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1. Abstract
Increasing wildfire frequency has emphasized the importance of post-wildfire recovery efforts in southern Idaho’s sagebrush-steppe ecosystem. The changing fire regime favors annual invasive grass species while hindering native grasses and sagebrush habitat regeneration, causing a positive feedback cycle of invasive plants. Due, in part, to this undesirable process, the sagebrush-steppe ecosystem is one of the most endangered in the US. In this project, the Idaho NASA DEVELOP team partnered with the Bureau of Land Management, Idaho Department of Fish and Game, and the US Department of Agriculture to characterize ecosystem recovery following the 2006 Crystal fire. Vegetation recovery following the Crystal fire (2006) was observed from 2001 to 2016 using NASA Earth observations Landsat 5 Thematic Mapper (TM), Landsat 8 Operational Land Imager (OLI), Aqua and Terra Moderate Resolution Imaging Spectroradiometer (MODIS), and the Shuttle Radar Topography Mission (SRTM). In addition, significant factors affecting recovery were identified, and recovery of the landscape’s carbon sequestration capacity was assessed. Key variables analyzed included biomass production, seasonally accumulated precipitation, max seasonal temperature, and elevation including slope and aspect. These factors affect land management by driving the success or failure of recovery efforts.

[bookmark: _Toc334198720][bookmark: _Toc334198726]Keywords: Sagebrush-steppe, wildfire recovery, invasive species, remote sensing, cheatgrass, carbon sequestration, MODIS
2. Introduction
2.1. Background Information
The sagebrush-steppe ecosystem is the most widespread ecosystem type in the United States (Flerchinger et al., 2004). While often appearing barren and lifeless, this ecosystem teems with life, such as large game species like pronghorn (Antilocapra americana) and mule deer (Odocoileus hemionus). The sagebrush-steppe ecosystem is also home to a bird found nowhere else in the world - the greater sage-grouse (Centrocercus urophasianus) (Blomberg et al., 2012). In the winter, the diets of native wildlife are largely made up of sagebrush (Artemisia tridentata) from the sagebrush-steppe (Dahlgren et al., 2015).
The Big Desert in Idaho’s Snake River plain, where the 2006 Crystal fire occurred, has both recreational and economic value, especially for hunters pursuing big game. According to Idaho’s Department of Fish and Game, hunting and fishing contributes nearly 7% of Idaho’s gross state product, with $1.2 billion going into the economy per year (Torrell et al., 2014). In addition, rangelands within the Big Desert provide grazing ground for cattle, aiding in the ranching economy of the West. In the spring and summer associations such as the Bureau of Land Management rent out rangelands for domestic livestock foraging. During this time, over 95% of forage for Idaho livestock came from the Bureau of Land Management and state rangelands (Torrell et al., 2014). After a wildfire, these lands are typically no longer available for foraging until they are considered recovered. While wildfire is a historically prominent part of the sagebrush-steppe, the increasing amount of fires combined with the invasion of annual grasses puts this area at risk of becoming unrecognizable (Davies et al., 2012).
As wildfires grow more frequent and as invasive species continue to spread, identifying key variables to aid in wildfire recovery is ever more important. In 2006, there was a wildfire count of 2,094 in the Western US- the highest seen in a 67 year time span (1950-2016) (BLM, 2013). Previously, small intermittent fires helped with native perennial grass seeding at small scales, and ended with a healthy plant diversity between shrub and grassland (Knick, 1999). Currently, cheatgrass (Bromus tectorum) has taken over much of the once sagebrush-dominated landscape. As an invasive, non-native annual plant, cheatgrass has disturbed sagebrush communities by outcompeting native vegetation. Cheatgrass also easily burns and grows back quickly, promoting more frequent wildfires (Eiswerth et al., 2006).
2.2   Ecosystem Services: Carbon Sequestration
Ecosystem Services are the benefits humans derive from natural systems. Ecosystem service studies establish methods for estimating their monetary and non-monetary value. These studies create comparisons of costs and benefits, which develops a framework for decision making and understanding human impacts on landscapes. Shifts in vegetation for the sagebrush-steppe are occurring due to changes in climate, livestock grazing, urbanization, and the introduction of non-native species (Miller & Tausch, 2001). When sagebrush is outcompeted by cheatgrass, it reduces the aboveground carbon pools and reduces the normal 20 – 90 year fire return interval (Miller & Tausch, 2001) which further reduces carbon pools (Rau et al. 2011). Wildfire disturbances rapidly releases carbon into the atmosphere and resets carbon-sequestration pathways throughout an ecosystem (Running, 2008). Belowground carbon accumulations can also be affected when cheatgrass becomes the dominant species in a sagebrush-steppe ecosystem. Monitoring carbon storage and sequestration changes may help with understanding the described impacts on a landscape. The Carbon Storage and Sequestration: Climate Regulation model inside the spatial explicit modeling tool, Integrated Valuation of Ecosystem Services and Tradeoff (InVEST), provides an analysis of change in carbon storage and calculates the value of carbon.
