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Foreword

The ACS Symposium Series was first published in 1974 to provide a
mechanism for publishing symposia quickly in book form. The purpose of
the series is to publish timely, comprehensive books developed from the ACS
sponsored symposia based on current scientific research. Occasionally, books are
developed from symposia sponsored by other organizations when the topic is of
keen interest to the chemistry audience.

Before agreeing to publish a book, the proposed table of contents is reviewed
for appropriate and comprehensive coverage and for interest to the audience. Some
papers may be excluded to better focus the book; others may be added to provide
comprehensiveness. When appropriate, overview or introductory chapters are
added. Drafts of chapters are peer-reviewed prior to final acceptance or rejection,
and manuscripts are prepared in camera-ready format.

As a rule, only original research papers and original review papers are
included in the volumes. Verbatim reproductions of previous published papers
are not accepted.

ACS Books Department
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Preface

This book compiles chapters developed from presentations at two symposia
that addressed urban and agricultural pesticide uses and mitigation measures to
prevent pesticide runoff and surface water contamination. The symposia were held
at the 239th ACS International Meeting in the spring of 2010 in San Francisco with
collaborative organizational efforts and presentations from industry, academia,
government research organizations, and regulatory agencies. Selected chapters
were also invited outside the symposia to more comprehensively cover the topic.

Pesticides are critical components of pest management programs that sustain
food and fiber production and protect public health, homes and property. However,
they are among the many non-point source pollutants that threaten surface water
quality. Pesticide residues are being increasingly detected in surface water in
agricultural and urban areas. In some cases water bodies are being listed under
the Clean Water Act 303(d) as impaired and Total Maximum Daily Loads are
required to address the impairments. Pesticides in surface waters are associated
with runoff from irrigation and storm events and drift during application. Various
pesticide classes have been detected including pyrethroid, organophosphate, and
carbamate insecticides; acetanilide, triazine, urea, and phenoxy herbicides; and
strobilurin fungicides. Although presence of pesticides in surface water does not
mean toxicity or impairment, in many cases pesticides have been, and continue to
be, detected at concentrations that do cause toxicity to aquatic invertebrates such as
the daphnids, Hyalella azteca, and copepods. Thus, there are efforts by regulatory
agencies, registrants, researchers, and end users to work together to understand the
source and effects of such contaminations and to develop mitigation strategies.

To communicate the latest information on pesticide runoff, mitigation
practices, and their effectiveness, we compiled this volume. Information
presented covers fate and transport of pesticides leading to their runoff, modeling
of various runoff and mitigation scenarios, and successes and challenges of
mitigation tactics.

The first section of the book focuses on mitigation measures. Chapters
describe field research conducted on vegetated ditches and buffer strips,
constructed wetlands, settlement ponds, use of enzymes to degrade pesticides,
application methods, and grower outreach. The second section focuses on
modeling efforts in field crops, rice paddies, and urban turf testing various
mitigation measures or comparing different models. The final section discusses
some of the more problematic issues and challenges to implementing mitigation
practices. It is the editors’ expectation that the chapters included in this book will
prove useful to both academics and practitioners, stimulate further research where
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needed, and encourage development and implementation of mitigation measures
resulting in improvements in surface water quality.

Kean S. Goh, PhD
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Chapter 1

Improving Surface Water Quality Through
Grower-Led Coalition Program Using GIS
Mapping and Grower Visits

Parry Klassenl:* and Michael L. Johnson, PhD?

IExecutive Director, East San Joaquin Water Quality Coalition,
1201 L Street, Modesto, CA 95354
2President, Michael L. Johnson, LLC, 632 Cantrill Dr., Davis, CA 95618
“pklassen@unwiredbb.com

Surface water quality in the San Joaquin River watershed
in the Central Valley of California is impacted by multiple
stressors.  To address water quality issues attributed to
agricultural activities, the Central Valley Regional Water
Quality Control (Water Board) enacted a regulatory program
called the Irrigated Lands Regulatory Program (ILRP). The
ILRP requires agricultural dischargers to identify if wastewater
discharges are impacting downstream beneficial uses and
impairing water quality. To comply with the requirement of the
ILRP, agricultural interests in five northern San Joaquin Valley
counties formed the East San Joaquin Water Quality Coalition
(ESJWQC or Coalition). Coalition membership in 2010
stood at more than 2,400 landowners/operators responsible
for over 559,000 irrigated acres on over 9,000 parcels. In
2004, the Coalition put in place a surface water monitoring
program to determine compliance with state water quality
criteria protective of beneficial uses. As a result of finding
numerous exceedances of criteria, the Coalition developed in
2007 its initial Management Plan to address exceedances of
those criteria. A modified approach was implemented in 2009
that targeted high risk lands identified through GIS mapping
of pesticide use, downstream exceedances, cropping patterns,
and proximity to water. The development of a grower-led
program to monitor water quality, develop and implement

© 2011 American Chemical Society
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management plans and use of a targeted approach for selecting
and implementing Best Management Practices resulted in
improvements in water quality.

Background

Surface water quality in the San Joaquin River watershed in the Central Valley
of California is impacted by multiple stressors (/) including discharges from
irrigated agriculture. To address water quality issues attributed to agricultural
activities, the Central Valley Regional Water Quality Control (Water Board)
in 2003 adopted the Irrigated Lands Regulatory Program (ILRP) (2). This
program imposes limits on agricultural discharges to waters of the state and
requires monitoring and reporting to confirm that agriculture is in compliance
with Porter-Cologne, the State of California’s equivalent to the US Clean Water
Act. To comply with the ILRP, landowners engaged in irrigated agriculture can
seek coverage as an individual discharger or join a water quality coalition which
represents growers to the Water Board. Coverage as an individual discharger
is expensive and time consuming and the preferred method of compliance is
as a member of a coalition of growers. Seven geographically-based coalitions
currently operate in the Central Valley. The ILRP requires each coalition to
operate a surface water monitoring and reporting program to determine if surface
waters of the state are being degraded as a result of discharges from irrigated
agriculture. If a coalition determines that any water quality objective is not being
met, it must be reported to the Water Board within five days and later summarized
in a yearly monitoring report. In addition, the coalitions are required to follow
up with notification to growers regarding water quality issues and in some cases
develop a management plan to specify all additional actions to reduce the impact
of agricultural discharge on downstream water quality.

In the southern San Joaquin Valley, landowners and agricultural interests
formed the East San Joaquin Water Quality Coalition (ESJTWQC or Coalition)
(3). The Coalition region encompasses irrigated lands east of the San Joaquin
River within Madera, Merced, Stanislaus, Tuolumne, and Mariposa Counties and
portions of Calaveras County. The Coalition currently includes more than 2,400
landowners/operators responsible for over 559,000 irrigated acres. To finance the
monitoring and reporting program and pay mandatory state fees, members pay a
nominal flat fee per farm plus an additional fee per acre for every parcel included
in the program. Coalition monitoring and reporting activities include:

1. Monitoring to characterize agricultural discharge.

2. Evaluating water quality monitoring data against numerical values
protective of downstream beneficial uses.

3. Reporting to the Water Board and coalition members the status of water
quality and possible sources of beneficial use impairments.

4. Surveying and evaluating current management practices implemented by
growers and track the implementation of new practices.

4
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This paper describes the process employed by the ESIWQC to evaluate
potential sources of water quality exceedances and work with members to improve
water quality by various Best Management Practices. This paper describes
early efforts which were only marginally effective in improving water quality in
comparison to recent efforts which have resulted in reducing or eliminating water
quality problems in targeted Coalition waterways.

Monitoring Program 2004 - 2008

Since 2004, the ESJTWQC has monitored over 35 locations on 23 different
waterways for numerous pesticides, nutrients, physical parameters such as salt
/ electrical conductivity, metals, fecal indicator bacteria, water column toxicity
to algae, an invertebrate, and a fish, sediment toxicity, and field parameters such
as temperature and dissolved oxygen. Water samples are collected monthly
and all analyses are performed according to US EPA approved methods by
National Environmental Laboratory Accreditation Program (NELAP) certified
laboratories. The Quality Assurance-Quality Control Program conforms to EPA
guidelines (e.g., “Laboratory Documentation Requirements for Data Validation”,
January 1990, USEPA Region 9) or to procedures approved by the Water Board
4).

Results are evaluated against water quality trigger limits to determine if there
are impairments to downstream beneficial uses. Trigger limits are a combination
of promulgated water quality objectives and narrative water quality criteria used by
the Water Board to determine when impairment of any beneficial use is occurring.
Under the ILRP, a management plan is required by the Water Board for a waterway
when Coalition sampling finds any constituent exceeding a water quality trigger
limit two or more times within a three-year period. A management plan is also
required for just a single exceedance if there is an EPA approved Total Maximum
Daily Load (TMDL) in place for that particular constituent (e.g. chlorpyrifos and
diazinon).

Management plans must include the following (5):

1. Identification of irrigated agricultural source or a study design to
determine the source of the constituent;

Identification of management practices to address the exceedances;
Management practice implementation schedule;

Waste-specific monitoring schedule;

A process and schedule for evaluating management practice
effectiveness;

6. A schedule of reporting to the Water Board.

DAl

Monitoring Program Results

The Coalition exports data collected in compliance with the ILRP to the
Central Valley Regional Data Center after each reporting year. The Central Valley
Regional Data Center is one of four California data centers that standardize data
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to be integrated into the California Environmental Data Exchange Network. Data
through 2009 can be viewed and downloaded from http://ceden.org (6).

The Coalition’s monitoring program found exceedances of water quality
trigger limits for a range of constituents including pesticides, metals, nutrients,
physical parameters, bacteria and toxicity resulting in over 25 waterways requiring
a management plan for one or more constituents (Table 1). Pesticide exceedances
include chlorpyrifos, diazinon, malathion, diuron, simazine and thiobencarb.
However, chlorpyrifos is the most common pesticide detected in concentrations
above the water quality objective within the ESTWQC region and was found in
22% of samples from 2004 through 2008 (Table 2). Eighty-five out of 144 (59%)
of those detections were above the chlorpyrifos water quality objective of 0.015
ug/L (Table 2).

Management Plan

As a result of the exceedances, the ESIWQC developed an overall
management plan for all 27 waterways monitored between 2004 and 2008
(Table 1). Management plans were originally developed in 2006/07 and initial
implementation occurred in 2007. These plans identified pesticides applied by
agriculture as high priority for management. However, all water quality problems,
e.g. low dissolved oxygen, elevated pH, and elevated specific conductivity, were
included in the ESJWQC Management Plan. Water Board staff and Coalition
representatives recognized the difficulty in managing these problems and the
potential for other non-agricultural dischargers to contribute to these problems
and consequently, constituents such as dissolved oxygen and pH were designated
as a lower priority for outreach.

Despite the implementation of the management plan strategy from 2006 -2008
(described immediately below), pesticides such as chlorpyrifos were repeatedly
found in water bodies in the Coalition region. In July of 2007, there were 10
exceedances of chlorpyrifos and in July of 2008 there were 7 exceedances (out of
18 sites monitored) indicating that the initial approach of addressing issues on a
watershed basis was not effective. In 2008, the Coalition modified its Management
Plan and adopted a new strategy of contacting growers individually (7). Both
approaches are described below.

Implementing Management Plans 2006 - 2008

The initial ESJWQC Management Plan strategy involved identifying
potential sources of pesticide exceedances, performing outreach to growers and
applicators about pesticide management, and performing additional monitoring
to evaluate the effectiveness of current management practices. The strategy
involved treating pesticide management as a watershed issue without focusing on
individual growers.

6
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Table 1. List of ESJWQC monitored subwatersheds (sites) with management
plans for specified constituents.

Constituent Category Number of Sites with Management Plans
Physical Parameters 25
Pathogens 23
Nutrients 8
Metals 17
Pesticides 21
Water Column Toxicity 13
Sediment Toxicity 12

Table 2. Count of samples collected for chlorpyrifos analysis, count of
chlorpyrifos exceedances and percentage of samples that exceeded the water
quality objective (WQO) of 0.015 pg/L.

Numbe}: of Numbe}: of % Numbe}j of 9%
Years  Chlorpyrifos Chlorpyr.tfos Detections Chlorpyrifos Exceedances
Samples Detections Exceedances

2004 9 0 0% 0 0%
2005 72 9 13% 6 8%
2006 112 28 25% 17 15%
2007 154 35 23% 21 14%
2008 186 50 27% 27 15%
TOTAL 663 144 22% 85 13%

Identifying Sources

The Coalition identifies sources of water quality exceedances by linking
pesticide exceedances to pesticide use within the watershed and identifying
parcels with the potential to affect downstream water quality (i.e. via direct
drainage or spray drift). In some cases upstream source monitoring is also
used. Numerous resources are used to identify potential sources of water quality
impairments in a watershed including:

1. Pesticide Use Reports from CA Department of Pesticide Regulation
and County Agricultural Commissioner’s offices (timing of applications
relative to detections of pesticides in the water body);

2. Crop and parcel information;

Intensive spatial and temporal monitoring of water quality;

4. Grower interviews.

W
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Grower Outreach

The Coalition’s strategy from 2006 - 2008 was designed to utilize the
Coalition’s resources in an effective way and exceedances were addressed on
a watershed basis. No attempt was made to link individual applications to
water quality problems. Outreach activities focused on informing growers of
problems in their watershed and providing information on effective management
practices. Grower meetings, news articles in grower magazines, newsletters and
other printed media, and direct mailings were used to create awareness of water
quality issues, the need for changes in existing practices, and recommendations
on Best Management Practices. Numerous BMP brochures were developed and
distributed to growers and applicators (8). Information was provided online for
those growers with the capability to utilize the internet, but all information was
also provided in hard copy so that it was available to all growers.

Evaluation

Evaluation of the effectiveness of Coalition efforts consisted of documenting
implementation of management practices and continued monitoring of water
bodies to document improved water quality. Implementation of management
practices by growers within each Management Plan watershed was determined
by mailing surveys to growers across the Coalition region. Surveys questioned
growers on what practices they currently had in place and what practices they
might implement in the near future. Additional monitoring was performed at
some upstream locations in an attempt to better isolate potential sources, and
also more frequently during periods of high applications. Additional monitoring
events and locations ensured the Water Board that if exceedances occurred,
Coalition monitoring would detect them. It was the goal of this strategy to
document improvement in water quality within two years of the initiation of the
Coalition Management Plan. Unfortunately, grower response to the surveys was
minimal and approximately half of the surveys were returned. In addition, water
monitoring results in 2007 and 2008 did not indicate improvements in water
quality especially in regards to chlorpyrifos exceedances (9, 10).

Focused Approach 2009 - 2011

Results from the monitoring program demonstrated continuing exceedances
in many watersheds despite the initial management plans and outreach using a
watershed approach. Consequently, it was determined that outreach focused on
individual growers (Figure 1) would provide greater progress toward improving
water quality. This approach involved identifying high risk fields and following
up with individual contacts and on-site farm visits. The identification of high
risk properties involved GIS mapping of parcels applying pesticides upstream
of locations where pesticides were detected. Pesticide use reports were obtained
directly from the County Agricultural Commissioners within a few months after
they were filed by growers. Coalition representatives developed a history of
pesticide use by individual growers, a GIS map of parcels receiving applications
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relative to the water body in which the chemical was detected, and the water
quality data from downstream of the grower. Coalition representatives provided
the information to growers during their visits. A key component of this focused
approach is to meet with the grower individually to perform a site assessment,
discuss downstream monitoring results, farm management practices, and
recommend implementation of specific BMPs tailored for each parcel of land
(Figure 1). Although all constituents are addressed during site visits, the Coalition
specifically discusses the management of chlorpyrifos with growers.

Water Quality

/ Monitoring Results \

Implementation Pesticide Use
of BMPs Mapping
Individual Site Identify Highest
- .
Assessments Risk Farms

Figure 1. ESJIWQC management plan strategy for focused approach.

The focused approach is time intensive and requires the participation of
Coalition representatives that are familiar with farming practices. As a result, it
was not possible to address water quality issues in all watersheds simultaneously.
In 2009, the Coalition selected three watersheds as high priority based on
the following criteria: waterways that had been monitored for at least three
consecutive years; monitoring data showed multiple chlorpyrifos exceedances;
and watersheds represented a range of conditions in the Coalition region. The
watersheds and sample sites selected were Dry Creek (Stanislaus County), Prairie
Flower Drain (Stanislaus County), and Duck Slough (Merced County) (7). The
major crops in the Dry Creek subwatershed are almonds and grapes with some
row crops like corn in the upper areas of the watershed (Figure 2). The Prairie
Flower Drain watershed is located in the western portion of the Coalition region
and has a very shallow groundwater table. Alfalfa and row crops like corn are the
primary crops (Figure 3). Duck Slough has a combination of both orchards and
row crops (Figure 4).
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Step 1. Identifying High Risk Properties Adjacent to Waterways Using
GIS Layers

In its initial effort, the Coalition focused on members with the potential
to drain directly to the three waterways. The focus was on fields immediately
adjacent to the waterway with the potential to drain during irrigation or winter
storms as well as fields where spray drift could reach adjacent waterways. The
Coalition also used information gathered by staff from the County Agricultural
Commissioners who surveyed creeks and identified discharge points including
pipes, drains, and eroded water pathways. The Coalition utilized GIS mapping to
overlay drainage locations and fields with applications (Figure 5). An analysis of
the concentrations detected in the creeks was used to determine if drift or direct
runoff were more likely to be the source of chlorpyrifos.

Step 2. Individual Meetings with Property Owners

In 2009, each member was contacted through registered mail to schedule
individual interviews. Between the three subwatersheds, the Coalition contacted
and obtained management practice information from 52 members representing
11,273 acres (Table 3). Coalition representatives visited the member’s farms to
discuss downstream water quality issues, evaluate current management practices
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used on fields adjacent to waterways, and if appropriate propose management
practices that could be implemented. Management practices recommended
include spray drift management and farm site management practices to reduce
the amount of pesticides and other products applied by agriculture from entering
downstream water bodies.

Spray Drift Management

Because of the potential for spray drift from any field adjacent to a
waterway, growers in all watersheds were encouraged to closely follow spray
drift management practices including:

1. On the outer two rows adjacent to surface water, shut off outside nozzles
and spray inward only;

2. Spray fields close to water bodies only when the wind is blowing away
from them;

3. Make air blast applications when the wind is between 3-10 mph and
downwind of surface water.

Farm Site Management Practices

Not all farms adjacent to waterways have irrigation drainage. For those that
do, farm site practices can eliminate the potential for pesticides and other products
to enter surface water. These practices include:

1. Installing tailwater return systems;
2. Installing sediment retention basins;
3. Developing vegetated ditches and grass row centers.

Tailwater systems re-circulate drain water back to the fields which eliminates
discharge to surface waters, re-uses water, and retains pesticides on the farm.
Basins for sediment retention can be used with or without tailwater return systems.
Both basins and return systems require modifications to the drainage system and
the installation of expensive equipment. Relatively few farms install tailwater
return systems or sediment basins due to the high cost associated with their
construction and maintenance. Vegetated ditches act as filter strips to remove
certain constituents from the water column including suspended sediment and
pesticides that tend to bind to organic material. Figure 6 indicates the types of
practices recommended to growers within Dry Creek, Duck Slough and Prairie
Flower Drain.

12
In Pesticide Mitigation Strategies for Surface Water Quality; Goh, K., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2011.



Downloaded by 89.163.35.42 on June 19, 2012 | http://pubs.acs.org
Publication Date (Web): December 21, 2011 | doi: 10.1021/bk-2011-1075.chO01

[ Legend

I © Wonorng sie
f Hydrology
© Wajorcies

Us & Stte s
Raitoad

GROAS > Ut oo e
N < y Potential Direct Drainage
St Subvateshod Boundary

Date Prepared: 03/15/11
ESWeC

Dry Creek @ Wellsford Rd
1st Priority Subwatershed Parcels

©  Monitoring Site
Hydrology

®  Major Cities
US & State Hwys

~—— Railroad

YUY, vemver parcel
Potental Direct Drainage
Site Subwatershed Boundary

Date Prepared: 02/15/11
ESWQC

Duck Slough @ Hwy 99
1st Priority Subwatershed Parcels

f

er. D;\a‘in @ Crows Landiqg

A 165
[ i
/ | Legend
©  Monitoring Site
Hydrology
®  MajorCites

US & State Huys

——— Raiload

Pl wewvsr Parcel
| Potential Direct Drainage
Site Subwatershed Boundary

Date Prepared: 02/15/11
ESWQC

Prairie Flower Drain @ Crows Landing
1st Priority Subwatershed Parcels

Figure 5. GIS maps- direct drainage parcels overlaid with past chlorpyrifos use
for each subwatershed.

13
In Pesticide Mitigation Strategies for Surface Water Quality; Goh, K., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2011.



Downloaded by 89.163.35.42 on June 19, 2012 | http://pubs.acs.org
Publication Date (Web): December 21, 2011 | doi: 10.1021/bk-2011-1075.ch001

Table 3. Number of growers contacted in priority subwatersheds and the
associated acreage for which management practices were recorded through

surveys.
Prairie
Dry  Duck Flower Total
Creek Slough .
Drain
Acreage of Members Contacted 6,392 4,016 865 11,273
Number of Individual Meetings/Surveys 29 20 10 52

Completed

Number of Newly Implemented
Management Practices Following 9 12 7 28
Focused Approach

Percent of Members Implemented
New Management Practices Following 36% 35% 50%  38%

Focused Approached

100%

90%

80%

70%

60%

50%

40%

30%

Percent of Targeted Acreage

20%

10%

0%

PMP / DRN

W Dry Creek ( no drainage)
Duck Slough (no drainage)
o Duck Slough (drainage)

M Prairie Flower Drain (drainage)

PMP /DRN PND TWR SPR

PAM VEG

P

- control time of pump/drain into waterway; PND - drainage basin / sediment pond; TWR - tailwater return system /

recirculation; SPR - shut off outside spray nozzles when near sensitive areas; PAM — Polyacrylamide; VEG - Vegetated
ditches / center arass rows

Figure 6. Percentage of targeted acreage with recommended management
practices for Dry Creek, Duck Slough (acreage with no irrigation drainage),
Duck Slough (acreage with irrigation drainage) and Prairie Flower Drain.

Step 3.

Water and Sediment Monitoring

The ESJTWQC Management Plan includes a monitoring strategy for prioritized
constituents applied by agriculture (e.g. chlorpyrifos) during months when past
exceedances occurred. For example, samples collected from Dry Creek exceeded
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the chlorpyrifos water quality objective in July of 2007 and therefore is monitored
for chlorpyrifos in subsequent Julys. This monitoring is in addition to the regular
surveillance monitoring conducted by the Coalition on a monthly basis.

