant improvement over the comparative watershed approach
used by Jones et al. (1997) and Wickham et al. (1999a) because landscape metrics were quantitatively linked to stream conditions. Jones et al. (1997) and Wickham et al. (1999a) ranked the relative
vulnerability of watersheds but did not link their ranking to observed water quality.
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Figure 61.5 Nitrogen loadings (Ibslacrelyear) as predicted with a 10% loss of riparian forest.

Because our model includes the spatial pattern of key landscape features, it is possible to find
those areas that would benefit most from riparian restoration and riparian protection (those catchments at risk under the reduced riparian habitat scenario). Such information can be used by land
managers and private landowners to decide where to restore and protect riparian habitats. This is
important because budgets for restoration and protection are often limited. Wickham et al. (1999b)
used a similar approach to identify those catchments that had the greatest potential to restore forest
connectivity. Such targeting approaches are needed to identify restoration and protection opportunities for other ecological goods and services (e.g., flood abatement, wildlife habitat, and forest,
rangeland, and agricultural productivity).
The spatially distributed model demonstrated in this chapter can be used to assess the consequences of other landscape scenarios. For example, the model could be applied to assess the potential
change in nitrogen loading to streams associated with different land management scenarios generated from public workshops (Steinitz, 1996). It also could be used in combination with socioeconomic, land-cover change models (Wickham et al., 2000) to assess the consequences of socioeconomic futures on nitrogen loadings to streams.
Our modeling approach requires regionally consistent landscape data and a fairly extensive
network of water quality samples. Therefore, availability of regional-scale, land-cover data similar
to that being developed by the MRLC Consortium in the U.S. (Vogelmann et al., 1998), and stream
samples similar to those being collected by the Environmental Monitoring and Assessment Program
program in the U.S. and the Waterwatch program in Australia (Waterwatch, 1997), is critical to the
use of our modeling approach. Additionally, since quantitative relationships between landscape
pattern and stream water quality vary between different biophysical settings (Omernik et al., 1981;
Clarke et al., 1991; Jones et al., 2001), water quality sampling must be sufficient to represent
different biophysical settings.

MANAGING FOR HEALTHY ECOSYSTEMS

586

ACKNOWLEDGMENTS
W thank Scott Phillips and Judy Denver of the USGS for providing information on nutrient
parameters used in this study. The U.S. Environmental Protection Agency (EPA). through its Office
of Research and Development, partially funded and collaborated in the research described here. It
has not been peer-reviewed by the EPA. Mention of trade names or commercial products does not
constitute endorsement or recommendation by the EPA for use.

