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1. Abstract
Bromus tectorum, otherwise known as cheatgrass, is an invasive grass from Europe that has increased its presence all over the world by out-competing native grasses due to its adaptability and lifecycle. During the end of its life cycle, typically occurring in the summer, its flammable remains often create the conditions for forest fires to start early in the season. This alters native wildlife’s previous response to wildfires and increases the overall frequency of fires. As a result, cheatgrass often disrupts the necessary recovery time for native wildlife after habitat destruction. This NASA DEVELOP project utilized Landsat 5 TM, Landsat 8 OLI and TIRS, Terra MODIS, and Sentinel-2 MSI data to study the spread of cheatgrass throughout the Colorado National Monument and the surrounding area to determine locations at risk of being invaded by cheatgrass. The results of the study included historical and current cheatgrass population maps, multi-criteria evaluation (MCE), MCE analysis, and forecasted cheatgrass spread. The MCE analysis assessed the factors and constraints that contribute to the vulnerability to cheatgrass invasion. The results from this project will assist the National Park Service in improving their monitoring and management efforts and help contribute to the prevention of cheatgrass in Colorado National Monument.
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[bookmark: _Toc334198720]2. Introduction
2.1 [bookmark: _Toc334198721]Background Information
The Colorado National Monument is located on the eastern portion of the Colorado Plateau, encompassing 32 square miles of vast geological formations, with some rocks dating back to the Triassic age, and elevations ranging from 4,700 feet to greater than 7,000 feet (Desert USA, 2017). A majority of the park consists of juniper and pinyon pine tree. In addition, these trees thrive in a variety of soil textures, such as gravelly and clay. The landscape is characterized by a well-developed understory, which means there is vegetation below the forest canopy but above the forest floor. This vegetation is vital for species whose habitats depend on shade, and trees that have slow but long-lasting growth. The biome contains wildlife that is very resilient to the extreme conditions in which they inhabit. However, due to external environmental factors, the wildlife that makes up the park is under threat from invasive species in the area. 

The Rocky Mountain region of the United States has been invaded by cheatgrass (Bromus tectorum). Cheatgrass is native to Europe and Asia and first arrived in the United States through a grain shipment in 1850. The species is an early season annual invasive, reaching maturity in the early spring and dying in early summer. Since its arrival, it has increasingly spread throughout the country because of its ability to propagate up to 3 km of land in one season. Bradley and Mustard’s 2006 study showed that cheatgrass is likely to spread outward from its current location up to 150 meters. Due to their extensive root system, these plants are able to flourish by out-competing native plants’ access to necessary nutrients. In the summer when it releases its seeds, cheatgrass leaves behind dry remains that increase the area’s susceptibility to fires (Mealor, et al, 2013). Wildfires are a natural disturbance to an ecosystem and the fauna and flora within the Colorado National Monument are able to recover after a time period following a wildfire. However, due to the large accumulation of the highly flammable biomass of cheatgrass, the frequency at which wildfires occur has increased to a rate the native environment is not adapted to, leaving the ecosystem altered without enough time for recovery after the frequent disturbances. 



Within the Colorado Plateau, a wildfire occurred in July 1945 that destroyed 360 hectares of land. In the years since the fire there have reports that the speed for reproduction of some of the shrub species have been altered by the presence of cheatgrass. The impacts that can be felt by cheatgrass are that the likelihood of increased fire means that native vegetation may not be able to recover quickly from a cheatgrass-induced fire. The increased risk of fire makes cheatgrass a direct threat to the natural ecosystems of the Colorado National Monument. A decline in native vegetation means detrimental impacts on the local ecosystem, as their loss contributes to a decrease in biodiversity, and an increase in soil erosion and other forms of environmental degradation (Billings, n.d). The Colorado National Monument has managed cheatgrass in the past with herbicides and looks to improve their management with the utilization of remote sensing technology. 

Our study examined satellite imagery from the years 2008 to 2017, from February to September, using Landsat 5 Thematic Mapper (TM) for years 2008-2011, Landsat 8 Operational Land Imager (OLI) and Thermal Infrared Sensor (TIRS) for years 2013-2016, and Sentinel-2 MSI (2016-2017). Additionally, Terra Moderate Resolution Imaging Spectroradiometer (MODIS) data were used to identify peak greenness of cheatgrass for each of the years. Using this data, cheatgrass growth was forecasted cheatgrass for the years 2018 to 2023.

