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ABSTRACT 

Consequences of wildfires often result in the loss or change of vegetation, causing a 

reduction of biodiversity and an increase in soil erosion. Studies aiming to understand 

the potential dynamics in vegetation regeneration after a fire can benefit restoration 

programs by defining probable contributing factors. This report considered 

environmental variables and their impact on fire recovery for six fires in Washington 

State over a five-year period. Variables included the differenced normalized burn ratio 

(dNBR), the normalized difference vegetation index (NDVI), land cover type, and 

topological variables. Regression modeling was performed using both Ordinary Least 

Squares (OLS) and Geographic Weighted Regression (GWR) to determine the best-fit 

model. Over the five-year period, mixed vegetation showed the highest recovery rate 

with varied rates for both forested and desert vegetation. OLS regression demonstrated 

that land cover had high multicollinearity with other variables and land cover factors, 

thus it was excluded from GWR calculations. The best-fit models revealed a positive 

relationship with pre-fire NDVI and burn severity for most fire locations, indicating an 

increase in revegetation based on an increase in burn severity. Topological variable 

slope had both positive and negative relationships with NDVI. R2 values calculated 

through GWR were between 0.85 and 0.98. As Washington State is a diverse, 

widespread area, this study serves as an initial step to understand the potential 

relationships between fire recovery and the contributing factors. Additional steps should 

be taken to focus on specific vegetation type and assessing longer recovery time.  
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1. INTRODUCTION 

Wildfires can be a significant disturbance in ecosystems and the surrounding 

environment. Consequences of fire can include loss of vegetation and the potential to 

change vegetation composition. This could result in a reduction of biodiversity, an 

increase in carbon dioxide emissions and unhealthy air quality, and an increase in soil 

erosion that could include flooding. In the eastern Washington State, there has been an 

increase in fires and their severity in the past decade resulting in a drastic increase in 

required funding (Dent, 2015).  

Ecosystems in Washington State are vast and including marine waters, 

estuaries, rainforests, dry conifer forests, subalpine meadows, shrub-steppe, 

grasslands, sand dunes, and wetlands (Washington DNR, 2019). As different land cover 

responds uniquely to fire, there are varying recovery periods. Scrub/shrublands often 

have minimal recovery periods whereas forested ecosystems may require extended 

periods to revegetate (Au Yeung and Li, 2018). A number of factors also may affect 

regeneration of vegetation after a fire. A high burn severity may result in latent 

regeneration and increased erosion. Larger fires can create large burn patches resulting 

in a decreased ability of seed dispersal for regeneration (Keane et al., 2008).  

Studying wildfires can develop our understanding of post-fire recovery 

management and ecological implications. Comparing post-fire vegetation regeneration 

in differing vegetation ecosystems allows for observation of patterns and trends (Au 

Yeung and Li, 2018). This study uses six sites in Washington State to observe the 

similarities and differences in post-fire vegetation regeneration using remote sensing 

imagery, and model the potential factors associated in regeneration. 
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An important reason for observing changes in vegetation over time is that many 

changes may still occur after the fire has ended. For example, trees that are severely 

damaged, but not killed, are likely to die within two years. Analyzing fire recovery data 

can also provide insight on vegetation response. For example, lodgepole pines often 

require heat from fire to release seeds while other vegetation require wind, which blows 

the seeds to the cleared ground to be re-seeded (Noss et al., 2006).  

The most common method to assess vegetation regeneration is to monitor 

spectral indices (Viana-Soto, Aguado, and Martinez, 2017). The use of spatial resolution 

remote sensing has increased over the years, and has shown to provide the opportunity 

to study fire and post-fire vegetation regeneration (Riaño et al., 2002; Guo et al. 2017). 

This imagery can be used in different ways to assess the impact from fire on vegetation. 

The Landsat program is considered a valuable source for imagery and time-series data, 

as there is long-term availability of images. Although there are challenges in the optical 

spectral domain for time series images, a way to reduce the noise between different 

years is to select similar acquisition dates (Morresi et al. 2018).  

The normalized difference vegetation index (NDVI) is a widely used method 

assessing fire recovery through time-series analysis by performing calculations of the 

red and infrared Landsat bands (Riaño et al., 2002). NDVI measures vegetation 

greenness and is related to biomass and vegetation productivity. The normalized burn 

ratio (NBR) uses the near and short-wave infrared Landsat bands to determine the burn 

severity by comparing pre- to post-fire images.   

The purpose for this study is to assess the short-term regeneration of six 

Washington State fire sites to observe the changes on the landscape over a five-year 
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period, and analyze the variables that affect post-fire vegetation regeneration. 

