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Introduction 

Agriculture and development are the source of a multitude of environmental stressors 
influencing coastal ecosystems, including sediment and nutrient runoff, alterations to 
hydrologic and thermal regimes, delivery of pollutants and loss of habitat. Many studies 
have addressed the effects of land use on aquatic ecosystem (see Johnson and Host 2010 
for a detailed literature review), but fundamental issues of scale remain unresolved. In a 
recent study, Stueve et al. (2014) demonstrate the dramatic differences in resolution and 
subsequent estimates of watershed-scale land use between the commonly-used National 
Land Cover Dataset (NLCD) and a high resolution classification based on aerial 
photography, LiDAR and other imagery (Figure 1). 

 

Figure 1 Comparison of NLCD and high resolution classification in identical areas in Miller Creek watershed, Duluth, MN 

 

Land use data are common inputs to environmental indicator development, hydrologic models 
such as SWMM or HSPF, and decision support models such as the EPA National Stormwater 
Calculator. The difference in areal estimates of urban land cover between NLCD and higher 
resolution land classification can result in significant differences in predicted amounts of runoff 
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and infiltration (Figure 2). Using these data to develop remediation strategies using green or gray 
infrastructure could potentially result in costly errors through under or over-engineering retention 
structures.  

 

Figure 2. Differences in predicted runoff and infiltration based on NLCD or high resolution land classification using the EPA 
National Stormwater Model. 

 

For this reason, we initiated this project to expand the Stueve et al. (2014) methodology, which 
focused on a single watershed, to multiple urban watersheds entering the St. Louis River Estuary 
(SLRE). We then used these data to develop indices of urban land use intensity, focusing on 
impervious surface, building footprints, building heights and height diversity within municipal 
parcels. Finally, we assessed the relationship of these urban land use intensity indices to water 
quality data collected in nine tributary watersheds of the St. Louis River.  

 
Methods 

The study area including Minnesota watersheds draining directly into the St. Louis River estuary, 
an area of approximately 50,000 ac. (Figure 3). 
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Figure 3. Geographic extent of study, showing watersheds used in Bartsch et al. 2015.  

 
Land use/Land Cover Classification and Analysis 
The full detailed methods for the high resolution land classification have been published 
in Stueve et al. (2014). For much of the spatial extent, we used high resolution (8 cm) 
color infrared air photos collected by the City of Duluth as part of the 2013 LiDAR 
collection. To facilitate processing, images were resampled to 0.3 m. For the 
classification we used the color and NIR bands, as well as the Normalized Difference 
Vegetation Index (NDVI). For areas outside the City of Duluth footprint, we used 1 m 
summer 2010 imagery provided by the MN DNR.  
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There was a LiDAR acquisition for the Arrowhead region of Minnesota in spring 2011. 
In summer 2012 Duluth experienced a 10” rainfall event that caused severe flooding and 
over $100,000,000 in damages to buildings and infrastructure. To document flood 
damage, the State conducted a second LiDAR collection in fall 2012. LiDAR data were 
used to develop a surface model (DEM) as well as a canopy height model (CHM), both 
of which were used in the classification. We also used the building footprints and 
calculated the maximum height of each building. Building heights and the standard 
deviation of height, an index of complexity, were then summarized by tax parcels 
provided by the City of Duluth and St. Louis County. LiDAR was also used to classify 
pavement (roads, sidewalks, parking lots) as impervious surface. 

The classification was performed using object-based image analysis (OBIA), using the 
Feature Analyst extension in ArcGIS 10.1 (Opitz and Blundell 2008). The advantage of 
OBIA is that it considers the shapes and textures of neighboring pixels in the 
classification process, which is useful in the patchy landscapes of urban environments. 
For each landcover type, good, known, representative polygons were used to "train" the 
software to find similar sets of pixels that represent similar landcover polygons.  The 
software uses "smart", proprietary algorithms to analyze imagery.  After an initial attempt 
to classify and extract is complete, the software was retrained to refine what it correctly, 
or incorrectly extracted.  This process was iterated until satisfactory results were 
obtained. The classification was repeated for other landcover types, and the resulting 
rasters (or polygons) merged and mosaicked to develop a complete coverage.  

We mapped the following land use/land cover (LULC) classes: 

• Deciduous canopy 
• Coniferous canopy 
• Grass/low shrub canopy 
• Impervious surface (roads, building rooftops, parking lots) 
• Buildings 
• Water 

Classification accuracy was assessed by selecting 30 random points per LULC class and 
comparing them with aerial photographs. 

Parcel data were used as a fundamental unit to summarize various aspects of urban land 
use intensity. For each parcel, we calculated % impervious pavement, % impervious 
rooftops, and the maximum and standard deviation of building heights. These four 
variables were scaled 0-1 based on the minimum and maximum values across the full 
data set, and summed. The summed values were then rescaled 0-1 to create an index of 
Urban Land Use Intensity (ULUI). We also used the parcel layer to calculate a 
“greenness” index for each parcel. This index was based on the type of business 
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associated with the parcel (industrial, commercial, residential), the building/greenspace 
ratio, and % impervious surface for each parcel.  

Using the classified image, we calculated several metrics of landscape complexity -  
mean patch size, large patch index, and fractal dimension - using the Fragstats spatial 
analysis program (McGarigal et al. 2012). 

Water Quality Analysis 
As part of a Sea Grant-funded study of human impacts to watersheds of the St. Louis 
River estuary (Silbernagel et al. 2015), we collected a suite of water quality data across a 
gradient of highly urbanized to relatively undisturbed watersheds. The gradient was based 
on a set of environmental stressors, including road density, population, point source 
density, as well as urban and agricultural land use (Host et al. 2011). The latter two 
variables were based on the National Land Cover Dataset (NLCD) classification, with no 
quantification of the intensity of urban or agricultural land use. 