2.2 Project Partners & Objectives
[bookmark: _Toc334198726]The partners in this project were the National Park Service (NPS) Colorado National Monument and Colorado Mesa University. Colorado Mesa University is seeking to expand their own knowledge on the general distribution of cheatgrass and will use these results to better understand the cheatgrass invasive species issue within the region. 

The objectives of this project were to create maps detailing the current location of cheatgrass in the park and the surrounding area, the historical movements and trends of cheatgrass in the area, and areas at high risk of invasion by cheatgrass. The results of this project will assist in detecting the early season invasive species present within the monument. In addition to the detection, there is the ability to project into the future as to where the spread of early season greening is occurring. As a result, this project falls into the Ecological Forecasting category of NASA’s national application areas because of concerns of future cheatgrass invasion.  
3. Methodology
3.1 Data Acquisition 
In order to gain an understanding on long term cheatgrass growth, the team utilized a map from the National Park Service, “Known, Long Term Cheatgrass Populations,” (shown in Figure 1 Appendices) that indicates past longterm locations of cheatgrass in Colorado National Monument. From the park we also received information on vegetation types. 

We received land cover data from the United States Geological Survey National Land Cover Database (NLCD) for elevation and to locate cultivated lands around the area. We received information on hydrographic channels from the United States Geological Survey National Hydrography Dataset (NHD). In addition, we used the United States Census Bureau TIGER dataset in order to get road and census data for developed areas. 

From these resources, the team created three shapefiles of cheatgrass locations by using Esri’s ArcMap software. In addition, this project utilized remotely sensed data that were acquired from 2008 to 2017, as listed below in Table 1.



Table 1
Platforms and Sensors Used
	Platform & Sensor
	Source
	Product Level
	Years
	Start Dates
	End Dates

	Landsat 5 TM

	USGS EarthExplorer
	Collection 1 Level 1
	2008-2011*
	Varies between April to June
	Varies between June to July

	Landsat 8 OLI and TIRS
	USGS EarthExplorer
	Collection 1 Level 1
	2013-2016**
	Varies between April to June
	Varies between June to July

	Sentinel-2 MSI
	USGS EarthExplorer
	Level-1C
	2016
	May 2016
	July 2016

	MODIS and MYD13Q1.006
	AppEEARS
	NDVI and EVI
	2003-2017
	January, 1st 2003
	June, 14th, 2017


Table 1
Table of Satellite Imagery Utilized 
*2007 & 2010 excluded due to cloud cover 
** 2012 technical difficulties with Landsat 7



From Earth Explorer, we accessed Landsat and Sentinel imagery, as featured in Table 1. We used the AppEEARS application from the Land Processes Distributed Active Archive Center (LP DAAC) for accessing the Terra MODIS Satellite tool MYD13Q1.006. For this process, we extracted a shapefile with the areas containing long term cheatgrass presence and uploaded each of these shapefiles with the dates from 1/01/2003 (the earliest record) to 6/14/2017 (the date accessed). We used Normalized Difference Vegetation Index (NDVI) and the Enhanced Vegetation Index (EVI) to sense regions with heavy biomass. NDVI was chosen because it was standard when it comes to vegetation indexes and was easily to replicate using ArcGIS. 

We recorded each year’s NDVI layer for peak vegetation and die-off amounts. The imagery consisted of the areas within park boundaries and its surrounding areas with the images corresponding to the peak and presence of cheatgrass. 

3.2 Data Processing
A project area shapefile was developed by pinpointing the area of interest, which includes areas surrounding the park in addition to land within park boundaries, as depicted in Figure 1. The boundaries outside of the park extend to 3 miles to provide a buffer that could be used to track cheatgrass expansion in areas adjacent to the park and in areas that are deemed to be critical. These boundaries were determined by communication with the Colorado National Monument. 

[image: ]
Figure 1: Study area outlined, with park boundaries shown. 


In order to ensure conformity for all images, the projection of each scene was checked and as needed projected to UTM12N under WGS 1984. For the imagery, cloud cover distorted our vegetation indices. In order to lessen the effects, we extracted images that just had the cloud cover for each file, and then clipped each file in order to remove them from the image. We then determined the range of values in each image that were primarily cloud shadows, and then removed those ranges of data from the images. For each scene across the Landsat platforms only the red band and near infrared band were used. The formula used to calculate NDVI is below as Equation 1.

 NDVI = 					(1)	 



We used the Raster Calculator tool to configure the NDVIs for the images. Since the bands were in integer format, we had to convert them to floating variables. We calculated the NDVIs for the years 2008 to 2017. Equation 2 was used for NDVI calculations.