Objectives for this study: 

• Assess post-fire recovery through NDVI time series. 
• Generate topological environmental variables. 
• Perform exploratory regression. 
• Identify relevant variables. 
• Model relevant variables through Geographic Weighted Regression. 

2. MATERIALS AND METHODS 

Study Area 

Fire Location 

This study uses six areas within Washington state based on large fires that 

occurred in the last ten years (Table 2-1, Figure 2-1). Fire data was acquired through 

the Washington State Department of Natural Resource GIS Open Data. Multi-

Resolution Land Characteristics’ National Land Cover Database (NLCD) was used to 

assess percent landcover of the pre-burn fire area. The selected areas were chosen 

based on the following criteria:  

• The burned area is greater than 5,000 acres for years 2011 through 2014. 
• Burned areas which have had subsequent fires were eliminated.  
• Mix of landcover based on the 2011 NLCD. 

Table 2-1. Fire data of the study areas 

Name County Start Date Burn Area 
(ac) % Forest % Desert* 

Cottonwood Yakima 6/16/2014 8,645 0 99 
Devil’s Elbow Ferry 8/2/2014 25,982 63 33 
Mile Marker 28 Klickitat 7/23/2013 25,600 58 38 
Snag Canyon Kittitas 8/1/2014 12,509 39 53 
Upper Falls Okanogan 8/5/2014 8,849 78 17 
Watermelon Lincoln/Spokane 7/18/2014 9,316 0 82 
*Percent desert = percent sagebrush + grasslands 
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Figure 2-1 Location and Landcover of Fire Study Locations (Multi-Resolution Land 

Consortium) 

The selected areas, located throughout central and eastern Washington State, 

have different topographic and climatic characteristics. Elevation ranges between 354 to 

2287 m (1161 to 7503 ft) and average annual precipitation ranges from 21 to 48.8 cm 

(8.4 to 19.2 in.) per year (Table 2-2). Vegetation consists primarily of forested areas 

(lodgepole pine (Pinus contorta), aspen (Populus tremuloides), douglas-fir 

(Pseudotsuga menziesii) or grasslands/shrub-steppe (bluebunch wheatgrass 

(Agropyron spp.), elk sedge (Carex geyeri), basin big sagebrush (Artemisia tridentata), 

and june-grass (Koelaria spp.) (Washington DNR, 2017).  
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Table 2-2. Study area description 

Name Min/Max 
Elevation m (ft) 

Min/Max 
Elevation m (ft) 

Ave yearly rainfall cm 
(in)* 

Cottonwood 354 (1,161) 975 (3,199) 21 (8.4) 
Devil’s Elbow 502 (1,647) 1,336 (4,383) 27.4 (10.8) 
Mile Marker 28 584 (1,916) 1,449 (4,754) 44.5 (17.5) 
Snag Canyon 753 (2,470) 1,553 (5,095) 37.6 (14.8) 
Upper Falls 1,170 (3,839) 2,287 (7,503) 23 (8.9) 
Watermelon 598 (1,962) 737 (2,418) 48.8 (19.2) 
* http://www.usclimatedata.com 

Datasets 

For this study, the following datasets were obtained for use in modeling 

vegetation regeneration:  

• NLCD 2011, 30-meter resolution 
• Digital Elevation Model (DEM), 1 arc-second resolution 
• Difference normalized burn ratio (dNBR), 30-meter 
• Landsat 8 Operational Land Imager 30-meter multispectral data 

For metadata associated with each dataset, refer to Appendix A. 

Landcover 

The 2011 NLCD was developed by the Multi-Resolution Land Characteristics 

Consortium through the partnership of numerous federal agencies. The NLCD provides 

nationwide landcover data with a 30-meter resolution. Table 2-3 provides the 

descriptions of the applicable landcover within the study areas.  

http://www.usclimatedata.com/
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Table 2-3. NLCD Legend for Values in this Study (Multi-Resolution Land Characteristics 
Consortium, 2011) 

Class Value  Description 
Water 11  Areas of open water 
Developed 21  Open Space; vegetation primarily in the form of lawn 

grasses. Less than 20% cover. 
22 Low Intensity; impervious surfaces between 20 and 49%. 
23 Medium Intensity; impervious surfaces between 50 and 

79%. 
24 High Intensity; impervious surfaces between 80 and 

100%. 
Barren Land 31  Areas of bedrock, volcanic material, sand dunes, mines. 

Vegetation cover less than 15%. 
Forest 41  Deciduous Forest; more than 75% tree species shed 

foliage due to seasonal change. 
42 Evergreen Forest; more than 75% of the tree species 

maintain leaves year-round. 
43 Mixed Forest; Neither deciduous nor evergreen species 

are more than 75% of tree cover. 
Shrubland 52  Shrub/Scrub; less than 5 meters tall and shrub canopy 

>20% total vegetation.  
Herbaceous 71  Grassland/Herbaceous; areas dominated by graminoid 

or herbaceous vegetation, greater than 80% total 
vegetation. 

