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I. Abstract
Over the last fifteen years, Colorado forests have experienced epidemic bark beetle outbreaks with increasing severity. The outbreaks have wide-reaching impacts on forest health, wildlife habitat, wildfire regimes, and the safety of recreational forest users. These impacts are of great concern to land managers and project partners at the US Forest Service (USFS) who are working to maintain ecological integrity and safe public access in national forest lands. While there is substantial research focused on mountain pine beetles (Dendroctonus ponderosae), there are fewer resources available to land managers concerned with the ongoing spruce beetle (Dendroctonus rufipennis) outbreak, which is currently the largest active outbreak in Colorado. This project utilized Landsat 8 Operational Land Imager (OLI), Thermal Infrared Sensor (TIRS), Landsat 5 Thematic Mapper (TM), and high-resolution Microsoft Global Ortho Program imagery to produce spruce mortality data. These data were utilized in an integrative spatial model developed by researchers at Montana State University’s Spatial Sciences Center to produce a fine scale map of spruce mortality across Colorado for the year 2011. This product provides a baseline of spruce mortality that can be utilized by partners to model mortality for more recent years. To facilitate this, we processed imagery for the years 2013 and 2015 and constructed a novel, repeatable sampling method protocol. These products have the potential to be an improvement on the roughly estimated maps available to our partners and will be used to plan treatment operations and estimate aboveground biomass in the study area.
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[bookmark: h.30j0zll]II. Introduction

[bookmark: h.1fob9te]Spruce beetle (Dendroctonus rufipennis) infestations have proliferated in the American West affecting nearly 1.4 million acres of forest since 1996 (Ciesla 2014). These outbreaks are occurring in increasing frequency and severity, causing widespread spruce mortality. This increase in spruce mortality may result in less favorable habitat for native wildlife (Klenner & Arsenault 2009), increased wildfire risk (Jenkins et al. 2008), and increased hazards for visitors of national forests. Identifying the extent and location of the ongoing outbreak in Colorado forests is a high priority for land managers. 
[bookmark: h.3znysh7]
[bookmark: h.2et92p0]Current United States Forest Service (USFS) Gunnison District monitoring of spruce beetle killed trees relies on rough, non-analytic estimates from annual aerial surveys. Due to the constraints of this qualitative survey method and a low number of ground truth plots, these surveys produce low resolution maps with levels of accuracy that do not facilitate ground management needs (Johnson et al. 2006). Additionally, there is a conspicuous gap in analysis of spruce beetle outbreaks as the majority of previous studies and surveys have focused on pine bark beetles. Those studies that have focused on spruce beetle outbreak have yet to determine a highly accurate and broadly applicable method for mapping the spread of spruce beetle (DeRose et al. 2011, Hart & Veblen 2015, Meddens et al. 2013).  
[bookmark: h.tyjcwt]
[bookmark: h.3dy6vkm]As a part of the Agriculture NASA National Application Area, this project aims to address gaps in spruce beetle outbreak mapping research and produce a dataset that will provide forest management professionals with the tools and information necessary to make adaptive and efficient management decisions. To accomplish this, the study utilizes NASA Landsat 8 Operational Land Imager (OLI) and Thermal Infrared Sensor (TIRS) and Landsat 5 Thematic Mapper (TM) imagery with ancillary datasets as inputs into an integrative spatial model to produce comprehensive, fine-scale maps of spruce-fir mortality across Colorado spruce-fir forests for 2011. The resulting map displays the percent cover represented by dead spruce-fir at a 30-meter resolution.    
[bookmark: h.1t3h5sf]
[bookmark: h.4d34og8]Project end-users at the USFS Gunnison District will utilize this data to prioritize and plan dead tree removal operations and resiliency treatments to unaffected stands. End-users at the Gunnison National Forest District will use these maps and associated data products to inform ongoing studies of movement and habitat ecology for the federally threatened Canadian lynx (Lynx canadensis). Project partner Bioenergy Alliance Network of the Rockies (BANR) is assessing the feasibility of using beetle-kill wood as a feedstock for biofuels. Detailed maps of spruce mortality will be used by BANR to locate potential feedstock supply areas, and the results of this project will provide data for a new geographical region and tree species to their ongoing research. Overall, the comprehensive baseline map produced by the project will be instrumental to future studies aiming to investigate the causes of spruce-fir mortality and understand mechanisms of spread in Colorado forests. 
[bookmark: h.2s8eyo1]
[bookmark: h.17dp8vu]The study area stretches across more than 600 square kilometers of spruce-fir forests in western Colorado (Figure 1). The study is focused on spruce-fir communities dominated by Englemann spruce (Picea engelmannii), Douglas fir (Pseudotsuga menziesii), and subalpine fir (Abies lasiocarpa) in the subalpine zone (7,000-10,000 ft) of the Rocky Mountains (Wiken et al. 2011, Peet 1978). We selected imagery captured during the summer through early fall months (June 20th-October 9th) to maximize sun cover and minimize cloud and snow cover. This time frame was utilized for all years of imagery. Figure 1.Study area in spruce-fir forests of Colorado
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[bookmark: h.ije73z5czblo][bookmark: h.kjh8bfyx2oeu][bookmark: h.j4pjr25sf5tg][bookmark: h.dtnekkcmxvg0][bookmark: h.ekp2s6ni9th][bookmark: h.6bg48hri5u2a][bookmark: h.lwhrq1el84hz][bookmark: h.fbie1nmw7rz5][bookmark: h.bw8m4hup3so4][bookmark: h.isilfs7zc8f][bookmark: h.ssvealfkavt6][bookmark: h.wuw331liz5b][bookmark: h.g6uhmuz2rw46][bookmark: h.8ii5059d8567][bookmark: h.ucktvwj2uk6g][bookmark: h.irb3rwihtjen][bookmark: h.lt3yvvv0qlub][bookmark: h.lnxbz9]III. Methodology

