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ABSTRACT 
Groundwater supports a variety of ecosystems in Nevada that provide habitat for special 

status species, including federally listed endangered and threatened species, many of which are 
endemic. Nevada’s groundwater dependent ecosystems (GDEs) include wetland, riparian, and 
phreatophyte shrubland communities, many associated with isolated springs (as opposed to rivers 
or streams) in this semi-arid region. As water demands for agriculture, mining, energy 
development, and potable water uses continue to increase, understanding the potential impacts of 
groundwater withdrawals on these ecosystems can assist efforts to sustainably manage Nevada’s 
limited water to meet economic and livelihood, wildlife habitat, recreation, and other needs. 
Furthermore, understanding the influence of variability in climatic conditions on groundwater 
dependent vegetation will enhance our ability to better tease apart effects of climate from those 
associated with water management. The objective of this study is to establish a baseline for 
monitoring and assessing the potential impacts of groundwater developments on GDEs in 
selected hydrographic basins of Nevada by quantifying the current status and historical trends in 
the condition of groundwater dependent vegetation relative to trends in both climate and 
groundwater levels. To this end, field observations, readily available groundwater level data 
from the U.S. Geological Survey (USGS) and Nevada Division of Water Resources, gridded 
meteorological data, and 35 years (1985-2019) of Landsat satellite imagery are compiled for 
selected basins in Nevada and statistically analyzed for present and past trends. 

The status and historical trends of vegetation, climate, and groundwater were assessed in 
eight hydrographic basins in Nevada that vary substantially in terms of the degree of land and 
water development and that span a precipitation gradient, ranging from 7.5 to 13.1 inches 
annually. Select basins include Pueblo, Continental Lake, Mud Meadow, Dixie, Railroad-North, 
Steptoe, Goshute, and Independence Valleys. Assessments were conducted at both broad 
(basin/phreatophyte area) and site-specific scales. At the broad scale, comparisons between 
contemporary and historical characterizations of the phreatophyte area are described and 
discussed, assessments of the status, trends, and sensitivities (to interannual climate) of satellite-
based indicators of vegetation vigor (NDVI) are described, and trends in groundwater levels 
based on readily available data are quantified. A similar suite of analyses is conducted with a 
higher level of detail for specific sites identified by project partners as places of ecological 
importance or concern. Field surveys were conducted at most sites, which involved collection of 
small unmanned aircraft system (sUAS) imagery and ground-truthing for interpretation of 
satellite-based analyses. For each basin, detailed findings from these analyses are presented at 
the end of the document and are followed by a bulleted summary of key findings.  

In several valleys, the areal extents of phreatophyte areas were substantially smaller than 
was estimated historically, suggesting that either the historical extents were overestimated or that 
there have been substantial losses of groundwater dependent species due to lowered groundwater 
levels. Analysis of satellite data over 35 years revealed that vegetation outside the phreatophyte 
areas – especially those in forest and woodland vegetation were, on average, trending more 
positively than phreatophyte area vegetation. Areas classified as riparian, wetland, and low-
intensity agricultural vegetation consistently had larger magnitude trends and tended to have a 
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larger proportion of negative trends relative to dryland vegetation types. Groundwater rights 
are overcommitted in half of the eight basins assessed. Lack of consistent and long-term 
groundwater data was the most limiting factor in this study. Given the available data, over 
25 percent of wells in each of five basins had statistically significant declines in groundwater 
levels. The largest declines in groundwater levels were most often observed in direct association 
with irrigated agriculture (up to 10’s of feet over 35 years) and mining activities (up to 100s of 
feet). Substantial human impacts were documented at all GDE field sites, but trends in vegetation 
over time varied from negative to neutral to positive. In most cases, there was insufficient 
groundwater levels data available to quantify groundwater-vegetation relations at the field sites. 
This is an important data gap that will be essential to fill in order to understand the effects of 
water development on these ecosystems. 

Analyses of the responses of groundwater dependent vegetation in relation to 
documented variations and trends in climatic conditions and groundwater levels is requisite to 
understanding factors responsible for past changes in, and the current condition of, GDEs, the 
development of effective and efficient monitoring schemes for their protection, and anticipating 
future impacts of groundwater development and changes in climatic conditions. Approaches 
described herein provide the starting point to achieve these goals and can be applied to evaluate 
those in other basins of Nevada. We recommend development of future monitoring schemes that 
draw from the baseline information and recommendations for future monitoring presented in this 
report, including continued use of sUASs for high-resolution imagery collection to complement 
the Landsat archive, development of web-based tools for automated analyses of satellite-based 
monitoring data, employment of advanced statistical methods to more rigorously quantify the 
roles of climate and management factors on vegetation vigor, and the installation of additional 
groundwater monitoring sensors in key ecosystems of interest. Results and recommendations 
from this study will enhance the current understanding of groundwater-vegetation-climate 
relations in space and time. 
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INTRODUCTION 
In the state of Nevada, groundwater dependent ecosystems (GDEs), including meadows, 

wetlands, streams, rivers, lakes, springs, and phreatophytic vegetation communities provide a 
variety of important ecosystem services that benefit both humans and wildlife, although they cover 
only 10 percent of the state (Saito et al., 2020). Despite their importance, our understanding of how 
these systems respond to groundwater withdrawals and surface water diversions, changes in 
climatic conditions, and land management over time is limited. The people and economies in 
Nevada rely heavily on groundwater, with almost half of the total water supply coming from this 
source (Dieter et al., 2018). As water demands for agriculture, mining, energy development, and 
potable water uses continue to increase, understanding the potential impacts of groundwater 
withdrawals on GDEs can assist efforts to sustainably manage Nevada’s limited water to meet 
economic and livelihood, wildlife habitat, recreation, and other needs. Understanding the influence 
of climatic conditions on groundwater dependent vegetation can enhance our ability to distinguish 
between the effects of climate and resource, including water, management.  

The primary goal of this study is to develop baseline information that can be used for 
future monitoring and assessments of GDEs in selected hydrographic basins of Nevada. This is 
accomplished by quantifying the current status and historical trends in the condition of 
groundwater dependent vegetation relative to trends and variations in climatic conditions and 
groundwater levels based on field observations, groundwater level data, gridded meteorological 
data, and 35 years (1985-2019) of Landsat satellite imagery. Specific objectives of the study are 
to: 1) establish baseline conditions of vegetation and groundwater levels to facilitate evaluation 
of the effects of groundwater developments on water availability and groundwater dependent 
vegetation, 2) characterize the sensitivity and historical range of variations in groundwater 
dependent vegetation in response to changes in climatic and groundwater conditions, 3) 
characterize historical trends since 1985 in depth to groundwater (DTW), climatic conditions, 
and groundwater dependent vegetation, and 4) develop, document, and make available datasets 
used for this assessment to facilitate future assessments and monitoring. 

METHODS 

STUDY AREA 
The study area includes eight administrative hydrographic drainage basins delineated by 

the Nevada Division of Water Resources (Figure 1). Sites within these basins were selected by 
U.S. Fish and Wildlife Service (USFWS) as places where GDEs are of particular ecological 
value and/or where future groundwater development is believed to have the potential to impact 
GDEs and the species that rely on these ecosystems for habitat. The USFWS has received 
petitions for several of these species to be listed under the Endangered Species Act. 

DATASETS 
To address the objectives presented above, we compiled five types of data: 1) the 

gridMET gridded climate dataset (Abatzoglou, 2013), 2) the Collection 1, Tier 1 Landsat image 
archive available through the Google Earth Engine (GEE) cloud computing and environmental 
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monitoring platform (Gorelick et al., 2017), 3) the LANDFIRE vegetation type database (U.S. 
Department of Interior, 2016), 4) phreatophyte boundaries for select hydrographic basins in 
Nevada (Minor, 2019), and 5) groundwater level data from the Nevada Division of Water 
Resources (NDWR) water level database (http://water.nv.gov/WaterLevelData.aspx), and the 
USGS National Water Information System (NWIS) water level database 
(https://waterdata.usgs.gov/nwis/gw). 

 

 
Figure 1. Selected hydrographic basins analyzed in this study are: Pueblo Valley (1); Continental 

Lake Valley (2); Mud Meadow (26); Dixie Valley (128); Railroad Valley- North (173B); 
Steptoe Valley (179); Goshute Valley (187); and Independence Valley (188) and their 
potential groundwater discharge areas (i.e., phreatophyte areas). 

http://water.nv.gov/WaterLevelData.aspx
https://waterdata.usgs.gov/nwis/gw
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1) Gridded Climate Data  
The daily resolution gridMET gridded (~2.5 miles/4 kilometers) meteorological dataset 

(Abatzoglou, 2013) was used for all climate analyses. This dataset contains interpolated 
meteorological data that are informed by weather station observations from more than 40 station 
networks and local geographic factors that influence spatial variations in climate. This dataset 
was selected because it is used extensively for ecological and hydrologic assessments, and it 
contains the variables necessary to calculate the ASCE-EWRI Standardized Penman-Monteith 
reference evapotranspiration equation for a well-watered grass reference surface (Allen et al., 
2005), including solar radiation, maximum temperature, minimum temperature, average 
dewpoint temperature, and wind speed at 32.8 feet height (10 meters). Wind speeds were 
logarithmically transformed to 6.6 feet height (2 meters) following Allen et al. (2005) prior to 
calculation of reference evapotranspiration. Grass reference evapotranspiration is a measure of 
atmospheric water demand (Hobbins & Huntington, 2016), and is simply referred to as potential 
evapotranspiration in this report. For vegetation and site-specific analyses, potential water deficit 
(precipitation minus potential evapotranspiration) was aggregated by water year within each grid 
cell and analyzed in conjunction with Landsat data. 

2) Landsat Archive Data 
The Landsat program provides the longest continuous record of earth observations from 

space, with satellites capturing 30-m resolution images every 16 days since 1972. Landsat 
archive data beginning in 1985 (Landsat 5) were used to generate metrics such as the normalized 
difference vegetation index (NDVI; an indicator of vegetation vigor) and the normalized 
difference water index (NDWI; an indicator of vegetation water content) (Gao, 1996). NDVI was 
the primary metric used for analyses in this report because it is one of the more readily 
interpretable and widely used vegetation indices, does not require parameter calibration, and has 
been shown to perform well for quantifying vegetation cover in arid environments (McGwire et 
al., 2000; Wu, 2014). Landsat data processing for each study area was performed within the GEE 
environment, largely following methods outlined in Huntington et al. (2016) and Beamer et al. 
(2013). First, the Landsat TM, ETM+, and OLI top of atmosphere reflectance was transformed to 
at-surface reflectance following Landsat ecosystem disturbance adaptive processing system 
(LEDAPS) (for TM (Landsat 5) and ETM+ (Landsat 7)) and Landsat Surface Reflectance Code 
(LaSRC) (for OLI (Landsat 8)) atmospheric correction algorithms (Schmidt et al., 2013; USGS, 
2019). Next, Landsat at-surface reflectance was used to compute NDVI as (ρNIR - ρRed)/(ρNIR 
+ρRed) (Eq. 1) where ρ is the at-surface reflectance, NIR is near infrared waveband, and Red is 
the red waveband. NDVI (and NDWI) values for each year were calculated as the median value 
of clear-sky, non-cloudy images during the July 15-September 15 time period. This late summer 
period is optimal for assessing the relationship between vegetation vigor and interannual 
variability in local groundwater levels since precipitation and soil moisture is typically at a 
minimum during that time period in this region (Huntington et al., 2016). Image pixels were 
automatically flagged as clouds or shadows using the built-in Fmask quality assessment (QA) 
band (Zhu & Woodcock, 2012) and were removed from the analysis. Other variables such as 
enhanced vegetation index (EVI), NDWI, albedo, and surface temperature were used to assist in 
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quality assurance and quality control (QA/QC) of the NDVI time series. To adjust for changes in 
spectral bandwidths between sensors on Landsat 5/7 and Landsat 8, NDVI values from the latter 
sensor were adjusted using methods described in Huntington et al. (2016). 

3) LANDFIRE Existing Vegetation Type Database 
The LANDFIRE Existing Vegetation Type Database (Remap/LF 2.0.0. version 

https://www.landfire.gov/viewer/) was selected to represent different vegetation communities 
and land uses in the study area so that comparisons in status and trends could be inferred for 
specific wetland, phreatophytic, and upland vegetation types. These classifications represent 
vegetation conditions in the year 2016 (the most recent available). We selected 10 vegetation 
types based on the “Group” level of aggregation. These included the most common natural 
vegetation types1, including four wetland/riparian types (Depressional Wetland, Freshwater 
Marsh, Western Herbaceous Wetland, and Western Riparian Woodland and Shrubland), two 
types composed of predominantly facultative phreatophyte species (Greasewood Shrubland and 
Sparse Vegetation), three types composed of predominantly upland species (Big Sagebrush 
Shrubland and Steppe, Desert Scrub, Salt Desert Scrub), and one low intensity agricultural type 
(Agricultural-Pasture and Haylands) that is common in phreatophyte areas within the state and 
has the potential to provide functional mesic habitat for wildlife species (Donnelly et al., 2016). 
We also assessed the prevalence of Introduced Vegetation, which represents a combination of 
eight Group-level introduced species classes and mostly represents areas with introduced annual 
grasses and forbs, with some areas of seeded perennial forage species. 

4) Phreatophyte Area Boundaries 
Many of the vegetation communities within the study basins are comprised of 

phreatophytes, or plants that rely on shallow groundwater for some of their water requirements. 
Understanding the extent, composition, and status of phreatophyte vegetation communities is 
important for effective monitoring and management of these GDEs. Phreatophyte area 
boundaries for select hydrographic basins were obtained from a statewide Potential Groundwater 
Discharge Boundary (PGDB) dataset (Minor, 2019). The PGDB dataset is a compilation of 
original delineations from the USGS Reconnaissance Series and Water Resource Bulletin 
investigations conducted between 1940 and 1980 in Nevada (e.g. Eakin, 1967). Minor (2019) 
performed (QA/QC) and modified boundaries, as needed, to ensure that the PGDBs accurately 
reflect the contemporary (~2016-2019) extent of phreatophytes and exclude any xerophyte 
upland areas. Field investigations, along with various ancillary datasets (e.g. groundwater levels, 
Landsat thermal and optical data, and digital elevation models), were used by Minor (2019) to 
help verify and update the PGDBs for Nevada. Updated phreatophyte boundaries obtained from 
the statewide PGDB dataset were used in the current study to assess status, trends, and climate 
sensitivities specific to the phreatophyte area, and to guide field investigations toward 
groundwater influenced areas where substantial changes in vegetation appear to have occurred. 

 
1 Links to vegetation type descriptions are provided for the most common Ecological System Type within each 
LANDFIRE Group-level classification. 

https://www.landfire.gov/viewer/
https://explorer.natureserve.org/Taxon/ELEMENT_GLOBAL.2.731763/Inter-Mountain_Basins_Alkaline_Closed_Depression
https://explorer.natureserve.org/Taxon/ELEMENT_GLOBAL.2.722943/North_American_Arid_West_Emergent_Marsh
https://explorer.natureserve.org/Taxon/ELEMENT_GLOBAL.2.722943/North_American_Arid_West_Emergent_Marsh
https://explorer.natureserve.org/Taxon/ELEMENT_GLOBAL.2.722861/Rocky_Mountain_Alpine-Montane_Wet_Meadow
https://explorer.natureserve.org/Taxon/ELEMENT_GLOBAL.2.722664/Great_Basin_Foothill_and_Lower_Montane_Riparian_Woodland_and_Shrubland
https://explorer.natureserve.org/Taxon/ELEMENT_GLOBAL.2.722892/Inter-Mountain_Basins_Greasewood_Flat
https://explorer.natureserve.org/Taxon/ELEMENT_GLOBAL.2.722886/Inter-Mountain_Basins_Playa
https://explorer.natureserve.org/Taxon/ELEMENT_GLOBAL.2.722895/Inter-Mountain_Basins_Big_Sagebrush_Shrubland
https://explorer.natureserve.org/Taxon/ELEMENT_GLOBAL.2.722894/Inter-Mountain_Basins_Big_Sagebrush_Steppe
https://explorer.natureserve.org/Taxon/ELEMENT_GLOBAL.2.722884/Inter-Mountain_Basins_Semi-Desert_Shrub-Steppe
https://explorer.natureserve.org/Taxon/ELEMENT_GLOBAL.2.722888/Inter-Mountain_Basins_Mixed_Salt_Desert_Scrub
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5) Nevada Groundwater Level Databases 
Readily available groundwater level data for the study areas were obtained from the 

USGS NWIS and NDWR groundwater level databases, including all available groundwater level 
measurements through December 2019, which marks the time at which the data were 
downloaded. It is important to note that well records typically lack regular measurements over 
the entire 1985-2019 time period that is the focus of this report and individual wells vary in the 
time period, seasonal timing, and consistency of measurements. In most cases, there are fewer 
than 36 years of measurements. The groundwater level data analyzed here do not include all 
groundwater data for some basins, as additional measurements may exist that are not part of the 
USGS and NDWR databases. 

ANALYTICAL APPROACH 
Vegetation 

Phreatophyte area vegetation was assessed by comparing contemporary land cover 
classifications to historical accounts and through the derivation of three metrics based on NDVI, 
including vegetation status, vegetation sensitivity to climate, and vegetation trend, with the latter 
metric adjusted to account for the influences of interannual climate variability. 

Comparison of Historical and Contemporary Vegetation 
For each basin, historical descriptions of the area occupied by phreatophytic vegetation 

were briefly summarized based on the USGS Reconnaissance Series and Water Resource 
Bulletin investigations, which were conducted between 1951 and 1974 in Nevada (e.g. Eakin et 
al., 1967). These historical accounts provide a very broad-brush characterization of the areal 
extents of major phreatophyte vegetation types such as greasewood or rabbitbrush shrublands, 
saltgrass, meadow vegetation, and playas, and include associated estimates of DTW. Next, 
contemporary phreatophyte boundaries delineated by Minor (2019) and the proportions of the 
phreatophyte area occupied by select vegetation types, as classified by LANDFIRE (representing 
conditions in 2016), were described and compared to the historical accounts. Although these 
comparisons are very coarse, major changes in the proportions of different vegetation types may 
be indicative of effects of changing climate, groundwater pumping or other types of development 
or disturbance on GDEs that occurred in the last 30-70 years. 

Vegetation Status 
Vegetation status was characterized to assess the current status and ranges of vegetation 

vigor by vegetation type as a basis for evaluating past and future change and for understanding 
how vegetation vigor at a given site compares to other sites within the basin of the same 
vegetation type. Vegetation status was quantified as the 10-year average (2010-2019) annual late 
summer (median July 15-September 15) NDVI value for each pixel. The 2010-2019 time period 
was chosen because it reflects the most recent conditions and because we deemed 10-years to be 
a reasonable amount of time to smooth over large interannual variations in climate that are likely 
to influence NDVI from year-to-year. Late summer NDVI is used because it is the period of time 
within the year when water is most limiting and vegetation signals are most sensitive water 
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availability (Huntington et al., 2016). The 10-year averages of NDVI values provide an 
indication of water availability, as well as species composition, cover, and condition. More 
specifically, NDVI values vary from -1 to 1 according to the spectral characteristics of the pixel, 
which in turn vary depending on the color and areal extents of vegetation canopy, water, and 
soil. As a general rule of thumb, NDVI values less than 0 indicate water (clouds, snow, surface 
water), and values between 0 and 0.2 indicate very low vegetation/high soil cover and would be 
expected for desert scrublands and shrublands. Values greater than 0.6 indicate very dense, 
green, and healthy vegetation and might be expected for a forest or a very dense agricultural 
crop. NDVI greater than 0.3 was a useful threshold for discriminating between dryland and 
mesic vegetation in the northern Great Basin (Albano et al., 2020), and has commonly been used 
as an indicator of mesic vegetation types in desert regions (Donnelly et al., 2016), though lower 
(0.2; McGwire, 2019) and higher (0.35; White et al., 2016) thresholds have also been found to be 
useful to indicate mesic vegetation. NDVI values can provide a first approximation of the 
vegetation vigor, but are dependent on the time of year, color and condition of vegetation and 
soils, presence of water, the proportion of the pixel that is covered by the vegetation type, and 
many other factors. Pixels with NDVI values that are much lower or higher than expected for dry 
vs. mesic vegetation types or are outside the range of values observed for most pixels within a 
given vegetation type could be a result of misclassification by LANDFIRE, but could also 
indicate places where disturbance, anthropogenic impacts, or changes due to non-native species 
invasion may have occurred and may be useful for putting site-specific results in context, 
targeting field investigations and/or identifying areas for more detailed study. 

Vegetation Sensitivity to Climate 

The sensitivity of changes in vegetation vigor due to interannual variations in climate was 
quantified based on the Pearson’s correlation coefficient between annual late summer NDVI and 
water year potential water deficit (= water year precipitation – potential evapotranspiration) for 
each pixel. Correlations were summarized for pixels within the phreatophyte area by the 10 
LANDFIRE vegetation types to identify which vegetation types most strongly depend on water 
sources derived from near-term precipitation. Pixels and vegetation types with larger magnitude 
correlation coefficients indicate higher sensitivities to (i.e., greater change in response to) 
interannual variations in potential water deficit. In general, water-limited areas are expected to 
exhibit higher climate sensitivity (correlation nearer to 1), while more mesic areas with more 
consistent water availability due to consistent connections with groundwater or surface water 
will be less sensitive (correlation nearer to 0), but sensitivity also varies according to adaptations 
and characteristics of component plant species.  

Areas with high sensitivity to climate tend to exhibit highly variable vegetation cover 
and/or vigor from year to year in response to climate variations and this sensitivity to climate 
should be taken into consideration when evaluating data collected in field assessments among 
years. High sensitivity could result from the lack of a strong connection to groundwater (and 
therefore strong dependence on precipitation) or could result from vegetation water use from a 
groundwater table that is highly sensitive to precipitation variability.  
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Areas with low sensitivity to climate can result from several factors, including 1) 
persistent water availability due to ground or surface water influences resulting in little 
fluctuation in cover and/or vigor among years, 2) the presence of surface water (which results in 
low NDVI) in very wet years that obscures an otherwise positive NDVI response of vegetation to 
wet-year conditions, and/or 3) disturbance due to non-climate related factors. In this latter case, 
if an area is disturbed, trending over time, or is heavily managed, the NDVI relation to climate 
becomes obscured by whatever non-climate factors are influencing changes in NDVI. 

Quantifying sensitivity of vegetation to climate is useful because changes in sensitivity 
over time relative to the historical baseline may indicate changes in species composition, water 
availability, or disturbance but because the causes of sensitivity can be inconclusive, this metric 
is best interpreted in combination with other metrics. For example, quantifying and accounting 
for the variation in vegetation vigor attributable to variations in climate helps to clarify the role 
of other, non-climate factors as determinants of vegetation status and trends (see next section).  

Vegetation Climate-Adjusted Trend 

Trends in vegetation vigor, adjusted for the effects of climate (i.e., potential water 
deficit), are evaluated in this analysis to identify and characterize changes in vegetation vigor 
that are likely attributable to factors other than interannual variations in climate. The climate-
adjusted trends metric was calculated using the Adjusted Kendall approach described in Alley 
(1988) and Section 12.3 in Helsel & Hirsch (2002). Potential water deficit was calculated for 
each water year, and an ordinary least-squares linear regression analysis between potential water 
deficit and annual late summer (median July 15-September 15) NDVI values over the 1985-2019 
time period was conducted for each pixel.  

The non-parametric Sen’s slope estimator method (Sen, 1968) was then applied to NDVI 
regression residuals (observed NDVI minus predicted NDVI) to estimate the monotonic trend of 
residuals over time for each pixel. By assessing the trend in NDVI residuals, interannual 
variations in NDVI associated with interannual variations in potential water deficit are removed. 
The resultant climate-adjusted NDVI trends indicate the direction and magnitude of change in 
vegetation vigor over time that are due to factors other than interannual variations in potential 
water deficit. By adjusting for (i.e., removing the effects of) climate, resultant trends due to 
anthropogenic or other types of disturbance become more clear. This information is useful for 
identifying areas of vegetation change due to anthropogenic factors, targeting field 
investigations, and developing hypotheses on causal factors of change.  

Climate-adjusted NDVI trends were summarized for pixels within phreatophyte areas and 
by the 10 LANDFIRE vegetation types to identify vegetation types that have experienced the 
greatest change. Large proportions of pixels with large positive or negative changes for a given 
vegetation type may correlate to changes in plant or animal species of concern. Unlike other 
vegetation analyses that were limited to phreatophyte areas, climate-adjusted NDVI trends were 
also quantified and mapped for all 30 meter pixels in each hydrographic basin. Trends of 
climate-adjusted NDVI in the uplands may provide important context related to changes in 
watershed condition and water use that have the potential to affect down gradient GDEs. 
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Comparisons in trends were made between pixels grouped in phreatophyte and non-phreatophyte 
areas and among land ownerships. Due to the very large sample sizes (10s of thousands of 
pixels) all group differences in means (as tested by ANOVA) were statistically significant with 
p-values less than 0.001. A raster dataset of the climate-adjusted NDVI trends for each 
hydrographic basin is included in the database that was prepared for this report. 

Groundwater 
Groundwater level measurements obtained from NDWR and USGS databases were used 

to compute the Sen’s slope and Mann Kendall trend test for each well hydrograph to determine 
whether there was a statistically significant positive or negative trend in recorded groundwater 
levels during the same period as the Landsat archive (1985-2019). Many sites had multiple 
groundwater level measurements each year, therefore, the average DTW was computed for each 
year to reduce the effects of seasonal variability. A minimum of 3 years of observations were 
required for a given site to be included in the trend analysis. Although 3 years is a minimal 
sample size, we deemed this appropriate given that it greatly increased the spatial distribution of 
sites. The statistical significance of the Sen’s slope was assessed based on the Mann-Kendall test 
for monotonic trend (Kendall, 1975; Mann, 1945), modified to account for up to three years of 
serial autocorrelation in cases where autocorrelation was statistically significant (p-value of less 
than 0.05) (Hamed & Rao, 1998). Sen’s slopes were estimated using the SciPy package, and the 
modified Mann Kendall trend test was computed using the PyMannKendall Python package. We 
note here that we did not apply a climate adjustment as was done for NDVI given the small 
sample sizes and lack of consistent groundwater level measurement timing and frequency, which 
could lead to spurious statistical relationships with climate data. Results of the groundwater level 
data analysis were summarized and are included in the database supplement to this report.  

Site-specific Analyses for Areas of Interest (AOIs) 
Landsat and climate data summaries, field investigations, and aerial surveys were 

conducted within each basin for one or more areas of interest (AOIs) that were collaboratively 
identified with USFWS staff. In total, 53 AOIs were identified in the eight basins investigated, 
ranging from 0.25 to 2200 acres, with a median of 11.35 acres. Targeted site-specific analyses 
were conducted for each of the AOIs to gain greater insights into historical changes than could 
be obtained by analyzing changes at the scale of whole phreatophyte areas or basins (the scale of 
analyses described in previous sections).  

Landsat and Climate Data Summaries 

For each AOI, spatial averages of annual gridded climate and NDVI were compiled and 
used to calculate vegetation vigor metrics of status, sensitivity, and climate-adjusted trend based 
on the same methods described above. Other selected vegetation index metrics (e.g., Normalized 
Difference Water Index; NDWI;  Gao, 1996) were also calculated and are provided in the 
supplementary database for this report. In cases where nearby groundwater levels were available, 
groundwater levels were summarized, graphed, and attributed with links to original data sources. 
Annual time series figures of NDVI, climate, and DTW were also developed to visualize and 
provide a detailed view of the interannual variability and long-term change for each AOI.  
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Statistical significance of each metric was based on p-values being less than 0.05.  
P-values from the Pearson’s correlation analysis between potential water deficit and NDVI were 
used for the sensitivity metric, and p-values for climate-adjusted trends in vegetation vigor were 
based on the Mann-Kendall trend test modified to account for up to three-years of serial 
autocorrelation (Hamed & Rao, 1998). In addition, prediction intervals around the linear 
relationship of potential water deficit and NDVI were calculated at 75 and 95 percent to provide 
perspective on where future data points are expected to fall based on historical baseline conditions. 
Prediction intervals indicate the range of values in which future observations are likely to fall based 
on a given probability (e.g., 75% or 95% in this case). Influential outliers were identified 
(determined as values greater than 4 times the mean Cook’s distance2) and removed prior to 
performing the regression to minimize the potential for spurious relations. These regression 
relationships help to establish an expected range of NDVI values given the climatic conditions for 
that year based on historical observations. Defining the expected range of NDVI based on climate 
conditions is useful for future monitoring and impact assessments. For example, if a future NDVI 
value falls below the 75 percent prediction interval it means there is only a 25 percent chance that 
the low NDVI value is related to low potential water deficit for the year, and therefore NDVI could 
be low due to other factors. The use of baseline prediction intervals for assessing future 
observations may prove useful for assessing thresholds and trigger levels for prompting field 
investigations and/or vegetation and water monitoring, management, and mitigation actions. 

Field Investigations 

Field investigations were conducted to document the type and condition of vegetation 
within each AOI to support interpretation of satellite and climate data, and to establish baseline 
information for future evaluations. Field investigations occurred for each basin on the dates listed 
in Table 1. Land ownership, road access, and travel distances were all considerations in selecting 
the location of field investigations. Once at each site, one or more transects of approximately 
100 meters3 were delineated. Five ground photographs were taken by the surveyors (one in each 
of the cardinal directions and one facing the ground) at each of four points (0 meters, 25 meters, 
75 meters, 100 meters) along the transect. Categorical estimates of percent cover were made at 
the same four points using the line-transect method (Smith, 1974) for each of the following cover 
types: greasewood, rabbitbrush, sagebrush, riparian trees (cottonwood, willow, wood’s rose), 
bulrush-cattail marsh, graminoids, non-native tree species, non-native noxious species, other 
species that may affect the greenness signal, open water, bare ground, and cow pies within 
16 feet on either side of the transect. A qualitative ranking of water stress was applied to the first 
four categories (i.e., greasewood, rabbitbrush, sagebrush, riparian trees) based on stem mortality 
(less than 15% stem mortality =low, 15-49% = intermediate, greater than 49% = high). 
Additional site observations documenting disturbance or stress were also recorded.  

 
2 Cook’s distance measures the effect of deleting a given observation. Observations with a large Cook’s distance 
indicate potential outliers that strongly influence the regression relationship. 
3 We note here that although all hydrologic and climate data and analyses are reported in English units, the 
field transect data were collected, labeled, and archived using metric units and are thus left reported as such. 
Conversions to English units for the transect measurements are as follows: 25 meters = 82 feet; 50 meters = 164 
feet; 75 meters = 246 feet; 100 meters = 328 feet. 
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Table 1. Field dates and number of Areas of Interest assessed for focal Hydrographic Areas 
(Basins) in this study. NA indicates only the remote sensing analysis was completed. 
Field work for Independence Valley is expected to occur in summer 2021. Permission to 
fly a sUAS was not obtained for Dixie Valley due to military airspace restrictions. 