Planted/ 
Cultivated 

81  Pasture/Hay; areas of grasses or, legumes planted for 
livestock. 

 82 Cultivated Crops; areas for production of annual crops, 
and perennial woody crops as orchards and vineyards. 

Elevation 

DEMs were acquired from the United States Geological Survey (USGS) National 

Map for the following areas: N46W121 (2018), N47W121 (2013), N48W118 (2013), 

N48W121 (2013), N49W119 (2016), N49W121 (2018). See Figure 2-2 for study area 

elevation models. 
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Figure 2-2. Digital Elevation Models for fire study locations 

Burn Severity 

 The Monitoring Trends in Burn Severity program, which is an interagency 

program conducted by the USGS Earth Resources Observation and Science (EROS) 

Center and the United States Department of Agriculture Forest Service Geospatial 

Technology and Applications Center, calculates the NBR using near and short-wave 

infrared from Landsat 30-meter data: 

𝑁𝑁𝑁𝑁𝑁𝑁 =
𝑁𝑁𝑁𝑁𝑁𝑁 − 𝑆𝑆𝑆𝑆𝑁𝑁𝑁𝑁
𝑁𝑁𝑁𝑁𝑁𝑁 + 𝑆𝑆𝑆𝑆𝑁𝑁𝑁𝑁

 

This was used to delineate the boundary of the burn area and for use as an explanatory 

variable for modeling (Au Yeung and Li, 2018). This index is useful for burn severity 
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because the near-infrared displays vegetation greenness and the short-wave infrared 

displays bare soil. This calculation is completed for both the pre- and post-fire images 

and then differenced. The following calculation shows the change, resulting in the 

dNBR: 

dNBR = (NBRpre-fire – NBRpost-fire) x 1000 

Values range from -500 to 1300 with negative values showing vegetation 

regrowth. Low positive values show unburned to low severity burn areas. High positive 

values show high severity values. Burn severity data for all study burn area is shown in 

Figure 2-3. 

 

Figure 2-3 Burn Severity (dNBR) of study areas (Monitoring Trends in Burn Severity) 
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Landsat 

 Landsat images were obtained for the pre- and post-fire period between 2013 

and 2019 from the USGS EROS Center (Table 2-4). Images were chosen based on 

minimal cloud cover and dates approximately one year apart.  

Table 2-4. List of images used 

 Cottonwood Devil’s 
Elbow 

Mile 
Marker 28 

Snag 
Canyon 

Upper 
Falls Watermelon 

Pre-fire 5/12/2014 7/8/2014 6/10/2013 7/31/2014 7/31/2014 7/8/2014 
Post-fire 7/15/2014 9/10/2014 9/14/2013 10/3/2014 9/1/2014 8/24/2014 
Year 1 7/2/2015 9/29/2015 9/1/2014 8/19/2015 8/19/2015 8/12/2015 
Year 2 7/4/2016 9/15/2016 8/19/2015 8/21/2016 8/21/2016 9/15/2016 
Year 3 6/21/2017 9/18/2017 8/21/2016 8/24/2017 8/24/2017 9/2/2017 
Year 4 6/24/2018 9/5/2018 8/24/2017 8/11/2018 8/11/2018 9/5/2018 
Year 5 6/11/2019 10/10/2019 8/11/2018 8/14/2019 7/29/2019 8/7/2019 
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Methods 

 The datasets used and methods implemented in modeling post-fire vegetation 

regeneration are summarized in Figure 2-4. 

 

Figure 2-4. Flow chart for methods implemented in study  
(NLCD = National Land Cover dataset, DEM = Digital Elevation model, dNBR = 
Difference Normalized Burn Ratio, NDVI = Normalized Difference Vegetation Index, 
OLS = Ordinary Least Square, GWR = Geographically Weighted Regression). 

Data Processing 

Normalized Difference Vegetation Index 

Landsat images were used to calculate the NDVI, which reflects the relative 

biomass. Studies have shown support for using Landsat-derived spectral images to 

study post-fire regeneration based on the sensitivity of different bands to vegetation 

greenness (Viana-Soto, Aguado, and Martinez, 2017).  NDVI is calculated by dividing 

the difference between the red and near infrared bands by the sum of the two bands, 

shown as follows: 
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𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 =
𝑁𝑁𝑁𝑁𝑁𝑁 − 𝑁𝑁𝑅𝑅𝑅𝑅
𝑁𝑁𝑁𝑁𝑁𝑁 + 𝑁𝑁𝑅𝑅𝑅𝑅

 

 For Landsat 8, bands four and five were used. This results in values ranging 

from -1 to 1 with negative values consisting mainly of clouds, water, and snow, and 

values near one representing rock and bare soil. Moderate positive values represent 

grass and shrubs, and high positive values reflect forest cover (ESRI, 2016).  

