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A Mixed-Methods Appr oach to Determine How Conservation M anagement Programs and
Techniques Have Affected Herbicide Use and Distribution in the Environment Over Time
M elanie M alone and Eugene Foster
Abstract

No-till agriculture has the ability to reduce fuel consumption, increase soil moisture, reduce soil
erosion and increase organic matter. However, it remains unclear whether it increases herbicide use
overall in the long term for communities that use no-till as their primary source of conservation
agriculture. The preponderance of literature suggests that no-till has increased herbicide use, but it is
difficult to quantify how much herbicide has increased in a given location and to directly correlate
changes in herbicide use to changes in soil and water quality. This paper provides several methods to
determine how herbicide use has changed over time in an agricultural community in Oregon that switched
over to no-till in the late 1990s and early 2000s. These methods include: spatial analysis of remote
sensing satellite imagery of vegetation health along streams; use of a drone fitted with an agricultural
camera to detect vegetation health; and soil, sediment, and water sampling for the most commonly used
herbicides in the study area. By using these methods, this study shows where stream vegetation health
continues to be an issue in the agricultural community, and where concentrations of a commonly used
herbicide in the community may be impacting human and ecological health. This study has important
implications for impacts to soil and water quality over time in agricultural communities, as many
researchers have noted the need to determine the long term effects of conversion to no-till and other forms
of conservation agriculture. By providing these methods, communities heavily engaged in multiple forms
of conservation agriculture may be able to track herbicide use changes in real time and on shorter decadal
time spans in places where conservation agriculture is practiced.

Keywords: Glyphosate, AMPA, remote sensing, no-till, soil and water quality
1.0. Introduction

Since the late 1990s and early 2000s, wheat farmers in Wasco County, Oregon have gradually
converted from conventional tilling practices to no-till and direct seeding agricultural practices. No-till
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and direct seed, while technically different, asediinterchangeably among farmers in the studyarda
much of the Pacific Northwest. Both no-till andedit seed are forms of conservation agriculture that
refer to the practice of minimal tillage or no4dilje that cause between 15-30% of soil disturbaitbénw
a row width (NRCS, 2006), which generally is acki@gby the use of farm equipment that minimizes the
area of disturbance during planting and harvestiiyities (Friedrich and Kassam, 2012). Both pradt
minimize soil erosion by leaving crop stubble aesidue on the ground after harvest, increase soil
moisture and organic material, and generally reduekconsumption for farmers (Williams et al., 201
While many of the economic and environmental improents of these conservation management
techniques have been significant, interviews wattmfers and herbicide distributors in the countyyel
as a review of the National Agricultural Statisti®srvice (NASS) database (USDA, 2012), Oregon
Department of Agriculture Pesticide Use databaserds, and collection of herbicide use records from
farmers in the county, all indicate that herbicide in the study area has increased since the anset
till and direct seed agriculture (hereafter refén® as no-till). The increased use of herbicisesails
may be resulting in increased herbicide runofftteamns that is harmful to human and ecologicaltheal
However, no studies have been conducted to deterha@rbicide concentrations in streams or to assess
the overall effectiveness of no-till since the mmayjoof the county converted.
1.1.Herbicide Use Trends in Conservation Agrictur

Although there are numerous comparative studiaessted on differences between conventional
tillage and no-till, no clear consensus has betabkshed regarding the effect of conservatioadgd on
herbicide use (Fernandez- Conejo, 2013; Friedmchkassam, 2012). Location, climate, and soil tgihe
affect how long herbicides persist in the soil wiieed with reduced tillage syste(hkager and Nordby,
2008). Interviews and discussions with farmers lagrtbicide distributors in Wasco County reveal
glyphosate, commonly known as Roundup, is the mwamsimonly used herbicide in the county among
wheat farmers and has been used in increasing dssimce the onset of conservation management
techniques. This increase mimics a nationwide ameef glyphosate use in the U.S., which is pripari
due to the spread of herbicide resistant weedshthat been coproduced with genetically modifiegbsro
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(Benbrook, 2016; Culpepper, 2006; Givens et aD92®oger et al., 2004 Powles, 2008; Shesthra. et al
2007). Since 1974 when glyphosate was releasduettmarket, over 1.6 billion kilograms of glyphosate
active ingredient have been applied in the U.Swaland of that, two-thirds of the total volume of
glyphosate applied in the U.S. from 1974 to 201¢lbeen sprayed in just the last 10 years (Benbrook,
2016). In 2014, the amount of glyphosate that fasrsprayed was enough to apply ~1.0 kg/ha (0.8
pound/ acre) on every hectare of U.S.-cultivategplend and nearly 0.53 kg/ha (0.47 lbs/acre) on all
cropland worldwide (Benbrook, 2016). Between 1986 2011, 527 million pounds of herbicides were
used in herbicide resistant crops in the U.S. teex of what would have been needed in non-resistan
crops (Benbrook, 2012). Although much of the inseem glyphosate is due to the rise of “Roundup
Ready” crops that are resistant to glyphosate dantag increase in glyphosate is also due to Heeqf
conservation tillage practices, such as no-tilige, 2007).

Farmers in the study area use a variety of glypledsased mixtures to control weeds prior to and
after harvest, as well as to control weeds in Valfields throughout the year. Because glyphosate is
broad spectrum (e.g. non-selective) systemic hieldoibat kills most herbaceous plants and cannot be
used for live crops (Kremer and Means, 2009), ofieebicides (mostly chlorinated herbicides such as
2,4-D and Dicamba) are applied less frequenthyctivaly growing crops. Glyphosate and chlorinated
herbicides are applied in a number of ways in thdysarea. Most farmers currently use their ownnboo
sprayers or other spray devices to deploy hertsdidéore harvest and throughout the year to kegglsve
under control. Though most farmers use glyphosatheir fields, there are areas where spraying is
avoided, such as on land that is enrolled in cmagi®n programs like the Conservation Reserve Rragr
(CRP) or the Conservation Reserve Enhancement®ro@EREP) along streams. Generally, farmers try
to avoid spray to these areas, both as a mattmmopliance with their program specifications, anda
cost saving measure.