Step 4. Measuring Success

The Coalition evaluates success or effectiveness of the management plan
strategy based on both the implementation of additional management practices
by members and the downstream water quality results. Demonstrating the
effectiveness of Coalition efforts in reducing the impact of agricultural practices
on water quality is difficult because:

1. Not all landowners along a waterway are coalition members;

2. A field may be enrolled and regulated under the Regional Water Board
Dairy Program and not contacted by the Coalition;

3. Direct source and “cause and effect” of a single exceedance is often
difficult if not impossible to confirm.

Each of the three priority watersheds was unique in the number of irrigated
acres, types of crops grown and management practices used on the fields. For
example, growers along Prairie Flower Drain have the highest percentage of
acreage (95%) with tailwater drainage. About half the acreage along Duck
Slough/Mariposa Creek has tailwater drainage. Dry Creek has less than 15% of
its acreage with tailwater drainage (Table 4). Thus management practices differ
for growers in each watershed.

The type of crop grown and irrigation practice in each watershed tended to
determine the amount of irrigation drainage. Orchard crops dominate the Dry
Creek region, with most orchards using drip or microsprinklers. Row and field
crops, which are typically flood or furrow irrigated, are the majority in the Prairie
Flower Drain watershed. Duck Slough watershed is a mixture of orchards, row
and field crops.

Dry Creek Watershed

Concentrations of chlorpyrifos detected in the creek were low despite
substantial use in the watershed (e.g. May, June, July 2005, Figure 7).
No relationship was seen between pounds of active ingredient applied and
concentration (Figure 8, y= 0.01612x, r2 = 0.000). The lack of tailwater and the
low concentrations indicate that the most likely source of the chlorpyrifos in the
water is drift from airblast applications in orchards. Therefore, preventing drift
was the focus of discussions with growers in this watershed (Figure 6). Turning
off outside nozzles when spraying outside orchard rows was recommended on
92% of the acreage (Figure 6). Planting vegetation along ditches was only
recommended on 8% of the acreage (Figure 6).
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Table 4. Total subwatershed acreage, subwatershed acreage with direct
drainage to surface waters, acreage of members with direct drainage,
percent of growers contacted with direct irrigation drainage, and percent
acreage with irrigation drainage for the first three prioritized subwatersheds
with focused outreach.

Acreage: Acreage: % Direct % Acreage
Acreage: Potential  Members  Drainage with
Priority Total  for Direct with Direct Acreage Irrigation
Subwatershed Subwatershed Drainage  Drainage  Contacted Drainage
Prairie Flower 310597 3,10597 104794  35.85% 95%
Drain
Duck Slough 17,559.00 5,767.00 4,440.15 83.10% 52%
Dry Creek 68,620.00  16,110.97 6,734.72 43.17% 14%
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Figure 7. Pounds of chlorpyrifos applied within the Dry Creek subwatershed
from 2004—2010. Asterisk (*) denotes months with exceedances.
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Figure 8. Chlorpyrifos concentrations in Dry Creek and applications of
chlorpyrifos in the Dry Creek @ Wellsford Rd watershed. Applications are all
within four weeks of sampling.

Duck Slough/Mariposa Creek Watershed

Management practices recommended in Duck Slough/Mariposa Creek
watershed were tailored to meet the unique circumstances of each farm depending
on whether off-site drainage occurred (Figure 6). There is a combination of fields
with and without tailwater drainage within this watershed. The acreages without
drainage contain orchards whereas the acreages with drainage are predominately
field/row crops with some orchards and pasture land. There is a weak but positive
relationship between the amount of chlorpyrifos applied and the amount detected
in the water samples indicating that management of runoff and spray drift are
both important practices to ensure downstream water quality (Figure 10, y=
0.0182x, r2=0.63). However, even in this subwatershed there are occurrences of
exceedances that don’t correspond to the highest use (i.e. September 2008, Figure
9) indicating that a mixture of spray drift and direct drainage was responsible
for the detected concentrations of chlorpyrifos at the sampling location. For
acreages with irrigation drainage to Duck Slough/Mariposa Creek discussions
with members focused on a combination of spray drift management, control
of storm drainage, allowing vegetation to grow in ditches and adding drainage
basins/sediment ponds where needed (Figure 6). For acreages without irrigation
drainage, discussions with members focused on spray drift management practices
(Figure 6).
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0.0182x
0.6335

y=

|’2=

0.045

0.04°

0.035

o
S
(=)

8 h
S 2
o

7/8n uonenuaduo)

0.025

0.01"

0.005

1.8

1.6

1.4

1.2

0.8

0.6

Al Chlorpyrifos Applied (lbs per acre)

TO0U2'GL0T-TTOZ-0/T20T 0T :10p | TTOZ ‘T2 Jequwedsad :(gem) aked uoiedliand

Bio'soe'sgndy/:dny | 2T0Z ‘6T dUNC UO 2i'SE'E9T 68 Ad papeojumoq

Figure 10. Chlorpyrifos loads and application rates for the Duck Slough site
subwatershed for applications within four weeks of sampling.
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Prairie Flower Drain Watershed

Fields adjacent to Prairie Flower Drain with drainage were predominantly
field and row crops with flood or furrow irrigation (Figure 4). There were
insufficient data for exceedances and pesticide applications to allow regression
analysis so recommendations of practices relied primarily on tours of farms
along the drain. Figure 11 shows the concentrations of chlorpyrifos in relation to
amount of pounds applied within the subwatershed; there is no clear trend since
there may be detections with no reported use (July and August 2007), relatively
high use with no detections (July 2008) or high use and an exceedance (August
2005). Landowners were encouraged to adopt management practices such as
controlling the timing of pumping or draining into the waterway following
pesticide applications, allowing vegetation growth in drainage ditches, and
constructing drainage basins/sediment ponds to hold field runoff (Figure 6).
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Figure 11. Pounds of chlorpyrifos applied within the Prairie Flower Drain
subwatershed from 2004 - 2010. Asterisk (*) denotes months with exceedances.
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Results of Focused Approach

Improved water quality can be determined as; 1) a reduction in the
concentration of chlorpyrifos in water samples with detections, and 2) reduced
number (or elimination) of detections of chlorpyrifos in the water. Management
Plan monitoring results in 2009 and 2010 from the first three high priority locations
indicated an overall improvement in water quality. Both Duck Slough and Prairie
Flower Drain watersheds had no exceedances of any applied pesticides. Dry
Creek samples contained concentrations of chlorpyrifos above the water quality
trigger limit in just one sampling event in each year however the sources were
determined to be due to discharges from landowners not participating in the ILRP.

Table 5. Dry Creek: acreage of recommended practices in relation to
implemented practices in 2009.

Percent of

Recommended

Acreage: Acreage: Acreage with

Recommended  Implemented Implemented

Management Practice Practices Practices Practices

No drainage from property

Shut off outside nozzles when 523.7 523.7 100%
spraying outer rows

Vegetation is planted along or 45 0 0%

allowed to grow in ditches

Recirculation - Tailwater return 0 443 NA2

system

Drainage Basins (Sediment 0 121.3 NA

Ponds)

Filter strips at least 10 wide 0 28 NA

around field perimeter

Reduce amount of water used in 0 162 NA

surface irrigation

Other (Not specified) NA 1200.5 NA
Total (no drainage) 568.7 2478.5 434%

Yes, drainage from property

Other (Not specified) NA 2450 NA

Total (drainage) NA 2450 NA

2 NA = Not Applicable
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Dry Creek

In the year following the first farm visit, the Coalition followed up with
members to document implemented management practices (Table 5). One grower
did not implement the recommended practice (vegetated ditches) because ditches
were removed. All other growers implemented recommended practices. In
addition, six growers who had not received any recommendations (their operation
was determined to be managing applications appropriately) installed tailwater
return systems, drainage basins, filter strips, or reduced the amount of water used
for surface irrigation.

Dry Creek experienced exceedances of chlorpyrifos in August 2009 and July
2010. Based on pesticide use information associated with those two exceedances,
it was determined the exceedances came from non-members who farm directly
upstream of the monitoring location. Despite the fact that these nonmembers
would not normally be entitled to Coalition services, the Coalition met with these
growers and discussed spray drift and irrigation management practices to prevent
further exceedances. In addition, due to change of ownership of properties in the
watershed, the Coalition gained additional members in the watershed since 2008
and therefore is conducting additional outreach to those new members.

One outcome of the outreach is a reduction in the amount of chlorpyrifos used
within the watershed (Figure 8, Table 6). Based on data from 2004 through 2010,
the highest number of applications occurred in 2006 and the highest amount of
pounds used occurred in 2005 (Table 6). Since 2006, the number of applications
has decreased yearly (Table 6). Growers have determined that the proximity of
streams to certain orchards means that additional BMPs must be followed in
addition to following label requirements in order to keep the product out of the
creek.

Table 6. Dry Creek: Chlorpyrifos use by year in the subwatershed,

2004—2010.
Year Number of j‘zzol:g;);zof’z; Pounds of Chlotf;;;'{.:; Acres Treated
2004 17 736.4 665
2005 117 9996.5 6806
2006 137 8016.6 5776
2007 112 6901.1 4506
2008 88 4326.4 3287
2009 74 4879.6 2970
2010 71 3948.5 2757
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Duck Slough/Mariposa Creek

In 2009, recommended practices were implemented on 53% of the acreage
without drainage (Table 7). One grower indicated that he planned to implement
additional practices in 2010 and another grower indicated he did not have the
resources to install the recommended tailwater return system and drainage pond.
There was also one grower who was unresponsive and did not return a follow
up survey. For acreage with drainage, 100% of the recommended practices were
implemented. In addition, members with drainage also implemented practices
that were not recommended (Table 7). Additional practices not recommended
but adopted included installing a device to control discharge, shutting off outside
nozzles during spraying, and reducing the amount of water used in irrigation.

Duck Slough has had no exceedances of the chlorpyrifos water quality
objective since the Coalition began its focused approach strategy. In addition there
has been an overall reduction in the use of chlorpyrifos within the subwatershed
since 2005 (Figure 9, Table 8) due to the close proximity to surface waters of
certain parcels.

Table 7. Duck Slough: acreage of recommended practices in relation to
implemented practices in 2009.

Percent of
Recommended
Acreage: Acreage: Acreage with
Recommended Implemented Implemented
Management Practice Practices Practices Practices
No drainage from property
Shut off outside nozzles when
spraying outer rows next to
sensitive sites 871.8 210 24.1%
Use air blast applications when
wind is between 3-10 mph and
upwind of a sensitive site 661.8 NA2 NA2
Recirculation - Tailwater return
system 42 0 0%
Drainage basins (sediment
ponds) 42 0 0%
Install device to control
discharge 42 661.8 1575.7%
Total (no drainage) 1659.6 871.8 53%
Yes, drainage from property
Recirculation - Tailwater return
system 142 0 0%

Continued on next page.
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Table 7. (Continued). Duck Slough: acreage of recommended practices in
relation to implemented practices in 2009.

Percent of
Recommended
Acreage: Acreage: Acreage with
Recommended Implemented Implemented
Management Practice Practices Practices Practices
Drainage basins (sediment
ponds) 142 0 0%
Use Polyacrylamide(PAM) 142 0 0%
Install device to control
discharge 269 485.5 592.1%
Vegetation is planted or allowed
to grow along ditches 21 0 0%
Shut off outside nozzles when
spraying outer rows next to
sensitive sites 414.5 435.5 105.1%
Spray areas close to water bodies
when the wind is blowing away
from them 595.5 NAa NA2
Reduce amount of water used in
surface irrigation 0 764 NA
Microirrigation system 0 279 NA
Other (Not specified) NA 451 NA
Total (drainage) 1726 2415 140%

a Management practice was not listed on follow up survey.

Table 8. Duck Slough: Chlorpyrifos use by year in the subwatershed,

2004—2010.
Year Number of gz;):;:ggl/;tofzz Pounds of Chlo;?;;;'lf.z; Acres Treated
2004 1 29.9 20
2005 38 4790.4 1589
2006 35 1935.5 1436
2007 26 662.8 788
2008 37 1501.2 1747
2009 9 979.4 1011
2010 13 295.5 466
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Prairie Flower Drain

One hundred percent of growers with recommended practices implemented
them in 2009 (Table 9). In addition, members with drainage implemented
practices that were not recommended including the installation of a device to
control discharge and reducing the amount of water used in surface irrigation

(Table 9).

Prairie Flower Drain has had no exceedances of the chlorpyrifos water quality
objective since the Coalition began its focused outreach strategy. In addition,
as in the other subwatersheds, there has been an overall reduction in the use of
chlorpyrifos within the watershed since 2008 (Figure 11, Table 10).

Table 9. Prairie Flower Drain: acreage of recommended practices in relation
to implemented practices in 2009.

Percent of
Recommended
Acreage: Acreage: Acreage with
Recommended  Implemented Implemented
Management Practice Practices Practices Practices
Yes, drainage from property
It}stall device to control 76.9 420.9 5479
discharge
P}ant or allow vegetation along 76.9 0 0%
ditches
Drainage basins (sediment 270.9 150 55,
ponds)
Use Polyacrylamide(PAM) 270.9 150 55%
Reduce amount Qf water used 0 2709 NA
in surface irrigation
Recirculation - Tailwater return 34 0 0%
system
Total (drainage) 729.6 991.8 136%
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Table 10. Prairie Flower Drain: Chlorpyrifos use by year in the
subwatershed, 2004—2010.

Number of Chlorpyrifos Pounds of Chlorpyrifos

Year Applications Applied Acres Treated
2004 6 343.5 351
2005 14 733.3 917
2006 8 361.5 438
2008 12 740.4 790
2009 4 238.9 310
2010 4 80.1 134
Conclusions

A grower-led coalition can be an effective way to inform, educate, and obtain
commitment by growers to make changes necessary to address surface water
quality issues. The greatest improvements in water quality were seen following a
focused outreach approach that combined downstream water monitoring results
with data on upstream pesticide use, identification of high risk parcels adjacent to
waterways, and on-site farm evaluations with growers. Such a targeted approach
enabled the identification and development of site-specific BMPs based on
the cropping system, pesticide application methods, irrigation practices, and
proximity to waterways. Tailoring BMPs for those growers whose farms were
identified as most likely to contribute to exceedances resulted in improvements in
downstream water quality. Coalition water and sediment quality sampling from
summer and fall 2009 and 2010 in the three watersheds with focused outreach
showed no exceedances of water quality standards for chlorpyrifos except for
single samples in 2009 and 2010 from Dry Creek, both of which originated with
growers who were not members of the Coalition. One grower subsequently joined
the coalition and the other is a member of the Dairy Program. Two out of the
three priority waterways had no exceedances of any farm inputs, in particular the
targeted pesticides (chlorpyrifos, diuron and copper).

One of the biggest challenges with coalitions is getting all growers to
participate. The East San Joaquin Water Coalition represents only approximately
55% of the irrigated agriculture in its region. The other 45% includes growers
who should but choose not to join, growers who claim not to discharge to
surface waters, and growers who are enrolled in the Dairy Program. These
growers do not receive information from the Coalition about water quality issues,
management practices, or funding sources to help finance management practice
implementation. In many San Joaquin River watersheds, particularly Dry Creek
and Prairie Flower Drain, considerable acreage is enrolled in the Water Board’s
Dairy Program which focuses on manure management and nutrient impacts on
water quality. Landowners with fields covered by this program are not required to
monitor pesticides in runoff from fields in production for forage. This complicates
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the task of assessing the contribution of water quality impairments due to fields
regulated under the Dairy Program versus fields regulated under the ILRP. Efforts
are underway by the Water Board to close this accountability gap and ensure
that dairy farmers are also held accountable for pesticide contributions to surface
waters.

The Coalition considers the decrease in chlorpyrifos exceedances in 2009 and
2010 an important step in demonstrating the effectiveness of its management plan
strategy that targets high risk parcels adjacent to surface waters. Growers farming
these parcels are the target of focused outreach and site-specific recommendations.
In addition, feedback from members on this strategy has been positive and
encouraging. In all cases, growers have appreciated individual visits and become
much more aware of downstream water quality concerns.

The ESJWQC members are continuing efforts to ensure that water quality
within the region is not impaired by sources related to agricultural production.
The Coalition is a resource to its members for information on management
practices, grant funding to finance the installation of structural management
practices (i.e. sediment ponds), and updates of local water quality monitoring
results. In subsequent years, additional watersheds are the focus of targeted
monitoring, source identification, and outreach. Within a decade, the Coalition
will be able to address all surface water quality issues in all watersheds in which
exceedances of water quality objectives have occurred. With the demonstrated
success of its focused approach, future water quality issues can be addressed
quickly and effectively.
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Pesticide contamination of surface waters has been a global
concern for decades. In agricultural areas, pesticides
enter receiving waters through irrigation and storm runoff,
spray drift, or even atmospheric deposition. Management
practices incorporating vegetation and phytoremediation have
demonstrated success in reducing pesticide loads to rivers,
lakes, and streams. This chapter will focus on a variety of
vegetative management practices (e.g. constructed wetlands,
drainage ditches, and rice fields) which have been studied in
the intensively cultivated Mississippi Delta. Summaries of
research results will be presented, as well as potential future
directions for additional research.

Introduction

The current world population is estimated at over 6.89 billion people, growing
at a rate of nearly three people each second (/). Agriculture is under increasing
stress to produce more food and fiber to meet growing population needs, while
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also reducing its potential impacts upon the environment. Farmers continue to
use pesticides on their crops in order to maximize yield on the landscape. In 2001,
approximately 547 million kg of pesticide active ingredient were used in the United
States, while worldwide pesticide use was estimated at 2.3 billion kg (2).

Even with advances in application technology, a portion of the applied
pesticide, through spray drift, will end up in an unintended area such as an
adjacent aquatic ecosystem. Additionally, during storm events, pesticides may
be mobilized either in the dissolved or particulate phase (with sediments) via
runoff. As a result, potential damage to downstream receiving systems may
occur. Nationwide, only about 3% (1,865) of the Clean Water Act 303(d) listed
impairments are due to pesticides. Individual states’ monitoring programs
vary greatly, so it is possible that some states fail to monitor for pesticides at a
resolution high enough to determine their presence. In states such as California,
pesticides are the most prevalent contaminant reported, responsible for nearly
18% of the state’s 303(d) impairments (3).

To prevent pesticides entering the receiving water environment at
concentrations of concern, various management practices, both in-field and
edge-of-field, have been suggested. Popular practices include, but are not
limited to, winter cover crops, stiff-grass hedges, constructed wetlands,
conservation tillage, slotted-inlet pipes, and grassed waterways. Given today’s
difficult agricultural economy, many farmers are hesitant to implement any
management practice that (1) removes valuable land from production or (2) is not
economically-beneficial (i.e. cost-sharing opportunities). With those two factors
in mind, various management practices using phytoremediation techniques have
been examined in the intensively agricultural area of the lower Mississippi
Alluvial Plain. Vegetation is an important element within these practices, since
plants aid in physical filtration, bed sediment stabilization, and provide increased
or enhanced surface area for microbial attachment (4). This chapter will examine
research on both traditional (constructed wetlands) and innovative (ditches and
rice fields) management practices used to achieve pesticide mitigation. Just as
water quality in agricultural settings is becoming a challenge, scientists, farmers,
and conservationists must be willing to think “outside the box” to develop both
successful preventative and mitigation strategies.

Constructed Wetland Studies

Wetlands are ecotones (transition zones) between upland areas and aquatic
systems such as rivers, lakes, or streams (5). Estimates of wetlands in the
conterminous United States from the early 1600s suggest over 89 million ha
existed; however, within nearly four centuries, over half of those wetlands, some
48 million ha, had been lost due to development or agriculture (6). This severe
loss of wetland habitat is at least partially responsible for a decline in water
quality throughout the nation. Since the latter part of the 20th century, efforts
have been made to construct wetlands in areas that once housed natural wetland
systems. Reintroduction of these systems, especially in agricultural areas, serves
to improve water quality following storm runoff or irrigation controlled-releases.
Although some studies on the ability of wetlands to remove pesticides were
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conducted in the 1970s and 1980s, Rodgers and Dunn (7) were the first to
suggest a method for developing design guides for constructed wetlands targeted
specifically at pesticide removal. Their series of eight experimental wetland cells
were constructed at the University of Mississippi’s Field Station in the late 1980s
and early 1990s. Out of this experimental design came three primary studies
which were some of the first to suggest necessary wetland lengths for various
levels of pesticide mitigation.

In the first experiment, constructed wetland cells (59-73 x 14 x 0.3 m) were
amended with the organophosphate insecticide chlorpyrifos at three different
concentrations: 73, 147, and 733 pg/L. These concentrations represented
theoretical chemical runoff of 0.1, 1, and 5% of applied pesticides on a 32-ha
field. For 12 weeks, water, sediment, and plant samples were collected spatially
throughout the length of the constructed wetlands. Plants, consisting of the
emergent soft rush Juncus effusus, accounted for approximately 25% of the
measured chlorpryifos mass, while 55% of the mass was located in sediments. The
wetland buffer length necessary to reduce the aqueous chlorpyrifos concentrations
to 0.02 pg/L (no observed effects concentration or NOEC) ranged from 184 m to
230 m, depending on the initial concentration (§).

A second experiment was later conducted by amending wetland cells with
a mixture of the herbicides atrazine and metolachlor at concentrations of 73 and
147 ng/L, representing a 0.1 and 1% theoretical chemical runoff (9, 10). Water,
sediment, and plant (J. effusus) samples were collected spatially and temporally for
35 d. Results indicated atrazine concentrations were below detection (0.05 pg/kg)
in all sediment and plant samples, while only 10% of the measured metolachlor
mass was present in plant samples. As with atrazine, metolachlor concentrations
in sediment were below detection limits (0.05 pg/kg). According to Huber (11),
20 pg/L is the suggested atrazine concentration below which is not expected to
adversely affect aquatic ecosystem health. Conservative wetland buffer lengths
necessary to reduce the atrazine aqueous concentration to 20 pg/L ranged from
100 m to 280 m, depending on the initial atrazine concentration. For metolachlor,
to reduce the aqueous concentration to 40 pug/L, necessary wetland buffer lengths
ranged from 100 m to 400 m, depending on the initial concentration (9, 10).

These first generation studies laid the foundation for later investigations
which focused constructed wetland research on the influence of plants in pesticide
mitigation. In 2003, 10 m x 50 m constructed wetlands were used to evaluate the
fate of methyl parathion (/2) in vegetated and non-vegetated systems. A storm
event simulating 1% pesticide runoff from a 20-ha contributing area was used
as an amendment. As with earlier studies, water, sediment, and plant samples
were collected spatially and temporally for 120 d. Additionally, semi-permeable
membrane devices (SPMDs) were placed near the outflow of each wetland cell.
Only 30 min after the initial exposure, methyl parathion was detected in all
spatially collected samples within the non-vegetated wetland replicates. In the
same time frame, methyl parathion had only travelled 20 m in the vegetated cell.
After examining SPMD results, it was noted that only the non-vegetated replicate
cells had measurable concentrations of methyl parathion in the outflow. Utilizing
chemical fate and distribution formulas, it was determined that a wetland length
of 18.8 m would be required to reduce the inflow concentration (8.01 mg/L) to
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0.1% of its original in vegetated systems. Alternatively, in non-vegetated systems,
a wetland length of 62.9 m would be required to reduce the inflow concentration
to 0.1% of the original. These data provided further evidence of the benefits of
vegetation in mitigation of pesticides.

