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Executive Summary 
 
The Central Coast Agricultural Water Quality Coalition (the Coalition) applied for and won an 
American Reinvestment and Recovery Act (ARRA) grant in March of 2009, to complete a 
program entitled “Investigating the Compatibility of Water Quality and Food Safety through 
Research and Implementation.” This project was designed to support the co-management of food 
safety and water quality interests on agricultural lands through development of science-based 
recommendations to support growers in achieving water quality and food safety standards in 
their operations. 
 
The program utilized field trials and on-farm demonstration projects to research the influence of 
vegetative water quality Best Management Practices (including grassed waterways/drainage 
ditches, vegetative treatment systems, and polyacrylamide) on nutrient, sediment, and bacterial 
levels.  Field trials were implemented on both commercial and research farms in the Pajaro and 
Salinas River Watersheds.  Additionally, on-farm demonstration projects were designed and 
installed throughout the target watersheds. 
 
This program was originally funded by California State Water Resources Control Board 
(SWRCB) Proposition 40/50 monies as Agreement # 06-274-553-0, which was halted in the 
state’s December 19, 2008 Bond Freeze and resulting “Stop Work Order” for all General 
Obligation bond-funded projects.  At the time of the Bond Freeze, the project was about two 
thirds completed.  The report dealing with work accomplished under that grant has been 
submitted to our ARRA grant manager; a copy of that report is included in the final submittal 
packet. 
 
The Coalition was partnered in this project by the University of California at Davis (UCD), 
Principal Investigator: Trevor Suslow, Ph.D.; University of California Cooperative Extension 
(UCCE), Salinas Office, Principal Investigator: Michael Cahn, Ph.D.; California State University 
at Monterey Bay (CSUMB), Principal Investigator: Marc Los Huertos, Ph.D.; and the 
Community Alliance with Family Farmers (CAFF), Principal Investigator: Sam Earnshaw.  All 
of these entities entered into subcontracts with the Coalition to complete the work they had 
begun with the Proposition 40/50-funded Frozen grant. 
 
The ARRA funding allowed project partners to complete their research analysis and reporting, 
design and install three additional Best Management Practices for Water Quality and 
Environmental Protection demonstration sites, and complete major project outreach tasks for the 
program. 
 
The Coalition’s ARRA Agreement #08-332-550 was executed on July 13, 2009 and work to get 
subcontracts in place with our partners began immediately.  Difficulty in field access timing and 
minor contracting delays led to a request for a six month, no-cost extension granted August 30, 
2010.  Project work ended on 12/31/10. 
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Introduction 

In March of 2009, then the Coalition’s Executive Director began exploring the possibility of an 
American Recovery and Reinvestment Act grant to restart the Coalition’s Frozen SWRCB Water 
Quality/Food Safety Grant.  In May, the Coalition learned the effort was successful, and the 
Coalition and its partners began the work of un-freezing work that had been indefinitely 
mothballed in December 2008.  Alternative strategies had to be developed to handle the calendar 
changes in the work imposed by the Freeze, and dormant partnerships with landowners and 
supporting agencies had to be reinstated.  Though work to achieve this began on May 18, our 
official ARRA start date, the Coalition was not able to get all partner subcontracts fully executed 
until December 21, 2009.  Over the term of the grant, project partners have collaborated with 
each other and the project manager to meet the terms of their ARRA contracts, and to finish the 
work they started with the original grant in 2007. 
 
 
Summary of Tasks and Work Completed  

Work 
Item Items for Review # Date 

Submitted 
7     TAC Management  

7.1 o Host TAC meetings 10/2010 
7.2 o Subcontracts 7/2009 

8 Implement Best Management Practice (BMP) Effectiveness Research Trials  

8.1 o Submit research protocol/findings to TAC regarding: 1) effectiveness of BMPS to reduce 
nutrient and sediment transport, 2)  abate nutrient and sediment loads and 3) reduce the 
presence of pathogens in the field environment 

1/2010 

8.2 o Prepare a report summarizing research trial study design and results of projects which 
measured the effectiveness of 1) of vegetated waterways/ditches, sediment traps, and 
polyacrylamide to reduce nutrient and sediment transport from irrigated vegetable fields 
and 2) of vegetative and non-vegetative BMPs to abate nutrient and sediment loads 

1/31/10 

8.3 o Prepare a report of the effectiveness of vegetative and non-vegetative BMPs to reduce the 
presence of pathogens in the field environment 

1/31/10 

9 Implement Food Safety Field Research Trials and develop Recommendations on the 
Compatibility of Water Quality and Food Safety 

 

9.1 o Submit research protocol/findings on the implementation of three (3) Food Safety Field 
Research Trials and recommendations to TAC review at annual TAC meeting 

1/20/10 
 

9.2 o Prepare a report summarizing research trial study design and results and 
recommendations 

1/31/11 

9.3 o Develop recommendations on the compatibility of water quality protection and food safety 1/31/11 

10 Install three (3) Water Quality and Food Safety Protection BMP Demonstration Sites on 
agricultural lands in the Pajaro and Salinas River Watersheds and finalize Project 
Profiles for twenty-eight (28) sites 

 

10.1 o Install three (3) Water Quality and Food Safety Protection BMPs 12/2010 

10.2 o Develop Project Profiles for a minimum of twenty-eight (28) Water Quality Improvement 
and Food Safety Protection BMP demonstration project sites on Agricultural lands 

12/2010 

10.3 o Conduct pre, during and post photo documentation 12/2010 

10.4 o Document a minimum of two field visits per site 12/2010 
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Project Goals 

CCAWQC-SWRCB ARRA Agreement #08-332-550 funded the completion of a grant that had 
been frozen for five months.  At the time work was stopped, the vast majority of the in-the-field 
work of the two major research components of the project was complete.  What remained was 
analysis of the research, documentation and write-up of the full research results, installation of 
further Best Management Practice (BMP) demonstration sites, and outreach to the various 
stakeholders about the information developed from our work.  This translated to four Task Areas 
in the ARRA Grant Workplan: 

Task 8– Implement Best Management Practice (BMP) Effectiveness Research Trials:  Michael 
Cahn of the Salinas UCCE office and Trevor Suslow and his lab at UC Davis worked jointly on 
research analysis and documentation 

Task 9– Implement Food Safety Field Research Trials and develop Recommendations on the 
Compatibility of Water Quality and Food Safety:  Marc Lost Huertos of CSUMB worked on 
follow-up field work and analyzed field samples and data from four trial implementation sites 
developed with four growers 

Task 10– Install three (3) Water Quality and Food Safety Protection BMP Demonstration Sites 
on agricultural lands in the Pajaro and Salinas River Watersheds and finalize Project Profiles 
for twenty-eight (28) sites:  Sam Earnshaw and CAFF staff completed project profiles for 28 
BMP demonstration installations completed prior to the Budget Freeze, and researched, designed 
and implemented three additional BMP demonstrations with complete project profiles. 

