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Supplementary Materials 
 
Materials and Methods 
 
Well data 
We utilized proprietary (purchased from state oil and gas commissions, IHS Inc.) and publicly 
available well data to examine trade-offs in ecosystem services (see Table S1). Data were 
aggregated by state/province and consisted of: spatial geometry (latitude, longitude), drill date, 
license date, and fluid type. We identified the drilling of wells based on unique combinations of 
spatial geometry and drill date. License date was substituted for drill date when the latter was 
unavailable. Wells with no dates (the majority of which occurred within the states of Kansas and 
Texas, approximately 86,000 and 194,000 wells, respectively) were excluded from analyses. 
We filtered wells by fluid type and included only oil, gas, coalbed methane, and ‘not available’ 
fluid types in analyses. 
 

 
Figure S1. The number of oil and gas wells from 1900 to 2012, separated by state and province. 
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Table S1. Well data location sources. 

Province/State Source URL Data 
availability 

Alberta IHS, Inc. https://www.ihs.com/ restricted1 

Saskatchewan IHS, Inc. https://www.ihs.com/ restricted1 

Manitoba IHS, Inc. https://www.ihs.com/ restricted1 

Montana IHS, Inc. https://www.ihs.com/ restricted1 

North Dakota IHS, Inc. https://www.ihs.com/ restricted1 

Wyoming IHS, Inc. https://www.ihs.com/ restricted1 

South Dakota South Dakota Geological 
Survey Program 

http://www.sdgs.usd.edu/ online 

Nebraska Nebraska Oil and Gas 
Conservation Commission 

http://www.nogcc.ne.gov/ online 

Utah Utah Oil and Gas http://oilgas.ogm.utah.gov/ online 

Colorado Colorado Oil and Gas 
Conservation Commission 

http://cogcc.state.co.us/ online 

Kansas Kansas Geological Survey http://www.kgs.ku.edu/ online 

New Mexico New Mexico GO-TECH http://octane.nmt.edu/gotech/ online 

Oklahoma Oklahoma Corporation 
Commission 

http://www.occeweb.com/ restricted2 

Texas Railroad Commission of 
Texas 

http://www.rrc.state.tx.us/ restricted3 

1Redistribution of data restricted. Contact IHS Sales: +1-844-301-7334 
2Redistribution of data restricted. Contact OCC: +1-405-521-2211 
3Redistribution of data restricted. Contact RRC: +1-877-228-5740 
 
Code 
Code for analyses can be found in the accompanying file “scienceCode.zip”. Examine the 
README file first. 
 
Years 2000 to 2012 analysis 
We performed analyses for the 2000 to 2012 time period annually with cumulative effects (i.e., 
2005 analysis included wells drilled 2000 to 2005).  
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Disturbance index 
We utilized a modified disturbance index (23) to detect immediate impacts and loss of 
vegetation for each individual well to provide independent evidence of vegetation degradation 
due to well establishment. The algorithm utilizes land surface temperature (LST) and normalized 
difference vegetation index (NDVI) to detect disturbances and changes in vegetation at the land 
surface. The disturbance index is defined as: 
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Figure S2. Mean disturbance index (black line) and standard deviation (gray shading) for wells 
drilled 2000 to 2012. Red line represents 1.0 or the multiyear mean prior to drilling. Values 
greater than the multiyear mean represent disturbance and loss of vegetation. Though variable, 
areas surrounding wells yielded disturbance indices indicative of change and loss of vegetation 
immediately following drilling. 
 
Satellite vegetation indices 
The normalized difference vegetation index (NDVI) and enhanced vegetation index (EVI) are 
satellite-derived measures of live green vegetation that have been well documented to strongly 
correlate with NPP, especially for seasonal grassland and rangeland ecosystems (27). Thus, 
assessing trends in NDVI and EVI data in areas of high well density can provide independent 
evidence of vegetation degradation due to well establishment at the large scale.   
 
We quantified the impact of well development on 30 m2 Landsat annual maximum NDVI data for 
the period 1984–2011 for a small region in Wheeler County, TX, USA. The full annual maximum 
NDVI time series (1984–2011) was retrieved for all pixels that experienced new well 
development within a given year from 2000 to 2011 using Google Earth Engine (26).  We then 
plotted the mean and standard deviation of these time-series data for all years from 2000 to 
2011, which revealed a significant, temporally persistent reduction in annual maximum NDVI 
following well establishment. These results indicate that NDVI is reduced by roughly 50% 
following well establishment and does not recover over the timeframe of the analysis. 
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Figure S3. The pixel-level mean change in 30 m2 Landsat 5 annual maximum NDVI data due to 
well development for all wells established from 2000 to 2011 for a small region in Wheeler 
County, TX, USA. Mean (black lines) and standard deviation (gray shading) across the total 
number of wells established (N) in a given year (2000–2011) are shown. Vertical dashed lines 
indicate the year of well establishment. A roughly 50% reduction in NDVI data is observable 
following well establishment for all years considered, and the reduction is shown to persist 
through time. 
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Figure S4. Change in normalized difference vegetation index (NDVI) of an area in Wheeler 
County, TX, USA from 1984 to 2010 at 30 m2 spatial resolution. The change in NDVI shows the 
reduction in landscape productivity and connectivity due to increased oil and gas drilling. Black 
dots represent wells drilled from 1984 to 2010. 
 