1.2. Concerns About Glyphosate
The concomitant increase in herbicide use, pagibublyphosate, in Wasco County and the U.S is

concerning for several reasons. Glyphosate waswittady believed to be safe, but an increasing amhou
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of literature is showing that glyphosate is noedaf human or ecological health (e,g, Battaglb02
Grandjean and Landrigan, 2014; Porter, 2010; Meseagl., 2015; Myers et al. 2016; Relyea, 2005;
Schinasi and Leon 2014). The EPA acknowledgegiiphosate has the potential to contaminate surface
water because it does not readily break down iema@t sunlight (EPA, 1993a) but has still maintdine
glyphosate’s 1991 EPA classification as a Grouatf€inogen (evidence of non-carcinogenity for
humans) (EPA, 1993b). While the EPA has not cleskijlyphosate as a probable carcinogen (and even
increased levels of acceptable use in 2013), thedMtealth Organization has classified it as susbfa
2015 (IARC, 2015).

Despite generalizations that glyphosate degradieklgwand is strongly adsorbed to soil (Mamy and
Barriuso, 2005), numerous studies show that glypteos available to soil and rhizosphere microbial
communities as a substrate for direct metabolisditey to increased microbial biomass and activity
(Haney et al., 2000; Wardle and Parkinson, 199@xhier, Simonsen et al. (2008) demonstrated that
agricultural soils amended with phosphorus fedilizshow elevated levels of unbound glyphosate as a
result of soil sorption sites being occupied by petmg phosphate ions which left glyphosate avéalab
for potential uptake by plant roots, microbial netliism, and/or leaching into groundwater.

The half-life of glyphosate in soil ranges fromo22115 days, and from 2 to 91 days in aquatic system
(Giesy et al., 2000; Grunewald et al., 2001; NRI@)8; Vera et al., 2010). Microbial processes prilya
drive the degradation of glyphosate into anothenmound called aminomethylphosphonic acid (AMPA)
(Battaglin et al., 2014; Kremer and Means, 200%yposate and AMPA are very water soluble, but
AMPA degrades more slowly than glyphosate (Grundwalal., 2001). AMPA has a soil half-life that
ranges from 60 to 240 days and an aquatic haltHé is comparable to that of glyphosate (Giesal.et
2000; Bergstrom et al., 2011). Substantial incre&séotal phosphorous in aquatic systems (Vega et
2010) can occur as a result of AMPA'’s ultimate delgtion to inorganic phosphate, ammonium, and CO
(Borggaard and Gimsing, 2008). The main degradgfoduct AMPA is frequently detected in soils
subjected to frequent glyphosate applications (@i et al., 2003).

1.3. Objectives
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While farmers have used a variety of conservatianagement practices since the mid- 1980s, none
have been as impactful to the environmental quafithe study area as the switch to no-till, whgreb
95% of farm land has been enrolled in no-till piceg to date (NRCS, 2016). No-till was implemerited
the county in an effort to conserve soil and traneefeduce the amount of soil and sediment intredtio
streams that created water quality issues in th&. &towever, land managers did not thoroughly cemsi
the implications and effects of how increased lugdlki use associated with no-till would affect
environmentally sensitive areas. Therefore, trsgaech attempts to examine areas in the studytfzaea
are environmentally sensitive to herbicide increasech as riparian areas along streams both insiie
outside of CRP and CREP conservation easements.

The three main objectives of this study were tdettermine if there have been changes in vegetation
health in environmentally sensitive areas alongestrs running through agricultural property over the
past several decades as a result of increasedigerbise in the study area 2) determine if thegze ar
locations where vegetation health does not impemae3) determine what concentrations of herbicides
are in soils, sediments, and surface water inrsisea the study area and how they compare to edil a
water quality standards, and human and ecologealtin studies on herbicides.

2.0. Materialsand Methods

This study was conducted in the Fifteenmile anchianje Watersheds of Wasco County, Oregon
(Figure 1). We used a mixed-methods approach iigddherbicide analysis of water, sediment andssoil
a vegetation health analysis by Landsat remotdargimagery; and an analysis of herbicide stressed
imagery using a drone fitted with an agriculturatnera. Additional technical details about methogwplo

that are not included in the sections below arkuded in Appendix A.
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Figure 1. Study area showing locations of soiljreedt, and surface water samples in the FifteenEagktmile

Watersheds of Wasco County. Samples were collestddanalyzed for glyphosate, AMPA, and chlorinated
herbicides during the years 2015 and 2016.

2.1. Herbicide Sampling

Fields in the study area are sprayed with herbiatdeast twice a year, and most are sprayed batwee
two and four times a year. Approximately 72 peredrihe watershed’s land base is used for agrimiltu
primarily dryland wheat croplands consisting ofisgpwheat and winter wheat (NRCS, 2015). The
recommended glyphosate application rates for grpestin the Fifteenmile Watershed are included in
Appendix B (Barroso and Morshita, 2015). The mashmon time for herbicide applications are in
spring (May) before summer harvest, in the summeatiow fields (July and August), and again in the

fall right before, or as farmers are planting, thseied (September). Glyphosate may be appliedglatin

of the aforementioned months in fallow fields.



140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

Sampling criteria for herbicide sample collecti@pdnded on access, topography, CRP/CREP
boundaries, and general spatial coverage. We aioneallect between eight to ten co-located sediment
and water samples during each sampling eventdomifig access issues, budgetary constraints, and
stream flow conditions hindered sampling attemptseveral locations. For soil samples, we chose
hillsides with apparent drainage patterns towan@sams so that we could sample locations where
glyphosate likely leached into the water and sedinrestreams. Agricultural fields that were adjaic®,
or sloped downwards towards streams, were therefees locations from which to collect soil samples
We also attempted to have an even distribution éetvmstream corridors within CRP/CREP in order to
ascertain if there was any difference between atiget health in the unprotected and protected istrea
corridors. Finally, we attempted to collect an esgpatial distribution of samples throughout the
watershed so that at least several samples wesenirim all four cardinal directions of the waterds.

Herbicide samples were collected during three simgelvents in October 2015, May 2016, and July
and August 2016 (Table 1). Glyphosate and AMPA daropllection occurred during all sampling
events, but sampling for chlorinated herbicides thianers frequently use, such as 2,4-D and Dicamba
only occurred during one sampling event in July@0he collection of chlorinated herbicide samples
was limited to surface water in streams and in@oflediment near streams (Appendix Sample
locations for all months are shown in Figure 1 endppendix D. Additional details pertaining to Sale
names, sampling locations, and sample concentrizti@hs are included in Table 2.