Following the success of these studies, a constructed wetland was designed
and placed in the Beasley Lake watershed, a 915-ha agricultural experimental
watershed in Sunflower County, Mississippi (/3, /4). The entire system was 30
m wide x 180 m long and included a sediment retention basin followed by two
separate vegetated treatment cells. Ten collection sites were established spatially
along the system. A simulated storm event containing the pesticides diazinon
and cyfluthrin, as well as suspended sediment (403 mg/L) and surface water
from Beasley Lake, was amended into the constructed wetland system. Water,
sediment, and plant samples were collected over 55 d at each site. The percentage
of individual measured pesticide mass found in vegetation was 43% (diazinon),
49% (lambda-cyhalothrin), and 76% (cyfluthrin) (/5, /6). Based on conservative
effects concentrations and regression analyses, to mitigate 1% of the pyrethroid
(lambda-cyhalothrin and cyfluthrin) runoff from a 14-ha contributing area would
require a constructed wetland 30 m wide x 215 m long (/6).

While the environmental benefits of using constructed wetlands to mitigate
pesticide runoff have been demonstrated, there was still the challenge of
implementation due to the costs. Aside from any construction cost of the wetland
(which may be cost-shared with government programs in certain instances), there
was a loss of production land associated with the construction. Based on data
generated from Moore et al. (/6), approximately 5% of the contributing area
would be needed for a constructed wetland to effectively mitigate pesticide runoff
from that land. Using that information, a cost table (Table 1) was generated from
data collected from the 2009 Mississippi state agricultural overview (/7).

Table 1. General agricultural economic impact of using a constructed
wetland for pesticide mitigation for field sizes of 8 ha, 16 ha, and 32 ha=

Annual Gross Profit Loss (5%)

Crop Average Yield Average Price 32 ha 16 ha 8 ha
Soybeans 94 bu/ha $9.15 / bu $1,376 $688 $344
Corn 311 bu/ha $3.70 / bu $1,841 $921 $461
Rice 7510 kg / ha $0.28 / kg $3,304 $1,682 $841
Cotton 772 kg / ha $1.53 / kg $1,890 $945 $472

a bu = bushel

Not only would a farmer lose 5% of his production landscape, but
he would also lose 5% of his potential annual gross profits. In an era of
economic uncertainty, this risk is unacceptable to many farmers and landowners.
Therefore, it was necessary to design innovative management practices that
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were environmentally efficient, and also economically palatable to farmers and
landowners. One had to look no further than the agricultural fields themselves and
the surrounding landscape. Investigations began immediately into the potential of
vegetated agricultural drainage ditches for pesticide mitigation.

Vegetated Agricultural Drainage Ditch Studies

Historically, agricultural ditches have primarily served a hydrologic purpose:
facilitate drainage from production acreage following storms. Little thought
or value was placed on their maintenance or design. Closer examination of
these ecosystems showed they can, to some degree, mimic wetland areas with
their hydric soils, hydrophytes, and a measurable hydroperiod. Conventional
wisdom then deduced these areas could be managed and manipulated similarly
to constructed wetlands. The use of agricultural drainage ditches was attractive
because they were often prevalent features in the farming landscape that required
no additional acreage removal from production to realize their mitigation
potential. Research was needed to confirm drainage ditch ability of pesticide
mitigation.

In 1998, a small-scale study was initiated to evaluate the transport and fate
of the pesticides atrazine and lambda-cyhalothrin in an agricultural drainage
ditch. A 50 m portion of a ditch within the Beasley Lake watershed (Mississippi)
was chosen for the experiment. Using a diffuser, the pesticides were amended
directly into the ditch, and water, sediment, and plant samples were collected
spatially and temporally for 28 d. Within one hour of initiation of the simulated
storm event, 61% and 87% of the measured atrazine and lambda-cyhalothrin
concentrations, respectively, were associated with the ditch vegetation as opposed
to the sediment or aqueous phases. At the 28 d sampling, 86% and 97% of the
measured atrazine and lambda-cyhalothrin, respectively, were associated with
the ditch vegetation (/8). Using linear regression analysis of the maximum
observed pesticide concentrations in water, it was determined that both atrazine
and lambda-cyhalothrin could be mitigated to a no observed effects concentration
(NOEC) (< 20 pg/L for atrazine; < 0.02 pg/L for lambda-cyhalothrin) within the
50 m reach of the ditch (/8).

Following the success of this initial study, further examinations into the
potential of vegetated agricultural drainage ditches for pesticide mitigation
were conducted. A longer ditch (650 m) within the Thighman Lake watershed
(Mississippi) was chosen for the next set of experiments. A spatial and temporal
sampling scheme, similar to those previously detailed from other studies was used.
Two pyrethroid insecticides, lambda-cyhalothrin and bifenthin were released in
a slurry mixture to simulate a storm runoff event. Three hours following the
initiation of the event, 95% and 99% of the measured lambda-cyhalothrin and
bifenthin concentrations, respectively, were associated with ditch vegetation.
Aqueous concentrations of lambda-cyhalothrin and bifenthrin at the inlet site (site
0) at 3 h were 374 and 666 ng/L, respectively. During the same time frame, but 200
m downstream, aqueous concentrations were 5.23 and 7.24 pg/L, respectively, for
lambda-cyhalothrin and bifenthrin. Samples collected at the 400-m collection site
indicated no chemical residues. Using regression analyses, it was determined that
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both lambda-cyhalothrin and bifenthin aqueous concentrations could be reduced
to 0.1% of their original concentration within 280 m of the vegetated drainage
ditch. Mass balance calculations confirmed the significance of pesticide sorption
to plant material as the major sink for the system (/9).

A second study was initiated a year later in the same 650-m ditch in the
Thighman Lake watershed. During this experiment, the pyrethroid insecticide
esfenvalerate was mixed with suspended sediment (400 mg/L) to simulate a storm
runoff event. Spatial and temporal water, sediment, and plant collections were
similar to those described by Bennett et al. (/9). Three hours following the
initiation of the event, 99% of the measured pesticide was associated with the
ditch vegetation. Excluding the injection site (which had no vegetation), measured
esfenvalerate concentrations were associated more in plants than in sediment by a
ratio of 6:1. Regression analyses determined that a ditch length of 509 m would be
necessary to reduce the maximum aqueous pesticide concentration at the injection
site to 0.1% of its original concentration (20).

Although three successful pesticide mitigation studies had been conducted
in the Mississippi Delta with vegetated drainage ditches, the concept was still
untested in sites outside the midsouthern US. Scientists in California were
interested in the potential demonstrated by the management practice, especially
given the state’s pesticide concerns caused by organophosphate and pyrethroid
insecticide runoff. Two ditches (100 m in length) were constructed along the
edge of a tomato field in Yolo County, California. Both ditches had V-shaped
cross-sections, which is commong to the growing region. One of the V-ditches
was vegetated with annual ryegrass (Lolium multiflorum) and barley (Hordeum
vulgare). Lamb’s quarter (Chenopodium album), an invasive weed, was prevalent
within the vegetated ditch. The second ditch was maintained with no vegetation
(bare). A simulated irrigation runoff event containing a mixture of diazinon,
permethrin, and crushed, sieved soil (45 kg) was amended equally into both of
the ditches. To compare transport and fate of the pesticides, spatial and temporal
sampling of water, sediment, and plants occurred as with previous experiments.
Differences in half-distances (distance required to reduce initial concentration
by 50%) were noted among the two V-ditches, indicating the importance of
vegetation in pesticide mitigation. For the cis- and frans- isomers of permethrin,
half- distances in the V-vegetated ditches ranged from 21-22 m. However, in the
non-vegetated V-ditch, half distances for the same pesticide more than doubled
to 50-55 m. The greatest difference was noted in diazinon half-distances. The
half-distance for diazinon in V-vegetated ditches was 56 m, while nearly tripling
to 158 m in the non-vegetated V-ditch (27). Due to the success and collaborative
nature of this research, the California state office of the USDA Natural Resources
Conservation Service (NRCS) agreed to designate vegetated agricultural drainage
ditches (VADDs) as an eligible cost-share management practice within the
Environmental Quality Incentives Program (EQIP). Within this program, farmers
and landowners can apply for up to 75% cost-sharing for installing practices
improving natural resource conditions. As a result of this research, this practice
is listed in the state’s electronic field office technical guide (eFOTG) as 607A —
Surface Drainage, Field Ditch — Vegetated Agricultural Drainage Ditch. While
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not listed officially in Mississippi’s eFOTG, NRCS engineers continue to promote
practice 607A to improve runoff water quality (22).

Rice Fields — A Dual Benefit?

Continuing to think outside the box and, after the success of both constructed
wetland and vegetated drainage ditch research, the question was posed, “Is there a
practice that combines beneficial aspects of both wetlands and ditches?”” Research
plans were then focused on the pesticide mitigation potential of diverting storm
runoff through rice (Oryza sativa) fields. This situation provides the potential
benefits of phytoremediation without loss of valuable production acreage. One
obvious question, however, is whether or not any pesticides sorbed by the rice
would be translocated to the harvested (and consumed) seed. This separate
question is currently being examined using separate smaller-scale studies.

To initially address the possibility of rice fields for pesticide mitigation, three
ponds were chosen at the University of Mississippi Field Station. Two ponds
were planted with equal densities of rice, while one pond remained non-vegetated
to serve as a control. A simulated storm runoff event containing diazinon was
amended equally to each of the three ponds. The event simulated runoff of 0.05%
of the recommended pesticide application rate from a 32 ha field. Water, sediment,
and rice (where applicable) samples were collected spatially and temporally for
the duration of the experiment (72 h). The experiment was conducted twice, once
during the typical rice growing season (pre-harvest), and once after rice had begun
to senesce (post-harvest). Significant (p <0.05) decreases in aqueous diazinon
concentrations were noted between the inflow and outflow of both ponds planted
with rice, during the pre-harvest and post-harvest experiments. Actual pesticide
sorption to rice was minimal (1-3% of mass distribution); however, temporal
sampling indicated that diazinon reached the sediment of outflow samples twice
as fast in the non-vegetated pond when compared to either rice pond. Decreases in
sediment diazinon concentrations of 77-100% from inflow to outflow were noted
in the rice ponds, while diazinon sediment concentrations decreased less than
2% from inflow to outflow in the non-vegetated pond (23). Diazinon adsorption
to rice tissue was further tested with rice senescence. Senescence to rice tissues
showed significant decreases in tissue mass (r2=0.985); however, there were
no corollary increases in diazinon concentrations in the water column. Control
vegetation placed within the treatment rice field showed negligible diazinon
concentrations throughout senescence suggesting a lack of mobility and transfer
of diazinon from senescing tissues (24).

Conclusion

Potential contamination of aquatic receiving systems from agricultural
pesticide runoff is a challenging issue, requiring a preventative approach for
a successful outcome. Additionally, multiple management practices should be
considered together, rather than seeking one silver bullet solution. Solutions
begin on the field, with more efficient pesticide application technology to reduce
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spray drift and attempts to confine applications to the most opportune weather
conditions. Even with the most cautious application management approach,
sudden weather events causing storm runoff are out of the control of the farmer.
The challenges then shift toward management practices that intercept runoff,
reducing the potential for pesticides to contaminate aquatic systems. This chapter
has discussed some traditional (constructed wetlands) and innovative (vegetated
ditches and rice fields) methods by which to mitigate pesticides in storm runoff.
Although these basic practices have demonstrated great potential, little is known
about the specific mechanisms of why these systems work. How does the
hydrology affect the success of these management practices? How do variations
in vegetation affect the pesticide reduction? How responsive can ditch mitigation
become under more conservative water use practices and under changing climatic
conditions? What is the role of the microbial community in these systems? These
are just some of the questions future research needs to address. With a difficult
economic future, solving the problems of pesticide pollution in agricultural runoff
will require scientists and farmers to closely interact and think “outside the box”
for possible solutions
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Chapter 3

Use of Constructed Wetlands as Best
Management Practice To Reduce Pesticide
Loads

Robert Budd*®

California Environmental Protection Agency, Department of Pesticide
Regulation, Sacramento, CA 95814
*rbudd@cdpr.ca.gov

The demand to find cost-effective methods to mitigate the effect
of urban and agricultural runoff on surface water quality is
increasing. Constructed wetlands (CW) have been proposed as
a potential mitigation measure to treat a variety of contaminants.
Both surface and subsurface CWs have demonstrated potential
to retain chemicals with a wide range of physicochemical
properties. From published results, it appears a reduction
of at least 50% in outflow pesticide concentrations can be
expected with minimum residence times of 100 hours. A robust
vegetative community is a critical component of an effective
mitigation system. Constructed wetlands have proven an
effective best management practice to reduce aqueous pesticide
concentrations through enhanced retention and transformation
processes. However, more research is justified addressing the
potential long-term effects of using CWs as natural contaminant
filters.

Introduction

Constructed wetlands (CW) have gained popularity in recent years as a cost
effective best management practice (BMP) to reduce contaminant loading to
receiving waterways from both agricultural and urban sources. The potential
forces involved in contaminant removal are physical (sorption, sedimentation,
volatilization), chemical (hydrolysis, oxidation) and biological (biological
degradation, plant uptake) processes (/). The design characteristics of constructed
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wetlands vary considerably and are often governed by the water management
program goals, as well as the topography, flows and availability of land. Due
to the low cost of running and maintaining these systems, studies have been
conducted evaluating their ability to mitigate a wide range of common water
quality contaminants. In addition to pesticides, CWs have been shown to
effectively mitigate solvents (2), pharmaceuticals (3, 4), and metals (5). CWs can
be broadly categorized into two flow regimes: surface flow and subsurface flow
systems.

Surface Flow Constructed Wetlands

Surface flow CWs (SFCW) defining characteristic is that effluent movement is
above the sediment bed layer. Although design characteristics vary considerably,
a typical SFCW employs an initial sedimentation (settling) basin, followed by one
or more vegetative wetland cells (6—8). SFCWs are often larger than subsurface
flow systems and receive higher flow rates. These systems often include both
open water and vegetated sections, which can change over time with new plant
growth and subsequent senescence. The temporal variability in biomass has
dramatic impacts on flow patterns and removal efficacies (7, 9). The CWs are
generally characterized by heterogeneous vegetation species, percent cover, and
flow patterns throughout the systems. Several studies world wide representing an
array of environmental conditions have shown the potential of SFCWs to reduce
pesticide concentrations in outflows. Two SFCWs receiving agricultural runoff
in northern California, USA, were shown to reduce outflow concentrations of
five pyrethroids between 52-94% over the course of an entire irrigation season
(7). Another SFCW receiving agricultural runoff built along a tributary of the
Lourens River in South Africa was shown to reduce incoming azinphos-methyl
concentrations by 91% (/0). In Adelaide, Australia, herbicides were reduced
by half within a system receiving inputs from industrial and residential sources,
while removal efficiencies were greater than 79% for both mecoprop and MCPA
over a two-year period in a wetland designed to treat effluent from a wastewater
treatment plant in northeastern Spain (3, /7).

Subsurface Flow Constructed Wetlands

As the name implies, flow through subsurface-flow CWs (SSCW) is primarily
below the bed layer. Flow can be primarily horizontal or vertical through
the substrate. They are often much smaller systems than SFCWs, with more
homogenous physical parameters such as vegetation and substrate (i.e. gravel,
sand). There are several contaminant removal processes that can be amplified
in SSCWs. In addition to a greater control of vegetation density and biomass,
retention times are often easier to adjust in SSCWs. This allows for greater
pesticide contact time with emergent vegetation, substrate, as well as maximizing
the potential for both microbial degradation and plant uptake. SSCWs have been
utilized to reduce concentrations of commonly used triazine herbicides, which
generally have moderate water solubility and low to moderate Koc values. In a
4.9-m system vegetated with Scirpus validus, simazine removal rates were 77%
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over a two-year period (/2). In another trial, ametryn was removed at a lower rate
(39%) over a longer flow path (24 m) vegetated with the common cattail Typha
latifolia (13). Small mesocosms (1 m x 0.6 m) sown with Phragmites autralis
displayed a high rate of chlorpyrifos removal, with an average 93% reduction
in concentrations (/4). One of the common disadvantages of SSCWs is the
limitations on inflow rates, which might limit their applicability under larger field
runoff operations. The highest flow rate observed in the reviewed studies was
0.12 m3 h-1, in comparison to 632 m3 h-! observed in surface systems (12, 15).

The SSCW and SFCW studies reviewed here span a wide range of
environmental conditions, wetland characteristics and pesticide physicochemical
properties. To examine the claim that constructed wetlands are a viable BMP
under variable conditions, a synopsis of reported pesticide removal efficiencies
(ratio of outlet/inlet concentrations) was conducted. Figure 1 represents the
average wetland performance under surface and subsurface flow conditions, as
well as the observed reductions by pesticide class. Reported efficacies were taken
as individual data points, which may skew the results for studies with multiple
observations. For example, multiple removal efficacy rates were reported for
simazine in similarly designed SSCWs with varying flow rates and retention times
(12). However, the overall results demonstrate high average removal efficiencies
for both surface (61%) and subsurface (72%) systems. The effect appears to span
across the major pesticide classes as well, with average removal of fungicides
(42%), herbicides (61%), and insecticides (80%) (Figure 1).
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Figure 1. Average (+ 95% CI) reductions in pesticide concentrations by flow
type and chemical class. Note: Data points represent each reported % Reduction
with a study
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Toxicity

In addition to chemical concentrations, toxicity is a common endpoint to
measure wetland performance. Several studies have observed reduced toxicity
of pesticides in the outputs of CWs (Table 1). The studies represent a wide
range of contaminants and test species. Survival of the arthropod Chironomus
tentans deployed in a 50-m vegetated (Juncus effusus) CW increased from 0
at the inlet to 100% at the outlet following a simulated runoff event of methyl
parathion applied to a 50-ha field and a post application storm of 6.35 mm (/6). In
another CW toxicity study, the mortality of midges (Chironomus sp.) attributed
to azinophos-methyl in runoff from adjacent fields was reduced from 43.8%
at the inlet to 3.2% (average of two trials) at the outlet (/0). A small (1.9 m)
mesocosm study observed a >98% reduction in toxicity to Ceriodaphnia dubia
and Pimephales promelas from a chlorpyrifos (19 pg I'') and chlorothalonil (296
pg I'1) mixture after a 72 h retention period (/7).

Although pesticide concentrations are typically lower after passing through
the system, mitigation of aquatic toxicity is not always observed. Hunt et al.
(2008) observed a 100% C. dubia mortality in water samples collected at the
outlet of a 48-m CW receiving a mixture of pesticides in runoff from surrounding
agricultural fields (/8). Researchers at the National Sedimentation Laboratory
have used a three-cell vegetated CW system to evaluate the toxicity of input water
spiked with various pesticides (6, 19, 20). Moore et al. (2007) simulated a 1.3-cm
rainfall event on a 14-ha agricultural field with input water spiked with 9 ng mL-!
lambda-cyhalothrin and 39 ng mL-! cyfluthrin. Water concentrations remained
at toxic levels to H. azteca within the secondary cell (farthest away from inlet)
61-d after initial dosing (/9). Complete (100%) mortality of C. dubia continued
within the secondary cell until the end of the 26-d study period following a second
simulated event with diazinon amended runoff (6). Observed prolonged toxicity
might be a result of additive or synergistic effects of pesticide mixtures, even at low
concentrations (2/). The additive or synergistic effect of mixtures of pesticides
commonly found in waterways is in need of more research. Also, as discussed
below, certain pesticides may elicit toxic effects long after being retained within
the system.

Parameters Influencing Pesticide Removal

The overall efficacy of a wetland to retain contaminants from the water
column is dictated by the interactions between the physicochemical properties of
the contaminant and the environmental conditions of the system. Water quality
parameters such as temperature, pH, and salinity all affect sorption potentials (22).
In addition, the binding of hydrophobic contaminants are not only influenced by
the quantity of suspended particles, but also the quality (i.e. aromaticity) of the
organic carbon fraction (23, 24). In a previous review of constructed wetland
performance, a positive relationship was noted between log Kow values and
observed pesticide removal rates. The analysis concluded that a >50% reduction
in pesticide concentrations were obtained in most systems for chemicals with log
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Kow values >4.2 (25). Although the factors mentioned above are all important
considerations in partition behavior, this discussion will focus on the parameters
with the possibility of adjustment by design or management.

Vegetation

It is widely accepted that vegetation is an integral component in the
contaminant removal process (7, 9). The presence of vegetation can increase
macrophyte populations and organic matter available for pesticide sorption,
enhance the physical trapping of contaminant-laden particles, and reduce flow
velocity leading to increased sedimentation (26, 27). Several studies have
observed improved pesticide removal efficacy in systems with vegetation in
comparison to their non-vegetated counterparts. Wetlands planted with the
common bulrush (Scirpus validus) at 600 stems m-2 were able to increase the
retention of metolachlor and simazine by 19 and 13%, respectively, compared to
non-vegetated systems (/2). In a second system, spiked methyl parathion was
detected throughout the non-vegetated wetland, while undetected at the outlet of
the wetland cell with >90% cover (27).

Knowledge of optimized vegetation parameters (species, biomass, density)
would be informative for managing systems intended for pesticide retention.
While several laboratory studies have evaluated sorption of organic chemicals to
plant materials (28, 29), there are few data for comparing the effect of specific
vegetation factors such as species on wetland performance. Interestingly, one
study observed little difference in permethrin removal between mesocosms
planted with common wetland species Typha latifolia, Sparganium americanum,
Thalia dealbata, and Leersia oryzoides (30). Although our knowledge of the
complex interactions with vegetation is incomplete to optimize load reduction, it
is well established that vegetation plays a role in both direct and indirect removal
processes.