2.3   Project Partners & Objectives
Partners for this project included the Bureau of Land Management’s (BLM) Boise District Office and Pocatello Field Office, USDA Agricultural Research Service (ARS), Northwest Watershed Research Center, Idaho Department of Fish and Game (IDFG) Pocatello Office and Upper Snake Region, and the NASA Rehabilitation Capability Convergence for Ecosystem Recovery (RECOVER) Science Team. Their responsibilities include husbandry management, noxious and invasive plant species removal, and native reseeding programs that attempt to revitalize native sagebrush-steppe species after a fire occurs, and recovery monitoring (BLM, 2006). The responsibilities of our partners are relevant to NASA’s Disasters application area as they seek to monitor and reduce the negative effects of the increasingly frequent and disastrous wildfires. Currently, remote sensing techniques such as vegetation health indices are used for recovery monitoring, but they are not the primary techniques.
The Southern Idaho Disasters team utilized NASA Earth observations along with other ancillary datasets to monitor recovery after the 2006 Crystal wildfire and to decipher variables responsible for ecosystem recovery. The objectives of this project included:
1.   	Discerning whether the ecosystem within the Crystal fire perimeter has reached pre-fire biomass conditions
2.   	Determining if post-fire recovery maintains native vegetation and if reseeding efforts increased overall recovery and native vegetation retention
3.   	Identifying key variables responsible for post-fire recovery
4.   	Simulating where targeted grazing could have helped or hindered recovery
5.   	Establishing carbon sequestration change temporally and estimate its monetary value.
3. Methodology
[bookmark: _Toc334198730]3.1 Data Acquisition
In order to monitor recovery in the Crystal fire perimeter, the team utilized NASA Earth observations from Landsat 5 Thematic Mapper (TM), Landsat 8 Operational Land Imager (OLI), and the Moderate Resolution Imaging Spectroradiometer (MODIS) aboard Terra. Climate variables were obtained from the AgriMet weather stations located in Aberdeen, Idaho (ABEI). The AgriMet climate variables include 15 minute Average Temperature, Incremental Precipitation, Daily (24 hour) Precipitation, Daily Average Wind Speed, Daily Average Wind Direction, Minimum Daily Air Temperature, Maximum Daily Air Temperature, Mean Daily Air Temperature. Elevation data were products of the Shuttle Radar Topography Mission (SRTM) collected at 1 arc second (NASA JPL, 2013).
The Crystal fire occurred in 2006, and therefore Landsat 5 TM satellite imagery acquired during peak growth (April-August) from 2001 to 2011 were used. Landsat 5 completed its mission in May 2012, so the imagery for years 2012 to 2016 were collected by Landsat 8. Both Landsat 5 and Landsat 8 have a 16-day return cycle and therefore all imagery collected was limited to this acquisition cycle. The team excluded days where high cloud cover limited study area view. All Landsat scenes are Level-1 Collection-1 data downloaded from the USGS Earth Explorer online tool, and then further processed in TerrSet to remove Mie and Rayleigh scattering using the Cos(t) model correction tool and to convert the raw Digital Numbers (DNs) into surface reflectance.
A number of vegetation products were provided by ForWarn, a dataset hosted by the US Forest Service. MODIS NDVI-based (Normalized Difference Vegetation Index) vegetation phenology monitoring products produced by ForWarn were downloaded from the ForWarn-provided access link (Hargrove et al., 2010). Two data products were used from the ForWarn data. The NDVI Maximum position was used to identify the time when vegetation reached peak growth during the growing season. The second data product used was Left 20% Position to identify earlier blooming (Hargrove et al., 2010).
The carbon storage data product, Total Ecosystem Carbon Stock (TECS), for 2000 to 2017 was collected from the USGS’s General Ensemble Biogeochemical Modeling systems (GEMS). Carbon (C) in both biomass and soil were estimated based upon land use and land cover change (LULCC), disturbances, ecosystem mortality and growth rates, and climate conditions (Zhu et al., 2010). The USGS used three models and three LULCC change scenarios to create multiple TECS datasets. The TECS dataset with scenario B1 and the Century model were chosen for this project. The B1 LULCC scenario is a conservative scenario that reflects a population that is introducing more sustainable technologies and has an economy focused on the service and information sectors of society. The Century model uses STATSGO soil data and the inter-agency LANDFIRE database for the relationship between vegetation height and biomass carbon.