Table 1. Samples collected and analyzed for glypisoand AMPA for the years 2015 to 2016.

Sample Number of Month and Y ear
Type Samples Collected Collected L ocation Type Analysis
Sediment 5 October 2015 Stream
Water 8 Stream
Sediment 8 May 2016 Stream
Water 9 Stream Glyphosate/AMPA
Agricultural
SO” 15 July and August hl||S|0pe
Sediment 11 2016 Stream
Water 10 Stream
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At each stream location, sediment and water samyees co-located when possible. Water samples
were collected by placing a laboratory approvedifeza clean bottle into the stream and allowingpit
fill with water. They were collected prior to dishing the sediment in the stream on the upstrededi
the person collecting the sample. After the waaengle had been collected, the sediment from the
streambed was collected by either a 2 inch diank®#€ tube that was decontaminated prior to use with
Alconox and deionized (DI) water or a shovel thaswlecontaminated in the same way. The selection of
the method to use depended on flow conditionserstream and depth that could be obtained by each
instrument. The soil/sediment samples taken fram3D centimeters below ground surface were
loosened with the sampling instrument and placddidrassigned, certified clean sampling jars. Each
sampling location was recorded with a Trimble J@GRS unit.

Transects representing the top, middle, and toegbogitions of the hillslope were used for
composite sampling of agricultural fields (Appen@ix Along each hillslope transect, between foud an
five discrete soil samples, depending on the dizbephillslope, were collected from a depth obB0
cm and composited into one sample representingsfgective transect. This depth was chosen bedause
represents the portion of the soil that is mosljiko move with overland flow (Zapata, 2003). Aoamte
transect representing the in-stream sediment tiaiet the depositional area of the hillslope (he.
area that would capture runoff from the hillslop®we) was also sampled on each property. Samples
collected along transects in in-stream sedimenéwlescrete and not composited. In total, four teatss
(representing top, middle, toe, and in-stream cbBwere devised for each property. A portion affea
soil and sediment sample from 2015 and 2016 wealyzed for physical and chemical soil quality
indicators including pH, total exchange capacitgamic matter, soluble salts (salinity), phosphsrou
content, and also for soil texture to determireny soil properties had an influence on herbicide
concentrations or if any correlative patterns cdadddeduced.

2.2. Spatial Analysis- NDVI Remote Sensing Analysis

The Normalized Difference Vegetation Index (NDVIaswused to determine if herbicide drift and

runoff to stream corridors with riparian vegetati@ried with practices in conservation management
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techniques and programs practiced in the study arehe study area and much of the Pacific Nordtywe
the late growing season in the study area is huyearly August (Small et al., 1990). Thereforeagery
from the last two weeks of July from Landsat 5TNe#lies and the Landsat 7TM+ satellite was
downloaded and analyzed in ArcMap software for va&tigmn health representing the past 30 years.

To determine if vegetation health in riparian aread been affected by conservation practices, 30
meter buffers of vegetation along riparian streamidors were extracted from Landsat images from
years when conservation practices and no-till/diseed were likely to affect stream vegetation:6198
1990, 1994, 1996, 1998, 2000, 2003, 2006, 200828fd, 2015 to 2016. These years were chosen
because changes in conservation and no-till pescticcurred during these years. Further, a twoup f
year interval between years allowed us to deterifiaey other trends not related to these practisash
as weather or other environmental phenomena) weneriing over a 30 year time span. The width of 30
meters was chosen because it is the average buéfgr of CREP land in the state or Oregon (DEQ,
2010; U.S. Fish and Wildlife Service, 2009). Appierte shows a variety of conservation programs that
have been practiced in the study area that weverdhy farm bills passed since 1985. The year 1@86
chosen as the start date for analysis of imagesgse it occurred after the first year that swegpin
conservation efforts were made in 1985 to moshefstudy area.

After vegetation in the 30 meter buffered areas sraams were extracted from the Landsat
multispectral imagery, the Image Analysis toolraArcMap was used to convert the imagery into NDVI
images. The NDVI vegetation categories of not vatyen (all values below 0.1), sparse vegetatioh (0.
to 0.2), moderate vegetation health (0.2 to 0.889, very healthy vegetation (0.55 to 1.0) weregassi
to each image (Weier and Herring, 2000). These Niallies represent the typical range of healthy
vegetation in many environments around the worl@i@and Herring, 2000) and were consistent with
the health of vegetation in the study area. Inspeaf one-meter resolution National Agriculture
Imagery Program (NAIP) aerial imagery verified thiatues in each NDVI category typically matched
the vegetation health assigned in the satellitgyana After the satellite images were classifiet e

vegetation health categories, change detectioistitatwere performed in the software program ENVI.

9



212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

Change detection statistics were used to calcthatehanges that occurred between each progressive
year and also to determine the initial and finaget of vegetation health from year to year.
2.3 Drone Sample Site Selection and Field Verifarat

Landsat imagery provided historical analysis ofatajon health that may have been impacted by
herbicide drift and runoff. The use of an UnmanAedal Vehicle (UAV), commonly referred to as a
drone, in the field also provided a finer scalehai$on of vegetation stress caused by herbiciifeaind
runoff than could be provided with satellite imagalone. The drone was also useful for determinatio
vegetation health at the time of sample collectiond drone use to monitor crop health and cropyspya
of various agrochemical inputs has been incredsingcent years (Estrin, 2015; Hunt et al., 20EQy.
this study, a DJI Phantom 4 drone fitted with a NEB\bptical grade glass narrow multi-band filter
camera lens was used to capture images of posiiblgsed vegetation during May and July 2016 when
crops had recently been sprayed. After drone 8igidre completed, the imagery obtained from thaelro
was processed in ArcMap software to ground-truthetation values.

To determine how similar NDVI values collected gk were to those collected by satellite, NDVI
pixel values from vegetation (e.g. trees, low lygrgsses, and shrubs near streams) were randomly
selected using the ArcMap Data Management Toold@r&andom Points” within ten image locations
near streams (Figure 2). Thirty random points vgeneerated within the 30 meter boundary of riparian
vegetation for each location where drone imagedyleen collected and where samples were taken. The
average vegetation values for the cells in the@angoint locations in drone imagery were compaoed t
the values of the vegetation in the cells of tielbte imagery to determine how closely the valires
each type of imagery resembled one another.