In the larger study, water quality sampling was conducted at 26 sites in the estuary in 
both nearshore areas and above the mouths of the associated tributaries during multiple 
flow regimes in 2010-2011 (Bartsch et al 2015). In addition to spring runoff and summer 
baseflow, we collected water samples at 16 storm events exceeding 0.5 in rainfall. 
Measured variables included a core suite (temperature (T), dissolved oxygen (DO), 
specific electrical conductivity (EC25), pH, turbidity, and clarity) of field measurements 
using a HydroLab multi-parameter sonde (model MS5) and a 120 cm transparency tube. 
We also analyzed an advanced suite of water quality data, including color, TP, TN, 
ammonium-N (NH4+-N), nitrite/nitrate-N (NO2-/NO3-N), chloride, sulfate (SO42-), 
chlorophyll-a (Chl-A), and phaeophytin). 

Nine of these watersheds occurred within the geographic extent of the present study. We 
extracted and resummarized the tributary data from these watersheds for a select set of 
variables that were highly correlated with the NLCD-based stressor gradient (SumRel). 
These included Chl-A, DO, pH, and chloride. Means of these water quality variable 
under baseflow and spring runoff conditions were compared with ULUI and greenness 
scores. These indices were summarized at three spatial scales – across the entire 
watershed, within a 250 m buffer around the sampling point and within a 100 m buffer.  

 
Results 

The classification and derived data layers listed in Table 1 were placed into a 
geodatabase, downloadable here:  
http://data.nrri.umn.edu/data/dataset/duluth-urban-landuse-intensity.   
To display the symbology behind the various data sets, we have also include Layer (*.lyr) 
files. 

http://data.nrri.umn.edu/data/dataset/duluth-urban-landuse-intensity
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Twenty-one watersheds occurred within the study area (Figure 3), ranging in area from 
413 to almost 7,000 ac. Deciduous trees were the dominant land cover, averaging 45% 
across watersheds (Table 2). Impervious pavement averaged 17%, with rooftops adding 
another 5%. The Urban Land Use Intensity index (ULUI) shows strong fine-scale 
variation across watersheds (Figure 4), as does the map of greenspace (Figure 5). 

Overall classification accuracy was 88%. The two urban classes, impervious surface and 
buildings, had accuracies of 90% (Table 3). The largest errors were due to difficulties in 
distinguishing between deciduous and coniferous land cover, neither of which contribute 
to the ULUI. One aspect of OBIA analyses, however, is that in detecting patterns, the 
technique will produce polygons that have irregular shapes for objects that are rectilinear 
in the real world, such as roads or rooftops shaded by trees. This introduces some 
inaccuracies at the meter scale, but the summaries by parcel presented below average out 
many of these fine-scale errors. 
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Figure 4. Urban land use intensity index derived from land classification and building information; linework shows watershed 
boundaries. 
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Figure 5. Map of greenness index by parcel, based on the amount of natural vegetation cover, type of business, and amount of 
impervious surface. 
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Basic landscape metrics were calculated at the class and patch scales. Within any class, 
patch sizes were highly variable. Deciduous trees had large average patch sizes due to 
expansive areas of forestland outside the urban area. Because of the strong near-
continuous connectivity of roads, parking lots, and other paved surfaces, the impervious 
class also had large patch sizes, as well as the greatest LPI (Table 4). Fractal dimension, a 
measure of shape complexity, was lowest for water and buildings and highest for forest 
lands. The high resolution of the classification coupled with the large extent of the study 
area precluded meaningful calculations of metrics such as lacunarity and Moran’s I. 



11 
 

 

Relationships with Water Quality  
In spite of the low sample size with respect to watersheds, there were significant 
relationships between the indices of land use intensity and water quality variables. The 
previously-published SumRel index (Bartsch et al. 2015) was correlated with chlorophyll-
A under both spring runoff and baseflow conditions (Table 5). Dissolved oxygen showed 
strong relationships with ULUI at the watershed scale as well as the greenness index at 
all three spatial scales. Chloride under baseflow conditions was correlated with ULUI at 
the 100 and 250 m scales. In general, the more resolved indices of urban land use 
performed better than SumRel, whose land use components were based on NLCD data. 

 

 
Summary  

 
This project conducted a high resolution (3 m) classification of urban land use using 
categories relevant to managing stream water quality. We used object-oriented image 
analysis techniques to take advantage of the characteristic spatial patterns of urban areas 
– square blocks, linear transportation features, and riparian corridors. The spatial data and 
metadata were uploaded as a geodatabase to this location: 
http://data.nrri.umn.edu/data/dataset/duluth-urban-landuse-intensity 
 
LiDAR data were also used to summarize information on buildings using cadastral data 
for the City of Duluth and surrounding area. This provides further information on the 
intensity of land use, under the assumption that the tall buildings of highly urbanized 

http://data.nrri.umn.edu/data/dataset/duluth-urban-landuse-intensity
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areas and the diversity of building heights are both related to increased runoff and inputs 
of urban pollutants into stormwater and stream systems.  Building height data were 
incorporated into an index of urban land use intensity. Comparing these newly-derived 
indices to previously collected water quality data shows an improvement over models 
based on coarser-scale land use data (NLCD @ 30 m). The data and analyses presented 
here provide one more tool to land managers and researchers interesting in quantifying 
the relationships between environmental stresses from highly modified urban landscapes 
and the health of aquatic ecosystems. 
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