3.2 Data Processing
[image: ]3.2.1 Post-Fire Recovery
[image: ][image: ]All raster images and data products derived from satellite imagery were clipped to the extent of the nine regions shown in Figure 1. To determine the effect of the Crystal fire on Idaho's Big Desert ecosystem, the area within the fire was divided into two regions; the part of the Crystal fire which also burned during the 1999 Mule Butte fire and the part that did not. Each is roughly half of the total area. This split was made in response to visible differences between the two regions, noticed during previous analyses that failed to show any trends in the data. Outside the Crystal fire three control groups were chosen: one that burned during the 1999 Mule Butte fire, another that burned during the 1996 Cox Well fire (which burned large portions of the Crystal fire area), and a third with no documented fires since 1950. The first two were chosen because they reflected similar conditions to the two major regions within the Crystal fire, and the no burn region was chosen to examine long term effects of fire on the landscape.Crystal Fire (2006)
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Source: Esri, DigitalGlobe, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AeroGRID, IGN, and the GIS User Community

Both Crystal fire regions contained some area that had received two broad styles of reseeding treatments. These treatments were sagebrush plugs and grass seeding. The exact reseeding strategy (drill type, grass type, etc.) used is unknown. Each fire history region within the Crystal fire area was further subdivided into three regions: one for each reseeding treatment and a third untreated area. All nine regions were utilized in each analysis.Figure 1. Red, green, and purple outlines show each fire boundary. The nine shaded areas show each individual region of study.



Locally, cheatgrass’ greening periods take place earlier in the growing year when compared to native sagebrush-steppe vegetation, thus indicating potentially infested areas based on timing of green-up. Green-up was closely examined because cheatgrass germinate earlier than plants native to Idaho's sagebrush-steppe ecosystem. This enabled detection of cheatgrass as the areas dominated by the invasive grass produce higher NDVI values during the earlier parts of the growing season. This earlier green-up means the graphed data shows a peak in NDVI values during the early part of the growing season, and can also help predict where cheatgrass is located.
The overall phenology of the study areas was observed using ForWarn data products. Maximum NDVI and left 20% position data[footnoteRef:1] from the ForWarn dataset, using the MODIS satellite, were used to look for this bimodality. These two data products were graphed for each of the nine treatment areas with the percentage of pixels experiencing maximum or early season 20% of maximum NDVI on each day of the growing season. When bimodality in vegetation growth was discerned within the growing season it acted as an indicator of cheatgrass infestation. These data were also used to establish thresholds for the timing of cheatgrass and native blooms within each year. Shifting toward earlier blooming is hypothesized to indicate increasing cheatgrass infestations in the post-fire ecosystem. Finally a third data product, the 16-Day L3 Global 250m (MOD13Q1) NDVI values (1) from the MODIS Terra satellite were used to graph the median NDVI over the 2001-2016 study period and the difference between median NDVI in the Crystal fire and control regions. [1:  The ForWarn left 20% position product indicates the day of the year that each pixel achieved 20% of its maximum NDVI at the start of the growing season. It is primarily used to determine at what time of the year vegetation growth has started.] 

