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Abstract

Because groundwater recharge in dry regions is generally low, arid and semiarid envi-
ronments have been considered well-suited for long-term isolation of hazardous mate-
rials (e.g., radioactive waste). In these dry regions, water lost (transpired) by plants and
evaporated from the soil surface, collectively termed evapotranspiration (ET), is usually
the primary discharge component in the water balance. Therefore, vegetation can
potentially affect groundwater flow and contaminant transport at waste disposal sites.
We studied vegetation health and ET dynamics at a Uranium Mill Tailings Radiation
Control Act (UMTRCA) disposal site in Shiprock, New Mexico, where a floodplain allu-
vial aquifer was contaminated by mill effluent. Vegetation on the floodplain was pre-
dominantly deep-rooted, non-native tamarisk shrubs (Tamarix sp.). After the
introduction of the tamarisk beetle (Diorhabda sp.) as a biocontrol agent, the health of
the invasive tamarisk on the Shiprock floodplain declined. We used Landsat normalized
difference vegetation index (NDVI) data to measure greenness and a remote sensing
algorithm to estimate landscape-scale ET along the floodplain of the UMTRCA site in
Shiprock prior to (2000-2009) and after (2010-2018) beetle establishment. Using
groundwater level data collected from 2011 to 2014, we also assessed the role of ET
in explaining seasonal variations in depth to water of the floodplain. Growing season
scaled NDVI decreased 30% (p < .001), while ET decreased 26% from the pre- to post-
beetle period and seasonal ET estimates were significantly correlated with groundwa-
ter levels from 2011 to 2014 (> =.71; p =.009). Tamarisk greenness (a proxy for
health) was significantly affected by Diorhabda but has partially recovered since 2012.
Despite this, increased ET demand in the summer/fall period might reduce contami-

nant transport to the San Juan River during this period.
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1 | INTRODUCTION

In arid and semiarid environments, potential evapotranspiration
(ET) exceeds precipitation, resulting in low to zero groundwater
recharge (Wilcox, Breshears, & Seyfried, 2003). The low percolation
and recharge make these areas more suitable than humid areas for
long-term storage of radioactive and other hazardous waste materials
(Reith & Thompson, 1992; Winograd, 1981) because leaching of con-
taminants into groundwater is minimized (Gee et al. (1994); Glenn,
Jarchow, and Waugh (2016)). However, specific percolation rates and
recharge in these environments will vary depending on local edaphic
properties and vegetation conditions. Sandvig and Phillips (2006)
observed deep percolation (past the root zone) in some plant commu-
nities (e.g., juniper-grass) and zero recharge in other desert communi-
ties (e.g., creosote communities), and evidence even suggests a net
upward movement of water in the Desert Southwest of the United
States over the past 10,000-15,000 years (Scanlon, Levitt, Reedy,
Keese, & Sully, 2005). In non-vegetated conditions, deep percolation
can be >50% of annual precipitation in sandy soils yet effectively be
reduced in the presence of desert plants (Gee et al., 1994). In the
southwestern U.S., plants have even been shown to completely elimi-
nate deep drainage (Gee et al., 1994).

Because vegetation can help control the transport of water
through the vadose zone in arid and semiarid environments, plants
have been identified as a key tool for controlling the spread of con-
taminants into groundwater at some hazardous waste sites (Bresloff,
Nguyen, Glenn, Waugh, & Nagler, 2013; DOE, 2016; Glenn
et al., 2016; Jordan et al, 2008; C. A. McKeon, Jordan, Glenn,
Waugh, & Nelson, 2005; C. McKeon et al., 2006). Under the Uranium
Mill Tailings Radiation Control Act (UMTRCA) of 1978, the
U.S. Department of Energy (DOE) Office of Legacy Management
(LM) is responsible for managing stored hazardous and radioactive
waste at former uranium ore processing sites throughout the United
States, including sites in the Desert Southwest. As such, LM monitors
and manages groundwater where contamination exceeds regulatory
standards in Title 40 Code of Federal Regulations Section 192.20. At
uranium disposal sites on Navajo land (the Four Corners region of the
United States), researchers are evaluating vegetation to hydraulically
control groundwater contamination plumes (Waugh, Glenn, Charley,
Maxwell, & O'Neill, 2011). Studies at these sites have shown that
annual ET of deep-rooted plant communities is capable of exceeding
annual precipitation, thereby limiting the leaching of contaminants
into shallow aquifers. However, land disturbances such as grazing can
limit ET in these areas, potentially leading to groundwater recharge
and mobilization of groundwater contaminants (Bresloff et al., 2013;
Glenn et al., 2016).