NDVI = 			(2)		




3.3 Data Analysis
The data were analyzed through several different methodologies. The first method was differencing the two NDVI images (Equation 3) and developing a threshold value for the early season activity.  In order to define the threshold, we examined 50 points each year that were in areas that were known to contain cheatgrass, and then calculated the standard deviation of these points.  This value was then subtracted from the median of these points to calculate the minimum value for cheatgrass.  The standard deviation was then doubled and added to the median to calculate the maximum value.  It was doubled to provide a larger range of values in order to avoid excluding any early season activity.


				(3)


The second method of analysis was a multi-criteria evaluation. The evaluation assessed the vulnerability of the landscape based on several factors from established literature. Based upon the journal article “Characterizing the landscape dynamics of an invasive plant and risk of invasion using remote sensing,” (Bradley, et al., 2006) the factors and constraints were able to be identified. The authors of the journal article identified elevation, aspect, distance to hydrographic channels, cultivation, roads and power lines as factors that influence an area’s susceptibility to cheatgrass invasion. The constraint that limited cheatgrass invasion was elevations above 2200 m. 

After we determined the variables, we turned them into factors by using the Fuzzy module in TerrSet. The Fuzzy module is based on human reasoning with various levels of possibilities and deals with uncertainty. Two different function types were used to assess the relationship. The first type of function used was a monotonically decreasing sigmoidal function. The second type of function used was a symmetric function. The only factor to use the symmetric was crops. This is based on the work of Bradley and Mustard (2006) that highest probability of cheatgrass presence occurred from 2-3 km from the crops. The result of the fuzzy operation was image with a range of real values from 0 to 1. The function shape was set for each variable based on the literature results. The control points where then based on the values determined by the previous study (Bradley, et al., 2006). The ranges used for our study were expanded by half of the determined values to account for natural difference between the two sites.  The fuzzy images represent the relative amount that each factor will contribute as a factor to the multi-criteria evaluation of vulnerability to invasion. 

A multi-criteria evaluation, MCE, including the constraint and factors was then preformed. The factors were assessed in an additive method, meaning that each factor increases vulnerability of the area. The module MCE in TerrSet was used to perform the analysis. The method of multi-criteria evaluation analysis was a weighted linear combination and these factors were found to increase the likelihood of cheatgrass invasion due to a previous study (Bradley, et al, 2006). The factors were given weights that reflected this ordering. This was applied in the way that the factor that increased the likelihood the most also increased the vulnerability the most. Each factor was then assigned a weight that was relative to the factors above and below its position. 

 Several factor weights were experimented with to see which weights would give the best possible vulnerability index. The module WEIGHT in TerrSet was used to assess the consistency of the factor weight values. The module WEIGHT uses a pairwise comparison method between the factors listed in the columns versus the row.  The pairwise comparison method rates the row variable relative to the column variable.  The pairwise comparison is on a continuous rating scale of 1/9, extremely less important, to a value of 9, extremely more important. The designated factors were all assigned a position on the scale. The weights were then calculated and the consistency ratio of the weights was checked. The consistency ratio was improved until it was lower than or equal to 0.1. When the consistency is above 0.1, than a matrix is generated with deviations. The deviations represent how far the value is from the expected values if the weights were perfectly consistent. The consistency is improved by editing the most inconsistent rating.  A positive deviation would indicate that the value should be move up the scale while a negative value indicates that the value should be moved down the scale. Based on the TerrsSet manual there is little appreciable difference after a consistency of 0.1 has been achieved, thus once that consistency was achieved the weights were considered sufficient.

The next step in the analysis was to forecast the expansion of early season activity. The future scenarios were forecasted using the module GEOMOD in TerrSet. The GEOMOD module is a land use change model that simulates transitions from a particular land use to another land use. The module simulates the change between only two land use classes. The simulation was run with the NDVI results of 2017 as the starting point. A mask of the areas excluded from analysis was inputted. The time specification was for 2017 through 2023. The neighborhood search mode was constrained to a nine by nine grid search mode. The multi-criteria evaluation was used as a suitability image for the simulation. The MCE serves a proxy for the suitability for invasion. Next the number of pixels at end of the time period must then be specified. The module automatically calculates the number of pixels for each land use at the start of the simulation. We then projected the number of expected pixels to at the end of the forecasting scenarios. This was done by calculating the number of pixels that are expected at end date for each scenario. The end amount of pixel growth is compounded annually, meaning that the amount of growth is updated at the end of each year rather than using the starting amount. The expected number of pixels for the end were then inputted into the simulation and that will for the simulation to determine where the early season activity expands to. 