Data Acquisition
Landsat 8 OLI, TIRS, and Landsat 5 TM imagery was downloaded from the USGS Earth Resources Observation and Science (EROS) Center Science Processing Architecture (ESPA) on demand interface (USGS 2016). We downloaded Landsat Surface Reflectance Higher Level Image Products from 2006, 2010, 2011, and 2013-2015 for scenes (path/row) 34/32, 34/33, 34/34, 35/32, 35/33, and 35/34. In addition to all standard Landsat bands, these products were ordered to include NDVI (Normalized Difference Vegetation Index) and NDMI (Normalized Difference Moisture Index). Shuttle Radar Topography Mission (SRTM) data was also downloaded from USGS Earth Explorer, providing the team with a 30-meter, one-arc second digital elevation model (DEM) of the study area. Microsoft Global Ortho Program 60 and 30 cm imagery was accessed in ArcGIS basemap imagery, and NAIP imagery was ordered from the USDA’s Aerial Photography Field Office. The most recently available existing vegetation type cover data was downloaded from the USGS LANDFIRE program website (USGS 2015). All data was projected in WGS 1984 UTM Zone 13N.

Reference Data Creation
To capture the reference data necessary to train the model, we constructed an overlay grid in ArcMap. The extract by mask tool was used to select areas in Colorado identified as spruce-fir forest by LANDFIRE’s “Existing Vegetative Type” data. In order to reduce the size of the raster file and eliminate island pixels that were too small to be considered a forest stand, we identified contiguous cell clusters greater than 8 pixels in total using the Region Group tool. Within this refined raster, we randomly and evenly assigned over 2400 points using the Create Spatially Balanced Points tool.

Because the Zero-Inflated Model relies on spectral values from Landsat raster pixels, we extracted cells of the same size (30m2) wherever our sampling points fell with the Extract by Point tool, and then converted the extracted cells into polygons using the Raster to Polygon tool. These polygons were used as a mask to extract a 10 x 10 grid of cells from a random raster (Create Random Raster, Extract by Mask tools). The extracted grid cells were then converted to points with the Raster to Point tool, creating a unified sampling position in the center of each 10 x 10 cell. This process created and visualized 100 evenly spaced sampling points within each Landsat-equivalent 30m2 cell. 

By layering this 10 x 10 grid over 30cm Microsoft Global Ortho Program imagery, the team visually inspected all points to determine the average percentage of mortality for each sampling unit (30 m2 cell). Points were collaboratively classified until the results were consistent between team members. Each of the 100 points in the 10x10 grid were classified as either [0] Dead Tree, [1] Living Tree, [2] Living Non-Tree, or [3] Other (including trees affected by the mountain pine beetle in their red phase, imagery shadow, rock, and bare ground). 