Researchers at the Mississippi Field Station, USA, have used constructed
wetlands designed specifically to evaluate the fate of pesticides transported with
agricultural runoff into the system. These vegetated flow-through systems allow
direct measurement of pesticide phase partitioning in soil, water and plants.
In the first set of experiments, amended runoff was discharged into vegetated
mesocosms (59-73 m long) consisting primarily of Juncus effusus, Leersia sp.,
and Luwigia sp. While 25% of the chlorpyrifos mass was retained by plant
material, atrazine concentrations were below detection levels for all plant samples
(26, 31). Two separate partitioning studies were conducted within a three-cell
wetland system with multiple dominant species. Simulated pesticide amended
runoff was introduced into the sediment basin and concentrations of pesticides
were monitored in aqueous, sediment, and plant media throughout the system.
The estimated mass of contaminants partitioning to plants were high for both the
organophosphate diazinon (43%), as well as the pyrethroids lambda-cyhalothrin
(49%) and cyfluthrin (76%) (8, 32). These studies demonstrate that partitioning
to plant materials is variable among pesticides.
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Table 1. Observed toxicity to test species within surface flow constructed wetlands

Ref  Input (amended) Media Test Species Main Findings

(6) Diazinon Water C. dubia 100% mortality in second cell 9 h - 26 d after introduction
Sediment C. dilutus 20% (14 d) - 98% (26 d) survival in cell 2

18 Mixed runoff Water C. dubia 100% mortality at outlet during 5 surveys
Sediment H. azteca 72% mortality at outlets

(18) Mixed runoff Water C. dubia Significantly toxicity at outlets in 4 out of 5 surveys
Sediment H. azteca 100% mortality at outlet

(19) gg&ﬁﬁ‘ﬁn Plant, Sediment, H. azteca ~100% mortality in all media after 61 d in 2nd wetland cell

(15) Mixed runoff Water Chironomus sp. Mortality reduced 89% at outlet during runoff event

(16)  Methyl parathion Water C. tentans 100% survival after 40 m

(17) gﬁgﬁﬁ;ﬂ?ﬁi’l Water C. dubia, P. promelas >98% decrease in mortality after 72 h retention

(20) Diazinon Water H. azteca 97% mortality in 2nd cell 27 d post treatment
Sediment H. azteca 53% survival (48 h) increased to 100% (27 d)

(10)  Azinphos-methyl Water Chironomus sp. Mortality reduced 93% at outlet during two drift events
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Although the majority of system studies have focused on emergent
vegetation, other aquatic species common within wetland systems have shown
promise in pesticide mitigation. Duckweed communities (Landoltia punctata
and Lemna minor) actively depleted concentrations of 2,4-D in laboratory tests
(33). In another laboratory study common microalgae species (S. obliquus and
S. quadricauda) have been found to reduce aqueous fungicide and herbicide
concentrations 10 — 58% over 96 h through phytoremediation processes (34).
These studies suggest that a robust composition of heterogeneous aquatic species
typically found in natural wetlands might be the best community structure to
optimize mitigation of pesticide mixtures from the water column.

In addition to providing an emergent substrate for which contaminants may
bind, the presence of vegetation has dramatic effects on the hydraulics of a system.
The presence of vegetation increases drag, thereby decreasing flow velocity
resulting in increased retention times (35). Channelized flow and shortcutting
is common in systems void of vegetation (36). The optimal retention time was
severely reduced within a section of a SFCW which had become channelized due
to a lack of emergent vegetation. It was concluded that the lack of vegetation
was the primary cause of uninhibited transport of pyrethroid laden sediment
downstream (7). Regardless of the responsible removal process (sorption,
phytoremediation, sedimentation) it is imperative that wetland managers maintain
a healthy vegetative biomass and reduce shortcutting of flows whenever possible.
The use of ‘hummocks’, or shallow planting beds situated perpendicular to flow,
is a fairly new design component intended to improve hydraulic performance by
providing variable water depths and promoting a more balanced cycle of plant
growth and decomposition (37, 38).

Hydrology

The hydrologic and hydraulic properties of a wetland have dramatic effects on
the transport of pesticides through the system (39). Pesticide removal efficiency
has been shown to decrease considerably with increasing flow (/2). Many factors
influence the hydraulic conditions of flow through systems, including the shape,
length to width ratio, depth, topography, as well as the presence of islands, baffles,
and vegetation (40). Consideration of these aspects in the design will allow for
maximizing the residence time of the system.

The residence time represents the time frame in which the pesticide remains
in the wetland and are subject to attenuation. The residence time also directly
influences sedimentation processes (36). Sedimentation is a critical removal
process for hydrophobic compounds which are typically transported bound to
particles in the water column (7, 8). Although residence time has been cited as
a critical parameter in contaminant retention, little guidance exists for wetland
managers desiring an estimate of expected contaminant mitigation based on the
physical characteristics of the system. Pesticide loading into receiving waters
are often complex mixtures, the composition of which dependent upon the
demands of local agricultural and industrial entities for pest management (7).
Because of the heterogeneous nature of contaminant loads, it would be helpful to
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establish relationships between design characteristics and wetland performance
independent of the physicochemical properties of the pesticides of concern.

The effect of system length and residence time on removal efficiency (%)
was evaluated in a meta-analysis with available data from reviewed studies.
There were too few data to evaluate other design parameters such as vegetation
species, biomass, and flow rates. One difficulty in performing such an exercise
is the discrepancies in reported data. Not all studies reviewed reported physical
characteristics of the system or removal efficiency. For the purposes of this
evaluation some efficacy rates were estimated using the maximum reported
input and output concentrations. Also, some of the studies did not report any
outflow, effectively becoming closed systems. In these instances the “retention
time” was recorded as the span of the sampling period. Although not truly
representing flow through systems, they provide data representing comparative
holding times necessary for effective transfer or degradation processes to occur
to reduce aqueous concentrations. Both surface and subsurface flow systems
were evaluated, but displayed separately. The studies encompassed a variety
of system types, with system flow paths ranging from mesocosm in size (1 m)
to large ponds (720 m). The analysis includes the removal efficiencies of 36
pesticides spanning a large range of physicochemical properties. Solubilities of
monitored pesticides ranged from 0.001 mg L-! (esfenvalerate) to 2.5 x 105 mg
L-1 (mecoprop), while partitioning coefficient log Kow values ranging from -1.88
(dicamba) to 7.3 (bifenthrin) (4/). Removal efficiencies, as percent reduction in
concentrations, were plotted against both retention time and flow path lengths.
Any negative reported removal efficiencies were plotted as a 0% reduction.

Increasing the length of the system was expected to improve pesticide
removal. Surprisingly, no trend between the two parameters could be inferred
(Figure 2). One potential explanation is preferential sorption of hydrophobic
pesticides. Pesticides with high Koc values have been shown to preferentially
sorb to lighter particles with high organic carbon content such as clays and
decomposed plant material that are more resistant to sedimentation compared to
sand particles (42, 43). Due to this behavior, bound pesticides have been found
to be transported farther downstream than sedimentation rates would suggest (7,
42, 44).

A positive relationship was observed between retention time and reductions
in pesticide aqueous concentrations (Figure 3). With one exception, there was
a >50% reduction in all instances with system retention times of greater than
100 h. Although partitioning of a pesticide is ultimately influenced by specific
environmental parameters, this exercise gives a starting point in evaluating one of
the primary physical characteristics of the system. As mentioned, the reviewed
pesticides and systems span a wide range of physical and chemical characteristics.
The 100-h retention time should therefore represent a conservative estimate to
achieve a desired reduction of >50% in initial aqueous pesticide concentrations.
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Long-Term Effects

Few studies have addressed the long-term ecological effects resulting from
contaminant retention within the CW. As CWs act as natural filters for a wide
range of contaminants, there is a concern that pesticides may accumulate to
levels of ecological concern to wildlife using the wetland as habitat. Sorption to
sediment, a mechanism responsible for lowering concentrations in the overlying
water, has been found to subsequently act as a source of toxicity long after
initial binding (&). This is of particular concern for hydrophobic pesticides
such as pyrethroids. Several studies have observed invertebrate toxicity due
to wetland sediment pyrethroid concentrations. A survey study of twenty-one
wetlands receiving urban runoff located in southern California found that the
macroinvertebrate communities of 86% of wetlands were at risk from deposited
contaminants. Sediment concentrations from half of those surveyed were toxic
to the bottom dwelling amphipod H. azteca. Toxicity identification evaluation
(TIE) tests indicated that pyrethroids, primarily bifenthrin, were responsible for
invertebrate mortality (45). In another study, the observed sediment toxicity from
samples collected at the outlets of vegetated cells receiving agricultural runoff
was attributed to pyrethroids as well (/8).

The long-term potential toxicity of a chemical is ultimately controlled by
rate of degradation or transformation processes. Degradation processes within
the wetlands are influenced by the sediment redox potential, salinity, and the
microbial community present (46—48). A recent study observed the dissipation
behavior of pesticides in field contaminated sediment deposited within CW
systems under aerobic and anaerobic conditions. For several of the pyrethroids,
no measurable degradation was observed under in situ conditions over a 96 d
period (42). It has been suggested that the strong sorption of some hydrophobic
pesticides to sediments high in organic carbon may render them unavailable to
microbial degradation, therefore increasing their persistence (46, 49).

Conclusions

This review summarized available data on the ability of constructed wetlands
to remove pesticides from the water column. Although variability in removal
efficacies exists, the majority of studies observed high removal rates. This
positive effect was observed between chemical classes with large differences
in physicochemical properties, as well as systems with variable flows and
vegetative cover. With proper design to maximize retention time, constructed
wetlands may be used as an effective mitigation measure with little maintenance.
However, care must be taken to ensure a healthy vegetative community, and
minimizing shortcutting and channelized flow to maximize benefits. More
research is necessary to further explore the long-term effects of pesticides that
are retained but have the potential for prolonged toxicity within the systems.
However, constructed wetlands have proven a viable best management practice to
accomplish the management goal of reducing pesticide loads to receiving waters.

48
In Pesticide Mitigation Strategies for Surface Water Quality; Goh, K., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2011.



Downloaded by STANFORD UNIV GREEN LIBR on June 20, 2012 | http://pubs.acs.org

Publication Date (Web): December 21, 2011 | doi: 10.1021/bk-2011-1075.ch003

10.

11.

12.

13.

14.

15.
16.

17.
18.
19.
20.
21.
22.
23.
24.

25.

References

Imfeld, G.; Braeckevelt, M.; Kuschk, P.; Richnow, H. H. Chemosphere 2009,
74 (3), 349-362.

Grove, J. K.; Stein, O. R. Water Res. 2005, 39 (16), 4040—4050.
Matamoros, V.; Garcia, J.; Bayona, J. M. Water Res. 2008, 42 (3), 653—660.
Dordio, A.; Pinto, J.; Dias, C. B.; Pinto, A. P.; Carvalho, A. J. P.; Teixeira, D.
M. Int. J. Environ. Anal. Chem. 2009, 89 (8—12), 835-848.

Cheng, S.; Grosse, W.; Karrenbrock, F.; Thoennessen, M. Ecol. Eng. 2002,
18, 317-325.

Bouldin, J. L.; Farris, J. L.; Moore, M. T.; Smith, S.; Cooper, C. M. 4rch.
Environ. Contam. Toxicol. 2007, 53 (2), 174-182.

Budd, R.; O’Geen, A.; Goh, K. S.; Bondarenko, S.; Gan, J. Environ. Sci.
Technol. 2009, 43 (8), 2925-2930.

Moore, M. T.; Cooper, C. M.; Smith, S.; Cullum, R. F.; Knight, S. S.;
Locke, M. A.; Bennett, E. R. Environ. Pollut. 2009, 157 (1), 250-256.
Rose, M. T.; Sanchez-Bayo, F.; Crossan, A. N.; Kennedy, 1. R. Chemosphere
2006, 63 (11), 1849-1858.

Schulz, R.; Peall, S. K. C.; Hugo, C.; Krause, V. Ecol. Eng. 2001, 18 (2),
239-245.

Page, D.; Dillon, P.; Mueller, J.; Bartkow, M. Chemosphere 2010, 81,
394-399.

Stearman, G. K.; George, D. B.; Carlson, K.; Lansford, S. J. Environ. Qual.
2003, 32 (4), 1548-1556.

Borges, A. C.; Calijuri, M. D.; de Matos, A. T.; de Queiroz, M. Water SA4
2009, 35 (4), 441-445.

Agudelo, R. M.; Penuela, G.; Aguirre, N. J.; Morato, J.; Jaramillo, M. L.
Ecol. Eng. 2010, 36 (10), 1401-1408.

Schulz, R.; Peall, S. K. C. Environ. Sci. Technol. 2001, 35 (2), 422-426.
Schulz, R.; Moore, M. T.; Bennett, E. R.; Farris, J. L.; Smith, S.; Cooper, C.
M. Environ. Toxical. Chem. 2003, 22 (6), 1262—1268.

Sherrard, R. M.; Bearr, J. S.; Murray-Gulde, C. L.; Rodgers, J. H.; Shah, Y.
T. Environ. Pollut. 2004, 127 (3), 385-394.

Hunt, J.; Anderson, B.; Philips, B.; Tjeerdema, R.; Largay, B.; Beretti, M.;
Bern, A. Environ. Pollut. 2008, 156 (2), 348-358.

Moore, M. T.; Lizotte, R. E.; Smith, S. Bull. Environ. Contam. Toxicol.
2007, 78 (3—4), 245-248.

Smith, S.; Lizotte, R. E.; Moore, M. T. Bull. Environ. Contam. Toxicol.
2007, 79 (1), 58-61.

Relyea, R. A. Oecologia 2009, 159 (2), 363-376.

Strangroom, S.; Lester, J.; Collins, C Environ. Technol. 2000, 21, 845-863.
Ahmad, R.; Nelson, P.; Kookana, R. Eur. J. Soil Sci. 2006, 57, 883—-893.
Oliver, D.; Baldock, J.; Kookana, R.; Grocke, S. Chemosphere 2005, 60,
531-541.

O’Geen, A.; Budd, R.; Gan, J.; Maynard, J.; Parikh, S.; Dahlgren, R. Adv.
Agron. 2010, 108, 1-76.

49
In Pesticide Mitigation Strategies for Surface Water Quality; Goh, K., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2011.



Downloaded by STANFORD UNIV GREEN LIBR on June 20, 2012 | http://pubs.acs.org

Publication Date (Web): December 21, 2011 | doi: 10.1021/bk-2011-1075.ch003

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.

49.

Moore, M. T.; Schulz, R.; Cooper, C. M.; Smith, S.; Rodgers, J. H.
Chemosphere 2002, 46 (6), 827-835.

Schulz, R.; Moore, M. T.; Bennett, E. R.; Milam, C. D.; Bouldin, J. L.;
Farris, J. L.; Smith, S.; Cooper, C. M. Arch. Environ. Contam. Toxicol.
2003, 45 (3), 331-336.

Chen, B.; Johnson, E.; Chefetz, B.; Zhu, L.; Xing, B. Environ. Sci. Technol.
2005, 39 (16), 6138-6146.

Chen, B.; Li, Y.; Guo, Y.; Zhu, L.; Schnoor, J. Environ. Sci. Technol. 2008,
42 (5), 1517-1523.

Moore, M. T.; Kroger, R.; Cooper, C. M.; Smith, S. Arch. Environ. Contam.
Toxicol. 2009, 57 (2), 282-288.

Moore, M. T.; Rodgers, J. H.; Cooper, C. M.; Smith, S. Environ. Pollut.
2000, 770 (3), 393-399.

Moore, M. T.; Cooper, C. M.; Smith, S.; Cullum, R. F.; Knight, S. S.;
Locke, M. A.; Bennett, E. R. Water, Air, Soil Pollut. 2007, 184 (1-4),
313-321.

Reinhold, D.; Vishwanathan, S.; Park, J. J.; Oh, D.; Saunders, F. M.
Chemosphere 2010, 80 (7), 687—-692.

Dosnon-Olette, R.; Trotel-Aziz, P.; Couderchet, M.; Eullaffroy, P.
Chemosphere 2010, 79 (2), 117-123.

Jadhav, R. a. S. B. Ecol. Eng. 1995, 5, 48—496.

Fennessy, M. S.; Brueske, C. C.; Mitsch, W. J. Ecol. Eng. 1994, 3 (4),
409-428.

Keefe, S.; Daniels, J.; Runkel, R.; Wass, R.; Stiles, E.; Barber, L. Water
Resour. Res. 2010, 46 (W11518), 1-13.

Thullen, J.; Satoris, J.; Nelson, M. Ecol. Eng. 2005, 25, 583-593.
Braskerud, B. C.; Haarstad, K. Water Sci. Technol. 2003, 48 (5), 267-274.
Persson, J. a. H. W. Ecol. Eng. 2003, 21, 259-269.

IUPAC, I.U.0.P.a.A.C. Available from: http://sitem.herts.ac.uk/aeru/iupac/.
Budd, R.; O’Geen, A.; Goh, K.; Bondarenko, S.; Gan, J. Chemosphere 2011,
83 (11), 1581-1587.

Luo, J. P.; Ma, M.; Liu, C.; Zha, J. M.; Wang, Z. J. J. Soils Sediments 2009,
9 (3), 180-187.

Gan, J.; Lee, S.; Liu, W.; Haver, D.; Kabashima, J. J. Environ. Qual. 2005,
34, 836-841.

Brown, J. S.; Sutula, M.; Stransky, C.; Rudolph, J.; Byron, E. J. Am. Water
Resour. Assoc. 2010, 46 (2), 367-384.

Lee, S.; Gan, J. Y.; Kim, J. S.; Kabashima, J. N.; Crowley, D. E. Environ.
Toxicol. Chem. 2004, 23 (1), 1-6.

Lin, T.; Wen, Y.; Jiang, L. G.; Li, J. B.; Yang, S. L.; Zhou, Q. Chemosphere
2008, 72 (1), 122-128.

Munoz-Leoz, B.; Garbisu, C.; Antiguedad, I.; Alonso, M.; Alonso, R.; Ruiz-
Romera, E. Soil Sci. 2009, 174 (4), 220-228.

Bondarenko, S.; Gan, J. Y. Environ. Toxicol. Chem. 2004, 23 (8),
1809-1814.

50
In Pesticide Mitigation Strategies for Surface Water Quality; Goh, K., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2011.



Publication Date (Web): December 21, 2011 | doi: 10.1021/bk-2011-1075.ch004

Downloaded by PENNSYLVANIA STATE UNIV on June 19, 2012 | http://pubs.acs.org

Chapter 4

Efficacy of Sediment Basins for Reducing
Sediment and Pyrethroid Transport in Almond
Orchards

James C. Markle,”! Tamara E. Watson,! Terry L. Prichard,2
and P. Klassen!

ICURES, 531-D North Alta Avenue, Dinuba, CA 93618 USA
2University of California Cooperative Extension, 2101 East Earhart Avenue,
Suite 200, Stockton, CA 95206 USA
*jemarkle@sbcglobal.net

This study examined the effectiveness of sediment basins
for reducing sediment and pyrethroid residues in tailwater in
two different trials conducted on a section of a large-scale
commercial orchard in the Central Valley of California planted
with nonpareil almonds. The first trial was conducted under
typical tailwater flow conditions with no PAM added to the
irrigation water. The second trial was conducted under slightly
higher flow rates with PAM added at the point of irrigation input
resulting in a five-fold reduction in total suspended solids (TSS)
entering the sediment basin. In both trials, the total mass of the
sediment leaving the sediment basin was reduced 79%-84% at
the discharge point of the basin. Although PAM did not appear
to significantly impact the total mass of pyrethroid leaving
the field in this study, the sediment basin reduced the total
pyrethroid load by 38%-61%.

Introduction

Off-site movement of pesticides and sediment from flood-irrigated agriculture
has been a significant concern in the Central Valley of California. It is estimated
that about 1.2 million tons per year of sediment are carried into the San Joaquin
River by irrigation runoff from just West Stanislaus County farmland alone (/).
These sediments may potentially carry pesticides, nutrients, metals and salts

© 2011 American Chemical Society
In Pesticide Mitigation Strategies for Surface Water Quality; Goh, K., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2011.



Publication Date (Web): December 21, 2011 | doi: 10.1021/bk-2011-1075.ch004

Downloaded by PENNSYLVANIA STATE UNIV on June 19, 2012 | http://pubs.acs.org

trapped in the soil matrix and degrade surface water quality. In California’s
Central Valley there are 11 water body segments listed as “impaired” under
the draft 2008 Clean Water Act Section 303(d) list, due to sediment toxicity
of agricultural origin (2). Pyrethroid insecticides, which are widely used in
California (3), are commonly found in sediments in creeks and agricultural drains
at concentrations toxic to sensitive aquatic species (4—6). These compounds are
highly hydrophobic and readily bind to the sediment.

Two best management practices (BMPs) recommended by the Natural
Resource Conservation Service (NRCS) to retain soil on croplands and mitigate
the transport of sediments are the use of sediment basins (Conservation Standard
Practice No. 350) and polyacrylamide or PAM (Conservation Standard Practice
No. 450).

If sediment basins are designed correctly, they may trap up to 70-80%
of the sediment that flows into them (7). The sediment basins reduce flow
rates and briefly retain water allowing deposition of the heavier suspended
particles. Compounds that are highly hydrophobic such as the organochlorine
pesticides, polychlorinated biphenyls (PCBs) and polyaromatic hydrocarbons,
and pyrethroids bind readily to the sediment and are removed from the runoff
water as the sediment settles. Although a number of papers have investigated the
transport of highly hydrophobic compounds into agricultural streams with the
sediment (8, 9), to date few data exist on the effectiveness of sediment basins for
the removal of pyrethroid residues from agricultural runoff.

Polyacrylamide (PAM) is a water soluble, high molecular weight, synthetic
organic polymer. Since 1995, its first year of commercial use for irrigation-induced
erosion control, it has been used on about one million hectares worldwide
(10). 1t has also been used as a flocculent in municipal water treatment, paper
manufacturing and food processing (//). PAM interacts with soil particles
to stabilize both soil surface structure and pore continuity (/2, /3). Under
experimental field-trial conditions, proper application of PAM with the first
irrigation has substantially reduced soil erosion in furrow systems with benefits
that include reduced topsoil loss, enhanced water infiltration, improved uptake
of nutrients and pesticides, reduced furrow-reshaping operations, and reduced
sediment-control requirements downstream of the field (/4). By increasing soil
flocculation, PAM has been shown to be effective in reducing sediment erosion
through runoff and increasing water infiltration (/5). A recent study has found
that PAM applications to furrow irrigated crops reduced sediment erosion by over
90 percent (/6). As reductions in sediment transport are achieved, reductions
in pesticides such as dicofol that are highly absorbed to soil particles also occur
(17). Broadcast applications of PAM were also found to be significantly effective
in increasing water infiltration and reducing sediment transport (/§).

To reduce in-row erosion, a grower may apply polyacrylamide (PAM) using
the “patch method” at each irrigation event. The "patch method" involves applying
PAM at the point in the furrow where the water first hits the soil; spreading it
for a length of about 1-2 meters down the furrow to reduce the risk of the PAM
becoming buried in the furrow or washing down the furrow where its effectiveness
is reduced. The patch method creates a sort of gel-slab at the top of the furrow
where the water slowly dissolves the PAM and carries it down the row furrow.
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Growers have indicated that without the use of PAM in erodible soils, a sediment
basin can quickly fill with sediment and therefore they would have to excavate
the basin and dispose of the accumulated soil more frequently. Polyacrylamide
products are commercially available for $4 to $5.50/Ib (/1) and are thus attractive
to many farmers who perceive an erosion problem, regardless of other economic
considerations

This study examines the efficiency of sediment basins with and without the
use of PAM at reducing lambda-cyhalothrin residues in irrigation drainage water
following a lambda-cyhalothrin application to almonds at the rate of 0.045 kg
ai/ha. Pyrethroids, including lambda-cyhalothrin, are typically applied to the
orchards as either a winter dormant spray or as in-season spray to control various
pests. It is a companion study to a previous study conducted in tomatoes (/9)
which also appears in this symposium series. Data from these studies will be used
to evaluate the effectiveness of using these technologies as Best Management
Practices (BMPs) in reducing the off-site transport of pyrethroids in irrigation
drain waters. The purpose of these studies was not to repeat the body of research
that has already confirmed the efficacy of PAM and sediment basins in reducing
total suspended solids (TSS), but to learn more about how these practices might
mitigate pyrethroid transport in these systems.

