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• Quantifying herbicide use over time in
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• Herbicides were analyzed by remote
sensing and soil, sediment, and water
samples.
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• Herbicide reaches streams despite im-
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practices.
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No-till agriculture has the ability to reduce fuel consumption, increase soil moisture, reduce soil erosion and in-
crease organicmatter. However, it remains unclearwhether 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 increasedherbicide use, but it is difficult to quantify howmuchherbicide has increased in
a given location and to directly correlate changes in herbicide use to changes in soil and water quality. This paper
provides severalmethods to determinehowherbicide use has changed over time in an agricultural community in
Oregon that switched over to no-till in the late 1990s and early 2000s. Thesemethods 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 herbi-
cides in the study area. By using thesemethods, this study showswhere streamvegetation health continues to be
an issue in the agricultural community, and where concentrations of a commonly used herbicide in the commu-
nitymay 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 her-
bicide use changes in real time and on shorter decadal time spans in places where conservation agriculture is
practiced.
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1. 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 and
direct seed, while technically different, are used interchangeably
among farmers in the study area and much of the Pacific Northwest.
Both no-till and direct seed are forms of conservation agriculture that
refer to the practice of minimal tillage or no-tillage that cause between
15 and 30% of soil disturbance within a rowwidth (NRCS, 2006), which
generally is achieved by the use of farm equipment that minimizes the
area of disturbance during planting and harvesting activities (Friedrich
and Kassam, 2012). Both practices minimize soil erosion by leaving
crop stubble and residue on the ground after harvest, increase soil mois-
ture and organic material, and generally reduce fuel consumption for
farmers (Williams et al., 2014). While many of the economic and envi-
ronmental improvements of these conservation management tech-
niques have been significant, interviews with farmers and herbicide
distributors in the county, as well as a review of the National Agricul-
tural Statistics Service (NASS) database (USDA, 2012), Oregon Depart-
ment of Agriculture Pesticide Use database records, and collection of
herbicide use records from farmers in the county, all indicate that herbi-
cide use in the study area has increased since the onset of no-till and di-
rect seed agriculture (hereafter referred to as no-till). The increased use
of herbicides in soils may be resulting in increased herbicide runoff to
streams that is harmful to human and ecological health. However, no
studies have been conducted to determine herbicide concentrations in
streams or to assess the overall effectiveness of no-till since themajority
of the county converted.

1.1. Herbicide use trends in conservation agriculture

Although there are numerous comparative studies focused on differ-
ences between conventional tillage and no-till, no clear consensus has
been established regarding the effect of conservation tillage on herbi-
cide use (Fernandez-Cornejo and Hallan, 2013; Friedrich and Kassam,
2012). Location, climate, and soil type all affect how longherbicides per-
sist in the soil when used with reduced tillage systems (Hager and
Nordby, 2008). Interviews and discussions with farmers and herbicide
distributors in Wasco County reveal glyphosate, commonly known as
Roundup, is the most commonly used herbicide in the county among
wheat farmers and has been used in increasing amounts since the onset
of conservation management techniques. This increase mimics a nation-
wide increase of glyphosate use in the U.S., which is primarily due to the
spread of herbicide resistant weeds that have been coproduced with ge-
netically modified crops (Benbrook, 2016; Culpepper, 2006; Givens et al.,
2009; Koger et al., 2004 Powles, 2008; Shrestha et al., 2007). Since 1974
when glyphosatewas released to themarket, over 1.6 billion kg of glyph-
osate active ingredient have been applied in the U.S. alone, and of that,
two-thirds of the total volume of glyphosate applied in the U.S. from
1974 to 2014 has been sprayed in just the last 10 years (Benbrook,
2016). In 2014, the amount of glyphosate that farmers sprayed was
enough to apply ~1.0 kg/ha (0.8 lb/acre) on every hectare of U.S.-culti-
vated cropland and nearly 0.53 kg/ha (0.47 lb/acre) on all cropland
worldwide (Benbrook, 2016). Between 1996 and 2011, 527 million lb
of herbicides were used in herbicide resistant crops in the U.S. in excess
of what would have been needed in non-resistant crops (Benbrook,
2012). Although much of the increase in glyphosate is due to the rise of
“Roundup Ready” crops that are resistant to glyphosate damage, the in-
crease in glyphosate is also due to the rise of conservation tillage prac-
tices, such as no-till (Service, 2007).

Farmers in the study area use a variety of glyphosate-basedmixtures
to controlweeds prior to and after harvest, aswell as to controlweeds in
fallow fields throughout the year. Because glyphosate is a broad spec-
trum (e.g. non-selective) systemic herbicide that kills most herbaceous
plants and cannot be used for live crops (Kremer and Means, 2009),
other herbicides (mostly chlorinated herbicides such as 2,4-D and Di-
camba) are applied less frequently to actively growing crops. Glypho-
sate and chlorinated herbicides are applied in a number of ways in the
study area. Most farmers currently use their own boom sprayers or
other spray devices to deploy herbicides before harvest and throughout
the year to keep weeds under control. Though most farmers use glyph-
osate on their fields, there are areas where spraying is avoided, such as
on land that is enrolled in conservation programs like the Conservation
Reserve Program (CRP) or the Conservation Reserve Enhancement Pro-
gram (CREP) along streams. Generally, farmers try to avoid spray to
these areas, both as a matter of compliance with their program specifi-
cations, and as a cost saving measure.

1.2. Concerns about glyphosate

The concomitant increase in herbicide use, particularly glyphosate,
inWasco County and the U.S. is concerning for several reasons. Glypho-
sate was once widely believed to be safe, but an increasing amount of
literature is showing that glyphosate is not safe for human or ecological
health (e.g. Battaglin et al., 2009; Grandjean and Landrigan, 2014;
Porter, 2010; Mesnage et al., 2015; Myers et al., 2016; Relyea, 2005;
Schinasi and Leon, 2014). The EPA acknowledges that glyphosate has
the potential to contaminate surface water because it does not readily
break down in water or sunlight (EPA, 1993a) but has still maintained
glyphosate's 1991 EPA classification as a Group E carcinogen (evidence
of non-carcinogenicity for humans) (EPA, 1993b). While the EPA has
not classified glyphosate as a probable carcinogen (and even increased
levels of acceptable use in 2013), the World Health Organization has
classified it as such as of 2015 (IARC, 2015).