Task 11– Outreach and Technology Transfer:  Kathleen Robins worked with various agency and 
organization partners to put on three outreach events in two counties to promulgate the results of 
the project’s work.  All grant partners contributed to these events.  Sam Earnshaw and CAFF 
staff participated in three grower meetings and two workshops to share information about BMPs. 

11 Outreach and Technology Transfer  

Work 
Item  o Items for Review # Date 

Submitted 
11.1 o Meeting agenda, minutes, announcements, and list of attendees for minimum of one (1) 

grower meeting. 
9/2009 

11.2 o Meeting agenda, minutes, announcements and list of attendees for minimum of two (2) 
stakeholder outreach meetings 

12/2010 

11.3 o Meeting agendas, minutes, announcements, and list of attendees for a minimum of two (2) 
workshop field days 

2/2010 

11.4 o Edit a biodiversity brochure and prepare it for distribution during demonstration plot filed 
days pending Project Manager and CCAWQC approval 

12/2009 

12 Perform Project Management and Administration  

12.1 o Notices of any public or media event to Project Manager 11/2010 

12.2 
 

o Present a summary of the Project activities, findings and resulting products to the Project 
Manager 

2/21/11 

12.3 o Submit all project submittals in hard copy and electronic format to the Project Manager 2/28/11 
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Tasks 8 and 9 respresent two sets of field trials designed to provide growers with scientifically 
tested and verified information about the efficacy of various management practices in solving 
water quality and food safety issues.   

Task 8 involved  four trials at the USDA field station in Salinas to look at the impact vegetation, 
application of polyacrylomide and a combination of the two had on water quality in agricultural 
drainage ditches.  The tests specifically looked at the impacts of these treatments singly and in 
tandem on chemical constituents, sediment, and biological pathogens in the water.  These trials 
utilized a standard ditch construction that was designed for irrigation efficiency rather than 
prolonged water residence time. 

Task 9 involved four trials of vegetated treatment systems on private lands to reduce the 
presence of chemicals, sediment and biological pathogens moving off produce production fields.  
These trials used existing water holding structures located because space was available instead 
specifically designed structures located in areas where they could provide maximum benefit. 
 
Task 10 represents an effort to provide on-farm demonstration to growers about the value of 
vegetated treatment systems (hedgerows, grassed waterways, grassed swales) to meet a variety of 
farming challenges.  All demonstration sites were offered voluntarily, and all participating 
growers contributed at least 50% of the costs of installation in in-kind labor. 
 
Task 11 involved outreach of project results to as a wide a community of stakeholders as 
possible.  These efforts involved farmer-to-farmer information sharing at field days and 
meetings, and large venue outreach events designed to pull in a regional and larger audience. 

 

Methodology 

Since all the research fieldwork was complete before this project began, this report will not 
discuss the methodology of that fieldwork.  Full descriptions and discussion of the methodology 
used in the first Proposition 40/50-funded part of this project can be found in Appendices A & B 
of this document, which are the final reports from Drs. Cahn, Suslow, and Los Huertos, 
respectively; and in the original Proposition 40/50 grant final report, which is part of the 
submittal packet. 

 

Results 

Results of the two research trials are described in detail in the final reports from the researchers, 
which comprise the appendices of this report.   
 
UCCE’s Cahn and UCD’s Suslow co-authored the final report (Appendix A) for Task 8– 
Implement Best Management Practice (BMP) Effectiveness Research Trials, and are in the 
process of preparing an article for publication from that document.  The results of their work 
were definitive: in standard (existing) design irrigation ditches, vegetation reduces the chemical 
and sediment loads of field runoff very little.  In those same ditches, application of 
polyacrylamide significantly improved reduction of chemical constituents and sediment from 
runoff.  If vegetated ditches are augmented with polyacrylamide treatment, reduction of chemical 
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constituents and sediment is slightly improved from that of polyacrylamide alone.  Neither 
treatment showed any statistically significant ability to reduce the existence of pathogens in the 
water, either alone or when used in tandem.  In Trevor Suslow’s lab, related work suggests that a 
better approach to controlling on field pathogens may be to look at the soil itself, particularly the 
amount of organic matter in the soil structure. 
 
CSUMB’s Los Huertos authored the final report (Appendix B) on the results of Task 9, 
Implement Food Safety Field Research Trials and Develop Recommendations on the 
Compatibility of Water Quality and Food Safety.  His work was less definitive- none of the pre-
existing ponds and ditches used in Task 9 trials were effective at mitigating for field runoff 
containing chemicals, sediment or pathogens.  The limitations of the trial structures were so great 
that the data provides nothing so much as a picture of what sort of structures don’t work.  Budget 
limitations meant there was no funding for costly design or earthwork for this task in the original 
grant, requiring Los Huertos to work with existing structures and take a “one size fits all” 
approach to the trials.  After the trials had run, data showed these minimally designed structures 
were not able to achieve the results other, specifically designed structures have achieved. 
 