Because ET is an important tool for the management of contami-
nants at uranium mill tailings sites in the Desert Southwest, assess-
ment of this parameter is crucial to long-term monitoring activities.
Our study consisted of two parts. First, we used satellite remote sens-
ing techniques to assess ET-groundwater dynamics of an UMTRCA
site in Shiprock, New Mexico, where ammonium, manganese, nitrate,

selenium, strontium, sulphate, and uranium were identified as

contaminants of concern (DOE, 2002). A study conducted from 2011
to 2014 found that groundwater levels at this site were lower in the
late summer/fall than in the winter/early spring, despite similar gage
elevations on the adjacent San Juan River (DOE, 2018). Evapotranspi-
ration was proposed as the likely cause of the river-groundwater ele-
vation differences. The authors suggested that ET could act as a
natural form of remediation pumping, preventing or minimizing the
spread of the contaminant plume into the river during the late sum-
mer/fall period. We used a regionally calibrated ET remote sensing
algorithm to determine if spatially and temporally explicit estimates of
ET could explain the groundwater-river level dynamics in this system.

The floodplain of the Shiprock UMTRCA site is dominated by a
large stand of non-native tamarisk (Tamarix sp.) shrubs and trees; this
phreatophyte (deep-rooted plants capable of accessing shallow
groundwater) has replaced many native riparian plant communities in
the western U.S. (Glenn & Nagler, 2005). In an effort to control tama-
risk spread, the tamarisk beetle (Diorhabda spp.) was introduced to the
western U.S. as a biological control agent. By defoliating tamarisk over
multiple generations, the beetle can kill the plants by stopping photo-
synthesis. Since its initial release in 2001, the beetle has expanded sig-
nificantly in the southwestern U.S., leading to widespread defoliation
of tamarisk (Dennison, Nagler, Hultine, Glenn, & Ehleringer, 2009;
Dudley & Bean, 2012; Jamison, van Riper, & Bean, 2015; Meng
et al., 2012). A large release of beetles in 2007 on the San Juan River
in Bluff, Utah, was about 100 km downgradient of the Shiprock site.
The beetle was first observed at multiple locations near the Shiprock
site from 2010 to 2014 (Rivers Edge West, 2018) and has since
defoliated the majority of tamarisk on the floodplain (Waugh, personal
obs.). Defoliation of tamarisk, the dominant riparian species on the
Shiprock floodplain, could affect the groundwater contaminant plume
described in DOE (2018). The second part of our study was a long-
term analysis of ET and vegetation greenness using Landsat 5, 7 and
8 imagery to determine if, and to what extent, ET has been affected
by changes in tamarisk health prior to (2000-2009) and after
(2010-2018) beetle arrival.

2 | METHODS

2.1 | Study site and relevant history

Our study area included the San Juan River floodplain adjacent to the
UMTRCA disposal site in Shiprock, New Mexico, United States
(Figure 1). This area of northwestern New Mexico is arid, with an
average annual rainfall of 179 mm and 99 mm of snowfall. Tempera-
tures range from average winter lows of —6°C to mean summer highs
of 32°C. Although this area is dry, the perennial San Juan River bor-
dering the site supports a lush riparian ecosystem. Soil on the flood-
plain is predominantly stream alluvium (Bebeevar-Walrees complex;
Natural Resources Conservation Service (NRCS) (n.d.). The water
table was shallow, with an average depth of 2.03 m in the winter/
spring and 2.06 m in the summer/fall in the area defined as the

unpumped zone (described below; DOE (2018)). Vegetation along the
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FIGURE 1 Floodplain of the Shiprock,
New Mexico Uranium Mill Tailings
Radiation Control Act (UMTRCA) site. The
unpumped zone is an approximate
boundary
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floodplain was primarily composed of phreatophytes and included tam-
arisk, Russian olive (Elaeagnus angustifolia), willow (Salix sp.), Freemont
cottonwood (Populus fremontii), Siberian elm (Ulmus pumila), fourwing
saltbush
vermiculatus), and rubber rabbitbrush (Ericameria nauseosa). See Luttge
and Beyschlag (2014) and Robinson (1958) for a full description of
rooting and other characteristics of these species. Dominant understory

(Atriplex  canescens), black greasewood (Sarcobatus

forbs and grasses were kochia (Bassia scoparia), Russian thistle (Salsola
tragus), saltgrass (Distichlis spicata) and Indian ricegrass (Achnatherum
hymenoide). The growing period in this area is typically June-September
and was defined in this study as June 1-September 30.

The Shiprock mill operated from 1954 to 1968, but infiltra-
tion of contaminants likely continued for more than 30 years
from mill startup to completion of surface remediation in 1986
(DOE, 2018). A floodplain remediation system consisting of natu-
ral flushing and pumping wells to extract groundwater was
implemented by the DOE in 2003. The objective of pumping was

to reduce discharge to the San Juan River and reduce contami-
nant levels to the point where natural flushing would be the pri-
mary remediation method. Remediation pumping in these wells
intentionally altered surrounding groundwater flow patterns,
except for one area identified in DOE (2018) as unaffected by
pumping activities (Figure 1).