Basin Field Dates 
Number of AOIs 
assessed 

Pueblo Valley (HA 001) July 19, 2019 2 
Continental Lake Valley (HA 002) July 18, 2019 5 
Mud Meadow (HA 026) July 17, 2019 7 
Dixie Valley (HA 128) July 11, 2019 6 (no sUAS) 
Railroad Valley – North (HA 173B) Oct. 8, 2019 8 
Steptoe Valley (HA 179) Oct. 9, 2019 12 
Goshute Valley (HA 187) June 17, 2020 11  
Independence Valley (HA 188) NA 2 
 

Aerial Surveys 

To obtain detailed baseline site conditions and vegetation vigor information for each 
AOI, aerial surveys were conducted using a small unmanned aircraft system (sUAS; Model: DJI 
Phantom 4 Pro) above each of the 100 meter transects. These aerial surveys were experimental 
and conducted as proof of concept, in which the study team experimented with varying flight 
heights and extents to determine suitable image spatial resolutions. At the beginning of the study 
the sUAS was flown at relatively low altitudes (roughly 30-100 feet above ground level (AGL)). 
Whereas the low altitude flights produced high resolution (less than 1 centimeter pixel 
resolution) images over relatively small spatial extents, higher altitude flights at heights up to 
400 feet AGL proved to be more desirable due to the ability to cover larger spatial extents while 
still achieving relatively high spatial resolutions (2-6 centimeter pixel resolution).  

Flights were pre-programmed using the Maps Made Easy application for IOS. Visible 
(red, green, and blue: RGB) and false color (red, green, and NIR: RGN) images were acquired 
every second during the sUAS flights. A stock complementary metal oxide semiconductor 
(CMOS) camera was used to collect the visible imagery, whereas a Survey3 MapIR camera was 
used to collect false color imagery. A 12.5 x 10.0 x 1.25 inches ground calibration target was 
used to gather reference spectra during each of the flights in order to calibrate the false color 
images during post-processing. The calibration target was composed of four different colors 
(black, dark gray, light gray, and white), each with known reflectance curves. False-color images 
were pre-processed and calibrated using the MapIR camera control software 
(https://www.mapir.camera/collections/software). Camera calibration was performed in Agisoft 
Metashape Professional software to correct for lens distortion and camera orientation. Individual 
visible and false color images were then post-processed into high-resolution (2-6 centimeter  

https://www.mapir.camera/collections/software
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pixel resolution) orthomosaics using Agisoft. Orthomosaics were then georeferenced within a 
Geographic Information System (GIS) using ESRI ArcMap 10.7, and NDVI was computed using 
Eq. 1 with orthorectified and georeferenced NIR and Red surface reflectance images. 

Given that the sUAS portion of this research was experimental, data were not collected to 
model and account for the bidirectional reflectance distribution function (BRDF) and make 
corrections to surface reflectance images acquired by the sUAS. For future studies that use 
sUAS, BRDF will be accounted for. This may have substantial impacts on the surface reflectance 
depending on sensor view angle and sun angle. However, in this study BRDF impacts on surface 
reflectance are thought to be minimal due to the near-nadir sUAS sensor view angle and high sun 
angle at the time (i.e., summer) of all but two field visits that occurred in the fall. An overview of 
recommendations for future sUAS surveys is included in Appendix B. 

DATABASE CREATION AND DOCUMENTATION 
A database containing data created and used in this study is provided as a supplement to 

this report and is available at https://www.dri.edu/project/groundwater-dependent-ecosystem-
assessments/. Three types of data are provided and are organized by hydrographic basin. The 
three datatypes include: 1) a groundwater level summary dataset containing the following 
attributes for each of the wells: site and well name, latitude and longitude, well log number, data 
source, measurement date range, number of observations (i.e. years), annual average 
groundwater level minimum, maximum, standard deviation, mean, median, Sen’s slope, and  
p-value. The groundwater level summary database was joined to a GIS site location database so 
that groundwater level trends could be visualized on a map in combination with other geospatial 
datasets, 2) a basin-phreatophyte area dataset that includes hydrographic basin and 
phreatophyte area (Minor, 2019) boundary shapefiles and 30 meter resolution gridded dataset of 
climate-adjusted NDVI trends (1985-2019), and 3) an AOI dataset that includes shapefiles of 
AOI polygons, transect endpoints and photopoints, sUAS imagery and orthomosaics (both true-
color and NDVI images, as available), site photographs and field forms, and tabular spatially 
averaged (i.e., zonal statistics) monthly and annual climate, Landsat-derived NDVI, and other 
Landsat-based vegetation metric data for each AOI. The Database includes a README file and 
Federal Geographic Data Committee (FGDC) metadata are included for all spatial data. 

RESULTS AND DISCUSSION 
In this study, historical baseline and trends of vegetation vigor and groundwater levels 

were assessed in eight hydrographic basins in Nevada to develop information and datasets that 
can be used for future monitoring and assessments of GDEs. Status and trends in vegetation and 
groundwater levels within GDEs were assessed based on field investigations, groundwater level 
data, gridded meteorological data, and 35 years (1985-2019) of Landsat satellite imagery. A 
high-level overview and synthesis of key results across all basins is presented in this section. 
Detailed results for each of the eight hydrographic basins are presented at the end of this 
document. The detailed results for each basin include 1) a general overview of current (2010-
2019) status and historical (1985-2019) trends of vegetation and groundwater levels across the 
phreatophyte area and entire hydrographic basin; 2) site-specific analyses for a subset of AOIs 

https://www.dri.edu/project/groundwater-dependent-ecosystem-assessments/
https://www.dri.edu/project/groundwater-dependent-ecosystem-assessments/
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within each basin that were selected for field investigation, including detailed analyses and 
visualizations of vegetation, climate, and available groundwater timeseries. These data are 
summarized and interpreted with presentations of maps and photographs from site visits; and 3) a 
bulleted summary of key results based on both basin-wide and site-specific analyses. Data for 
each basin, including the groundwater levels summary dataset, vegetation vigor trend maps, and 
site-specific data including shapefiles, photographs, orthomosaics, and vegetation index and 
climate time series for each AOI can be found within the databases prepared for this report. 

SYNTHESIS OF BASIN-SCALE RESULTS 
Vegetation 
Comparison of Historical and Contemporary Vegetation 

Descriptions of phreatophyte area vegetation communities were compiled for each basin 
based on the 1950’s-1970’s era USGS reconnaissance report series and these were contrasted with 
contemporary delineations of the phreatophyte area (Minor, 2019) and LANDFIRE (circa 2016) 
land cover classifications (see Detailed Results for more information). In terms of the extent of 
the phreatophyte area, historical and contemporary delineations were relatively consistent with 
each other for Railroad and Steptoe Valleys, but contemporary delineations were substantially 
smaller for Pueblo Valley, Continental Lake, and Dixie Valleys, and slightly larger for Goshute 
and Independence Valleys (Table 2). These differences are important, as historical overestimation 
of the phreatophyte area may suggest historical overestimation of the perennial yield, which has 
served as the basis for determining the amount of water rights available for each basin. 

In the cases of those valleys with substantially smaller contemporary phreatophyte area 
delineations, it is unclear whether differences are due to increases in DTW and associated loss of 
phreatophyte vegetation vs. overestimation of the phreatophyte area in the historical 
reconnaissance reports. In all three of these basins (Pueblo, Continental Lake, Dixie) vegetation 
was historically described as predominantly greasewood – a facultative phreatophyte (i.e., a 
species that partially depends on groundwater). In the case of Pueblo and Continental Lake 
Valleys, vegetation is now classified by LANDFIRE as Big Sagebrush Shrubland and Steppe, 
suggesting a vegetation community that is predominantly composed of non-phreatophyte species 
(though greasewood is a species that can occur in this vegetation type, it is not dominant). Wells 
in these two basins have also experienced substantial declines in groundwater levels on the order 
of 10s of feet in recent decades (See Groundwater section below and Detailed Results). Thus, it 
is plausible that vegetation conversion to species that are less dependent on groundwater (i.e., 
sagebrush-dominated) has occurred here, and this merits additional investigation. In Dixie 
Valley, the paucity of readily available long-term groundwater data makes it more difficult to 
understand potential relations between vegetation change, if it occurred, and changes in 
groundwater levels. Finally, although the current and historical phreatophyte boundaries for 
Steptoe Valley are similar to each other, this basin also is predominantly classified as Big 
Sagebrush Shrubland and Steppe whereas historical descriptions suggest domination by 
greasewood and it is plausible that this may be related to observed declines in groundwater levels 
in this basin.  
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Table 2. Summary of contemporary phreatophyte area (PA) size (Minor 2019), comparisons 
relative to historical reconnaissance report delineations, and proportions of the PA 
classified as developed land cover types or introduced vegetation by LANDFIRE (as of 
2016). See Detailed Results sections for each basin for more information. 

Hydrographic Basin 

Contemporary 
Phreatophyte 
Area (PA; 
acres) 

Contemporary 
PA as % of 
Historical 
Delineation 

% of PA 
with 
Developed 
Land Cover  

% of PA 
with 
Introduced 
Vegetation 

Pueblo Valley    3,439 57 1 9 
Continental Lake Valley  19,686 68 9 8 
Mud Meadow 46,705 Not Available 2 7 
Dixie Valley 112,283 71 1 7 
Railroad Valley - North 228,631 100 3 12 
Steptoe Valley 149,290 104 12 11 
Goshute Valley 145,064 118 < 1 4 
Independence Valley 99,020 114 < 1 16 

 
Also notable from the assessments of phreatophyte area vegetation based on LANDFIRE 

is the areal coverage of developed land cover types and introduced vegetation (Table 2). 
Developed land cover types, mostly consisting of agricultural land cover types but also inclusive 
of urban, industrial, and other non-natural land cover as defined by LANDFIRE) were generally 
small and ranged from less than 1 percent of the phreatophyte area for most basins to 12 percent, 
as was the case for Steptoe Valley. Introduced vegetation (including both intentionally 
introduced ornamental or forage species as well as unintentionally introduced invasive non-
native species) covered proportionally the largest areas in Independence Valley, Railroad Valley, 
and Steptoe Valley and ranged between 3-9 percent in other valleys. Monitoring and managing 
introduced and invasive plant cover is important for maintaining ecological function and 
integrity of GDEs and the habitats they provide for other species. 

Vegetation Status 
The LANDFIRE vegetation classes were used to organize NDVI status, climate 

sensitivity, and trend data for each of the basins. It is important to note that LANDFIRE 
classifications are imperfect and misclassifications are common (McGwire, 2019; Provencher et 
al., 2009). Despite this, parsing results by LANDFIRE typeprovided a useful way to identify 
characteristic ranges of long-term average NDVI valuesfor a given vegetation class, identify 
sensitivities of NDVI to climate variability for a given class, and for pinpointing the types of 
vegetation that are changing the most. Additionally, valuable insights have been gained 
regarding which LANDFIRE classes of vegetation are most often misclassified by organizing the 
data and these analyses by class; information that may help to improve future versions of 
LANDFIRE for Nevada.  

To evaluate vegetation status, 10-year (2010-2019) average late-summer (July 15-Sept. 
15) NDVI values were plotted for each of the selected vegetation types to characterize the ranges 
of NDVI values occurring within each class (Figure 2). This provides context for comparing site- 
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Figure 2. Vegetation status, as indicated by 2010-2019 average ranges of late-summer NDVI, for 

select LANDFIRE vegetation types within the phreatophyte areas of hydrographic 
basins in this study. Horizontal lines are shown for NDVI values = 0.2, 0.3, and 0.4 as 
references. 
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specific NDVI for a given vegetation type to other areas of the same vegetation type in the same 
basin, as well as other basins in the study. It also provides a baseline for assessing future change. 
Pixels with 10-year average NDVI values that are on the fringes of the distribution may also 
indicate areas of disturbance or change and/or misclassification by LANDFIRE and can be 
useful for targeting field investigation to gain insights into why these anomalous NDVI values 
have occurred.  

Across all basins, 10-year average late summer NDVI values clearly distinguish dryland 
vegetation types – including both upland and facultative phreatophyte types (Desert and Salt 
Desert Scrub, Big Sagebrush and Greasewood Shrublands, and Sparse Vegetation) with 
interquartile (25th to 75th percentile) ranges of NDVI for these types almost exclusively falling 
below 0.2, regardless of the basin. For wetland and riparian vegetation types (Depressional 
Wetland, Freshwater Marsh, Western Herbaceous Wetland, and Western Riparian Woodland 
and Shrubland) NDVI values were generally higher than for dryland types but were also much 
more variable among basins and interquartile ranges for Riparian Woodland and Shrubland and 
Depressional Wetland types included values at and below 0.2 in some basins. NDVI values 
lower than 0.3 for wetland/riparian vegetation types may indicate reduced vegetation vigor due 
to anthropogenic impacts. NDVI values less than 0.3 may also occur if the wetland/riparian area 
is smaller than the size of a Landsat pixel (in which case low NDVI of the surrounding dryland 
vegetation dominates the signal) or if standing water (which also has low NDVI) is present. 
Anonymously low or high NDVI values may also indicate misclassification by LANDFIRE. 
Assuming that LANDFIRE classifications are mostly correct, the results presented here – which 
show a substantial number of pixels classified as wetland/riparian having NDVI values less than 
0.3 suggest that using thresholds of 0.3 or above to define wetland/mesic vegetation using 
30 meter Landsat data has the potential to exclude some riparian/wetland communities. A 
threshold of 0.2, potentially in combination with other indicators of wetland vegetation 
(McGwire, 2019), may be more appropriate to minimize errors of omission when distinguishing 
wetland and dryland vegetation based on Landsat-resolution NDVI in Nevada. 

As a counterpoint to the assumption of LANDFIRE classifications being correct, 
observations based on field site data indicated that wetland and riparian vegetation were 
commonly misclassified as Agricultural Pasture and Hayland, suggesting that refinements to 
classification within this cover class would be useful. This is especially important, given that a 
large proportion of riparian vegetation identified by McGwire (2019) based on algorithms 
specific to Nevada – and that are shown to more accurately detect riparian vegetation relative to 
LANDFIRE (McGwire 2019) – is classified as Agricultural Pasture and Hayland by 
LANDFIRE (Albano et al., 2020). Although many riparian and wetland types do technically 
function as pasture for livestock and many have historically been or are currently cultivated 
using flood irrigation, there was no evidence that this latter practice had occurred in recent years 
for several of the sites visited and large tracts (i.e. containing many LANDFIRE pixels) of 
natural wetland vegetation were observed that had this classification (e.g., Big Warm Springs in 
Railroad Valley; see Detailed Results for more information). 
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Vegetation Sensitivity to Climate 
To evaluate vegetation sensitivity to interannual variations in climate, correlation 

coefficients between annual water deficit (precipitation – potential evapotranspiration) and late 
summer NDVI were calculated and compared among LANDFIRE types for each hydrographic 
basin using boxplots (Figure 3). Highly sensitive vegetation types might require more frequent 
monitoring to separate changes due to climate variation from those caused by non-climate 
drivers and at a minimum, climate variation should be taken into consideration when evaluating 
data collected in field assessments among years in cases where vegetation is highly sensitive.  

As expected, most dryland vegetation types (with the exception of Sparse Vegetation) 
occurring within phreatophyte areas had higher sensitivities to interannual climate relative to 
wetland types in all basins. Interestingly, interquartile ranges of sensitivity values for dryland 
types were lowest for Mud Meadow, Dixie, and Railroad Valleys – the climatically driest basins 
in the study – and highest for Independence Valley and Pueblo Valley – the climatically wettest 
basins. The lack of covariation of NDVI with precipitation variability in climatically drier basins 
supports the notion that facultative phreatophyte species that occur in dryland vegetation 
communities such as saltgrass, greasewood, and rabbitbrush, may rely more heavily on slow-
varying groundwater as a water source in these basins relative to those in other, climatically 
wetter, basins and this is important for understanding the potential impacts of groundwater 
development on phreatophyte vegetation in a given place. Higher sensitivity in wetter basins 
could be due to either the lack of a connection to groundwater or to groundwater levels that are 
highly responsive to precipitation events and this likely varies among basins. The pattern of 
higher sensitivity in climatically wetter basins is also observed in the wetland and riparian 
vegetation types, albeit the patterns are less consistent (Figure 3).  

The interpretation of high sensitivity to climate is relatively straightforward but there can 
be multiple reasons vegetation exhibits low sensitivity and many of these were observed to be at 
play for wetland vegetation types. Reliance on consistently available ground and surface waters 
is likely a major contributor to low sensitivity of wetland and riparian vegetation types to 
interannual climate variability in this study. However, the impacts of non-climate drivers such as 
water diversions and changing management that are revealed to be quite common by the NDVI 
trend analysis (see next section), in addition to the presence of standing water in some years, also 
have likely obscured relationships with climate, resulting in low sensitivity of these vegetation 
types. In this study, relatively straightforward univariate correlation and regression approaches 
were used to identify relations of NDVI with interannual climate. In the future, more complex 
(e.g., multivariate regression) analyses that involve initially removing the trend in NDVI data 
over time and assessing how the residual variance covaries with climate at multiple timescales 
(i.e., lag effects) could help to discriminate and quantify the relative roles of climate and non-
climate factors on variations in NDVI with greater detail.   

Vegetation Climate-Adjusted Trend 
Trends in NDVI were evaluated in each of the eight basins, after adjusting for variations 

in climatic conditions. Specifically, trends in climate-adjusted NDVI values in each basin were  
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Figure 3. Sensitivity of late-summer NDVI to interannual variations in climatic conditions 

(measured as the correlation coefficient (ρ) between annual median July-Sept NDVI and 
water year potential water deficit) for select LANDFIRE vegetation types within the 
phreatophyte areas of hydrographic basins in this study. Horizontal lines are shown for 
correlation coefficients = 0.2, 0.3, and 0.4 for reference since y-scales vary among plots. 
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compared between the phreatophyte area and the basin as a whole, among vegetation types 
within the phreatophyte area, and among land ownerships in the phreatophyte area. Several 
consistent patterns emerged across basins from this analysis. First, NDVI values for pixels 
outside the phreatophyte areas – especially those in forest and woodland vegetation were, on 
average, trending more positively than those for phreatophyte area vegetation. Phreatophyte area 
vegetation tended to have only slightly positive to slightly negative NDVI trend slopes, on 
average (Figure 4; also see Figure B-1 as an example, and other Detailed Results for maps and 
more information). It could not be confirmed why this pattern exists. One reason NDVI trends in 
phreatophyte areas may be more negative than the uplands is that phreatophyte areas occur 
where terrain is generally flat and are therefore more conducive to development. Moreover, these 
areas occur at the lowest points in the watershed or basin and are also most likely to aggregate 
the direct and indirect effects of anthropogenic disturbances such as land use change, 
groundwater pumping, and surface water diversion. Another potential reason for the observed 
difference is that the greening of forest and woodlands is part of the global greening 
phenomenon driven by increased concentration of carbon dioxide in the atmosphere (Lu et al., 
2016; Zhu et al., 2016). The fact that this greening pattern is occurring even though the estimated 
annual water deficit is not trending lends support to this idea. Greening in the study basins is 
coincident with higher elevations where water availability is less limiting relative to lower 
elevations. Water limitations due to increased upslope water use by forest and woodland 
vegetation (resulting in less downslope water transport) coupled with overall climatically drier 
conditions in the lower elevation valley bottoms may also partially explain why less greening is 
occurring in phreatophyte areas. Regardless of the cause, widespread vegetation greening in 
forests and woodlands is indicative of potentially large-scale changes in water balances. The 
ubiquitous nature of this phenomenon across the basins in this study has implications in terms of 
water yields in Nevada and deserves careful consideration and future research. 

 
Figure 4. Distribution of climate-adjusted trends in late-summer NDVI for pixels within entire 

hydrographic basins vs. those in the phreatophyte areas for all hydrographic basins in this 
study. Note that pixels in hydrographic basins tend to have more positive trend slopes. 
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The second consistent pattern that emerged across basins was that pixels classified as 
riparian, wetland, and Agricultural Pasture and Hayland vegetation types consistently had larger 
magnitude trends and tended to have a larger proportion of negative trends relative to dryland 
vegetation types (Figure 5). This result is likely largely driven by anthropogenic manipulations 
of wetland and riparian vegetation types but may also have a component of natural variability in 
cases where natural surface flow dynamics result in changing water availability for plants. As a 
corollary to this result, private land ownerships tended to have more negative trend slopes, on 
average, relative to federal jurisdictions (most commonly the Bureau of Land Management 
(BLM)) in most basins, though in some basins private lands had a similar average value but 
greater spread in trend slope magnitudes, with both positive and negative trend slopes of larger 
magnitude (See Detailed Results for each basin more information). This result is largely because 
wetland and riparian systems predominantly occur on private lands and there is greater flexibility 
to move and divert water on these lands relative to some other land ownerships (e.g., BLM, USFS). 

Groundwater 
Of the eight basins assessed in this study, groundwater rights are overcommitted relative 

to the perennial yields currently recognized in those basins by the NDWR, in four (Pueblo, 
Steptoe, Goshute, Independence), are at or near (within 20%) of the perennial yield in two 
(Continental Lake and Dixie), and are just under half of the perennial yield in the remaining two  

 

 
Figure 5. Stacked bar chart showing the magnitude and direction of trend slopes for select dryland, 

wetland/riparian, and agricultural LANDFIRE vegetation types within the phreatophyte 
areas of each hydrographic basin. 
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(Mud Meadow and Railroad-North; see Table 3). The quantity of readily available groundwater 
data is highly variable both within and among basins. Lack of consistent and long-term 
groundwater data was the most limiting factor in this study and in many cases the limited number 
of observations at a given well precluded a determination of statistical significance in trends 
despite apparent declines in groundwater levels. Based on a permissive threshold of a minimum 
of 3 yearly observations for assessing trends, the number of wells analyzed for trends ranged 
from 0 in Independence Valley to 155 in Steptoe Valley. Very few (both in time and space) 
observations were available for Dixie Valley and Mud Meadow. Maps and statistics on 
groundwater level trends are presented for each basin in the Detailed Results sections. The 
largest declines in groundwater levels were most often observed in direct association with 
irrigated agriculture (Pueblo, Continental Lake, Dixie, Railroad, Steptoe – often on the order of 
10s of feet in total over the 1985-2019 study period) and mining activities (Railroad, Steptoe– up 
to 100’s of feet in total over the study period), but were also present in areas with non-surface 
disturbance (municipal well in eastern Goshute with ~ 80 ft decline in groundwater levels over 
the study period). Because groundwater wells tend to be co-located with water development and 
in localized areas, it is unclear how they may be affecting GDEs without additional studies to 
estimate the spatial extent of their impacts. More spatially and temporally extensive groundwater 
monitoring data are needed to assess the impacts of groundwater development to water resources 
in these and other basins and specifically within GDEs.  

SUMMARY OF SITE-SPECIFIC RESULTS 
A baseline assessment based on 35-years of Landsat NDVI (1985-2019), climate, and 

readily available groundwater data was conducted for 53 AOIs in 8 hydrographic areas. This 
assessment was paired with field investigation and aerial sUAS surveys that served to ground 

 
Table 3. Summary of perennial yields, committed water rights as of May 2020, number of well 

sites with at least 3 yearly observations of groundwater levels, and the percentage of 
sites with statistically significant increases in depth to groundwater (i.e., declines in 
groundwater levels) based on the modified Mann-Kendall trend test. Note that due to 
unbalanced spatial representation and limited sample sizes, well trend results may not be 
representative of basin-wide changes in groundwater levels. 

Hydrographic Basin 

Perennial 
Yield (PY; 
acre-feet 
per year) 

% of PY 
committed 

# of sites with 
>=3 years of 
groundwater 
levels data 

% of sites with 
significant (p<0.05) 
increases in depth to 
groundwater 

Pueblo Valley 2,000 282 9 78 
Continental Lake Valley 11,000 97 12 33 
Mud Meadow 13,000 44 2 0 
Dixie Valley 15,000 83 41 5 
Railroad Valley - North 32,000 43 25 28 
Steptoe Valley 70,000 277 155 44 
Goshute Valley 11,000 120 38 40 
Independence Valley 9,000 130 0 NA 
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truth changes observed in the satellite record and resulted in the collection of high-resolution 
aerial images that can be used as a baseline for future assessments and monitoring. The AOIs 
were established in GDEs that were identified by USFWS as key locations of ecological 
importance and concern and included several springs, meadows, and wetlands. Maps showing 
the locations of AOIs are provided in the Detailed Results sections. 

A standard set of analyses was conducted for each AOI that generally parallel those that 
were conducted at the basin scale described in previous sections. For each AOI, spatial averages 
(i.e., zonal statistics) of NDVI and gridded climate were calculated to assess NDVI status, NDVI 
sensitivity to climate, NDVI climate-adjusted trends, and climate (potential water deficit) trends. 
In cases where groundwater level measurements were available nearby, these were also 
analyzed.  

Over the course of the study period, no significant trends in potential water deficit were 
observed, and because NDVI trends accounted for interannual variations in water deficit, 
variability in climate can be ruled out as a driver of long-term NDVI trends for AOIs analyzed in 
this study. Field investigations identified that multiple anthropogenic impacts, including water 
diversion and redistribution, channel erosion and incision, invasive plants, and grazing were 
observed at all sites. The Detailed Results sections provide information specific to each AOI and 
selected field photos and orthomosaics that were built from sUAS imagery are included in 
Appendix A. Key findings, including observed anthropogenic impacts and historical trends in 
NDVI and groundwater are summarized for sites in each hydrographic basin in Table 4 and are 
briefly discussed below. 

Pueblo Slough – Pueblo Valley 
The two Pueblo Slough AOIs are within an ephemeral drainage composed of dryland 

vegetation types. Vegetation in the Pueblo Slough AOIs had higher NDVI values prior to the 
year 2000, after which there is a distinct decrease in the magnitude and variability of NDVI 
values. Much of this area is dominated by introduced species, which may explain changes in 
NDVI but this is inconclusive at this time. The lack of groundwater level measurements in the 
slough precludes the ability to assess direct relations between declining groundwater levels and 
changing vegetation within the slough itself but groundwater level declines of 10-20 feet over the 
past 30 years have occurred at observation wells both to the north and south of the AOIs, so it is 
plausible that there is a relation. 

Baltazor Hot Spring – Continental Lake Valley 
NDVI has been in decline at the two Baltazor Hot Spring sites and in much of the 

surrounding area. Declines in NDVI have been occurring since the start of the timeseries (1985). 
Groundwater levels data were not readily available for this site and thus it could not be 
determined whether changes in groundwater availability are playing a role in observed 
vegetation trends. 
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Table 4. Summary of observed anthropogenic impacts and NDVI and groundwater trends for 
AOIs assessed in this study. 

    Observed Impacts     

Basin Site Diverted 
Water 

Channel 
Erosion/I
ncision 

Invasive 
Plants 

Graz
ing 

NDVI 
Trend 

Depth to 
Ground-
water 
Trend 

Pueblo  Pueblo 
Slough 

    X   Decrease Increase 

Continental 
Lake  

Baltazor 
Hot Spring 

  
X X Decrease No Data 

Continental 
Lake  

Bog Springs 
 

X X X Mostly 
Increase 

Insufficien
t Data 

Mud Meadow Soldier 
Meadows 

X X X X Increase 
and 
Decrease 

No Data 

Dixie  Dixie 
Meadows 

X 
 

X X Increase 
and 
Decrease 

Insufficien
t Data 

Dixie  Geothermal 
Plant 

  
X 

 
Decrease Increase 

Railroad  Duckwater 
Area 
Springs 

X X X X Increase 
(Big and 
Little 
Warm) 

No Data 

And 
Decrease 
(Sugar-
shack) 

Railroad  Lockes 
Ranch 

X X X X  Increase No Trend 

Steptoe  Grass 
Springs/ 
Steptoe 
Ranch 

X X X X No Trend No Trend 

Steptoe  Steptoe 
North 
Springs and 
Valley 
Bottom 

 
X X X No Trend 

(Springs) 
Decrease 
(Valley 
Bottom) 

No Data 

Goshute  Johnson 
Springs 
Wetland 
Complex 

X X X X 
(Elk) 

Mostly 
Decrease 

Increase 

Independence  Ralph's 
Warm 
Springs 

No Data No Trend No Data 
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Bog Springs – Continental Lake Valley 
NDVI status and trends at the Bog Springs (Hot, Warm, Cold) sites have remained stable 

to on a slightly positive trajectory over the 1985-2019 time period. Trends of readily available 
groundwater are inconclusive as the time period of these observations is very limited and 
groundwater levels were not available adjacent to the springs. 

Soldier Meadows – Mud Meadow 
The NDVI trends in Soldier Meadows are among the highest magnitude observed across 

all sites in this study, indicating substantial alteration of this system. The relatively equal areas of 
strongly positive and strongly negative trends indicate vegetation responses to what appears to be 
substantial movement of water and flow alteration over the course of the study period, but not 
necessarily less water to the system (which would be indicated if the area exhibited dominantly 
negative trends). Some of these flow alterations are readily tracked as mirrored NDVI increases 
and decreases. Groundwater levels data are not readily available for the Soldier Meadows area 
and would be useful for monitoring relations between vegetation change and DTW in response to 
future management activities in this area. 

Dixie Meadows – Dixie Valley 
The NDVI trends in Dixie Meadows are also among the highest magnitude observed 

across all basins in this study, similar to Soldier Meadows, indicating substantial alteration of 
this system. The relatively equal areas of strongly positive and strongly negative trending areas 
within Dixie Meadows indicate vegetation responses to what appears to be substantial movement 
of water and flow alteration over the course of the study period, but not necessarily less water to 
the system (which would be indicated if the area exhibited dominantly negative trends). Some of 
these flow alterations are readily tracked as mirrored NDVI increases and decreases. 
Groundwater levels data are not readily available within Dixie Meadows but would be useful for 
monitoring relations between vegetation change and DTW in response to future management 
activities. Continued monitoring of nearby wells installed for the 2009-2011 study (Garcia et al., 
2015), which currently have too few observations to draw conclusions about trends, might also 
be useful for monitoring change due to management activities. 

Dixie Valley near Geothermal Plant – Dixie Valley 
NDVI values for the dryland AOI near the geothermal powerplant in Dixie Valley exhibit 

an abrupt shift toward lower values starting in 1999. Shallow groundwater levels have also 
declined here, though a lack of readily available groundwater levels data in the years surrounding 
1999 preclude the ability to assess the connection between these two changes. It is notable that 
pumping of the basin fill aquifer began in this area in 1997. Acquisition of a more complete 
timeseries of groundwater levels in this area for the late 1990’s and examination of a broader 
extent of vegetation surrounding the AOI may provide useful information regarding impacts of 
groundwater pumping on dryland phreatophyte vegetation. This site was also notable in that the 
groundwater well analyzed was co-located with natural vegetation cover, enabling the potential  
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to make direct relations between groundwater levels and vegetation response. This co-location is 
extremely rare, as most wells analyzed in the study were located within highly developed land 
cover types (i.e., mines, irrigated agriculture). 