While images were taken in May and July of 2016y dinone images collected during the month of
July were compared for NDVI values of satellite gaa because of the phenological growth stage of
vegetation in July. Since late July and early Augus the months for peak biomass growth in vemetat

in the study area (Small et al., 1990), images ftioisitime period were likely the most useful for

10
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vegetation health analysis. The use of the droneglivlay assisted in identifying sample locations i

areas where vegetation stress from herbicide symalgl not be seen with the naked eye.

10 5 0 10Meters

NDVI Values

- <0.1 Not Vegetation

I:l 0.1 to 0.2 Sparse Vegetation
I:l 0.2 to 0.55 Moderate Vegetation
- 0.35+ Very Healthy Vegetation

#  Random Sampling Points

Figure 2. An example of drone imagery used to yeMiDVI values. The image on the left shows a pietof a
riparian area that was collected by the NDVI-7 cearan the drone. With the raw NDVI image, greenlthga
vegetation appears in yellow/orange/gold while otharounding surfaces and dead or stressed vegetgipears
in grey or brown. The raw NDVI image must be postgessed to obtain the actual NDVI values, whighithage
on the right shows. Some aquatic plants in thestrdisplay as green (very healthy vegetation) énpibst-
processed image.

3.0 Resultsand Discussion
3.1. NDVI Analysis of Satellite Imagery 1986 to 01

Figure 3 shows the trend in vegetation health fi®86 to 2016 in both the Fifteenmile and
Eightmile Watersheds. In general, the trend foyVezalthy vegetation (0.55 or higher on the NDVI
scale), remained steady between 1986 to 1996 andtise from 1996 to 2011. Moderately healthy

vegetation (0.2 to 0.55 on the NDVI scale) flucaghbetween approximately 44 percent and 55 percent

11



255  of total vegetation, but retained the same gerevalth over the whole period from 1986 to 2011.

256  Unhealthy or sparse vegetation health (0.2 to Gd&6jeased from 1986 to 1996, increased betweeh 199
257 and 2003, and then decreased to levels near thiopsel986 level in 2011. These patterns are displa
258 in Figures 3 and 4 and Appendix F. Post 2011, gogthecline in all vegetation health categories ¢pxc

259  the not vegetation category) occurred due to sedrengghts in Oregon in the years 2014 and 2015.

260 this year, the areas classified as not vegetationeased from below 20% of vegetation to over 80%.

261  PRISM precipitation data and temperature data (PRT3mate Group, 2017) (Appendix G) show that

262  precipitation was lower during the year 2015 anglds also the hottest year on record in 30 years.

Changes in Vegetation Health 1986 to 2016

50,000,000
45,000,000 80%
40,000,000 70%

__ 35,000,000 60%

% 30,000,000 50%

< 25,000,000

o 40%

<

20,000,000
15,000,000 //\ / 30%
10,000,000 g N\, o ~ 20%
5,000,000 - «w—.—O\J 10%
0 0%
1980 1985 1990 1995 2000 2005 2010 2015 2020

—e—Not Veg (-0.4 t0 0.1) Sparse Veg (0.1 t0 0.2)

Moderate Veg (0.2 to 0.55)@— Very Healthy Veg (0.55+)
263

264 Figure 3. Changes in Vegetation Health from 198B0b6. The trend lines in the graph show how vepetdas
265 changed during the years when farmers were mastantconservation programs in the study area.rGvee,

266  vegetation health has generally improved espedialbpmparison to vegetation health prior to nbatiriculture.
267

268 Figures 3 and 4 (and Appendix F) demonstrate thedrsis that were formerly in lower vegetation
269  health categories initially increased in the 19804 early 1990s, particularly from 1986 to 1990 and
270 1990 to 1994, showing that stream health was ir@nlecline during these years when conservation
271  programs were in the early stages of introductiotihe study area. The 1998 to 2000 period (Figure
272 shows a dramatic improvement in vegetation neaasts that were formerly in the not vegetation

273  category in 1994. This improvement can likely elauted to the large number of streams that were

274 enrolled in CREP due to the 1996 farm bill. Congé&ons with farmers and a list of streams and dates

12



275  from the local Soil and Water Conservation Dist(8%WCD) showed that the majority of streams in the
276  study area were enrolled into CREP in the late $§8@®. 1996/1997) and also in the early 2000s from
277 2001 to 2003.

278
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281 Figure 4. The changes in vegetation health with®® aneter buffer area from 1986 to 2016.
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Figure 5. Changes between vegetation types (1996a0).

A large portion of the vegetation near streams elassified in the not vegetation category during
2011 to 2015 and 2015 to 2016 in the satellite Bmagwhich is somewhat misleading. An inspection of
the NAIP imagery and experience from field workidgrthese years revealed that the pixels in the
satellite imagery were assigned to the majorityeaif the NDVI pixels in the imagery, which cover a
cell of 30 x 30 m. While the vegetation in ripariameas was stressed during the drought year, tthaay
no vegetation was present is not accurate. Vegatatiriparian areas during the year 2015 was ptese
but was not as dense as in previous years anddaeackvegetation was present. More bare rock ahd so
(e.g. the not vegetation category) was exposedmitie riparian area during this year and the nitgjor
value of NDVI values for those bare surfaces warsegaed to the cells representing the ripariansarea
the watershed. Therefore, the drastic change bat2@tl and 2015 and 2016, is more representatige of
large amount of dead and stressed vegetation expbare rocks and soil, rather than the absence of
vegetation.

In some locations, stream health never improvedidset 1986 and 2011, regardless of temperature
and precipitation changes (Figure 6). Vegetatian fll into the always unhealthy not vegetation
category accounted for approximately 732,000 squmaters of vegetation, which is approximately 1.3%
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302
303

304
305
306
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309

of the 55,566,000 square meters of vegetationdr-tfieenmile and Eightmile Watersheds in the 30
meter buffer area surrounding streams. These tmtatvere mostly located in the eastern portion of

unnamed tributary streams of the Fifteenmile Waieds

Figure 6. Areas that remained unhealthy betwee® 508 2016. The areas shown in red never impravsttéam
health and account for 1.3% of the vegetationpanian areas within 30 meters of streams.