2.2 | Delineation of study and control sites

To assess long-term tamarisk health, we first digitized all tamarisk
(ca. 21 ha) existing on the floodplain using high-resolution (9 cm)
unmanned aerial system (UAS), or drone, imagery acquired by the
U.S. Geological Survey (USGS) in the summer of 2016 (Figure 1). At
this resolution, we easily identified and separated live, dead, or
defoliated tamarisk from other species at the site. Although tamarisk

beetles arrived around 2010, high-resolution satellite imagery from
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2004 confirmed that the distribution of tamarisk at the site had not
changed since that time; therefore, we only used one mask to assess
tamarisk condition from 2000 to 2018. We then delineated a zone
(ca. 4 ha) corresponding to two other significant phreatophytic spe-
cies on the floodplain (Russian olive and cottonwood), which were
identifiable in the U.S. aerial image by their distinctive colour and
texture. To assess the effect of ET on groundwater levels in the
floodplain, we digitized a third mask (ca. 6 ha) corresponding to an
area of the floodplain identified in DOE (2018) as unaffected by
remediation pumping and referred to here as the unpumped zone

(Figure 1).

2.3 | Data acquisition

We obtained all available atmospherically corrected Landsat Collec-
tion 1 Tier 1 normalized difference vegetation index (NDVI) images
(WRS path 035 and row 035) using the USGS Earth Resources
Observation and Science Center Science Processing Architecture On
Demand Interface (https://espa.cr.usgs.gov/). The data set included
NDVI images from three consecutive Landsat sensors: Landsat
5 Thematic Mapper (TM; 2000-2011), Landsat 7 Enhanced Thematic
Mapper Plus (ETM+; 2012), and Landsat 8 Operational Land Imager
(OLI; 2013-2018). The NDVI is a numerical indicator of the presence
and health of green vegetation calculated from the near-infrared
(NIR) and red (R) portions of reflected electromagnetic radiation

according to Equation (1):

Sensor Year Number of scenes NDVI* tamarisk zone
™ 2000 4 0.2747
™ 2001 5 0.3061
™ 2002 7 0.2392
™ 2003 7 0.2786
™ 2004 7 0.2890
™ 2005 7 0.3566
™ 2006 7 0.2765
™ 2007 4 0.3161
™ 2008 6 0.3440
™ 2009 4 0.3048
™ 2010 6 0.2037
™ 2011 4 0.1869
ETM+ 2012 6 0.1660
oLl 2013 7 0.1765
oLl 2014 7 0.1923
oLl 2015 4 0.2591
oLl 2016 7 0.2218
oLl 2017 7 0.2874
OLl 2018 6 0.1827

(NIR=R)/(NIR+R) (1)

The Landsat 7 ETM+ period (2012) represents the year between
the decommissioning of Landsat 5 and the launch of Landsat
8. Because of the Scan Line Corrector failure on Landsat 7 in 2003,
images collected after this period contained streaks of missing data,
precluding application of this platform in some areas; however, the
majority of our site fell between these streaks of missing pixels, all-
owing us to use ETM+ for 2012.

To eliminate spurious data that may impact ET estimates, we
implemented a per-pixel quality assurance screening that eliminated
all pixels flagged as clouds or shadows. To further minimize the impact
of adjacent clouds and cloud shadow, we also removed an 8-pixel-
wide buffer around all cloudy pixels. Only data that passed this strict
filtering method were retained for further analysis. This process
resulted in four to seven images per growing season, with a total of
112 scenes from 2000 to 2018 (Table 1).

To compare tamarisk health to discharge of the neighbouring San
Juan River, we obtained daily river discharge data from the USGS for
2000-2018 (station 09368000; Figure 1). We calculated mean river
discharge for May 1-September 30. We defined the growing period
from June 1-September 30 based on an 18-year average of 16-day
NDVI from the Moderate Resolution Imaging Spectroradiometer, but
included May in the calculation of mean river discharge to account for
any potential lag response following spring snowmelt (increased dis-
charge), which typically occurs from May to June (DOE, 2018).

TABLE 1 Mean growing season
scaled NDVI (NDVI*) for the tamarisk and
unpumped zones (2000-2018)

NDVI* unpumped zone
0.1427
0.1704
0.1418
0.1587
0.1682
0.2282
0.1663
0.1817
0.2064
0.1699
0.1288
0.1081
0.0928
0.1256
0.1162
0.1555
0.1389
0.1767
0.1255

Abbreviations: ETM, Enhanced Thematic Mapper; NDVI, normalized difference vegetation index; OLI, Operational Land Imager.
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Reliable precipitation data were not available for Shiprock, so we
obtained annual precipitation for 2000-2018 from the Four Corners
Regional Airport in Farmington, New Mexico (station USW00023090)

approximately 40 km east of our study site.