Materials and Methods

Study Site and Irrigation

The study site is a 57 hectare almond orchard near Chowchilla in the San
Joaquin Valley. The field is divided into numerous blocks, 16 hectares of which
are planted to nonpareil almonds. The site is relatively flat with a 1-2 percent slope.
The National Resource Conservation Service (NRCS) has classified the soil type
as a mixture of Chino fine sandy loam and Traver loam.

The field is surface irrigated using district canal water (see Figure 1). Each
row in the field is provided with irrigation water from a single orchard irrigation
head located at the top of the row and the rows are bermed on each side. The
row is 6.7 m between berms and 366 m in length. At the bottom side of the field
block is an interception ditch installed to capture irrigation drainage water which
is subsequently directed to a sediment basin. The basin is basically rectangular in
shape and measures 5.8 m by 49 m and averages 2.1 m deep. It has an estimated
holding capacity of approximately 600,000 liters. Opposite the inlet side of the
pond is a recirculation pump that returns the water for reuse to other parts of the
orchard.

Application of Lambda-Cyhalothrin

Lambda-cyhalothrin is typically applied to almonds in this region at the hull
split nut growth stage to control navel orangeworm (Amyelois transitella) and
other chewing insects. In this study, lambda-cyhalothrin was applied by ground as
Warrior® with Zeon Technology™ using an air blast sprayer at the rate of 0.045
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kg ai/ha on the morning of July 27, 2009. One entire block of 16 ha was treated
for a total target mass of 0.72 kg ai.

<—N Irrigation

canal

&
<€

Interceptionditch

&
<€

Flow

3

A

Q Sediment Basin

Figure 1. Plot diagram of the 16 hectare plot used for the study

Study Design
This study consisted of two trials:

*  Sediment basin alone without the use of PAM
*  Sediment basin in combination with PAM application

In the first trial, rows 1-16 were irrigated but no PAM was applied. Irrigation
water was added at the top of the field through an orchard irrigation valve located
at the top of each row. The tailwater from each row was collected in a drainage
ditch at the bottom of the field. The tailwater then passes through a 15.2 cm PVC
pipe and is discharged into the sediment basin. Water from the sediment basin is
pumped out of the opposite side of the basin through a 10.2 cm diameter steel pipe
and is recirculated back for reuse to other locations in the orchard. Duplicate 250
mL samples (one for pyrethroid analysis and one for TSS) of drainage water were
taken every hour at the entrance to the sediment basin. Once water began to flow
out of the sediment basin, samples were collected hourly at the sediment basin exit.

In the second trial, rows 32-40 were irrigated and approximately 180 g of PAM
was applied to each row at the top of the block where the irrigation water enters
the field. The product used was Soil Fix IR (CIBA Specialties) which contains
90% PAM. The nominal rate applied was approximately 750 g/ha. Duplicate 250
ml samples of drainage water were taken every hour at the entrance and exit (upon
initiation of flow) of the sediment basin.
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Sample Collection

Tailwater samples were sampled either by hand or with a pole sampler
(Wildco 3.5 m swing sampler, 165-C10) hourly for 10 hours from the exit side
of a 15.2 cm pipe located between the interception ditch at the base of the field
and the entrance to the sediment basin and from the field drain (10.2 cm) at the
end of the sediment basin. At each sampling interval and location, a sample of
approximately 250 mL was collected for lambda-cyhalothrin analysis in a 500
mL amber Boston round glass (Fisher Scientific, P/N 02-911-738) and another
sample of approximately 250 mL was collected for measuring total suspended
solids in a 500 mL Nalgene polypropylene bottle (Fisher Scientific, A71841086).
Within five minutes of collection, the samples were placed in a cooler filled with
ice and kept on ice until delivery to the analytical laboratory. Samples were kept
in ice chests for a maximum period of 6 days prior to delivery to the analytical
laboratory where they were immediately placed in refrigerators for storage until
extraction.

Sample Analysis-Lambda-Cyhalothrin

All samples were delivered to Morse Laboratories, Inc., in Sacramento,
California for analysis. Samples were extracted within 21 days and analyzed
within 24 days of receipt.

To extract samples prior to lambda-cyhalothrin analysis, 100 mL of MeOH
and 25 mL of hexane were added to each sample bottle. The samples were shaken
on a mechanical shaker for approximately 10 minutes and the solvent layers were
allowed to separate. A 5.0 mL aliquot of the upper hexane layer was transferred to
a test tube (13 x 100 mm) and concentrated to ~0.2 mL using an N-evap evaporator
set to <40 °C. The samples were manually evaporated to dryness with nitrogen.
To each sample, 2.0 mL hexane were added, mixed well and sonicated. The
sample was transferred to a 500 mg Varian Silica Bond Elut solid phase extraction
cartridge with a 1.0 mL rinse of hexane. The cartridge was eluted under gravity or
low pressure and the eluate discarded. A 10 mL collection tube was placed under
each cartridge and the cartridge was eluted with 6 ml of a hexane/diethyl ether
[9:1, v/v] solution. The eluate was concentrated to dryness under a stream of dry,
clean air in a heating block set to 40°C. The sample was redissolved in acetone
+0.1% peanut oil solution with ultrasonication. The sample was transferred to an
autosampler vial for final determination by GC-MSD/NICI.

Note: The 0.1% peanut oil in acetone solution is used to minimize the effect of
matrix related to GC-MSD response enhancement and to minimize possible peak
tailing due to adsorption.

Final Determination by GC-MSD

The following instrument and conditions have been found to be suitable
for analysis. Other instruments can also be used, however optimization may
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be required to achieve the desired separation and sensitivity. The Limit of
Determination (LOD) for the analytical method was 0.01 ug/L.

Instrument Conditions

GC system Agilent 6890 with split/splitless injector

MSD system Agilent 5973 with negative ion chemical ionization
Injection 275°C

temperature

Injection liner 4 mm i.d. double gooseneck splitless liner (unpacked)
Column Varian CPSil 8 30 m x 0.25 mm, 0.25 um film thickness (5%

diphenyl, 95% dimethylpolysiloxane)
Column flow rate 0.9 mL min-! constant flow

Injection mode Pulsed splitless, 30 psi for 1 min, purge flow to split vent 50
psi @2 min

Injection volume 2 pL

Column 80°C for 1 min then program at 40°C/min to 180°C, hold for
temperature 0 min then program at 5 °C/min to 305 °C, hold for 0 min.
program

Under these conditions, lambda-cyhalothrin has retention times of 19.6 and
19.9 minutes for the two resolved diasterecomers.

Sample Analysis-Total Suspended Solids

The analysis of tailwater samples for Total Suspended Solids (TSS) was based
on Method 2540 D “Total Suspended Solids Dried at 103-105°C” as described in
Standard Methods for Examination of Water and Wastewater (20).

The glass fiber filter and planchet were weighed prior to filtration. The filter
disk was inserted into the filtration apparatus. The sample of tailwater water was
added to the filter and rinsed with three successive 10 mL portions of reagent grade
water. Continuous suction was allowed for about 3 minutes after filtration was
complete. The filter and planchet were removed from the filtration unit and dried
in an oven at 103 to 105°C for one hour. The sample was cooled in a desiccator to
balance temperature and weighed. This cycle of drying, desiccation and weighing
was repeated until a constant weight is obtained. The Limit of Determination
(LOD) for the analytical method was 0.25 ug/L. The total weight of suspended
solids in each sample was calculated using the following formula.
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mg total suspended solids = (weight of filter + dried residue) — (weight of filter)

Calculation of Water, Sediment, and Pyrethroid Discharges

Amounts of water, suspended solids, and pyrethroids entering and leaving the
sediment basin were calculated for each sampling interval. Using the Doppler
flow meter for measuring the water velocity in the pipes and knowing the cross-
sectional area of the inlet and outlet pipes, flow volumes between each interval
can be calculated. This volume is then multiplied by the residue concentration in
ug/L for the pyrethroid mass load (mg) and the mg/L concentration to determine
the mass load (g) of total suspended solids. We assume that the flow velocity is
relatively constant between each sampling interval

Results and Discussion
Flow Rates

During the study, considerable variability in drainage flows occurred between
trials and among irrigation rows within a trial which must be considered in the
interpretation of the study results. In addition, the grower consciously conserves
his water by turning rows off as they reach the end of the row and adds subsequent
new rows to the irrigation cycle for maximum efficiency. As a result, the flows
do not exhibit a typical bell-shaped curve with flow building up at the inlet as
rows enter the interception ditch and gradually decline once irrigation is stopped.
Instead, we observed a more constant flow throughout the day of the trial with a
series of pulses to the flow as new rows were started and come on line.

We monitored the daytime sets from two consecutive irrigation days. On the
first day of the study, Trial #1 (rows 1-16) tested the efficacy of the sediment basin
alone (no PAM) in reducing sediment loads and pyrethroid residues. On the second
day of the study, Trial #2 (rows 32-40) tested the efficacy of using PAM when
used in conjunction with the sediment basins. Two other irrigations sets (rows
17-31 and rows 41-56) were run at night and no samples were collected. Flows
were measured throughout the course of the irrigation cycle (day and night). Total
volume of runoff from the field as measured at the inlet to the sediment basin
was approximately 590,000 gallons (2.2 million liters). This volume equates to
approximately 14% of the nominally applied amount. This closely equates with
the estimated runoff from other irrigations in the field.

Nominal volume applied = 40 acres x 27,154 gallons/acre-inch x 6 inches
= 4.1 million gallons applied (1.6 million liters)

Flow rates at the inlet to the basin varied from 0 to 1291 liters/ minute during
the course of the study. At the outlet, the flow was regulated by a discharge pump
that was kept at a constant 662 liters/minute. The pump was started when the levels
in the basin reached approximately 0.6 meters above the bottom of the basin and
were turned off when the basin went below this level.
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At the start of the first trial, there was some water in the interception ditch
from an irrigation that had been completed in another part of the orchard earlier
the same week. It is recognized that this may dilute the absolute concentration in
the tailwater samples (TSS or pyrethroid). However, it should not affect the mass
balance differential between the inlet and outlet of the sediment basin on which
we draw conclusions about the basin’s effectiveness. It took approximately five
hours from the start of irrigation until the runoff water reached the interception
ditch (about a quarter of a mile from discharge to row end). Samples for TSS and
pyrethroid analyses were collected each hour from the start of runoff (12:45 am)
through 11:00 pm. The night time irrigation set (rows 17-31) was started at 10:45
pm.

Flow rate in Trial #1 ranged from a low of 3.785 liters/minute to a maximum
of 1124 liters/minute at the inlet. Total flow observed at the inlet was 384,000
liters (101,584 gallons) during the 10 hours of monitoring, or 38,400 liters/hour.

In the second trial, water from the previous night’s irrigation was still draining
into the sediment basin although this dramatically tapered off by the time the
irrigation for Trial #2 was started (9:50 am). PAM was applied to each irrigation
row using the “patch” method described above. By 3:00 pm (five hours after
the start of irrigation), water from the top of the field began to drain into the
interception ditch. Samples were collected each hour until 12:00 pm. Irrigation
was switched to the night time set (rows 41-56) at 11 pm.

Flow in the second trial was generally higher than the first perhaps due to the
fewer number of rows irrigated. The flow rate ranged from 261 liters/minute to a
maximum of 1291 liters/minute. Total flow observed was 590,000 liters (155,878
gallons) during the 9 hours of monitoring, or 65,555 liters/hour, almost twice the
volume of the first trial.

Lambda-Cyhalothrin Residues and Total Suspended Solids (TSS)

With each set of analyses for lambda-cyhalothrin, two untreated
water/sediment samples were fortified at two different rates to validate the
analytical set. The average recovery of lambda-cyhalothrin was 103 + 12.7% over
the course of the study. Lambda-cyhalothrin residue levels in the samples from
the study conducted without adding PAM to the irrigation runoff ranged from
0.555 to <0.01 ug/L at the field exit (prior to entering the sediment basin) and
0.185 to 0.012 ug/L at the exit of the sediment basin. Levels of total suspended
solids ranged from 1280 mg/L to 50 mg/L prior to entering the sediment basin
and 300 mg/L to 50 mg/L at the exit of the sediment basin. The results show a
decline in both TSS and pyrethroid concentration during the time the sediment
basin was discharging.

In the second trial, lambda-cyhalothrin residue levels in the samples from the
study conducted with PAM added to the irrigation water ranged from 0.33 to 0.21
ug/L at the entrance to the sediment basin and from 0.50 to 0.11 ug/L at the exit of
the sediment basin. At the same time, the concentrations of TSS ranged from 280
to 10 mg/L at the entrance to the sediment basin and 35 to <0.25 mg/L at the exit
of the sediment basin.
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Estimation of Efficiency for Removing Residues

Using the flow measurements and the concentrations of sediment and
pyrethroids, the amount of water, sediment, and pyrethroids entering and leaving
the sediment basin were calculated as a function of time using the methods as
described earlier.

A plot of the total TSS (in g) residues entering and leaving the sediment basin
in Trial 1 (no PAM) is shown in Figure 2. A significant amount of sediment (206
kg) enters the sediment basin, but only 43 kg (79% efficiency) remained in the
runoff water at the basin exit.
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Figure 2. Total Suspended Solids (TSS) in the Inlet and Outlet of the Sediment
Basin in Trial 1 (without PAM)

Similarly, a plot of the total lambda-cyhalothrin (in mg) entering and leaving
the sediment basin for Trial 1 was plotted in Figure 3. A total of 108 mg of lambda-
cyhalothrin enters the sediment basin and 43 mg remained in the water exiting the
basin.
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Figure 3. Total lambda-cyhalothrin residues in the Inlet and Outlet of the
Sediment Basin in Trial 1 (without PAM)
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Although only low levels of lambda-cyhalothrin left the treated field (0.05%
of applied), the levels found in runoff water are high enough to be of biological
significance to some aquatic species. As a result, developing methods for reducing
pyrethroid discharges continue to be of importance. In this trial, there was a 61%
reduction of lambda-cyhalothrin with the sediment basin, presumably because
of the adherence to the sediment particles as they settle out. The fact that the
reduction is not to the same degree as that observed for the sediment suggest that
either some pyrethroid is left in solution (unlikely given the hydrophobic nature of
lambda-cyhalothrin (water solubility-0.004 mg/L)) or that loss may be occurring
by adherence to fine, low weight sediment particles that have not settled out. In
this study, no attempt was made to measure the size of the soil particles entering
and exiting the sediment basin.

In the second trial (with PAM) a plot of total TSS residues (Figure 4) showed a
similar pattern to that seen in Trial 1. Although the flows were higher, the levels of
sediment entering the sediment basin were significantly reduced when compared
to the first trial by almost a 5X factor (38 kg) presumably due to the application of
PAM. In addition, the sediment basin removed an additional 84% of the sediment
from the runoff as measured at the basin exit (6 kg).
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Figure 4. Total Suspended Solids (TSS) in the Inlet and Outlet of the Sediment
Basin in Trial 2 (with PAM)

For lambda-cyhalothrin residues (see Figure 5), the higher flow rates resulted
in more chemical reaching the entrance to the sediment basin (0.12 % of applied).
Again, presumably due to the higher flow rates, the reduction of pyrethroid
residues was significant (38%), but not as great as those observed in the previous
trial.

The results of these calculations are summarized in Table I.
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Figure 5. Total lambda-cyhalothrin residues in the Inlet and Outlet of the
Sediment Basin in Trial 2 (with PAM)

Table I. Overall Summary for Both Trials

Trial 1 (no PAM)

Trial 2 (with PAM)

Treated Area

4.7 hectares

2.6 hectares

(11.6 acres) (6.4 acres)
Pyrethroid Applied 210 g ai 116 g ai
(0.464 1b ai) (0.256 1b ai)
Pyrethroid Entering Basin 108.8 mg ai 143.2 mg ai
(% of applied) (0.05%) (0.12%)
Pyrethroid Leaving Basin 43.0 88.9
Pyrethroid Reduction from 61% 38%
Basin (%)
Sediment Entering Basin 206 kg 38 kg
Sediment Leaving Basin 43 kg 6 kg
Sediment Reduction (%) 79% 84%
Conclusions

Sediment basins can play an important role in mitigating the irrigation
transport potential for both soil and pyrethroid residues. In this trial, 79-84%
of the total suspended sediment entering a sediment basin was removed from
the runoff. Given the hydrophobic nature of the pyrethroids as a class of
insecticides, they will be transported as a chemical bound to sediments and these
residue-bearing particles will be removed from the runoff stream as the sediment
settles out. Although removal of the pyrethroids was 38% to 61%, the levels
observed were not as high as the sediment response. This, possibly, may be due
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to either the low water solubility of lambda-cyhalothrin (0.004 mg/L) or to the
absorption of lambda-cyhalothrin residues to lighter weight clay particles which
did not have a chance to settle out in this trial. These data also suggest that
flow rate might impact both sediment and pesticide runoff. Future research on
irrigation practices might help determine if decreasing flow rate could help reduce
sediment and pesticide runoff.

The use of polyacrylamide (PAM) at each irrigation event can also reduce the
levels of sediment leaving the field. Under the conditions observed in this study,
a fivefold increase in sediment retention and subsequently sediment transport
reduction from the field was observed. The sediment that did make it off the
field was effectively removed with the sediment basin. Although application
of PAM did not have as dramatic an effect on the total amount of pyrethroid
residues leaving the field, any field management measures taken to reduce the
total sediment loads leaving the orchard would be expected to have a positive
effect on pyrethroid residue mitigation.
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Chapter 5

Management Practices for Reducing Discharge
of Pyrethroids and Sediment in Irrigation
Drainage Water from Row Crops

Russell L. Jones™! and James C. Markle?

IBayer CropScience, 17745 South Metcalf, Stilwell, KS 66085 USA
2CURES, 531-A North Alta Avenue, Dinuba, CA 93618 USA
*russell.jones@bayer.com

The use of polyacrylamide (PAM) and sediment basins have
long been recognized as effective management practices for
reducing pesticide and sediments in drainage water from
irrigated agriculture. Their effectiveness has been confirmed
by many independent studies. This study examined transport
of pyrethroids and sediment from tomato fields under two sets
of conditions representing a wide range of sediment transport
potential. The study results show that management practices
that reduce water and sediment from the field (e.g. PAM and
more careful irrigation flow control) and also technologies that
remove sediment from edge of field tail waters (e.g. sediment
basins) are also effective in reducing pyrethroid transport, with
reductions of up to 80 % demonstrated in these trials.

Introduction

Previous research indicates that sediment basins can play an effective role in
the reduction of sediment and pesticide runoff from agricultural fields. If sediment
basins are designed correctly, they may trap up to 70-80% of the sediment
that flows into them (/). Compounds that are highly hydrophobic such as the
organochlorine pesticides, polychlorinated biphenyls (PCBs) and polyaromatic
hydrocarbons, and pyrethroids bind readily to the sediment and are removed
from the runoff water as the sediment settles. Although a number of papers have
investigated the transport of highly hydrophobic compounds into agricultural
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streams with the sediment (2, 3) no published data existed on the effectiveness of
sediment basins for the removal of pyrethroid residues from agricultural runoff.

Polyacrylamide (PAM) is a water soluble, synthetic organic polymer. It has
been used in agriculture for soil erosion control on about one million hectares
worldwide (4). It has also been used as a flocculent in municipal water treatment,
paper manufacturing and food processing (5). PAM interacts with soil particles to
stabilize both soil surface structure and pore continuity (6, 7). Under experimental
field-trial conditions, proper application of PAM with the first irrigation has
substantially reduced soil erosion in furrow systems with benefits that include
reduced topsoil loss, enhanced water infiltration, improved uptake of nutrients and
pesticides, reduced furrow-reshaping operations, and reduced sediment-control
requirements below the field (8). By increasing soil flocculation, PAM has been
shown to be effective in reducing sediment erosion through runoff and increasing
water infiltration (9). A recent study has found that PAM applications to furrow
irrigated crops reduced sediment erosion by over 90 percent (/0). As reductions
in sediment runoff are achieved, reductions in pesticides such as dicofol that are
highly absorbed to soil particles also occur (/7). Broadcast applications of PAM
were also found to be significantly effective in increasing water infiltration and
reducing sediment runoft (/2).

This study examines the use of sediment basins with and without the use of
PAM to reduce pyrethroid residues in agricultural runoff following a pyrethroid
(lambda-cyhalothrin) application to processing tomatoes. Data from this study
will be used to evaluate the effectiveness of using these technologies as Best
Management Practices (BMPs) in reducing the off-site movement of pyrethroids
in irrigation tailwaters. The purpose of the study was not to repeat the body of
research that has already confirmed the efficacy of PAM and sediment basins
in reducing total suspended solids (TSS), but to learn more about how the
pyrethroids behave with respect to the sediment in these systems.

Materials and Methods
Study Site and Irrigation

The study was conducted on a 184-ha commercial farm located near the
city of Patterson, California in the San Joaquin Valley. The farm lies on the
eastern slope of the Coastal Range (western side of the San Joaquin Valley). At
the initiation of this trial, the farm was divided into numerous blocks, 121 ha of
which were planted in processing tomatoes with the balance in spinach and dry
beans. The National Resource Conservation Service (NRCS) classified the soil
type as about 94 % being a Vernalis clay loam (fine-loamy, mixed, superactive,
thermic calcic Haploxerepts) with the balance as Zacharias clay loam (fine-loamy,
mixed, superactive, thermic typic Haploxerepts), which has been laser planed
to 1-2 percent slope. At the base of each block is a sediment basin and sump to
capture the irrigation drainage water (or tailwater) which is then directed to a
master sump and sediment basin. Water in the master sump is then re-circulated
by pumping the water back to the blocks where fresh water is added to make up
for any water lost during irrigation and evaporation.
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In the 26.3-ha block used for both trials (Figure 1), irrigation is applied to
about 5.26 ha at a time (26 rows). Irrigation is applied at the west end of the block
with water introduced via an irrigation ditch that runs along the entire length of
the west end of the block. Siphons are used to remove water from the ditch and
introduce water into the irrigation furrows. Irrigation water flows in the irrigation
furrows towards the east end of the block, a distance of approximately 780 m.
There is also an irrigation pipe running north-south through the block half-way
between the east and west ends. This pipe has simple gate valves built into the
pipe so that when opened, water is introduced into the irrigation furrow.