Duckwater Area Springs – Railroad Valley - North 
Four AOIs surrounding four springs on the Duckwater Reservation were assessed. Big 

and Little Warm Springs exhibit increased NDVI over the course of the study period, which may 
reflect the effects of restoration activities (e.g., Big Warm Springs restoration in 2005-2006). 
Little Warm Spring had the largest change. Schoolhouse Spring and Sugarshack Spring both 
exhibit declines in NDVI starting in about 1999; NDVI in Schoolhouse Spring has rebounded in 
recent years resulting in no trend, while NDVI at Sugarshack Spring remains low. Stream 
incision and grazing activity are likely affecting conditions at the latter site. Groundwater levels 
data in close vicinity to the Duckwater springs are not readily available but would be useful for 
monitoring relations between vegetation change and DTW in response to future management 
activities. The two closest wells, which are 9.3 miles away and not necessarily representative, 
show relatively stable groundwater levels in recent years. 

Lockes Ranch Springs – Railroad Valley - North 
AOIs surrounding four springs on Lockes Ranch and one unnamed spring to the south of 

the ranch were assessed and all showed increasing NDVI trends. Almost exclusively positive 
trends were observed across the entire Lockes Ranch wetland area and the spring-influenced area 
to the south, suggesting an increase in water available for vegetation over the study period. North 
Spring exhibited a shift from downward to upward trending NDVI, likely in response to 
restoration that was completed in 2008, whereas other sites showed consistent increases over the 
entire time period. Groundwater levels in wells near Lockes Ranch have limited data records 
(i.e., 3-5 observation years), none of which are recent (i.e., measurements taken between  
1993-2010), and do not show any large changes in groundwater levels. 

Steptoe Ranch and Grass Springs – Steptoe Valley 
NDVI at the Grass Springs and Steptoe Ranch AOIs have been relatively stable to 

slightly positively trending. Large positive and negative trends are evident in the surrounding 
areas that may reflect diversion of water, changes in management, or changes in vegetation vigor 
or composition. Groundwater levels in the Grass Springs and Steptoe Ranch areas also appear to 
have been relatively stable over the 1985-2019 time period and water levels show covariation 
with climate. Extensive areas of negative trends are observed downgradient from the AOIs and 
throughout the valley bottom of Steptoe Valley. The reasons for these declines are unknown at 
this time.  

Steptoe North Springs and Valley Bottom – Steptoe Valley 
NDVI in the four Steptoe North springs AOIs appear to have been relatively stable over 

the course of the study period. Average NDVI values are lower and NDVI climate sensitivities 
are higher for the Steptoe North springs sites relative to the Grass Springs and Steptoe Ranch 
springs sites despite overall similar spring types and settings. The lower sensitivity of vegetation 
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to variations in climatic conditions of the Grass Springs and Steptoe Ranch sites may be due to 
more extensive water or vegetation manipulations on these privately owned sites that have 
decoupled the natural vegetation-climate relationship. These latter sites also appear to have 
greater springflow, as evidenced by larger zones of influence. 

NDVI in the Steptoe North valley bottom AOIs has declined significantly over the period 
of record with one of these showing a transition from more mesic conditions (NDVI greater than 
0.3) to an invasive annual forbland/grassland. Such declines in NDVI are observed throughout 
the Steptoe Valley drainage, though it is not clear how representative these sites are of other 
areas where similar declines are observed and the reason for these declines are not clear.  

Groundwater level data are not available in the vicinity of Steptoe North but across the 
valley (~5 miles away), groundwater levels are declining at a rate of roughly 0.5 feet per year. It 
is plausible that widespread NDVI declines along the Steptoe Valley bottom are related to 
declines in groundwater levels. 

Johnson Springs Wetland Complex – Goshute Valley 
Six AOIs were assessed in the Johnson Springs Wetland Complex, surrounding Big 

Spring, Central and Hillslope Springs, Southern Springs, Northern Springs and outflow, Upper 
Hardy Creek, and Johnson Marsh. All but one of these have declining NDVI trends, though the 
trend is only statistically significant for Big Spring and for the Central and Hillslope Springs. Big 
Spring, Central and Hillslope Springs, and Southern Springs AOIs all exhibit a shift to lower 
NDVI values in 2007, which may have been caused by drought conditions, changes in water 
management, and/or mine development, which all occurred at this time. Increases in DTW are 
observed surrounding the wetland complex but the lack of a suitably long time series precludes 
the ability to assess relations between groundwater levels and vegetation. Acquisition of a more 
complete timeseries of groundwater levels for this area may help to more clearly identify these 
relations and may help to diagnose the shifts that occurred in 2007 in some AOIs. 

Ralph’s Warm Springs – Independence Valley 
NDVI within Ralph’s Warm Springs AOIs is not strongly trending and tends to vary with 

interannual climate. The lack of groundwater level measurements in the wetland complex 
precludes the ability to assess relations between groundwater levels and vegetation. 

CONCLUSIONS 
The objective of this study was to establish a baseline for monitoring and assessing the 

potential impacts of groundwater developments on GDEs in selected hydrographic basins of 
Nevada by quantifying the current status and historical trends in the condition of groundwater 
dependent vegetation relative to trends in both climate and groundwater levels. Analyses were 
completed for Pueblo, Continental Lake, Mud Meadow, Dixie, Railroad-North, Steptoe, 
Goshute, and Independence Valleys in Nevada. Key findings are as follows:  

• In several valleys, the areal extents of phreatophyte areas were substantially smaller than 
was estimated historically, suggesting that either the historical extents were 
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overestimated or that there have been substantial losses of groundwater dependent 
species due to lowered groundwater levels. Disparities among historical and 
contemporary methods of phreatophyte delineation such as those observed in this study 
are common throughout the Great Basin (Minor, 2019).  These differences are important 
and merit further investigation, as real losses in groundwater dependent vegetation 
indicate large-scale ecological change, while historical overestimation of the 
phreatophyte area may suggest historical overestimation of the groundwater discharge, 
which has served as the basis for determining the perennial yield and groundwater 
appropriations for each valley.  

• Analysis of Landsat satellite data over 35 years revealed that vegetation outside the 
phreatophyte areas – especially forest and woodland vegetation was, on average, trending 
more positively than phreatophyte area vegetation, which tended to have only slightly 
positive to slightly negative trends. The ubiquitous nature of positive trends in uplands 
indicates potentially increasing water use by upland vegetation and this has implications 
for water yields in Nevada. Furthermore, the more widespread slightly negative trends 
observed in valley bottom phreatophyte areas are indicative of compounding stresses of 
land cover change, groundwater pumping, and surface water diversion on these 
ecosystems. The trends observed in this study and their causal factors deserve careful 
consideration and future research. 

• Similar to (Huntington et al. (2018) and Albano et al. (2020), localized areas of water 
stressed vegetation were observed where substantial declines in groundwater levels had 
occurred and in some cases NDVI trends indicated transitions from mesic to dryland 
vegetation over the 35 year study period. Despite this, facultative phreatophyte species 
such as greasewood were observed to still be persisting where groundwater levels are 
currently well below rooting depths for these species, suggesting that they are subsisting 
on precipitation. 

• Areas classified as riparian, wetland, and low-intensity agricultural vegetation 
consistently had larger magnitude trends and tended to have a larger proportion of 
negative trends relative to dryland vegetation types,  consistent with previous assessments 
conducted in other groundwater basins in the Great Basin, where large trends were 
observed in mesic vegetation types (Albano et al., 2020; Huntington et al., 2018). 

• Permitted groundwater rights are higher than the current estimated perennial yield in half 
of the eight basins assessed. Lack of consistent and long-term groundwater data was the 
most limiting factor in this study. Given the available data, over 25 percent of wells in 
each of five basins had statistically significant declines in groundwater levels. The largest 
declines in groundwater levels were most often observed in direct association with 
irrigated agriculture (up to 10’s of feet over 35 years) and mining activities (up to 100s of 
feet). Large declines in groundwater levels have also been observed in other basins where 
substantial agricultural development has occurred (Albano et al., 2020; Huntington et al., 
2018), with impacts to GDEs observed in some cases. 



27 

• Substantial human impacts were documented at all GDE sites that were visited in the
field, but trends in vegetation over time varied from negative to neutral to positive. In
most cases, there was insufficient groundwater levels data available within or near the
GDE sites to quantify groundwater-vegetation relations. This is an important data gap
that will be essential to fill in order to understand the effects of water development on
these ecosystems.

RECOMMENDATIONS FOR FUTURE MONITORING 
The data and analyses presented in this report and provided in the accompanying 

database provide a strong foundation for future assessment and monitoring at both basin and site-
specific scales. A summary of key recommendations for future monitoring is provided here. 

The sUAS-based orthomosaic images collected for this study provide documentation of 
current vegetation conditions with a very high level of detail (~sub centimeter-6 centimeter pixel 
resolution). This aspect of the assessment is valuable because like many springs, wetlands, and 
meadows in Nevada, many of the sites assessed in this study had small, linearly shaped spatial 
extents, with some spring heads and channels measuring just a few meters in width. The 30-m 
Landsat imagery used in this study is still generally able to detect the anomalously green 
vegetation signals in these ecosystems relative to the surrounding environment, but for small or 
linear features, the signal may be dominated by surrounding dryland vegetation with lower 
NDVI values and higher sensitivity to interannual climate variability. Despite these drawbacks, 
the Landsat archive is unrivaled in terms of the consistent long-term record of variability and 
change that it can provide. The high level of detail provided by sUAS-based assessments provide 
an excellent complement to the long-term Landsat record.  

Looking forward, several additional analyses could be pursued to add value to the data 
collected in this study and for future monitoring. For example, classification of sUAS imagery to 
quantify percent cover of bare ground and vegetation types will provide a quantitative baseline to 
which future assessments can be compared. Future assessments could be conducted using the 
same sUAS flight paths and parameters used in this study, which are provided in the 
accompanying database. In addition, multi-sensor fusion techniques that link sUAS-based (or 
aerial) imagery to the long-term Landsat record would enable estimation and extrapolation of 
metrics derived from high spatial resolution images to historical Landsat images, providing a 
more detailed long-term record. Overall, an effective monitoring program would ideally include 
continued collection of sUAS-based imagery at regular intervals (i.e., annually to every few 
years), imagery classification, and multi-sensor fusion that would enable extrapolation to the 
Landsat archive. This would also involve more detailed vegetation assessments and mapping 
than was conducted in this study to enable training and validation of the classification algorithms 
and products. 

In the absence of collection of sUAS imagery, which may be limited in many cases where 
landowner permission is a prerequisite, applying classification and multi-sensor fusion methods 
to aerial imagery or more recently acquired high-resolution satellite data from public (e.g., 
Sentinel, 10-30 meter resolution) or commercial (e.g., Planet Scope, 3 meter resolution) 
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sources could provide improved granularity to Landsat data, albeit at lower spatial resolution 
than would be the case for sUAS imagery. Advantages of using these newer satellite products are 
that the temporal resolution (i.e., revisit time) is typically sub-weekly, providing opportunities 
for more continuous monitoring, as well as reduced costs for field work and post-processing of 
sUAS data. 

In this assessment, linear relations between annual water deficit and late-summer NDVI 
were quantified and associated 75th and 95th percentile prediction intervals for the 35-year study 
period. This baseline information provides context for interpreting future NDVI observations. 
For example, future values that fall outside the 75th percentile prediction interval for a given 
annual water deficit value may indicate undesirable change and the need for further investigation 
of possible causal factors. This approach for NDVI-based monitoring of sites is recommended 
for sites that a) exhibit sensitivity to interannual climate variability and b) do not exhibit trends 
within or across the timeseries. In cases where NDVI-climate relations are weak or NDVI is 
trending due to non-climate factors, the use of annual climate to estimate expected NDVI is 
likely to be unreliable but the prediction intervals may still be useful for identifying the 
occurrence of anomalous NDVI values relative to the historical record. Development of a near 
real-time web-based tool, similar to climateengine.org, that enables automation and visualization 
of these kinds of analyses for existing and customizable areas of interest would enable timely 
and efficient monitoring to be conducted at low cost. 

In the current study, relatively straightforward linear correlation and regression analyses 
were employed to assess relations between interannual variations in climate and NDVI 
responses. Weak correlations between climate and NDVI were observed at many sites where 
large changes (both linear and non-linear) on the landscape also occurred and may have 
decoupled the natural climate-NDVI signal. In the future, more complex (e.g., multivariate) 
analyses that involve initially detrending the NDVI data from time based on either linear or non-
linear smoothing functions, as appropriate, and assessing the correspondence between the 
residual variation and multi-year climate lag effects could help to discriminate and quantify the 
relative roles of climate and non-climate factors on variations in NDVI with greater detail.   

As noted previously in this report, the lack of readily available groundwater data was one 
of the main limitations of this study, and this was especially true for the site-specific analyses. 
The Dixie Valley geothermal site was the only place where groundwater levels and vegetation 
data were truly co-located. It is recommended that groundwater level measurements be collected 
directly within wetland ecosystems to allow for more definitive connections to be made between 
groundwater levels and ecological responses. While seasonally consistent annual measurements 
would be suitable, collection of monthly or higher temporal resolution measurements throughout 
the growing season would provide for a richer characterization of the groundwater regime and 
associated ecological responses. In cases where groundwater pumping and development are 
occurring, collection of groundwater measurements at the site of development and at varying 
distances between the site and the GDEs of interest is recommended in order to provide an early 
warning of potential impacts to the GDE, which may lag behind initial declines in groundwater 
levels at the development site (Rohde et al., 2020). 

http://climateengine.org/
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In summary, analyses of the responses of groundwater dependent vegetation in relation to 
documented variations and trends in climatic conditions and groundwater levels is requisite to 
understanding factors responsible for past changes in, and the current condition of, GDEs, the 
development of effective and efficient monitoring schemes for their protection, and anticipating 
impacts from groundwater development and changes in climatic conditions. Approaches 
described herein provide the starting point to achieve this understanding and can be applied to 
evaluate those in other basins of Nevada. Development of future monitoring schemes can draw 
from the baseline information and recommendations for future monitoring presented in this 
report, including continued use of sUASs for high-resolution imagery collection to complement 
the Landsat archive, development of web-based tools for automated analyses and visualization of 
satellite-based monitoring data, employment of advanced statistical methods to more rigorously 
quantify the roles of climate and management factors on NDVI, and additional groundwater 
monitoring in and around key ecosystems and AOIs of interest. Results and recommendations 
from this study will enhance the current understanding of groundwater-vegetation-climate 
relations in space and time. 
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SECTION A: DETAILED RESULTS - PUEBLO VALLEY 

HISTORICAL CONTEXT 
Early reconnaissance studies of the Pueblo Valley (90,434 acres) by Sinclair (1963) 

estimated a phreatophyte discharge area of 6,000 acres (Table A-1) “consisting in large part of 
greasewood” and a perennial yield of approximately 2,000 acre-feet per year (AFY). At the time 
of that report, estimated groundwater pumping was approximately 1,000 AFY for irrigation. As 
of May 2020, the basin is over committed with 5,600 AFY in water rights committed (2.8 times 
the perennial yield), with the majority of water rights permitted for irrigation (NDWR, accessed 
5/20/20). Over the course of the 1985-2019 study period, average water year precipitation over 
the entire hydrographic basin was 12.9 inches – the second highest of all basins in this study, and 
potential evapotranspiration was 49.7 inches – the third lowest among all basins in this study. 

 
Table A-1. Type and areal extents of vegetation within the phreatophyte area (PA) based on 

historical (Sinclair, 1963) and contemporary (LANDFIRE) accounts. The total 
phreatophyte area is based on Sinclair (1963) for historical and Minor (2019) for 
contemporary. 

Historical 

 Vegetation Type Acres % of PA 

 Greasewood 6,000 100% 

 Total 6,000  100% 
Contemporary 

 Vegetation Type Acres % of PA 

D
ry

la
nd

 

Big Sagebrush Shrubland and Steppe 1,407.8  40.9% 
Greasewood Shrubland 689.7  20.1% 
Desert Scrub 107.4  3.1% 
Salt Desert Scrub 248.0  7.2% 
Sparse Vegetation 572.8  16.7% 
Other 59.9 1.7% 

  Freshwater Marsh 0.7  0% 

D
is

tu
rb

ed
/ 

D
ev

el
op

ed
 Agricultural-Close Grown Crop 27.9  0.8% 

Agricultural-Fallow/Idle Cropland 2.2  0.1% 
Developed or Transitional 4.2 0.1% 
Introduced Vegetation 318.2 9.3% 

  Total    3,439  100% 
 

http://water.nv.gov/DisplayHydroGraphicMannerOfUseCommitment.aspx?basin=001
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VEGETATION 
Comparison of Historical and Contemporary Vegetation 

Distributions of LANDFIRE vegetation types within the updated phreatophyte area 
delineated by Minor (2019) are presented with historical descriptions from Sinclair (1963) in 
Table A-1. Sinclair (1963) describes the phreatophyte area as predominantly greasewood, which 
may be inconsistent with the contemporary vegetation classifications of predominantly Big 
Sagebrush Shrubland and Steppe with smaller components of Greasewood Shrubland and 
Sparse Vegetation. This could indicate vegetation change in response to increases in DTW that 
are observed in the data (see Groundwater section). Greasewood is a species that can occur 
within the LANDFIRE Big Sagebrush Shrubland and Steppe  but it is not the ‘predominant’ 
species. Another reason for a smaller greasewood component in the contemporary classification 
is due to areas classified as disturbed or developed (10.3%). The relatively large proportion of 
disturbed and developed vegetation classes suggests substantial anthropogenic change has likely 
occurred within this basin. Notably, the contemporary phreatophyte area delineated by Minor 
(2019) is just over ½ the acreage delineated by Sinclair (1963). Whether this is due to increases 
in DTW vs. overestimation of the phreatophyte area by Sinclair (1963) merits further 
investigation. 

Vegetation Climate-Adjusted Trends 
Climate-adjusted trends in late-summer NDVI for Pueblo Valley are shown in Figure  

A-1a. The direction and magnitude of trends vary across the basin, with some of the largest 
positive (dark blue) trends and negative (dark red) trends on or immediately adjacent to 
agricultural lands. Slight negative trends are evident along the Pueblo Slough, the main drainage 
to the North of Continental Lake. Overall, upland regions exhibited more positive trends as 
compared to the phreatophyte area (Figure A-1b), as is observed in other basins in this study. 
Among land ownerships within the phreatophyte area, the distribution of trend slopes on private 
lands was wider relative to BLM lands, indicating more pixels with large positive and negative 
trend slopes on private lands (Figure A-1c). 

GROUNDWATER 
Maximum recorded DTWs for the 1985-2019 study period ranged from 57 to 95 feet 

among wells, with an average maximum depth of 74 feet. No groundwater level data were 
readily available in the phreatophyte area. It is important to note that the frequency and timing of 
groundwater level measurements for individual wells varied during the study period, potentially 
affecting the estimated trends in DTW. Wells with a minimum of 3 years of groundwater depth 
observations during 1985-2019 (n = 9; Figure A-2a) were included in the trend analysis, and all 
but one of these had greater than 15 years of observations (Figure A-2c). Increasing DTW has 
occurred at all of these locations and range between 0.4-0.7 feet per year (Figure A-2b), which 
can amount to a few to several feet of change, depending on period of time over which the 
observations occurred. Of the 9 wells, 7 had statistically significant increases in DTW (modified 
Mann-Kendall test p less than 0.05).  

https://explorer.natureserve.org/Taxon/ELEMENT_GLOBAL.2.722895/Inter-Mountain_Basins_Big_Sagebrush_Shrubland
https://explorer.natureserve.org/Taxon/ELEMENT_GLOBAL.2.722894/Inter-Mountain_Basins_Big_Sagebrush_Steppe
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Figure A-1. Climate-adjusted trends in late-summer NDVI in the Pueblo Valley (a), comparison of 

the distribution of trend slopes for pixels within the entire hydrographic basin vs. those 
in the phreatophyte area (b), and comparison of the distribution of trend slopes for 
pixels within different land ownerships in the phreatophyte area (PA) (c). 
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Figure A-2. Trends in depth to groundwater for wells in the Pueblo Valley (a), the overall 

distribution of trend slopes (b), and the overall distribution of sample sizes (# 
observation years) per well (c). Increasing (yellow to red) trends indicate increased 
depth to groundwater over time (i.e., lowered groundwater levels). Statistically 
significant well trends (p less than 0.05; modified Mann-Kendall test) are indicated by 
an asterisk in the middle of well location points in (a). 
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SITE-SPECIFIC ANALYSES 
Pueblo Slough 
Site description 

The Puelo Slough is a NE-SW oriented, low-gradient, intermittent drainage (Figure A-3) 
that is dominated by Greasewood Shrubland, Sparse Vegetation, Big Sagebrush Shrubland and 
Steppe, and Introduced Upland Vegetation-Shrub, as classified by LANDFIRE. The two AOIs 
analyzed in this area both contained a mix of these vegetation types, but the smaller one to the 
north has a greater proportion classified as the Introduced Upland Vegetation-Shrub type. 
Photographs and ground observations were collected at this smaller, invasive dominated site 
(AOI-0), which contained a near-monoculture of invasive Salsola sp. (65% cover) and bare 
ground (30% cover). There was clear evidence of livestock grazing (cow pies). The area 
surrounding the transect was consistent with the LANDFIRE classifications of shrubland and 
sparse vegetation types (See Appendix A for site descriptions, selected photos, and sUAS 
imagery). Additional images and data for these sites are included in the accompanying database. 

 

 
Figure A-3. Maps showing depth to groundwater trends, climate-adjusted NDVI trend (left), and 

aerial imagery (right) for two Areas of Interest (AOIs) in the Pueblo Slough. AOI and 
depth to groundwater trend labels correspond to data in Tables A-2 and 3. Statistically 
significant well trends (p less than 0.05; modified Mann-Kendall test) are indicated by 
an asterisk in the middle of well location points. 
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Vegetation 
The two AOIs analyzed here included AOI-0, where field observations were made, and 

another larger area to the south (AOI-1) that was selected to be more representative of conditions 
in the slough. NDVI values at both sites had similar ranges of about 0.1 to 0.2 and relatively high 
correlations with interannual climate (Table A-2), consistent with what would be expected in 
dryland vegetation types. Both areas had statistically significant declining NDVI trends; the 
smaller, more invaded site (AOI-1) has a steeper trend (Table A-2). Timeseries of NDVI for both 
of these sites show that NDVI tended to be higher and more variable prior to about the year 2000 
and the downward trend is mostly attributable to differences between pre- and post-2000 (Figure 
A-4). The reason for this apparent step-change could not be determined.  

 

 
Figure A-4. Timeseries of late-summer NDVI and water year annual potential water deficit for the 

GridMET grid cell overlaying AOIs in the Pueblo Slough. 
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Table A-2. Zonal statistics for Areas of Interest (AOIs; Figure A-3) in the Pueblo Slough area. 
NDVI sensitivity is the correlation coefficient between NDVI and annual water deficit, 
climate-adjusted NDVI trend is the Sen’s slope in NDVI (1985-2019), accounting for 
the influence of annual water deficit, and climate trend is the Sen’s slope in annual 
water deficit (1985-2019). Blue/red shading indicate statistically significant 
positive/negative trends or correlation. No shading indicates trend or correlation was 
not statistically significant based on a threshold p-value of 0.05. Trend test p-values are 
based on the modified Mann-Kendall test. AOI photos and site descriptions can be 
found in Appendix A. 

 

1985-2019 Annual 
Median July-Sept. 

NDVI 

NDVI 
Sensitivity to 
Climate (ρ) 

Climate- 
Adjusted 

NDVI 
Trend 

Climate 
Trend 
(in/yr) 

AOI No. Min. Mean Max. 
0 0.11 0.16 0.23 0.56 -0.0013 -0.02 
1 0.10 0.13 0.18 0.49 -0.0007 -0.02 

 
The linear regression relationships between NDVI and potential water deficit (Figure  

A-5) and their prediction intervals provide context for interpreting future monitoring 
observations of NDVI. For example, future values that fall outside the 75th percentile prediction 
interval for a given annual water deficit value may indicate undesirable change and the need for 
further investigation of possible causal factors. Based on the historical record and the 75th 
percentile prediction interval, spatially averaged NDVI values in a very dry year are generally 
expected to be greater than 0.09 for both AOIs and for a very wet year they are expected to be 
greater than 0.18 for AOI-0 and greater than 0.13 for AOI-1 (Figure A-5). 

 

 
Figure A-5. Linear regression relationships between annual water deficit and NDVI with 75th (gray) 

and 95th (blue) percentile prediction intervals (PI). Numbers indicate lower bound of 
75th PI NDVI value for highest, median, and lowest water deficit. 
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Groundwater 
The closest wells to the AOIs are grouped approximately 1.24 miles to the north and 

1.8-2.5 miles to the south. Although absolute water levels in these wells are not necessarily 
representative of DTW conditions for the AOIs, we note here that all wells have declining 
groundwater levels (increased DTW), and declining levels are evident as far back as 1985 (Table 
A-3). Declines range from 0.4 to 0.65 feet per year and amount to 10-20 feet between the early 
1990’s and 2019. Timeseries for three selected wells (Figure A-6), one from the group to the 
north and two from the group to the south of the AOI indicate that groundwater level declines 
have been ongoing over the entire study period for each of these wells, with some slight variation 
that appears to correspond with fluctuations in basin-averaged annual potential water deficit. 
Well-3 has the longest record, and the precipitous decline in groundwater levels starting in 1986 
followed by consistently lower groundwater levels generally corresponds to the development of 
the surrounding area for irrigation as shown in Google Timelapse (must use Chrome browser for 
link to work). Timelapse shows that this is the main area of irrigation development since 1984, 
with areas further to the north already established at this time. 

 
Table A-3. Depth to groundwater statistics for wells in the vicinity of the Pueblo Slough (see 

Figure 7). Depths are reported as feet below land surface. Positive trends indicate 
increasing depth to groundwater (i.e., lower groundwater levels) between 1985-2019. 
Red/blue shading indicates statistically significant positive/negative trends. No shading 
indicates non-significant trend slopes based on a threshold p-value of 0.05. Trend test  
p-values are based on the Mann-Kendall test modified to account for up to 3-years of 
serial autocorrelation. 

Map 
ID Site Name No. 

Years 
Start 
Year 

End 
Year 

Min. 
Depth 
(ft) 

Max. 
Depth 
(ft) 

Mean 
Depth 
(ft) 

Trend 
Slope 
(ft/yr) 

0 001 N47 E30 04BA 1 18 2002 2019 39.0 56.9 44.6 0.65 

1 001 N47 E30 04BB 1 18 2002 2019 54.2 68.1 59.6 0.66 

2 001 N47 E30 15CBAA 1 26 1991 2019 42.9 60.8 51.2 0.64 

3 001 N47 E30 15CDCD 1 28 1985 2012 40.7 64.9 55.3 0.51 

4 001 N47 E30 15CDCD 2 6 2014 2019 71.1 77.0 74.4 0.39 

5 001 N47 E30 15DDCC 1 27 1992 2019 60.5 76.9 69.9 0.52 

6 001 N47 E30 22ABCC 1 26 1991 2019 68.3 89.3 77.7 0.60 

7 001 N47 E30 22ADDC 1 26 1994 2019 94.5 109.8 102.1 0.53 

8 001 N47 E30 22BCDD 1 27 1991 2019 77.4 94.4 87.2 0.55 
 

https://earthengine.google.com/timelapse#v=41.97077,-118.64644,11.187,latLng&t=1.5&ps=25&bt=19840101&et=20181231&startDwell=0&endDwell=0
https://earthengine.google.com/timelapse#v=41.97077,-118.64644,11.187,latLng&t=1.5&ps=25&bt=19840101&et=20181231&startDwell=0&endDwell=0
http://water.nv.gov/WaterLevelDataChart.aspx?autoid=282
http://water.nv.gov/WaterLevelDataChart.aspx?autoid=283
http://water.nv.gov/WaterLevelDataChart.aspx?autoid=276
http://water.nv.gov/WaterLevelDataChart.aspx?autoid=277
http://water.nv.gov/WaterLevelDataChart.aspx?autoid=6225
http://water.nv.gov/WaterLevelDataChart.aspx?autoid=278
http://water.nv.gov/WaterLevelDataChart.aspx?autoid=279
http://water.nv.gov/WaterLevelDataChart.aspx?autoid=280
http://water.nv.gov/WaterLevelDataChart.aspx?autoid=281
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Figure A-6. Timeseries of annual depth to groundwater measurements for select wells (see Figure 7 

and Table 4) nearest to the Pueblo Slough and basin-averaged annual potential water 
deficit. 

 

SUMMARY 
• The coarseness of the description of the historical phreatophyte area vegetation makes it 

difficult to determine how vegetation has changed since the study of Sinclair (1963), though 
it is possible there has been a shift from predominantly greasewood vegetation to sagebrush 
shrubland. There are discrepancies between the historical and contemporary phreatophyte 
boundaries, with the contemporary boundary indicating a 43 percent smaller phreatophyte 
area than the historical boundary delineated by Sinclair (1963). Whether this discrepancy 
represents error in the original delineation vs. actual change over time (e.g., due to observed 
declining groundwater levels) is inconclusive at this time. A relatively large proportion 
(12%) of the contemporary phreatophyte area contains agricultural development and 
vegetation communities dominated by introduced species, indicating anthropogenic change 
(Table A-1). 

• Vegetation climate-adjusted trends are smaller in magnitude than those observed in other 
basins in this study, which may partly be explained by the lack of shallow groundwater and 
wetland vegetation (which tend to have larger trends) in this basin. The largest trends are 
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observed in areas within and adjacent to agricultural development and on private lands 
(Figure A-1 and Figure 5). 

• Committed water rights in Pueblo Valley are 2.8 times greater than the estimated perennial 
yield. Groundwater levels exhibit declines at every well, and declines have been ongoing 
since at least 1985. Declines range from 0.4-0.8 feet per year and amount to 10-20 feet 
between the early 1990’s and 2019 (Figure A-2, Table A-3, Figure A-6).  

• Vegetation in the Pueblo Slough had higher NDVI values prior to the year 2000, after which 
there is a distinct decrease in the magnitude and variability of NDVI values. Much of this 
area is dominated by introduced species, which may explain changes in NDVI, but this is 
inconclusive at this time (Figures A-4 and 5). The lack of groundwater level measurements in 
the slough precludes the ability to assess relations between declining groundwater levels and 
changing vegetation but given the magnitude of groundwater decline that has occurred, it is 
plausible that there is a relation. 

• Ranges of expected NDVI values based on annual potential water deficit are presented for 
AOIs within Pueblo Slough (Figure A-5), and may be useful for assessing future 
observations and assessing thresholds and trigger levels for prompting field investigations 
and/or vegetation and water monitoring, management, and mitigation actions. 
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SECTION B: DETAILED RESULTS - CONTINENTAL LAKE VALLEY  

HISTORICAL CONTEXT 
Early reconnaissance studies of the Continental Lake Valley (135,860 acres) by Sinclair 

(1963b) estimated a phreatophyte discharge area of 28,750 acres, with 28,000 (97%) comprised 
of greasewood and 750 acres (3%) comprised of playa and saltgrass (Table B-1). Estimated flow 
from Bog Hot Spring was 2.8 cubic feet per second (CFS). The perennial yield was estimated to 
be 11,000 AFY. At the time of the Sinclair (1963) report, estimated groundwater pumping was 
approximately 500-700 AFY for irrigation. As of May 2020, the basin is almost fully committed 
with 10,700 AFY (97%) of water rights committed, with the majority of this for irrigation water 
use (NDWR, accessed 5/20/20). Over the course of the 1985-2019 study period, average water 
year precipitation over the entire hydrographic basin was 10.1 inches and potential 
evapotranspiration was 51.5 inches – both values are intermediate among all basins in this study. 