[bookmark: _Toc334198730]Another method utilized was Optimized Hot Spot Analysis used in ArcMap software. We applied this application tool to better recognize cheatgrass locations for all historical years, and current cheatgrass locations based on years 2014, 2016, and 2017. The Hot Spot analysis tool is based on statistics and allowed us to view statistically significant clusters of early season activity within and surrounding the park area. Since the tool transfers pixels into point data, there is a huge range of values in the studied area. However, many of these points show no early season activity. These points could influence the final result, and make areas seem falsely significant. Therefore, we created one set of maps taking into account all the range of points including ones with a value of 0 and one set that did not include points with a value of 0. The map that did not include 0 is more likely to miss significant areas and the map that did include 0 is more likely to have statistical anomalies.
4. Results & Discussion
4.1. Analysis of Results
[bookmark: _GoBack]We determined that vegetation detected by the satellite imagery utilized was not 100% cheatgrass. While there were some areas confirmed by the National Park Service to contain cheatgrass, there are other species with early season activity that are present at the detected locations. Some of these early season species are native vegetation while others are other invasive species that contribute to modifying the landscape. Ground truthing is needed to determine the exact species of vegetation within the areas detected with early season activity. 


4.1.1 Historical Cheatgrass Distribution		
From 2008 to 2013, a majority of early season activity lied within the southern area of the park and within the 3 mile boundary. In the hot spot analysis map (Figure 3), the clusters are easily seen on the southern and eastern portions of the park. By using this analysis, we were able to see areas of intense clustering of points. We found that those points with a high Z-score value and a low P value showcased a clustered area while a low, negative Z-score and low P value indicated little clustering. For the past 8 years, the locations of early season of activity have primarily been in spots along the southwest portion of the park boundary. 






[image: ]

Based on satellite imagery, we found variations in vegetation distribution from the time period 2008 to 2017. Early season vegetation is scattered within the 3 mile buffer outside of the park on the western and southern sides. There was scattering of vegetation outside the eastern boundary of the park. As evidenced in a hot spot analysis of years 2008 to 2017, a majority of vegetation locations are within the outskirts of the park within the 3 mile buffer on the northern, and southwestern region. Historically, cheatgrass has expanded to the southwest region of the park. 

4.1.2 Current Distribution of Cheatgrass 
When we first identified the three areas we believed to have cheatgrass, our partners confirmed these areas, which allowed us to focus on these areas of the park to use as a reference in identifying other areas containing cheatgrass. Within the park, you can see a cluster of vegetation patches along the southwest side of the park boundary. A majority of the clusters are scattered along the western side of the 3 mile buffer and along the southern portion of the buffer, as shown in Figure 4. These are the current locations of cheatgrass locations based on MODIS imagery. 
Figure 3: Hot Spot Analysis of Cheatgrass Locations 2008 to 2017.
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Figure 4:  Locations from 2008 to 2013                        		
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Figure 5: Locations from 2014 to 2017 


4.1.3. Forecasted Cheatgrass Distribution
For our future projections, we predict that early season activity will likely continue to expand in the southern and eastern portions of the park. We used three different growth rates based on environmental conditions, such as extreme weather at the time or the ease at which the National Park Service can manage cheatgrass populations. Using the MCE, the areas highlighted to show vulnerable areas indicated that in 2023, vegetation will likely continue to expand in the southern and eastern portions of the park with a 4% growth rate. There were three scenarios that were developed for the forecasting into the future. The scenarios used were 1.0%, 2.5%, and 4%. These were used to represent the low, median and high growth rates of early season activity.