To fulfill the mandates of Task 11, Install three (3) Water Quality and Food Safety Protection 
BMP Demonstration Sites on agricultural lands in the Pajaro and Salinas River Watersheds and 
finalize Project Profiles for twenty-eight (28) sites, CAFF’s Earnshaw and staff installed three 
Vegetated System BMP demonstrations on private lands in the Pajaro and Salinas watersheds, in 
addition to the 28 installations achieved with the original funding source.  All 31 installations are 
documented with a project profile that describes the subject site’s soil, drainage, cropping and 
challenges, along with the prescribed installation and a year’s worth of photo monitoring.   All of 
these installations are permanent additions to the watershed landscape, providing habitat, wind 
protection, buffer benefits and potential beneficial insectory properties, as well as bio-diverse 
vegetation corridors along the edges of intensely farmed lands. 
 
CCAWQC and CAFF worked with an array of partners to effect Task 11, Outreach and 
Technology Transfer, on an ongoing basis.  Executive Director Kay Mercer shared lessons 
learned from the grant to meetings and working groups throughout the seven counties served by 
the Coalition.  ARRA Project Manager Kathleen Robins served as a member of the Monterey 
Bay Agricultural Water Quality Alliance (AWQA), where she worked with members to promote 
awareness of the CCAWQC/ARRA grant results and related water quality/food safety issues.  
She also served on the steering committee for the Farm, Food Safety and Conservation Network 
(FFSCN), a group of regional partners allied to work for durable solutions to food safety and 
water quality issues throughout the Monterey Bay watersheds.  Robins worked with both groups 
throughout the project period to plan and implement outreach events to meet project deliverables 
and to ensure that the work achieved with this funding informs and propels the next projects to 
address food safety and water quality in the region. 
 
On September 9, 2010, Robins, Cahn, Suslow, Los Huertos and Earnshaw made a presentation to 
the Pajaro River Watershed Council at the Marina Library in Marina.  The event was attended by 
50 people, representing agencies, agriculture and the general public.  The PowerPoint 
presentations presented at that meeting are part of the submittal packet, along with the meeting 
notice/ agenda. 
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On November 16th, Robins made a presentation about the ARRA project at the Vineyard Team’s 
Sustainable Ag Expo in Monterey.  The presentation was attended by 42 people, primarily from 
production agriculture.  The PowerPoint presentation is part of the submittal packet, along with 
the conference program. 
 
On December 8th, Robins, in partnership with Lisa Lurie of the Monterey Bay National Marine 
Sanctuary and the members of the FFSCN, put on a Food Safety and Water Quality Co-
management Forum to promulgate the work of the CCAWQC ARRA grant and related food 
safety water quality information.  The all-day event featured seven panels of speakers 
representing multiple facets of the food safety/water quality challenge, including science, grower 
issues, insurance, education and outreach and a key note speech by Samir Assar, PhD, Director 
of Produce Safety Staff, FDA.  The event was also filmed as a webinar, and is available for on-
demand web viewing at the following link:  

http://a4.g.akamai.net/f/4/99217/30s/smb2.download.akamai.com/99217/4000/6909/7787/7880/
Lobby/default.htm 

Each of the seven segments of the Forum is available as a stand-alone video, and all the handouts 
that were available for each segment are available for download with the segment they are 
attached to.  The video also allows viewers to interact with the information, by means of 
answering questions and commenting on what they see.  Analytic functions allow us to track 
who watches, and which particular segments they watch, enabling us to determine where there is 
the greatest interest concern around the topic, and helping us to shape our next research and 
outreach plans.  90 people attended the forum in person, representing a variety of regulatory 
agencies, growers, agriculture-related enterprises and environmental interests.  So far, 50 people 
have viewed all or part of the webinar.  The complete hard copy packet attendees received is part 
of the submittal packet, along with a CD of all PowerPoint presentations from the day.  This 
information will also be available on the Coalition website. 
 
CAFF’s Earnshaw and his colleague Amy Kaplan participated in a number of outreach events to 
share information about their ARRA grant work. 

• On August 12 & 13, 2009, Earnshaw and Kaplan, along with Marc Los Huertos and a 
CCAWQC employee presented two-day grower meeting and field tour at a partner 
facility in Monterey County.  The two meetings were attended by a total of 28 people 
(some people attended only one day). 

• On December 4, 2009, Kaplan and Michael Cahn participated in the Santa Clara County 
Farm Bureau’s Irrigation Efficiency for Warm Season Row Crops class in Morgan Hill, 
attended by 9 growers. 

• On January 15, 2010 Kaplan and Michael Cahn participated in the Santa Clara County 
Farm Bureau’s Irrigation Efficiency for Vineyards and Orchards class in San Martin, 
attended by 26 growers. 

• On February 23, 2010, Earnshaw and Kaplan participated in a UCCE Monterey County 
2010 Irrigation & Nutrient Management Meeting and Cover Crop & Water Quality Field 
Day, attended by 50 people.   

Agendas and handouts for all of these meetings and field days are included in the submittal 
packet. 
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Additional outreach was performed by Michael Cahn of UCCE, whose presentations are listed 
on page A-25 in Appendix A of this document. 

 

Implications and Recommendations 

The implications of the research portion of this project are clear: more research is needed to help 
growers answer the sometimes contradictory treatment requirements demanded to address food 
safety and water quality.  Project researchers discovered no silver bullet that will magically 
protect field-grown food from pathogen exposure while also promoting water quality and 
ecological improvements.  Results from Task 8’s BMP trials made very clear that the traditional 
wisdom about grassed waterways and other “natural” treatments for water quality concerns do 
not perform adequately to the task, at least not in a form that fits easily onto area production 
fields.   
 
These trials were conducted on a single style of ditch, one common to farms in the region.  There 
have been suggestions that a different type of ditch design might perform differently, but this is 
based on the concept of increasing water residence time in a vegetated system to allow more 
particulate matter to bind to the vegetation and drop out of the water column.  Whether such 
altered designs are economically feasible or practical is another question that requires more 
investigation. 
 
The results of the Task 8 trials also show that the manufactured solutions available to address 
water chemical and sediment water quality concerns, such as polyacrylamide, do not offer 
meaningful protection against pathogens in the water.   Work coming out of researcher Trevor 
Suslow’s lab suggests that the answer to the Pathogen question may not be in treating the water 
at all, but lie instead in increasing soil tilth by increasing organic matter.  More research needs to 
be undertaken in this area. 
 