 
Table B-1. Type and areal extents of vegetation within the phreatophyte area (PA) based on 

historical (Sinclair, 1963b) and contemporary (LANDFIRE) accounts. The total 
phreatophyte area is based on Sinclair (1963b) for historical and Minor (2019) for 
contemporary. 

Historical 

 Vegetation Type Acres % of PA 
 Greasewood     28,000  97% 

 Playa and Saltgrass         750  3% 
 Total   28,750  100% 

Contemporary 

 Vegetation Type Acres % of PA 

D
ry

la
nd

 

Big Sagebrush Shrubland and Steppe       1,635  8.3% 
Greasewood Shrubland       6,613  33.6% 
Desert Scrub           39  0.2% 
Salt Desert Scrub         759  3.9% 
Sparse Vegetation       7,216  36.7% 
Other 93 0.5% 

W
et

la
nd

/ 
R

ip
ar

ia
n Freshwater Marsh           22  0.1% 

Western Riparian Woodland and 
Shrubland           28  0.1% 
Open Water 29 0.1% 

D
is

tu
rb

ed
/ 

D
ev

el
op

ed
 Agricultural-Close Grown Crop       1,139  5.8% 
Agricultural-Fallow/Idle Cropland         275  1.4% 
Agricultural-Pasture and Hayland         149  0.8% 
Developed or Transitional 175 0.9% 
Introduced Vegetation 1516 7.7% 

  Total   19,688  100% 

http://water.nv.gov/DisplayHydroGraphicMannerOfUseCommitment.aspx?basin=002
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VEGETATION 
Comparison of Historical and Contemporary Vegetation 

Distributions of LANDFIRE vegetation types within the updated phreatophyte area 
delineated by Minor (2019) are presented with historical descriptions from Sinclair (1963b) in 
Table B-1. Approximately 75 percent of the area is currently classified as equal areas of 
Greasewood Shrubland and Sparse Vegetation, with smaller areas of other vegetation types. 
Sinclair (1963b) described the phreatophyte area as 97 percent greasewood-dominated and 
3 percent saltgrass playa. Differences between the historical description and contemporary 
classification might suggest a transition from greasewood shrubland to more sparse vegetation, 
which could be a result of declining groundwater levels observed in this basin (see Groundwater 
section) but because the historical descriptions are so coarse, a conclusion can’t be drawn. 
Without information on the historical density of greasewood, it is difficult to draw any definitive 
conclusion as to whether a transition to sparser vegetation has occurred. Greasewood could be 
included in the contemporary classification of Sparse Vegetation, albeit only at low (less than 
10%) density. Differences may also be partly explained by the contemporary presence of 
disturbed or developed LANDFIRE classes, which are considerable (16.6%), indicating a 
substantial anthropogenic footprint and land cover change within this basin. Notably, the 
contemporary phreatophyte area delineated by Minor (2019) is approximately 70 percent of the 
acreage delineated by Sinclair (1963). Whether this is due to increases in DTW and associated 
loss of phreatophyte vegetation vs. overestimation of the phreatophyte area by Sinclair (1963) 
merits further investigation. 

Vegetation Climate-Adjusted Trends 
Climate-adjusted trends in late-summer NDVI for Continental Lake Valley are shown in 

Figure B-1a. The direction and magnitude of trends vary across the basin, with some of the largest 
positive (dark blue) trends and negative (dark red) trends contained within the phreatophyte area 
boundaries, especially in the area surrounding Bog Hot Spring to the northeast, within the 
boundaries and down-gradient from the main area of irrigated agriculture, surrounding 
Continental Lake, and around Baltazor Hot Spring. Similar to other basins, upland regions 
exhibited more positive trends as compared to the phreatophyte area (Figure B-1b), especially in 
forested regions at high elevations. Among land ownerships within the phreatophyte area, the 
distribution of trend slopes on BLM lands was wider and slightly more positive relative to 
USFWS lands, and the distribution of private lands was the least positive (Figure B-1c). 

GROUNDWATER 
Maximum recorded DTW for the 1985-2019 study period for wells in the phreatophyte 

area ranged from 7.8-88.5 feet among wells, with an average maximum depth of 29 feet. It is 
important to note that the frequency and timing of groundwater level measurements for 
individual wells varied during the study period, potentially affecting the estimated trends in 
DTW. Wells with a minimum of 3 years of groundwater depth observations during 1985-2019 
(n = 12) were included in the trend analysis. Increasing DTW has occurred at all but one of these 
locations (Figure B-2a, b). Of the 12 wells, 8 had relatively short records consisting of the most 
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Figure B-1. Climate-adjusted trends in late-summer NDVI in the Continental Lake Valley (a), 

comparison of the distribution of trend slopes for pixels within the entire hydrographic 
basin vs. those in the phreatophyte area (b), and comparison of the distribution of trend 
slopes for pixels within different land ownerships in the phreatophyte area (PA) (c). 
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Figure B-2. Trends in depth to groundwater for wells in the Continental Lake Valley (a), the 

overall distribution of trend slopes (b), and the overall distribution of sample sizes 
(# observation years) per well (c). Increasing (yellow to red) trends indicate increased 
depth to groundwater over time (i.e., lowered groundwater levels). Statistically 
significant well trends (p less than 0.05; modified Mann-Kendall test) are indicated by 
an asterisk in the middle of well location points in (a). 
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recent 4-5 years of observations (2014/15 – 2019) and 4 wells had greater than 5 observations 
(Figure B-2c). Four wells had statistically significant (modified Mann-Kendall test p less than 
0.05) increases in DTW with trend slopes of 0.7-2.0 feet per year and these were all located 
either within the boundaries of, or immediately down gradient from the agricultural area at the 
southern tip of the main phreatophyte area (indicated by dark blue NDVI trends in Figure B-1). 
These significant trends are for wells with relatively recent (post-2005) monitoring records, but 
amount to up to 15-20 feet of change, for those with the longest records.  

SITE-SPECIFIC ANALYSES 
Baltazor Hot Spring 
Site description 

The Baltazor Hot Spring area (Figure B-3) is located in the Pueblo Slough to the 
northeast of Continental Lake. Vegetation within the two AOIs is classified as mix of 
Agricultural – Close Grown Crop, Introduced Herbaceous Wetland Vegetation, and Sparse 
Vegetation. Field notes characterize the small AOI to the north (AOI-1) as a large dry meadow 
with high (98%) graminoid cover that transitions to salt grass near the periphery meadow, 
suggesting probable misclassification by LANDFIRE. Vegetation had mostly senesced at the  
 

 
Figure B-3. Maps showing climate-adjusted NDVI trend (left), and aerial imagery (right) for two 

Areas of Interest (AOIs) in the Baltazor Hot Spring area. AOI labels correspond to data 
in Table B-2. No groundwater levels data were available in the vicinity of this site. 
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time of the site visit. The AOI surrounding Baltazor Hot Spring (AOI-7) was not assessed from 
the ground due to being on private land. Site descriptions, selected photos, and sUAS imagery 
are presented in Appendix A. Additional images and data for these sites are included in the 
accompanying database. 

Vegetation 
Ranges of NDVI values for Baltazor Hot Spring (AOI-7) were slightly higher (0.25-0.5) 

than for the AOI to the north (AOI-1) where field data were collected (0.2-0.44), and sensitivity 
to interannual variations in climate was slightly lower (0.66 for hot spring vs. 0.69 for area to the 
north) (Table B-2). With the exception of the year 2013, NDVI was consistently higher than 0.3 
at the spring site (AOI-7), indicating relatively persistent mesic conditions, whereas, NDVI is 
frequently less than 0.3 at the other site, especially over the past two decades (Figure B-4). Both 
areas had statistically significant declining NDVI trends; the site further away from the hot 
spring has a steeper trend (Table B-2). Timeseries of late-summer NDVI for both sites (Figure  
B-4) show that NDVI has been generally declining since at least the mid-1980’s but has high 
interannual variability corresponding to variations in annual potential water deficit. No 
significant trend was detected for annual water deficit, suggesting that the decline in NDVI is 
due to other factors.  

 
Table B-2. Zonal statistics for Areas of Interest (AOIs; Figures B-2 and B-6) in the Baltazor Hot 

Spring and Bog Springs areas. NDVI sensitivity is the correlation coefficient between 
NDVI and annual water deficit, climate-adjusted NDVI trend is the Sen’s slope in NDVI 
(1985-2019), accounting for the influence of annual water deficit, and climate trend is 
the Sen’s slope in annual water deficit (1985-2019). Blue/red shading indicate 
statistically significant positive/negative trends or correlation. No shading indicates the 
trend or correlation was not statistically significant based on a threshold p-value of 0.05. 
Trend test p-values are based on the modified Mann-Kendall test. AOI photos and site 
descriptions can be found in Appendix A. 

  

1985-2019 Annual 
Median July-Sept. 

NDVI 
NDVI  

Sensitivity 
to Climate 

(ρ) 

Climate- 
Adjusted 

NDVI 
Trend 

Climate 
Trend 
(in/yr) AOI 

No. Area Min. Mean Max. 

1 Baltazor Hot Spring 0.20 0.30 0.44 0.69 -0.0027 -0.028 

7 Baltazor Hot Spring 0.25 0.38 0.50 0.66 -0.0021 -0.021 

3 Bog Cold Spring 0.11 0.16 0.24 0.63 0.0009 -0.022 

5 Bog Hot Spring 0.20 0.24 0.32 0.59 0.0005 -0.001 

4 Bog Warm Spring 0.21 0.27 0.38 0.59 0.0009 -0.001 
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Figure B-4. Timeseries of late-summer NDVI and water year annual potential water deficit for the 

GridMET grid cell overlaying Baltazor Hot Spring AOIs. 
 

The linear regression relationships between NDVI and potential water deficit (Figure  
B-5) and their prediction intervals provide context for interpreting future monitoring 
observations of NDVI. For example, future values that fall outside the 75th percentile prediction 
interval for a given annual water deficit value may indicate undesirable change and the need for 
further investigation of possible causal factors. Based on the historical record and the 75th 
percentile prediction interval, spatially averaged NDVI values in a very dry year are generally 
expected to be greater than 0.18 for AOI-1 and greater than 0.25 for AOI-7 and for a very wet 
year they are expected to be greater than 0.34 for AOI-1 and greater than 0.42 for AOI-7 
(Figure B-5). 
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Figure B-5. Linear regression relationships between annual water deficit and NDVI with 75th (gray) 

and 95th (blue) percentile prediction intervals (PI). Numbers indicate lower bound of 
75th PI NDVI value for highest, median, and lowest water deficit. 

 
Groundwater 

No groundwater levels data were readily available near this site. 

Bog Hot, Warm, and Cold Springs 
Site description 

Three separate AOIs (Figure B-6) were established around Bog Hot, Warm, and Cold 
Springs. Bog Cold Spring is classified as Sparse Vegetation, Bog Warm Spring is classified as 
Greasewood Shrubland, and Bog Hot Spring is classified as a mix of Introduced Woody Wetland 
Vegetation, Introduced Upland Vegetation-Shrub, Greasewood Shrubland, and Salt Desert 
Scrub. Each of these areas are small and are thus prone to being misclassified as the surrounding 
dominant vegetation. For example, field notes describe Bog Cold Spring (AOI-3) as graminoid-
dominated (85% sedges) near the source with the downstream end of the transect becoming 
substantially drier and primarily composed of bare ground. The periphery of the transect is 
dry/cracked soils with saltgrass and greasewood cover. Field notes for Bog Warm Spring  
(AOI-4) also describe a graminoid-dominated wetland surrounded by greasewood and 
rabbitbrush shrubland. Field notes from Bog Hot Spring (AOI-5) describe a flowing stream with 
narrow riparian vegetation that is also not captured by LANDFIRE. Site descriptions, selected 
photos, and sUAS imagery are presented in Appendix A. Additional images and data for these 
sites are included in the accompanying database. 

Vegetation 

Similar vegetation was observed at Bog Cold and Warm Springs, though their settings 
differed in that vegetation surrounding Bog Cold Spring was sparser while that around Warm 
Bog Spring was comprised of denser shrubland. Bog Hot Spring is comprised of a flowing 
stream with a narrow strip of riparian vegetation that quickly transitions to dry, upland 
vegetation. The influences of water and surrounding vegetation on the wetland vegetation NDVI 
signal for these sites are evident, given the overall small footprint of wetland vegetation relative 
to the 30 meter pixel size of Landsat. Because of this, long-term average NDVI values for all of  
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Figure B-6. Maps showing depth to groundwater trends, climate-adjusted NDVI trend (left), and 

aerial imagery (right) for three Areas of Interest (AOIs) in the Bog Springs area. AOI 
and depth to groundwater trend labels correspond to data in Tables 3 and 4. 
Statistically significant well trends (p less than 0.05; modified Mann-Kendall test) are 
indicated by an asterisk in the middle of well location points. 
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these sites are below the typical 0.3 that is expected for wetland vegetation, though NDVI is 
higher in wetter years (Table B-2). The three sites all have slightly positive NDVI trends, and the 
trends were significant for both Bog Cold and Warm Springs (Table B-2). Examination of 
timeseries of these three sites (Figure B-7) as well as their sensitivity to climate variation 
indicates that vegetation vigor at these sites varies considerably in response to interannual 
variability in climate, though this sensitivity is likely driven by the surrounding dryland 
vegetation more than the spring sites themselves. 

 

 
Figure B-7. Timeseries of late-summer NDVI and water year annual potential water deficit for the 

GridMET grid cell overlaying Bog Springs AOIs. 
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The linear regression relationships between NDVI and potential water deficit (Figure  
B-8) and their prediction intervals provide context for interpreting future monitoring 
observations of NDVI. For example, future values that fall outside the 75th percentile prediction 
interval for a given annual water deficit value may indicate undesirable change and the need for 
further investigation of possible causal factors. Based on the historical record and the 75th 
percentile prediction interval, spatially averaged NDVI values in a very dry year are generally 
expected to be greater than 0.11 for AOI-3 (Bog Cold) and greater than 0.18-0.19 for AOI-4 and 
5 (Bog Warm, Bog Hot) and for a very wet year they are expected to be greater than 0.17 for 
AOI-3 and greater than 0.26-0.27 for AOI-4 and 5 (Figure B-8). 

 

 
Figure B-8. Linear regression relationships between annual water deficit and NDVI with 75th (gray) 

and 95th (blue) percentile prediction intervals (PI). Numbers indicate lower bound of 
75th PI NDVI value for highest, median, and lowest water deficit. 
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Groundwater 
The two closest wells with readily available groundwater levels data are located 

approximately 1.7 and 3.3 kilometers from Bog Hot Spring (Figure B-6). Both wells have only 
recent measurements, with 4-5 annual observations between 2015-2019 and no statistically 
significant trends (Table B-3, Figure B-9). Water levels in the well with deeper (~140 feet) DTW 
have been relatively stable, varying by up to 3-4 feet from year to year. The first two 
observations for the well with shallow (~7.5 feet) groundwater are shallower than the most 
recent measurements by about 0.8 feet, despite relatively wet years in both 2017 and 2019. A 
longer record is required to ascertain how closely groundwater levels may correspond to climatic 
variations and whether they are trending. Monitoring of water levels at locations closer to the 
three Bog Springs sites is necessary to ascertain interactions between groundwater levels and 
vegetation vigor. 

 
Table B-3. Depth to groundwater statistics for wells in the vicinity of Bog Springs (see Figure  

B-6). Depths are reported as feet below land surface. Positive trends indicate 
increasing depth to groundwater (i.e., lower groundwater levels; 1985-2019). Red/blue 
shading indicates statistically significant positive/negative trends. No shading indicates 
non-significant trend slopes based on a threshold p-value of 0.05. Trend test p-values 
are based on the Mann-Kendall test modified to account for up to 3-years of serial 
autocorrelation. 

MapID Site Name No. 
Years 

Start 
Year 

End 
Year 

Min. 
Depth 
(ft) 

Max. 
Depth 
(ft) 

Mean 
Depth 
(ft) 

Trend 
Slope 
(ft/yr) 

9 002 N46 E28 16BAAA 1 5 2015 2019 139.0 142.8 141.0 -0.14 

10 002 N46 E28 17CCAD 1 4 2015 2019 6.9 7.8 7.2 0.20 

 

SUMMARY 
• The coarseness of the description of the historical phreatophyte area vegetation makes it 

difficult to determine how vegetation has changed since the study of Sinclair (1963) and this 
is inconclusive at this time. There are discrepancies between the historical and contemporary 
phreatophyte boundaries, with the contemporary boundary indicating a 32 percent smaller 
phreatophyte area than the historical. Whether this discrepancy represents error in the 
original delineation vs. actual change over time (e.g., due to observed declining groundwater 
levels) is inconclusive. A relatively large proportion (17%) of the contemporary phreatophyte 
area contains agricultural development and vegetation communities dominated by introduced 
species, indicating anthropogenic change (Table B-1). 

 

http://water.nv.gov/WaterLevelDataChart.aspx?autoid=6892
http://water.nv.gov/WaterLevelDataChart.aspx?autoid=6898
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Figure B-9. Timeseries of annual depth to groundwater measurements for select wells (see Figure 

B-6 and Table B-3) nearest to the Bog Springs and basin-averaged annual potential 
water deficit. 

 

• Climate-adjusted trends in NDVI tend to be more positive in upland regions and neutral to 
negative within the phreatophyte area, indicating greater anthropogenic impacts concentrated 
in this latter area, particularly on privately owned lands and in the two riparian/wetland, 
Introduced Vegetation, and Agricultural Pasture and Haylands land cover types (Figure B-1 
and Figure 5).  

• Water rights allocations are very close to meeting the perennial yield in this basin. Recent 
(since 2005) groundwater levels data in the southern portion of the basin indicate substantial 
(15-20) foot declines in groundwater levels. It is unclear how groundwater levels changed 
prior to this time period. Nearly all agricultural development occurred prior to the start of the 
Landsat archive so the greatest changes likely occurred sometime prior to 1985. Elsewhere in 
the basin, groundwater levels have remained steady over relatively recent (2014/15 to 
present) timeframes and the few wells with longer periods of record also indicate stable 
groundwater levels (Figure B-3). 
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• Vegetation status has been in decline at both Baltazor Hot Spring sites and in much of the 
surrounding area (Figure B-4, Table B-2), despite a lack of trend in annual potential water 
deficit, indicating that non-climate factors are likely driving these vegetation trends. 
Groundwater levels data were not readily available for this site and thus it could not be 
determined whether changes in groundwater availability are playing a role in observed 
vegetation trends. 

• Vegetation status and trends at the Bog Springs (Hot, Warm, Cold) sites have remained 
stable to on a slightly positive trajectory over the 1985-2019 time period. Trends of readily 
available groundwater are inconclusive as the time period of these observations is very 
limited and groundwater levels were not available adjacent to the springs (Figures B-6-7 and 
Tables B-2-3). 

• Ranges of expected NDVI values based on annual potential water deficit are presented for 
AOIs within Baltazor Spring and Bog Springs (Figures B-5 and 8), and may be useful for 
assessing future observations and assessing thresholds and trigger levels for prompting field 
investigations and/or vegetation and water monitoring, management, and mitigation actions.          
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SECTION C: DETAILED RESULTS - MUD MEADOW 

HISTORICAL CONTEXT 
Early reconnaissance studies of the Black Rock Desert by Sinclair (1963) did not 

explicitly quantify groundwater discharge or perennial yield for Mud Meadow(317,821 acres), 
but perennial yield was later estimated to be 13,000 AFY (Nevada State Engineer’s Office, 
1971). For the Black Rock Desert more generally, Sinclair (1963) estimates approximately 
200,000 acres of valley floor to have DTW less than 5 feet, including the area surrounding Mud 
Meadow Creek. Greasewood is identified as the most common species, with transitions to more 
shallow-rooted and salt tolerant plants such as rabbitbrush, saltbush, and saltgrasses toward the 
center of the basin. As of May 2020, this basin is not over-committed; approximately 6,000 AFY 
of water rights (46% of perennial yield) are committed for irrigation use (NDWR, accessed 
5/20/20). Over the course of the 1985-2019 study period, average water year precipitation over 
the entire hydrographic basin was 9.9 inches – the third lowest of all basins in this study, and 
potential evapotranspiration was 52.7 inches – the third highest of all basins in this study. 

VEGETATION 
Comparison of Historical and Contemporary Vegetation 

Distributions of LANDFIRE vegetation types within the updated phreatophyte area 
delineated by Minor (2019) are presented with historical descriptions from Sinclair (1963) in 
Table C-1. Approximately 80 percent of the area is classified as Sparse Vegetation, indicative of 
barren and sparsely vegetated playas with low (less than 10%) cover of salt-tolerant plants, such 
as saltgrass, shadscale, and greasewood. About 7 percent of the area is classified as Greasewood 
Shrubland, and another 7 percent is classified as Introduced Vegetation. Wetland-riparian 
vegetation types comprise another 3.6 percent of the area. Although historical information on 
DTW and vegetation composition are not specific to this area, contemporary conditions suggest 
extensive shallow groundwater conditions, as generally described in Sinclair (1963). The 
proportions of agricultural and Introduced Vegetation cover types (9%), indicative of 
anthropogenic impacts, are intermediate as compared to other basins in this study. 

Vegetation Climate-Adjusted Trends 
Climate-adjusted trends in late-summer NDVI for Mud Meadow are shown in Figure  

C-1a. The direction and magnitude of trends vary across the basin, with some of the largest 
positive (dark blue) trends and negative (dark red) trends contained within the phreatophyte area 
boundaries, especially in the area surrounding Soldier Meadows to the north. Positive and 
negative trends are also evident in association with flood irrigated hayfields in the northern and 
southern portions of the phreatophyte area. Overall, upland regions exhibited more positive 
trends as compared to the phreatophyte area (Figure C-1b) as is observed in other basins, but 
upland trends tended to be lower magnitude than for most other basins in this study. Among land 
ownerships within the phreatophyte area, the distribution of trend slopes on private lands was 
wider and slightly more positive relative to BLM lands (Figure C-1c). 

 

http://water.nv.gov/DisplayHydroGraphicMannerOfUseCommitment.aspx?basin=026
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Table C-1. Type and areal extents of vegetation within the phreatophyte area (PA) based on 
historical (Sinclair, 1963) and contemporary (LANDFIRE) accounts. The total 
contemporary phreatophyte area is based Minor (2019). 

Historical 

 Vegetation Type Acres % of PA 

 

Phreatophyte area not explicitly documented but general area described as dominated by 
playa with transitions to shallow-rooted salt-tolerant plants around periphery, then 

transition to shrubland around valley periphery 
Contemporary 

 Vegetation Type Acres % of PA 

D
ry

la
nd

 

Big Sagebrush Shrubland and Steppe            646.4  1.4% 
Greasewood Shrubland        3,431.7 7.3% 
Desert Scrub              55.8  0.1% 
Salt Desert Scrub            129.4  0.3% 
Sparse Vegetation      36,499.0  78.1% 
Other 11.4 0.0% 

W
et

la
nd

/ 
R

ip
ar

ia
n Depressional Wetland            202.4  0.4% 

Freshwater Marsh            264.4  0.6% 
Western Riparian Woodland and Shrubland        1,202.3  2.6% 
Open Water 15.3 0.0% 

D
is

tu
rb

ed
/ 

D
ev

el
op

ed
 Agricultural-Close Grown Crop           175.7  0.4% 

Agricultural-Fallow/Idle Cropland             23.3  0.0% 
Agricultural-Pasture and Hayland           768.7  1.6% 
Developed or Transitional 0.2 0.0% 
Introduced Vegetation 3278.5 7.0% 

 Total         46,705  100.0% 

GROUNDWATER 
No information regarding historical DTW for the phreatophyte area could be located. 

Two groundwater wells are located within Mud Meadow (Figure C-2a); both wells had trend 
slope magnitudes less than +/- 0.5 (Figure C-2b) and neither exhibited statistically significant 
trends (adjusted Mann-Kendall p-value less than 0.05) over the four yearly observations (Figure 
C-2c). Maximum recorded DTW for the well near the phreatophyte boundary (2011-2019) was 
4 feet and for the other well, it was 94 feet (2014-2019). 

SITE-SPECIFIC ANALYSES 
Soldier Meadows 
Site description 

The Soldier Meadows sites are located in selected areas of the Soldier Meadows wetland 
complex – an area fed by multiple thermal springs. Much of the land in this area was purchased 
by The Nature Conservancy and transferred to the BLM in 1994. Soldier Meadows has a long 
history of habitat alteration, including permanent, partial, and seasonal dewatering of natural  
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Figure C-1. Climate-adjusted trends in late-summer NDVI in the Mud Meadow Valley (a), 

comparison of the distribution of trend slopes for pixels within the entire hydrographic 
basin vs. those in the phreatophyte area (b), and comparison of the distribution of trend 
slopes for pixels within different land ownerships in the phreatophyte area (PA) (c). 
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Figure C-2. Trends in depth to groundwater for wells in Mud Meadow (a), the overall distribution 

of trend slopes (b), and the overall distribution of sample sizes (# observation years) 
per well (c). Increasing (yellow to red) trends indicate increased depth to groundwater 
over time (i.e., lowered groundwater levels). Statistically significant well trends (p less 
than 0.05; modified Mann-Kendall test) are indicated by an asterisk in the middle of 
well location points in (a). 

a) 
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channels for irrigation and salt leaching and direct use of springs for recreation, as stockwater, 
and for grazing (USFWS, 1997). As such, the meadow complex contains a large network of 
natural and physically altered channels, irrigation ditches, and pipes. These flow alterations have 
resulted in a patchwork of very large positive and negative NDVI trends corresponding to 
changes in surface flows and water availability that have occurred since 1985. Five areas were 
assessed in the field with the goal of interpreting observed trends (Figure C-3). These include: 
AOI-4 and AOI-5) a spring site to the northwest of the main wetland that exhibited both positive 
and negative trends, AOI-2) a negatively trending cattail-bulrush marsh area that exhibits 
significant bulrush mortality, AOI-3), a negatively trending dryland area that appears to have 
been previously inundated, AOI-7) an area with a significant greening trend with a healthy 
bulrush marsh community, and AOI-6) an irrigation ditch along the east side of the wetland 
complex that also exhibits a slight greening trend. Site descriptions, selected photos, and sUAS 
imagery for each of these areas are presented in Appendix A. Additional images and data for 
these sites are included in the accompanying database. 

 

 
Figure C-3. Maps showing climate-adjusted NDVI trend (left), and aerial imagery (right) for seven 

Areas of Interest (AOIs) in the Soldier Meadows area. AOI labels correspond to data in 
Table 9. No groundwater levels data were available in the vicinity of this site. 
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Vegetation 
The timeseries (Figure C-4) and site-specific statistics (Table C-2) for upstream and 

downstream portions of the northwest spring site (AOI-4 and AOI-5) show consistent, and 
statistically significant, upward and downward trends, respectively. The NDVI timeseries show 
that the lower portion of the site (AOI-5) consistently had NDVI values above 0.3 (indication of 
mesic/wetland vegetation), and more recent NDVI values are lower, especially since about 1999. 
In contrast, the upper portion of the spring (AOI-4) has been consistently increasing in NDVI. 
This pattern may be due to bulrush/cattail recruitment and increased water consumption in the 
upper portion of the spring, resulting in less water/outflow further downstream but may also be a 
consequence of altered springflow. Additional information on historical water management is 
needed to definitively determine whether either of these circumstances are the case. 

AOIs 2 and 3 are located along the natural outflow channel from several springs 
(Vinyard, 1996). The negatively trending cattail-bulrush marsh area (AOI-2) shows a relatively 
consistent downward trend since the late 1990’s, following a several-year period of high climate 
and NDVI variability. Field observations confirmed widespread bulrush mortality and the 
negative trend could be due to increased areas of decadence and mortality of this vegetation type 
over time. A historical (and largely unmaintained) irrigation ditch diverted flow just downstream 
of AOI-2 and upstream of AOI-3 but some springflow continued through the natural channel 
until approximately 1989, when the ditch was dredged to capture more (an estimated 80% of) 
flow, which was conveyed eastward resulting in drastically reduced flow in the channel and 
meadow downstream (Vinyard, 1996). The negatively trending dryland area (AOI-3) 
downstream of the irrigation ditch appears to have declined between 1985 and 1989 despite 
stable climate but wetland vegetation (NDVI greater than 0.3) persisted until about the year 
2000, after which NDVI declined substantially through about 2008 and has since maintained at 
current levels. Field notes indicate that soils appear to have been previously inundated, that there 
is substantial cover of invasive annual grasses and forbs, and that there was substantial stem 
mortality of sagebrush.  

The positively trending bulrush marsh area (AOI-7) shows a fairly consistent upward 
trend in NDVI over the course of the timeseries, but with lower and more variable NDVI during 
the 1989-1999 time period that may have resulted from the dredging described above. NDVI 
values became less variable and were consistently greater than 0.4 beginning in 1999, suggesting 
a significant transition occurred around that time. While this change could have been triggered 
by climatic conditions, we note that upstream boundaries of the strongest trends conform to road 
and irrigation ditch lines so are likely due to anthropogenic effects. The downward trend 
observed in AOI-8 directly mirrors that in AOI-7, indicating the diversion of water away from 
the former and toward the latter AOI. The eastern irrigation ditch site (AOI-6) showed the least 
amount of trend of any of the sites selected for field investigation. Vegetation at this site appears 
to strongly covary with climate and has otherwise had a relatively steady range of NDVI values 
between 0.2 and 0.4.  
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Figure C-4. Timeseries of late-summer NDVI and water year annual potential water deficit for the 

GridMET grid cell overlaying Soldier Meadows AOIs. 
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Table C-2. Zonal statistics for Areas of Interest (AOIs; Figure 26) in the Soldier Meadows area. 
NDVI sensitivity is the correlation coefficient between NDVI and annual water deficit, 
climate-adjusted NDVI trend is the Sen’s slope in NDVI (1985-2019), accounting for 
the influence of annual water deficit, and climate trend is the Sen’s slope in annual 
water deficit (1985-2019). Blue/red shading indicate statistically significant 
positive/negative trends or correlation. No shading indicates trend or correlation was 
not statistically significant based on a threshold p-value of 0.05. Trend test p-values are 
based on the modified Mann-Kendall test. AOI photos and site descriptions can be 
found in Appendix A. 