It is unlikely that vegetation that remains in thehealthy vegetation categories remains as such
because of drought conditions or vegetation variétyeather patterns were affecting the areas that
consistently had unhealthy vegetation, they woililely improve during at least some of the yearsmwhe

other vegetation improved as well. Further, manthefpersistently unhealthy locations are comprifed
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vegetation varieties that are similar to other fmees throughout the watershed with similar corrido
widths and healthy vegetation.

Based on ground-truth images collected with theerpersistent off target movement of herbicide
from overspray, drift, or runoff which is differefibm persistent residual herbicides in soils otanas
likely the cause of persistent unhealthy vegetafldre drone was flown in locations that showed sigi
recent herbicide spray in many locations throughlogitwatershed and in areas of the consistently
unhealthy vegetation category. Many of the grounthing flights took place in the areas between
riparian vegetation and the field, where farmersaillg spray to keep weeds from creeping into crop
areas. NDVI vegetation values for vegetation thas wtentionally sprayed with herbicide and thaseri
near the stream (that should not have been sprayad)within 5% of each other. The similarity in
values between sprayed vegetation and ripariars avithin proximity to the spray would indicate that
either some herbicide drift had occurred, or thaoff to the stream had occurred and had affected
vegetation health.

Here, we should also clarify the difference betwieeations that experience persistent herbicide
overspray and drift and the persistence of glypteosad AMPA in soil, sediment, and water. The
concentration of glyphosate in the sample medikectgld does not necessarily correlate with vegeiati
health shown in the imagery. Glyphosate is a posrgence, non-selective, foliar herbicide (Okada et
2017) and is primarily applied by spray to plamtes. Glyphosate can accumulate in the soil (Okada
al., 2017) and uptake through the root system oatribute to plant mortality (Shushkova, 2010).
However, it is unlikely that persistent residualdks of glyphosate in the soil would contributeptant
mortality more than the spray events that tookelduaring the time periods that the imagery was
analyzed for vegetation health. For example, Sireoret al. (2009) found that six months after
glyphosate application, residues of glyphosate/AM&A were still available for uptake by plants.
However, the concentration of residues in plantemals did not seem to pose a risk to the plaridgief
the crops that were studied. Further, we collestadples in stream beds in locations where nearby
riparian vegetation in CRP and CREP was affecteldnbicide drift, and we used vegetation healtly onl
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336 as an indicator that herbicide was likely reactdiadiment and water in the stream. However, we did n
337 assume that there was a direct correlation betwegeatation health and long term persistence of

338 glyphosate and AMPA in soils, sediment, and watdiich is the result of many sprays throughout the
339 year. The satellite imagery and drone imagery sibthat all of our sampling locations were eiter i
340 the unhealthy and sparse vegetation categoriesy@sdmples were collected in healthy vegetation

341 categories. The satellite imagery and drone artudag more of the immediate effects of oversprait/d
342  because of the time period we sampled in, whichrereanonths when farmers spray the most. The sffect
343  of persistent glyphosate in soil and sediment nelidving an effect on vegetation, but what is detec
344  inthe imagery is from the most recent spray thaicicurring during months of spray and during timmies
345  sample collection. Areas that are intensely spraysa may be locations where more runoff of hedaici
346  occurs and could be affecting vegetation healthénshort term during times of spray as well.

347 3.2 NDVI Analysis with Drone 2016

348 The drone was able to detect varying ranges oftaéiga health that were not visible to the naked
349 eye and aided in choosing sites for sampling dbib&tes in May and June of 1016. An overlay of

350 sample locations with NDVI post processed imaggpjcally revealed vegetation in the sparse

351  vegetation health category range of 0.1 to 0.2.

352 The NDVI values from 2016 Landsat 7TM imagery weosenpared with NDVI values in images

353  collected by drone in order to act as a groundittatsee how closely NDVI values matched. The isag
354  were mosaicked into areas representing the vicaiithe satellite imagery cells in the Landsat ie1gg

355 and randomly sampled as described in the Methad®reeof this paper. After random sampling was
356  performed and the average of the drone imagerycafasilated and compared to satellite imagery of the
357 same spatial extent, we found that the NDVI valuetsveen the two types of imagery only varied

358  between 1-5%, indicating that vegetation health axasirately assessed by the satellite imagery. The
359 NDVIimagery and classification products of Landsaiellites 5TM and 7TM are very similar, and data
360 from the two sensors can be used interchangealbhg&sure and monitor the same landscape phenomena
361 (Vogelman, et al., 2001).
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3.3. Herbicide Concentrations and Analysis

Chlorinated herbicide samples were collected onlyng) July 2016 due to budgetary restrictions for
sample collection. In all sample locations, chlatéd herbicides were not detected above the MDOL bf
micrograms per liter in water (ug/L) or above thBIMfor soil and sediment which ranged between
0.0194 to 0.0198 mg/kg, therefore, the data forctilerinated herbicide samples is not shown ohtirt
discussed.

We chose to sample glyphosate/ AMPA sediment aitgamples from a depth of 0 to 30 cm, but
we acknowledge that concentrations of glyphosatevaay with depth. Soils collected in this studyreve
intentionally collected in the upper 30 cm of tlod profile, both because this portion of the ssilikely
to move with overland flow (Zapata, 2003), but aiseause glyphosate has been shown to vextieal
mobility that is related mainly to preferentialland particle-facilitated transport in well-strued soil
(Kjeer et al., 2011). Studies in field settingselikose conducted by Lupi et al. (2015) and Site.e
(2018), have shown that while the concentratioglgbhosate may be highest in the upper 2 to 5 cm of
surface soils, glyphosate concentrations can rdapths of 20 to 30 cm, respectively. Besides depth,
considered the effects that tillage may have oplghgate concentrations. Studies that examine taetef
of no-tillage and conventional tillage on glyphasdistribution in the field (e.g. Okada et al., 2Ghd
Zablotowicz et al., 2009) indicate that the typéilkdge system used does not have a significdatebn
distribution of glyphosate in the environment.