 For this study, NDVI was calculated for all images to study regeneration patterns 

and to generate the dependent variable to be included in the model. This image 

processing was done in ESRI’s ArcMap Desktop v.10.6.1 using the Image Analysis tool.  

National Land Cover Dataset 

Data processing was required for the NLCD dataset to account for categorical 

data. For the NLCD dataset, each value corresponds to a landcover type (Table 2-3). 

For regression analysis, all variables are analyzed as continuous, either interval or ratio 

values, thus the categorical values need to transformed for analysis. The primary 

method of coding categorical values to continuous is by creating ‘dummy variables’ 

resulting in values of 0 and 1 (Alkharusi, 2012; Yip and Tsang, 2007).  

For this study, dummy variables were created to indicate the presence or 

absence of each landcover type. Using R v.3.6.1 statistical program, a Boolean layer 

was created for each landcover type from the NLCD data using the layerize function 

(Appendix B). The final number of Boolean layers to be used in the regression model 

equals the number of landcover categories minus one (Skrivanek, 2009). 
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Digital Elevation Model 

DEM data was used to calculate additional independent variables for use in 

modeling. Aspect, which identifies the downslope direction, and slope were calculated 

using ArcMap’s Spatial Analyst Toolbox. 

Additional Processing for Regression 

 All variables were projected to Universal Transverse Mercator 10N or 11N, 

ensuring to maintain the same extent for each set of variables, and resampled, as 

needed, to a resolution of 30 meters using ArcMap’s Data Management Toolbox. All 

datasets were converted to point data. All datasets were then spatially joined with a 

fishnet vector (30-meter cells) in order to achieve a single polygon file. See Appendix C 

for steps using ModelBuilder.  

Regression Analysis 

 Regression analysis allows for the modeling or explanation of spatial 

relationships (ESRI, 2019). For this study, the objective was to determine whether burn 

severity and other environmental variables have influence on the regeneration of 

vegetation after a fire. See Table 2-5 for a list of variables used in regression analysis. 

Table 2-5. List of variables for regression analysis 
Variable Units Description 
Dependent NDVI Year 5 Between -1 and1 Greenness 
Explanatory NDVI post-fire Between -1 and1 Greenness 
 NBR Between -500 to 1300 Negative values show 

regrowth. High values 
show high severity burn. 

 Elevation Meters  
 Slope Percent  
 Aspect Between 0 and 360  
 NLCD Between 0 and 1 Boolean values. 1 or 0 

indicate presence or 
absence, respectively. 
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The first step is to perform exploratory global regression to determine the 

suitability of selected variables and to diagnose potential spatial problems (e.g., 

nonstationarity, multicollinearity, spatial autocorrelation) (Kala et al., 2017). These 

spatial problems can result in incorrect or skewed results by not meeting the basic 

assumptions of global regression. See Table 2-6 for the list of regression output 

statistics that were assessed to determine the fitness of a model.  

Table 2-6. Interpreting Regression Output  
Test Criteria 
Adjusted R-squared Variation in the dependent variable accounted for by 

independent values from 0 to 1. Values closer to 1 have 
more explanatory power. 

p-value Shows statistical significance. Small p-values suggest the 
variable’s coefficient is significant to the model. 

Variance Inflation 
Factor (VIF) 

Tests for multicollinearity. Larger than 7.5 may indicate 
redundancy. 

Multicollinearity  Values over 30 may indicate independent variables are 
correlated. This may lead to bias due to overcounting. 

Akaike’s Information 
Criteria (AICc) 

This calculation increases the error with inclusion of 
additional variables. A lower value indicates better fit. 

Breusch-Pagan Determines non-constant variance in errors. If this test is 
statistically significance, some or all of the variables are 
non-stationary. 

Moran’s I This tests for spatial autocorrelation, which is how similar 
one object is other nearby objects. A positive Moran’s I 
value indicates clustering. A negative value indicates 
dispersion. Values near 1 and -1 indicate higher 
autocorrelation. 

Residual Standard 
Error 

Measures the average error performed by the model. The 
lower the error, the better fit of the model. 

This exploratory regression was completed using ArcMap Exploratory 

Regression tool in the Spatial Statistic toolbox. This tool evaluates all possible 

combinations of input variables using Ordinary Least Squares (OLS). Weight files were 

developed to measure spatial dependence, or autocorrelation, based on a defined 

neighborhood. A Euclidean inverse distance and nearest neighbor weights files were 

used for exploratory analysis, and to assess residuals using Moran’s I.  
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Exploratory regression was also completed using GeoDa, an open-source spatial 

analysis program, to assess residual maps and multicollinearity results. 