Drainage water (tailwater) from all irrigation furrows in the 26.3 ha block
empties into an interception ditch along the east end of the block which flows
into the sediment basin located in the northeast corner. A rectangular weir was
installed in the ditch and the height of the water over the weir was measured at
various intervals during the study. The flow was calculated using the rectangular
weir equation (/3). The sediment basin when filled measured 38.7 m in length
and 9.1 m in width. The depth was approximately 2.4 m when full. Due to the
irregular shape and depth, no estimate was made of the volume of water in the
sediment basin when filled. At the end of the basin was a standpipe (0.24 m in
diameter), which acted as the field drain.

The 26.3-ha block used for the trial was bedded up and transplanted with
canning tomatoes on April 18, 2007. The transplants were initially irrigated in
24-hour sets at least every seven days. The beds were cultivated for weed control
on May 9, 2007 and June 25, 2007. As the plants reached approximately 0.46 m in
height and began to impede the flow of water in the furrows, the grower switched
to a 12-hour set to prevent the beds from becoming too wet.

Trial 2 Trial 2 Sediment Basin
Trial 1 Trial 1
Trrigation Supply Ditch Tailwater Ditch

Figure 1. Diagram of the 26.3-acre Block in which the Trials were Conducted

To reduce erosion, the grower typically applies polyacrylamide (PAM) using
the “patch method” at each irrigation event (including irrigation events that
occurred prior to the application of the pyrethroid). The "patch method" involves
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placing PAM at the point in the furrow where the water is introduced; applying
it for a length of about 1-1.5 m down the furrow to reduce the risk of the PAM
becoming buried in the furrow or washing down the furrow with little to no effect.
The patch method creates a layer of gel at the top of the furrow where the water
slowly dissolves the PAM and carries it down the furrow. The use of PAM at this
farm prevents the need for frequent excavation of the sediment basins due to the
highly erodible soil, saving both the cost of excavation and the cost to re-laser
and re-level the field beds. At this farm, the cost of PAM is approximately $7/acre
($17/ha) each year.

Application of Lambda-Cyhalothrin

Lambda-cyhalothrin is typically applied to tomatoes in this region several
times during the growing season to control chewing insects. In this study, lambda-
cyhalothrin was applied by air as Warrior® with Zeon Technology™ at the rate of
22 g ai/ha (0.02 1b ai/A) on the morning of July 15, 2007. The entire block of 26.3
ha was treated for a total target mass of 590 g ai applied (118 g ai per irrigation
section).

Study Design

This study consisted of two sequential trials. Trial 1 was conducted with only
a sediment basin, without the use of PAM. Trial 2 was conducted with the same
sediment basin, in combination with applications of PAM.

In the first trial, 26 rows were irrigated but no PAM was applied. Supplemental
irrigation was also added at the middle of the field. Samples of drainage water
flowing over the weir in the ditch entering the sediment basin were taken every
hour. Once water began to flow out of the sediment basin, samples were collected
hourly at the exit of the sediment basin.

In the second trial, 26 rows adjacent to those in the first trial were irrigated
and about 250 mL of PAM was applied to the upper end of each furrow where
the irrigation water enters the field. Due to unexpected water use restrictions, no
irrigation water was added from the pipe at the middle of the field. The product
used was Soil Fix IR (CIBA Specialties) which contains 90% PAM. Samples of
drainage water were taken every two hours at the entrance and exit (upon initiation
of flow) of the sediment basin. The longer sampling intervals in this trial were due
to the lower flows observed.

Sample Collection and Analysis

Water samples were collected manually from the flow over the weir located in
the ditch draining into the sediment basin and from the exit of the sediment basin.
At each sampling interval, a sample of approximately 250 mL was collected
for pyrethroid analysis in a 500mL Teflon-FEP bottle and another sample of
approximately 250 mL was collected for measuring total suspended solids in a
500 mL Nalgene polypropylene bottle. Teflon-FEP containers were selected for
use in this study, based on the work of Robbins (1997, unpublished report) which
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showed a recovery of lambda-cyhalothrin of 89 percent after 57 days. Samples
were placed immediately into coolers fill with ice and kept on ice until delivery to
the analytical laboratory where they were immediately placed in refrigerators for
storage until extraction. Pyrethroid samples were extracted and analyzed within
29 days of collection.

Samples were analyzed for lambda-cyhalothrin by extraction with a 4:1 (v:v)
methanol hexane mixture and then transfer to an acetone solution with 0.1 %
peanut oil (to minimize matrix effects) for analysis by GC-MSD/NICI. Analysis
of samples for TSS was by standard filtration techniques (Method 2540 D (/4)).

With each set of analyses for lambda-cyhalothrin, two untreated water samples
were fortified at two different rates to validate the analytical set. The average
recovery of lambda-cyhalothrin was 108 + 11.7% over the course of the study.
The Limit of Determination (LOD) for the analytical method was 0.01 pg/L of the
water and sediment solution.

Calculation of Water, Sediment, and Pyrethroid Discharges

Amounts of water, suspended solids, and pyrethroids entering and leaving
the sediment basin were calculated by performing a numerical integration. This
numerical integration assumed that the flow of tailwater into the basin was zero
at the time of the first sample (the first sample was taken just as flow began to
start) and then varied linearly between flow measurements. Water flow out of
the sediment basin was assumed to be equal to the flow of water into the basin
during times when the basin was discharging. This assumption may overestimate
the amount of material leaving and underestimate TSS and pyrethroid reductions
since other processes (e.g., infiltration and evaporation) were assumed not to
be significant. In the second trial the flow was assumed to be constant after the
last flow measurement since all rows were discharging at that time. TSS and
pyrethroid concentrations were assumed to vary linearly between sample times.
Therefore, water flow rates and concentrations of TSS and pyrethroids could
be estimated at one minute intervals using these assumptions. The numerical
integration was performed using a one minute time step. The amount of tailwater
flow during each time step was estimated using the average volumetric flow rate
during the minute (flow at the start of the minute plus flow at the end of the
minute divided by two). Amounts of TSS and pyrethroid mass for each minute
were estimated by multiplying the amount of water flow for each minute times the
average concentration (concentration at the start of the minute plus concentration
at the end of the minute divided by two). The tailwater flows and amounts of TSS
and pyrethroid for each minute were summed over appropriate study intervals.

Results and Discussion
Flow Rates

During the study considerable variability in the onset of runoff and the
drainage flows occurred between trials and among irrigation furrows within a
trial. This variability must be considered in the interpretation of the study results.
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In the first trial, irrigation water reached the lower end of the irrigation furrows
approximately 2-3 hours after the irrigation was started. Starting the irrigation in
the various furrows at the west end of the block was not an instantaneous process,
but required approximately an hour to set the siphons at the west end and turn on
the gate valves in the middle of the field. At the time the water in the drainage
ditch reached the weir at the inlet to the sediment basin and sampling began, water
from only 3 of 26 furrows had reached the end of the row and was contributing
to tailwater flow. Two hours later, only 14 of the 26 furrows were draining into
the ditch leading to the sediment basin. Five hours after the start of sampling, all
but three of the furrows were draining. However, the final furrow did not start
draining until about ten hours after the first furrows began draining. This resulted
in increasing flow rates through the weir during the majority of the trial (Figure 2).
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Figure 2. Flows Measured at the Weir during the Trials.

Between the 9 and 10-hour samples in the first trial, a stream of water was
observed entering the sediment basin from another ditch. The water level in the
irrigation ditch at the upper end of the field had been slowly rising during the
night and had begun to flow over the ditch bank into row 1 at the northern end
of the ditch. Therefore, the measurements at the weir no longer represented the
discharge out of the sediment basin and the concentration of TSS and pyrethroids
in the second stream were unknown. As a result, the interpretation of the study
results was based on the data collected through nine hours, although the data from
the later time intervals have been included in the figures.
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The intent was to conduct the second trial with flow rates similar to those
used in the first trial. However, due to government water restrictions, less water
was available for the second trial than for the first trial so additional irrigation
water could not be added at the middle of the block. In the first trial, tailwater
flow rates peaked at about 800 L/min, while the peak tailwater flow in the second
study was only about 30 percent of that in the first trial. Therefore, the second
trial provides information about the operation of the sediment basins under quite
different operating conditions. First the sediment basin in the second trial was
nearly full of water and contained TSS and pyrethroids from the first trial. Second,
as mentioned earlier the flow rates in the second trial were only about 30 percent
of that observed in the first trial. As a result, conclusions can not be drawn about
the percent reduction in TSS or pyrethroids resulting from the use of PAM alone.

In the second trial about five hours was required between the start of irrigation
and the onset of tailwater discharge into the ditch leading to the sediment basin.
The pattern of increasing flow in the second trial was similar to that observed
during the first trial, with all 26 rows contributing to tailwater after about 10 hours.
At the same time as the 14-hour samples were collected, the tailwater ditch began
to overflow and flood the access road, so a second entrance into the sediment
basin had to be opened. Water entering via this second entrance bypassed the
weir. Therefore, the study results were interpreted based on the data collected
through 14 hours. However, the calculations were also performed for the 16-hour
period, assuming no change in flow rate, and the amount of pyrethroids leaving
the sediment basin expressed as percent of entering pyrethroids was essentially
the same during the 16 hour period as for the 14 hour period.

Lambda-Cyhalothrin Residues and Total Suspended Solids (TSS)

The concentration of lambda-cyhalothrin (expressed in pg/L) and TSS
levels (expressed in mg/L) for each runoff sample can be found in Figures 3—6.
Concentrations of both pyrethroids and TSS appear to be spiky. This is probably
the result of the flush that occurs when new rows begin to deliver tailwater and
associated TSS and pyrethroid residues. However, the sediment basin seems to
be effective in reducing the higher levels of TSS and pyrethroid residues in this
first flush since the concentrations in the water entering the sediment basin during
the first few hours are higher than the initial concentrations leaving the sediment
basin.

Lambda-cyhalothrin residue levels in the runoff samples from the study
conducted without adding PAM to the irrigation runoff ranged from 2.005 to
0.191 pg/L at the field exit (prior to entering the sediment basin) and 0.135 to
0.102 pg/L at the exit of the sediment basin. At the same time, the levels of
total suspended solids ranged from 860 mg/L to 390 mg/L prior to entering the
sediment basin and 535 mg/L to 85 mg/L at the exit of the sediment basin. The
results show a decline in TSS and pyrethroid concentrations during the time the
sediment basin was discharging. Also the maximum concentrations observed in
the inlet are higher than in the outlet stream.
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Figure 3. Lambda-Cyhalothrin Residues in the Inlet and Outlet of the Sediment
Basin in Trial 1 (without PAM).
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Figure 4. Total Suspended Solids (TSS) in the Inlet and Outlet of the Sediment
Basin in Trial 1 (without PAM).
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The pattern of results is slightly different for the second trial (with PAM).
Pyrethroid concentrations in the runoff samples from the study conducted with
PAM added to the irrigation water were lower and ranged from 1.32 to 0.106
pg/L at the entrance to the sediment basin and 0.144 to 0.0416 pg/L at the exit of
the sediment basin. In this case maximum concentrations in the inlet and outlet
streams still show a significant difference for pyrethroids and there also appears to
be a reduction in concentrations during the time the sediment basin is discharging.
However, the concentrations of TSS are largely unchanged between the inlet
and outlet streams over the entire test period (although there is variability in the
concentrations of both streams). The cause of the spike in TSS residues TSS in
the 12 hour inlet sample and the 14 hour outlet sample is unknown.
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Estimation of Efficiency for Removing Residues

Using the flow measurements and the concentrations of TSS and pyrethroids,
the amount of water, TSS, and pyrethroids entering and leaving the sediment
basin were calculated as a function of time (Tables I and II) using the numerical
integration process described earlier and used to estimate the removal of TSS and
pyrethroids.
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Table I. Summary of Calculated Flows for Trial 1 (no PAM)2

Time 7SS (kg) Pyrethroids (g)
Period Water Flow
(hours) L Into Basin %Zliifzf Into Basin %Zi‘;lf
0-1 4,000 3 - 0.006 -
1-2 13,000 11 - 0.017 -
2-3 20,000 17 - 0.020 -
3-4 24,000 18 - 0.012 -
4-5 28,000 18 - 0.017 -
5-6 32,000 19 16 0.015 0.0041
6-7 35,000 19 11 0.011 0.0045
7-8 38,000 18 4 0.013 0.0059
8-9 41,000 20 4 0.014 0.0058
9-10 45,000 21 - 0.023 -
10-11 46,000 20 - 0.020 -
Total 0-9 235,000 144 36 0.125 0.0204

a There was no flow out of the sediment basin for the first 5 hours. Water flow for 9-10 and
10-11 hours does not include the contribution of the second stream to sediment basin inflow
or outflow. The TSS and pyrethroid flows into the basin for these same sample intervals do
not include the contribution from the second stream.

In Trial 1 (without PAM) 20 times as much TSS was transported in
approximately 1.5 times the volume of runoff compared to Trial 2 (with PAM).
In Trial 1 about 0.11 percent of the pyrethroid applied was transported into the
sediment basin, while in the second trial approximately 0.043 percent of the
pyrethroid was transported into the sediment basis or about 40 percent of the
amount in Trial 1.

In Trial 1 (without PAM), 75 to 84 percent of the TSS and pyrethroid,
respectively, were retained in the sediment pond. In trial 2 (with PAM),
concentrations of pyrethroids were lower in the outflow than the inflow and
approximately 80-85 percent of the pyrethroid was retained in the sediment basin.
In trial 2 the differences in TSS levels flowing into and out of the sediment basin
were too small and variable to allow reliable estimates of retention of sediment
in the basin.

These results are consistent with other published data on sediment basins.
Interpretation of these results requires consideration of factors such as starting
volume of water in the sediment basin, initial pyrethroid content from earlier runoff
events, starting TSS content, and volumetric flow of streams into and out of the
sediment basin
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Table II. Summary of Calculated Flows for Trial 2 (with PAM)a

Time 1SS (kg) Pyrethroids (g)
Period Water Flow
(hours) @) Into Basin %Zivifzf Into Basin %Zivifzf
0-2 4,000 0.33 - 0.0031 -
2-4 10,000 0.37 - 0.0039 -
4-6 15,000 0.41 - 0.0104 -
6-8 19,000 0.52 0.52 0.0097 0.0010
8-10 23,000 0.81 0.63 0.0023 0.0022
10-12 26,000 0.84 2.07 0.0035 0.0027
12-14 26,000 2.01 2.20 0.0082 0.0014
14-16 26,000 227 0.78 0.0093 0.0014
Total 0-14 123,000 5.28 5.43 0.0412 0.0072
Total 0-16 149,000 7.54 6.20 0.0505 0.0086

a There was no flow out of the sediment basin for the first 6 hours. Values for 14-16
hours assume that the total flow into the sediment basin remained constant and that the
concentrations of pyrethroids and sediment in both streams entering the sediment basin
were the same.

Conclusions

This study has demonstrated that pyrethroid residues transport with a portion
of the sediment that is eroded from the field under conditions of both high and
low erosion potential. Importantly, the data also show that methods established to
reduce water and sediment from the field (e.g. PAM and more careful irrigation
flow control) and also technologies demonstrated to remove sediment from edge
of field tail waters (e.g. sediment basins) are both effective in reducing pyrethroid
transport in addition to their well documented benefits for reducing sediment
transport.
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Pesticide use and intensive irrigation in commercial nurseries
can result in runoff that poses risks to downstream aquatic
ecosystems. A variety of cultural practices are discussed in
this chapter that can limit off-site movement of pesticides,
such as improving irrigation efficiency, uniformity, methods,
and timing; reducing chemical inputs by establishing an [PM
program; applying pesticides safely and establishing protocols
for cleaning spills and leaks; and retaining sediment and runoff
on nursery property. Because many pesticides are transported
after adsorbing to suspended sediment, detention basins and
runoff capturing or recycling systems may effectively retain
pesticides on site. In the second half of this chapter, we present a
study evaluating the performance, costs, and pesticide removal
efficiency of detention basins and water recycling practices at
11 commercial nurseries in southern California.
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Introduction

Pesticide use in commercial nurseries may often be more intensive than for
other agricultural crops. Exceptional pest management practices are required
because consumers have low tolerance for pest damage on ornamental plants.
The nursery industry is also responsible for intra- and interstate movement of
potentially infested plants, and quarantine protocols for exotic pests mandate
use of specific pesticides, application rates, and frequency. Furthermore, many
major pests attacking ornamental crops are known to be resistant to one or more
pesticides, which may result in higher application rates or frequency.

Heavy pesticide use poses significant risk of surface water contamination
because pesticides may move off site in runoff produced by either irrigation
or precipitation (/, 2). For example, as much as 70 to 75% of irrigation water
may run off packed gravel beds or impervious surfaces when nursery plants
are watered by an overhead irrigation system (3). Summer use of pesticides
is relatively heavy (compared to winter months) and is coupled with intensive
irrigation; winter use of pesticides can also be substantial (4) and occurs when
storm events are more likely.

Sources of pesticides in nursery runoff include pesticides injected into
irrigation water, leachate from containers, and application drift (5—7). Deposition
of sprayed pesticides between pots and within aisles has been noted for
containerized foliage plants (&). Spills of potting media during production and
transportation were identified as a main source for pesticides such as bifenthrin
because these are incorporated directly into potting materials before transplanting
).

The actual risk of nonpoint source pollution closely depends on the
environmental conditions and management practices of each specific nursery.
A variety of cultural practices such as improved irrigation efficiency and pest
management have been implemented to limit pesticide and nutrient runoff (5, 7,
9). Developing sound management practices is dependent on understanding the
factors that influence the actual outcome of pesticide applications, including soil
properties, water movement, and pesticide properties (4).

Management Practices for Reducing Pesticide Use and Runoff

Some of the most important practices to reduce pesticide use and pesticide
runoff from nurseries are summarized below. Refer to Newman et al. (/0) and
Haver (/1) for detailed information on best management practices (BMPs) to
reduce runoff.

Irrigation Practices

Under dry weather conditions, irrigation is the single most important factor
affecting the volume of runoff that may contain pesticides. Irrigation efficiency,
irrigation uniformity, methods of irrigation, and timing of irrigation events can all
play a role in pesticide runoff.
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Proper irrigation scheduling and timing is based on environmental conditions
and plant water requirements; as conditions or plant requirements change,
irrigation scheduling is adjusted and refined. In addition, the required amount
of water is applied only to the locations desired. To reduce runoff when using
overhead irrigation, containers are placed as closely as possible without reducing
plant quality. With drip systems, irrigators ensure that each emitter is located in
a pot to prevent runoff. When containers are moved, such as during harvesting
operations or in retail areas, plants are reconsolidated and irrigation is turned off
in unused portions. Irrigators note spray patterns to ensure water is being applied
only to plants, not to walkways or roads. Hand watering is performed carefully to
avoid creating runoff between pots and on walkways.

Regular system maintenance is critical. Irrigators inspect and repair all
leaks and replace worn, outdated, or inefficient components and equipment.
Maintenance also includes flushing and unclogging lines, emitters, and sprinkler
heads and regularly cleaning filters.

Integrated Pest Management (IPM) Programs

Another important way to mitigate pesticide runoff is to reduce chemical
inputs by establishing an IPM program. A key component is ongoing monitoring
(scouting) to detect pests before crop damage occurs. Monitoring records include
pest counts, degree of injury, and other data needed to determine pest pressure and
population trends. Environmental parameters can also be monitored to predict
growth of pest populations and for disease forecasting. Economic thresholds are
established to determine when the benefit of controlling a pest is worth the cost of
control methods and the associated potential hazards. Pesticides are applied only
when justified by pest population size and crop damage threshold levels, resulting
in fewer pesticide applications and reduced pesticide drift and runoff. Directed and
spot-spray applications as well as the use of adjuvants such as spreader-stickers can
also reduce the amount of pesticides applied. Pesticide resistance can be avoided
by rotating pesticides from different modes of action and using the lowest effective
application rate.

Preventive Control and Good Sanitation Practices

Pesticide use in the nursery and therefore pesticide runoff can be reduced
by practicing preventative control techniques, such as good sanitation, use of
resistant plant varieties, and proper plant culture. These practices prevent spread
and infection to other plants and reduce the size of areas requiring treatment.

Good sanitation begins with plants that are free of pests and pathogens. All
plant material brought to the nursery, therefore, is inspected. Any infested plants
are treated or discarded. New plants are also quarantined whenever possible before
introducing them into growing areas. Certified or culture-indexed stock—plants
that are tested to confirm they are free of specific pathogens—is available for some
plant species. Use of certified plant material is especially important when selecting
propagation stock.
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A clean environment must also be maintained for plant growth. Planting
beds and recycled container media are heat steamed or chemically treated before
establishing a new crop to eliminate pest problems from previous crops. Tools are
also sterilized between uses on infected or highly susceptible crops. Employees
remove soil from their shoes before entering propagation areas and feet are not
allowed on propagation benches. Weeds are removed because they may host pests
and plant disease vectors. Pulled weeds, pruned clippings, plant refuse, and culled
plants are collected in sealed bags and disposed in covered dumpsters away from
and downwind of healthy plants and production areas.

Another method of preventing pest problems is to select plants that
are tolerant or resistant to pests and diseases; these plants have physical or
biochemical characteristics that make them less susceptible to pests and diseases
or are less likely to suffer appreciable damage. For example, natural resistance
genes exist for various diseases including powdery mildew, Verticillium, and
Fusarium and for some bacteria, nematodes, and viruses.

Many pest problems can be prevented by providing environmental and
cultural conditions that are optimal for the species—healthy plants are more likely
than unhealthy ones to resist or withstand pest infection or infestation. Plants
require a good growing medium, proper fertilization, good air circulation, and
good drainage and water management. Standing water and prolonged periods of
leaf wetness should be avoided.

Non-Chemical Control

The use of non-chemical control strategies slows the development of
pesticide resistance and reduces pesticide pollutant loads that can contaminate
the environment. Non-chemical strategies include cultural controls (e.g., locating
susceptible varieties in a specific area to intensify pest management, separating
older plantings from new ones to minimize movement of pests to newer crops),
mechanical control (e.g., hand-pulling weeds, applying mulch for weed control,
installing screens to exclude insects), environmental control methods (e.g., heat
treatments to control soil-borne pests, altering humidity and temperature to
control foliar pathogens, improving drainage and aeration of planting media to
prevent pathogenic problems), and biological control.