Data Pre-processing
Since Landsat images collected at different times of the year have varying spectral signatures and each scene has a unique cloud mask, it was necessary to process each scene independently. In addition to the indices included in the Landsat data, four other indices were derived from Landsat bands using the Raster Calculator and a tasseled cap toolbox in ArcMap. The Tasseled Cap (TC) transformation was calculated to obtain greenness (TCG), brightness (TCB), and wetness (TCW). These indices were chosen for their utility in characterizing the target spectral responses based on previous remote sensing of vegetation and bark beetle mapping studies (DeRose et al. 2011, Hart & Veblen 2015, Healey et al. 2005, Meddens et al. 2013). We created an additional set of indices using Raster Calculator to subtract 2013 indices from corresponding 2006 indices. This produced rasters that capture any change in Tasseled Cap values within pixels from the years 2006-2013. We chose to use imagery from 2006 because the outbreak was significantly less extensive at this time in the study area and it provided a logical baseline for change detection. Lastly, we generated slope and aspect rasters from a 30 meter one arc second DEM.

After all raster layers were generated, they were stacked as a single image composite in ArcMap. The 2011 stacks (Table 1, Appendix) consisted of NDMI, NDVI, slope, aspect, DEM, and tasseled cap indices. When the final 2011 stacks were completed they were clipped to the spruce-fir forest study area extent using the Extract by Mask tool in ArcGIS and saved to the ERDAS Imagine (.img) file format. Finally, a point shapefile containing the pixel locations of the corresponding reference data was used to extract the spectral values from each band in the stack composites using the Extract Multi Values to Points tool in ArcMap. Before modeling, these spectral values were organized to relate them to their corresponding value of tree mortality to create the final data input file. This process was repeated for each scene independently, resulting in a total of six final data input files for 2011.

The 2015 imagery stacks (Table 2, Appendix) were composed of Landsat bands, NDMI, NDVI, slope, aspect, and elevation rasters. The 2013 stacks (Table 3, Appendix), however, contained those rasters as well as the 2013/2006 differenced rasters. Although these stacks were not used in the model, they were provided to project partners to assist in future modelling efforts. 

[bookmark: h.djv1ffxfotoa][bookmark: h.r1yeoqwwo1k2]Zero-Inflated Modeling
Stacked image composites and the final input data files were modeled in RStudio with a two-step Zero-Inflated model developed by Savage et al. (2015). Our reference data contained many points with a value of zero percent spruce mortality, and similar zero-laden vegetation cover datasets have been shown to bias results by incorrectly predicting absence and underestimating presence of the target vegetation cover (Savage et al. 2015). The zero-inflated modeling process minimized these errors by modeling in two steps. Before selecting models for the two-step process, we tested different model combinations with trial runs. Models were trained with reference data and evaluated with a 10-fold cross validation and a Wilcoxon’s signed-rank test to produce statistics indicating model performance. We selected models that performed strongly based on the statistical results of this process, and chose to use a Support Vector Machines algorithm (SVM) and a Random Forest (RF) ensemble decision tree model.   
[bookmark: h.mwbdf1w2zfju]
[bookmark: h.35nkun2]Step one involved modeling the reference data as a binary presence/absence prediction map in a SVM. This produced a binary (BIN) map of mortality presence (1) or absence (0) for each pixel. In the second step, the reference data were fed to a RF model to create a continuous prediction (i.e. percent mortality at the pixel level) (CON) map of mortality for the study area. The two associated maps (BIN & CON) were then combined to create a map of percent spruce mortality only in pixels that the binary model predicted presence (1) of mortality. Any pixel predicted as having no spruce mortality (0) in step 1 was reclassified as ‘no data’ and eliminated from the map. This process was repeated for all six Landsat scenes and the resulting six maps were mosaicked to create the final map displaying percent mortality at each pixel (30m resolution) for the entire study area.   
[bookmark: h.1ksv4uv]IV. Results & Discussion

[bookmark: h.1wygyzob2dk2][bookmark: h.1p0xhf1kcsf2][bookmark: h.8quihej52kln]Model Performance Statistics 
When reviewing the statistical outputs from the model evaluation, we primarily considered the Root Mean Square Error (RMSE), the p-value, and the mean differences to assess the predictive accuracy of the selected models. For every Landsat scene in the study area the p-value was greater than .05 (Table 1) indicating that there was not a statistically significant difference between the observed values of mortality and the values predicted by the zero-inflated model. The mean difference values were small and the average was just over 1 percent (Table 1). This result combined with the reasonably low RMSE (Table 1) indicated that there were no extreme overestimates or underestimates predicted by the model.    