Despite generalizations that glyphosate degrades quickly and is
strongly adsorbed to soil (Mamy and Barriuso, 2005), numerous studies
show that glyphosate is available to soil and rhizosphere microbial com-
munities as a substrate for direct metabolism leading to increasedmicro-
bial biomass and activity (Haney et al., 2000; Wardle and Parkinson,
1990). Further, Simonsen et al. (2008) demonstrated that agricultural
soils amended with phosphorus fertilizers show elevated levels of un-
bound glyphosate as a result of soil sorption sites being occupied by com-
peting phosphate ionswhich left glyphosate available for potential uptake
by plant roots, microbial metabolism, and/or leaching into groundwater.

The half-life of glyphosate in soil ranges from2 to 215 days, and from
2 to 91 days in aquatic systems (Giesy et al., 2000; Grunewald et al.,
2001; NPIC, 2008; Vera et al., 2010). Microbial processes primarily
drive the degradation of glyphosate into another compound called
aminomethylphosphonic acid (AMPA) (Battaglin et al., 2014; Kremer
and Means, 2009). Glyphosate and AMPA are very water soluble, but
AMPA degrades more slowly than glyphosate (Grunewald et al.,
2001). AMPA has a soil half-life that ranges from 60 to 240 days and
an aquatic half-life that is comparable to that of glyphosate (Giesy
et al., 2000; Bergström et al., 2011). Substantial increases to total phos-
phorous in aquatic systems (Vera et al., 2010) can occur as a result of
AMPA's ultimate degradation to inorganic phosphate, ammonium, and
CO2 (Borggaard and Gimsing, 2008). The main degradation product
AMPA is frequently detected in soils subjected to frequent glyphosate
applications (Fomsgaard et al., 2003).

1.3. Objectives

While farmers have used a variety of conservationmanagement prac-
tices since the mid-1980s, none have been as impactful to the environ-
mental quality of the study area as the switch to no-till, whereby 95%
of farm land has been enrolled in no-till practices to date (NRCS, 2016).
No-till was implemented in the county in an effort to conserve soil and
therefore reduce the amount of soil and sediment introduced to streams
that createdwater quality issues in the area. However, landmanagers did
not thoroughly consider the implications and effects of how increased
herbicide use associated with no-till would affect environmentally
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sensitive areas. Therefore, this research attempts to examine areas in the
study area that are environmentally sensitive to herbicide increases such
as riparian areas along streams both inside and outside of CRP and CREP
conservation easements.

The threemain objectives of this studywere to 1) determine if there
have been changes in vegetation health in environmentally sensitive
areas along streams running through agricultural property over the
past several decades as a result of increased herbicide use in the study
area 2) determine if there are locations where vegetation health does
not improve and 3) determine what concentrations of herbicides are
in soils, sediments, and surface water in streams in the study area and
how they compare to soil and water quality standards, and human
and ecological health studies on herbicides.

2. Materials and methods

This study was conducted in the Fifteenmile and Eightmile Water-
sheds of Wasco County, Oregon (Fig. 1). We used a mixed-methods ap-
proach including: herbicide analysis of water, sediment and soils; a
vegetation health analysis by Landsat remote sensing imagery; and an
analysis of herbicide stressed imagery using a drone fitted with an agri-
cultural camera. Additional technical details about methodology that
are not included in the sections below are included in Appendix A.

2.1. Herbicide sampling

Fields in the study area are sprayed with herbicide at least twice a
year, and most are sprayed between two and four times a year.
Fig. 1. Study area showing locations of soil, sediment, and surface water samples in the Fiftee
glyphosate, AMPA, and chlorinated herbicides during the years 2015 and 2016.
Approximately 72% of the watershed's land base is used for agriculture,
primarily dryland wheat croplands consisting of spring wheat andwin-
ter wheat (NRCS, 2015). The recommended glyphosate application
rates for crop types in the FifteenmileWatershed are included in Appen-
dix B (Barroso and Morshita, 2015). The most common time for herbi-
cide applications are in spring (May) before summer harvest, in the
summer on fallow fields (July and August), and again in the fall right be-
fore, or as farmers are planting, their seed (September). Glyphosatemay
be applied during all of the aforementioned months in fallow fields.

Sampling criteria for herbicide sample collection depended on ac-
cess, topography, CRP/CREP boundaries, and general spatial coverage.
We aimed to collect between eight to ten co-located sediment and
water samples during each sampling event, but farming access issues,
budgetary constraints, and stream flow conditions hindered sampling
attempts in several locations. For soil samples, we chose hillsides with
apparent drainage patterns towards streams so that we could sample
locations where glyphosate likely leached into the water and sediment
in streams. Agricultural fields that were adjacent to, or sloped down-
wards towards streams, were therefore ideal locations from which to
collect soil samples.We also attempted to have an even distribution be-
tween stream corridors within CRP/CREP in order to ascertain if there
was any difference between vegetation health in the unprotected and
protected stream corridors. Finally,we attempted to collect an even spa-
tial distribution of samples throughout the watershed so that at least
several samples were present in all four cardinal directions of the
watersheds.

Herbicide sampleswere collected during three sampling events in Oc-
tober 2015, May 2016, and July and August 2016 (Table 1). Glyphosate
n and Eightmile Watersheds of Wasco County. Samples were collected and analyzed for
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and AMPA sample collection occurred during all sampling events, but
sampling for chlorinated herbicides that farmers frequently use, such as
2,4-D and Dicamba, only occurred during one sampling event in July
2016. The collection of chlorinated herbicide samples was limited to sur-
face water in streams and in soil or sediment near streams (Appendix C).
Sample locations for all months are shown in Fig. 1 and in Appendix D.