24 | NDVIscaling and estimation of ET

The Landsat TM, ETM+ and OLI sensors have slightly different
dynamic ranges and scales, which leads to interscene variability that
can potentially complicate the ET and NDVI analysis. Residual atmo-
sphere, sun and viewing geometry and soil/vegetation composition
(Huete & Liu, 1994; Liu & Huete, 1995) can introduce additional vari-
ability. To minimize this scene-to-scene variability and allow cross-
sensor comparisons through time, we scaled NDVI values (NDVI*;
Equation 2) between bare soil (NDVIy) and maximum vegetation (satu-
ration; NDVI) following Groeneveld and Baugh (2007). This scaling
process stretches values between baseline soil (low NDVI) and maxi-
mum NDVI within each scene, thereby standardizing values between
time periods and removing variability due to atmospheric, soil and
other factors. We sampled a constant area of bare soil in each scene
to derive mean NDVI,, while we calculated NDVI, by taking the aver-
age of all pixels falling within 5% of the maximum value for all irri-
gated, verdant agricultural fields identifiable in each image (Jarchow,
Nagler, & Glenn, 2017):

NDVI = (NDVI—NDVIp)/(NDVIs —NDVIo) (2)

Because this stretching process relies on saturated values of
NDVI, we only used scenes acquired during the growing season (gen-
erally from June to September). We subsequently obtained peak and
mean growing season (June 1-September 30) NDVI* for the tamarisk
and unpumped zones.

We used a remote sensing algorithm developed by Groeneveld,
Baugh, Sanderson, and Cooper (2007) to estimate long-term
(2000-2018) annual ET along the Shiprock floodplain. The algorithm
was derived from the empirical relationship between Landsat NDVI
data and ET measured by eddy covariance or Bowen ratio method for
phreatophytic plants in three different regions of the arid southwest-
ern U.S. (Groeneveld et al., 2007). Vegetation communities used to
calibrate the algorithm were very similar to those found on our study
site, including tamarisk, cottonwood, greasewood and rabbitbrush.

Normalized difference vegetation index leverages differences in
absorbance in the red and NIR wavelengths of light. Chlorophyll, the
pigment responsible for green coloration in plants, absorbs most blue
and red light, while the surrounding plant tissues reflect in the NIR
(Buschmann & Nagel, 1993). Because chlorophyll is the primary pig-
ment responsible for absorbing the light that drives photosynthesis,
the rate of photosynthesis is directly related to the amount of chloro-
phyll present (Sellers, Berry, Collatz, Field, & Hall, 1992; Tucker &
Sellers, 1986). Therefore, NDVI responds to actively photo-
synthesizing material, increasing as the quantity of green biomass

increases (Burgan & Hartford, 1993). Since photosynthesis requires

leaf conductance for uptake of carbon dioxide, water is lost during
this process through transpiration. As a result, NDVI can be used as a
competent predictor of ET (Glenn et al, 2016; Groeneveld
et al., 2007; Jarchow et al., 2017; Kerr et al., 1989).

We used a modified version of the algorithm developed by
Groeneveld et al. (2007) to estimate ET:

ET=ET,(NDVIx) (3)

where ET is annual estimated evapotranspiration, ET,, is annual refer-
ence crop evapotranspiration as determined by the Blaney-Criddle
(BC) equation (Brouwer & Heibloem, 1986), and NDVI* is scaled peak
season NDVI. Peak NDVI was obtained by finding the scene with the
highest average NDVI* for each year. Equation (3) originally included
the component of annual precipitation, but we removed this to esti-
mate groundwater discharge in this predominantly phreatophytic sys-
tem (Glenn et al., 2016; Jarchow et al., 2017). Reference crop ET was
calculated for 2000-2018 using meteorological data from the Four
Corners Regional Airport (2000-2004) in Farmington, New Mexico,
and a remote weather station at the disposal site (2005-2018). Com-
plete meteorological data for 2000-2004 were neither available for
the site nor the town of Shiprock, so data from Farmington were used
instead. Values from Equation (3) provided an estimate of annual ET.
For the tamarisk zone, we calculated mean growing period NDVI*
and annual ET for all years (2000-2018). As mentioned previously,
DOE (2018) analysed groundwater levels of three monitoring wells on
the floodplain that were unaffected by remediation pumping. Because
we were interested in the seasonal relationship between ET and
groundwater elevation in the unpumped zone, we compared ET to
roughly the same periods reported in DOE (2018)(winter/spring and
summer/fall). The exact dates used to derive mean groundwater ele-
vation in DOE (2018) differed between years because they were cho-
sen to avoid large changes in groundwater level caused by substantial,
long-lasting changes in river flow. To account for potential lag time
between changes in ET and groundwater elevation, we standardized
the winter/spring and summer/fall periods for ET estimation
(i.e., January 1-May 31 and June 1-October 31, respectively). While
the Groeneveld et al. (2007) method of ET estimation produced
annual values, we also estimated seasonal ET assuming a proportional
relationship between ET and ET,, for which seasonal values were
known. We assumed seasonal ET would generally track ET, because
shallow groundwater was not a limiting factor (Nichols et al., 2004).