Likewise, using vegetative treatment systems is more complicated than taking a holding pond 
and introducing vegetation.  A generic approach did not work in our trials, and the evidence 
suggests that site/concern-specific design is an essential element to the efficacy of future 
installations.  Further research about what an ideal system would look like for specific cropping 
and application systems is necessary to provide growers with useable knowledge and achieve the 
water quality and food safety benefits needed to keep people and the environment healthy. 
 
Project outreach events were generally well attended, both at the smaller field day scale, and at 
the larger, conference scale.  People seem to be hungry for knowledge, and seem to be especially 
receptive to that knowledge when it is offered in a well-defined context where the audience can 
easily make the connections between the recommended actions, the information behind the 
recommendations and the desired outcomes.  Farm, Food Safety and Conservation Network 
members have noted that much of the food safety/water quality information that comes to the 
public– and to growers– comes during times of crisis- when there is a food safety scare, or a 
water quality monitoring exceedence.  Information is generally not provided to people on a 
regular non-emergent basis, and often the issues are driven by fear, not rational, scientifically 
validated strategies.  This can only be improved by more and better outreach and interaction 
between all stakeholders to the issues, and continuing support for appropriate and well-designed 
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research to develop effective responses to the symptoms and the underlying causes of the 
problems.   
 
 
Project Deliverables for Submittal Packet 
 
 

1. Pajaro Valley Watershed Council 9/9/10 Agenda & Suslow, Cahn, Los Huertos & 
Earnshaw PPTS 

 
2. Central Coast Vineyard Team’s Sustainable Ag Expo 11/16/10 Program & Robins PPT 

 
3. FFSCN Food Safety & Water Quality Forum Attendee Packet with URL for Webinar; 

CD of PPT presentations & event final report 
 

4. Project profiles for 31 demonstration sites 
 

5. Grower Meeting and Field Day 8/12/09  & 8/13/09 Announcement/Agenda 
 

6. Santa Clara County Farm Bureau Irrigation Efficiency for Warm Season Row Crops class 
12/4/09 Agenda 

 
7. Santa Clara County Farm Bureau Irrigation Efficiency for Vineyards and Orchards class 

1/15/10 Agenda 
 

8. 2010 Irrigation & Nutrient Management Meeting and Cover Crop & Water Quality Field 
Day Announcement/Agenda 

 
9. CAFF-edited Biodiversity Brochure 

 
10.  NRPI Survey 

 
11.   Digital copy of the Proposition 40/50 Final Report. 
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Evaluation of vegetation and polymers to control sediment, nutrients, and bacteria in 
irrigation run-off from vegetable fields on the central coast of California. 

 
Final Report 
 
M.  D.  Cahn1, T.  V.  Suslow2, and A.  Sbodio2 
 

1. Cooperative Extension, Monterey County, University California, 1432 Abbott St.  Salinas 
CA.  93901 

2. Department of Plant Sciences, University of California, 1 Shields Ave.  Davis, CA 95616 
 
Summary 
 
Irrigation tail water from vegetable fields is a source of nutrients, sediments and microbial 
pathogens in surface water on the central coast of California.  Because of concerns for microbial 
food safety and quality of surface water, effective measures that control run-off are needed for 
the cool season vegetable industry.  We conducted a 2-year study evaluating the effectiveness of 
vegetated ditches and polymers to reduce levels of sediment, nutrients, and E.  coli  bacteria in 
run-off from  sprinkler-irrigated lettuce grown in the Salinas Valley.  The trials were begun after 
the thinning stage of the lettuce crop.  Generic E. coli was introduced to the field by placing 
satchels of sand media containing the bacteria in the furrows for the first irrigation with overhead 
sprinklers.  The field trial followed a randomized latin square design with 4 replications over 
time.  Four 0.37 HA plots were sprinkler irrigated with water treated with either a 5 ppm 
concentration of polyacrylamide or water that was untreated.  Run-off from the plots was 
diverted through ditches of a 52-m length that were either bare or lined with grass vegetation.  
Composite water samples were collected above and below the ditches and analyzed for 
suspended sediments, nutrients, and E. coli and coliform bacteria.  Applied water was measured 
using flow meters and total run-off from the plots was measured using trapezoidal flumes.  
Polyacrylamide in the irrigation water reduced suspended sediment concentration and turbidity 
by more than 90% in the run-off.  Polyacrylamide also reduced the concentration of total P, and 
total N by as much as 70% in the run-off, and soluble P was also significantly reduced but by 
less than 50%.   The vegetated ditches did not consistently reduce the concentration of suspended 
sediments and nutrients in the run-off.  Neither vegetation nor polyacrylamide reduced the 
amount of run-off from the fields or reduced the concentration of coliform and E. coli bacteria in 
the run-off.   
 
Introduction 
 
Surface run-off from cool season vegetable fields on the central coast of California caused by 
storm and irrigation has been documented to carry significant loads of sediment, nutrients (P and 
N), pesticides (pyrethroid and organophosphate insecticides) and microbial pathogens (E.  coli, 
fecal coliform) (CCRWQCB 2000, 2010).  Most vegetable farms in this region channel run-off 
from fields through a network of ditches that discharge into public waterways, potentially 
impairing the quality of waters in nearby sloughs and rivers.   Studies conducted on the central 
coast have concluded that pyrethroid and organophosphate insecticides (diazinon, chlorpyrifos) 
are major causes of aquatic toxicity (Anderson et al.  2003, 2006, Hunt et al.  2003, Ng et al.  
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2008).  Nutrient loads also contribute to the eutrophication of estuary waters  (Horwarth et al.  
2002) and have impacted wetlands on the central coast (Chaplin et al.  2004, McLaughlin et al.  
2006).  Vegetable producers currently face strict regulation for improving water quality 
(CCRWQCB, 2010) and will likely be required to implement management practices to mitigate 
water quality impairments.   
 