At each stream location, sediment and water samples were co-
locatedwhen possible. Water samples were collected by placing a labo-
ratory approved certified clean bottle into the stream and allowing it to
fill with water. They were collected prior to disturbing the sediment in
the stream on the upstream side of the person collecting the sample.
After the water sample had been collected, the sediment from the
streambed was collected by either a 2 inch diameter PVC tube that
was decontaminated prior to use with Alconox and deionized (DI)
water or a shovel that was decontaminated in the sameway. The selec-
tion of the method to use depended on flow conditions in the stream
and depth that could be obtained by each instrument. The soil/sediment
samples taken from 0 to 30 cm below ground surface were loosened
with the sampling instrument and placed in lab assigned, certified
clean sampling jars. Each sampling location was recorded with a Trim-
ble Juno GPS unit.

Transects representing the top, middle, and toeslope positions of the
hillslope were used for composite sampling of agricultural fields (Ap-
pendix D). Along each hillslope transect, between four and five discrete
soil samples, depending on the size of the hillslope, were collected from
a depth of 0 to 30 cm and composited into one sample representing its
respective transect. This depth was chosen because it represents the
portion of the soil that is most likely to move with overland flow
(Zapata, 2003). A separate transect representing the in-stream sedi-
ment that drained the depositional area of the hillslope (i.e. the area
that would capture runoff from the hillslope above) was also sampled
on each property. Samples collected along transects in in-stream
sediment were discrete and not composited. In total, four transects
(representing top, middle, toe, and in-stream channel) were devised
for each property. A portion of each soil and sediment sample from
2015 and 2016 were analyzed for physical and chemical soil quality in-
dicators including pH, total exchange capacity, organic matter, soluble
salts (salinity), phosphorous content, and also for soil texture to deter-
mine if any soil properties had an influence on herbicide concentrations
or if any correlative patterns could be deduced.
2.2. Spatial analysis-NDVI remote sensing analysis

The Normalized Difference Vegetation Index (NDVI) was used to de-
termine if herbicide drift and runoff to stream corridors with riparian
vegetation varied with practices in conservation management tech-
niques and programs practiced in the study area. In the study area and
much of the Pacific Northwest, the late growing season in the study
area is July and early August (Small et al., 1990). Therefore, imagery
from the last two weeks of July from Landsat 5TM satellites and the
Landsat 7TM+ satellite was downloaded and analyzed in ArcMap soft-
ware for vegetation health representing the past 30 years.
Table 1
Samples collected and analyzed for glyphosate and AMPA for the years 2015 to 2016.

Sample
type

Number of
samples collected

Month and
year collected

Location type Analysis

Sediment 5 October 2015 Stream Glyphosate/AMPA
Water 8 Stream
Sediment 8 May 2016 Stream
Water 9 Stream
Soil 15 July and

August 2016
Agricultural
hillslope

Sediment 11 Stream
Water 10 Stream
To determine if vegetation health in riparian areas had been affected
by conservation practices, 30 meter buffers of vegetation along riparian
stream corridors were extracted from Landsat images from years when
conservation practices and no-till/direct seed were likely to affect
stream vegetation: 1986, 1990, 1994, 1996, 1998, 2000, 2003, 2006,
2008, and 2011, 2015 to 2016. These years were chosen because
changes in conservation and no-till practices occurred during these
years. Further, a two to four year interval between years allowed us to
determine if any other trends not related to these practices (such as
weather or other environmental phenomena) were occurring over a
30 year time span. Thewidth of 30mwas chosen because it is the aver-
age buffer width of CREP land in the state or Oregon (DEQ, 2010; U.S.
Fish andWildlife Service, 2009). Appendix E shows a variety of conser-
vation programs that have been practiced in the study area that were
driven by farm bills passed since 1985. The year 1986 was chosen as
the start date for analysis of imagery because it occurred after the first
year that sweeping conservation efforts were made in 1985 to most of
the study area.

After vegetation in the 30 m buffered areas near streams were ex-
tracted from the Landsat multispectral imagery, the Image Analysis
toolbar in ArcMap was used to convert the imagery into NDVI images.
The NDVI vegetation categories of not vegetation (all values below
0.1), sparse vegetation (0.1 to 0.2), moderate vegetation health (0.2 to
0.55), and very healthy vegetation (0.55 to 1.0) were assigned to each
image (Weier and Herring, 2000). These NDVI values represent the typ-
ical range of healthy vegetation in many environments around the
world (Weier and Herring, 2000) and were consistent with the health
of vegetation in the study area. Inspection of one-meter resolution Na-
tional Agriculture Imagery Program (NAIP) aerial imagery verified that
values in each NDVI category typically matched the vegetation health
assigned in the satellite imagery. After the satellite images were classi-
fied into the vegetation health categories, change detection statistics
were performed in the software programENVI. Change detection statis-
ticswere used to calculate the changes that occurred between each pro-
gressive year and also to determine the initial and final stages of
vegetation health from year to year.
2.3. Drone sample site selection and field verification

Landsat imagery provided historical analysis of vegetation health
that may have been impacted by herbicide drift and runoff. The use of
an Unmanned Aerial Vehicle (UAV), commonly referred to as a drone,
in the field also provided a finer scale resolution of vegetation stress
caused by herbicide drift and runoff than could be provided with satel-
lite imagery alone. The drone was also useful for determination of veg-
etation health at the time of sample collection, and drone use tomonitor
crop health and crop spraying of various agrochemical inputs has been
increasing in recent years (Estrin, 2015; Hunt et al., 2010). For this
study, a DJI Phantom 4 drone fitted with a NDVI-7 optical grade glass
narrow multi-band filter camera lens was used to capture images of
possibly stressed vegetation during May and July 2016 when crops
had recently been sprayed. After drone flights were completed, the im-
agery obtained from the drone was processed in ArcMap software to
ground-truth vegetation values.