2.5 | Statistical analyses

We used multiple linear regression to assess the relationship between
mean growing season NDVI* and the predictor variables (annual pre-
cipitation and mean river discharge). We tested the predictor variables
for collinearity following Dormann et al. (2013), where an absolute
correlation coefficient (r) rejection threshold of >.70 between predic-
tor variables was applied. To assess the strength of association

between individual variables, we used Pearson's correlation
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coefficient (r). For the unpumped zone, we log-transformed ground-
water elevations and seasonal estimates of ET. A paired t-test was
used to determine the significance of change in NDVI* prior to
(2000-2009) and following (2010-2018) establishment of tamarisk
beetles near the site.

3 | RESULTS AND DISCUSSION

3.1 | Tamarisk zone

Mean growing season NDVI* of tamarisk varied from year to year,
with a low of 0.1660 in 2012 and a high of 0.3566 in 2005 (Figure 2;
Table 1). Peak NDVI* showed a similar trend, with a low of 0.1958 in
2012 and a high of 0.4262 in 2005 (Table 2). Growing season NDVI*
decreased 30% from 2000-2009 to 2010-2018, with a mean of
0.2985 and 0.2085 for these periods, respectively (difference = 0.0901;
p < .001). During the same periods, ET decreased 26% from a mean
annual total of 484-359 mm (Figure 3). As with NDVI*, 2005 had the
highest total annual ET (618 mm), while 2012 had the lowest
(286 mm).

The reduction in ET from 2000-2009 to 2010-2018 was slightly
higher than that reported by Nagler et al. (2018), who observed a 21%
decrease on the San Juan at Shiprock following arrival of the beetle;
however, the lower estimate they reported was likely due to a differ-
ent definition of the pre- and post-beetle infestation period (they
defined 2007 the initial year of infestation). As discussed previously,
the tamarisk beetle was first observed near the Shiprock site in 2010
(Rivers Edge West, 2018); however, our data showed a rapid decline
in NDVI* starting in 2009 that continued through 2012 (Figure 2).
The beetle was also observed in 2008 and 2009 on the Mancos River
in southern Colorado at approximately the same distance to our site
from the introduction site in Bluff, Utah. Nagler et al. (2018) also
observed a 2-year lag between introduction of the beetle (2007) and
resulting decrease in tamarisk greenness near our site in Shiprock.
Based on the above evidence, the beetle was likely established on the
Shiprock floodplain by 2009.

—e— Tamarisk —oe— Russian Olive and Cottonwood

Because tamarisk is phreatophytic and depth to groundwater at
our study site tended to be low, we expected NDVI* to closely track
river discharge. We found that the highest mean river discharge
occurred in 2005 (98.95 m® s~1), while the lowest (16.52 m® s~%) was
observed in 2002 (Figure 2). While years of peak NDVI* and discharge
corresponded (i.e., 2005), the years in which minimum values were
observed differed (2012 and 2002, respectively). Based on multiple
regression analysis, mean river discharge was significantly correlated
with mean growing season NDVI* from 2000 to 2018 (p = .002), but
precipitation was not a significant predictor of NDVI* during this
period (p =.92); however, the overall predictive power of the model
was weak (r? = .46). Additionally, precipitation and mean river dis-
charge were not correlated (2 = .05; p = .34). Despite the weak pre-
dictive power of the model for the 19-year study period, mean
growing season NDVI* was highly correlated with river discharge
(? =.92) during the pre-beetle period (2000-2009), but was only
weakly correlated during the post-beetle period of 2010-2018
(r? = .67). The latter finding is significant because it supports the idea
that prior to beetle arrival, tamarisk greenness (and thus ET) was pri-
marily driven by river flows. Additionally, growing season NDVI* was
not correlated with annual precipitation for the pre-beetle, post-
beetle or whole period of record (Table 3), further supporting the role
of river flows and effect of beetles on tamarisk at the disposal site.
This is also supported by the difference in years corresponding to
minimum discharge and NDVI*. Prior to beetle arrival, both maximum
and minimum river discharge and NDVI* occurred in the same years
(2005 and 2002, respectively).