	               	(1)                                                                              
A multilinear regression analysis within the TerrSet Geospatial Monitoring and Modeling System was used to test correlation between the determined independent variables and recovery of vegetation between 2006 and 2016. The significance (r2 values) of each variable were tested to determine which independent variables are important for driving recovery. Elevation, slope, aspect, distance from major roads, and years since previous fire were run as static variables, as these variables were a constant across the study period. Climatic variables such as yearly precipitation, maximum temperature, average temperature, and growing degree days were run separately as dynamic variables.
To prepare the data for linear regression analysis, raster data for all of the independent variables was re-projected to 1984 UTM Zone 12N (WGS 1984 Datum and Spheroid). These re-projected raster files were then resampled to approximately 30 meter pixel resolution, matching cell size values similar to SRTM elevation data. Data derived from the MODIS satellites including 16-Day NDVI (MOD13Q1) and the ForWarn phenology data products were also re-projected and resampled to the same specifications.
Available large-scale raster datasets of precipitation were found to vary significantly (>20 mm for all years) from locally measured values. To solve this, a network of seven local Cooperator Precipitation Gauges (Aberdeen, Arco, Blackfoot, Craters of the Moon, Fort Hall Indian Agency, Idaho Falls, and Pocatello Airport) managed by NOAA’s National Weather Service were used for precipitation data. The temperature readings were collected from six local weather stations: Pocatello Regional Airport, Blackfoot, Idaho Falls, Craters of the Moon, and Massacre Rocks State Park. The precipitation and temperature point datasets were interpolated with ordinary co-kriging to make sure that elevation was considered during the prediction process. Soil moisture was examined as a relative annual index because there were too many soil types to interpolate soil moisture across the study area.
Originally, Landsat 5 and Landsat 8 imagery were planned as the dependent variables of recovery. However, as Landsat lacked the temporal resolution of MODIS data, early season data were often unavailable for Landsat data due to heavy cloud cover during the appropriate dates. Additionally, Landsat 8 is known to record higher vegetation index values than Landsat 5, making it more difficult to draw a direct comparison of vegetation greenness using the two satellites. Thus, MODIS NDVI data was utilized for the dependent variable as it allowed a clear comparison throughout the study period and was able to detect early cheatgrass growth.
To assess change in vegetation greenness, maximum value NDVI products were used in conjunction with a proportion change index in which the proportion of NDVI values evident after the wildfire was compared on a per pixel basis to the average pre-fire maximum NDVI values from 2003 through 2005. This change value showed the similarity of maximum NDVI values present during each year after the fire, with a value of one equating to no difference between pre- and post-fire vegetation peak greenness conditions. The NDVI proportional change values (equation 2) were calculated for 3 year intervals for years 2007 through 2016. These values were then averaged across a rolling three year time period, starting with 2007, 2008, and 2009.

		(2)
3.2.3. Ecosystem Services: Carbon Sequestration
In order to determine the change in total carbon storage post-fire recovery and its associated monetary value over time, a valuation formula (equation 3) was adopted from the Carbon Storage and Sequestration: Climate Regulation model within InVEST (Sharp et al. 2016). Carbon was estimated in above ground biomass and belowground biomass with two USGS LandCarbon products, the Biomass Carbon Stock and the Soil Organic Carbon Stock (Zhu et al. 2010). These products predicted baseline carbon storage and sequestration from Land-Use and Land-Cover mapping, the classifications for these maps closely follow the National Land Cover Database (NLCD).
The value of carbon sequestration over time for a given pixel x is:
	  	(Sharp et al., 2016)(3)
Where V is the value of sequestered ton of carbon (a conservative $ 43.00 / ton of elemental carbon), r is the market discount rate or the reflected preference society has for immediate benefits over future benefits (7 %), and c is the annual rate of change in the price of carbon (set at 0 % to reflect the societal and political shifts of values).
4. Results & Discussion
[bookmark: _Toc334198735]4.1. Post-fire Recovery
The Crystal fire region was roughly separated into two major regions: 1) the area influenced by the Mule Butte fire of 1999, and 2) the remaining area that was unaffected by the Mule Butte fire. Even in 2006, prior to the Crystal fire, visible scarring remained from the Mule Butte fire, ending along a dirt road stretching from Mosby Well to Craters of the Moon National Monument in the northern Mule Butte fire boundary. Evidence of the Mule Butte burn scar persists even after the Crystal fire, suggesting that individual fires are not isolated events or that the second fire represented a "reset" on the landscape (Figure 2).Image 2: ForWarn phenology data product image, reclassified to show peaking before and after day 140. This shows areas more likely to be cheatgrass as light green and native vegetation as dark green. 
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Figure 2. ForWarn phenology data was reclassified to detect peak NDVI before and after day 140 in 2013. Areas of likely high cheatgrass cover are in light green, while native vegetation is displayed as dark green.