Planting vegetation to stabilize banks of waterways is an established management practice cost 
shared by the USDA Natural Resources Conservation Service to prevent erosion (SCS 1966), 
and potentially trapping fine sediments (Abt et al.  1994, 1992).   A number of studies have also 
shown that vegetated drainage ditches reduced concentrations of nutrients (Kröger et al.  2007, 
2008, Moore et al.  2010), sediment (Long et al.  2010) and pesticides (Bennett et al.  2005, 
Cooper et al.  2002a, 2002b 2004, Gill et al.  2008, Moore et al.  2001) in effluent from adjacent 
agricultural lands. Cooper et al.  2004 estimated that esfenvalerate concentrations in agricultural 
run-off could be reduced by 99.9% in 510 m of vegetated ditch.  Similarly, Bennett et al.  2005 
found that bifenthrin and lambda-cyhalothrin concentrations could be reduced to 0.1% of the 
initial concentration in 280 m of vegetated ditch length.  Studies conducted in California have 
also shown that vegetated ditches can reduce pesticide concentrations in agricultural run-off, but 
in some cases demonstrated less efficacy than studies conducted in Mississippi.   Gill et al.  2008 
reported chlorpyrifos concentration in tail water discharged from an alfalfa field in California 
was reduced by 38% along the length of 200 m of vegetated ditch.  Two vegetated treatment 
systems evaluated on commercial farms on the central coast of California reduce chlorpyrifos 
concentration by average of 52% in agricultural run-off, but did not significantly reduce diazinon 
concentration or toxicity of the run-off.  Werner et al.  2010 found that ~400 m of vegetated ditch 
significantly reduced chlorpyrifos and pyrethroid concentrations in irrigation run-off from alfalfa 
and tomato fields in the Sacramento valley of California, but toxicity was not significantly 
reduced.  Moore et al.  2008 estimated 21 and 52-m of a vegetated ditch was required to reduce 
permethrin and diazinon concentrations in agricultural run-off, respectively, by half in a study 
conducted in the Sacramento valley of California.   
 
Relative to the number of trial focused on pesticide removal, few studies have evaluated the 
efficacy of vegetated ditches to remove nutrients and sediment in California.  Kröger et al.  
(2007) reported that vegetated ditches reduced dissolved inorganic nitrogen concentrations by an 
average of 57% during a 2 year monitoring study in Mississippi.   A similar study in Mississippi 
also found that vegetated ditches reduced dissolved inorganic P in agricultural drainage by an 
average of 44% (Kröger et al., 2007).  Long et al. reported that 49-m of fescue vegetated ditch 
removed as much as 62% of suspended sediment in furrow run-off from tomatoes and dry beans 
in the Sacramento valley but did not evaluate the impacts on nutrients.    Surface run-off from 
vegetable fields on the central coast of California, which are primarily irrigated with overhead 
sprinklers, could potential have higher loads of suspended sediments and nutrients than run-off 
from fields irrigated by flood systems.   
 
Despite potential water quality benefits, vegetable growers on the central coast are reluctant to 
establish vegetation in agricultural ditches (Beretti and Stuart 2008, Stuart 2009) due to food 
safety concerns.  Plant cover may harbor small animals that potentially could vector microbial 
contaminants to an adjacent field of leafy greens.  However, vegetation in ditches may also 
reduce bacterial loads in run-off, thereby reducing the risk of microbial contamination to 
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downstream fields.  Vegetated buffers have been successfully used to minimize migration of 
coliform bacteria from feedlots and cattle pastures (Entry et al.  2000, Lim et al.  1998, Young 
1980).   Tate et al.  (2006) demonstrated that 2.1-m wide vegetated buffer reduced more than 
99.9% of E. coli bacteria concentration in storm run-off.   Few studies have examined the 
efficacy of vegetated ditches to minimize transport of coliform bacteria in run-off.   Presumably 
bacteria associated with particulate matter would settle out in vegetated ditches.   
 
Polymers are an additional tool that may improve the quality of agricultural run-off on the 
central coast.  The use of high molecular weight (12-15 Mg mole) anionic PAMs for reducing 
erosion and run-off from furrows has been documented in several regions of the United States, 
including the silt loam soils loess soils of the Northwest (Lentz et al.  1992; Lentz and Sojka, 
1994; Trout et al.  1995), fine textured clay soils of the San Joaquin Valley of California 
(McElhney and Osterli, 1996).   PAM added at low concentrations (10 mg L-1) to advancing 
furrow water at rates of 1 to 2 kg ha-1, has been documented to increase infiltration and reduce 
runoff by maintaining aggregate stability, thereby reducing soil erosion by as much as 99% 
(Lentz et al.  1992; Lentz and Sojka, 1994; Trout et al., 1995).  In addition to reducing sediment 
losses, addition of PAM to irrigation water has been shown to minimize concentrations of 
nutrients (Entry and Sojka 2003, Lentz et al.  1998, Lentz et al.  2001), pesticides (Agassi et al.  
1995, Bahr 1996), and bacteria (Entry et al.  2003, Entry and Sojka 2000) in irrigation run-off.   
Furthermore, the combination of treating irrigation water with polyacrylamide to minimize loads 
of pollutants followed by treatment with vegetation in drainage ditches, may improve water 
quality more than either practice alone.   
 
The objective of this study was to evaluate the effectiveness of vegetated treatment ditches, 
polyacrylamide polymer, and the combination of these two practices to reduce sediment, 
nutrient, and bacteria concentrations in irrigation run-off from cool season vegetable fields. 
 