 

1985-2019 Annual Median 
July-Sept. NDVI NDVI Sens. to 

Climate (ρ) 
Climate- Adj. 
NDVI Trend 

Climate 
Trend (in/yr) 

AOI No. Min Mean Max 

2 0.29 0.38 0.49 0.44 -0.003 0.01 
3 0.14 0.26 0.41 0.34 -0.005 0.01 
4 0.17 0.24 0.31 0.31 0.001 0.02 
5 0.17 0.28 0.40 0.28 -0.004 0.01 
6 0.19 0.31 0.47 0.58 0.003 0.00 
7 0.14 0.38 0.58 -0.17 0.011 0.01 
8 0.14 0.29 0.48 0.48 -0.008 0.01 

 
The linear regression relationships between NDVI and potential water deficit (Figure  

C-5) and their prediction intervals provide context for interpreting future monitoring 
observations of NDVI. For example, future values that fall outside the 75th percentile prediction 
interval for a given annual water deficit value may indicate undesirable change and the need for 
further investigation of possible causal factors. It is important to note that for many of the Soldier 
Meadows sites, the relationship between NDVI and annual potential water deficit is obscured by 
historical water management, resulting in weak regression relationships. In these cases, 
prediction intervals may still be useful in terms of identifying the occurrence of anomalous 
NDVI values relative to the historical record, but the regression relationships provide unreliable 
estimates of ‘expected’ NDVI based on annual potential water deficit and should be interpreted 
with caution. Based on the historical record and the 75th percentile prediction interval for AOIs 
with statistically significant NDVI-climate sensitivities, spatially averaged NDVI values in a 
very dry year are generally expected to be greater than 0.28 for AOI 2, greater than 0.13 for 
AOI-3, greater than 0.16 for AOI-6, and 0.1 for AOI-8. For a very wet year, they are generally 
expected to be greater than 0.37 for AOI-2, greater than 0.23 for AOI-3, greater than 0.33 for 
AOI-6, and greater than 0.3 for AOI-8 (Figure C-5).  

Groundwater 
No groundwater levels data were readily available near this site. 
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Figure C-5. Linear regression relationships between annual water deficit and NDVI with 75th 

(gray) and 95th (blue) percentile prediction intervals (PI). Numbers indicate lower 
bound of 75th PI NDVI value for highest, median, and lowest water deficit. 
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SUMMARY 
• Little historical information regarding groundwater levels and phreatophytic vegetation is 

available for Mud Meadow, making it difficult to ascertain how much change has occurred; 
however, in contrast to other basins, the amount of irrigation development is small with much 
of the estimated perennial yield still uncommitted toward water rights and no concentrated 
water use with center-pivot irrigation. Indicators of anthropogenic impacts to the 
phreatophyte area include the relatively large proportion of area classified as Introduced 
Vegetation (Table C-1) and large magnitude vegetation trends concentrated at Soldier 
Meadows, in particular, where substantial manipulations of surface water flows have 
historically occurred. 

• Climate-adjusted trends in NDVI tend to be more positive in upland regions and neutral to 
negative within the phreatophyte area, indicating greater anthropogenic impacts concentrated 
in this latter area. Unlike most other basins, trend slopes were similar between private and 
BLM land ownerships. The largest magnitude trend slopes, both positive and negative, were 
greatest in the three riparian/wetland and Agricultural Pasture and Haylands land cover 
types (Figures 5 and C-1).  

• Mud Meadow is one of the few basins in this study with water rights allocations that are 
substantially less than (46% of) the estimated perennial yield. Groundwater data for two 
wells, each with less than four observations, indicate stable trends in groundwater levels, 
albeit the periods of record for these wells are short and therefore insufficient to draw 
conclusions regarding trends (Figure C-2). 

• The relatively equal areas of strongly positive and strongly negative trending areas within 
Soldier Meadows indicate vegetation responses to what appears to be substantial movement 
of water and flow alteration over the course of the study period, but not necessarily less water 
to the system (which would be indicated if the area exhibited dominantly negative trends). 
Some of these flow alterations are readily tracked as mirrored NDVI increases and decreases. 
The trends in Soldier Meadows are among the highest magnitude observed across all basins 
in this study, indicating substantial alteration of this system (Figure C-4, Table C-2). 

• Ranges of expected NDVI values based on annual potential water deficit are presented for 
AOIs within Soldier Meadows (Figure C-5), and may be useful for assessing future 
observations and assessing thresholds and trigger levels for prompting field investigations 
and/or vegetation and water monitoring, management, and mitigation actions. 

• Groundwater levels data are not readily available for the Soldier Meadows area and would be 
useful for monitoring relations between vegetation change and DTW in response to future 
management activities in this area. 
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SECTION D: DETAILED RESULTS - DIXIE VALLEY 

HISTORICAL CONTEXT 
Early reconnaissance studies of the Dixie Valley (836,348 acres) by Cohen & Everett 

(1963) identified 157,000 acres of phreatophyte vegetation, including 125,000 acres of 
greasewood and rabbitbrush (79%), 29,400 acres of bare soil/playa (19%), 3,000 acres of 
saltgrass (2%), and a trace of meadow/mesic vegetation (Table D-1). Greasewood was identified 
as the most abundant shrub, with other native phreatophyte species including saltgrass, 
rabbitbrush, willow, and wildrose. At the time of the reconnaissance report, less than 1000 acres 
were irrigated, with water supplies derived from well and springs. The perennial yield was 
estimated to be 15,000 AFY. As of May 2020, approximately 12,500 AFY (83%) in water rights 
are committed. Approximately 9,000 AFY is used for irrigation and 3,000 AFY is for industrial 
use (NDWR, accessed 5/20/20). Another 13,000 AFY are used for non-consumptive geothermal 
use (NDWR, accessed 5/20/20). Over the course of the 1985-2019 study period, average water 
year precipitation over the entire hydrographic basin was 7.5 inches – the lowest of all basins in 
this study, and potential evapotranspiration was 55.9 inches – the second highest among all 
basins in this study. 

VEGETATION 
Comparison of Historical and Contemporary Vegetation 

Distributions of LANDFIRE vegetation types within the updated phreatophyte area 
delineated by Minor (2019) are presented with historical descriptions from Cohen & Everett 
(1963) in Table D-1. The historical account (Cohen & Everett, 1963) identified 80 percent of the 
area covered by sparse greasewood-rabbitbrush (15% cover),  with the rest of the area (20%) 
consisting of playa/bare soil. The contemporary classification assigns 15 percent of the area as 
Greasewood Shrubland, 70 percent as Sparse Vegetation, 6 percent Open Water, and another 
7 percent as Introduced Vegetation. Given the coarseness of the historical descriptions, it is 
difficult to draw conclusions in terms of vegetation change. The Sparse Vegetation type is 
assigned to areas with less than 10 percent vegetation cover, which could include areas of low-
density greasewood in addition to bare soil/playa areas. The main difference between the 
historical and contemporary classification relates to the size of the phreatophyte area, which was 
determined by Minor (2019) to be 30 percent smaller. Whether this is due to an actual change in 
phreatophyte vegetation vs. overestimation of the original phreatophyte boundary by Cohen & 
Everett is inconclusive but merits further study. The proportions of agricultural and Introduced 
Vegetation cover types (8%), indicative of anthropogenic impacts, are intermediate as compared 
to other basins in this study. 

Vegetation Climate-Adjusted Trends 
Climate-adjusted trends in late-summer NDVI for the entire Dixie Valley are shown in 

Figure D-1a. Extensive areas of large magnitude negative trends (dark red) in upland regions are 
the most immediately obvious, and these reflect locations of several large wildfires. As with 
other basins, large positive (dark blue) trends are also evident in the upper elevation mountain 

http://water.nv.gov/DisplayHydroGraphicMannerOfUseCommitment.aspx?basin=128
http://water.nv.gov/DisplayHydrographicGeneralReport.aspx?basin=128
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blocks. Within the phreatophyte area, large positive trends are associated with irrigated 
agriculture (center pivots in the north) and with several small agricultural developments fed by 
artesian well water at the southern extent of the phreatophyte area (Garcia et al., 2015). 
Elsewhere in the phreatophyte area, the largest magnitude trends occur in mesic areas where 
natural or anthropogenic changes in water distribution have led to localized increases and 
concomitant decreases in NDVI. These are especially evident at Dixie Meadow. In addition, 
large magnitude negative trends are observed in mesic areas along the eastern periphery of the 
phreatophyte boundary, downgradient from the geothermal energy plant, and downgradient from 
some irrigated agricultural sites. The limited groundwater data that exists nearby the geothermal 
energy plant and the above-mentioned agricultural areas indicate declines in groundwater levels 
(see next section), thus it is plausible that the downward trends could be caused by loss of 
groundwater resources to these vegetation communities.  

 
Table D-1. Type and areal extents of vegetation within the phreatophyte area (PA) based on 

historical (Cohen & Everett, 1963) and contemporary (LANDFIRE) accounts. The 
total phreatophyte area is based on Cohen & Everett (1963) for historical and Minor 
(2019) for contemporary. 

Historical 

 Vegetation Type Acres % of PA 

 Greasewood and rabbitbrush 125,000  79.6% 

 Saltgrass 3,000  1.9% 

 Bare soil/playa 29,400  18.7% 

 Meadow Trace 0.0% 

 Total 157,400  100% 
Contemporary 

 Vegetation Type Acres % of PA 

D
ry

la
nd

 

Big Sagebrush Shrubland and Steppe 9  0.0% 
Greasewood Shrubland 16,531  14.7% 
Desert Scrub 419  0.4% 
Salt Desert Scrub 934  0.8% 
Sparse Vegetation 78,562  70.0% 
Other 96 0.1% 

W
et

la
nd

/ 
R

ip
ar

ia
n Depressional Wetland 322  0.3% 

Freshwater Marsh 107  0.1% 
Western Riparian Woodland and Shrubland 42  0.0% 
Open Water 6546 5.8% 

D
is

tu
rb

ed
/ 

D
ev

el
op

ed
 Agricultural-Close Grown Crop 132  0.1% 

Agricultural-Fallow/Idle Cropland 12  0.0% 
Agricultural-Pasture and Hayland 510  0.5% 
Introduced Vegetation 8060 7.2% 

  Total 112,282  100% 
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Overall, the distribution of trend slopes in the phreatophyte area is less positive than for 
the hydrographic area as a whole (Figure D-1b), as observed in most other basins in this study. 
Among land ownerships within the phreatophyte area, the distribution of trend slopes on 
Department of Defense lands is most positive, the distribution on BLM lands is least positive, 
and the distribution on private lands is intermediate between these (Figure D-1c). Trend slopes 
are mostly positive for all vegetation types except Agricultural Pasture and Hayland, where 
about half of the pixels have negatively trending slopes. High magnitude positive slopes are most 
evident in wetland/riparian vegetation types (Figure 5), which are mainly located in the southern 
agricultural developments where uncapped artesian wells installed prior to the 1980’s (Garcia et 
al., 2015) have continued to support these vegetation communities. 
 

 
Figure D-1. Climate-adjusted trends in late-summer NDVI in Dixie Valley (a), comparison of the 

distribution of trend slopes for pixels within the entire hydrographic basin vs. those in 
the phreatophyte area (b), and comparison of the distribution of trend slopes for pixels 
within different land ownerships in the phreatophyte area (PA) (c). 
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GROUNDWATER 
Maximum DTW for the 1985-2019 study period for wells in the phreatophyte area 

(n=27) was up to 35 feet which is within the range of depths reported by Cohen & Everett 
(1963). It is important to note that the frequency and timing of groundwater level measurements 
for individual wells varied during the study period, potentially affecting the estimated trends in 
DTW. Wells with a minimum of 3 years of groundwater depth observations within the  
1985-2019 (n = 41) time period were included in the trend analysis (Figure D-2a). Only three 
wells had more than four observations (Figure D-2c), with most well records extending between 
2009 and 2011, which were measured as part of a synoptic study of groundwater discharge for 
the Dixie Valley (Garcia et al., 2015). Due to the short time period of these records, most trends 
were not statistically significant. In addition, most trends were slightly negative, indicating 
decreasing DTW (higher water levels), which is likely explained by anomalously high 
precipitation in the 2011 water year. Only two wells, both toward the southern end of the valley 
(Figure D-2a), had statistically significant trends, which ranged from -0.014 to 0.16 ft/year. 
Notable locations of increasing DTW include 1) two wells near the northern end of the valley 
(outside the phreatophyte area) that are adjacent to irrigated agriculture that had estimated trend 
slopes of 1.6 and 2.9 feet per year, and 2) two wells near a geothermal plant towards the northern 
end of the main phreatophyte area that had estimated trend slopes of 0.2-0.3 (see site specific 
results). In all these cases trends were not statistically significant, likely due to small sample 
sizes. 

SITE-SPECIFIC ANALYSES 
Dixie Meadows 
Site description 

Mesic vegetation within the Dixie Meadows area (Figure D-3) is supported by several 
springs that emerge from the piedmont fault along the eastern base of the Stillwater mountain 
range. The area has a history of livestock grazing and flow manipulations such as diversions, 
piping, dredging, and channelization (Stantec Consulting, 2019). Several locations in Dixie 
Meadows that capture areas of positively and negatively trending vegetation were assessed using 
satellite imagery. Five of these areas were assessed in the field with the goal of interpreting 
observed trends (Figure D-3). These include three adjacent areas spanning bulrush marshlands 
near the southern end of the wetland: AOI-9 and AOI-10, both of which exhibit strong negative 
trends and AOI-11, which is positively trending. In addition, two adjacent negatively (AOI-6) 
and positively (AOI-7) trending areas near the northern end of the wetland and along the margins 
of the wetlands were assessed. Site descriptions, selected photos, and sUAS imagery for each of 
these areas are presented in Appendix A. Additional images and data for these sites are included 
in the accompanying database. 

 



71 

 
Figure D-2. Trends in depth to groundwater for wells in the Dixie Valley (a), the overall distribution 

of trend slopes (b), and the overall distribution of sample sizes (# observation years) per 
well (c). Increasing (yellow to red) trends indicate increased depth to groundwater over 
time (i.e., lowered groundwater levels). Statistically significant well trends (p less than 
0.05; modified Mann-Kendall test) are indicated by an asterisk in the middle of well 
location points in (a). 
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Figure D-3. Maps showing climate-adjusted NDVI trend (left), and aerial imagery (right) for five 

Areas of Interest (AOIs) in Dixie Meadow. AOI and depth to groundwater trend labels 
correspond to data in Tables 11 and 12. Statistically significant well trends (p less than 
0.05; modified Mann-Kendall test) are indicated by an asterisk in the middle of well 
location points. 

 

Vegetation 
The timeseries (Figure D-4) and site-specific statistics (Table D-2) for AOIs 9 and 10 show 

statistically significant declines in NDVI that are mainly driven by declines in NDVI in the late 
1980s followed by relatively stable trends with similarly varying NDVI in response to climate 
variability; thus, NDVI in these two AOIs appear to be responding to the same driving phenomena. 
In contrast, AOI-11, which is located in between these, shows a relatively consistent increase in 
NDVI, covaries negatively with climate, and is changing independently from the other two sites. 
The reasons for these differences are unclear and could not be determined based on the site visit. 
AOIs 6 and 7 both covary with climate variability but show opposing trends beginning in about 
2001, suggesting a changing flow path and corresponding vegetation response. 
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Figure D-4. Timeseries of late-summer NDVI and water year annual potential water deficit for the 

GridMET grid cell overlaying Dixie Meadows AOIs. 
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Table D-2. Zonal statistics for Areas of Interest (AOIs) in the Dixie Meadows (Figure D-3) and 
geothermal plant (Figure D-6) areas. NDVI sensitivity is the correlation coefficient 
between NDVI and annual water deficit, climate-adjusted NDVI trend is the Sen’s 
slope in NDVI (1985-2019), accounting for the influence of annual water deficit, and 
climate trend is the Sen’s slope in annual water deficit (1985-2019). Blue/red shading 
indicate statistically significant positive/negative trends or correlation. No shading 
indicates trend or correlation was not statistically significant based on a threshold  
p-value of 0.05. Trend test p-values are based on the modified Mann-Kendall test. 
AOI photos and site descriptions can be found in Appendix A. 

  

1985-2019 Annual 
Median July-Sept. 

NDVI 

NDVI  
Sensitivity 
to Climate 

(r) 

Climate- 
Adjusted 

NDVI 
Trend 

Climate 
Trend 
(in/yr) 

AOI No. Area Min. Mean Max. 

6 Dixie Meadows 0.28 0.38 0.46 0.23 0.002 -0.09 

7 Dixie Meadows 0.27 0.41 0.59 0.47 -0.005 -0.09 

9 Dixie Meadows 0.30 0.42 0.66 0.27 -0.004 -0.09 

10 Dixie Meadows 0.32 0.46 0.73 0.38 -0.004 -0.09 

11 Dixie Meadows 0.20 0.32 0.47 -0.30 0.006 -0.09 

3 
Near Geothermal 
Plant 0.09 0.12 0.17 0.44 -0.001 -0.08 

 
The linear regression relationships between NDVI and potential water deficit (Figure 

D-5) and their prediction intervals provide context for interpreting future monitoring 
observations of NDVI. For example, future values that fall outside the 75th percentile prediction 
interval for a given annual water deficit value may indicate undesirable change and the need for 
further investigation of possible causal factors. It is important to note that for many of the Dixie 
Valley sites, the relationship between NDVI and annual potential water deficit is obscured by 
historical water management, resulting in weak regression relationships. In these cases, 
prediction intervals may still be useful in terms of identifying the occurrence of anomalous 
NDVI values relative to the historical record, but the regression relationships provide unreliable 
estimates of ‘expected’ NDVI based on annual potential water deficit and should be interpreted 
with caution. Based on the historical record and the 75th percentile prediction interval for sites 
with statistically significant NDVI sensitivity to climate, spatially averaged NDVI values in a 
very dry year are generally expected to be greater than 0.23 for AOI-7 and greater than 0.29 for 
AOI-10. In a very wet year, they can generally be expected to be greater than 0.42 for AOI-7 and 
greater than 0.43 for AOI-10.  
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Figure D-5. Linear regression relationships between annual water deficit and NDVI with 75th 

(gray) and 95th (blue) percentile prediction intervals (PI). Numbers indicate lower 
bound of 75th PI NDVI value for highest, median, and lowest water deficit. 
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Groundwater 
Four groundwater monitoring wells are in the vicinity of Dixie Meadows but range from 

1.5-3.7 miles away and the only measurements for these wells occur between 2009-2011 (Table 
D-3). All of these wells have shallow DTW, with maximum DTW ranging between 1- 2.7 feet. 
Due to the limited sample size and short duration of measurements, trends in DTW were not 
statistically significant and cannot be inferred based on available data. Although Garcia et al. 
(2015) did not collect observations directly in Dixie Meadows, they concluded that the 
groundwater fraction of vegetation water use in surrounding areas on the playa is significant, in 
some cases, ranging from 0.09-0.87 depending on the timing and location of measurements, with 
greasewood stem water containing 60-100 percent groundwater.  

Dixie Valley near Geothermal Plant 
Site description 

An area to the southeast and downgradient from the Dixie Valley geothermal power plant 
(Figure D-6) where a groundwater well is co-located with natural, potentially phreatophytic 
vegetation was included in the analysis to assess potential effects of groundwater pumping on 
vegetation. Groundwater pumping of the geothermal aquifer began in 1985 and additional 
pumping of the basin-fill aquifer for purposes of pressure augmentation and reinjection into the 
geothermal aquifer began in 1997 (Huntington et al., 2014). The area is predominantly classified 
as Greasewood Shrubland by LANDFIRE and field notes describe the area as dominated by 
four-wing saltbush (15%) and greasewood (15%) with a lower proportion of rabbitbrush (5%) 
and graminoid cover (5%), and 65 percent bare ground. NDVI has clearly declined within the 
development footprint of the geothermal plant to the northeast of AOI-3, which appears to have 
been irrigated until about 1988 as seen in the middle of the Google Timelapse timeseries (must 
be viewed in Chrome browser). The irrigated area corresponds to the patch of declining NDVI 
trends in figure D-6. AOI-3 is also trending downward, as are other alluvial drainage areas 
further to the south (Figure D-6). Site descriptions and selected photos for this area are presented 
in Appendix A. 

 
Table D-3. Depth to groundwater statistics for wells in the vicinity of Dixie Meadows (see Figure 

D-3). Depths are reported as feet below land surface. Positive trends indicate 
increasing depth to groundwater (i.e., lower groundwater levels; 1985-2019). Red/blue 
shading indicates statistically significant positive/negative trends. No shading indicates 
non-significant trend slopes based on a threshold p-value of 0.05. Trend test p-values 
are based on the Mann-Kendall test 

MapID Site Name No. 
Years 

Start 
Year 

End 
Year 

Min. 
Depth 
(ft) 

Max. 
Depth 
(ft) 

Mean 
Depth 
(ft) 

Trend 
Slope 
(ft/yr) 

57 128 N22 E35 22AABB 1 3 2009 2011 1.1 1.2 1.1 -0.1 
60 128 N22 E35 28ABAB 1 3 2009 2011 2.1 2.7 2.4 -0.6 
71 128 N23 E35 26AACB 2 3 2009 2011 0.7 1.0 0.9 -0.3 
72 128 N23 E35 26AACD 1 3 2009 2011 0.8 1.1 1.0 -0.3 

https://earthengine.google.com/timelapse#v=39.96638,-117.85894,11.568,latLng&t=3&ps=25&bt=19840101&et=20181231&startDwell=0&endDwell=0
https://earthengine.google.com/timelapse#v=39.96638,-117.85894,11.568,latLng&t=3&ps=25&bt=19840101&et=20181231&startDwell=0&endDwell=0
https://earthengine.google.com/timelapse#v=39.96638,-117.85894,11.568,latLng&t=3&ps=25&bt=19840101&et=20181231&startDwell=0&endDwell=0
https://nwis.waterdata.usgs.gov/nv/nwis/gwlevels/?site_no=394559118013701&agency_cd=USGS
https://nwis.waterdata.usgs.gov/nv/nwis/gwlevels/?site_no=394508118025503&agency_cd=USGS
https://nwis.waterdata.usgs.gov/nwis/gwlevels/?site_no=395012118001702&agency_cd=USGS&amp;
https://nwis.waterdata.usgs.gov/nwis/gwlevels/?site_no=395012118001701&agency_cd=USGS&amp;
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Figure D-6. Maps showing climate-adjusted NDVI trend (left), and aerial imagery (right) for one 

Area of Interest (AOI) in Dixie Valley near the geothermal plant. AOI and depth to 
groundwater trend labels correspond to data in Tables 11 and 13. Statistically 
significant well trends (p less than 0.05; modified Mann-Kendall test) are indicated by 
an asterisk in the middle of well location points. The geothermal plant is located in the 
red area in the northwest corner of the map. 

 
Vegetation 

The timeseries (Figure D-7) and site-specific statistics (Table D-2) for AOI-3 show 
generally low NDVI values (less than 0.2) and moderate sensitivity to climate (0.44), as is 
generally expected for greasewood shrublands in this basin. There is a statistically significant 
decline in AOI-3 NDVI despite no trend in annual potential water deficit. Starting in 1999, 
NDVI values are consistently lower than in most previous years and appear to covary with 
climate less than was the case prior to 1999. It is unclear how declining groundwater levels in 
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this area relate to declines in NDVI, given that there is a large gap in groundwater monitoring 
data for wells in this AOI but given that shallow groundwater has declined in this location (see 
next section), this merits further investigation. Based on the historical record and the 75th 
percentile prediction interval (Figure D-8), spatially averaged NDVI values for AOI-3 in a very 
dry year are generally expected to be greater than 0.09 and greater than 0.12 for a very wet year. 

Groundwater 

Two groundwater monitoring wells are located within AOI-3, each with 4 concurrent 
measurements (Table D-4, Figure 42). A single groundwater depth observation for each well in 
1986 indicates a 6 foot DTW at the time, while 2009-2011 measurements taken by Garcia et al. 
(2015) indicate DTW on the order of 14-15 feet. Due to the limited sample size, trends in DTW 
were not statistically significant but suggest that declines have likely occurred.  

 

 
Figure D-7. Timeseries of late-summer NDVI and water year annual potential water deficit for the 

GridMET grid cell overlaying the Dixie Valley near Geothermal Plant AOI-3. 
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Table D-4. Depth to groundwater statistics for wells in the vicinity of the Dixie Valley geothermal 
plant (see Figure D-6). Depths are reported as feet below land surface. Positive trends 
indicate increasing depth to groundwater (i.e., lower groundwater levels; 1985-2019). 
Red/blue shading indicates statistically significant positive/negative trends. No shading 
indicates non-significant trend slopes based on a threshold p-value of 0.05. Trend test  
p-values are based on the Mann-Kendall test modified to account for up to 3-years of 
serial autocorrelation. 

MapID Site Name No. 
Years 

Start 
Year 

End 
Year 

Min. 
Depth 
(ft) 

Max. 
Depth 
(ft) 

Mean 
Depth 
(ft) 

Trend 
Slope 
(ft/yr) 

89 128 N24 E37 17BABA 1 4 1986 2011 6    14.3 12.1 0.22 

90 128 N24 E37 17BABA 2 4 1986 2011 6 14.5 11.7 0.35 

 
 
 
 

 
Figure D-8. Timeseries of annual average depth to groundwater measurements for select wells 

(see Figure D-6 and Table D-4) within Dixie Valley near Geothermal Plant AOI-3 
and basin-averaged annual potential water deficit. 

 

https://nwis.waterdata.usgs.gov/nwis/gwlevels/?site_no=395716117503601&agency_cd=USGS&amp;
https://nwis.waterdata.usgs.gov/nwis/gwlevels/?site_no=395716117503602&agency_cd=USGS&amp;
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SUMMARY 
• Historical and contemporary descriptions of phreatophyte vegetation composition appear 

relatively consistent with each other; however, the contemporary delineation of the phreatophyte 
area is 30 percent smaller (Table D-1). Whether this is due to an actual change in phreatophyte 
vegetation vs. overestimation of the original phreatophyte boundary is inconclusive but merits 
further study.  The proportions of agricultural and Other cover types (8%), indicative of 
anthropogenic impacts, are intermediate as compared to other basins in this study. 

• Climate-adjusted trends in NDVI tend to be more positive in upland regions and neutral to 
negative within the phreatophyte area, indicating greater anthropogenic impacts concentrated 
in this latter area. The largest magnitude trend slopes, both positive and negative, were 
greatest in the three riparian/wetland and Agricultural Pasture and Haylands land cover 
types (Figures 5 and D-2).  

• Approximately 83 percent of the perennial yield in Dixie Valley is appropriated. Available 
groundwater data provide a limited view of trends in groundwater levels over time. Nearly all 
of the 41 wells with greater than 3 annual observations had fewer than 4 observations– with 
nearly all of these observations occurring between 2009-2011. Notable locations of 
increasing DTW include 1) two wells near the northern end of the valley (outside the 
phreatophyte area) that are adjacent to irrigated agriculture and two wells near a geothermal 
plant towards the northern end of the main phreatophyte area (Figure D-3). 

• The relatively equal areas of strongly positive and strongly negative trending areas within 
Dixie Valley indicate vegetation responses to what appears to be substantial movement of 
water and flow alteration over the course of the study period, but not necessarily less water to 
the system (which would be indicated if the area exhibited dominantly negative trends). 
Some of these flow alterations are readily tracked as mirrored NDVI increases and decreases 
(Figure D-3, D-4). 

• Groundwater levels data are not readily available within Dixie Meadows area but would be 
useful for monitoring relations between vegetation change and DTW in response to future 
management activities. Continued monitoring of nearby wells installed for the 2009-2011 
study (Garcia et al., 2015), which currently have too few observations to draw conclusions 
about trends, might also be useful for monitoring change due to management activities. 

• Ranges of expected NDVI values based on annual potential water deficit are presented for 
AOIs within Dixie Meadows (Figure D-5), and may be useful for assessing future 
observations and assessing thresholds and trigger levels for prompting field investigations 
and/or vegetation and water monitoring, management, and mitigation actions.  

• NDVI values for the dryland AOI near the geothermal powerplant shift toward lower values 
starting in 1999 (Figure D-7). Shallow groundwater levels have also declined here, though a 
lack of groundwater levels data in the years surrounding 1999 preclude the ability to assess 
the connection between these two changes; however, it is notable that pumping of the basin 
fill aquifer began in this area in 1997. 
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SECTION E: DETAILED RESULTS - NORTHERN RAILROAD VALLEY 

HISTORICAL CONTEXT 
Early reconnaissance studies of the northern Railroad Valley (1,369,706 acres) by Van 

Denburgh & Rush (1974) identified extensive areas of shallow groundwater (227,000 acres), 
including 400 acres of open water (1.7%), 38,000 acres of playa (17%; depth to water =0-10 
feet), 12,000 acres of meadow/mesic vegetation (5%; depth to water =0-5 feet), 110,000 acres of 
saltgrass (49%; depth to water =1-10 feet) with varying densities of phreatophyte shrubs such as 
greasewood, rabbitbrush, and saltbush, and 68,000 acres of phreatophyte shrublands (30%; depth 
to water =10-50 feet) comprised of these three shrub species. Estimated flows from the three 
major carbonate springs were documented: 1) Big Warm Spring at Duckwater (identified as the 
second largest spring in Nevada) was 13 CFS, 2) Blue Eagle was 4 CFS, and 3) flows from 
springs at Lockes Ranch were estimated at 3 CFS. The perennial yield was estimated to be 
75,000 AFY. Irrigation water use at the time predominantly came from springflows and was on 
the order of 12,000 AFY. As of May 2020, the basin is not over-committed; 32,000 AFY in 
water rights (43%) are committed, with the bulk of this committed to irrigation (29,000 AFY) 
and the rest committed to recreation, mining and milling, and stockwater use (NDWR, accessed 
5/20/20). Over the course of the 1985-2019 study period, average water year precipitation over 
the entire hydrographic basin was 9 inches – the second lowest of all basins in this study, and 
potential evapotranspiration was 57.9 inches – the highest among all basins in this study. 

VEGETATION 
Comparison of Historical and Contemporary Vegetation 

Distributions of LANDFIRE vegetation types within the updated phreatophyte area 
delineated by Minor (2019) are presented with historical descriptions from Van Denburgh & 
Rush (1974) in Table E-1. As compared to historical accounts, contemporary cover by 
greasewood shrublands and open water are relatively consistent, but the amount of area classified 
as wetland/riparian (1%) is less than the 5 percent of mesic/meadow described historically. The 
contemporary Sparse Vegetation classification (50% of the area) is likely inclusive of both the 
barren playa and saltgrass areas described historically, which were estimated to cover 70 percent 
of the area. The relatively large extent (15.2%) of disturbed and developed vegetation types that 
is mostly introduced vegetation may explain the difference between the historical account and 
contemporary land cover classificationsWetland/riparian areas are where Agricultural Pasture 
and Haylands often are developed, which may partially explain decreases in the proportion of 
wetland/riparian types. 

Vegetation Climate-Adjusted Trends 
Climate-adjusted trends in late-summer NDVI for the entire northern Railroad Valley 

area shown in Figure E-1a. The direction and magnitude of trends vary across the basin, with 
some of the largest positive (dark blue) trends and negative (dark red) trends contained within 
the phreatophyte area boundaries. In many cases, positive trends are clearly associated with 
increases in irrigated agriculture. Elsewhere in the phreatophyte area, the largest magnitude 

http://water.nv.gov/DisplayHydroGraphicMannerOfUseCommitment.aspx?basin=173B
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trends occur in mesic areas where natural or anthropogenic changes in water distribution have 
led to localized increases and concomitant decreases in NDVI. Outside the phreatophyte area, 
larger magnitude positive trends tend to be widespread in forest and woodland vegetation and 
larger magnitude negative trends are associated with several fire scars in the upland mountain 
block. Overall, the distribution of trend slopes in the phreatophyte area is less positive than for 
the hydrographic area as a whole (Figure E-1b), as is the case for most other basins. Among land 
ownerships within the phreatophyte area, the distribution of trend slopes on U.S. Forest Service 
lands was more positive than other ownerships; private and tribal lands had the widest 
distributions with large positive and negative trend slopes, and BLM lands had a narrower range 
of small magnitude positive trend slopes (Figure E-1c).  