We further quantified the impact of well development on 250 m2 MODIS EVI data, available at 
https://lpdaac.usgs.gov/products/modis_products_table (28).  We aggregated 16-day EVI data 
to annual maximum EVI for the full study period 2000–2012.  All cloud and ice contaminated 
pixels were removed prior to the data aggregation. Next, the pixel-level correlation coefficient 
between annual well density (determined at the same spatial resolution of 250 m2) and 
detrended annual maximum EVI was calculated. We then grouped the resulting pixel-level 
correlation coefficients according to the number of wells established over the time period and 
plotted the distributions. The results of the analysis indicate a strong negative correlation 
between annual maximum EVI and well establishment that becomes more negative as the 
number of wells increases. These results provide additional independent support for a large 
scale degradation of vegetation productivity due to well establishment. However, we also find 
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large noise exists in the distributions which may be due to the high spatial heterogeneity of well 
establishment. 
 

  
Figure S5. The pixel-level distribution of well density and detrended 250 m2 MODIS annual 
maximum EVI correlation coefficients for the full study region from 2000 to 2012. The results of 
the analysis indicate a strong negative correlation between annual maximum EVI and well 
establishment that becomes more negative as well density increases. Noise in the data is likely 
attributable to the spatially heterogeneous impact of well establishment on vegetation 
productivity. 
 
Net primary production 
At the broader spatial resolution of available net primary production data (NPP; ~1 km2), 
individual oil and gas disturbance events are difficult to resolve, resulting in a general lack of 
accounting. However, by integrating high-resolution (30 m2 to 250 m2) estimates of vegetation 
displacement due to oil and gas disturbance with estimates of the density of oil and gas wells at 
1 km2 spatial resolution, we provide a first estimate of the large-scale impact of oil and gas well 
expansion on NPP. We used 30 arc sec (~1 km2) MODIS NPP data averaged over the 2000–
2012 period to estimate mean annual NPP (9). We calculated well density on the same grid as 
MODIS NPP data. We estimated NPP reductions annually using a linear ramp function from 0 to 
10 wells km–2, such that densities of zero wells related to a 0% reduction in NPP, whereas 
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densities of 10 wells related to a 33% reduction in NPP. We capped the reduction in NPP at 
33%, although some areas had well densities much greater than 10 wells km–2. Our previous 
high-resolution analyses showed vegetation displacement roughly equivalent to 5.67 ha well–1 
or 0.0567 km2 well–1, a value supported by previous research (29). Although 10 wells within a 1 
km2 area would have an estimated impact of 10 x 0.0567 km2 or ~ 0.5 km2 (an approximate 
50% reduction in NPP), we chose a more conservative estimate of 0.33 km2 (an approximate 
33% reduction) due to multi-well pads, etc. Reductions in NPP were categorized relative to land 
cover, determined by the 2005 North American Land Cover Monitoring System. MODIS NPP 
data can be downloaded from http://www.ntsg.umt.edu/project/mod17. 

 
Figure S6. Oil and gas well density (wells km–2) for years 1900 to 2012 and 2000 to 2012. 
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Figure S7. Net primary production (NPP) loss due to oil and gas activity across the central 
provinces and states of North America. NPP loss represents the cumulative effect of annual 
losses from 2000 to 2012. 
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Equivalency calculations 
Estimates of NPP reduction were calculated in grams carbon year–1. We converted these 
estimates to dry biomass and provide equivalent numbers in bushels of wheat, feed for cattle, 
and animal unit months (AUMs). These equivalency estimates are solely to put carbon and 
biomass estimates into a format more readily recognized and understood by the general public 
and policymakers, and do not represent an actual amount of wheat, livestock forage, or AUMs 
lost to oil and gas development. 
 
Bushels of wheat in 2012 
Contemporary usage of bushel is a unit of mass or weight. One bushel of wheat equals 27.21 
kg (60 lbs) (30). Plant carbon was determined as 45% of dry biomass (31). The value used for 
aboveground biomass for wheat was 81% (32). In 2012, we estimate a loss of 1.81 Tg carbon 
yr–1 for areas categorized as croplands. 
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Private and public land—USA only 
The number of wells drilled on U.S. private, federal, state, and Native American lands were 
quantified using the Protected Areas Database of the United States (PAD-US) version 1.3. We 
spatially intersected wells with PAD-US and categorized wells by the domain description. Due to 
difficulty in obtaining ownership history, ownership is as published by PAD-US in 2012 (i.e., a 
well drilled in 1950 is categorized relative to ownership circa 2012).  
 

 
Figure S9. The number of oil and gas wells drilled within the central states of the USA from 
1900 to 2012 relative to surface land ownership. Land ownership determined using the 
Protected Areas Database of the United States version 1.3. Due to difficulty in obtaining 
ownership history, ownership is as is in 2012 (i.e., a well drilled in 1950 is categorized relative to 
ownership in 2012).  
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Figure S10. The number of oil and gas wells drilled within the central states of the USA from 
2000 to 2012 relative to surface land ownership. The vast majority of wells have been drilled on 
private lands. Land ownership determined using the Protected Areas Database of the United 
States version 1.3. 
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Water 
We estimate the water used for hydraulic fracturing by multiplying the total number of wells 
drilled from 2000 to 2012 by a low (10,600 m3) and high (50,000 m3) estimate of water use per 
well (14). We then divided by 13 years to obtain an annual average. This assumes that 
hydraulic fracturing occurred with every well, which may not occur. We reduced the estimate 
stepwise to 0% (i.e., hydraulic fracturing occurred with 50% of wells, 25%, etc.) to provide 
additional estimates. 
 
 

 
Figure S11. Estimated annual water (billion m3) used for hydraulic fracturing as a function of the 
percentage of wells with hydraulic fracturing. A low and high estimate of water used per well is 
provided (14). Horizontal line represents the 2011 net water use of Texas cities Austin, Dallas, 
and San Antonio combined (38). 
 
We calculated the number of wells drilled in water stressed areas using Aqueduct Global Maps 
2.0 (22). We spatially intersected wells with Aqueduct and summed the number of wells by low, 
medium low, medium high, high, and extreme (combination of extreme and arid) water stress. 
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