Three control areas outside of the Crystal fire were chosen, including one that had not burned since 1950, one that last burned in the 1996 Cox Well fire, and one that burned in the 1999 Mule Butte fire. Within the Crystal fire a division was made between the area that burned in the Mule Butte fire, and the area that did not. These two areas were further subdivided by the reseeding treatments they had received during the Crystal fire recovery efforts. During the 2001 to 2006 growing seasons the median NDVI within the Mule Butte control area exceeded the Cox Well control area which exceeded the unburned control area. Figures 3 and 4 depict the Mule Butte control area experiencing green-up earlier in the growing season than the Cox Well control. Together these results suggest the Mule Butte fire area was experiencing a significant cheatgrass infestation prior to 2006.
Figure 4. The percentage of pixels that are experiencing 20% of peak NDVI for the year on a given day.
Mule Butte + Crystal Fires: Grass Seeding
No Burn Since 1950
Mule Butte + Crystal: Unreseeded
Figure 3. The percentage of pixels that are experiencing peak NDVI for the year on a given day.
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In Figure 5, the grass and sagebrush plug reseeding treatment did not appear to benefit biomass production (NDVI), with treated areas generally greening-up concurrently with their unreseeded counterparts. However, the success of the reseeding effort are unknown and therefore the concurrent growth may be the result of failed reseeding. The regions treated exclusively with sagebrush plugs similarly show little to no effect. Due to the slow growth of sagebrush, the plant may not be expected to fully grow back even a decade after the fire.Figure 5. These graphs indicate the percentage of pixels that have achieved 20% of their maximum NDVI for that year for each day of the year over four selected years of the study period. Areas that received a grass reseeding treatment are compared with areas that received no treatment.

Mule Butte Fire Control
No Burn Since 1950
Cox Well Fire Control
Mule Butte: Unreseeded
Crystal Fire: Unreseeded

Some years did not show bimodal peaks, making it difficult to identify the earlier green-up of cheatgrass. In 2007, the year immediately following the fire, there was a single large peak in the maximum position data in every treatment region, including the no burn since 1950 control region. Interestingly the 20% green up data shows a distinct bimodal behavior in 2007, which it did not exhibit prior to the fire.
4.2 Variables of Recovery
Variables accessed during this term showed little correlation to the proportional recovery of vegetation within the Crystal fire. Static variables had less correlation to recovery than the dynamic/climatic variables (Table 1). This was expected as elevation changes within the study area are relatively small and gradual. Though not shown to be strongly correlated to recovery, slope variables almost always exhibited a negative correlation coefficient. This suggests that areas characterized by steep hill/mountain sides may have a negative impact on vegetation recovery following a wildfire.
Below is an example of the analyses performed on the variables (Table 1). This chart shows dynamic variable statistics for the entire Crystal fire area, the Crystal fire area where grass and sage plugs were planted, and the Crystal fire unseeded area. As shown below, the highest average was 0.29. This means that in the crystal-sage plugs, the variables we tested can only account, or predict, for about 29% of the vegetative productivity over the years tested. When looking at each variables’ individual predictability, the results were too low to rely on.
Table 1 
Statistical analysis of dynamic variables are shown for each study area. This table shows the statistics of the adjusted R2 values, as determined for each time period.
	Crystal Wildfire Area
	Crystal Area with Grass/Sage Plugs
	Crystal Area Seeded with Sage
	Crystal Area Unseeded

	Mean
	0.26
	Mean
	0.28
	Mean
	0.3
	Mean
	0.22

	Standard Error
	0.03
	Standard Error
	0.07
	Standard Error
	0.02
	Standard Error
	0.04

	Median
	0.27
	Median
	0.2
	Median
	0.31
	Median
	0.25

	Standard Deviation
	0.1
	Standard Deviation
	0.18
	Standard Deviation
	0.06
	Standard Deviation
	0.11

	Sample Variance
	0.01
	Sample Variance
	0.03
	Sample Variance
	0
	Sample Variance
	0.01