Glyphosate and/or AMPA was detected in the majaritgamples collected in all media. Simple
linear regressions and box plots (Appendix H) wesed to determine if there were any significant
differences between concentrations within CRP/CR&lhdaries versus those outside of conservation
corridors and none were found. In water, glyphosate detected in 15 of the 27 samples collected and
concentrations ranged from 0.02 to 0.11 pg/L (T&blén sediment, glyphosate was detected in Z24of
samples collected with detections that ranged P24 pg/kg to 240 pg/kg. In samples collected from
soils on fields, glyphosate was detected in 8 eflth samples collected and detections ranged frogh 0
to 0.042 ug/kg. Glyphosate’s derivative product AMRas detected in 19 of the 27 samples collected
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388  for water and concentrations ranged from 0.022qu@/L. In sediment, AMPA was detected in 15 of the
389 24 samples collected with detections that rangeah 19.023 to 290 pg/kg. Finally, AMPA was detected
390 in 10 of the 15 samples collected in field soilshwioncentrations that ranged from 0.022 to 0.07/&gu
391  All sediment, soil, and water results for glyphesahd AMPA detections are shown in Table 2.

392
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393  Table 2. Detections of glyphosate and AMPA in fistulls. Detections above the MDL are indicated afdb Soll
394  samples collected in agricultural fields are dedatéh an “S”, sediment samples are denoted with™;%nd water
395 samples are denoted with a “W”. Soil and sedimamydes are measured in units of pg/kg and wateplesnare
396 measured in units of ug/L. Both units representspaer billion (ppb).

397
October 2015 May 2016 July 2016 August 2016
Sample | Glyphosate | AMPA | Sample | Glyphosate | AMPA | Sample | Glyphosate | AMPA | Sample | Glyphosate | AMPA
Location| Name |  (ppb) (ppb) | Name |  (ppb) (ppb) | Name |  (ppb) (ppb) | Name |  (ppb) (ppb)
1 w2 0.03 0.02 W23 <0.02] <0.02
SD-14 <0.02| <0.02
N w5 0.07 0.02|W16 <0.02 0.02|W20 0.095| 0.034
- SD-23 0.024| <0.02
3 W8 0.03 0.02 W21 <0.02 0.04]W27 <0.02] <0.02
SD-24 <0.02| <0.02
W4 0.04 0.2 SD-19 0.032] <0.02
SD-4 25 28 S1 <0.02] <0.02
4 S2 <0.02|] <0.02
S3 0.024| <0.02
W15 0.05 0.09|SD-20 <0.02| 0.036
< SD-12 170 160{S7 <0.02 0.04
- S8 0.02| 0.043
S9 <0.02| 0.038
w1 0.11 0.03 S4 0.042) 0.076
6 SD-2 11 64 S5 <0.02| 0.034
S6 0.031| 0.042
; W3 <0.02| <0.02
SD-3 <10] <10
W6 0.04 0.03
§ SD-5 240 290
w7 0.03 0.02
? SD-1 1.9 13
w9 <0.02 0.02
10 SD-6 <1.0 4.7
W10 0.08 0.05
1 SD-7 35 4.6
12 W1l 0.02| <0.02
- SD-8 <1.0 2.2
. W12 0.02| <0.02
13 SD-9 16 18
14 W13 0.04 0.05
SD-10 19 25
15 W14 <0.02 0.02
” SD-11 13 22
W17 0.02| <0.02
16 SD-13 91| <10
17 W18 0.021| 0.027
SD-21 <0.02| <0.02
18 w19 <0.02| 0.047
SD-22 0.034| <0.02
19 W22 <0.02| <0.02
20 W24 <0.02| 0.021
- SD-15 0.036| 0.079
W25 <0.02] <0.02]S13 0.022] 0.031
21 SD-16 <0.02| 0.023|S14 0.021] <0.02
S15 0.026| 0.022
an W26 <0.02| 0.025
- SD-17 <0.02| 0.025
23 SD-18 <0.02| <0.02
S10 <0.02| 0.033
24 S11 0.038] <0.02
398 S12 <002| 0.034
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The highest concentrations of glyphosate and AMRReviound in sediment samples taken during
the months of October 2015 and May 2016. These lsamPD-5 and SD-12, contained concentrations of
glyphosate at 240 pug/kg and 170 pg/kg and AMPA eptrations of 290 pg/kg and 160 pg/kg, which
were orders of magnitude above the rest of thersidn@ples collected. In general, sediment samples
collected during these months had higher concéomsbf both glyphosate and AMPA and may be
somewhat explained by timing of the year when Hrmapdes were collected. While farmers spray during
several months of the year to suppress weedslowféields, spraying is particularly prevalent chgithe
month of May when weeds become abundant in thegjamd in late September right before farmers
plant their seed in the ground. It is likely thptasy concentrations during these collection montase
high because of the proximity in time to which thepray events occurred.

There is abundant literature on how herbicide p@ste and concentration varies by soil type and
properties. However, simple linear regressions gbtat there were no correlations between
glyphosate, AMPA, and any of the soil chemical phgsical properties that were tested in the lathim
study (Appendix Iand there was no correlation between glyphosateertration and media type
(Appendix J).

3.4 Regulatory and Toxicological Values of Concern

The EPA glyphosate regulatory limit for drinking t&g maximum contaminant level (MCL) is 700
pg/L, which is the same level as EPA’'s maximum aonibant level goal (MCLG), and is the level of a
contaminant in drinking water below which ther@@sknown or expected risk to health (EPA, 20Z6).
number of countries have also established a rahGeceptable” daily intake levels of glyphosate-
herbicide exposures for humans, generally refaaéd the U.S. as the chronic Reference Dose (cRfD)
or in the E.U. as the Acceptable Daily Intake (ADAh EPA cRfD of 1.75 mg of glyphosate per
kilogram body weight per day (mg/kg/day) has bestaldished in the U.S. (NPIC, 2015). In the E.\¢, th
current ADI was originally adopted in 2002 andigngicantly lower at 0.3 mg/kg/day. The data upon

which these exposure thresholds are based werdiesipy manufacturers during the registration
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process, are considered proprietary, and are tyypivat available for independent review (Myersaét
2016; Mesnage et al., 2015).