From 2008 to 2012, NDVI* steadily declined to its lowest level
in 2012 before slightly increasing in 2013. The decline in NDVI*
post-beetle arrival is further complicated by a decrease in mean river
discharge during the same period, with a mean of 54.11 from 2000
to 2009 and 45.51 m* s~* from 2010 to 2018; however, this 16%
reduction in discharge is disproportionately less than would be
expected based on the reduction of ET and NDVI* observed during
the same period. Further, NDVI* of two species unaffected by the
beetle (Russian olive and cottonwood) did not change significantly
from the pre- to post-beetle period (meanipop-2009 = 0.4942;

—a— River Discharge
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TABLE 2

Landsat 5 Thematic Mapper (TM), Landsat 7 Enhanced Thematic Mapper Plus (ETM+), and Landsat 8 Operational Land Imager

(OLI) overpass dates and associated NDVI values and scaling parameters corresponding to the period of peak greenness

2019

Peak NDVIgaw NDVI* Peak NDVigaw NDVI*
Sensor  Overpass date NDVIl, NDVI; (tamarisk zone) (tamarisk zone) (unpumped zone) (unpumped zone)
™ July 18, 2000 0.0821 0.8720 0.3325 0.3170 0.2086 0.1607
™ September 7, 0.0776 0.8583 0.3546 0.3548 NA NA
2001
™ September 23, 0.0794 0.8585 NA NA 0.2347 0.2006
2001
™ July 24, 2002 0.0717 0.8621 0.2889 0.2749 0.1932 0.1550
™ September 13, 0.0752 08736 0.3139 0.2990 0.2235 0.1857
2003
™ July 29, 2004 0.0809 0.8696 0.3372 0.3250 0.2275 0.1859
™ August 17, 0.0864 0.8826 0.4258 0.4262 0.3087 0.2792
2005
™ July 19, 2006 0.0766 0.8546 0.3175 0.3097 0.2138 0.1770
™ August 23, 0.0709 0.8618 0.3362 0.3355 0.2205 0.1904
2007
™ August 9, 2008 0.0943 0.8721 0.4078 0.4030 0.2810 0.2400
™ July 27, 2009 0.0988 0.8710 0.3636 0.3430 0.2444 0.1895
™ July 30, 2010 0.1060 0.8795 0.3184 0.2746 0.2346 0.1663
™ September 19,  0.0949 08764  0.2748 0.2302 0.2005 0.1352
2011
ETM+ June 9, 2012 0.0721 08679 0.2279 0.1958 NA NA
ETM+ July 11, 2012 0.0691 0.8888 NA NA 0.1755 0.1298
oLl September 24, 0.0970 0.9430 0.3086 0.2500 0.2749 0.2102
2013
oLl July 9, 2014 0.0969 0.9517 0.3004 0.2384 0.2228 0.1488
oLl August 13, 0.1385 0.9609 NA NA 0.2741 0.1650
2015
oLl June 26, 2015 0.1420 0.9117 0.3479 0.2681 NA NA
OLI September 16, 0.1148 0.9084 0.3308 0.2722 0.2454 0.1667
2016
oLl August 18, 0.1127 0.9622 0.3722 0.3054 0.2680 0.1836
2017
oLl June 18, 2018 0.0923 0.9090 0.2610 0.2066 0.2150 0.1501
Note: NDVI, (saturation) and NDVI, (bare soil) were used to calculate scaled NDVI (NDVI*).
700 ~
600 -
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~ 300
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FIGURE 3 Annual evapotranspiration 0 . - T : : . - - .
(ET) of tamarisk on the Shiprock 1999 2001 2003 2005 2007 2009 2011 2013 2015 2017
floodplain for all years analysed Year
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TABLE 3  Regression analysis of mean growing season scaled
NDVI (NDVI*) and annual precipitation for the whole period of record
(2000-2018), pre-beetle period (2000-2009), and post-beetle period
(2010-2018)

Period r? p-Value Lower 95% Upper 95%
2000-2018 .02 .57 —0.0005 0.0008
2000-2009 .02 .72 —0.0007 0.0009
2010-2018 .20 .23 —0.0003 0.0009

mean,o10-2018 = 0.5037; p = .298; Figure 2). It is likely that reduced
river flows combined with defoliation by beetles both contributed to
the substantial decline in tamarisk health after 2009, but our findings
in the Russian olive and cottonwood zone suggest the beetle was

the primary driver of this decline.

3.2 | Unpumped zone

DOE (2018) compared groundwater elevations across the floodplain
to river elevations reported at the USGS river gage (Figure 1) for the
years 2006-2011. River elevations in the spring and fall were within
~120 mm in 5 of the 6 years sampled, while mean floodplain-wide
groundwater levels were ~300-600 mm lower in the fall than in the
spring. Because the authors' floodplain-wide analysis was potentially
affected by remediation pumping activities in certain areas, they con-
ducted a follow-up analysis of wells from 2011 to 2014 identified as
unaffected by remediation pumping (unpumped zone; Figure 1). Two
key findings were reported: (a) Groundwater in the unpumped zone
was lower in the summer/fall than the spring/winter, despite rela-
tively stable river elevations. This was particularly true of wells located
farther from the river, which were less affected by short-term changes
in river stage; and (b) the river loses water to the alluvial aquifer dur-
ing the late summer/fall and groundwater mostly discharges to the
river in the winter/spring. Lacking evidence supporting alternative
causes, the authors postulated that discharge via ET of alluvial
groundwater was the most likely cause of the summer/fall river losses.
The latter is significant because changes in flow direction associated
with spatially variable ET could help explain apparent lateral spreading
of uranium and sulphate plumes in this system DOE (2018).