As local regression models, such as Geographically Weighted Regression 

(GWR), have shown to improve modeling results for nonstationary relationships, this 

study uses GWR to calculate the final model (Kala et al., 2017). Based on the OLS 

analysis, the best fit model variables were calculated using ArcMap’s GWR tool in the 

Spatial Statistics toolbox. 

3. RESULTS 

Burn Severity 

Burn severity values for each burn area are shown in Table 2-7. Cottonwood, 

Devil’s Elbow, and Watermelon values show low to moderate burn severity, while Upper 

Falls shows moderate to high burn severity. Snag Canyon and Mile Marker 28 fires 

have varied values throughout the burn area (Figure 2-3). 

Table 2-7. Burn Severity for study areas 

Burn Severity Cottonwood Devil’s 
Elbow 

Mile 
Marker 28 

Snag 
Canyon 

Upper 
Falls Watermelon 

Unburned to 
Low 

8.5 13.3 17.2 22.0 8.4 6.9 

Low 83.7 55.9 37.4 34.7 14.0 72.5 
Moderate 4.0 25.3 23.8 28.6 22.3 16.8 
High 0.0 5.5 21.5 14.7 55.3 1.2 
Increased 

Greenness 
0.0 0.0 0.0 0.0 0.0 0.6 

Mask 3.8 0.0 0.0 0.0 0.0 2.1 

Revegetation Time Series 

 The short-term (five-year) regeneration of vegetation was analyzed based on 

landcover type: forest, desert, and forest/desert mix (Figure 3-1). Results show a 

significant decrease in post-fire NDVI values for both forested and mixed vegetation, but 

minimal changes for desert vegetation. Mixed vegetation had a steady increase in 
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values throughout the five-year post-fire study, whereas forested and desert vegetation 

have variable values. Upper Falls, a forested area, had the highest burn severity, and 

the greatest variability in NDVI values.  

 Possible reasons for the variety in regrowth include type of vegetation, 

temporal resolution, and burn severity. Desert vegetation has low NDVI values as there 

is little difference in intensity between the visible and near-infrared wavelengths. Thus, 

regeneration may not be as easily identifiable. Image dates were acquired annually, but 

variation was necessary on occasion due to atmospheric interference and image 

availability. A change in season or a lack of precipitation could also affect biomass and 

NDVI values. Burn severity could influence vegetation regeneration based on the type 

of vegetation’s unique fire response (Forkel et al., 2014).
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Figure 3-1. Short-term regeneration of fire study areas 
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Exploratory Regression with Ordinary Least Squares 

Exploratory regression indicated that landcover variables typically had high 

collinearity with other landcover factors, specifically evergreen forest (X42), shrubland 

(X52) and grasslands (X71). Landcover variables also tended to heteroskedasticity, 

thus were non-stationary.  

Moran’s I was calculated for all non-landcover variables to determine whether 

locations, defined by the weighing system, are similar, thus have a spatial relationship 

(Table 3-1). Results show that all variables are positively autocorrelated, communicating 

that each variable is spatially clustered.  

Table 3-1. Moran’s I for Variables 
Area NDVIpost-fire NDVI+5 year Slope DEM Aspect dNBR 
Cottonwood 0.460 0.558 0.859 0.784 0.812 0.371 
Devil’s Elbow 0.833 0.809 0.855 0.948 0.571 0.823 
Mile Marker 28 0.815 0.782 0.904 0.771 0.742 0.913 
Snag Canyon 0.799 0.767 0.866 0.570 0.868 0.847 
Upper Falls 0.818 0.724 0.859 0.571 0.867 0.907 
Watermelon 0.693 0.613 0.732 0.298 0.635 0.716 

Best-fit models for each burn area are shown in Table 3-2. The post-burn NDVI 

was a variable in all best-fit models, and topographical variables, slope and DEM, 

played a prominent role. Aspect was an infrequent explanatory variable. R2 values 

range from 0.26 to 0.71, indicating that 26 to 71% of the data can be fitted to the model. 