To determine how similar NDVI values collected by drone were to
those collected by satellite, NDVI pixel values from vegetation (e.g.
trees, low lying grasses, and shrubs near streams) were randomly se-
lected using the ArcMap Data Management Tool “Create Random
Points”within ten image locations near streams (Fig. 2). Thirty random
points were generated within the 30 meter boundary of riparian vege-
tation for each location where drone imagery had been collected and
where samples were taken. The average vegetation values for the cells
in the random point locations in drone imagery were compared to the
values of the vegetation in the cells of the satellite imagery to determine
how closely the values in each type of imagery resembled one another.
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While imageswere taken inMay and July of 2016, only drone images
collected during the month of July were compared for NDVI values of
satellite images because of the phenological growth stage of vegetation
in July. Since late July and early August are themonths for peak biomass
growth in vegetation in the study area (Small et al., 1990), images from
this time period were likely the most useful for vegetation health anal-
ysis. The use of the drone during May assisted in identifying sample lo-
cations in areas where vegetation stress from herbicide spray could not
be seen with the naked eye.

3. Results and discussion

3.1. NDVI analysis of satellite imagery 1986 to 2016

Fig. 3 shows the trend in vegetation health from 1986 to 2016 in
both the Fifteenmile and Eightmile Watersheds. In general, the trend
for very healthy vegetation (0.55 or higher on theNDVI scale), remained
steady between 1986 and 1996 and then rose from 1996 to 2011. Mod-
erately healthy vegetation (0.2 to 0.55 on the NDVI scale) fluctuated be-
tween approximately 44% and 55% of total vegetation, but retained the
same general health over the whole period from 1986 to 2011. Un-
healthy or sparse vegetation health (0.2 to 0.55) decreased from 1986
to 1996, increased between1996 and 2003, and then decreased to levels
near the previous 1986 level in 2011. These patterns are displayed in
Figs. 3 and 4 and Appendix F. Post 2011, a sharp decline in all vegetation
health categories (except the not vegetation category) occurred due to
severe droughts in Oregon in the years 2014 and 2015. In this year,
the areas classified as not vegetation increased from below 20% of veg-
etation to over 80%. PRISM precipitation data and temperature data
Fig. 2.Anexample of drone imagery used to verifyNDVI values. The image on the left shows a pi
NDVI image, green healthy vegetation appears in yellow/orange/gold while other surrounding
must be post-processed to obtain the actual NDVI values, which the image on the right show
post-processed image. (For interpretation of the references to color in this figure legend, the re
(PRISM Climate Group, 2017) (Appendix G) show that precipitation
was lower during the year 2015 and it was also the hottest year on re-
cord in 30 years.

Figs. 3 and 4 (and Appendix F) demonstrate that streams that were
formerly in lower vegetation health categories initially increased in
the 1980s and early 1990s, particularly from 1986 to 1990 and 1990
to 1994, showing that stream health was in general decline during
these years when conservation programs were in the early stages of in-
troduction in the study area. The 1998 to 2000 period (Fig. 5) shows a
dramatic improvement in vegetation near streams that were formerly
in the not vegetation category in 1994. This improvement can likely
be attributed to the large number of streams that were enrolled in
CREP due to the 1996 farm bill. Conversations with farmers and a list
of streams and dates from the local Soil andWater Conservation District
(SWCD) showed that themajority of streams in the study areawere en-
rolled into CREP in the late 1990s (e.g. 1996/1997) and also in the early
2000s from 2001 to 2003.

A large portion of the vegetation near streams was classified in the
not vegetation category during 2011 to 2015 and 2015 to 2016 in the
satellite imagery, which is somewhat misleading. An inspection of the
NAIP imagery and experience from field work during these years re-
vealed that the pixels in the satellite imagery were assigned to the ma-
jority value of the NDVI pixels in the imagery, which cover a cell of 30
× 30 m. While the vegetation in riparian areas was stressed during
the drought year, to say that no vegetation was present is not accurate.
Vegetation in riparian areas during the year 2015 was present, but was
not as dense as in previous years and more dead vegetation was pres-
ent. More bare rock and soil (e.g. the not vegetation category) was ex-
posed within the riparian area during this year and the majority value
cture of a riparian area thatwas collected by theNDVI-7 camera on the drone.With the raw
surfaces and dead or stressed vegetation appears in grey or brown. The raw NDVI image
s. Some aquatic plants in the stream display as green (very healthy vegetation) in the
ader is referred to the web version of this article.)
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of NDVI values for those bare surfaces were assigned to the cells
representing the riparian areas in the watershed. Therefore, the drastic
change between 2011 and 2015 and 2016, is more representative of a
large amount of dead and stressed vegetation exposing bare rocks and
soil, rather than the absence of vegetation.

In some locations, stream health never improved between 1986 and
2011, regardless of temperature and precipitation changes (Fig. 6). Veg-
etation that fell into the always unhealthy not vegetation category
accounted for approximately 732,000 m2 of vegetation, which is ap-
proximately 1.3% of the 55,566,000 m2 of vegetation in the Fifteenmile
and Eightmile Watersheds in the 30 meter buffer area surrounding
streams. These locations were mostly located in the eastern portion of
unnamed tributary streams of the Fifteenmile Watershed.

It is unlikely that vegetation that remains in the unhealthy vegeta-
tion categories remains as such because of drought conditions or vege-
tation variety. If weather patterns were affecting the areas that
consistently had unhealthy vegetation, they would likely improve dur-
ing at least some of the years when other vegetation improved as
well. Further, many of the persistently unhealthy locations are com-
prised of vegetation varieties that are similar to other locations through-
out the watershed with similar corridor widths and healthy vegetation.

Based on ground-truth images collected with the drone, persistent
off target movement of herbicide from overspray, drift, or runoff
which is different from persistent residual herbicides in soils or water,
is likely the cause of persistent unhealthy vegetation. The drone was
flown in locations that showed signs of recent herbicide spray in
many locations throughout the watershed and in areas of the consis-
tently unhealthy vegetation category. Many of the ground-truthing
flights took place in the areas between riparian vegetation and the
field, where farmers usually spray to keep weeds from creeping into
crop areas. NDVI vegetation values for vegetation that was intentionally
sprayedwith herbicide and those in or near the stream (that should not
have been sprayed) were within 5% of each other. The similarity in
values between sprayed vegetation and riparian areaswithin proximity
to the spray would indicate that either some herbicide drift had oc-
curred, or that runoff to the stream had occurred and had affected veg-
etation health.