To investigate the possible role of ET in decreasing groundwater
levels, we focused our ET analysis on the unpumped zone for the
periods for which groundwater data were reported in DOE (2018)
(winter/spring and summer/fall of 2011-2014; Table 4). Winter/
spring and summer/fall groundwater levels from 2011-2014 were sig-
nificantly correlated with ET (> =.71; p = .009; Figure 4). Mean ET
during the winter/spring for 2011-2014 was 76 mm, compared to
127 mm in the summer/fall (Table 5). DOE (2018) reported only minor
differences in groundwater elevations between the winter/spring and
summer/fall periods in 2013, which they attributed to higher-than-
average river flow during the late summer. In support of their conclu-
sion, we observed the greatest increase in ET from the winter/spring

to summer/fall in 2013 (Table 5) and a 35% increase in growing

TABLE 4 Mean groundwater (well) level (elevation) above mean
sea level by season and corresponding evapotranspiration (ET)
estimates for years 2011-2014

Mean well water Total
Year Season level (m) ET (mm)
2011  Winter/ 1,488.71 64
Spring
2012  Winter/ 1,488.61 66
Spring
2013  Winter/ 1,488.53 100
Spring
2014  Winter/ 1,488.56 74
Spring
2011  Summer/Fall 1,488.49 110
2012  Summer/Fall 1,488.47 107
2013  Summer/Fall 1,488.48 170
2014  Summer/Fall 1,488.48 122

Note: Mean water level was calculated from values reported in
DOE (2018). Mean surface elevation was ~1,490 m.
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FIGURE 4 Groundwater elevation (level) versus
evapotranspiration (ET) of the unpumped zone during the winter/
spring and summer/fall periods (2011-2014)

season NDVI* in the unpumped zone versus only a 6% increase in the

tamarisk zone (Figure 5).

3.3 | Tamarisk recovery

As discussed previously, tamarisk NDVI* reached its lowest point in
2012, followed by a steady increase through 2017. During this period,
greenness generally tracked river flow (Figure 2), except in 2016.
NDVI* was lower in 2016 than in 2015 and 2017, while mean river
discharge increased from 2015 to 2017. Between-year fluctuations in
abundance have been observed in Diorhabda following large defolia-
tion events, which is likely driven by resource depletion (Jamison

et al., 2015; Kennard et al., 2016). Jamison, Johnson, Bean, and van
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Riper (2018) found that beetle larvae were less likely to establish in
areas where defoliation exceeded 70%, leading to a temporary loss of
beetles and refoliation of tamarisk. The anomalous dip in NDVI* we
observed in 2016 could represent a second, brief beetle defoliation
event. This explanation is also supported by our findings in the
Russian olive and cottonwood zone, where NDVI* increased from
2015 to 2016 (Figure 2). A substantial decrease in NDVI* was also
observed in 2018, but this coincided with the lowest river discharge
and precipitation recorded during the entire period of study. Years
2015-2018 could also represent an annual refoliation-defoliation-
refoliation cycle, with 2018 being exacerbated by low river flows.
Despite the dips in NDVI* observed in 2016 and 2018, 2013 mar-
ked the end of a 4-year decline in greenness following the establish-
ment of the beetle. Nagler et al. (2018) reported a similar trend for
2004-2016 for the San Juan River at Shiprock using the enhanced
vegetation index, another measure of plant greenness, and noted a
cycle of beetle colonization-defoliation-emigration, followed by a
period of plant recovery. Consistent with our results, they also
observed a 4-5-year decline in tamarisk health following beetle colo-
nization before beginning a period of recovery. Despite this recovery,
average peak NDVI* in the current study was 24% lower during the
recovery period (2013-2018)
(2000-2008). Decreased river discharge during the post-infestation
period may have had a role in the reduction of NDVI*, but NDVI

than the pre-infestation period

—a— Unpumped Zone

values of nearby Russian olive and cottonwood did not change signifi-
cantly during these periods.