Reduced-Risk Pesticides

When pesticides are selected, it is important to check the label to determine
if the product is registered for use on the target pest and host plant, and
for instructions on product use. The pesticide label also provides hazard
warnings, including information about potential environmental risks. Moreover,
online resources may be consulted to select products with reduced runoff
potential and toxicity, such as WIN-PST, a pesticide environmental risk
screening tool supported by the USDA-NRCS National Water and Climate
Center (http://www.wsi.nrcs.usda.gov/products/W2Q/pest/winpst.html),  The
University of California PesticideWise website (http://www.pw.ucr.edu/),
the “Water Quality Compare Treatments” provided in the University of
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California IPM Pest Management Guidelines (http://www.ipm.ucdavis.edu/PMG/
crops-agriculture.html), or the Pesticide Action Network Pesticide Database
(http://www.pesticideinfo.org/Search_Chemicals.jsp). Whenever possible,
pesticides that would potentially contaminate surface water are avoided. These
pesticides include some organophosphates (OPs) (e.g., chlorpyrifos, diazinon),
carbamate insecticides (e.g., carbaryl), and synthetic pyrethroids (e.g., bifenthrin,
cyfluthrin, permethrin). Additionally, pesticides that are the most selective for the
target pest species are selected over broad-spectrum pesticides whenever possible,
which minimizes disruption of natural population control mechanisms.

Safe Application of Pesticides

Pesticides should be applied according to their label. In addition, the
exact location of the area to be treated and the site conditions must be known,
including the potential hazard of spray drift or subsequent pesticide movement
to surrounding areas. Pesticide applications are scheduled to avoid off-target
pesticide movement. Pesticides are not applied before scheduled irrigations,
unless the product must be activated by moisture and indicated in the label
instructions. When applying pesticides outdoors, it is important to consider
weather conditions (e.g., fog, rain, wind). Pesticide spraying equipment is
calibrated to ensure the best coverage and accurate application rates. The volume
of spray needed is properly calculated and pesticides are accurately measured to
apply the labelled rate as well as to eliminate disposal problems associated with
excess spray solutions. Pesticide use records (the amount and type of pesticides
applied) are maintained, and aid in planning future pest control measures and
limiting pesticide accumulation.

Pesticide Spills and Leakage

Leaks or spills can occur during pesticide transportation, usage, and storage.
For this reason, pesticide storage structures are located as far away from waterways
as possible, with a concrete pad and curb to contain spills and leaks. They are also
protected from rainfall or irrigation. An up-to-date inventory of stored pesticides
including a Material Safety Data Sheet (MSDS) for each pesticide is available at
the facility, along with a spill kit that includes detergent, hand cleaner, and water;
absorbent materials such as absorbent clay, sawdust, or paper to soak up spills;
a shovel, broom, dustpan, and chemical resistant bags to collect contaminated
materials; and a fire extinguisher. Any pesticide spills are cleaned immediately
according to a predetermined protocol and with reference to the product MSDS.

Pesticide mixing and loading operations are conducted on an impermeable
surface such as a concrete floor. If pesticides are mixed into container media
before potting, concrete curbs or sand bags are used to isolate these areas so that
media is not washed away. Any spilled potting media that contains pesticide
residues is collected to avoid off-site movement by wind or water. Any runoff
from areas where pesticides are used is contained or directed to a treatment area
(see subsequent sections).
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The pesticide label is consulted for disposal instructions of leftover pesticide
materials. Empty, rinsed plastic pesticide containers are taken to pesticide
container recycling facilities or to sanitary landfills.

Practices that Retain Pesticides On Site

Bare soil and hillsides in nonproduction areas must be protected from
concentrated flows of water that cause erosion. Establishing plant covers such as
landscaping reduce the amount and speed of runoff and trap sediment, thereby
reducing soil losses and pesticide movement. Alternatively, ground covers such
as mulch and gravel or sediment barriers such as sand bags, straw wattle, and
synthetic hay bales can be used to curtail runoff and reduce erosion. Areas
susceptible to erosion can also be treated with polyacrylamides (PAM) to improve
stabilization (/2).

If irrigation or storm water is discharged from the nursery, pollution must be
mitigated. This may be achieved by treating runoff with vegetative buffers before
discharge. Vegetative buffers such as constructed wetlands reduce runoff flow
velocity, take up excess nutrients, and remove pesticides by trapping sediment,
providing time for decomposition. Other mitigation practices include the use of
landscaping, cover crops, slow sand filtration, sediment barriers, diversions, and
underground outlets. Moreover, water bodies and drainage channels located on the
nursery property should be protected by vegetated filter strips, strips of land used
between production areas and waterways to trap sediment particles and stabilize
the banks (5, 7, 12).

Wind erosion wears away topsoil and has a direct effect on the productivity
of the nursery land, as well as impacting water quality. Furthermore, wind erosion
from nurseries may contribute to air pollution, which could exceed air quality
standards enforced by local regulatory agencies. Wind erosion is minimized
by maintaining good soil structure and using plant covers. Additionally, trees,
shrubs, or other vegetation are planted as windbreaks (shelterbelts) along the
upwind boundaries of production fields to reduce wind erosion. Storing container
media in a location sheltered from wind and away from drainage channels reduces
the risk of media blowing into waterbodies.

Capturing Pesticide Runoff and Recycling Water

Technologies that capture runoff water and sediment are considered for
mitigating pesticide movement because water serves as the carrier for dissolved
and adsorbed pesticides. Many types of impoundments are used in nurseries for
capturing runoff water. For example, sediment basins intercept large amounts
of sediment-laden runoff; the runoff is temporarily detained under quiescent
conditions, allowing sediment to settle out before the runoff is discharged.
Impoundments are also constructed to collect large runoff flow and “detain” it
temporarily (detention basin, infiltration basin) or “retain” it for longer periods
(e.g., retention basins, ponds, recycling systems, tailwater recovery systems, and
reservoirs). Water dissipates by evaporation and by infiltration into the ground
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from unlined impoundments. Seepage into the ground could be problematic and
should be considered in the design of the impoundment (see next section).

Impoundments may not, however, have the capacity to store all rainfall from
precipitation events and there may be overflow across the impoundment structure.
For detention basins, a water outlet structure is used to provide controlled
discharge from the basin to prevent overflow and damage to the structure.
Discharges and overflow are treated to prevent polluted runoff from off-site
movement, as described in the previous section. Overflow may be alleviated by
using the collected water to irrigate landscapes and other non-crop areas, or by
recycling it for irrigating crops.

Design and Maintenance Considerations

Impoundments should be designed to meet all federal, state, and local laws,
rules, and regulations. There are many technical design considerations such as
length-to-width ratio, inlet and outlet location, depth-to-surface area, and the
need for baffles (/2). Impoundments should also be designed to prevent seepage,
a source of groundwater contamination. In areas with sandy soils or a high
groundwater table, ponds can be lined to avoid groundwater contamination.

There may also be legal stipulations regarding the holding capacity of the
basin or pond. Holding regular irrigation runoff is considered minimum capacity
and is determined by the size of the area that drains to the structure and the
irrigation methods used. For impoundments used in tailwater recovery systems
(see next section), the amount of water to be recycled also is considered in
determining the holding capacity.

Impoundments should be located so that runoff can be directed to the basins
by gravity. After construction, permanent native vegetation on surrounding
slopes and a 15 to 25-foot “chemical free” zone around the impoundment edge
is established and maintained (/2). Production wastes such as leaves and grass
clippings are not to be placed near impoundments or dumped into the ponds (/2).

Impoundments require on-going maintenance, including periodic removal of
sediment to maintain design capacity and efficiency. Best practices include an
annual inspection of the basin and dredging when sediment accumulation exceeds
6 to 12 inches. Sediment from traps or storage facilities is removed before rain
seasons because large storms can move sediment and accumulated pesticides into
creeks and streams (7).

Both dredged sludge from storage facilities and sediment removed from traps
are considered hazardous and are carefully disposed. One method is to incorporate
small amounts into container substrate mixes. An incorporation rate of less than
5% should not affect the overall properties of the media (//).

Tailwater Recovery Systems

In some nurseries, captured runoff water is regularly analyzed for nutrients
and pathogens; it is then treated accordingly and used to irrigate crops. In addition
to mitigating runoff, tailwater recovery systems have the advantage of conserving
both water and fertilizers. Runoff for recycling can be collected by gravity flow
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into a reservoir or pumped from a settling pond into a reservoir. The major steps
for recycling runoff water include: 1) collection and storage of runoff water;
2) removal of floating debris and suspended solids; 3) removal of suspended
colloidal material (organic matter and clay); 4) sanitation/treatment of pathogens
(e.g., Phytophthora, Pythium, and fungal pathogens) using slow sand filters,
chemicals (e.g., chlorine, chlorine dioxide, or ozone), or radiation (e.g., UV); 5)
fertilizer injection; 6) blending of fresh water with the treated runoff water to
reduce the salt concentration to levels that will not damage plants; and 7) storage
of treated water (/3). Factors that determine whether a nursery builds a simple or
sophisticated recycling system are the quality of the water collected; necessary
treatment of the water to be recycled; contaminants in the water such as disease
organisms, salts, organic material, and pesticides; and the type of plant material
to be irrigated.

Barriers that Limit Industry-Wide Implementation

Technologies that capture runoff effectively reduce runoff volumes, sediment
loads, and nutrient loads in agricultural situations (/4—16) and urban settings (17,
18). Both runoff capture (12, 19) and the recycling of drainage water (13, 20-22)
have been advocated for production nurseries. Tailwater recovery systems, in
particular, are often mentioned as the primary best management method for
eliminating problems arising from container nursery runoff (/9).

Because many pesticides are associated with sediment and organic matter in
runoff water (6), technologies that capture these constituents may also be effective
in reducing off-site movement of pesticides. However, the efficacy of these
technologies in reducing pesticide runoff is not well-documented. Further studies
are also required to determine the various costs of installing, operating, and
monitoring these systems. Moreover, information on the social, economic, and
environmental costs and benefits associated with implementing these technologies
would greatly aid in describing the full benefit of runoff capture.

Detention and Recycling Basins — A Case Study

Site Descriptions, Sampling, and Chemical Analysis

Runoff was monitored from 11 production nurseries employing either
recycling or detention basins. These nurseries, located in Ventura and Los
Angeles counties in southern California, varied in production area size, crop types
(including container plants, field-grown flowers, and large containerized trees),
production facilities (including greenhouse, shadehouse, and outdoor facilities),
and water application methods (including microirrigation, overhead irrigation,
and handwatering). Many nurseries had several crop types, and utilized multiple
production facilities and water application methods. Production area is listed by
nursery in Table I. Samples of runoff water that flowed into detention or recycling
basins were collected as manual grab samples or as composites of sequential
samples taken with auto-samplers. Samples included runoff from both irrigation
and precipitation events. Pesticide analysis was conducted on unfiltered whole
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water samples using solvent extraction and gas chromatography with electron
capture detector (GC-ECD) for four classes of pesticides: pyrethroids, OPs,
organochlorines (OCs), and carbamates, following methods consistent with EPA
methods 3510C, 8141, and 8081 (23).

Table 1. Production area, number of samples, and percent samples with
detections of pesticides in runoff entering detention or recycle basins for
11 production nurseries in southern California. SOURCE: Reproduced
with permission of the American Society for Horticultural Science, from
Mangiafico, S. S.; Newman, J.; Merhaut, D.; Gan, J.; Wu, L.; Lu, J.; Faber,
B.; Evans, R. Detention and recycling basins for managing nutrient and
pesticide runoff from nurseries. HortScience 43, 393-398, copyright 2008,
permission conveyed through Copyright Clearance Center, Inc.

Nursery Production Number of Pyrethroids OPs OCs

area (ha) Samples (%) (%) (%)
a 8.10 3 100 0 0
b 68.80 12 100 33 25
c 6.48 6 17 0 0
d 20.20 11 64 18 27
e 3.24 9 22 11 33
f 28.70 1 100 100 0
g 3.64 4 0 75 0
h 11.70 5 100 40 20
i 18.20 11 73 64 36
j 7.29 6 50 83 67
k 16.20 8 63 25 13

Water Use and Costs

Water use data for nurseries were collected from municipal water company
records or on site from inline water usage meters for wells or recycling systems.
The amounts of water saved by using recycling systems were estimated by
calculating the percentage of recycled water used in relation to the total water
use for a period of time. Total water use was calculated as the sum of recycled
water and fresh water used. A duration of one year was used when possible.
However, in cases where recycling basins or water use meters were recently
installed, a shorter duration was used, and data were extrapolated to annual use
without adjustments for seasonal differences. Water use data were collected only
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from those nurseries employing recycling systems. Water use could be reliably
estimated for five out of eight sites with recycling systems (Table II).

Table I1. Water use (106 L ha-! yr-!) for eight production nurseries employing
water recycling systems in southern California. SOURCE: Reproduced
with permission of the American Society for Horticultural Science, from

Mangiafico, S. S.; Newman, J.; Merhaut, D.; Gan, J.; Wu, L.; Lu, J.; Faber,
B.; Evans, R. Detention and recycling basins for managing nutrient and
pesticide runoff from nurseries. HortScience 43, 393-398, copyright 2008,

permission conveyed through Copyright Clearance Center, Inc.

Nursery Production Total water use ~ Recycled water ~ Recycled water,
area, (ha) %
a 8.10 8.85 1.27 14
b 68.80 15.40 6.47 42
c 6.48 7.61 N/A2 N/A
d 20.20 N/A N/A N/A
e 3.24 2.79 0.44 16
f 28.70 N/A N/A N/A
g 3.64 39.70 21.1 53
h 11.70 N/A N/A N/A
Median 8.85 3.87 29

a N/A is data not available.

Cost data were gathered from receipts furnished by cooperators at the nursery
sites and from estimates of expenses developed by cooperators. Estimates
included all costs associated with completing a detention basin or recycling
system, including planning, permitting, design, materials, labor, and necessary
supporting activities, such as grading and laying weed cloth. However, operational
costs, such as maintenance, energy consumption, or chemical inputs, were not
included. Cost data were available for recycling systems at six locations and for
detention basins at two adjacent sites.

Statistical Analysis

The high proportion of samples with pesticide concentrations below detection
limits precluded the determination of simple statistics of central tendency of
concentrations such as means or medians in some cases (24). Therefore, detection
frequency was the primary dependent variable used in analyses. The number of
detections and non-detections were pooled across sites and a categorical linear
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model analysis was performed to determine the effects of event (irrigation or
precipitation) and basin type (detention or recycle) and the interaction of these two
effects. Regression analysis determined the relationship between the frequency
of pesticide detection and the production area across sites. A linear regression
analysis was performed to determine the relationship between production area and
per-hectare water use, per-hectare recycled water use, and percentage of water
recycled. A similar analysis was performed for recycling system costs as the
dependent factor. A first-order inverse relationship (v = a + b/x) was determined
relating per-hectare recycling system costs and production area, which is the
appropriate model after determining a linear relationship with intercept between
total costs and production area. Analyses were performed using the Statistical
Analysis Software (SAS) package (SAS Institute, Cary, NC) using the REG,
GLM, NLIN, or CATMOD procedures. Regression models were checked for
homoscedasticity, normality of residuals, and independence of residuals (25).

Pesticide Detections and Concentrations

Pyrethroids were found in runoff at 10 out of 11 sites (Table II). OPs and
OCs were found at 9 and 7 sites, respectively. No significant correlation was
found between percent of samples with pesticide detections, by pesticide class,
and production area (P > 0.05). Carbamate pesticides were not detected in
any runoff sample. With samples pooled across sites, pyrethroid detections
were common (63 and 58% for irrigation and precipitation events, respectively)
while detections for OPs and OCs were less common (48 and 8%, and 29 and
17%, respectively) (Figure 1). No differences in the frequency of detection
were found between samples taken during irrigation events and precipitation
events for either pyrethroids or OCs (Figure 1; P > 0.05). However, for OPs, a
significant difference in detection frequency was found between irrigation events
and precipitation events (Figure 1, P < 0.0001; 48% and 8% for irrigation and
precipitation events, respectively). Concentrations for detected pesticides are
given in Table III. These observations suggest that managing runoff from both
irrigation and precipitation events would be important in mitigating potential
impacts to surface water. Common detections and high concentrations of
pyrethroids in nursery runoff suggest that conventional insecticides such as OPs
and carbamates are being replaced with pyrethroid products. This is a concern
because pyrethroids typically have high acute aquatic toxicities (26, 27).

Detention and Recycle Basin Performance

No runoff from irrigation events was observed after completion of detention
basin and recycling projects. The ability of these basins to collect and detain runoff
during storm events, however, was not adequately assessed by this study. For some
sites, few precipitation events occurred after the completion of basins and before
the completion of the study.
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Pyrethroids

Non-
detections Non-
37% detections
42%
x Detections
Detections 58%
63%

Irrigation Precipitation
Organophosphates Detections
8%
Non- Detections
detections 48%
52%
Non-
detections
92%
Irrigation Precipitation

Organochlorines
Detections

Detections 17%
29%
Non-
detections Non
1% detections
Irrigation 83% Precipitation

Figure 1. Percent of samples with detections and non-detections for three
classes of pesticides in runoff for 11 production nurseries in southern California.
Reproduced with permission of the American Society for Horticultural Science,
from Mangiafico, S. S.; Newman, J.; Merhaut, D.; Gan, J.; Wu, L.; Lu, J.; Faber,
B.; Evans, R. Detention and recycling basins for managing nutrient and pesticide
runoff from nurseries. HortScience 43, 393-398, copyright 2008, permission
conveyed through Copyright Clearance Center, Inc.

Detection frequencies for pyrethroids prior to the installation of the detention
and recyle basins were similar to those found by a survey of surface waters in
agricultural watersheds in California, which found pyrethroids in 61% of samples,
mostly in sediments (28). Similarly, pyrethroids and OCs were commonly
detected in sediments of surface waters and tailwater ponds in the agricultural
inland valleys of California (29) but certain OPs were infrequently detected (30).
For pesticides that are strongly associated with particulate matter, differences
in detection frequency in these studies may reflect the amounts of particles and
organic matter in water samples (6, 37).
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Table III. Frequencies of detections and concentrations (ng L-!) of pesticides
in runoff entering detention or recycle basins for 11 production nurseries in
southern California, number of samples=76. Reproduced with permission
of the American Society for Horticultural Science, from Mangiafico, S.
S.; Newman, J.; Merhaut, D.; Gan, J.; Wu, L.; Lu, J.; Faber, B.; Evans,
R. Detention and recycling basins for managing nutrient and pesticide
runoff from nurseries. HortScience 43, 393-398, copyright 2008, permission

conveyed through Copyright Clearance Center, Inc.

Detection Median 75th 90h Maximum
(%) concentration  percentile  percentile concentra-
tion
Pyrethroids
Bifenthrin 41 n/d2 31 235 20063
Fenpropathrin 33 n/d 29 223 1267
cis-Permethrin 26 n/d 3 89 1061
trans-Permethrin 22 n/d n/d 56 1588
Cyhalothrin 7 n/d n/d n/d 1532
Cyfluthrin 12 n/d n/d 5 889
Cypermethrin 1 n/d n/d n/d 2
Esfenvalerate 4 n/d n/d n/d 396
Deltamethrin 7 n/d n/d n/d 68
Organophosphates
Diazinon 24 n/db n/d 712 17416
Chlorpyrifos 25 n/d 1 197 1595
Organochlorines
trans-Chlordane 11 n/de n/d 1 29
Endosulfan sulfate 7 n/d n/d n/d 67
B-Endosulphane 3 n/d n/d n/d 9
Aldrin 7 n/d n/d n/d 21
Heptachlor 3 n/d n/d n/d 8
Dieldrin 1 n/d n/d n/d 20
a-BCH 3 n/d n/d n/d 5
vy-BCH 3 n/d n/d n/d 2
pp'-DDT 8 n/d n/d n/d 277

Continued on next page.
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Table III. (Continued). Frequencies of detections and concentrations (ng L-1)
of pesticides in runoff entering detention or recycle basins for 11 production
nurseries in southern California, number of samples=76

Detection Median 75th 90t Maximum
(%) concentration  percentile  percentile concentra-
tion
pp'-DDE 5 n/d n/d n/d 91
pp'-DDD 1 n/d n/d n/d 6

a Detection limits for pyrethroid pesticides varied, but were less than 10 ng L-1. b Detection
limits for diazinon and chlorpyrifos were 5 and 1 ng L-1, respectively. ¢ Detection limits
for organochlorine pesticides varied between 1 and 5 ng L-1.

Pesticides detected in runoff from some nursery sites in this case study would
have been of concern without the implementation of detention or recycle basins.
The ability of detention and retention basins to capture runoff from precipitation
events will depend on the capacity of the basins relative to the size, intensity,
and frequency of precipitation events. In cases for which mitigation of runoff
from precipitation events is desired, proper engineering of basin capacity for
expected precipitation events is critical. Even in cases where larger precipitation
events cause basin overflow, basins may serve to slow water and settle sediments,
mitigating the discharge of sediment-bound nutrients and pesticides.

Water Use

For sites with recycling systems where water use data were available, use
ranged from 2.79 to 39.7 million L ha'l yr! (Table II), with a median of 8.85
million L ha! yr!. The highest water use was for a greenhouse hydroponic
facility (Nursery g). The median percentage of water recycled was 29%, which
corresponded to a savings of 3.87 million L ha-! yr-1. These values are comparable
with water use for three container nurseries in southern California, which ranged
from 1.05 to 31.4 million L ha'! yr! (32). In this study, we found no significant
linear relationship between production area and per-hectare water use, per-hectare
recycled water use, or percentage of water recycled (P > 0.05). When data for
the hydroponics facility was ignored, recycled water use on a per-hectare basis
was positively linearly related to production area (P = 0.039, »? = 0.996, n = 3).
This relationship suggests that larger facilities may benefit more from a recycling
system than smaller ones in terms of volumetric water savings. Factors other than
production type and production size that may also affect water use such as site
characterisitics and irrigation system efficiency were not evaluated in this study.
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Costs

Based on a study of six nurseries in southern California, median costs for water
recycling systems were $203,000, with a range of $96,000 to $1,000,000 (Figure
2A). Costs for recycling systems were positively linearly related to production
area (Figure 2A, P = 0.0048, 2 = 0.889, n = 6). Median costs for recycling
systems were $20,000 per hectare with a range of $9,200 to $43,000 per hectare
(Figure 2B), and per-hectare costs were related by first-order inverse function
to production area (Figure 2B, P = 0.042, 2 = 0.686, n = 6), suggesting that
larger nurseries may benefit from positive economies of scale in the installation
of recycling systems. This observation is corroborated by a survey of production
nurseries in Alabama which showed that runoff recycling was more common in
larger nurseries (/9). However, two relatively small nurseries (3.24 and 3.64 ha)
in our study successfully implemented runoff recycling (Table I). Median costs to
construct a detention basin were $31,000 per hectare of production area (data not
shown).