 
Table E-1. Type and areal extents of vegetation within the phreatophyte area (PA) based on 

historical (Van Denburgh & Rush, 1974) and contemporary (LANDFIRE) accounts. 
The total phreatophyte area is based on Van Denburgh & Rush (1974) for historical 
and Minor (2019) for contemporary. 

Historical 

 Vegetation Type Acres % of PA 

 Greasewood and rabbitbrush             68,000  30% 
 Saltgrass           110,000  48% 
 Bare soil/playa             38,000  17% 
 Meadow (mesic vegetation)             12,000  5% 
 Open Water                  400  0% 
 Total           228,400  100% 

Contemporary 

 Vegetation Type Acres % of PA 

D
ry

la
nd

 

Big Sagebrush Shrubland and Steppe  603  0.3% 
Greasewood Shrubland             74,903  32.8% 
Desert Scrub               3,272  1.4% 
Salt Desert Scrub               6,190  2.7% 
Sparse Vegetation           105,986  46.4% 
Other 259 0.1% 

W
et

la
nd

/ 
R

ip
ar

ia
n 

Depressional Wetland 793  0.3% 
Freshwater Marsh 601  0.3% 
Western Herbaceous Wetland 1  0.0% 
Western Riparian Woodland and Shrubland 890  0.4% 
Open Water 405 0.2% 

D
is

tu
rb

ed
/ 

D
ev

el
op

ed
 

Agricultural-Close Grown Crop 50  0.0% 
Agricultural-Pasture and Hayland               5,895  2.6% 
Developed or Transitional 517 0.2% 
Introduced Vegetation 28,264 12.4% 

 Total           228,629  100% 
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Figure E-1. Climate-adjusted trends in late-summer NDVI in Railroad Valley-North (a), comparison 

of the distribution of trend slopes for pixels within the entire hydrographic basin versus 
those in the phreatophyte area (b), and comparison of the distribution of trend slopes for 
pixels within different land ownerships in the phreatophyte area (PA) (c). 

 

GROUNDWATER 
For wells within the phreatophyte area (n=3), maximum recorded DTW for the  

1985-2019 study period ranged from 2 to 47 feet, with an average depth of 21.5 feet. This range 
of values is consistent with the range of values reported in the historical reconnaissance report. It 
is important to note that the frequency and timing of groundwater level measurements for 
individual wells varied during the study period, potentially affecting the estimated trends in 
DTW. Wells with a minimum of 3 years of groundwater depth observations during 1985-2019 
(n = 25) were included in the trend analysis (Figure E-2a,c). Increasing DTW have occurred at 
most locations. In most cases, these water level declines are on the order of less than 1 foot per 
year (Figure E-2b), which can amount to a few to several feet of change, depending on period of 
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Figure E-2. Trends in depth to groundwater for wells in the Railroad Valley-North (a), the overall 

distribution of trend slopes (b), and the overall distribution of sample sizes (# 
observation years) per well (c). Increasing (yellow to red) trends indicate increased 
depth to groundwater over time (i.e., lowered groundwater levels). Statistically 
significant well trends (p less than 0.05; modified Mann-Kendall test) are indicated by 
an asterisk in the middle of well location points in (a). 



85 

time over which the observations occurred. Of the 25 wells, 7 had statistically significant 
increases in DTW (modified Mann Kendall test p-value less than 0.05) with trend slopes ranging 
from 0.12 to -2.3 feet per year. Four of these are at the southern end of the valley and have total 
water level declines of 3-5 feet between the mid 1980’s and present. Three of these are located 
near the area with center pivot irrigation development (blue trends in Figure 45). Another two 
deep (200+ feet DTW) wells with significant trends are located near Currant and show large 
declines in water levels of 27 and 53 feet for 1990-2019 and 1984-2008, respectively. Finally, 
the Green Spring well at the northern end of the valley shows overall differences between 
minimum and maximum groundwater levels of about 10 feet. 

SITE-SPECIFIC ANALYSES 
Duckwater Springs 
Site description 

Four wetland/riparian AOIs were assessed in the Duckwater area (Figure E-3), including 
Big Warm Spring (AOI-3), Little Warm Spring (AOI-4), Schoolhouse Spring (AOI-7), and 
Sugar Shack Spring (AOI-6). Of these, Big Warm Spring is the largest of the springs and 
underwent substantial restoration between 2007 and 2012, that included improvements to 
90 acres of wetlands, 45 acres of upland, and two miles of stream channel. Little Warm Springs 
was also restored to develop 25 acres of shallow water habitat. Vegetation within and 
surrounding the Duckwater springs sites is commonly classified as Agricultural Pasture and 
Hayland, but site assessments suggest that riparian/wetland vegetation at the springs are often 
misclassified. Site descriptions, selected photos, and sUAS imagery for each of these areas are 
presented in  Appendix A. Additional images and data for these sites are included in the 
accompanying database. 

Vegetation 
The timeseries (Figure E-4) and site-specific statistics (Table E-2) show increasing NDVI 

for Big and Little Warm Springs, with the latter having a statistically significant trend. The 
effects of the Big Warm Spring (AOI-3) restoration are more subtle relative to that in Little 
Warm Spring (AOI-4), with the latter showing consistently higher NDVI values relative to 
historical starting in 2009. This increase in vegetation vigor can be seen in Google Timelapse 
(must be viewed with Chrome browser), as can the strong decline in NDVI seen in Figure E-3 in 
the area to the southeast of the spring, that appears to have historically been irrigated for 
agriculture. The lack of a strong NDVI signal in Big Warm Spring may be due to the restoration 
having occurred outside the AOI analyzed here, as greening trends are seen further downstream 
from the site in Figure E-3. Both of these springs exhibit low sensitivity to climate, which is 
likely due to the combination of restoration effects and strong groundwater dependence. The 
narrow riparian area within and pastureland surrounding the Sugarshack Spring (AOI-6) show 
declines in NDVI starting in about 1999 for reasons that are not clear but may be associated with 
the stream incision observed during the field site visit. Schoolhouse Spring (AOI-7) declined in 
NDVI around the same time but NDVI has been increasing in recent years, resulting in a lack of 
trend for this site over the time period analyzed. 

https://nwis.waterdata.usgs.gov/nwis/gwlevels/?site_no=384338115283601&agency_cd=USGS&amp;
https://nwis.waterdata.usgs.gov/nwis/gwlevels/?site_no=384342115283501&agency_cd=USGS&amp;
http://water.nv.gov/WaterLevelDataChart.aspx?autoid=4103
file://dri.local/UserData/Homes/mvasquez/Peer%20Reviews/2021%20Albano/NV_GDE_Assessment_Report_AppendixA_SitePhotos.docx#RailroadValley
https://earthengine.google.com/timelapse#v=38.95004,-115.7197,11.539,latLng&t=0.73&ps=25&bt=19840101&et=20181231&startDwell=0&endDwell=0
https://earthengine.google.com/timelapse#v=38.95004,-115.7197,11.539,latLng&t=0.73&ps=25&bt=19840101&et=20181231&startDwell=0&endDwell=0
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Figure E-3. Maps showing climate-adjusted NDVI trend (left), and aerial imagery (right) for four 

Areas of Interest (AOIs) in the Duckwater area. AOI and depth to groundwater trend 
labels correspond to data in Tables 15 and 16. Statistically significant well trends 
(p less than 0.05; modified Mann-Kendall test) are indicated by an asterisk in the 
middle of well location points. 
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Figure E-4. Timeseries of late-summer NDVI and water year annual potential water deficit for the 

the GridMET grid cell overlaying Duckwater AOIs. 
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Table E-2. Zonal statistics for Areas of Interest (AOIs) in the Duckwater (Figure E-3) and Lockes 
Ranch (Figure E-7) areas. NDVI sensitivity is the correlation coefficient between 
NDVI and annual water deficit, climate-adjusted NDVI trend is the Sen’s slope in 
NDVI (1985-2019), accounting for the influence of annual water deficit, and climate 
trend is the Sen’s slope in annual water deficit (1985-2019). Blue/red shading indicate 
statistically significant positive/negative trends or correlation. No shading indicates 
trend or correlation was not statistically significant based on a threshold p-value of 
0.05. Trend test p-values are based on the modified Mann-Kendall test. AOI photos 
and site descriptions can be found in Appendix A. 

  

1985-2019 Annual 
Median July-Sept. 

NDVI 

NDVI  
Sensitivity 
to Climate 

(r) 

Climate- 
Adjusted 

NDVI 
Trend 

Climate 
Trend 
(in/yr) 

AOI 
No. Area Min Mean Max 

Duckwater 
3 Big Warm Spring 0.23 0.32 0.41 0.03 0.001 -0.08 
4 Little Warm Spring 0.16 0.31 0.60 0.23 0.009 -0.08 
6 Sugar Shack Springs 0.36 0.48 0.62 0.40 -0.005 -0.05 
7 Schoolhouse Spring 0.24 0.33 0.47 0.66 -0.001 -0.05 

Lockes Ranch and near Chimney Spring 
0 North Spring 0.14 0.26 0.42 0.18 0.001 -0.08 
1 Big Spring 0.22 0.29 0.35 0.04 0.001 -0.07 
2 Hay Corral and 

Reynolds Springs 
0.18 0.26 0.32 -0.31 0.002 -0.07 

5 Unnamed hot spring 0.07 0.15 0.22 -0.13 0.004 -0.09 
 

The linear regression relationships between NDVI and potential water deficit (Figure 
E-5) and their prediction intervals provide context for interpreting future monitoring 
observations of NDVI. For example, future values that fall outside the 75th percentile prediction 
interval for a given annual water deficit value may indicate undesirable change and the need for 
further investigation of possible causal factors. It is important to note that the relationships 
between NDVI and annual potential water deficit for Big and Little Warm Springs are weak 
either due to their regional water sources that may not vary substantially with climate or due to 
historical management. In these cases, prediction intervals may still be useful in terms of 
identifying the occurrence of anomalous NDVI values relative to the historical record, but the 
regression relationships provide unreliable estimates of ‘expected’ NDVI based on annual 
potential water deficit and should be interpreted with caution. Based on the historical record and 
the 75th percentile prediction interval for sites with statistically significant NDVI sensitivity to 
climate, spatially averaged NDVI values in a very dry year are generally expected to be greater 
than 0.23 for Schoolhouse Spring, and greater than 0.36 for Sugar Shack Spring. In a very wet 
year, they can generally be expected to be greater than 0.35 (Schoolhouse) and greater than 0.47 
(Sugar Shack) (Figure E-5).  



89 

 
Figure E-5. Linear regression relationships between annual water deficit and NDVI with 75th 

(gray) and 95th (blue) percentile prediction intervals (PI). Numbers indicate lower 
bound of 75th PI NDVI value for highest, median, and lowest water deficit. 

 

Groundwater 
The nearest groundwater wells to the Duckwater springs are 9.3-12.4 miles away and 

therefore not necessarily representative of local DTW or trends over time. The two wells located 
to the southeast of the springs (22,23) have exhibited relatively stable levels over the course of 
the study period analyzed (Table E-3; Figure E-6); notably, Well-23 exhibits rising groundwater 
levels prior to 1985, the start of the study period analyzed here. Well-24, which has shallower 
groundwater levels and is adjacent to Green Springs, has exhibited increased DTW of about 
10 feet over the past 30 years. 
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Table E-3. Depth to groundwater statistics for wells closest to Duckwater springs (see Figure  
E-3). Depths are reported as feet below land surface. Positive trends indicate increasing 
depth to groundwater (i.e., lower groundwater levels; 1985-2019). Red/blue shading 
indicates statistically significant positive/negative trends. No shading indicates non-
significant trend slopes based on a threshold p-value of 0.05. Trend test p-values are 
based on the Mann-Kendall test modified to account for up to 3-years of serial 
autocorrelation. 

MapID Site Name No. 
Years 

Start 
Year 

End 
Year 

Min. 
Depth 
(ft) 

Max. 
Dept
h (ft) 

Mean 
Depth 
(ft) 

Trend 
Slope 
(ft/yr) 

22 173B N11 E57 09CDB 1 10 2009 2018 159.4 160.5 160.1 0.05 

23 173B N11 E57 09CDBC 1 32 1984 2019 158.4 165.8 160.2 0.04 

24 173B N15 E57 33CBDA 1 12 1988 2019 35.0 46.6 42.3 0.39 

 
 
 

 
Figure E-6. Timeseries of annual average depth to groundwater measurements for select wells (see 

Figure E-3 and Table E-3) closest to Duckwater Springs and basin-averaged annual 
potential water deficit. 

 

http://water.nv.gov/WaterLevelDataChart.aspx?autoid=3782
https://nwis.waterdata.usgs.gov/nwis/gwlevels/?site_no=384920115343001&agency_cd=USGS&amp;
http://water.nv.gov/WaterLevelDataChart.aspx?autoid=4103
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Lockes Ranch Area 
Site description 

Four AOIs associated with carbonate aquifer springs, including North Spring  
(AOI-0), Big Spring (AOI-1), and Hay Corral and Reynolds Springs (AOI-2) on Lockes Ranch 
and an unnamed spring to the south (AOI-5) of there (Table E-2, Figure E-7) were analyzed. 
Lockes Ranch, also known as the Railroad Valley Wildlife Management Area, was purchased by 
Nevada Division of Wildlife in 2005 and restoration treatments including ‘creation of high 
sinuosity channels, improvement of existing channels, and dewatering of a man-made irrigation 
ditch’ were completed in 2008 (USFWS, 2009). Site descriptions, selected photos, and sUAS 
imagery for each of these areas are presented in Appendix A. Additional images and data for 
these sites are included in the accompanying database. 

 

 
Figure E-7. Maps showing climate-adjusted NDVI trend (left), and aerial imagery (right) for four 

Areas of Interest (AOIs) in the Lockes Ranch area. AOI and depth to groundwater 
trend labels correspond to data in Tables E-2 and E-4. Statistically significant well 
trends (p less than 0.05; modified Mann-Kendall test) are indicated by an asterisk in 
the middle of well location points. 
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Vegetation 
The timeseries (Figure E-8) and site-specific statistics (Table E-2) show increasing NDVI 

for all of the Lockes Ranch springs. Though the trend is not statistically significant for North 
Spring (AOI-0), the effects of the 2008 restoration are evident as NDVI increases following many 
years of downward-trending NDVI. The other Lockes Ranch sites and the unnamed spring show 
more consistent upward trends from 1985-2019. The overall greening trends seen at both Lockes 
Ranch and the spring to the south suggest increases in water available to vegetation as opposed to 
diversion of water from one place to another (i.e., as seen in Dixie and Soldier Meadows), as 
browning trends were generally not observed in the vicinity of any of these springs. 

 

 
Figure E-8. Timeseries of late-summer NDVI and water year annual potential water deficit for the 

GridMET grid cell overlaying Lockes Ranch area AOIs. 
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The linear regression relationships between NDVI and potential water deficit  
(Figure E-9) and their prediction intervals provide context for interpreting future monitoring 
observations of NDVI. For example, future values that fall outside the 75th percentile prediction 
interval for a given annual water deficit value may indicate undesirable change and the need for 
further investigation of possible causal factors. It is important to note that the relationships 
between NDVI and annual potential water deficit for all of the Lockes Ranch Area sites are weak 
either due to their regional water sources that may not vary substantially with climate or due to 
historical management. In these cases, prediction intervals may still be useful in terms of 
identifying the occurrence of anomalous NDVI values relative to the historical record, but the 
regression relationships provide unreliable estimates of ‘expected’ NDVI based on annual 
potential water deficit and are not interpreted here. 

 

 
Figure E-9. Linear regression relationships between annual water deficit and NDVI with 75th 

(gray) and 95th (blue) percentile prediction intervals (PI). Numbers indicate lower 
bound of 75th PI NDVI value for highest, median, and lowest water deficit. 
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Groundwater 
The nearest groundwater wells to the Lockes Ranch Springs are 3.7 miles away, while the 

nearest groundwater wells to the unnamed spring are 1.5 miles away; thus, water levels and 
trends may not be representative of those occurring at the spring sites. Groundwater levels 
measured between the mid-1990’s and 2010 show little variation, with all wells varying by less 
than 4 feet among measurements over time and none with statistically significant trends (Table 
E-4 and Figure E-10). This may, in part, be due to limited sample size, as only 3-5 measurements 
were available per well. 

 
Table E-4. Depth to groundwater statistics for wells closest to Lockes Ranch (see Figure 51). 

Depths are reported as feet below land surface. Positive trends indicate increasing 
depth to groundwater (i.e., lower groundwater levels; 1985-2019). Red/blue shading 
indicates statistically significant positive/negative trends. No shading indicates non-
significant trend slopes based on a threshold p-value of 0.05. Trend test p-values are 
based on the Mann-Kendall test modified to account for up to 3-years of serial 
autocorrelation. 

MapID Site Name No. 
Years 

Start 
Year 

End 
Year 

Min. 
Depth 
(ft) 

Max. 
Depth 
(ft) 

Mean 
Depth 
(ft) 

Trend 
Slope 
(ft/yr) 

8 173B N07 E55 17ABAC 1 4 1993 2009 46.8 47.4 47.2 0.08 

9 173B N07 E55 17CDCB 1 4 1993 2009 19.6 19.9 19.8 -0.02 

11 173B N08 E55 34CC 1 3 1993 1995 34.6 37.9 35.7 -1.62 

12 173B N08 E55 34CD 1 3 1993 1995 21.4 21.5 21.4 0.06 

13 173B N08 E55 34CDDD 2 5 1993 2010 14.9 15.5 15.1 0.03 

14 173B N08 E55 34DCDD 1 4 1993 2009 6.0 9.2 7.0 -0.11 

 

SUMMARY 
• Historical and contemporary descriptions of phreatophyte vegetation composition and areal 

extent appear relatively consistent with each other. There is a relatively large extent (15.2%) 
of disturbed/developed vegetation classes comprised mostly of introduced species, 
suggesting substantial anthropogenic impacts in the basin (Table E-1). 

• Climate-adjusted trends in NDVI tend to be more positive in upland regions and neutral to 
negative within the phreatophyte area, indicating greater anthropogenic impacts concentrated 
in this latter area. The largest magnitude trend slopes, both positive and negative, are 
concentrated in the four riparian/wetland and Agricultural Pasture and Haylands land cover 
types, with largest changes occurring in the latter type (Figures 5 and E-2). Large positive 
trends are also observed at the southern tip of the main phreatophyte area where center pivot 
irrigation development occurred. 

https://nwis.waterdata.usgs.gov/nwis/gwlevels/?site_no=382819115482701&agency_cd=USGS&amp;
https://nwis.waterdata.usgs.gov/nwis/gwlevels/?site_no=382735115474101&agency_cd=USGS&amp;
https://nwis.waterdata.usgs.gov/nwis/gwlevels/?site_no=383011115465201&agency_cd=USGS&amp;
https://nwis.waterdata.usgs.gov/nwis/gwlevels/?site_no=383011115463801&agency_cd=USGS&amp;
http://water.nv.gov/WaterLevelDataChart.aspx?autoid=4102
https://nwis.waterdata.usgs.gov/nwis/gwlevels/?site_no=383011115460901&agency_cd=USGS&amp;
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Figure E-10. Timeseries of annual average depth to groundwater measurements for select wells 

(see Figure E-7 and Table E-4) closest to Lockes Ranch Area and basin-averaged 
annual potential water deficit. 
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• Railroad Valley-North is one of the few basins in this study with water rights allocations that 
are substantially less than (43% of) the estimated perennial yield. Most of the 25 wells 
analyzed had increases in DTW. In most cases, overall changes were small and trends were 
not statistically significant. Notable locations of statistically significant increasing DTW 
include wells near the southern and northern ends of the valley and near Currant, where very 
large changes occurred (Figure E-3). 

• Four springs on the Duckwater Reservation were assessed. Big and Little Warm Springs 
exhibit increased NDVI over the course of the study period, which may reflect the effects of 
restoration activities. Little Warm Spring had the largest change. Schoolhouse Spring and 
Sugarshack Spring both exhibit declines in NDVI starting in about 1999; NDVI in 
Schoolhouse Spring has rebounded in recent years resulting in no trend, while NDVI at 
Sugarshack Spring remains low. Stream incision and grazing activity are likely affecting 
conditions at the latter site. (Figure E-4). 

• Groundwater levels data in close vicinity to the Duckwater springs are not readily available 
but would be useful for monitoring relations between vegetation change and DTW in 
response to future management activities. The two closest wells, which are 9.3 miles away 
and not necessarily representative, show relatively steady groundwater levels in recent years 
(Figure E-6). 

• Four springs on Lockes Ranch and one unnamed spring to the south of the ranch were 
assessed and all showed increasing NDVI trends. Almost exclusively positive trends were 
observed across the entire Lockes Ranch wetland area and the spring-influenced area to the 
south, suggesting an increase in water available for vegetation over the study period. North 
Spring exhibited a shift from downward to upward trending NDVI, likely in response to 
restoration that was completed in 2008, whereas other sites showed steady increases over the 
entire time period (Figure E-8).  

• Groundwater levels in wells near Lockes Ranch have limited data records (i.e., 3-4 
observation years), none of which are recent, and do not show any large changes in 
groundwater levels (Figure E-10). 

• Ranges of expected NDVI values based on annual potential water deficit are presented for 
AOIs (Figures E-5 and 9), and may be useful for assessing future observations and assessing 
thresholds and trigger levels for prompting field investigations and/or vegetation and water 
monitoring, management, and mitigation actions.                      
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SECTION F: DETAILED RESULTS - STEPTOE VALLEY 

HISTORICAL CONTEXT 
Early reconnaissance studies of the Steptoe Valley (1,245,633 acres) by Clark & Riddell 

(1920) and Eakin et al. (1967) identified an extensive phreatophyte area based on vegetation 
associations and limited DTW measurements. Clark and Riddell (1920) estimated DTW as less 
than 10 feet, 20 feet, and 50 feet for approximately 95,000, 40,000, and 50,000 acres of the 
valley bottom, respectively. Eakin et al. (1967) provided similar estimates, concluding that the 
phreatophyte area consisted of approximately 143,000 acres of land with DTW less than 20 feet. 
This included 18,000 acres of meadow (water table at land surface), 72,000 acres of shallow 
DTW less than 10-12 feet (indicated by saltgrass, rabbitbrush, some greasewood, playas), and 
53,000 acres of groundwater depths in the range of 12-20 feet (indicated by greasewood and 
rabbitbrush shrublands). At the time of the latter study, most irrigation water was derived from 
springs and streams, with groundwater pumping for irrigation on the order of 2,000-3,000 AFY 
for the entire valley and on the rise. Copper mining was the most notable anthropogenic 
consumptive use, estimated at 14,500 AFY. The perennial yield is estimated at 70,000 AFY by 
NDWR, following the estimation by Eakin et al. (1967). As of April 2020, this basin is over-
committed with 194,000 AFY in water rights committed (2.8 times the perennial yield), 
approximately 115,000 AFY for use in Mining and Milling, 25,000 for industrial uses, and 
41,000 for irrigation (NDWR database, accessed 4/3/2020). Over the course of the 1985-2019 
study period, average water year precipitation over the entire hydrographic basin was 11.9 inches 
– the third highest of all basins in this study, and potential evapotranspiration was 51.8 inches – 
intermediate among all basins in this study. 

VEGETATION 
Comparison of Historical and Contemporary Vegetation 

Distributions of LANDFIRE vegetation types within the updated phreatophyte area 
delineated by Minor (2019) are presented with historical descriptions from Eakin et al. (1967) in 
Table F-1. As compared to historical accounts of the phreatophyte vegetation community, these 
classifications may suggest increased sagebrush and decreased greasewood, which could be 
indicative of a lowering of the water table; however, misclassification by LANDFIRE is 
common in the Great Basin, where limited ground data exist (Provencher et al., 2009), so how 
these communities may have transitioned over time is unclear. Field observations from this effort 
(discussed in following section) suggest that the Big Sagebrush Shrubland and Steppe vegetation 
type frequently contained a mix of greasewood, rabbitbrush, and sagebrush. Historical meadow 
and contemporary wetland/riparian vegetation proportions appear relatively consistent, 
comprising 13 and 12 percent of the area, respectively. Contemporary classifications include a 
relatively large proportion of the area (23%) as disturbed and developed types (comprised mostly 
of agricultural development and introduced species); there is little basis for comparison to 
historical cover of these types given the coarse descriptions provided, but these land cover types 
are indicative of a substantial anthropogenic footprint in this basin.  

http://water.nv.gov/DisplayHydroGraphicMannerOfUseCommitment.aspx?basin=179
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Table F-1. Type and areal extents of vegetation within the phreatophyte area (PA) based on 
historical (Eakin et al. 1967) and contemporary (LANDFIRE) accounts. The total 
phreatophyte area is based on Eakin et al. (1967) for historical and Minor (2019) for 
contemporary. 

Historical  
Vegetation Type Acres % of PA  
Greasewood and rabbitbrush 53,000  37%  
Saltgrass, rabbitbrush, some greasewood, playa 72,000  50%  
Meadow (mesic vegetation) 18,000  13%  

Total 143,000  100% 
Contemporary  

Vegetation Type Acres % of PA 
 

D
ry

la
nd

 

Big Sagebrush Shrubland and Steppe 29,005  19% 
Greasewood Shrubland 13,607  9% 
Desert Scrub 9,445  6% 
Salt Desert Scrub 13,567  9% 
Sparse Vegetation 27,514  18% 
Other             3,748  3% 

W
et

la
nd

/ 
R

ip
ar

ia
n 

Depressional Wetland 868  1% 
Freshwater Marsh 378  0% 
Western Herbaceous Wetland 3,341  2% 
Western Riparian Woodland and Shrubland 13,054  9% 
Open Water 910 1% 

D
ev

el
op

ed
/ 

D
is

tu
rb

ed
 Agricultural-Close Grown Crop 1,042  1% 

Agricultural-Fallow/Idle Cropland 4  0% 
Agricultural-Pasture and Hayland 15,608  10% 
Developed or Transitional             1,245  1% 
Introduced Species           15,952  11%  

Total 149,288  100% 
 

Vegetation Climate-Adjusted Trends 
Climate-adjusted trends in late-summer NDVI for the entire Steptoe Valley area shown in 

Figure F-1a. The direction and magnitude of trends vary across the basin, with some of the largest 
positive trends (dark blue) highlighting areas of recent increases in irrigated agriculture and largest 
negative trends (dark red) indicating fire, land use change, or other disturbances. Positive trends 
tend to be more prevalent in the upland mountain block, while the distribution of trends in pixels 
within the phreatophyte area are shifted toward neutral to negative values (Figure F-1b). This is a 
common pattern observed across Nevada (see other sections of this report and Albano et al., 2020), 
but the cause of these differential trends remains unclear. Among land ownerships within the 
phreatophyte area, the distribution of trend slopes on private lands was wider relative to those on 
BLM lands, with larger positive and negative slope values indicative of likely greater changes in 
water distribution and availability, plant species composition, and/or management on private lands 
relative to BLM lands over the 1985-2019 time period (Figure F-1c).  
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Figure F-1. Climate-adjusted trends in late-summer NDVI in the Steptoe Valley (a), comparison of 

the distribution of trend slopes for pixels within the entire hydrographic basin vs. those 
in the phreatophyte area (b), and comparison of the distribution of trend slopes for 
pixels within different land ownerships in the phreatophyte area (PA) (c). 
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GROUNDWATER 
Maximum recorded DTW for the 1985-2019 study period for wells within the phreatophyte 

area (including areas of irrigated cropland; n=85) ranged from 2- 95.8 feet, with an average depth of 
33 feet. Eakin et al. (1967) estimated the groundwater depths in the entire phreatophyte area to be 
less than 50 feet, so the occurrence of deeper well depths suggests groundwater declines in this basin. 
It is important to note that the frequency and timing of groundwater level measurements for 
individual wells varied during the study period, potentially affecting the estimated trends in DTW. 
Wells with a minimum of 3 years of groundwater depth observations within the 1985-2019 (n = 155) 
time period were included in the trend analysis. Increasing DTW has occurred at most wells (Figure 
F-2a); water level declines are most commonly less than 1 foot per year (Figure F-2b) but can 
amount to a few to several feet depending on the time period over which measurements occurred. 
Sixty-eight wells had statistically significant trend slopes (modified Mann-Kendall p less than 0.05). 
Most wells had more than five observations, with only 46 having fewer than this number (Figure  
F-2c). The most notable location of water level declines is outside the phreatophyte area in the area 
surrounding the Robinson Mine (west of Ely), where active mine dewatering is taking place and 
DTW increases in several wells range between 20 and 44 feet per year over periods of about  
10 years, amounting to several hundred feet. The other notable place of groundwater depth increases 
is in the northeastern part of the valley, where several wells have trends between 1 and 1.5 feet per 
year, over roughly the past decade, amounting to several feet over time.  

SITE-SPECIFIC ANALYSES 
Steptoe Ranch and Grass Springs 
Site Description 

The Steptoe Ranch and Grass Springs AOIs (Figure F-3) consist of several hillslope springs 
and spring-fed channels located on private lands used primarily as livestock pasture. The Google 
Timelapse timeseries, which shows a similar north-to-south extent as Figure F-3 (must be viewed in 
Google Chrome) indicates the most notable new water developments within close vicinity, including 
the installation of center pivots upstream of the ranches, beginning in the early 2010s. Field data were 
collected and summary statistics of climate and NDVI were calculated (Table F-2) within estimated 
extents of wetland/riparian vegetation within the five AOIs shown in Figure F-3– three in the Grass 
Springs area to the south and two on the Steptoe Ranch to the north. The five sites were relatively 
similar to each other in terms of physical setting and surrounding land cover types, which include a 
mixture of cover classifications of Agricultural Pasture and Hayland, Introduced Annual 
Grassland/Shrubland, and Big/Low Sagebrush Shrubland and Steppe, Riparian Woodland and 
Shrubland and, in the case of Steptoe Ranch sites, Herbaceous Wetland. The sites generally consist 
of a network of spring sources and narrow artificial channels conveying springflow, with Carex spp. 
dominating areas within and just adjacent to the channels. Surrounding vegetation typically includes 
cover by a mix of greasewood, rabbitbrush, and/or sagebrush on the order of 15-20 percent (no 
indication of water stress), with varying proportions of bare ground (10-50%) and graminoids. Signs 
of recent livestock use were noted at all sites. Site descriptions, selected photos, and sUAS imagery 
for each of these areas are presented in Appendix A. Additional images and data for these sites are 
included in the accompanying database.  

https://earthengine.google.com/timelapse#v=39.51514,-114.91812,11.152,latLng&t=0.03&ps=50&bt=19840101&et=20181231&startDwell=0&endDwell=0
https://earthengine.google.com/timelapse#v=39.51514,-114.91812,11.152,latLng&t=0.03&ps=50&bt=19840101&et=20181231&startDwell=0&endDwell=0
https://earthengine.google.com/timelapse#v=39.51514,-114.91812,11.152,latLng&t=0.03&ps=50&bt=19840101&et=20181231&startDwell=0&endDwell=0
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Figure F-2. Trends in depth to groundwater for wells in the Steptoe Valley (a), the overall 

distribution of trend slopes (b), and the overall distribution of sample sizes 
(# observation years) per well (c). Increasing (yellow to red) trends indicate increased 
depth to groundwater over time (i.e., lowered groundwater levels). Statistically 
significant well trends (p less than 0.05; modified Mann-Kendall test) are indicated by 
an asterisk in the middle of well location points in (a). 
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Figure F-3. Maps showing climate-adjusted NDVI trend (left), and aerial imagery (right) for five 

Areas of Interest (AOIs) in the Grass Springs/Steptoe Ranch area. AOI and depth to 
groundwater trend labels correspond to data in Tables 19 and 20. Statistically 
significant well trends (p less than 0.05; modified Mann-Kendall test) are indicated by 
an asterisk in the middle of well location points. 