VIF values range from 1.07 to 1.60 denoting minimal to low multicollinearity. The 

p-value for the Breusch-Pagen test was zero for all models, implying heteroskedasticity, 

which rejects the assumption for normal error. Appendix D contains a table of best fit 

models run for each area, based on number of variables.  
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Table 3-2. Summary Results from Exploratory Regression 
AIC = Akaike Information Criteria, VIF = Variance Inflation Factor, BP = Breusch-Pagen Test (p-value) 
Area Multi-

collinearity Heteroskedasticity R2 AIC VIF BP Best Model* 

Cottonwood X52, X71  Slope, X52 0.26 -165,039 1.07 0.04 +9.5e-5DEM+0.36NDVIpost-fire 
Devil’s Elbow X42, X52  All NLCD, DEM  0.59 -449,389 1.23 0.00 -0.001Slope+0.53NDVIpost-fire+0.026X52 
Mile Marker 28 X52, X42, X71 X21, X22, X43, X52 0.53 -338,272 1.22 0.00 +0.001Slope+2.1e-4DNBR+0.87NDVIpost-fire 
Snag Canyon None X23, X24, X52 0.52 -172,064 1.16 0.00 +0.001Slope+0.0001DNBR+0.96NDVIpost-fire 
Upper Falls X52, X42 X42, X71 0.27 -108,930 1.60 0.00 +4.0e-5DNBR+0.66NDVIpost-fire 
Watermelon None X21, X52, X71, X82 0.71 -165,710 1.27 0.00 +1.3e-4DNBR+0.84NDVIpost-fire+0.04X95 
* Best model is defined as the model with the highest R2, lowest AIC, and lowest VIF 
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Regression with Geographically Weighted Regression 

Based on the exploratory regression, all variables are spatially autocorrelated 

and have unequal variability. As one of the tenets of statistics is that observations are 

independent from one another, modeling associations with these qualities using 

classical global regression, such as OLS, could result in misrepresented assumptions. 

GWR is a local regression technique, which takes spatial factors into consideration by 

weighing the relationship around each point. The historical default relationship has been 

Euclidean Distance, chosen to assess the influence of a straight-line measurement on 

the spatial relationships. Other, non-Euclidean methods measure neighborhood 

relationships, better representing the complex surrounding environment (e.g., 

mountains, river). These methods have been shown to better represent the complexity 

of the surrounding environment (Lu et al., 2011).  

For this study, GWR was calculated using four methods: 

• Fixed kernel and a bandwidth parameter of 500 m (1640 ft)  
• Fixed kernel with an AIC assessment 
• Adaptive kernel with a bandwidth parameter of 30 nearest neighbors 
• Adaptive kernel with a bandwidth parameter of 8 nearest neighbors 

The four methods were analyzed for highest R2, lowest residuals, and lowest AICc 

Results show that using the adaptive kernel with a bandwidth parameter of 8 nearest 

neighbors resulted in the best model, except Cottonwood (Appendix E). Based on 

substantial data errors from GWR 8 nearest neighbor modeling results for the 

Cottonwood study area, the adaptive kernel with a bandwidth parameter of 30 nearest 

neighbors is shown in the summary table (Table 3-3). NLCD dummy values were not 

included in the analysis based on high multicollinearity.  
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Table 3-3. Summary Results for Geographically Weighted Regression 
nn = nearest neighbor 
Study Area Variables Adj R2 Resid Sq. AICc Model 
Cottonwood DEM, NDVIpost-fire 0.87 1.00 -16,429 30 nn 
Devil’s Elbow Slope, NDVIpost-fire 0.93 1.21 -86,300 8 nn 
Mile Marker 28 Slope, DNBR, NDVIpost-fire 0.73 3.46 49,490 8 nn 
Snag Canyon Slope, DNBR, NDVIpost-fire 0.98 0.16 6,162 8 nn 
Upper Falls DNBR, NDVIpost-fire 0.97 0.50 -23,941 8 nn 
Watermelon DNBR, NDVIpost-fire 0.95 1.05 -22,912 8 nn 

 
Results show a relationship between burn severity and revegetation for four of 

the six study sites. Best-fit models for Cottonwood and Upper Falls, areas that had a 

relatively low to moderate burn severity, did not include this variable. Cottonwood, with 

a desert vegetation landcover, and Upper Falls, with primarily forested landcover, also 

had low regeneration five years after the fire event.  

Topographic variables DEM and slope were included in four of the six study 

sites. Upper Falls with the highest elevation and Watermelon with less than 140 m 

(159 ft) elevation change, did not include topological variables. NDVI values 

immediately after the fire event were included in all best-fit models and point to the 

relationship between regeneration rates. 

Comparison of the R2 values for GWR show a significant improvement over 

those values from the OLS. R2 values were generally between 0.70 and 0.95, thus the 

models explain 70-95% of the data. Mile Marker 28 had the lowest R2 value, and Snag 

Canyon had the highest. Although results showed higher R2 values using GWR, models 

with variables exhibiting spatial dependence can distort R2 values. This occurs because 

each observation supplies disproportionate information, thus R2 should not be used as 

an indicator of fitness.  
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Residuals show the difference between the observed and fitted values in the model. 