REFERENCES
Arnold, C.L. and Gibbons, C.J., Impervious surface coverage: the emergence of a key environmental indicator,
J. Am. Planrz. Assoc., 62, 243-258, 1996.
Bums, J.W., Some effects of logging and associated road construction on Northern Californian streams, Trans.
Am. Fish. Soc., 101, 1-17, 1972.
Charbonneau, R. and Kondolf, G.M., Land use change in California, USA: nonpoint source water quality
impacts, Environ. Manage., 17, 453-460, 1993.
Clarke, S.E., White, D., and Schaedel, A.L. Oregon, USA, ecological regions and subregions for water quality
management, Environ. Manage., 15, 847-856, 1991.
Cooper, J.R., Gilliam, J.W., Daniels, R.D., and Robarge, W.P., Riparian areas as filters for agricultural sediment,
Soil Sci. Soc. Am. J., 5 1, 416-420, 1987.
Environmental Protection Agency, National Strategy for the Development of Regional Nutrient Criteria, EPM
822/R-98/002, Washington. D.C., 1998.
ESRI, Introduction to Arcview GIs, Environmental Systems Research Institute, Redlands, CA, 1996.
Franklin, J.F., Scientific basis for new perspectives in forests and streams, in Watershed Management, Naiman,
R.J., Ed., Springer-Verlag, New York, 1992, pp. 25-72.
Harden, C.P., Incorporating roads and footpaths in watershed-scale hydrologic and soil erosion models, Phys.
Ceog., 13, 368-385, 1992.
Herlihy, A.T., Stoddard, J.L., and Johnson, C.B., The relationship between stream chemistry and watershed
land cover data in the Mid-Atlantic Region of the U.S., Water Air Soil Pollut., 105, 377-386, 1998.
Hunsaker, C.T. and Levine, D.A., Hierarchical approaches to the study of water quality in rivers, BioScience,
45, 193-203, 1995.
Hunsaker, C.T., Levine, D.A., Timmins, S.P., Jackson, B.L., and O'Neill, R.V., Landscape characterization
for assessing regional water quality, in Ecological Indicators, McKenzie, D.H., Hyatt, D.E., and
McDonald, V.J., Eds., Elsevier Applied Science, New York, 1992, pp. 997-1006.
Jones, K.B., Riitters, K.H., Wickham, J.D., Tankersley. R.D., O'Neill, R.V.. Chaloud, D.J., Smith, E.R., and
Neale, A.C., An Ecological Assessment of the United States Mid-Atlantic Region: A Landscape Atlas,
EPM600R-97/130, U.S. Environmental Protection Agency, Office of Research and Development.
Washington, D.C., 1997.
Jones, K.B., Neale, A.C., Nash, M.S., Riitters, K.H., Wickham. J.D., O'Neill, R.V., and Van Remortel, R.D.,
Landscape correlates of breeding bird richness across the United States mid-Atlantic region, J. Environ.
Monitoring Assess., 63, 159-174, 2000.
Jones, K.B., Neale, A.C., Nash, M.S., Van Remortel, R.D., Wickham, J.D., Riitters, K.H., and O'Neill, R.V.,
Predicting nutrient and sediment loading from the United States mid-Atlantic region, Landscape Ecol.,
16, 301-312, 2001.
Kan; J.R., and Schlosser, I.J., Water resources and the land-water interface, Science, 201. 229-233, 1978.
Kattan, G.H., Alvarez-Lopez. H., and Giraldo, hl., Forest fragmentation and bird extinctions: San Antonio
eighty years later, Coizserv. Biol., 8, 138-146, 1994.
Koopowitz, H., Thomhill, A.D., and Andersen, bl.,A general stochastic model for the Lane prediction of
biodiversity losses based on habitat conversion, Conserv. Biol., 8, 425-438, 1994.
Langland, M.J., Leitman, P.L., and Hoffman, S., Synthesis of Nutrient and Sediment Data for Watersheds
within the Chesapeake Bay Drainage Basin, Report 95-4233, U.S. Geological Survey Water-Resources
Investigations, Baltimore, MD, 1995.