[bookmark: _Toc334198734][image: ][image: ]
Figure 6: 2017 Cheatgrass Locations
Figure 7: 2023 Cheatgrass Forecast
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4.2 Future Work
[bookmark: _Toc334198735]Since our imagery identified early season activity, ground truthing is needed to identify specific areas of cheatgrass. Ground truthing is essential to understand how accurate our forecasting model is in predicting areas vulnerable to cheatgrass. Our project focused our MCE criteria on human impact factors, such as crops, hydrographic channels, and developed areas. Future work can be focused on looking into the MCE results and conducting another MCE with environmental criteria, such as the influences of precipitation, temperature averages, etc., affecting an area’s susceptibility to cheatgrass. Future work can be dedicated to investigating areas we outlined with our detections, and seeing what areas actually contain cheatgrass patches within or close to the areas detected. By looking into these areas, we can see if these patches are occurring in vulnerable areas or outside of the areas we outlined. In addition, future work can be focused on detecting if cheatgrass greens early enough in the year, if it is an understory species, and if it can be found under canopies of juniper trees. Furthermore, we can see if the season type (wet or dry) correlates with the early season activity detected. 
5. Conclusions
Cheatgrass is a persistent invasive species throughout the United States. Many of its characteristics allow it to easily spread and out-compete native species. In particular it is detrimental to the Colorado National Monument, due to the area’s old growth woodland which is vulnerable to fires. It is not feasible to monitor the movement of cheatgrass by hand due to the elevation and extensive size of the park, so the application of remote sensing is valuable in order to identify areas containing, or vulnerable to, cheatgrass.
The park has previously used herbicides as a measure to contain and prevent further cheatgrass spread. In addition, the park has also tested the technology of remote sensing with Colorado Mesa University but has not been able to utilize it fully to a larger extent. Our project’s goal was to utilize our resources and understanding of remote sensing in order to analyze historical trends of cheatgrass compared to their current locations. From these two results, we were able to determine areas deemed susceptible for cheatgrass growth to forecast further expansion. The map deliverables created were of cheatgrass historical trends for years 2008 to 2013, current cheatgrass locations based on years 2014, 2016 and 2017, and projected cheatgrass expansion for years 2020 and 2023. The intention of these maps is to help the Colorado National Monument improve their management of cheatgrass within the park and to prevent it from spreading further in the area.
We found that there are heavy concentrations of early season activity within the northeast and southwest areas of the park. While the Colorado National Monument staff confirmed that some of these areas did contain cheatgrass, many of the areas contained other early-season activity vegetation detected by the satellites. As stated previously, ground truthing would be needed to determine which areas actually contain cheatgrass. Due to the varying environmental conditions year to year, we discovered that vegetation with early season activity can alternate years. This reasoning explains why cheatgrass is present during one year but is not present another year. Our MCE shows that the east and southwest areas of the park have the greatest vulnerability and careful monitoring of these areas by the National Park Service would help prevent further spread of cheatgrass.
The three rates of growth used to provide the NPS will a variety of scenarios that need could occur. The scenarios are based on the results that Bradley & Mustard (2006) observed. The Bradley & Mustard (2006) result showed that cheatgrass expanded by an annual rate of 2.5%, this was designated as the expected rate. The 1.0% scenarios is meant to serve as a low growth year. The low growth rate could be cause by adverse condition occurring or by active removal by the NPS. The 4% growth scenario is meant to serve as a high growth scenarios, representing favorable growing conditions and/or a failure to remove cheatgrass. The variety of scenarios is meant to provide the NPS with a wide-range of resources in managing cheatgrass. 
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[bookmark: _Toc334198737]7. Glossary
Earth observations – Satellites and sensors that collect information about the Earth’s physical, chemical, and biological systems over space and time
MODIS – MODerate resolution Imaging Spectroradiometer
Moraine – A mass of rocks and sediment carried down and deposited by a glacier, typically as ridges at its edges or extremity
TIRS – Thermal Infrared Sensor
OLI – Operational Land Imager
MSI – MultiSpectral Instrument
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9. Appendices
Appendix A: Reference Maps
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Figure A1. Known Cheatgrass Locations previously found by the National Park Service. 
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Figure A2. Cheatgrass Distribution maps.
a)  Historical Cheatgrass locations for years 2008 to 2013 with Hot Spot Analysis.
b) Common Cheatgrass locations in the past 8 years for years 2008 to 2017 with Hot Spot Analysis.
c) Current locations based on years 2014, 2016 and 2017 with Hot Spot Analysis.











Appendix B: Data Processing 
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Table B1. Hot Spot Analysis example table for years 2008 to 2013 showing Z-score values and P-values of the points. 
[image: chart.png]
Figure B2. An example of an AppEEARs summary indicating the date when the selected area has the highest NDVI (USGS AppEEARS)







Appendix C: Data Analysis 
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Figure C1. Graph depicting diffentiating scenarios for 2023 forecasting, for 1% growth, 2.5% growth, and 4% growth. 
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Figure C2. Multi-Criteria Evaluation within the park and surrounding area
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Figure C2. Multi-Criteria Assessment Factors utilizing Terrset software showing the influences on cheatgrass vulnerability.
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Figure 2:  Historical Cheatgrass  Locations from 2008 to 2013.  
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