Here, we should also clarify the difference between locations that ex-
perience persistent herbicide overspray and drift and the persistence of
glyphosate and AMPA in soil, sediment, and water. The concentration
of glyphosate in the sample media collected does not necessarily corre-
late with vegetation health shown in the imagery. Glyphosate is a post-
emergence, non-selective, foliar herbicide (Okada et al., 2017) and is
primarily applied by spray to plant leaves. Glyphosate can accumulate
in the soil (Okada et al., 2017) and uptake through the root system can
contribute to plant mortality (Shushkova et al., 2010). However, it is un-
likely that persistent residual levels of glyphosate in the soil would con-
tribute to plant mortality more than the spray events that took place
during the time periods that the imagery was analyzed for vegetation
health. For example, Simonsen et al. (2008) found that six months after
glyphosate application, residues of glyphosate andAMPAwere still avail-
able for uptake by plants. However, the concentration of residues in plant
materials did not seem to pose a risk to the plant yields of the crops that
were studied. Further, we collected samples in stream beds in locations
where nearby riparian vegetation in CRP and CREP was affected by her-
bicide drift, and we used vegetation health only as an indicator that her-
bicide was likely reaching sediment and water in the stream. However,
we did not assume that there was a direct correlation between vegeta-
tion health and long term persistence of glyphosate and AMPA in soils,
sediment, and water, which is the result of many sprays throughout
the year. The satellite imagery and drone imagery showed that all of
our sampling locations were either in the unhealthy and sparse vegeta-
tion categories, and no samples were collected in healthy vegetation cat-
egories. The satellite imagery and drone are capturing more of the
immediate effects of overspray/drift because of the time period we sam-
pled in, which are the months when farmers spray the most. The effects
of persistent glyphosate in soil and sediment may be having an effect on
vegetation, but what is detected in the imagery is from the most recent
spray that is occurring during months of spray and during times of sam-
ple collection. Areas that are intensely sprayed also may be locations
where more runoff of herbicide occurs and could be affecting vegetation
health in the short term during times of spray as well.

3.2. NDVI analysis with drone 2016

The drone was able to detect varying ranges of vegetation health
that were not visible to the naked eye and aided in choosing sites for
sampling of herbicides in May and June of 1016. An overlay of sample
locations with NDVI post processed imagery typically revealed vegeta-
tion in the sparse vegetation health category range of 0.1 to 0.2.

The NDVI values from 2016 Landsat 7TM imagery were compared
with NDVI values in images collected by drone in order to act as a
ground-truth to see how closely NDVI values matched. The images
were mosaicked into areas representing the vicinity of the satellite im-
agery cells in the Landsat imagery and randomly sampled as described
in the Methods section of this paper. After random sampling was per-
formed and the average of the drone imagery was calculated and com-
pared to satellite imagery of the same spatial extent, we found that the
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Fig. 4. The changes in vegetation health within a 30 meter buffer area from 1986 to 2016.
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NDVI values between the two types of imagery only varied between 1
and 5%, indicating that vegetation health was accurately assessed by
the satellite imagery. The NDVI imagery and classification products of
Landsat satellites 5TM and 7TM are very similar, and data from the
two sensors can be used interchangeably to measure and monitor the
same landscape phenomena (Vogelmann, et al., 2001).

3.3. Herbicide concentrations and analysis

We chose to sample glyphosate/AMPA sediment and soil samples
from a depth of 0 to 30 cm, but we acknowledge that concentrations
of glyphosate can vary with depth. Soils collected in this study were in-
tentionally collected in the upper 30 cm of the soil profile, both because
this portion of the soil is likely to move with overland flow (Zapata,
2003), but also because glyphosate has been shown to have verticalmo-
bility that is related mainly to preferential flow and particle-facilitated
transport in well-structured soil (Kjær et al., 2011). Studies in field set-
tings, like those conducted by Lupi et al. (2015) and Silva et al. (2018),
have shown that while the concentration of glyphosate may be highest
in the upper 2 to 5 cm of surface soils, glyphosate concentrations can
reach depths of 20 to 30 cm, respectively. Besides depth, we considered
the effects that tillage may have on glyphosate concentrations. Studies



Fig. 5. Changes between vegetation types (1998 to 2000).
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that examine the effect of no-tillage and conventional tillage on glyph-
osate distribution in the field (e.g. Okada et al., 2017 and Zablotowicz
et al., 2009) indicate that the type of tillage system used does not have
a significant effect on distribution of glyphosate in the environment.

Glyphosate and/or AMPA was detected in the majority of samples
collected in all media (Table 2). Simple linear regressions and box
plots (AppendixH)were used to determine if therewere any significant
Fig. 6.Areas that remained unhealthybetween1986 and 2016. The areas shown in red never imp
of streams. (For interpretation of the references to color in this figure legend, the reader is refe
differences between concentrations within CRP/CREP boundaries ver-
sus those outside of conservation corridors and none were found. In
water, glyphosate was detected in 15 of the 27 samples collected and
concentrations ranged from 0.02 to 0.11 μg/L (Table 2). In sediment,
glyphosate was detected in 14 of 24 samples collected with detections
that ranged from 0.024 μg/kg to 240 μg/kg. In samples collected from
soils on fields, glyphosate was detected in 8 of the 15 samples collected
roved in streamhealth and account for 1.3%of the vegetation in riparian areaswithin 30m
rred to the web version of this article.)



Table 2
Detections of glyphosate and AMPA in field soils. Detections above the MDL are indicated in bold. Soil samples collected in agricultural fields are denoted with an “S”, sediment samples are denoted with “SD”, and water samples are denoted with a
“W”. Soil and sediment samples are measured in units of μg/kg and water samples are measured in units of μg/L. Both units represent parts per billion (ppb).