Methods and Procedures 
 
Field trial.  Field trials were conducted at the USDA-ARS Spence Research Farm (36° 37’ 
42.25” N, 121°32’28.14”W)  in Salinas CA beginning in October 2007 and October, 2008.   The 
soil type of the field was a Chualar loam.  The cropped area measured 1.48 ha and was divided 
into 4 plots, each of 0.37 ha areas.   Crisphead lettuce (var.  sniper) was seeded in 2 rows spaced 
0.3-m apart on 1-m wide beds of 140-m length on October 3 and October    for the 2007 and 
2008 trials, respectively.  Seedlings were thinned to 64758 plants ha-1 and the crop was 
sidedressed with nitrogen fertilizer and cultivated 20 days after planting.  The crop was irrigated 
with ground water using overhead impact sprinklers (Rainbird, 20JH, 2.8 mm diameter nozzles).  
Chemical properties of the irrigation water are presented in Table 1.  Sprinkler heads were 
spaced following a 9.15 m x 9.15 m grid until thinning.  Sprinklers heads were rearranged on 
7.11 m x 9.15 m grid during the run-off trial conducted after thinning so that four sprinkler lines 
could be positioned within each of the 4 plots.  Splash guards were arranged on sprinkler heads 
bordering adjacent plots to prevent water treatments from drifting between plots.   Applied water 
was measured using 10-cm diameter propeller flow meters (McCrometer, Inc) positioned on the 
main lines.           
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Experimental design.  The field trials followed a randomized complete block, latin square 
cross-over design, in which run-off treatments were blocked over time.   Run-off treatments 
included: 1.  untreated irrigation water and run-off water treated through a bare (non-vegetated) 
ditch (control treatment),   2.  untreated irrigation water and run-off water treated through a 
vegetated ditch (vegetated treatment); 3.  irrigation water treated with 5 ppm of polyacrylamide 
polymer and run-off water treated through a bare ditch (PAM treatment).   4.  irrigation water 
treated with polyacrylamide polymer (2.5 ppm in 2007 and 5 ppm in 2008) and run-off water 
treated through a vegetated ditch (vegetated PAM treatment).   Treatments were randomly 
assigned to the field plots so that each treatment was evaluated on each plot during 4 consecutive 
irrigation events.   The soil was cultivated between irrigation events to remove residual effects of 
the polymer in the soil.  Run-off collected at the lower end of the plots was diverted through 
either a vegetated or bare ditch.  Treatment, plot and time effects were evaluated using SAS 
general linear means procedures.  Least significant difference tests were performed on treatment 
effects shown to be statistically significantly different at the p < 0.05 level.  Contrasts were also 
performed to determine if treatment factors were statistically different at the p < 0.05 level.   
 
Treatment ditches.  A tractor implement was used to scrape V-shaped ditches for treating 
irrigation run-off at the lower end of each of the 4 plots beginning in August of 2007.     The 
ditches measured 52-m in length, 3-m in width, and 1-m in depth.   Creeping wild rye (Leymus 
triticoides) seedlings were transplanted on the bottom and lower sides of the ditch at a density of 
10 plants m-2.  Red fescue (Festuca rubra) seedlings were planted on the upper sides of the ditch.  
The ditches were irrigated twice per week to establish the vegetation (Figure 1).  Volunteer grain 
rye and barley from a previous cover crop also germinated and contributed to the vegetation 
during the 2007 season (Figure 1).  However, creeping wild rye and red fescue dominated the 
vegetation during 2008 season (Figure 2).  Biomass of the vegetation was evaluated after the 
2008 trial (Table 1).  Non-vegetated ditches were established next to the vegetated ditches before 
the start of each field trial.  The bare ditches had the same dimensions as the vegetated ditches.    
 
Polymer treatment.  Emulsified liquid PAM (Hydrosorb Soilfloc 300E, 37% ai wt/wt) was 
prediluted  into 378 L tanks of well water for the 2007 trial.  A high pressure centrifugal pump 
was used to inject tank mixed PAM of 3000 ppm concentration into the main line at rate of 1.7 L 
min-1 to achieve a 5 ppm concentration in the irrigation water during the 2007 trial.  A second 
tank containing 1500 ppm PAM was used to achieve a 2.5 ppm concentration of PAM in the 
irrigation water during the 2007 field trial.   A chemical metering pump (Seepex MD) was used 
to directly inject the concentrated liquid PAM (Hydosorb Soilfloc) into the irrigation system at a 
rate of 15 ml min-1 to achieve 5 ppm concentration in the irrigation water during the 2008 trial.  
To assure that the PAM was adequately mixed before reaching branches in the irrigation system 
the injected PAM was premixed with the irrigation water using the following procedure: a 
portion of the irrigation water flow was diverted from the mainline and pressurized with a 
diaphragm pump through a static mixer with concentrated PAM and returned into the mainline.   
Separate mainlines were used for different water treatments. 
 
E. coli field inoculation and analysis.  The trial field was inoculated with a mixture of 3 
rifampicin resistant strains of generic E. coli isolated from water samples that had been 
previously collected in Salinas.  Colonies from rifampicin resistant strains of E. coli were grown 
on  petri dishes and suspended in a phosphate buffer with 5% powdered milk.  The concentration 
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of E. coli in the suspension was adjusted to log10 (1010) cfu ml-1, and 20 ml? of solution were 
mixed with 150 g of sand and placed in a porous satchel.  A satchel of the sand-E. coli mixture 
was positioned 30 m from the upper end of the field in 20 furrows within each plot, immediately 
before the first irrigation event of the run-off trial.  Two furrows in each plot were not inoculated 
and served as controls.  After the first irrigation of the run-off trial, the satchels were removed 
from the field.  The field was not inoculated again during subsequent irrigation events. 
 
Grab samples of run-off were collected for bacterial analysis during the irrigation before and 
after inoculating the trial, and from control furrows and inoculated furrows of each plot.   The 
composite samples collected with the autosamplers above and below the treatment ditches were 
also analyzed for coliform and E.  coli bacteria concentration.    
 
Replicate sub-samples of 100 ml of run-off were analyzed for coliform and generic E.  coli using 
the Quantitray 2000 colilert method.  The concentration of the inoculated strains of generic E.  
coli were determined by filtering sample through a Neogen Isogrid membrane, incubated on 
ECC media with rifampicin, MUG, and pyruvate at 40° C.  The plates were evaluated for the 
number of colony forming units produced during a 24 hour period.    
 