There is growing concern about the increase gitglgate in the environment and concerns about the
levels which are currently allowed and considerazkptable in regulatory literature (Battaglin, 2016
Benbrook, 2012; Benbrook, 2016; Grandjean and Ligadr 2014; Porter, 2010; Kremer and Means,
2009; Mesnage et al., 2015, Myers et al., 2016 €&¢l2005). Although the concentration values of
glyphosate and AMPA detected in this study areweele 700 pg/L or the 1.75 mg/kg/day cRfD
established by the EPA, detected concentrationdefdoth have been found to be harmful to human
and ecological health in numerous studies. For pl@nviesnage et al. (2015) identified numerous-peer
reviewed studies where the toxicological effectglgphosate-based herbicides and adjuvants (ch&mica
mixed with glyphosate to make it more effectiveyeviound to have toxicological effects well below
regulatory screening levels. In this study on tliee&nmile Watershed, the concentration values of
glyphosate found in surface water (0.02 to 0.11 ulgave been found to have endocrine disrupting and
chronic effects according to the findings of Mesmagal. (2015).

In the Fifteenmile Watershed, farmers would likeé/most vulnerable to exposure through ingestion
of surface water and ground water used for pridateestic wells, irrigation, and water contact
recreation. The designated beneficial uses lisiethe waters in the watershed are: public andapeiv
domestic water supply, industrial water supplyigation, livestock watering, anadromous fish passag
salmonid fish rearing, salmonid fish spawning, watentact recreation, aesthetic quality, and hydro
power (Clark, 2003). Farmers in the watershed authty use surface water and groundwater extensively
for irrigation and private water supply (NelsonPR0Clark, 2003; WCPD, 2017). Glyphosate based
herbicides could contaminate drinking water viavaiter, surface runoff and leaching into groundwate
thereby adding drinking water, bathing, and washwater as possible routine exposure pathways
(Battaglin et al., 2014; Majewski et al., 2014; @etet al., 2012). Multiple studies have determitied
groundwater wells are susceptible to glyphosatehieg from soils (Battaglin et al., 2014; Jayasuaman
2015; Myers et al., 2016). Further, this study $ta®wvn that surface water (which can be a source fo
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groundwater supplies in much of the watershedlyéady impacted by glyphosate at levels that have
been found to have endocrine disruption and chreffects.

Numerous studies (De Roos et al., 2005; Garry, 2d@#ison, 2008; Jayasumana et al., 2015;
Larsen et al., 2012; Mesnage et al, 2015; Mesniagk, 2013; Rull et al., 2009; Schinasi and Le2bil4)
have also shown that farmers are exposed to heesicincluding glyphosate, through other exposure
routes including pesticide drift and exposure t@pgbsate during application of herbicides. Farnmers
the Fifteenmile Watershed are likely exposed tplghsate and other herbicides through both of these
exposure routes. The contact between continentairamitime air masses produces strong wind patterns
in Wasco County and the watersheds, and the aceaves high winds over fifty percent of the time
(WCPD, 2017). Residents in the watershed have teghancidents of herbicide drift more frequently as
new orchards and vineyards that border wheat lamds are increasingly planted (personal
communication with extension agents, NRCS consenvalistrict manager, and SWCD). This drift can
cause inhalation or ingestion of herbicide wherbioites are volatilized or carried on soil particle the
wind (ODA, 2017). Concentrations of glyphosate fdumsoil in this study (0.02 to 0.042 pg/kg) have
been found to have endocrine disrupting and chreffects (Mesnage et al., 2015) and soil partities
have adsorbed glyphosate could be carried on thé eiring application times, but even during times
when application is not occurring.

Glyphosate and AMPA concentrations present in sedir(0.024 to 290 ug/kg) and water (0.02 to
0.2 pg/L) pose ecological health risks as wellve®al rare, endangered, or threatened speciestre |
in the Fifteenmile Watershed's streams and trilesa(Clark, 2003) that are already impacted by
sediment and temperature (ODEQ, 2008). Glyphosasecbformulations have been shown to modify the
community assemblage and quality of freshwateippgton communities (Vera et al., 2010) which could
indirectly affect fish. Species that are listediigie native runs of winter steelheddh¢horhynchus
mykiss gairderi), which has been listed as a threatened speci#selyational Marine Fisheries Service.
Rainbow trout (the same species as steelhead Fifteenmile Watershed) had altered olfaction
mediated behavior when exposed to 100 ppb actiyedient Roundup (Tierney et al., 2007) an
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important sensory function for predator avoidare laoming for salmonid species (Scholz et al., 2000
In general, laboratory glyphosate toxicity studigth species found in Fifteenmile Creek including
rainbow trout and Coho salmon (Wan et al., 1988)aar sensitive as other freshwater species (EPA,
2017).

In addition, stream temperatures in the FifteenWiktershed are warmer than optimal for salmonids
and could be an additional stressor as well agase the toxicity of glyphosate to these fish g®eci
Studies found that the toxicity of glyphosate dedhih bluegill(Lepomis macrochirus) and in rainbow
trout (onchorhynchus mykiss) when the temperature of the water was increassa 45 to 63 degrees F
(Folmar et al., 1979 and Austin et al., 1991). Motkhe Fifteenmile Watershed reaches temperanfres
over 70 degrees F (Clark, 2003). Although the cotradions causing effects in Armiliato et al., 2014
Cuhra et al., 2013, and Folmar et al., 1979 wedersrof magnitude higher than those detected in
Fifteenmile Creek, glyphosate levels from runoféets or drift could be episodic and the grab sasple
collected could underestimate these concentrations.

Further, glyphosate based herbicide product fortimia, many of which are used in the study area,
pose greater toxicity risks to a large number af-target organisms than glyphosate alone (Mesnage e
al., 2015; Battaglin et al., 2014). These orgasigmlude mammals (Mesnage et al., 2013; Tsui and
Chu, 2004), aquatic insects, and fish (Folmar, L9RBk assessments of glyphosate based herbicides
that are based on studies quantifying the impdagtyphosate alone underestimate both toxicity and
exposure, and thus risk (Myers et al., 2016). @bpisroach has led regulators to set thresholds ©RfD
ADIs) at levels that would not be protective of egpre to glyphosate formulations (Mesnage et al.,
2015; Myers et al., 2016).