 

Vegetation 
The timeseries (Figure F-4) and site-specific statistics (Table F-2) show a lack of trend in 

NDVI for all sites except for the northernmost Grass Springs site (AOI-6), which had a 
statistically significant positive NDVI trend. Despite substantial year-to-year variations in NDVI, 
most sites did not exhibit statistically significant correlations with interannual climate variability, 
suggesting that either non-climate factors, such as water management, or multi-year lagged 
responses to climate may play a larger role in driving NDVI variability. AOIs 4 and 5 and AOIs 
6 and 9 have similar patterns of NDVI variability, suggesting that each of these pairs may be 
responding to similar drivers.  
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Figure F-4. Timeseries of late-summer NDVI and water year annual potential water deficit for the 

GridMET grid cell overlaying Grass Springs and Steptoe Ranch area AOIs. 
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Table F-2. Zonal statistics for Areas of Interest (AOIs) in the Grass Springs and Steptoe Ranch 
areas (Figure F-3). NDVI sensitivity is the correlation coefficient between NDVI and 
annual water deficit, climate-adjusted NDVI trend is the Sen’s slope in NDVI (1985-
2019), accounting for the influence of annual water deficit, and climate trend is the 
Sen’s slope in annual water deficit (1985-2019). Blue/red shading indicate statistically 
significant positive/negative trends or correlation. No shading indicates trend or 
correlation was not statistically significant based on a threshold p-value of 0.05. Trend 
test p-values are based on the modified Mann-Kendall test. AOI photos and site 
descriptions can be found in Appendix A. 

  

1985-2019 Annual 
Median July-Sept. 

NDVI 

NDVI  
Sensitivity 
to Climate 

(r) 

Climate- 
Adjusted 

NDVI 
Trend 

Climate 
Trend 
(in/yr) 

AOI No. Area Min. Mean Max. 
3 Grass Springs 0.26 0.41 0.55 0.22 -0.001 -0.03 
6 Grass Springs 0.23 0.29 0.40 0.11 0.002 -0.04 
9 Grass Springs 0.31 0.40 0.50 0.07 -0.001 -0.02 
4 Steptoe Ranch 0.30 0.43 0.53 0.31 0.000 -0.03 
5 Steptoe Ranch 0.39 0.48 0.62 0.42 0.000 -0.03 

 
The linear regression relationships between NDVI and potential water deficit (Figure 

F-5) and their prediction intervals provide context for interpreting future monitoring observations 
of NDVI. For example, future values that fall outside the 75th percentile prediction interval for a 
given annual water deficit value may indicate undesirable change and the need for further 
investigation of possible causal factors. Because the NDVI and annual potential water deficit 
relationships are weak for all but one of the sites, the regression relationships provide unreliable 
estimates of ‘expected’ NDVI based on annual potential water deficit and should be interpreted 
with caution, but the prediction intervals may still be useful in terms of identifying the 
occurrence of anomalous NDVI values relative to the historical record. Based on the historical 
record and the 75th percentile prediction interval for AOI-5, which had statistically significant 
NDVI sensitivity to climate, spatially averaged NDVI values in a very dry year are generally 
expected to be greater than 0.4 and in a wet year greater than 0.46 (Figure F-5). 

Groundwater 

Two sets of groundwater monitoring wells are in the vicinity of Grass Springs and within 
3.1 miles of the Steptoe Ranch (Figure F-3, Table F-3). Both sets show relatively steady 
groundwater levels within the 1985-2019 time period with average water levels in the range of 
10-15 feet below the land surface (links to hydrographs can be found in Table F-3). One nearby 
well just outside the phreatophyte area also showed relatively stable groundwater levels, with an 
average water level of 46.5 feet below the land surface. Timeseries of select wells plotted with 
basin-averaged annual water deficit (Figure F-6) indicate that groundwater levels tend to covary 
with each other and show some correspondence with climate with higher groundwater levels 
tending to correspond with years with low water deficit. 
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Figure F-5. Linear regression relationships between annual water deficit and NDVI with 75th 

(gray) and 95th (blue) percentile prediction intervals (PI). Numbers indicate lower 
bound of 75th PI NDVI value for highest, median, and lowest water deficit. 
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Table F-3. Groundwater level statistics for wells in the vicinity of Steptoe Ranch and Grass 
Springs (see Figure F-3). Water levels are reported as feet below land surface. Positive 
trends indicate increasing depth to groundwater (i.e., lower groundwater levels). 
Red/blue shading indicates statistically significant positive/negative trends. No shading 
indicates non-significant trend slopes based on a threshold p-value of 0.05. Trend test 
p-values are based on the Mann-Kendall test modified to account for up to 3-years of 
serial autocorrelation. 

Map ID Site Name No. 
Years 

Start 
Year 

End 
Year 

Min. 
Water 
Level 

Max. 
Water 
Level 

Mean 
Water 
Level 

Trend 
Slope 
(ft/yr) 

81 179 N19 E63 28CD 1 4 1984 1987 7.36 8.50 7.91 0.36 

82 179 N19 E63 28DD 1 24 1986 2019 6.00 12.00 9.28 0.07 

83 179 N19 E63 26CC 2 14 1986 2010 42.20 53.40 46.51 -0.16 

84 179 N19 E63 20DBD 1 4 1984 1987 5.25 6.27 5.82 0.31 

85 179 N19 E63 20DB 1 25 1984 2019 9.20 17.70 15.01 0.00 
 
 

 
Figure F-6. Timeseries of basin-averaged annual potential water deficit and annual average depth 

to groundwater measurements for select wells (see Figure F-3 and Table F-3) closest to 
Steptoe Ranch and Grass Springs. 

https://nwis.waterdata.usgs.gov/usa/nwis/gwlevels/?site_no=392843114530801
http://water.nv.gov/WaterLevelDataChart.aspx?autoid=1842
http://water.nv.gov/WaterLevelDataChart.aspx?autoid=1841
https://nwis.waterdata.usgs.gov/usa/nwis/gwlevels/?site_no=392950114542201
http://water.nv.gov/WaterLevelDataChart.aspx?autoid=1840
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Steptoe North Springs and Valley 
Site Description 

The Steptoe North Springs AOIs (Figure F-7) include several springs and spring channels 
in the northern portion of Steptoe Valley on BLM land. AOI-2 and AOI-10 were established to 
the south and east of this area, respectively along the main drainage of Steptoe Valley, where 
strongly declining NDVI trends were observed. Summary statistics of climate and NDVI were 
calculated and field data were collected within six AOIs (Figure F-8, Table F-4) – four 
surrounding springs and two in the main drainage. Land cover types included Big/Low 
Sagebrush Shrubland and Steppe, Riparian Woodland and Shrubland, Agricultural Pasture and 
Hayland, and Sparse Vegetation. Site descriptions, selected photos, and sUAS imagery for each 
of these areas are presented in Appendix A. Additional images and data for these sites are 
included in the accompanying database.  

Similar to Grass Springs and Steptoe Ranch, the Steptoe North Springs AOIs consist of 
several emergent springs and narrow springflow channels. Transects along the channel are 
observed to be dominated by Carex spp. and surrounded by 20-25 percent shrub cover of 
greasewood, rabbitbrush, and sagebrush (with no indications of water stress) and varying 
proportions of graminoid and bare ground (10-40%) cover. Substantial hummocking from recent 
livestock grazing was evident. The valley bottom sites were dryland vegetation that were 
selected for investigation due to downward trending NDVI and were dominated by bare ground 
and invasive annual forbs. 

Vegetation 
Timeseries (Figure F-8) and zonal statistics (Table F-4) of the springs sites show that 

these sites tended to have lower NDVI ranges and higher sensitivities to climatic variability 
relative to the Grass Springs and Steptoe Ranch sites (Table F-2), which may be indicative of 
differences in water management. That is, Grass Springs and Steptoe Ranch are located on 
private lands where springflows are channeled and manipulated to irrigate livestock pasturelands, 
potentially resulting in a decoupling of the natural interannual climate-vegetation relationships 
that are more evident at the Steptoe North sites, where such manipulations don’t exist. None of 
the Steptoe North sites had statistically significant NDVI trends.  

The valley bottom sites were evaluated as places that may be representative of the many 
areas within the Steptoe Valley phreatophyte area where NDVI trends are declining (Figure F-7). 
A statistically significant negative trend was observed for both AOIs. AOI-2 declines may be due 
to invasion by an unknown non-native forb species that had already senesced and could not be 
identified but was documented to have high cover upon field investigation. AOI-10 had very 
little plant cover and was dominated by cracked bare soil upon the site visit. Declines in NDVI at 
both sites appear to start in the early 2000’s, though the cause of this decline is not clear from the 
Google Timelapse timeseries (linked below).  
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Figure F-7. Maps showing climate-adjusted NDVI trend (left), and aerial imagery (right) for six 

Areas of Interest (AOIs) in the Steptoe North/Duck Creek area. AOI and depth to 
groundwater trend labels correspond to data in Tables 21 and 22. Statistically 
significant well trends (p less than 0.05; modified Mann-Kendall test) are indicated by 
an asterisk in the middle of well location points (note that some wells overlap and 
trends may not be visible). 
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Table F-4. Zonal statistics for Areas of Interest (AOIs; Figure F-7) in the Steptoe North area. 
NDVI sensitivity is the correlation coefficient between NDVI and annual water deficit, 
climate-adjusted NDVI trend is the Sen’s slope in NDVI (1985-2019), accounting for 
the influence of annual water deficit, and climate trend is the Sen’s slope in annual 
water deficit (1985-2019). Blue/red shading indicate statistically significant 
positive/negative trends or correlation. No shading indicates trend or correlation was 
not statistically significant based on a threshold p-value of 0.05. Trend test p-values are 
based on the modified Mann-Kendall test. AOI photos and site descriptions can be 
found in Appendix A. 

  

1985-2019 Annual Median 
July-Sept. NDVI 

NDVI  
Sensitivity 
to Climate 

(r) 

Climate- 
Adjusted 

NDVI 
Trend 

Climate  
Trend 
(in/yr) 

AOI No. Area Min. Mean Max. 

0 Unnamed Springs 0.16 0.23 0.31 0.63 0.0007 0.00 

1 Unnamed Springs 0.18 0.28 0.40 0.62 -0.0010 -0.03 

7 Unnamed Springs 0.12 0.22 0.30 0.58 0.0009 0.02 

8 Unnamed Springs 0.17 0.25 0.33 0.66 0.0006 0.00 

2 Valley Bottom 0.13 0.24 0.42 0.34 -0.0038 -0.04 

10 Valley Bottom 0.05 0.11 0.19 0.29 -0.0021 -0.03 

 
Based on the historical record and the 75th percentile prediction interval for the Steptoe 

North Springs AOIs, which had statistically significant NDVI sensitivity to climate, spatially 
averaged NDVI values in a very dry year are generally expected to be above 0.17-0.18 and in a 
wet year above 0.23-0.28, depending on the site (Figure F-9). 

Groundwater 

DTW data are not available for areas nearby the Steptoe North and Duck Creek AOIs. 
The closest wells are across the valley and over 5 miles away, concentrated within irrigated 
agricultural fields (Figure F-7). Although absolute water levels in these wells are not 
representative of AOI DTW conditions, we note that the 10 wells with the longest records (Table 
F-5) all show statistically significant increases in DTW (lowered water levels) on the order of 
0.26-0.56 feet per year, with many of these wells exhibiting trends starting around 2006-2007, 
following increases in the areal extent of center-pivot irrigated agriculture that starts in 2003-
2004 (Google Earth Timelapse timeseries must be viewed in Google Chrome). For many wells, 
overall changes in DTW over the study period are on the order of 15-20 feet. 

 
 
 

https://earthengine.google.com/timelapse#v=40.09247,-114.72339,11.621,latLng&t=0.03&ps=50&bt=19840101&et=20181231&startDwell=0&endDwell=0
https://earthengine.google.com/timelapse#v=40.09247,-114.72339,11.621,latLng&t=0.03&ps=50&bt=19840101&et=20181231&startDwell=0&endDwell=0
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Figure F-8. Timeseries of late-summer NDVI and water year annual potential water deficit for the 

the GridMET grid cell overlaying Steptoe North area AOIs. 
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Figure F-9. Linear regression relationships between annual water deficit and NDVI with 75th 

(gray) and 95th (blue) percentile prediction intervals (PI). Numbers indicate lower 
bound of 75th PI NDVI value for highest, median, and lowest water deficit. 
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Table F-5. Groundwater level statistics for 10 wells closest to Steptoe North and Duck Creek (see 
Figure F-7) with 20+ year records during 1985-2019. Water levels are reported as feet 
below land surface. Positive trends indicate increasing depth to groundwater (i.e., 
lower groundwater levels). Red/blue shading indicates statistically significant 
positive/negative trends. No shading indicates non-significant trend slopes based on a 
threshold p-value of 0.05. Trend test p-values are based on the Mann-Kendall test 
modified to account for up to 3-years of serial autocorrelation. 

Site Name No. 
Years 

Start 
Year 

End 
Year 

Min. 
Water 
Level 

Max. 
Water 
Level 

Mean 
Water 
Level 

Trend 
Slope 
(ft/yr) 

179 N26 E65 21AA 1 29 1986 2019 34.5 52.3 41.9 0.51 

179 N26 E65 21CA 1 28 1986 2019 23.6 38.5 30.2 0.40 

179 N26 E65 21DA 1 28 1986 2019 32 52.4 40.2 0.53 

179 N26 E65 27BD 1 29 1986 2019 45.1 65.7 53.6 0.48 

179 N26 E65 28BA 1 29 1986 2019 18.8 33.4 23.6 0.40 

179 N26 E65 29AA 1 29 1986 2019 12.3 25.7 16.4 0.36 

179 N26 E65 32D 1 23 1984 2019 8 21.2 14.4 0.33 

179 N26 E65 33BA 1 29 1986 2019 17.9 33.1 25.6 0.40 

179 N26 E65 34DA 1 29 1986 2019 54.4 70.15 61.3 0.26 

179 N26 E65 34DD 1 27 1987 2019 54.7 73.7 61.4 0.56 
 

SUMMARY 
• Historical descriptions of vegetation within the phreatophyte area indicate the presence of 

saltgrass, greasewood, rabbitbrush, and meadow vegetation. Contemporary land cover 
classifications (Table F-1) indicate that 23 percent of this vegetation has been replaced with 
agricultural land cover types and non-native invasive plant communities. In addition, 
sagebrush was not noted in historical descriptions but is observed to be common, which 
could indicate shifts toward more xeric upland plant communities since the early 20th century 
(e.g., due to observed declining groundwater levels). 

• Trends in NDVI tend to be more positive in upland regions and neutral to negative within the 
phreatophyte area. The largest upward and downward trends occur in the four 
riparian/wetland land cover types and Agricultural Pasture and Haylands relative to dryland 
land cover types. Larger magnitude trends are also more evident on private lands as 
compared to BLM-owned lands (Figures 5 and F-2).  

http://water.nv.gov/WaterLevelDataChart.aspx?AutoID=1862
http://water.nv.gov/WaterLevelDataChart.aspx?AutoID=1864
http://water.nv.gov/WaterLevelDataChart.aspx?AutoID=1865
http://water.nv.gov/WaterLevelDataChart.aspx?AutoID=1866
http://water.nv.gov/WaterLevelDataChart.aspx?AutoID=1868
http://water.nv.gov/WaterLevelDataChart.aspx?AutoID=1869
http://water.nv.gov/WaterLevelDataChart.aspx?AutoID=1873
http://water.nv.gov/WaterLevelDataChart.aspx?AutoID=1870
http://water.nv.gov/WaterLevelDataChart.aspx?AutoID=1875
http://water.nv.gov/WaterLevelDataChart.aspx?AutoID=1874
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• Groundwater levels in many wells in the Steptoe Valley have exhibited declines over the 
1985-2019 study period; most of these are on the order of less than 1 feet per year, but equal 
to several feet over the study period, in some cases (Figure F-3). The most significant 
declines observed occur near the town of Ely and in association with mining activity, where 
declines of several hundred feet have occurred (Figure F-3), and in the northeastern part of 
the basin in the vicinity of agricultural center pivot development (Figure F-3, F-7). 

• Vegetation vigor at the Grass Springs and Steptoe Ranch sites have been relatively stable to 
slightly positively trending (Figure F-4). Large positive and negative trends are evident in the 
surrounding areas that may reflect diversion of water, changes in management, or changes in 
vegetation vigor or composition (Figure F-3). 

• Groundwater levels in the Grass Springs and Steptoe Ranch areas also appear to have been 
relatively stable over the 1985-2019 time period (Table F-3) and water levels show 
covariation with climate (Figure F-6).  

• Vegetation vigor in the four Steptoe North springs AOIs appear to have been relatively stable 
over the course of the study period (Figure F-8, Table F-4).  

• Average NDVI values are lower and NDVI climate sensitivities are higher for the Steptoe 
North springs sites (Table F-4) relative to the Grass Springs and Steptoe Ranch springs sites 
(Table F-2) despite overall similar spring types and settings. The lower sensitivity of 
vegetation to variations in climatic conditions of the Grass Springs and Steptoe Ranch sites 
may be due to more extensive water or vegetation manipulations on these privately owned 
sites that have decoupled the natural vegetation-climate relationship. These latter sites also 
appear to have greater springflow, as evidenced by larger zones of influence (Figure F-3). 

• Vegetation NDVI in the Steptoe North valley bottom AOIs have declined significantly over 
the period of record with one of these showing a transition from more mesic conditions 
(NDVI greater than 0.3) to an invasive annual forbland/grassland (Figure F-8). Such declines 
in NDVI are observed throughout the Steptoe Valley drainage (Figure F-2), though it is not 
clear how representative these sites are of other areas where similar declines are observed.  

• Groundwater level data are not available in the near vicinity of Steptoe North but we note 
that across the valley (~5 miles away), groundwater levels are declining at a rate of roughly 
0.5 feet per year (Table F-5). It is plausible that widespread NDVI declines along the valley 
bottom are related to this. 

• Ranges of expected NDVI values based on annual potential water deficit are presented for 
AOIs (Figures F-5 and 9), and may be useful for assessing future observations and assessing 
thresholds and trigger levels for prompting field investigations and/or vegetation and water 
monitoring, management, and mitigation actions.                      
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SECTION G: DETAILED RESULTS - GOSHUTE VALLEY 

HISTORICAL CONTEXT 
Early reconnaissance studies of the Goshute Valley (612,182 acres) by Eakin et al. (1951) 

identified a more limited phreatophyte boundary relative to other basins of Nevada that included 
123,000 acres of land, with only about 16,000 acres of land area (15%) where DTW was less 
than 20 feet, located two to five miles west of and paralleling the road between Shafter and Oasis 
(10,000 acres) and farther to the south between Decoy and Flowery Lake (6,000 acres). These 
areas were dominated by “greasewood, giant rabbitbrush, and associated plants”. Outside the 
margins of these areas the land surface elevation gradient is greater than that of the water table, 
resulting in increased DTW up to 80 feet over 107,000 acres (87%) with vegetation that was 
predominantly greasewood. The authors note that understanding consumptive use by greasewood 
in this valley would make for an interesting study given the occurrence of this species across 
gradients of groundwater depth from 16- 80 feet. The valley floor is further characterized as 
containing species associated with northern desert shrub plant associations, including big 
greasewood, shadscale, big sagebrush, white sage, big rabbitbrush, and mixed grasses. At the 
time of the Eakin et al. report, the dominant land use was livestock grazing but some irrigation 
was occurring in the vicinity of Johnson Springs and near Decoy. Discharge at Johnson Spring 
was estimated as 2,400 AFY. The annual discharge for the entire valley was estimated to be 
10,075 AFY and the perennial yield was ultimately estimated to be 11,000 AFY (Nevada State 
Engineer’s Office, 1971). As of May 2020, the basin is over committed with 13,150 AFY in 
water rights committed (1.2 times the perennial yield): approximately 7,000 for municipal use, 
3,000 for irrigation, and 12,200 for mining and milling (NDWR, accessed 5/20/20). Over the 
course of the 1985-2019 study period, average water year precipitation over the entire 
hydrographic basin was 10.6 inches – intermediate relative to all basins in this study, and 
potential evapotranspiration was 49.5 inches – the second lowest of all basins in this study. 

VEGETATION 
Comparison of Historical and Contemporary Vegetation 

Distributions of LANDFIRE vegetation types within the updated phreatophyte area 
delineated by Minor (2019) are presented with historical descriptions from Eakin et al. (1951) in 
Table G-1. The proportions of contemporary classifications of dryland vegetation including 
greasewood as well as shrub and scrub vegetation types are relatively consistent with historical 
accounts of the phreatophyte vegetation community which included mentions of greasewood, 
shadscale, rabbitbrush, and northern desert shrub plant association species. No wetland/riparian 
areas were noted in the Eakin report and contemporary classifications indicate these vegetation 
types cover a very small (0.6%) proportion of the area. Notably, there is only a very small (4.1%) 
proportion of the area comprised of developed or disturbed classes, suggesting the anthropogenic 
footprint on phreatophyte vegetation in this basin has, to date, been relatively small as compared 
to other basins in this study. 

 

http://water.nv.gov/DisplayHydroGraphicMannerOfUseCommitment.aspx?basin=187
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Table G-1. Type and areal extents of vegetation within the phreatophyte area (PA) based on 
historical (Eakin et al. 1951) and contemporary (LANDFIRE) accounts. The total 
phreatophyte area is based on Eakin et al. (1951) for historical and Minor (2019) for 
contemporary. 

  Historical 

 Vegetation Type Acres % of PA 

 
Greasewood and other northern desert shrub plant 
associations       107,000  87% 

 Greasewood, giant rabbitbrush, and associated plants         16,000  13% 
 Total      123,000  100% 

  Contemporary 

 Vegetation Type Acres % of PA 

D
ry

la
nd

 

Big Sagebrush Shrubland and Steppe      21,196 14.6% 
Greasewood Shrubland      73,330  50.5% 
Desert Scrub        6,639  4.6% 
Salt Desert Scrub      27,566  19.0% 
Sparse Vegetation        8,909  6.1% 
Other        616  0.4% 

W
et

la
nd

/ 
R

ip
ar

ia
n Depressional Wetland            31  0.0% 

Freshwater Marsh            96  0.1% 
Western Riparian Woodland and Shrubland           675  0.5% 
Open Water 42 0.0% 

D
is

tu
rb

ed
/ 

D
ev

el
op

ed
 Agricultural-Close Grown Crop < 1 0.0% 

Agricultural-Fallow/Idle Cropland              1  0.0% 
Agricultural-Pasture and Hayland           488 0.3% 
Introduced Vegetation 5475 3.8% 

  Total       145,064   100% 
 

Vegetation Climate-Adjusted Trends 
Climate-adjusted trends in late-summer NDVI for the entire Goshute Valley area shown in 

Figure G-1a. The direction and magnitude of trends vary across the basin, with some of the largest 
positive trends (dark blue) highlighting areas of recent increases in irrigated agriculture and largest 
negative trends (dark red) associated with development around Long Canyon Mine and within the 
Johnson Springs Meadow Complex and possibly in association with fire or mechanical removal of 
pinyon-juniper vegetation. Unlike many other basins in this current study, the central tendencies of 
the trend distributions for the phreatophyte area and upland areas were similar (Figure G-1b), 
though as with other basins, larger magnitude positive trends tend to be more prevalent in the 
woodlands and forests in the upland mountain block (for reasons undetermined). The more positive 
trend slopes observed in the phreatophyte area of the Goshute Valley relative to other valleys may 
be due to the relative lack of agricultural land and water use within this basin in comparison to 
others, as only 4.1 percent of the basin was covered in LANDFIRE vegetation types that are 
indicative of anthropogenic impacts (Table G-1), the lowest proportion of any of the basins. 
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Figure G-1. Climate-adjusted trends in late-summer NDVI in the Goshute Valley (a), comparison 

of the distribution of trend slopes for pixels within the entire hydrographic basin vs. 
those in the phreatophyte area (b), and comparison of the distribution of trend slopes 
for pixels within different land ownerships in the phreatophyte area (PA) (c). 
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Among land ownerships within the phreatophyte area, the distribution of trend slopes on private 
lands was slightly more negative relative to BLM lands, which is likely driven by the land use 
changes at the privately owned Long Canyon Mine (Figure G-1c).  

GROUNDWATER 
For wells within the phreatophyte area (n=5), study period (1985-2019) maximum DTW 

ranged from 17- 62 feet, with an average depth of 30 feet. These are well within the range of 
historical accounts of groundwater depths described by Eakin et al. (1951). It is important to note 
that the frequency and timing of groundwater level measurements for individual wells varied 
during the study period, potentially affecting the estimated trends in DTW. Wells with a 
minimum of 3 years of groundwater depth observations during 1985-2019 (n = 38) were 
included in the trend analysis, with 30 of these having at least 5 observations (Figure G-2c). 
Increasing DTW has occurred at most locations (Figure G-2a). In most cases, water level declines 
are less than1 foot per year (Figure G-2b). Of the 38 wells, 15 had increases in DTW that were 
statistically significant. Notable areas with significant declines in groundwater levels include 1) 
nearly all wells to the east of the town of Oasis and along the eastern side of the phreatophyte 
area, 2) wells surrounding Johnson Springs Wetland Complex, and 3) two wells to the south of 
Johnson Springs wetland complex with less than 15 years of observations. Depending on the 
number and period of observations, these wells exhibit overall declines in groundwater levels 
ranging from a couple of feet to up to 80 feet (e.g., Well-13 the easternmost well, located along 
the I-80 corridor).  There is no readily discernable change in land use, such as irrigation 
development, in the eastern portion of the basin so the reason for such widespread declines in 
groundwater levels is unclear. 

SITE-SPECIFIC ANALYSES 
Johnson Springs Wetland Complex 
Site description 

The Johnson Springs Wetland Complex (JSWC; Figure G-3) is fed by 93 springs (SWCA, 
2020) that emerge along a NNE-trending fault at the base of the Pequop Mountains. The area has a 
long history of water management and development that pre-dates the Landsat archive, with 
irrigated fields and water conveyance infrastructure visible in 1985 imagery. The effects of 
historical water management since 1985 is evident with large areas with positive and negative 
NDVI trends evident throughout the area – including two large areas that were formerly irrigated at 
the southern and northern ends of the wetland that show strong negative trends. For this study, six 
AOIs were delineated, including Big Spring (AOI-4)– the largest of the springs, three large areas 
encompassing several springs, their outflow channels and intermingling upland vegetation, Upper 
Hardy Creek (AOI-5), and Johnson Marsh (AOI-2).  With the exception of Big Spring, which had 
substantial overstory tree cover and a large flow volume, other AOIs included a mix of standing 
water, diffuse wetland, and channelized flows with a mix of bulrush marshland, wet meadow (e.g., 
Carex sp), and upland (e.g., rabbitbrush shrubland) vegetation. Site descriptions, selected photos, 
and sUAS imagery for each of these areas are presented in Appendix A. Additional images and 
data for these sites are included in the accompanying database.  

http://water.nv.gov/WaterLevelDataChart.aspx?autoid=1898
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Figure G-2. Trends in depth to groundwater for wells in the Goshute Valley (a), the overall 

distribution of trend slopes (b), and the overall distribution of sample sizes (# 
observation years) per well (c). Increasing (yellow to red) trends indicate increased 
depth to groundwater over time (i.e., lowered groundwater levels). Statistically 
significant well trends (p less than 0.05; modified Mann-Kendall test) are indicated by 
an asterisk in the middle of well location points in (a). 
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Figure G-3. Maps showing climate-adjusted NDVI trend (left), and aerial imagery (right) for six 

Areas of Interest (AOIs) in the Johnson Springs Wetland Complex area. AOI and depth 
to groundwater trend labels correspond to data in Tables G–2 and G-3. Statistically 
significant well trends (p less than 0.05; modified Mann-Kendall test) are indicated by 
an asterisk in the middle of well location points (note that some wells overlap and 
trends may not be visible). 
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Vegetation 
The NDVI timeseries (Figure G-4) and site-specific statistics (Table G-2) for the JSWC 

show that all sites, with the exception of Big Springs (a very small polygon surrounding the main 
spring, pond, and outflow), show high sensitivity to climate. This result, is in part, driven by the 
inclusion of dryland vegetation that is dispersed among the many springs and spring channels 
across the area and limiting the AOI footprint to just the springs/spring channels is likely to yield 
lower sensitivity values more similar to that seen at Big Spring. Despite inclusion of some 
dryland vegetation, average NDVI values are within the ranges expected for wetland/riparian 
vegetation, ranging between 0.22 and 0.67. All sites but Johnson Marsh had negatively trending 
NDVI, though trends were only significant for Big Spring and Central-Hillslope Springs AOIs. 
For both of these AOIs, as well as for the Southern Springs AOI, NDVI values are consistently 
lower after 2007 relative to prior years. 2007-2008 were relatively dry years (Figure G-4), but 
2007 also marks a time of changing land use where Google Timelapse shows that center pivot 
irrigation footprints appear adjacent to the springs and when mine-related development appears 
upslope of the spring (must be viewed in Chrome). One or all of these circumstances in 
combination may explain reduced NDVI post-2007 in these three AOIs that are clustered around 
the southernmost springheads. Only one groundwater well (Well-29) in the vicinity of the 
springs has a record prior to 2007 (see following section) – this well, which is to the south of Big 
Spring, shows an increase in water levels (decreased DTW) beginning in about 2007. It is 
unclear why this increase occurred, but it is likely associated with changing irrigation patterns or 
practices at that time. 