APPLICATION OF LANDSCAPE MODELS TO ALTERNATIVE FUTURES ANALYSES

587

Liang, X., Lettenmaier, D.P., Wood, E.F., and Burges, S.J.. A simple hydrologically based model of land
sudace, water, and energy fluxes for general circulation models, J. Geophys. Res., 99, 14415-14428,
1994.
Likens, G.E., Bonnann. F.H., Pierce, R.S., Eaton, J.S., and Johnson, N.M., Biogeochernistry of a Forested
Ecosysterrz, Springer-Verlag, New York, 1977.
Lowrance, R.R., Leonard, R., and Sheridan, J., Managing riparian ecosystems to control nonpoint pollution,
J. Soil Water Conse~v.,40, 87-91. 1984.
Omernik. J.M., Ecoregions of the United States: map at a scale of 1:7,500,000,Suppl. Ann. Assoc. Am. Geogr:,
77, 118-125, 1987.
Omernik, J.M., Abernathy, A.R., and Male, L.M., Stream nutrient levels and proximity of agricultural and
forest land to streams: some relationships, J. Soil Water Consent, 36, 227-231, 1981.
O'Neill, R.V., Krummel, J.R., Gardner, R.H., Sugihara, G., Jackson, B., DeAngelis, D.L., Milne, B.T., Turner,
M.G., Zygmunt, B., Christensen, S.W., Dale, V.H., and Graham, R.L., Indices of landscape pattern,
Landscape Ecol., 1, 153-162, 1988.
O'Neill, R.V., Hunsaker, C.T., Jones, K.B., Riitters, K.H., Wickham, J.D., Schwarz, P., Goodman, I.A., Jackson,
B., and Baillargeon, W.S., Monitoring environmental quality at the landscape scale, BioScience, 47,
513-520, 1997.
Peterjohn, W.T. and Correll, D.LI Nutrient dynamics in an agricultural watershed: observations on the role of
a riparian forest, Ecology, 65, 1466-1475, 1984.
Rapport, D.L., Caudet, C., Karr. J.R., Baron, J.S., Bohlen, C., Jackson, W., Jones, B., Naiman, R.J., Norton,
B., and Pollock, M.N., Evaluating landscape health: integrating societal goals and biophysical processes, J. Environ. Manage., 53, 1-15, 1998.
Roth, N.E., Allan, J.D., Erickson, D.L., Landscape influences on stream biotic integrity assessed at multiple
scales, Landscape Ecol., 11, 141-156, 1996.
SAS Institute, Inc., SAYSTAT User's Guide, Version 6, 4th ed., Vol. 2, Cary, NC, 1990.
Saunders, D.A., Hobbs, R.J., and Margules, C.R., Biological consequences of ecosystem fragmentation: a
review, Conse~v.Biol., 5, 18-32, 1991.
Short, J., and Turner, B., A test of the vegetation mosaic hypothesis: a hypothesis to explain the decline and
extinction of Australian mammals. Conserv. Biol., 8, 439-449, 1994.
Smith, R.A., Schwarz, G.E., and Alexander, R.B., 1997. Regional interpretation of water-quality monitoring
data, Water Resour: Res., 33, 2781-2798, 1997.
Steinitz, C., Ed., Landscape Planning for Biodiversity: Alternative Futures for the Region of Camp Pendleton,
California, Graduate School of Design, Harvard University, Cambridge, MA, 1996.
Stensland, G.L., Whelpdale, D.M., and Ochlea, G., Precipitation chemistry, in Acid Deposition: Long-Term
Trends, National Research Council, National Academy Press, Washington, D.C., 1986, pp. 128-199.
U.S. Department of Agriculture, Soil Conservation Service (SCS), National Engineering Handbook, Hydrology
Section 4, Chapter 4, Government Printing Office, Washington, D.C., 1972.
Vogelmann, J.E., Sohl, T., Campbell, P.V., and Shaw, D.M., Regional land cover characterization using Landsat
Thematic Mapper data and ancillary sources, Environ. Monitoring Assess., 51, 415-428, 1998.
Walker, J., Bullen, F., and Williams, B.G., Ecohydrological changes in the Murray-Darling Basin. I. The
number of trees cleared over two centuries, J. Appl. Ecol., 30, 265-273, 1993.
Waterwatch, News from the national Waterwatch conference: getting better at getting wet, Waterwatch,
Australia Conference Newsletter, Australia, 1997.
Weller, M.C., Watzin, M.C., and Wang, D., Role of wetlands in reducing phosphorus loading to surface water
in eight watersheds in the Lake Champlain Basin, Environ. Manage., 20, 731-739, 1996.
Wickham, J.D., Jones, K.B., Riitters; K.H., O'Neill, R.V., Tankersley, R.D., Smith, E.R., Neale, A.C., and
Chaloud, D.J., An integrated environmental assessment of the U.S. mid-Atlantic region, Environ.
Manage., 24, 553-560, 1999a.
Wickham, J.D., Jones, K.B., Riitters, K.H., Wade, T.G., and O'Neill, R.V., Transitions in forest fragmentation:
implications for restoration opportunities at regional scales. Landscape Ecol., 14:137-145, 1999b.
Wickham, J.D., O'Neill, R.V., and Jones. K.B., A geography of ecosystem vulnerability, Landscape Ecol.,
15,495-504, 2000.
Yates, P. and Sheridan, J.M., Estimating the effectiveness of vegetated Aoodplainsiwetlands as nitrate-nitrite
and orthophosphorus filters, Agric. Ecosyst. Environ., 9, 303-314, 1983.