Location October 2015 May 2016 July 2016 August 2016

Sample name Glyphosate (ppb) AMPA (ppb) Sample name Glyphosate (ppb) AMPA (ppb) Sample name Glyphosate (ppb) AMPA (ppb) Sample name Glyphosate (ppb) AMPA (ppb)

1 W2 0.03 0.02 W23 b0.02 b0.02
SD-14 b0.02 b0.02

2 W5 0.07 0.02 W16 b0.02 0.02 W20 0.095 0.034
SD-23 0.024 b0.02

3 W8 0.03 0.02 W21 b0.02 0.04 W27 b0.02 b0.02
SD-24 b0.02 b0.02

4 W4 0.04 0.2 SD-19 0.032 b0.02
SD-4 25 28 S1 b0.02 b0.02

S2 b0.02 b0.02
S3 0.024 b0.02

5 W15 0.05 0.09 SD-20 b0.02 0.036
SD-12 170 160 S7 b0.02 0.04

S8 0.02 0.043
S9 b0.02 0.038

6 W1 0.11 0.03 S4 0.042 0.076
SD-2 11 64 S5 b0.02 0.034

S6 0.031 0.042
7 W3 b0.02 b0.02

SD-3 b1.0 b1.0
8 W6 0.04 0.03

SD-5 240 290
9 W7 0.03 0.02

SD-1 1.9 13
10 W9 b0.02 0.02

SD-6 b1.0 4.7
11 W10 0.08 0.05

SD-7 3.5 4.6
12 W11 0.02 b0.02

SD-8 b1.0 2.2
13 W12 0.02 b0.02

SD-9 16 18
14 W13 0.04 0.05

SD-10 19 25
15 W14 b0.02 0.02

SD-11 13 22
16 W17 0.02 b0.02

SD-13 9.1 b1.0
17 W18 0.021 0.027

SD-21 b0.02 b0.02
18 W19 b0.02 0.047

SD-22 0.034 b0.02
19 W22 b0.02 b0.02
20 W24 b0.02 0.021

SD-15 0.036 0.079
21 W25 b0.02 b0.02 S13 0.022 0.031

SD-16 b0.02 0.023 S14 0.021 b0.02
S15 0.026 0.022

22 W26 b0.02 0.025
SD-17 b0.02 0.025

23 SD-18 b0.02 b0.02
24 S10 b0.02 0.033

S11 0.038 b0.02
S12 b0.02 0.034
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and detections ranged from 0.02 to 0.042 μg/kg. Glyphosate's derivative
product AMPAwas detected in 19 of the 27 samples collected for water
and concentrations ranged from 0.02 to 0.2 μg/L. In sediment, AMPA
was detected in 15 of the 24 samples collected with detections that
ranged from 0.023 to 290 μg/kg. Finally, AMPA was detected in 10 of
the 15 samples collected in field soils with concentrations that ranged
from 0.022 to 0.076 μg/kg. All details pertaining to sample names, sam-
pling locations, and sample concentration levels are included in Table 2.

The highest concentrations of glyphosate and AMPA were found in
sediment samples taken during the months of October 2015 and May
2016. These samples, SD-5 and SD-12, contained concentrations of
glyphosate at 240 μg/kg and 170 μg/kg and AMPA concentrations of
290 μg/kg and 160 μg/kg, which were orders of magnitude above the
rest of the other samples collected. In general, sediment samples col-
lected during these months had higher concentrations of both glypho-
sate and AMPA and may be somewhat explained by timing of the year
when the samples were collected. While farmers spray during several
months of the year to suppressweeds in fallow fields, spraying is partic-
ularly prevalent during the month of May when weeds become abun-
dant in the spring and in late September right before farmers plant
their seed in the ground. It is likely that spray concentrations during
these collection months were high because of the proximity in time to
which these spray events occurred.

There is abundant literature on how herbicide persistence and con-
centration varies by soil type and properties. However, simple linear re-
gressions showed that there were no correlations between glyphosate,
AMPA, and any of the soil chemical and physical properties that were
tested in the lab in this study (Appendix I) and there was no correlation
between glyphosate concentration and media type (Appendix J).

Chlorinated herbicide samples were collected only during July 2016
due to budgetary restrictions for sample collection. In all sample loca-
tions, chlorinated herbicides were not detected above the MDL of 0.1
micrograms per liter in water (μg/L) or above the MDL for soil and sed-
iment which ranged between 0.0194 and 0.0198 mg/kg, therefore, the
data for the chlorinated herbicide samples is not shown or further
discussed.

3.4. Regulatory and toxicological values of concern

The EPA glyphosate regulatory limit for drinking water, maximum
contaminant level (MCL) is 700 μg/L, which is the same level as EPA's
maximum contaminant level goal (MCLG), and is the level of a contam-
inant in drinkingwater belowwhich there is no known or expected risk
to health (EPA, 2016). A number of countries have also established a
range of “acceptable” daily intake levels of glyphosate-herbicide expo-
sures for humans, generally referred to in the U.S. as the chronic Refer-
ence Dose (cRfD), or in the E.U. as the Acceptable Daily Intake (ADI). An
EPA cRfD of 1.75 mg of glyphosate per kilogram body weight per day
(mg/kg/day) has been established in the U.S. (NPIC, 2015). In the E.U.,
the current ADI was originally adopted in 2002 and is significantly
lower at 0.3mg/kg/day. The data uponwhich these exposure thresholds
are based were supplied by manufacturers during the registration pro-
cess, are considered proprietary, and are typically not available for inde-
pendent review (Myers et al., 2016; Mesnage et al., 2015).

There is growing concern about the increase of glyphosate in the en-
vironment and concerns about the levels which are currently allowed
and considered acceptable in regulatory literature (Battaglin et al.,
2014; Benbrook, 2012; Benbrook, 2016; Grandjean and Landrigan,
2014; Porter, 2010; Kremer and Means, 2009; Mesnage et al., 2015,
Myers et al., 2016 Relyea, 2005). Although the concentration values of
glyphosate and AMPA detected in this study are below the 700 μg/L or
the 1.75mg/kg/day cRfD established by the EPA, detected concentration
levels of both have been found to be harmful to human and ecological
health in numerous studies. For example, Mesnage et al. (2015) identi-
fied numerous peer-reviewed studies where the toxicological effects of
glyphosate-based herbicides and adjuvants (chemicals mixed with
glyphosate to make it more effective) were found to have toxicological
effects well below regulatory screening levels. In this study on the
Fifteenmile Watershed, the concentration values of glyphosate found
in surface water (0.02 to 0.11 μg/L) have been found to have endocrine
disrupting and chronic effects according to thefindings ofMesnage et al.
(2015).