Run-off sample collection.  Trapazoidal V flumes (Global Water Instrumentation Inc, Gold 
River CA) were positioned at the lower end of the ditches to measure run-off volumes and 
collect composite samples during the irrigation events.   The flumes were connected to a stilling 
well equipped with a float device that recorded the height of water in the flume.   The height of 
the float device was recorded using a datalogger (Campbell Scientific Inc., Logan UT, model 
CR1000) and converted to flow rate using a calibration equation).  The datalogger was 
programmed to activate peristaltic pumps at 5 minute intervals and sample run-off water from 
the flume into a collection container, maintained below 40 °C with ice.   The volume of run-off 
water sampled (20-200 ml) during each pump activation was proportioned to the flow rate so that 
the concentration of the constituents in the final composite sample could be related to load by 
multiplying by the volume of run-off during the entire irrigation event.  Composite water 
samples were collected at the upper and lower ends of each treatment ditch.  The sampling 
pumps positioned at the entrance to the treatment ditches were manually activated when run-off 
began to enter the head of the ditch.  Water samples were analyzed for pH, EC, and temperature 
immediately after irrigation events and then frozen until they could be analyzed for nutrients, 
salts, and sediment concentrations at the UC DANR analytical laboratory.  Sub-samples of the 
composite run-off samples were also analyzed for coliform, generic E.  coli, and rifampicin 
resistant E.  coli.   
 
Results 
 
Applied water and run-off volume   Water applied using the overhead sprinklers ranged from 3.5 
to 4.3 cm per irrigation during the 2007 trial and 2.8 to 5.1 cm per irrigation for the 2008 trial 
(Table 3).   Irrigation events lasted from 2.5 to 5.1 hours.  The duration of irrigations varied 
among dates depending on how soon run-off was produced from all plots.  Irrigations were 
usually longer in 2008 than 2007 because the irrigation system flow rate was lowest in 2008.  
Run-off volumes ranged from 14% to 34% of applied water during the 2007 and 2008 trials.   
Run-off increasing significantly with irrigation date during the 2007 trial, presumably due to the 
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soil becoming increasingly saturated from previous irrigation events.  The amount of water 
applied in the previous irrigation and the interval between irrigation events appeared to also 
affect the volume of run-off during the 2008 trial (Table 3).  For example, the highest percentage 
applied water lost as run-off was during the 2nd irrigation event which followed the longest 
irrigation event during the first week of the trial.  Although the application rate of the sprinklers 
was generally lower in 2008 than in 2007, the average percentage of applied water lost as run-off 
was statistically similar among all treatments for both years (Table 4).   
 
Sediment and turbidity   Average concentration of suspended sediment (total suspended solids) 
in run-off entering the tail ditches was highest during the first irrigation and similar for the 
subsequent 3 irrigation events in 2007 (data not shown).  Average concentration of suspended 
sediment in run-off entering the ditches was similar during the first 3 irrigation events and 
significantly less during the last irrigation event during 2008 (data not shown).    
 
Run-off water treated with PAM had a significantly lower concentration of suspended sediments 
and lower turbidity compared to untreated water sampled above the ditches in 2007 and 2008.   
Although the average concentration of suspended sediments (total suspended solids) and 
turbidity in the untreated run-off (no addition of PAM) entering the vegetated ditch treatment 
was lower than the concentration entering the control bare ditch treatment in 2007, the 
differences between treatments were not statistically significant (Table 5).   Average suspended 
sediment concentration and turbidity of the untreated run-off entering the vegetated and bare 
ditches were similar and were also not statistically different in 2008.   
 
Suspended sediments concentration measured at the outlet of the ditches was less than the 
concentration at the inlet for all treatments during the 2007 and 2008 trials (Figure 3, Table 5).   
However, these reductions in suspended sediment concentration that occurred between the 
inflow and outflow ends of the bare and vegetated ditches were not statistically different among 
treatments (Table 5).   In contrast to the suspended solids, turbidity levels generally remained the 
same or increased slightly between the inlet and outlet of the ditches in 2007 and 2008.  The 
difference in turbidity levels of the run-off measured at the inlet and outlet of the ditches were 
also not statistically different among treatments (Table 5).     
  
Suspended sediment concentration and turbidity levels in the outflow from the ditches was 
lowest from PAM treated plots.  Sediment concentrations were reduced by 89% and 90% for the 
PAM and PAM+veg treatments, respectively in 2007 and by 93% and 92%, for the PAM and 
PAM+veg treatments, respectively in 2008.  Average load of sediment loss was 184 and 84 kg 
ha-1 from the control treatment in 2007 and 2008, respectively.  Treatments with PAM also 
reduced sediment loads by an average of 88% in 2007 and 92% in 2008.    
 
The vegetation treatment did not consistently reduce sediment concentration and turbidity in the 
run-off from plots that did not receive PAM treated water.  The concentration of suspended 
sediments in the outflow from the vegetated ditch was 35% less than the control treatment (bare 
ditch) in 2007.  Although the difference between these treatments was statistically significant, 
the inflow concentration of sediments was lowest for the vegetated treatment (Table 5).   This 
result was not repeated in the 2008 trial.  Both suspended sediment concentration and turbidity 
measured at the outlet of the control bare and vegetated ditch treatment were statistically similar 
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in 2008 and actual averages were highest for the vegetated treatment (Table 5).    Also the 
combined treatment of PAM and the vegetated ditch did not reduce suspended sediment, 
turbidity, and sediment load significantly more than the PAM  and bare ditch treatment for either 
year (Table 5). 
  
Nutrients  Treatments with PAM had significantly lower concentrations of total N and total P in 
run-off than the untreated control at the inlet of the treatment ditches in 2007 and 2008 (Tables 6 
and 7).  The addition of PAM reduced total N in run-off at the inlet of the ditches between 38% 
and 64% relative to the untreated control in 2007 and by more than 67% relative to the untreated 
control in 2008.   At the outlet of the treatment ditches, PAM treatments had more than 64% less 
total N in run-off compared to the untreated control.   Run-off from PAM treated plots had a 
62% lower concentration of total P than the untreated control at the inlet of the treatment ditch in 
2007 and a 74% lower concentration in 2008.  Run-off from PAM treated plots also had 65% to 
73% less total P than the untreated control at the outlet of the treatment ditches (Table 6).   
 