3.5 Implications for the widespread presence oplgbsate in the environment

This study had a low number of sample campaignga@bedgetary restrictions and access to farms
for sampling. However, the data collected durirggthsampling campaigns demonstrates the widespread
presence of glyphosate in soil, sediment, and watef provides another example of the increasingly

ubiquitous presence of glyphosate in the envirorrtieat others have also shown (e.g. Battaglin.et al
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502  2014; Benbrook, 2016; Myers et al., 2016). The wsjtead presence of glyphosate, particularly in
503  agricultural watersheds that use conservatiorggligystems like no-till, is increasing. Its use is

504  exacerbated by problems associated with herbiesistance that encourages farmers to use more
505 herbicide to kill weeds that are increasingly difflt to eliminate (Service, 2007; Benbrook, 2018¢

506  widespread reduction of labor workers in conseovegirogram farms (Lehrer, 2010) to remove weeds
507 from farms; and the relatively cheap cost of glygdate compared to other herbicides due to its Ibss o
508 patentin 2000 (Benbrook, 2012). All of these anstiances are currently affecting the farmers in the
509 watersheds of this study, and are representatitieeathallenges that many U.S. farmers using

510 conservation practices face.

511 Given that glyphosate is moderately persistentraadile, levels in the environment will likely rise
512  in step with use, and this will increase the diitgrsf potential routes of animal and human expesur
513  (Benbrook 2012). We recommend the following meastweaddress some the implications of the

514  widespread glyphosate use.

515 First, the presence of glyphosate and AMPA in atfucal soils may not only form a risk for soil
516  health but also a potential risk of further spragdif these compounds across land, water, an&ihra(
517 etal., 2018). Glyphosate exposure has been dodathemoccur through dermal contact or ingestion of
518 contaminated surface and groundwater (Jayasumaia 2014; Mesnage et al., 2015; Myers et al.,
519  2016), wind and water erosion (Silva et al., 2088) atmosphere (Battaglin et al, 2014). A more

520 exhaustive effort to quantify the extent and amswiftglyphosate contamination in agricultural

521  watersheds should be attempted by researcherswidedcoupled with risk assessments for humans and
522  the environment. This effort would require moresimgive monitoring of the occurrence and spatial
523  distribution of glyphosate and AMPA across variausdia in the environment (e.g. vegetation, soils,
524  water, sediment, and atmosphere).

525 Second, we recommend less cost prohibitive opfienthe analysis of glyphosate samples at

526 laboratories that are able to obtain low detediémels (e.g. MDLs of < 1 part per billion (ppbJhe

527  ability to achieve low detection levels for samgkegnportant, as the concentration levels of gbgste
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and AMPA in the environment persist at low levélatthave toxicological effects, and these effes a
often below established regulatory levels (Mesretgd, 2015). While many herbicides cost closer to
$100 per sample, the cost of glyphosate is typicddiser to $350 to $400 per sample at the detectio
levels needed for many studies involving toxicotadjrisk. The cost of analysis limits the number of
samples that can be collected, and impedes analys®y much glyphosate and AMPA occurs
throughout the spatial environment of a study ateahis study, we noted that even other goverrtaien
agencies in the watersheds were not able to addgusaimple for glyphosate as frequently as neeated,
as in many locations as needed, due to budgetsinjcteons. Access to sampling laboratories with lo
level detection capacities and reduced costs jghglsate and AMPA analysis would be useful for a
more complete monitoring of glyphosate in the esvinent, especially where conservation programs are
implemented.

Third, and related to the need for lower costs ohitoring and greater spatial coverage, we
recommend the increased use of technologies thatamally associated with precision agriculture
(such as the drone used for this study) to mowitiotarget movement of herbicide into waterbodied a
other protected locations. Precision agriculture tbeen used to reduce the amount of spray thaefarm
use in fields primarily as a cost savings ben&ftin, 2015), but we also advocate its use aslado
protect environmentally sensitive areas in agrigaltwatersheds. During this study, various indiails
expressed a common misconception that protectadaipareas were installed with the intent of
capturing herbicide from going into streams. Whiarian areas may be mitigating some herbicidi dri
and runoff, this study makes it clear that it il ptesent in the majority of water and sedimeiithin
streams, and increased monitoring of drift locatiamuld help to minimize this phenomenon. Drone
technology is becoming more accessible to the pligicause of decreases in cost and because advances
in drone technology have made drones easier tatpby the average user without specialized trginin
in drone operations. Drones fitted with NDVI caarsuch as the DJI Phantom 4 used for this saudy,
now less than $1,500. While that price could be pozhibitive for some studies, the purchase of one
drone is often less expensive than collecting nfarhicide samples to determine where herbicide drif
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554  has occurred. We do not suggest drone surveillahberbicide drift as a replacement for sampling, b
555  rather as a complement to sampling of environmenéalia in agricultural watersheds where increasing
556  herbicide use may be occurring, and where budgaysha limited for sampling campaign efforts.

557  4.0. Conclusions

558 This study provides several methods to evaluate lienwicide occurrence in the environment has
559  been affected by the widespread adoption of nautitl conservation programs intended to protecastre
560 health. While NDVI values of Landsat satellite imagover the years of 1986 to 2016 showed that
561  vegetation health in streams appears to have inegroverall with the increase in conservation

562  management programs and techniques, concentratighgphosate and AMPA were found in the

563  majority of surface water, sediment, and soilmwatersheds of the study area, regardless ohehet
564  not the samples were collected inside or outsideRP/CREP riparian buffer areas. The detections of
565 glyphosate and AMPA in streams, especially durimg$ when spraying was prevalent (October and
566  May) indicates that the herbicide is still reach@tiggams even with improvements in conservation

567  agricultural practices. Further, certain locatianthin the watershed appear to be affected by gtersi

568 herbicide runoff or drift. The NDVI imagery captsrgme periods of increased herbicide spray and
569  shows the immediate effects of the spray that jsicting vegetation health in locations that shdad
570  protected from the spray. Some locations that ghensistently unhealthy vegetation appear to be

571  affected by this type of drift or runoff more thather locations, and increased sampling and imagery
572 surveillance may be useful in these locations tigatie the entrance of herbicides into protecteshst
573  corridors where water and sediment are continuadpacted.

574 Concentrations of glyphosate in water, sedimerd,smil samples collected for this study are within
575 range of those that have been found to have humeoatogical health impacts. Glyphosate and AMPA
576  in all media types is likely the result of not olgreased amounts of glyphosate use, but alsoutmer
577  of months glyphosate is used to keep weeds inwdiklds under control. The presence of glyphosate
578 and/or AMPA in the majority of samples during albmths that were sampled is indicative of the

579  persistence of glyphosate and AMPA in the enviramna@d should be addressed for potential effects to
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human and ecological health. These findings detratesthat multiple media and endpoints should be
considered holistically for the design and impletaéon of conservation practices.
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