	Kurtosis
	-0.92
	Kurtosis
	2.51
	Kurtosis
	0
	Kurtosis
	-1.13

	Skewness
	-0.49
	Skewness
	1.62
	Skewness
	-0.28
	Skewness
	-0.61

	Range
	0.28
	Range
	0.55
	Range
	0.19
	Range
	0.27

	Minimum
	0.11
	Minimum
	0.11
	Minimum
	0.21
	Minimum
	0.07

	Maximum
	0.38
	Maximum
	0.67
	Maximum
	0.4
	Maximum
	0.34

	Sum
	2.05
	Sum
	2.2
	Sum
	2.43
	Sum
	1.57

	Count
	8
	Count
	8
	Count
	8
	Count
	7



Dynamic variables were found to have a consistently higher correlation when compared to static variables. This was demonstrated when yearly maximum temperature exhibited the highest correlation coefficient of any other independent variable, throughout most years. Maximum temperature was negatively correlated with wildfire recovery. In other words, the higher the maximum temperature, the lower the vegetation productivity. However, most variables were inconclusive to be considered a reliable predictor of recovery.
4.3 Ecosystem Services: Carbon Sequestration

Figure 6.  Carbon Storage from 2000-2016 does not appear to be affected by fire disturbances.


The carbon (C) stock had increased storage from the years of 2003 to 2006, followed by stagnation until 2008, as shown in Figure 6. This could be the result of the Crystal fire and if so the results of the wildfire may not be long lasting when concerning C storage, since storage began to increase again two years post-Crystal fire. There was also a steady decrease of C storage from 2000 to 2003, which could be an effect of the Mule Butte fire. However, we do not have data that precludes other influences of C storage, therefore wildfires may not be the only factor affecting carbon sequestration. Overall, total C storage from 2000 to 2017 increased by 71.11 TgC (teragram of C) and the overall present value of C storage from past to current has a market value of $2,071,291,965.84, when valuation is calculated in US ton of C. The C stock datasets used in this analysis were estimates based on other datasets which will have affect the results of valuation and C storage, and therefore should be further discussed. For instance, the soil data is generalized because the C stock model used STATSGO. The above ground biomass was estimated from existing vegetation type maps created by the LANDFIRE database. LANDFIRE’s vegetation datasets are made with classification and regression trees using extensive field-referenced data and satellite imagery. In addition, the Century model included a higher carbon sequestration rate than other models, which would affect estimated C through time. Included in the model were disturbances, and therefore the Century model was able to account for loss of biomass. However, the percent loss of vegetation due to disturbances may not have been included in the datasets. The datasets could be improved with further explanation on how disturbance is accounted and increased soil details. These datasets are conservative in their C estimates and include field datasets located within the study area and therefore are ideal for a general C analysis.
4.4 Future Work
The second term of this project will complete analyses of sagebrush-steppe ecosystem recovery following the Jefferson, Henry’s Creek, and Soda wildfires. During the term, the Southern Idaho Disasters II team will use the methods and results developed during this initial term in order to detect recovery, cheatgrass progression, and important variables to recovery. This will include analyzing how the importance of these ecological variables differ depending on spatial location (i.e. supported ecosystem and aerial extent of the perimeter footprints). Additionally, the team can then identify when these disturbed habitats can once again support cattle husbandry and selected species habitats.
5. Conclusions
[bookmark: _Toc334198736]Analysis of the ForWarn MODIS NDVI phenology products revealed that areas within the Crystal fire showed an increased percentage in the total area that was experiencing early season peak NDVI. This is indicative of a sagebrush-steppe landscape that is being negatively impacted by cheatgrass. Throughout the study period there are substantial differences between the area within the Crystal fire and the no burn control, suggesting that a full recovery did not take place during the observed post fire period. The reseeded areas within the Crystal fire do not exhibit substantially different phenology than the untreated areas. This suggests that the reseeding treatments require more time to exhibit an impact, or that reseeding does not impact cheatgrass in the short term (i.e. observed post fire period).
Regression analysis of the Crystal wildfire study area did not effectively identify important variables of vegetation recovery within the study area. Though some minor trends could be observed, none of the independent variable combinations were able to accurately predict areas of high or low regeneration. Some of the lower than expected correlations may be due in part to the relative sparseness of weather station locations used to derive climatic variables. Though the regression analyses were ineffective in our study area, such analyses may result in a better correlation in areas with more topographic variability. The importance of these variables may change due to increased variation in elevation, road density, and fire frequency of the area. Further analysis of additional wildfire-affected areas is needed to determine if such suspected key variables can have a significant correlation with recovery metrics such as vegetation greenness after a fire.
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7. Glossary
Carbon sequestration – The storage of carbon in biomass or soils, removing it from the atmosphere
Dependent variable – A variable or indices which can ideally be explained by other variables
Husbandry – The raising and breeding for livestock for the use of meat and dairy produce
Earth observations – Satellites and sensors that collect information about the Earth’s physical, chemical, and biological systems over space and time
Independent variable – A variable which does not depend on or is not explained by another variable
Invasive Species – Non-native organisms which prosper in the ecosystem due to ecological advantages not found in native species, while harming the health or prosperity of native species
MODIS – Moderate resolution Imaging Spectroradiometer
NDVI – Normalized Difference Vegetation Index
RECOVER – Rehabilitation Capability Convergence for Ecosystem Recovery
Recovery – The return/growth of native vegetation in an area after a wildfire has occurred, decreasing native vegetation cover
Reseeding – the placement of native seeds by land manager in attempt to re-establish native vegetation after wildfire event
Sagebrush-Steppe – A sparsely vegetation ecosystem composed of sagebrush and various grasses in semi-arid environments
Wildfire regimes – The combination of fire frequency, predictability, intensity, seasonality, and size characteristics of fire in a particular ecosystem
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9. Appendices
A. Interpolation with Ordinary Kriging
This section has been included as an in-depth explanation of kriging. Measured point data are utilized in a mathematical function to create a continuous prediction of data values; this is called interpolation (Burt, Barber, & Rigby, 2009). Common interpolation methods utilized for climate data include inverse distance weighting, kriging, and spline (Vicente-Serrano et al., 2003). Ordinary kriging is based on two assumptions. The first assumption is that the data can be continuous across a spatial extent. The second assumption is that the mean is unknown and therefore the prediction of unknown values cannot count on the mean (shown in Equation 3) (Webster & Oliver, 2007). This kriging process also relies on stationarity, meaning the distribution of the recorded precipitation has attributes which are assumed to be the same everywhere else.
		 (3)
With the assumptions that we do not know the mean and that the precipitation data are stationary; the weights of each known point can be furthered so that the variations across space can be used as more meaningful predictors for the unknown values. The rules for weighting are based upon the distance and surrounding values. For instance, points close by will have more weight than more distant ones; however these weights will change if the points are clustered or the distance at which points are correlated is great, than the weighting values will decrease for values located within a cluster or values which are closer to the unknown value (Webster & Oliver, 2007). Autocorrelation is found through a semivariogram model, this shows the spatial correlation structure within the data. As aforementioned the data weights are based upon the autocorrelation or more importantly the structure of the data.
