The linear regression relationships between NDVI and potential water deficit (Figure  
G-5) and their prediction intervals provide context for interpreting future monitoring 
observations of NDVI. For example, future values that fall outside the 75th percentile prediction 
interval for a given annual water deficit value may indicate undesirable change and the need for 
further investigation of possible causal factors. It is important to note that the relationships 
between NDVI and annual potential water deficit for Big Spring (AOI-4) is weak either due to 
deeper and longer-varying water sources that may not vary substantially with climate, due to 
historical management, or because of the vegetation composition, which is comprised of large 
trees that are not as sensitive to climate variability relative to grasses and shrubs. In this case, 
prediction intervals may still be useful in terms of identifying the occurrence of anomalous 
NDVI values relative to the historical record, but the regression relationships provide unreliable 
estimates of ‘expected’ NDVI based on annual potential water deficit and should be interpreted 
with caution. Based on the historical record and the 75th percentile prediction interval for sites 
with statistically significant NDVI sensitivity to climate, spatially averaged NDVI values in a 
very dry year are generally expected to be above 0.49 for the Southern Springs AOI (AOI-0) and 
above 0.33-0.36 for all other AOIs except for Big Spring. In a very wet year, NDVI values are 
expected to be above 0.45-0.46 for Central-Hillslope and Upper Hardy Creek AOIs (3 and 5), 
above 0.48-0.49 for North Springs and Johnson Marsh (AOIs 1-2) and above 0.59 for the 
Southern Springs AOI (Figure G-5).  

https://earthengine.google.com/timelapse#v=40.95289,-114.51825,11.539,latLng&t=2.23&ps=50&bt=19840101&et=20181231&startDwell=0&endDwell=0
https://earthengine.google.com/timelapse#v=40.95289,-114.51825,11.539,latLng&t=2.23&ps=50&bt=19840101&et=20181231&startDwell=0&endDwell=0
https://earthengine.google.com/timelapse#v=40.95289,-114.51825,11.539,latLng&t=2.23&ps=50&bt=19840101&et=20181231&startDwell=0&endDwell=0
http://water.nv.gov/WaterLevelDataChart.aspx?autoid=1901
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Figure G-4. Timeseries of late-summer NDVI and water year annual potential water deficit for the 

GridMET grid cell overlaying Johnson Springs Wetland Complex AOIs. 
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Table G-2. Zonal statistics for Areas of Interest (AOIs; Figure G-3) in the Johnson Springs 
Wetland Complex area. NDVI sensitivity is the correlation coefficient between 
NDVI and annual water deficit, climate-adjusted NDVI trend is the Sen’s slope in 
NDVI (1985-2019), accounting for the influence of annual water deficit, and climate 
trend is the Sen’s slope in annual water deficit (1985-2019). Blue/red shading indicate 
statistically significant positive/negative trends or correlation. No shading indicates 
trend or correlation was not statistically significant based on a threshold p-value of 
0.05. Trend test p-values are based on the modified Mann-Kendall test. AOI photos 
and site descriptions can be found in Appendix A. 

  

1985-2019 Annual 
Median July-Sept. 

NDVI 

NDVI  
Sensitivity 
to Climate 

(r) 

Climate- 
Adjusted 

NDVI 
Trend 

Climate 
Trend 
(in/yr) 

AOI No. Name Min. Mean Max. 

0 Southern Springs 0.35 0.58 0.67 0.54 -0.001 0.12 

1 North Springs and 
Outflow 

0.34 0.48 0.58 0.60 -0.001 0.12 

2 Johnson Marsh 0.27 0.43 0.54 0.83 0.000 0.12 

3 Central and Hillslope 
Springs 

0.28 0.42 0.56 0.73 -0.003 0.12 

4 Big Spring 0.22 0.36 0.46 0.21 -0.003 0.15 

5 Upper Hardy Creek 0.33 0.43 0.53 0.62 -0.001 0.12 

 

Groundwater 
Statistics and trends of groundwater levels for select wells within ~1.5 miles of JSWC are 

shown in Table G-3. These wells have DTW ranging from 15- 780 feet below the land surface. 
Measurements for most wells are limited to just a few years of observations that start in the 
2008-2010 timeframe and end in the 2013-2016 time frame, providing a somewhat limited view 
of historical change in groundwater levels. Despite this, all wells exhibit increasing DTW; five of 
these have statistically significant trends. Timeseries for the four wells with greater than 6 years 
of observations with basin-averaged potential water deficit are shown in Figure G-6. These show 
similar patterns of decreased DTW by a couple of feet in years leading up to 2011, followed by 
declines in groundwater levels (increased depths) in the following years. Well-29 indicates 
sustained declines in water levels prior to this ~2008-2016 period of varying groundwater levels. 
The specific reasons for these changes are unclear but variations in groundwater levels do not 
appear to correspond with climate.  
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Figure G-5. Linear regression relationships between annual water deficit and NDVI with 75th 

(gray) and 95th (blue) percentile prediction intervals (PI). Numbers indicate lower 
bound of 75th PI NDVI value for highest, median, and lowest water deficit. 
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Table G-3. Groundwater level statistics for select wells closest to Johnson Springs Wetland 
Complex (see Figure 73) with 4+ year records during 1985-2019. Water levels are 
reported as feet below land surface. Positive trends indicate increasing depth to 
groundwater (i.e., lower groundwater levels). Red/blue shading indicates statistically 
significant positive/negative trends. No shading indicates non-significant trend slopes 
based on a threshold p-value of 0.05. Trend test p-values are based on the Mann-
Kendall test modified to account for up to 3-years of serial autocorrelation. 

MapID Site Name No. 
Years 

Start 
Year 

End 
Year 

Min. 
Depth 
(ft) 

Max. 
Depth 
(ft) 

Mean 
Depth 
(ft) 

Trend 
Slope 
(ft/yr) 

5 187 N34 E66 34DADD 1 5 2010 2014 13.6 17.3 14.9 0.8 

8 187 N35 E66 03DBCB 1 4 2010 2013 27.5 29.2 28.2 0.1 

19 187 N36 E66 21BDCA 1 5 2010 2015 527.1 529.8 528.3 0.5 

21 187 N36 E66 21DCBC 3 5 2010 2014 190.0 192.8 191.5 0.8 

22 187 N36 E66 21DCBC 4 5 2010 2014 189.9 192.1 190.9 0.6 

23 187 N36 E66 21DCBD 1 8 2009 2016 175.7 186.2 179.1 0.6 

24 187 N36 E66 21DCBD 2 6 2009 2014 177.1 187.0 180.1 0.4 

25 187 N36 E66 22DAAA 1 6 2010 2016 47.5 49.3 48.5 0.3 

26 187 N36 E66 22DCDD 1 6 2009 2014 22.6 25.0 24.1 0.5 

27 187 N36 E66 29BBAA 1 5 2010 2015 77.6 80.4 78.5 0.5 

28 187 N36 E66 29DBCA 1 8 2008 2016 779.8 782.9 781.4 0.2 

29 187 N36 E66 33A 1 14 1986 2015 20.9 29.8 24.6 0.2 

30 187 N36 E66 33BBAB 1 7 2010 2016 183.2 185.8 184.9 0.4 
 

SUMMARY 
• Historical and contemporary descriptions of phreatophyte vegetation in Goshute Valley are 

mostly consistent with each other. Based on the percentage of the phreatophyte area 
classified as disturbed or developed land cover types, Goshute Valley appears to be the least 
disturbed of all phreatophyte areas in the study, with only 4.2 percent of pixels classified as 
such (Table G-1). 

• Vegetation climate-adjusted trends are predominantly positive (Figures 5 and G-2) across 
most of the valley. However, pixels classified as wetland and agricultural vegetation types 
within the Johnson Springs Wetland Complex, as well as pixels within the Long Canyon 
Mine footprint exhibited the largest trends and these were predominantly negative (Figure  
G-3). 

https://nwis.waterdata.usgs.gov/nwis/gwlevels/?site_no=405723114291701&agency_cd=USGS&amp;
https://nwis.waterdata.usgs.gov/nwis/gwlevels/?site_no=405629114294701&agency_cd=USGS&amp;
https://nwis.waterdata.usgs.gov/nwis/gwlevels/?site_no=405924114311001&agency_cd=USGS&amp;
https://nwis.waterdata.usgs.gov/nwis/gwlevels/?site_no=405856114305301&agency_cd=USGS&amp;
https://nwis.waterdata.usgs.gov/nwis/gwlevels/?site_no=405856114305302&agency_cd=USGS&amp;
https://nwis.waterdata.usgs.gov/nwis/gwlevels/?site_no=405859114305101&agency_cd=USGS&amp;
https://nwis.waterdata.usgs.gov/nwis/gwlevels/?site_no=405859114305102&agency_cd=USGS&amp;
https://nwis.waterdata.usgs.gov/nwis/gwlevels/?site_no=405918114291501&agency_cd=USGS&amp;
https://nwis.waterdata.usgs.gov/nwis/gwlevels/?site_no=405853114294401&agency_cd=USGS&amp;
https://nwis.waterdata.usgs.gov/nwis/gwlevels/?site_no=405943114300801&agency_cd=USGS&amp;
https://nwis.waterdata.usgs.gov/nwis/gwlevels/?site_no=405810114320101&agency_cd=USGS&amp;
http://water.nv.gov/WaterLevelDataChart.aspx?autoid=1901
https://nwis.waterdata.usgs.gov/nwis/gwlevels/?site_no=405757114312401&agency_cd=USGS&amp;
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Figure G-6. Timeseries of basin-averaged annual potential water deficit and annual average depth 

to groundwater measurements for select wells with greater than 6 annual observations 
that are closest to Johnson Springs Wetland Complex (see Figure G-5 and Table G-3). 
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• Committed water rights in Goshute Valley are 1.2 times greater than the estimated perennial 
yield. Increasing DTW has occurred at most of the 38 wells with readily available data. Total 
change in groundwater depths range from less than 1 foot to up to 80 feet. Notable areas with 
significant declines in groundwater levels include nearly all wells to the east of the town of 
Oasis and along the eastern side of the phreatophyte area and wells surrounding, and to the 
south of, Johnson Springs Wetland Complex (Figure G-2). 

• Big Spring, the Central and Hillslope Springs, and the Southern Springs all exhibit a shift to 
lower NDVI values in 2007 (Figure G-4), which may have been caused by drought 
conditions, changes in water management, and/or mine development. The lack of a suitably 
long time series of groundwater level measurements in the wetland complex precludes the 
ability to assess relations between groundwater levels and vegetation. 

• Ranges of expected NDVI values based on annual potential water deficit are presented for 
AOIs (Figures G-5), which may be useful for assessing future observations and assessing 
thresholds and trigger levels for prompting field investigations and/or vegetation and water 
monitoring, management, and mitigation actions.                      
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SECTION H: DETAILED RESULTS - INDEPENDENCE VALLEY 

HISTORICAL CONTEXT 
Early reconnaissance studies of the Independence Valley (360,673 acres) by Eakin et al. 

(1951) identified an 87,000 acre phreatophyte area, with estimated depth to water in the central 
and southern parts generally less than 25 feet and in most places is less than 15 feet. Eakin et al. 
(1951) described the valley floor as ‘predominantly gray, heavy textured, alkaline, unproductive 
playa soil subject to flooding’ with some slightly productive soils around the margin of the 
valley.  Major vegetation types included low-density greasewood, rabbitbrush, sagebrush, 
shadscale, white sage, saltgrass, mixed grasses, and other members of the Northern Desert Shrub 
plant association comprising 85,000 acres with DTW ranging from 5-25 feet and 2,000 acres of 
spring-fed meadowland with moderate density wetland vegetation. Eakin et al. (1951) estimated 
the valley discharge to be 9,500 AFY, with about 1/5 (~2000 AFY) of this being recoverable 
from groundwater pumping. The perennial yield was later estimated to be 9,000 AFY (Nevada 
State Engineer’s Office, 1971). As of October 2020, the basin is overcommitted with 12,185 
AFY (1.3 times the perennial yield)  in water rights committed; dominant uses include irrigation 
(8,500 AFY) and mining and milling (3,000 AFY; NDWR, accessed 10/16/20). Over the course 
of the 1985-2019 study period, average water year precipitation over the entire hydrographic 
basin was 13.12 inches – the highest of all basins in this study, and potential evapotranspiration 
was 46.7 inches – the lowest of all basins in this study. 

VEGETATION 
Comparison of Historical and Contemporary Vegetation 

Distributions of LANDFIRE vegetation types within the updated phreatophyte area 
delineated by Minor (2019) are presented with historical descriptions from Eakin et al. (1951) in 
Table H-1. The proportions of contemporary classifications of dryland vegetation including 
greasewood as well as shrub and scrub vegetation types are relatively consistent with historical 
accounts of the phreatophyte vegetation community which included mentions of greasewood, 
shadscale, rabbitbrush, and northern desert shrub plant association species. The main difference 
between the historical and contemporary accounts is that, unlike most other basins, the 
contemporary phreatophyte extent is larger (rather than smaller) than estimated by Eakin et al. 
(1951) and includes more than twice the extent of wetland/riparian (meadowland) vegetation as 
well as a large proportion (15.6%) of introduced vegetation species, which in this valley is 
mostly seeded perennial grasses. In contrast to most other basins in this study, very little irrigated 
agriculture development has occurred within the phreatophyte area boundaries. 

Vegetation Climate-Adjusted Trends 
Climate-adjusted trends in late-summer NDVI for the entire Independence Valley area 

shown in Figure H-1a. The direction and magnitude of trends vary across the basin, with the 
largest trends generally occurring outside the phreatophyte area. The largest positive trends (dark 
blue) highlight areas of recent increases in irrigated agriculture and greening of forested areas in 
the surrounding mountain ranges. The largest negative trends (dark red) coincide with past fire 

http://water.nv.gov/DisplayHydroGraphicMannerOfUseCommitment.aspx?basin=188


128 

occurrences and with mine exploration (red areas in the northern part of the eastern side of the 
valley). Similar to most other basins in this current study, the central tendencies of the trend 
distributions for the entire hydrographic area was more positive than in the PA (Figure H-1b), as 
larger magnitude positive trends tend to be more prevalent in the woodlands and forests in the 
upland mountain block (for reasons undetermined). Among land ownerships within the 
phreatophyte area, the distribution of trend slopes on private lands was similar to that on BLM 
lands (Figure H-1c). Areas within the phreatophyte area with the largest trends are Ralph’s 
Warm Springs to the north and an area called ‘The Slough’ near the center of the phreatophyte 
area, which appears to be a drainage terminus. 

 
Table H-1. Type and areal extents of vegetation within the phreatophyte area (PA) based on 

historical (Eakin et al. 1951) and contemporary (LANDFIRE) accounts. The total 
phreatophyte area is based on Eakin et al. (1951) for historical and Minor (2019) for 
contemporary. 

  Historical 

 Vegetation Type Acres % of PA 

 
Greasewood, rabbitbrush, sagebrush, and other northern 
desert shrub plant association members       85,000  98% 

 Meadowland         2,000  2% 

 Total      87,000  100% 

  Contemporary 

 Vegetation Type Acres % of PA 

D
ry

la
nd

 

Big Sagebrush Shrubland and Steppe  19,186  19.4% 

Greasewood Shrubland  28,000  28.3% 

Desert Scrub  1,415  1.4% 

Salt Desert Scrub  8,753  8.8% 

Sparse Vegetation  20,981  21.2% 

Other  124  0.1% 

W
et

la
nd

/ 
R

ip
ar

ia
n 

Depressional Wetland  1,668  1.7% 

Freshwater Marsh  215 0.2% 

Western Riparian Woodland and Shrubland  2,688  2.7% 

Open Water  156 0.2% 

D
is

tu
rb

ed
/ 

D
ev

el
op

ed
 

Agricultural-Fallow/Idle Cropland  18  0.0% 

Agricultural-Pasture and Hayland  360  0.4% 

Introduced Vegetation  15,456  15.6% 

  Total       99,020   100% 
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Figure H-1. Climate-adjusted trends in late-summer NDVI in the Independence Valley (a), 

comparison of the distribution of trend slopes for pixels within the entire hydrographic 
basin vs. those in the phreatophyte area (b), and comparison of the distribution of trend 
slopes for pixels within different land ownerships in the phreatophyte area (PA) (c). 
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GROUNDWATER 
Readily available groundwater levels data obtained for this study were insufficient to 

allow for a trend analysis. Data for six wells were obtained, with two of these having only one 
observation prior to the 1985-2019 study period, and three wells with only two observations 
(insufficient sample size to run a trend analysis). The sixth well, located in the phreatophyte area 
had 15 years of observations (1968-1983) but since these were all made prior to 1985, the start of 
the study period for this report, they were not formally analyzed. Notably, this well exhibited 
relatively stable groundwater levels ranging between 12.6 and 15.1 feet below the land surface 
during that time period. The maximum recorded DTW for each well is shown in Figure H-2 and 
ranged from 15.1 feet in the phreatophyte area to 157.8 feet near the northern end of the valley. 

 

 
Figure H-2. Maximum recorded depths to groundwater for six wells in the Independence Valley, all 

of which had fewer than 3 years of observations. 
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SITE-SPECIFIC ANALYSES 
Ralph’s Warm Springs 
Site description 

Ralph’s Warm Springs, also known as the Warm Springs Complex, (Figure H-3) consists 
of a complex of canals, seeps, marshlands, and eight ponds fed by springs that emerge along a 
1.6 km segment of the eastern alluvial slope of Little Cedar Mountain (Eakin et al., 1951). The 
pond and spring areas are described as dominated by cattails, bulrush, and sedges along the 
margins of open water habitats (USFWS, 2008). AOI-0, which includes the springheads and 
ponds is dominantly classified by LANDFIRE as Agricultural Pasture and Hayland, Western 
Riparian Woodland and Shrubland, and Depressional Wetland. The broader complex (AOI-1) is 
dominantly classified as Depressional Wetland, Riparian Woodland and Shrubland, and Open 
Water. Although water management infrastructure such as impoundments and ditches are 
present, as of 1997, water had not been used for irrigating crops for at least 10 years and was not 
expected to be used in the foreseeable future (USFWS, 1998). As of 2008, the entire spring 
complex was fenced to exclude livestock (USFWS, 2008), though the date of construction could 
not be determined. 
 

 
Figure H-3. Maps showing climate-adjusted NDVI trend (left), and aerial imagery (right) for two 

Areas of Interest (AOIs) in the Ralphs’s Warm Springs area. AOI labels correspond to 
data in Table H-2. 
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Vegetation 
The NDVI timeseries (Figure H-4) and site-specific statistics (Table H-2) for Ralph’s 

Warm Springs show relatively stable trends in NDVI over the 1985-2019 study period, though 
NDVI at the springheads and ponds area (AOI-0) was higher at the beginning of the timeseries. 
The effects of drought (low potential water deficit) during the 2000-2010 time period can be seen 
in the NDVI timeseries, with lower NDVI values corresponding to dry periods in both AOIs. 
Starting in 2008, NDVI in both AOIs tends to be less variable and higher relative to the previous 
1-2 decades. This year marked a change in land ownership (area is privately owned) and it is 
possible this change in NDVI pattern is due to a change in management. Overall, NDVI values in 
the AOIs are greater than 0.2, which is expected for wetland vegetation, but are probably on the 
low end due to the presence of open water (which has a low NDVI) within the AOIs. 

The linear regression relationships between NDVI and potential water deficit (Figure  
H-5) and their prediction intervals provide context for interpreting future monitoring 
observations of NDVI. For example, future values that fall outside the 75th percentile prediction 
interval for a given annual water deficit value may indicate undesirable change and the need for 
further investigation of possible causal factors. Because the NDVI and annual potential water 
deficit relationship is weak for AOI-1, the regression relationship provides unreliable estimates 
of ‘expected’ NDVI based on annual potential water deficit and should be interpreted with 
caution, but the prediction intervals may still be useful in terms of identifying the occurrence of 
anomalous NDVI values relative to the historical record. Based on the historical record and the 
75th percentile prediction interval for AOI-1, which had statistically significant NDVI sensitivity 
to climate, spatially averaged NDVI values in a very dry year are generally expected to be 
greater than 0.22 and in a wet year greater than 0.28 (Figure H-5). 

 
Table H-2. Zonal statistics for Areas of Interest (AOIs; Figure H-3) in the Ralph’s Warm Springs 

area. NDVI sensitivity is the correlation coefficient between NDVI and annual water 
deficit, climate-adjusted NDVI trend is the Sen’s slope in NDVI (1985-2019), 
accounting for the influence of annual water deficit, and climate trend is the Sen’s 
slope in annual water deficit (1985-2019). Blue/red shading indicate statistically 
significant positive/negative trends or correlation. No shading indicates trend or 
correlation was not statistically significant based on a threshold p-value of 0.05. Trend 
test p-values are based on the modified Mann-Kendall test.  

  

1984-2019 Annual 
Median July-Sept. NDVI 

NDVI  
Sensitivity 
to Climate 

(r) 

Climate- 
Adjusted 

NDVI 
Trend 

Climate 
Trend 
(in/yr) AOI No.  AOI Name Min. Mean Max. 

0 Ralph's Warm 
Springs 

0.24 0.34 0.44 0.26 -0.001 0.14 

1 Ralph's Warm 
Springs plus 
Outflow 

0.20 0.28 0.34 0.60 0.001 0.13 
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Figure H-4. Timeseries of late-summer NDVI and water year annual potential water deficit for the 

GridMET grid cell overlaying Ralph’s Warm Springs AOIs. 
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Figure H-5. Linear regression relationships between annual water deficit and NDVI with 75th 

(gray) and 95th (blue) percentile prediction intervals (PI). Numbers indicate lower 
bound of 75th PI NDVI value for highest, median, and lowest water deficit. 

 
Groundwater 

No groundwater levels data were readily available near this site. 

SUMMARY 
• Historical and contemporary descriptions of phreatophyte vegetation in Independence Valley 

are mostly consistent with each other, with the main differences being that the historical 
description appears to have underestimated the areal extent of wetland vegetation and the 
overall phreatophyte boundary is smaller relative to the contemporary delineation. Although 
agricultural vegetation classes are nearly absent from the phreatophyte area, a relatively large 
proportion (16%) of the area is classified as Introduced Vegetation (Table H-1), suggesting 
anthropogenic change in this valley. 

• Vegetation climate-adjusted trends are predominantly positive (Figures 5 and H-2) with most 
pixels in wetland and agricultural vegetation types, which tend to have the largest positive 
and negative magnitude trends, showing smaller magnitude trends relative to those observed 
in other basins in this study. The largest trends are observed at Ralph’s Warm Springs and 
The Slough. 

• Committed water rights in Independence Valley are 1.3 times greater than the estimated 
perennial yield. Readily available groundwater levels data are lacking in this basin, with only 
6 wells; all with fewer than 3 observations (Figure H-3). Thus, there is no basis for 
determining trends in groundwater levels. 
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• NDVI within Ralph’s Warm Springs is not strongly trending and tends to vary with 
interannual climate (Table H-2, Figure H-4). The lack of groundwater level measurements in 
the wetland complex precludes the ability to assess relations between groundwater levels and 
vegetation. 

• Ranges of expected NDVI values based on annual potential water deficit are presented for 
AOIs (Figure H-5) and may be useful for assessing future observations and assessing 
thresholds and trigger levels for prompting field investigations and/or vegetation and water 
monitoring, management, and mitigation actions.                      
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APPENDIX A: SELECTED SITE PHOTOS AND sUAS IMAGERY 

The following pages contain supplementary information for each area of interest (AOI) 
discussed in the report. Each page includes 1) representative photos (corresponding to locations 
of yellow dots), 2) small unmanned aircraft system (sUAS)-based visible (upper right) and 
infrared-derived NDVI (lower right) imagery (where available), 3) boundaries of groundwater 
dependent ecosystem AOIs for which zonal statistics were calculated, 4) LANDFIRE 
classifications of dominant vegetation within the AOIs, and 5) field notes describing transect 
vegetation for each site. In some cases, sUAS imagery was not collected due to time or weather 
constraints. At the time of this report, field work had not been conducted for Independence 
Valley but is forthcoming in summer 2021. 
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PUEBLO VALLEY 
Pueblo Valley - Pueblo Slough AOI-1 
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CONTINENTAL LAKE VALLEY 
Continental Lake Valley - Baltazor Hot Spring AOI-1 
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Continental Lake Valley - Bog Cold Spring AOI-3 
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Continental Lake Valley - Bog Warm Spring AOI-4 
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Continental Lake Valley - Bog Hot Spring AOI-5 
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MUD MEADOW 
Mud Meadow– Soldier Meadows AOI-2 

 
 



A-8 

Mud Meadow – Soldier Meadows AOI -3 

 



A-9 

Mud Meadow – Soldier Meadows AOI -4-5 

 



A-10 

Mud Meadow – Soldier Meadows AOI -6 
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Mud Meadow – Soldier Meadows AOI -7 
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DIXIE VALLEY 
Dixie valley – Dixie Meadows AOI-6 
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Dixie Valley – Dixie Meadows AOI-7 

 



A-14 

Dixie Valley – Dixie Meadows AOI -9 

 



A-15 

Dixie Valley – Dixie Meadows AOI -10-11 
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Dixie Valley – Dixie Valley nr Geothermal Plant AOI-3 
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RAILROAD VALLEY - NORTH 
Railroad Valley – Big Warm Spring AOI-3 
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Railroad Valley – Little Warm Spring AOI-4 

 



A-19 

Railroad Valley – Sugar Shack Spring AOI-6 

 



A-20 

Railroad Valley – Schoolhouse Spring AOI-7 
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Railroad Valley – Lockes Ranch North Spring AOI-0 

 



A-22 

Railroad Valley – Lockes Ranch Big Spring AOI-1 

 
 



A-23 

Railroad Valley – Lockes Ranch hay Corral and Reynolds Springs AOI-2 
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Railroad Valley – Unnamed Spring AOI-5 

 



A-25 

STEPTOE VALLEY 
Steptoe Valley – Grass Springs AOI-3 

 



A-26 

Steptoe Valley – Grass Springs AOI-6 
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Steptoe Valley – Grass Springs AOI-9 
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Steptoe Valley – Steptoe Ranch AOI-4 
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Steptoe Valley – Steptoe Ranch AOI-5 
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Steptoe Valley – Steptoe North Unnamed Spring AOI-0 
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Steptoe Valley – Steptoe North Unnamed Spring AOI-1 

 



A-32 

Steptoe Valley – Steptoe North Unnamed Spring AOI-7 
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Steptoe Valley – Steptoe North Unnamed Spring AOI-8 
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Steptoe Valley – Steptoe North Valley Bottom AOI-2 

 
 



A-35 

Steptoe Valley – Steptoe North Valley Bottom AOI-10 
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GOSHUTE VALLEY 
Goshute Valley – JSWC Southern Springs AOI-0 
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Goshute Valley – JSWC Northern Springs AOI-1 
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Goshute Valley – JSWC Northern Springs AOI-1 (Continued) 

 



A-39 

Goshute Valley – JSWC Central and Hillslope Springs AOI-3 

 



A-40 

Goshute Valley – JSWC Big Spring AOI-4 

 



A-41 

Goshute Valley – JSWC Upper Hardy Creek AOI-5 
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Goshute Valley – JSWC Upper Hardy Creek AOI-5 (Continued) 
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APPENDIX B: RECOMMENDATIONS FOR FUTURE sUAS-BASED ASSESSMENTS 

As the sUAS data collection was a pilot effort, the project team experimented with 
different methods of data collection and at various altitudes to determine acceptable spatial 
coverages and image resolutions. The protocol for the sUAS data collection evolved based on the 
lessons that were learned during the field investigations. Initially, discrete snapshots were 
collected at various points along transects at altitudes ranging from 30-100 feet AGL, but the 
project team determined that a much richer characterization of the site could be achieved by 
instead conducting pre-programmed flights with continuous photography (altitudes reaching 
300-400 feet AGL) that could then be mosaiced together and spatially referenced to create a 
spatially continuous high-resolution image/map of the site. This approach comes at the cost of 
significantly greater data storage needs (i.e., hundreds of GB) and processing time (manual 
filtering, mosaicking, and georeferencing) but will hopefully prove to be more useful in the long 
term for monitoring and impact analysis. For example, the high-resolution nature of the true 
color imagery should allow for image classification and quantitative analyses of vegetation cover 
and type in the future if desired. The programmed flight parameters are also available so that 
flights can be repeated later for impact assessment and monitoring. 

There are tradeoffs between the pixel resolution and the spatial extent of the resulting 
imagery. Determining the acceptable level of each component that is required for the goal at 
hand is important so that adjustments to the sUAS data collection methods can be made. For 
example, if the goal of the study is to be able to identify the various vegetation species within a 
small community, performing sUAS flights at lower altitudes (30-200 feet AGL) may be more 
suitable. Fallbacks of the low altitude flights would include image blurriness if the sUAS is 
flying too fast, not enough spatial coverage to encompass the study area, and data storage 
limitations because the resolution is too high. If substantial areal coverage in resulting imagery is 
needed for a given study, flying the sUAS at the upper limit (400 feet AGL) is likely ideal. Issues 
associated with the higher altitude flights include higher susceptibility to inclement weather 
patterns such as wind gusts, not achieving high enough spatial resolution, not having enough 
image overlap to prevent orthomosaic distortion or alignment issues, and battery capacity to 
complete flights.  

In order to properly prepare for sUAS data collection in the field, it is essential to bring 
external hard drives and extra SD cards with enough capacity to handle the intense data storage 
requirements of the flights. Changing the camera SD cards and charging the sUAS batteries often 
is crucial to ensure efficient data collection and management. Another important consideration 
for successful and efficient data collection is the timing of the year. For the current study, the 
period of interest was from July-September because that is the time when the vegetation is at 
peak greenness (and coincides with the team’s analysis of Landsat derived vegetation indices) 
and weather conditions are ideal (e.g., minimal cloud cover and low wind speeds).  

Prior to heading into the field to conduct sUAS flights, it is essential to contact any 
potential landowners, wildlife refuge management agencies, and/or any airspace control agencies 
that have jurisdiction before conducting any sUAS-based assessments of GDEs. Ensuring that all 
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permissions are granted, and protocols followed when conducting commercial sUAS operations 
is crucial to ensure the safety of the pilots, crewmembers, wildlife, and any other persons that 
may be in the study area at the time of the flights. 

To prepare for sUAS operations we recommend that a service like the Maps Made Easy 
IOS application be used. The IOS application may be used on a smart phone or iPad and permits 
users to conduct automated flights over a specified area of interest and generate high-resolution 
orthomosaics. This application also allows the user to set the altitude that the sUAS will maintain 
to obtain the desired pixel resolution, monitor battery usage, and be notified of any issues that 
arise during the flight. As the sUAS flies along its designated path, snapshots are taken roughly 
every second. When the areal extent of the sUAS flight is large (i.e., greater than 5,000 square 
feet) or the expected flight time is long (i.e., more than 20 minutes), be sure that extra batteries 
are on hand so that when the sUAS flies back for the battery exchange you can streamline that 
process. 

If a MapIR camera is being considered to gather false color imagery, it is recommended 
that a height-level nadir photograph(s) is taken of the ground calibration target before attaching 
the camera to the sUAS. If the pilot prefers to attach the camera first, we recommend that you 
hover the sUAS at a relatively low altitude for a few seconds to capture a quality image(s) of the 
calibration target. A high-quality image(s) containing the calibration target is essential when 
post-processing/calibrating the data. While post-processing the RGN imagery in MapIR Camera 
Control software, be sure to pre-process all images that are being included in the orthomosaic as 
well as the calibration target image(s). If the calibration target image is not pre-processed like the 
other images, there will likely be errors in the calibration and orthomosaic data values. If the 
Agisoft Metashape Professional software is used to stitch images into orthomosaics, it is 
recommended that the user manually filters/removes images from the workflow if they cannot be 
aligned and/or the images’ orientations cause the dense cloud, mesh, or orthomosaic to be 
distorted. 

For more detailed descriptions of the sUAS data collection methodology and post-
processing techniques/software, please contact the authors. 
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