3 1,200,000 - 3 50000 =
y = 59300 + 13300 x y =11000 + 85000 / x
S tooooood FICUCL g 400007 p =0042
g 2 _ -R? =
% 800,000 r? =0.889 % % 30000 4 pseudo-R? = 0.686
2. 600,000 1 22
[ o
@ 400,000 o & 20000
S 200,000 S 10000 4
o 3
&a 0 r r T &’ 0 T T T
0 20 40 60 80 0 20 40 60 80

Production area (ha) Production area (ha)

Figure 2. Recycling system costs for six production nurseries in southern
California in relation to production area. (A) Costs were linearly related to
production area; (B) Per-hectare costs were related by first-order inverse function
to production area. Reproduced with permission of the American Society for
Horticultural Science, from Detention and recycling basins for managing nutrient
and pesticide runoff from nurseries;, Mangiafico, S. S.; Newman, J.; Merhaut, D.;
Gan, J.; Wu, L.; Lu, J.; Faber, B.; Evans, R. HortScience 43, 393-398, copyright
2008, permission conveyed through Copyright Clearance Center, Inc.

Conclusions

Commercial nurseries represent quasi-point source pollution, as the intensive
use of pesticides and irrigation water may lead to substantial dry-weather runoff
that contains high levels of nutrients and pesticides. A variety of management
practices may be used individually or integratively to effectively mitigate
dry-weather runoff. In particular, structurally-based practices, such as retention
basins and recycle systems, may offer the potential for completely eliminating
dry-weather runoff while reducing water and fertilizer use. When properly
constructed and maintained, these systems may also help to significantly curtail
rain-induced runoff.
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Chapter 7

Effectiveness of Cultivation Practices To
Minimize the Off-Site Transport of Pesticides
in Runoff from Managed Turf
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Pesticides associated with the turfgrass industry have been
detected in stormwater runoff and surface waters of urban
watersheds. The detection of pesticides at locations where they
have not been applied along with reported effects of pesticides
to non-target organisms at environmentally relevant levels
has raised the need to provide methodologies to control their
off-site transport. We designed experiments to evaluate the
effectiveness of cultivation practices to mitigate the off-site
transport of herbicides in runoff from turf managed as a golf
course fairway. Overall hollow tine core cultivation (HTCC)
showed a reduction in runoff relative to the no core cultivation
(NCC), solid tine core cultivation (STCC) and verticutting
(VC). Likewise the percentage of applied herbicides measured
in the runoff were smaller from turf managed with HTCC.
These trends were statistically significant for dicamba, MCPP,
and 2,4-D when comparing HTCC versus STCC at 2d following
core cultivation, for 2,4-D when comparing HTCC with
STCC at 63d following core cultivation, and for 2,4-D when
comparing HTCC with VC. Results of this research provide
quantitative information that will allow for informed decisions
on management practices for turf that can maximize pesticide
retention at the site of application; improving pest control while
minimizing environmental contamination and adverse effects
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associated with the off-site transport of pesticides to surface
waters.

Introduction

Over 30% of pesticide use in the United States results from non-agricultural
pest control; including applications to protect structures, control weeds at
roadsides and right-of-ways, repel and control nuisance and disease carrying
pests, and maintain lawns, landscapes and gardens (/). More than 16 million
hectares of land in the United States is estimated to be covered by tended lawn
(2). Managed turf is found in both private and public settings; as residential,
commercial and public lawns, on golf courses and athletic fields, as sod farms,
and in parks and cemeteries. Highly managed systems such as golf course
turf often require multiple applications of pesticides at rates that exceed those
typically found in agricultural or home environments (3, 4). Pesticides associated
with the turfgrass industry have been detected in surface waters of urban
watersheds (5, 6). Examples include reports of dicamba, mecoprop- p (MCPP)
and 2,4-dichlorophenoxyacetic acid (2,4-D) in 85% of evaluated storm runoff
events, and spring and summer detections of carbaryl and diazinon at levels that
exceeded criteria for the protection of aquatic life (7—9). These findings have
led to greater suspect of contaminant contributions from residential, urban, and
recreational sources, in addition to the traditional agricultural inputs. The off-site
transport of pesticides with runoff is both an agronomic and environmental
concern resulting from reduced control of target pests in the area of application
and contamination of surrounding ecosystems.

Golf courses and recreational fields are subject to foot and vehicle traffic that
causes soil compaction and turf wear, reducing water infiltration and increasing
turf stress (10, 11). While thatch is beneficial to enhance turf durability, moderate
soil temperatures and lessen weed invasion, an excessive thatch-mat can reduce
cold temperature tolerance, increase disease and pest pressure and reduce water
infiltration and hydraulic conductivity (/2—16). Golf course fairways and putting
greens are often managed with core cultivation or verticutting to alleviate surface
compaction, control thatch, stimulate root and shoot growth and enhance water
infiltration (10, 12, 13, 17-22). Cultivation with hollow tines typically involves
removing cores from the turf, which are air-dried and brushed back into the open
holes (23). Solid tine core cultivation does not remove a core, requires a reduced
amount of labor and is less disruptive to the surface of the turf but is believed to
cause localized compaction (23).

Management practices have been shown to reduce runoff and pesticides
transported with runoff from agricultural crops (24—26). A number of studies
have evaluated management and cultural practices for turfgrass and their influence
on turf quality (23, 27-29), runoff volume (30, 3/) and nutrient and pesticide
transport with leachate (32-34) and runoff (30, 31, 35-37). The goal of the
present study was to evaluate the capacity of cultural practices to reduce the
off-site transport of pesticides with runoff from creeping bentgrass turf managed
as golf course fairway. Specific objectives were to quantify runoff volumes and

926
In Pesticide Mitigation Strategies for Surface Water Quality; Goh, K., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2011.



Downloaded by DUKE UNIV on June 20, 2012 | http://pubs.acs.org
Publication Date (Web): December 21, 2011 | doi: 10.1021/bk-2011-1075.ch007

mass of pesticides transported in runoff comparing: hollow tine core cultivation
(HTCC) with no core cultivation (NCC), HTCC with solid tine core cultivation
(STCC), and HTCC with verticutting (VC). Evaluation of established and
emerging cultural practices is important in order to understand their effectiveness
and sustainability. As benefits and improvements in management strategies are
discovered they can be implemented; while practices with unexpected adverse
consequences can be modified or replaced.

Materials and Methods
Site Description

Experiments were conducted at the University of Minnesota Turf Research,
Outreach and Education Center, Saint Paul, MN, USA. The soil was characterized
as Waukegan silt loam (fine-silty over sandy or sandy-skeletal, mixed superactive,
mesic Typic Hapludolls; 3% organic carbon, 29% sand, 55% silt, and 16% clay),
which was graded to a 4% slope running east to west and covered with L-93
creeping bentgrass (Agrostis palustris Huds.) sod 14 months prior to initiation
of the reported studies (3§).

Runoff Collection System

The 976 m? site was divided into 6 plots (24.4 m x 6.1 m, length x width)
prepared in an east to west direction. Runoff collection systems, modified from
the design of Cole et al. (35), were constructed at the western edge of each plot and
are described in detail elsewhere (38). In summary, stainless steel flashing guided
the runoff from the turf into polyvinyl chloride (PVC) gutters which lead to a large
stainless steel 60° V-trapezoidal flume (Plasti-Fab, Tualatin, OR) equipped with a
bubble tube port and two sample collection ports. Flume shields and gutter covers
prevented dilution of runoff with precipitation. Prior to simulated precipitation
events, plots were hydrologically isolated with removable berms, constructed from
horizontally-split 10.2-cm schedule 40 PVC pipe, inverted to rest on the cut edges.
Observations during runoff events showed no water movement under the PVC
berms.

Management Practices

Creeping bentgrass turf was managed as a fairway with 1.25 cm height of
cut (3 times weekly, clippings removed), topdressed with sand (weekly, 1.6 mm
depth) and irrigated to prevent drought stress. The quantity of water applied with
the maintenance irrigation was not enough to produce surface runoff. Specific
management practices that were evaluated in side-by-side comparisons are
provided in Table I and outlined below.
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Table I. Description of management practices and simulated precipitation.

Management Practices (Treatments) Compared

Treatment A Hollow Tine Hollow Tine Hollow Tine Hollow Tine
: Core” Core* Core® Core
. Solid Tine Core  Solid Tine Core
Treatment B No Aerification b . Verticut
Cultivation Cultivation

Time from Management Practice to Precipitation (d) 28 63 2 7
Time from Pesticide Application to Precipitation (d) 09+0.1 1.4£02 08+0.1 08+0.5
Simulated Precipitation Duration (min) 106 +£3 106 +£3 117+9 105+2
Simulated Precipitation Applied (mm) 716 £35 606 47+£09 T8 £7

“Hollow tines (0.95 cm internal diameter x 11.43 cm depth with 5 cm x 5 cm spacing)
"Solid tines (0.95 cm diameter x 11.43 cm depth with 5 cm x 5 cm spacing)

“Blades (2mm, 3.8 cm spacing x 1.9 cm depth)

Hollow Tine Core Cultivation (HTCC) versus No Core Cultivation (NCC)

All plots were rolled 2 times per week (Smithco Tournament Ultra-4 Greens
roller, Smithco, Cameron, WI, USA) in addition to the general management listed
above. Twenty-eight days prior to simulated precipitation, three of the 6 plots were
aerated with hollow tines (0.95 cm internal diameter x 11.43 cm depth with 5 cm
x 5 cm spacing) (Ryan Greensaire Il Aerator, Ryan, Barrington, IL, USA). Cores
removed with the hollow tines were allowed to dry, broken into smaller pieces,
and worked back into the turf. A back-pack blower and leaf rake removed the turf
and thatch from the plot surface. Sand topdressing was not performed immediately
after core cultivation or within a week of simulated precipitation and generation
of runoff.

Hollow Tine Core Cultivation (HTCC) versus Solid Tine Core Cultivation
(STCCO)

Plots were aerated twice (Julian day 172: 63 d prior to the first simulated
precipitation and Julian day 272: 2 d prior to the second simulated precipitation)
with either solid tines (0.95 cm diameter x 11.43 cm depth with 5 cm x 5 cm
spacing, plots 1, 3 and 6) or hollow tines (0.95 cm internal diameter x 11.43 cm
depth with 5 cm x 5 cm spacing, plots 2, 4 and 5) (Ryan Greensaire I Aerator,
Ryan, Inc., Barrington, IL). Cores removed with the hollow tines were air dried
and worked back into the turf as previously described. Sand top dressing was not
performed within a week of simulated precipitation or immediately following core
cultivation.

Hollow Tine Core Cultivation (HTCC) versus Verticutting (VC)

Seven days prior to simulated precipitation and runoff three of the 6 plots
were aerated with hollow tine core cultivation as described previously or sliced
(verticut) with 2mm blades (spaced 3.8 cm apart, slicing to a 1.9 cm depth) (Graden
GS04 Verticutter, Graden USA, Inc., Richmond, VA).
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Pesticide Application

Commercially available pesticide products were tank mixed and applied at
label rates to all plots perpendicular to runoff flow. Trimec® Bentgrass Formula
herbicide (PBI Gordon, Kansas City, MO, USA) containing 9.92% mecoprop-
p (dimethylamine salt of (+)-(R)-2-(2-methyl-4-chlorophenoxy) propionic acid)
(MCPP), 6.12% 2,4-D (dimethylamine salt of 2,4-dichlorophenoxyacetic acid),
and 2.53% dicamba (dimethylamine salt of 3,6-dichloro-o-anisic acid) are reported
in the present publication. Properties of the active ingredient are provided in
Table II. Application was completed 22 £ 10 h prior to initiation of each rainfall
simulation. No irrigation or natural precipitation occurred between completion
of the pesticide application and initiation of simulated precipitation. Details on
the tank mixed fungicide (flutolanil) and insecticide (chlorpyrifos), application
equipment and spray characteristics are reported elsewhere (38).

Table II. Pesticide physiochemical properties.«

Water Solubility (20°C) Kocb Half Life (d)
Pesticide (mg/L) (ml/g) Soil Water-Sediment _Water Phase
Dicamba 250,000 12 8 41 40
MCPP* 860 31 8 50 37
24-D" 23,180 56 10 29 29

“http://sitem.herts.ac.uk/aeru/footprint/en/index.htm
"Soil organic carbon partition coefficient
“Mecoprop-P

d2,4-dichlor0phen0xyacetic acid

Simulated Precipitation

A rainfall simulator was constructed following the design of Coody and
Lawrence (39), which delivered precipitation with a droplet size spectrum, impact
velocity, and spatial uniformity characteristic of natural rainfall. The base of
the simulator consisted of 5-cm schedule 40 PVC pipes, which surrounded two
244 m x 6.1 m plots, and guided water to eighteen 2.54-cm schedule 40 PVC
risers. Risers were spaced 3.7 m apart and each was equipped with a pressure
regulator (Lo-Flo, 15 psi), nozzle (No. 25) and standard PC-S3000 spinner
(Nelson Irrigation, Walla Walla, WA) suspended 2.7 m above the turf. Simulated
precipitation events occurred for 2.0 = 0.5 h at rates of 29 £6 mm/h, similar to
storm intensities recorded in Minnesota, USA, during July through October with
recurrence interval of 25 years (40).

Prior to initiation of simulated precipitation (48 h), each plot was pre-wet
with the maintenance irrigation beyond soil saturation to allow for collection
of background samples and to ensure uniform water distribution. Irrigation
water samples and resulting background runoff were collected for analysis.
The following day the turf was mowed (1.25 cm height, clippings removed)
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and runoff collection gutters and flumes were cleaned and covered with plastic
sheeting to prevent contamination during pesticide application. Prior to chemical
application, Petri dishes (glass, 14-cm) were distributed across the plots to verify
pesticide delivery and application rates. Plastic sheeting and Petri dishes were
removed following chemical application and 12-cm rain gauges (Taylor Precision
Products, Las Cruces, NM) were distributed throughout each plot to quantify
simulated precipitation. Plots were hydrologically isolated with removable berms,
constructed from horizontally-split 10.2-cm schedule 40 PVC pipe, inverted to
rest on the cut edges. Wind speeds were monitored with a hand-held meter (Davis
Instruments, Vernon Hills, IL). Once wind speeds dropped and remained below
2.2 m/s rainfall simulations were initiated and continued until runoff had been
generated for a minimum of 90 min. Overall, simulated precipitation was initiated
26 £ 13 h after pesticide application when the wind speeds averaged 0.8 = 0.7
mps (1.8 = 1.6 mph).

Runoff Collection

Within 3 h prior to initiation of simulated precipitation soil moisture
was measured with a soil moisture meter (Field Scout TDR 300, Spectrum
Technologies, Plainfield, IL). Automated runoff samplers (model 6700) equipped
with flow meters (model 730) (Teledyne Isco, Lincoln, NE) recorded runoff flow
rates every minute, calculated total runoff volumes and collected time-paced (5
min) runoff samples into glass bottles. Water samples were removed from the
samplers and stored at -20 °C until laboratory analysis. Irrigation source water,
background runoff water, and background runoff spiked with known quantities of
pesticides served as blank and positive control samples.

Pesticide Analysis

Runoff samples (3 ml) were filtered through a 0.45 um nylon syringe filter
(Whatman) followed by methanol (0.5 ml) to rinse the filter. Each runoff sample
was analyzed for pesticides. No samples were combined. Petri dishes, containing
pesticide residues for determination of actual application rates, were rinsed
with methanol and the filtered rinsate (0.45 pm nylon filter) was diluted with
laboratory-grade organic-free water to 14% methanol to mimic the methanol and
water content of the filtered runoff samples. Runoff and application rate samples
were processed in groups of 10 with an untreated laboratory-grade organic-free
water sample and a laboratory-grade organic-free water sample fortified with the
target analytes at the beginning and end of each filtration batch. Concentrations of
each pesticide were measured by direct injection (500 pl) onto a high performance
liquid chromatograph (Waters model 717plus autosampler and model 1525 binary
pump) with a photodiode array detector (Waters model 2996: Waters Corp.,
Milford, MA) set at 230nm. Analytes were eluted from an Agilent C-18 column
(150 mm long, 4.6 mm diameter, 5 um packing) using two solvents [solvent A:
laboratory-grade organic-free water (0.17% trifluoroacetic acid); solvent B: 82:18
methanol:acetonitrile] at a rate of 1 ml/min. Initial conditions, 60% B, were held
for 2 min followed by a gradient ramped from 60 to 95% B in 23 min, a 3 min
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hold, then back to 60% B in 10 min with a 5 min hold. Recoveries were: dicamba
102 + 6%, MCPP 104 + 7% and 2,4-D 105 + 11%. Method detection limits
ranged from 2.5 to 3.7 ug/L. Limits of quantification for the target analytes were:
dicamba 5.1 £ 0.6 pg/L, MCPP 5.3 £ 0.9 ug/L and 2,4-D 4.5 + 0.8 pg/L.

Calculation of Pesticide Loads

Pesticide loads (pg/m?) transported with runoff for each time point were
calculated from the measured pesticide concentration (mg/L) in the filtered runoff
water, the flow rate at the time of sampling (L/min) and the time between samples
(min) for the area of the turf plot (m2). Graphical representation of runoff volumes
and pesticide loads for individual samples throughout a runoff event are presented
as hydrographs and chemographs, along with cumulative values, in the first four
figures.

Statistical Analysis

The rainfall simulator delivered precipitation to two plots simultaneously.
Therefore a randomized complete block design was used to assign one of each
paired management practices to a treatment to a block, providing three replicate
side-by-side comparisons. Analyses of variance were performed to evaluate runoff
volumes and chemical loads, with the management practice as the single criteria
of classification for the data. Statistical significance between treatment means was
confirmed by least significant difference (LSD, 0.05 = error degrees of freedom and
0.05 probability to determine two-tailed ¢ values). Coefficients of determination
(r?) were calculated to evaluate the association of runoff volume and chemical
concentration to chemical load and factors that influence the percentage of applied
precipitation as runoff and percentage of applied herbicides in runoff (47).

Results
Precipitation

Simulated rainfall and evaluation of resulting runoff occurred during the
months of August and September while the turf was actively growing (mean air
temperatures: high 26 °C, low 15 °C). A description of the management practices
evaluated and details of the simulated precipitation events are provided in Table
I. Precipitation was initiated within 36 h (1.4 d) following pesticide application
and terminated 90 min after the onset of runoff totaling 76 £ 5 mm, 78 + 7
mm, 60 £ 6 mm and 47 + 9 mm of precipitation (mean + standard deviation),
respectively. Calculated rainfall rates were 24 + 4 to 46 = 4 mm/h. Variations in
generated rainfall rates for the different runoff events were the result of changes in
pressure at the water source during the time of simulated precipitation. Measured
coefficients of uniformity for the rainfall simulator were 82 to 84%.
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Runoff Volume and Mass of Herbicides Transported with Runoff

Side-by-side comparisons of paired management practices revealed the
influence of turf management on runoff volume and the mass of herbicides
transported in the runoff. Analysis of the source water applied as maintenance
irrigation and simulated precipitation confirmed that the water supply did not
contain the herbicides of interest. Dicamba, MCPP and 2,4-D were detected in
the initial runoff sample and throughout the runoff event for all management
practices evaluated.

With or Without Hollow Tine Core Cultivation

Plots managed with hollow tine core cultivation (HTCC) displayed a 40%
reduction in runoff volume compared to plots that received no core cultivation
(NCC) (cumulative volume: NCC = 1,560 + 725 L; HTCC = 943 + 876 L)
(Figure 1A). This resulted in a 4 to 7% reduction in the off-site mass transport
of dicamba, MCPP and 2,4-D (cumulative loads: dicamba, NCC = 1,693 + 589
pg/m2, HTCC = 1,127 + 1,088 pg/m? ; MCPP, NCC =374 £ 67 pg/m2 , HTCC =
260 + 249 pg/m? ; 2,4-D, NCC = 642 + 289 pg/m2, HTCC = 405 + 409 pg/m?2)
(Figure 1B-D). Although a repeating trend was observed in both the hydrographs
and chemographs where greater than 72% of the replicate means (n > 115) were
reduced with HTCC compared to NCC, the mean cumulative runoff volumes
and loads were not statistically significant. Analysis of chemical loads with
runoff volumes and chemical concentrations revealed that herbicide loads were
attributed to runoff volume more than chemical concentrations (NCC, volume 2 =
0.67, concentration 2 = 0.05; HTCC, volume »2 = 0.76, concentration r? = 0.14).

Hollow Tine Core Cultivation versus Solid Tine Core Cultivation

The influence of HTCC versus solid tine core cultivation (STCC) on runoff
volume and pesticide transport in the runoff was evaluated at two time points
following core cultivation. The first runoff event occurred on Julian days 234-
236, ~ 63 d following core cultivation, and the second event occurred on Julian
days 272-273, ~ 2 d following the second core cultivation (~ 101 d following
the first core cultivation). Overall, runoff volume was lessened in fairway turf
plots managed with HTCC relative to STCC. For both time points the hydrographs
displayed reductions in runoff volume from plots aerated with HTCC compared
to STCC for more than 80% of the recorded data (63 d = 81%, 2 d = 87%, n
> 130 for each treatment replicate). Calculation of cumulative runoff volumes
from plots receiving core cultivation 63d prior to rainfall simulation demonstrated
a 10% reduction in cumulative runoff volume with hollow tines relative to solid
tines (HTCC = 3,149 £ 932 L; STCC = 3,490 + 1,107 L) (Figure 2A). The same
trends were observed and enhanced when plots received core cultivation 2 d prior
to simulated rainfall resulting in a 55% reduction in cumulative runoff volume
from hollow tine plots (HTCC = 1,856 £ 139 L; STCC =4,164 + 1,698 L) (Figure
3A).
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Figure 1. Runoff hydrograph and cumulative runoff volume (A) and
chemographs and cumulative loads of dicamba (B), mecoprop-p (MCPP) (C),
and 2,4-dichlorophenoxyacetic acid (2,4-D) (D) measured in runoff from turf

plots managed with hollow tine core cultivation or no core cultivation 28d prior
to simulated precipitation and runoff.
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Figure 2. Runoff hydrograph and cumulative runoff volume (A) and
chemographs and cumulative loads of dicamba (B), mecoprop-p (MCPP) (C),
and 2,4-dichlorophenoxyacetic acid (2,4-D) (D) measured in runoff from turf

plots managed with hollow tine core cultivation or solid tine core cultivation 63d
prior to simulated precipitation and runoff.
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Figure 3. Runoff hydrograph and cumulative runoff volume (A) and
chemographs and cumulative loads of dicamba (B), mecoprop-p (MCPP) (C),
and 2,4-dichlorophenoxyacetic acid (2,4-D) (D) measured in runoff from turf

plots managed with hollow tine core cultivation or solid tine core cultivation 2d
prior to simulated precipitation and runoff.
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The cumulative mass or load of chemicals transported with runoff from
plots managed with solid tines exceeded that of plots managed with hollow tines.
Chemographs and cumulative chemical loads for the runoff events occurring 63
d and 2 d following core cultivation are presented in Figures 2B-D and Figures
3B-D. Plots receiving HTCC to manage thatch 63 d prior to runoff showed
a 17, 24 and 23% reduction in cumulative dicamba, MCPP an<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>