B. ForWarn NDVI Results

[image: C:\Users\Nicholas\Desktop\all_years_NDVI.png]Figure B1. NDVI over the entire year for each year of the study period. [image: C:\Users\Nicholas\Desktop\all_years_NDVI_delta.png]FiFigure.


Figure B2. The NDVI from each of the two unseeded fire regions subtracted from their corresponding controls over the entire year, for each year of the study period. The horizontal black line represents the y=0 line. Points that fall on this line indicate no difference between the compared datasets. The vertical dashed blue line represents day 140, which divides the two peaks found in the Forwarn max position dataset. This is to give an indication regarding which peaking season was more influenced by the fire.[image: C:\Users\Nicholas\Desktop\all_years_max_position.png] Figure B3. For all years of the study period the percentage of pixels that are experiencing an NDVI peak on a given day.
[image: C:\Users\Nicholas\Desktop\all_years_left_20.png]
Figure B4. For all years of the study period the percentage of pixels that are experiencing 20% of their peak NDVI on a given day.
[image: C:\Users\Nicholas\Desktop\all_years_max_position_reseeding.png] 
Figure B5. For all years of the study period the percentage of pixels that are experiencing their peak NDVI on a given day. In this graph, regions that received grass seed and sagebrush plug treatments are compared with the unreseeded areas.
[image: C:\Users\Nicholas\Desktop\all_years_max_position_sage.png] Figure B6. For all years of the study period the percentage of pixels that are experiencing their peak NDVI on a given day. In this graph, regions that received sagebrush plug treatments are compared with the unreseeded areas.
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