Although we used high-resolution aerial imagery to digitize the
tamarisk zone, we cannot eliminate the possibility that other vegeta-
tion may have established under the tamarisk canopy, especially fol-
lowing defoliation events. During a ground survey conducted in
October 2018, we observed a mosaic of completely defoliated, par-
tially defoliated, and refoliated tamarisk, but very few plants were
observed to be established directly under the tamarisk canopy. Where
plants did exist under or near tamarisk, it was limited mostly to small
annuals associated with young (mostly unbranched), small tamarisk
shrubs; therefore, we do not suspect other plants contributed signifi-
cantly to NDVI*.

3.4 | ErrorinET estimates

Validation data were not available to quantify the error in our remote
sensing ET estimates, but Groeneveld et al. (2007) reported mean
errors ranging from 2.0 to 12.5% in vegetation communities similar to
that in the current study. One difference in our application of this
technique was the use of Blaney-Criddle ET, instead of Penman-
Monteith (PM; Allen, Pereira, Raes, & Smith, 1998). Penman-Monteith
is recommended over other methods because it is physically based
and explicitly incorporates physiological and aerodynamic data, but it
requires a large number of climatic parameters. Such input data were
not available for Shiprock. Blaney-Criddle is a simpler technique, only
requiring a direct measurement of temperature. In arid environments,
differences between PM and BC may range from <1% to >30%, with
BC commonly overestimating ET, with respect to PM (Tabari,
Hosseinzadeh Talaee, & Some'e, 2013).

As an independent check of our ET estimates, we estimated the
specific yield of the alluvial aquifer using our ET estimates and the
groundwater measurements reported for 2011 and 2012. We chose
these years because the groundwater sampling periods most closely
matched our winter/spring and summer/fall ET periods, and river

—e— Tamarisk Zone

TABLE 5 Evapotranspiration (ET) of the unpumped zone during
the winter/spring and summer/fall periods for years 2011-2014
Year Winter/Spring ET Summer/Fall ET Difference
2011 64 110 46
2012 66 107 41
2013 100 170 70
2014 74 122 48
Mean 76 127 51
Note: Values are in mm.
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FIGURE 5 Scaled NDVI (NDVI*) of
the tamarisk and unpumped zones for all 0.0000 ‘
1999 2001

years analysed. NDVI, normalized
difference vegetation index
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stage was most stable in 2011 and 2012 following spring snowmelt.
We estimated a mean specific yield of 26% across years, compared to
25% reported for the floodplain alluvial aquifer in DOE (2018)—in good
agreement with our estimate. Similarly, Glenn et al. (2016) constructed
a water balance at a UMTRCA site in Tuba City, Arizona using the same
ET estimation method, and they found that measured gain in a nearby
stream was within 15% of the value predicted by their ET model. These
indirect assessments suggest reasonably high accuracy using the
Groeneveld et al. (2007) method coupled with BC ET,,.

3.5 | Management implications

From 2000 to 2009, average annual ET within the tamarisk zone was
99,749 m, but it decreased to 73,911 m® from 2010 to 2018--a loss of
25,838 m>. Even during the period of lowest NDVI* and ET (2011-2014),
groundwater levels in the summer/fall were still lower than in the winter/
spring, resulting in river losses to the aquifer (DOE, 2018). During this
same period, we estimated mean ET was 67% higher in the unpumped
zone in the summer/fall than in the winter/spring, supporting the findings
in DOE (2018). Therefore, river losses to the aquifer via ET from 2011 to
2014 likely represent a conservative estimate, especially considering the
recovery of tamarisk we observed since 2014 (Figure 2). These findings
indicate that temporally and spatially explicit ET estimates should be con-
sidered as part of an overall groundwater remediation strategy, as
resource management practices (e.g., introduction of biocontrol agents)
can affect ET rates across time and space. Spatial estimates of ET could
be used in conjunction with groundwater data to help inform the future

placement of groundwater extraction wells.

4 | CONCLUSIONS

This study demonstrated the long-term effect of tamarisk beetles on
tamarisk health and the potential effect of ET on local groundwater
dynamics at a former uranium mill site in Shiprock, New Mexico. We
found that the tamarisk beetle likely had a significant effect on NDVI*
and ET of tamarisk, effectively reducing the volume of ET discharged
from the shallow alluvial aquifer. Based on our results, ET likely
explains the reduced groundwater levels observed in the summer/fall,
which could affect contaminant transport and concentrations in the
alluvial groundwater. However, the substantial reduction in tamarisk
health following arrival of the beetle in 2009 means the potential
effect of ET on groundwater dynamics for years 2011-2014 was
likely reduced compared to the pre-beetle colonization period. The
latter is important because tamarisk is currently the dominant phreat-
ophytic species on the floodplain and has replaced many native ripar-
ian plant communities in the southwestern U.S. Because tamarisk
health will vary across space (characteristic of the beetle colonization-
defoliation-emigration cycle) and ET may affect the spatial dynamics
of contaminant transport and contaminant concentrations, spatially
explicit ET estimates should be incorporated into efforts to model and

remediate contaminated groundwater in such environments.
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