	PP/RR
	ZI.SVM.RF RMSE
	Wilcox ZI.SVM.RF 
P-value
	ZI.SVM.RF mean differences

	34/32
	9.9618
	0.1183
	2.2755

	34/33
	4.3674
	0.0811
	0.6740

	34/34
	11.5175
	0.1885
	1.3262

	35/32
	9.8919
	0.2871
	1.2667

	35/33
	4.6065
	0.2899
	0.3307

	35/34
	11.3767
	0.1770
	1.1433

	AVERAGE
	8.6203
	0.1903
	1.1694


[bookmark: h.syvkyqb4xtt3]Table 1: Statistical summary of model performance

[bookmark: h.qechxw4jybae][bookmark: h.sts7iudvbfpv] Percent Spruce-Fir Morality Maps 
A high of 61 percent mortality was detected across the entire study area, and the high within Gunnison National Forest District was 47 percent (Figure 3). The mosaicked 2011 final map (Figure 2) shows the largest areas with a high percentage of spruce mortality in the southern portion of the study area that contains Rio Grande and Gunnison National Forests. These are spruce-fir forests in which spruce beetle related mortality has been detected by aerial surveys since the early 2000s. The model also detected greater severity of mortality in the northern portion of the study area that overlaps with Medicine Bow-Routt National Forest. Less is known about the impact of the spruce beetle in this portion of the study area and further studies can address the agent(s) responsible for this high level of spruce-fir mortality. In contrast to these areas of high mortality, our maps show that the majority of spruce-fir forests in central Colorado contained low percentages of spruce mortality in 2011. In the future, our project partners can produce spruce mortality maps for more recent years, which will enable them to compare those results with the 2011 baseline maps that we produced.
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[bookmark: h.jp41jtisxis]Figure 2. Percent spruce-fir mortality in Colorado forests
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Figure 3: Percent spruce-fir mortality in Gunnison district
					
[bookmark: h.r2na396ja4zy][bookmark: h.2jxsxqh][bookmark: h.z337ya][bookmark: h.3j2qqm3]Errors & Uncertainty
Because it was necessary to process and model data separately for each scene, the data used to train the models inherently had a smaller range of mortality values than would have been present in the complete dataset containing all ~2,400 data points. These relatively smaller value ranges may have contributed to the results of the statistical test which indicated notably impressive performance of the models. Although our maps highlight some areas affected by spruce beetle outbreaks, we were unable to distinguish mortality caused by a specific agent (i.e. spruce beetles vs spruce budworm), nor were we able to distinguish between spruce and fir trees within the mixed forests dominating the study area.
[bookmark: h.4i7ojhp][bookmark: h.2xcytpi]
Future Work
[bookmark: h.3xwqg9a6xk5r][bookmark: h.yqlh1fspfk6x]Though the project produced spruce mortality maps only for 2011, the necessary imagery processing was completed to repeat the process and produce maps for 2013 and 2015 using NAIP (National Agriculture Imagery Program) imagery. Modeling mortality for more recent years would make it possible to analyze distribution and severity through time and thus provide more current information to project partners. Additionally, it would be beneficial to collect a ground truthing, independent dataset to validate the spatial accuracy of the model outputs. 
[bookmark: h.ycj2sl5om6vz]
[bookmark: h.1ci93xb]Hart and Veblen (2015) suggest that recently infested spruce trees may be identifiable by a unique spectral signature. Future studies could compare year by year imagery to differentiate spruce life-stage signatures, further clarifying the gradient of spruce stand vulnerability. Additionally, our end products could be combined with additional datasets from other drivers of spruce beetle population dynamics such as woodpeckers (Fayt, Machmer & Steeger 2005) or fire history (Kulakowski et al. 2003). These studies could be utilized by land managers to adopt more proactive strategies to anticipate and combat future beetle outbreaks.
[bookmark: h.3whwml4]V. Conclusions
The 2011 maps of spruce mortality in western Colorado that were produced with this methodology provide a baseline study to our project partners that can assist in further assessments of spruce mortality in Colorado forests and represents overall mortality on a landscape scale. The 2006, 2013 and 2015 data we processed for our partners can also be utilized to produce similar spruce mortality maps for those years and present the opportunity to study changes in mortality through time. These map and data products supplement existing data products available to land managers at the USFS and will be useful in further monitoring of spruce mortality as well as its impact on wildlife habitats. Moreover, the novel reference data creation methodology that we refined in this project can be utilized by a wide variety of land managers and researchers interested in creating land cover datasets. 
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KML Interactive Map Viewer
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Glossary Terms:
Composite Band – A data management tool in ArcMap that creates a single raster stack from a selection of multiple bands. 
Create Random Raster- A data management tool in ArcMap that creates a raster dataset of random values within defined parameters. 
Extract Multi Values to Points- A spatial analyst tool in ArcMap that extracts cell values at locations identified by a point feature class and records those values in the attribute table of the point feature class.  
Landsat –Landsat is a joint USDA and NASA program that began in the 1970s and provides multi-spectral moderate resolution (30m) satellite imagery for the whole globe. 
National Agriculture Imagery Program (NAIP) – A USDA program that began in 2003 that gathers 1-meter resolution aerial imagery of the continental US during the agricultural growing season every 2-3 years. 
Random Forest – a classification and regression analysis method that uses an ensemble of decision trees to interpret data. 
Raster Calculator – A spatial analyst tool that is used to perform Map Algebra calculations on raster pixel values. 
Raster to Point- A conversion tool in ArcMap that converts a raster dataset to point features. 
Root Mean Squared Error – A statistic that highlights accuracy of a model by measuring difference between values predicted by the model and observed values. It is calculated by taking the square root of the mean square error or the variance.  
Support Vector Machine (SVM) – A classification and regression analysis method that utilizes learning algorithms to interpret data. 
Shuttle Radar Topography Mission (SRTM) – This is a joint project between the NGA and NASA that gathered topographic digital elevation data for the majority of the globe at 30-meter resolution.
Wilcoxon’s Signed-Rank Test – A statistical test for paired datasets that lack a normal or parametric distribution. The test assesses the difference between an observed median of a data set and a predicted or hypothetical median to determine if the distributions are comparable. 
Zero-Inflated – A method used to model data that has a high number of zero values, or absence data, in order to reduce or remove the bias effects of zero heavy data in presence and absence data.
[bookmark: _GoBack]IX. Appendices
Table 2. The 8-band composite image of 2011 data used for model input.
	2011 Image Stack Band Number
	Landsat (year-band or derived index)/ Raster Data Source