In the Fifteenmile Watershed, farmers would likely be most vulner-
able to exposure through ingestion of surface water and ground water
used for private domestic wells, irrigation, andwater contact recreation.
The designated beneficial uses listed for the waters in the watershed
are: public and private domestic water supply, industrial water supply,
irrigation, livestock watering, anadromous fish passage, salmonid fish
rearing, salmonid fish spawning, water contact recreation, aesthetic
quality, and hydro power (Clark, 2003). Farmers in the watershed and
county use surface water and groundwater extensively for irrigation
and private water supply (Nelson, 2000; Clark, 2003; WCPD, 2017).
Glyphosate based herbicides could contaminate drinkingwater via rain-
water, surface runoff and leaching into groundwater, thereby adding
drinking water, bathing, and washing water as possible routine expo-
sure pathways (Battaglin et al., 2014; Majewski et al., 2014; Coupe
et al., 2012). Multiple studies have determined that groundwater
wells are susceptible to glyphosate leaching from soils (Battaglin et al.,
2014; Jayasumana et al., 2015; Myers et al., 2016). Further, this study
has shown that surface water (which can be a source for groundwater
supplies in much of the watershed) is already impacted by glyphosate
at levels that have been found to have endocrine disruption and chronic
effects.

Numerous studies (De Roos et al., 2005; Garry et al., 2002; Harrison,
2008; Jayasumana et al., 2015; Mesnage et al., 2015; Mesnage et al.,
2012; Rull et al., 2009; Schinasi and Leon, 2014) have also shown that
farmers are exposed to herbicides, including glyphosate, through
other exposure routes including pesticide drift and exposure to glypho-
sate during application of herbicides. Farmers in the FifteenmileWater-
shed are likely exposed to glyphosate and other herbicides through both
of these exposure routes. The contact between continental and mari-
time air masses produces strong wind patterns in Wasco County and
the watersheds, and the area receives high winds over 50% of the time
(WCPD, 2017). Residents in the watershed have reported incidents of
herbicide driftmore frequently as new orchards and vineyards that bor-
der wheat land farms are increasingly planted (personal communica-
tion with extension agents, NRCS conservation district manager, and
SWCD). This drift can cause inhalation or ingestion of herbicide when
herbicides are volatilized or carried on soil particles in the wind (ODA,
2017). Concentrations of glyphosate found in soil in this study (0.02 to
0.042 μg/kg) have been found to have endocrine disrupting and chronic
effects (Mesnage et al., 2015) and soil particles that have adsorbed
glyphosate could be carried on the wind during application times, but
even during times when application is not occurring.

Glyphosate and AMPA concentrations present in sediment (0.024 to
290 μg/kg) and water (0.02 to 0.2 μg/L) pose ecological health risks as
well. Several rare, endangered, or threatened species are listed in the
Fifteenmile Watershed's streams and tributaries (Clark, 2003) that are
already impacted by sediment and temperature (ODEQ, 2008).
Glyphosate-based formulations have been shown to modify the com-
munity assemblage and quality of freshwater periphyton communities
(Vera et al., 2010) which could indirectly affect fish. Species that are
listed include native runs of winter steelhead (Oncorhynchus mykiss
gairdneri), which has been listed as a threatened species by the National
Marine Fisheries Service. Rainbow trout (the same species as steelhead
in the Fifteenmile Watershed) had altered olfaction mediated behavior
when exposed to 100 ppb active ingredient Roundup (Tierney et al.,
2007) an important sensory function for predator avoidance and hom-
ing for salmonid species (Scholz et al., 2000). In general, laboratory
glyphosate toxicity studies with species found in Fifteenmile Creek in-
cluding rainbow trout and Coho salmon (Wan et al., 1989) are as sensi-
tive as other freshwater species (EPA, 2017).
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In addition, stream temperatures in the Fifteenmile Watershed are
warmer than optimal for salmonids and could be an additional stressor
as well as increase the toxicity of glyphosate to these fish species. Stud-
ies found that the toxicity of glyphosate doubled in bluegill (Lepomis
macrochirus) and in rainbow trout (Oncorhynchus mykiss) when the
temperature of the water was increased from 45 to 63 °F (Folmar
et al., 1979 and Austin et al., 1991). Much of the Fifteenmile Watershed
reaches temperatures of over 70 °F (Clark, 2003). Although the concen-
trations causing effects in Armiliato et al., 2014, Cuhra et al., 2013, and
Folmar et al., 1979were orders ofmagnitude higher than those detected
in Fifteenmile Creek, glyphosate levels from runoff events or drift could
be episodic and the grab samples collected could underestimate these
concentrations.

Further, glyphosate based herbicide product formulations, many of
which are used in the study area, pose greater toxicity risks to a large
number of non-target organisms than glyphosate alone (Mesnage
et al., 2015; Battaglin et al., 2014). These organisms include mammals
(Mesnage et al., 2012; Tsui and Chu, 2004), aquatic insects, and fish
(Folmar et al., 1979). Risk assessments of glyphosate based herbicides
that are based on studies quantifying the impacts of glyphosate alone
underestimate both toxicity and exposure, and thus risk (Myers et al.,
2016). This approach has led regulators to set thresholds (cRfDs, ADIs)
at levels that would not be protective of exposure to glyphosate formu-
lations (Mesnage et al., 2015; Myers et al., 2016).
3.5. Implications for the widespread presence of glyphosate in the
environment

This study had a low number of sample campaigns due to budgetary
restrictions and access to farms for sampling. However, the data col-
lected during these sampling campaigns demonstrates the widespread
presence of glyphosate in soil, sediment, and water, and provides an-
other example of the increasingly ubiquitous presence of glyphosate
in the environment that others have also shown (e.g. Battaglin et al.,
2014; Benbrook, 2016; Myers et al., 2016). The widespread presence
of glyphosate, particularly in agricultural watersheds that use conserva-
tion tillage systems like no-till, is increasing. Its use is exacerbated by
problems associated with herbicide resistance that encourages farmers
to use more herbicide to kill weeds that are increasingly difficult to
eliminate (Service, 2007; Benbrook, 2012); the widespread reduction
of labor workers in conservation program farms (Lehrer, 2010) to re-
move weeds from farms; and the relatively cheap cost of glyphosate
compared to other herbicides due to its loss of patent in 2000
(Benbrook, 2012). All of these circumstances are currently affecting
the farmers in the watersheds of this study, and are representative of
the challenges that many U.S. farmers using conservation practices face.