Standard residuals have a mean of zero and a standard deviation of one. For the 

subject models, standard residuals had an overall range from -10 to 12, and a mean 

range from -0.015 to 0.35 (Figure 3-2). Although the minimum and maximum values 

represent a large disparity between observed and predicted values, the mean values 

show that the average values are fitted to the model. Intercept values are shown in 

Figure 3-3. 
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Figure 3-2. Standard Residuals for GWR Models 
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Figure 3-3. Intercept Values for GWR Models 
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4. CONCLUSION 

This study focused on modeling specific environmental variables in consideration 

of vegetation regeneration after a fire event. The linear regression models were based 

on the five-year NDVI values, and were shown to be related to burn severity levels, 

slope, elevation, and the post-fire NDVI. A positive relationship between burn severity 

and five-year NDVI values points to a higher revegetation based on a higher burn. 

Exploratory OLS regression resulted in high multicollinearity in landcover metrics, and 

the topological variable, aspect, did not show correlation. GWR was used as a local 

model to fit the data spatially. Results showed higher R2 values compared to OLS, but 

based on the disproportionate representation, R2 values should not be the sole indicator 

of fitness. 

As fire is prevalent in this portion of Washington States, studying the results of 

exploratory revegetation modeling is important for improving knowledge of revegetation 

based on the different landcover zones. Areas that are slow to regenerate may require 

additional study for restoration programs.  

Future work would be important to take into account different climate and 

vegetation type by including weather and in situ data. Weather could include 

precipitation values or drought metrics for the area. In situ data should focus on the 

recovery of specific types of vegetation. In addition, further study should be conducted 

to assess longer recovery time, as each vegetation type has a unique recovery strategy. 

A recommended process improvement would be to perform atmospheric corrections on 

the Landsat images to account for variability of surface reflectance and possible aerosol 

scattering between acquisition years. 
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APPENDIX A 
DATASET METADATA 

 
1. Official Name National Land Cover Database 

Year of Publication 2011 
Author/owner Multi-Resolution Land Characteristics 
URL/FTP https://www.mrlc.gov/data  
Description Nationwide land cover data for 2011, consisting of 20 

land cover categories. 
Coordinate system 
(geodesic, datum, EPSG) 

North American 1983, EPSG 2286 

Projection (if any) NAD 1983 UTM Zone 10N/11N (meter) 
Spatial resolution (raster) 30-meter 
Type of geometry (vector) NA 

 
 
2. Official Name Digital Elevation Model 

Year of Publication N46W121 (2018) 
N47W121 (2013) 
N48W118 (2013) 
N48W121 (2013) 
N49W119 (2016) 
N49W121 (2018) 

Author/owner U. S. Geological Survey 
URL/FTP https://earthexplorer.usgs.gov/  
Description Array of regularly spaced elevation values. 
Coordinate system 
(geodesic, datum, EPSG) 

North American 1983, EPSG 2286 

Projection (if any) NAD 1983 UTM Zone 10N/11N (meter) 
Spatial resolution (raster) 1 arc-second 
Type of geometry (vector) NA 

  

https://www.mrlc.gov/data
https://earthexplorer.usgs.gov/
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APPENDIX A (CONT.) 
DATASET METADATA 

 
3. Official Name Difference Normalized Burn Ratio 

Year of Publication Cottonwood: 2013, 2014 
Devil’s Elbow: 2014, 2015 
Mile Marker 28: 2011, 2014 
Snag Canyon: 2014, 2015 
Upper Falls: 2014, 2015 
Watermelon: 2013, 2014 

Author/owner U. S. Geological Survey Earth Resources 
Observation and Science Center  
U. S. Department of Agriculture Forest Service 
Geospatial Technology and Applications Center 

URL/FTP https://www.mtbs.gov/  
Description Burn severity of fires across the United States 

derived from pre and post fire Landsat data. The 
resulting image shows the variations of burn severity 
within the fire area. The formula for computing the 
burn ratio is ((NIR-SWIR2)/(NIR+SWIR2))x1000.  

Coordinate system 
(geodesic, datum, EPSG) 

North American 1983, EPSG 2286 

Projection (if any) NAD 1983 UTM Zone 10N/11N (meter) 
Spatial resolution (raster) 30-meter 
Type of geometry (vector) NA 

 
 
4. Official Name Landsat 8 Operational Land Imager 

Year of Publication 2013-2019  
Author/owner U. S. Geological Survey Earth Resources 

Observation and Science Center  
URL/FTP https://earthexplorer.usgs.gov/  
Description Imagery from satellite equipped with eleven bands. 
Coordinate system 
(geodesic, datum, EPSG) 

North American 1983, EPSG 2286 

Projection (if any) NAD 1983 UTM Zone 10N/11N (meter) 
Spatial resolution (raster) 30-meter 
Type of geometry (vector) NA 