	1
	Landsat 5 2011   NDMI

	2
	Landsat 5 2011   NDVI

	3
	Landsat 5 2011  TCBRI

	4
	Landsat 5 2011  TCGRE

	5
	Landsat 5 2011  TCWET

	6
	DEM, 30-meter (SRTM)

	7
	Slope

	8
	Aspect








Table 3. The 16-band composite image of 2015 data used for model input.
	2015 Image Stack Band Number
	Landsat (year-band or derived index)/ Raster Data Source

	1
	Landsat 8 2015 Blue

	2
	Landsat 8 2015 Green

	3
	Landsat 8 2015 Red

	4
	Landsat 8 2015 NIR

	5
	Landsat 8 2015 SWIR1

	6
	Landsat 8 2015 SWIR2

	7
	Landsat 8 2015 TIRS 1

	8
	Landsat 8 2015 TIRS 2

	9
	Landsat 8 2015 NDVI

	10
	Landsat 8 2015 NDMI

	11
	Landsat 8 2015 TCWET

	12
	Landsat 8 2015 TCGRE

	13
	Landsat 8 2015 TCBRI

	14
	DEM, 30-meter (SRTM)

	15
	Slope

	16
	Aspect




Table 4. A 24- band image composite used for model input
	2013 Image Stack Band Number
	Landsat (year-band or derived index)/ Raster Data Source

	1
	Landsat 8 2013 Blue

	2
	Landsat 8 2013 Green

	3
	Landsat 8 2013 Red

	4
	Landsat 8 2013 NIR

	5
	Landsat 8 2013 SWIR1

	6
	Landsat 8 2013 SWIR2

	7
	Landsat 8 2013 TIRS 1

	8
	Landsat 8 2013 TIRS 2

	9
	Landsat 8 2013 NDVI

	10
	Landsat 8 2013 NDMI

	11
	Landsat 8 2013 TCB

	12
	Landsat 8 2013 TCGRE

	13
	Landsat 8 2013 TCWET

	15
	Landsat 5 2006 NDMI

	16
	Landsat 5 2006 NDVI

	17
	Landsat 5 2006 TCB

	18
	(Landsat 5 2006 TCG

	19
	Landsat 5 2006 TCW

	20
	Landsat 8 2013 TCB- Landsat 5 2006 TCB

	21
	Landsat 8 2013 TCB- Landsat 5 2006 TCG

	22
	Landsat 8 2013 TCB- Landsat 5 2006 TCW

	23
	DEM, 30-meter (SRTM)

	24
	Slope

	25
	Aspect
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