Given that glyphosate is moderately persistent and mobile, levels in
the environment will likely rise in step with use, and this will increase
the diversity of potential routes of animal and human exposure
(Benbrook, 2012). We recommend the following measures to address
some the implications of the widespread glyphosate use.

First, the presence of glyphosate and AMPA in agricultural soils may
not only form a risk for soil health but also a potential risk of further
spreading of these compounds across land, water, and air (Silva et al.,
2018). Glyphosate exposure has been documented to occur through
dermal contact or ingestion of contaminated surface and groundwater
(Jayasumana et al., 2015; Mesnage et al., 2015; Myers et al., 2016),
wind and water erosion (Silva et al., 2018), and atmosphere (Battaglin
et al., 2014). A more exhaustive effort to quantify the extent and
amounts of glyphosate contamination in agriculturalwatersheds should
be attempted by researchers worldwide, coupled with risk assessments
for humans and the environment. This effort would requiremore inten-
sive monitoring of the occurrence and spatial distribution of glyphosate
and AMPA across various media in the environment (e.g. vegetation,
soils, water, sediment, and atmosphere).
Second, we recommend less cost prohibitive options for the analysis
of glyphosate samples at laboratories that are able to obtain low detec-
tion levels (e.g. MDLs of b1 parts per billion (ppb)). The ability to
achieve low detection levels for samples is important, as the concentra-
tion levels of glyphosate and AMPA in the environment persist at low
levels that have toxicological effects, and these effects are often below
established regulatory levels (Mesnage et al., 2015).While many herbi-
cides cost closer to $100 per sample, the cost of glyphosate is typically
closer to $350 to $400 per sample at the detection levels needed for
many studies involving toxicological risk. The cost of analysis limits
the number of samples that can be collected, and impedes analysis of
how much glyphosate and AMPA occurs throughout the spatial envi-
ronment of a study area. In this study, we noted that even other govern-
mental agencies in the watersheds were not able to adequately sample
for glyphosate as frequently as needed, or as in many locations as
needed, due to budgetary restrictions. Access to sampling laboratories
with low level detection capacities and reduced costs for glyphosate
and AMPA analysis would be useful for a more complete monitoring
of glyphosate in the environment, especially where conservation pro-
grams are implemented.

Third, and related to the need for lower costs of monitoring and
greater spatial coverage, we recommend the increased use of technolo-
gies that are normally associatedwith precision agriculture (such as the
drone used for this study) to monitor off target movement of herbicide
into waterbodies and other protected locations. Precision agriculture
has been used to reduce the amount of spray that farmers use in fields
primarily as a cost savings benefit (Estrin, 2015), but we also advocate
its use as a tool to protect environmentally sensitive areas in agricultural
watersheds. During this study, various individuals expressed a common
misconception that protected riparian areas were installed with the in-
tent of capturing herbicide from going into streams. While riparian
areas may be mitigating some herbicide drift and runoff, this study
makes it clear that it is still present in the majority of water and sedi-
ment within streams, and increased monitoring of drift locations
would help tominimize this phenomenon. Drone technology is becom-
ing more accessible to the public because of decreases in cost and be-
cause advances in drone technology have made drones easier to
operate by the average user without specialized training in drone oper-
ations. Drones fittedwithNDVI cameras, such as theDJI Phantom4used
for this study, are now less than $1500. While that price could be cost
prohibitive for some studies, the purchase of one drone is often less ex-
pensive than collecting many herbicide samples to determine where
herbicide drift has occurred. We do not suggest drone surveillance of
herbicide drift as a replacement for sampling, but rather as a comple-
ment to sampling of environmental media in agricultural watersheds
where increasing herbicide use may be occurring, and where budgets
may be limited for sampling campaign efforts.

4. Conclusions

This study provides several methods to evaluate how herbicide oc-
currence in the environment has been affected by thewidespread adop-
tion of no-till and conservation programs intended to protect stream
health. While NDVI values of Landsat satellite imagery over the years
of 1986 to 2016 showed that vegetation health in streams appears to
have improved overall with the increase in conservation management
programs and techniques, concentrations of glyphosate and AMPA
were found in the majority of surface water, sediment, and soils in the
watersheds of the study area, regardless of whether or not the samples
were collected inside or outside of CRP/CREP riparian buffer areas. The
detections of glyphosate and AMPA in streams, especially during times
when sprayingwas prevalent (October andMay) indicates that the her-
bicide is still reaching streams evenwith improvements in conservation
agricultural practices. Further, certain locations within the watershed
appear to be affected by persistent herbicide runoff or drift. The NDVI
imagery captures time periods of increased herbicide spray and shows



156 M. Malone, E. Foster / Science of the Total Environment 660 (2019) 145–157
the immediate effects of the spray that is impacting vegetation health in
locations that should be protected from the spray. Some locations that
show persistently unhealthy vegetation appear to be affected by this
type of drift or runoffmore than other locations, and increased sampling
and imagery surveillance may be useful in these locations to mitigate
the entrance of herbicides into protected stream corridors where
water and sediment are continually impacted.

Concentrations of glyphosate in water, sediment, and soil samples
collected for this study are within range of those that have been found
to have human or ecological health impacts. Glyphosate and AMPA in
all media types is likely the result of not only increased amounts of
glyphosate use, but also the number of months glyphosate is used to
keep weeds in fallow fields under control. The presence of glyphosate
and/or AMPA in the majority of samples during all months that were
sampled is indicative of the persistence of glyphosate and AMPA in
the environment and should be addressed for potential effects to
human and ecological health. These findings demonstrate that multiple
media and endpoints should be considered holistically for the design
and implementation of conservation practices.
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