 
  

https://www.mtbs.gov/
https://earthexplorer.usgs.gov/
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APPENDIX B 
NLCD SAMPLE SCRIPT 

 
#install raster packages 
install.packages("raster") 
install.packages("rgdal") 
library(raster) 
library(rgdal) 
#load landcover raster 
nlcd<-raster("H:/thesis/data/correlation/mm28/mm28_lc.tif") 
#make dummy variables from categorical 
nlcd_bool<-layerize(nlcd, classes=NULL, falseNA=FALSE, 
filename="H:/thesis/data/correlation/mm28/nlcd_bool.grd", overwrite=TRUE) 
#stack multi-layer raster  
nlcd_stack<-stack(nlcd_bool) 
#create points from raster 
nlcd_pts<-rasterToPoints(nlcd_stack, spatial=TRUE) 
#save point file 
writeOGR(nlcd_pts, "H:/thesis/data/correlation/mm28/nlcd_pts", layer="nlcd_bool", 
driver="ESRI Shapefile") 
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APPENDIX C 

DATA PROCESSING STEPS USING MODELBUILDER  
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APPENDIX C (CONT.) 
DATA PROCESSING STEPS USING MODELBUILDER  

 

 
  

mm28_fish_all
.shp 
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APPENDIX D 
Exploratory Regression Results by Highest R2 for each Iteration 

 
# Adj R2 AIC Model 

Cottonwood 
1 0.23 -163459.75 +DEM 
2 0.26 -165037.49 +DEM+NDVIpost-fire 
3 0.35 -170078.48 +DEM+X52+X71 
4 0.36 -171174.25 +DEM+X52+X71+X82 

Devil’s Elbow 
1 0.50 -425844.22 +NDVIpost-fire 
2 0.55 -436831.41 - Slope +NDVIpost-fire 
3 0.59 -449389.57 - Slope +NDVIpost-fire+X52 
4 0.61 -454312.66 - Slope +NDVIpost-fire+X52+DNBR 

Mile Marker 28 
1 0.22 4030622.48 -X71 
2 0.46 3986956.38 +DNBR+NDVIpost-fire 
3 0.48 3982979.25 +Slope+DNBR+NDVIpost-fire 
4 0.50 979649.25 +Slope+DNBR+X42+NDVIpost-fire 

Snag Canyon 
1 0.39 -157971.45 +NDVIpost-fire 
2 0.51 -171208.71 +DEM+NDVIpost-fire 
3 0.52 -172064.29 +Slope+DNBR+NDVIpost-fire 
4 0.54 -174014.53 +Slope+DNBR+X90+NDVIpost-fire 

Upper Falls 
1 0.25 -108185.38 +NDVIpost-fire 

2 0.27 -108927.65 +DNBR+NDVIpost-fire 
3 0.27 -109157.90 -Slope+DNBR+NDVIpost-fire 
4 0.29 -110081.43 -Slope+X42+X52+NDVIpost-fire 

Watermelon 
1 0.60 -150882.64 +NDVIpost-fire 
2 0.69 -162152.64 +DNBR+NDVIpost-fire 
3 0.71 -165707.64 +DNBR+X95+NDVIpost-fire 
4 0.72 -166846.33 +DEM+DNBR+X95+NDVIpost-fire 
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APPENDIX E 
GWR Method Results 

 
Method Adj R2 Residual2 AIC 

Cottonwood 
500 m 0.62 13.89 -74560 
AIC NA NA NA 

8 nearest neighbor 0.87 0.02 -408 
30 nearest neighbor 0.94 1.00 -16429 

Devil’s Elbow 
500 m 0.75 89.24 -505711 
AIC 0.86 47.01 -571125 

8 nearest neighbor 0.93 1.21 -86300 
30 nearest neighbor 0.91 20.2 -523244 

Mile Marker 28 
500 m 0.69 248.58 -385933 
AIC 0.75 195.82 -410738 

8 nearest neighbor 0.73 3.46 49490 
30 nearest neighbor 0.88 40.8 -255521 

Snag Canyon 
500 m    
AIC 0.86 49.38 -241290 

8 nearest neighbor 0.98 0.16 6162 
30 nearest neighbor 0.94 9.35 -146434 

Upper Falls 
500 m 0.61 86.32 -134610 
AIC 0.74 57.56 -150147 

8 nearest neighbor 0.97 0.50 -23941 
30 nearest neighbor 0.93 9.53 -133999 

Watermelon 
500 m 0.61 86.32 -134610 
AIC 0.80 38.30 -180704 

8 nearest neighbor 0.95 1.04 -22912 
30 nearest neighbor 0.80 38.07 -180890 
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