Vegetation in the ditches minimally affected the total N and P concentrations in sprinkler run-
off.  Total N concentration at the outlet of the vegetated ditch was significantly less than the 
untreated non-vegetated ditch in 2007 (Table 7); however, the concentration of total N in run-off 
entering the inlet to the vegetated ditch was also less than the concentration at the inlet of the 
untreated control ditch.  Furthermore, the difference in total N concentration between the inlet 
and outlet of the vegetated ditch was not statically different from the other treatments (Table 7).  
Total N concentration at the inlet and outlet of the vegetated ditch was statistically similar to the 
untreated control ditch in 2008.   Finally, the concentration of total N at the outlet of the ditches 
was statistically similar for the PAM and PAM+vegetation treatments in 2007 and 2008, 
demonstrating that the concentration of total N in run-off from PAM treated plots was not further 
reduced by flowing through the vegetated ditch (Table 7).    
 
Similar to total N results, vegetation only had minimal effects on total P concentration at the 
outlet of the ditches.  Total P concentration in the run-off exiting the ditches was statistically 
similar between the bare control ditch and the vegetated ditch in the 2007 and 2008 trials (Table 
6).  Also, the difference in total P concentration in the run-off between the inlet and outlet of the 
ditches was similar among all treatments (Table 6).  The concentration of total P at the outlet of 
the ditches was statistically similar for the PAM and PAM+vegetation treatments in 2007 and 
2008, also demonstrating that the vegetation did not further improve the total P concentration in 
the sprinkler run-off. 
 
Soluble P concentration was statistically similar among treatments at the inlet and outlet of the 
ditches in 2007, except for the vegetation treatment which had a significantly higher 
concentration at the outlet of the ditch compared to the control treatment (Table 6).  The same 
result was found in 2008.  Soluble P concentration of run-off from the outlet of the vegetated 
ditch was significantly higher than the concentration measured at the outlet of the control 
treatment.  Also, soluble P concentration in the run-off significantly increased between the inlet 
and outlet of the vegetated ditch.   In comparison the control treatment had similar concentrations 
of soluble P between the inlet and outlet of the ditch (Table 6). 
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The addition of PAM to the irrigation water had no significant affect on the concentration of 
soluble P in the run-off during the 2007 trial; however, the addition of PAM significantly 
reduced soluble P concentration in the run-off at the inlet and outlet of the non-vegetated ditch 
relative to the control treatment in 2008.  The reduction in soluble P concentration in the run-off 
of the PAM treatment was 32% less than the concentration in the untreated control (Table 6).   
 
The addition of PAM to the irrigation water also had no significant affect on the concentration of 
nitrate-N in the run-off during the 2007 trial relative to the control treatment.  The PAM 
treatment had significantly lower NO3 concentration in the run-off entering the treatment ditch 
than the concentration measured at the inlet of the control ditch in 2008.  The average reduction 
in NO3 concentration due to the addition of PAM was 31% less the concentration measured in 
the control treatment in 2008. 
 
Ammonium (NH4) concentration of run-off was not significantly different among treatments 
during the 2007 trial.  The addition of PAM to the irrigation water significantly reduced NH4-N 
concentration in the run-off relative to the control treatment during the 2008 trial.  The 
concentration of NH4-N at the outflow of the PAM treatment ditch was 44% to 66% lower than 
the concentration of NH4-N in the out flowing runoff from the control treatment in 2008.   
 
Coliform and E.coli bacteria    Introduced strains of rifampicin resistant E. coli generally 
composed a majority of the E. coli measured in the run-off.  Total coliform concentrations 
averaged 153 and 544 times greater than the concentration of generic E. coli in the run-off in the 
2007 and 2008 trials, respectively.  The average concentration of E. coli (generic and rifampicin 
resistant) and Coliform bacteria in the run-off water decreased significantly with time at each 
trial (Table 8).   The highest concentrations of E. coli bacteria were measured in the first 
irrigation event in 2007.   The concentration of E. coli was statistically similar during subsequent 
irrigation events.  E. coli concentrations were statistically similar during the first 3 irrigation 
events and then decreased significantly during the last irrigation in 2008 (Table 8).   
Concentration of E. coli and Coliform bacteria in run-off sampled at the inlet and outlet of the 
treatment ditches was generally the same or lowest at the outlet in 2007.  In contrast, E. coli and 
Coliform bacteria in run-off sampled at the inlet and outlet of the treatment ditches often was 
highest at the outlet in 2008 (Table 8).    
 
Concentration of E. colirif, generic E. coli, and coliform bacteria were not statistically different 
among treatments at the inlet and outlet of the ditches for the 2007 and 2008 trials (Table 9).  
Similarly, the difference in concentration between the inlet and outlet of the ditches was not 
statistically different among treatments for both years of the trial.   One exception was that 
significantly less coliform bacteria was measured in run-off at the inlet of treatments with PAM 
in the irrigation water in 2008 (Table 9).  Although the PAM treatment had a concentration of 
coliform bacteria in the run-off 2.5 times less than the untreated control, the concentration in the 
PAM run-off remained higher than most food safety and regulatory water quality targets.  
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Discussion and Conclusions 
 
The addition of polyacrylamide polymer to irrigation water at concentrations of 5 ppm and less 
reduced suspended sediments in sprinkler run-off by an average of 90% and total N and P by 
approximately 70% for both years of the trials.  Because PAM presumably flocculated suspended 
sediment in run-off water, particulate forms of N and P would have also been retained in the field 
rather than carried in the run-off.  More surprising was the result that the addition of PAM 
significantly, albeit modestly, reduced the concentration of soluble P and NO3-N in run-off 
during the 2008 trial.   The reduction in soluble P and NO3-N concentration of about 30% under 
the PAM treatment was relatively small compared to the effect of PAM on total nutrient and 
sediment concentration; and therefore it was not surprising that a significant reduction in these 
soluble nutrients was not measured for the PAM treatment during the 2007 trial.  The reduction 
in soluble nutrients under the PAM treatment may be a result of the chemical equilibrium 
between insoluble nutrients associated with the suspended sediments and soluble nutrients in the 
water column.   Insoluble nutrients attached to suspended sediments may slowly dissolve into the 
run-off water, and when flocculated would be unavailable for dissolution.   
 
The significantly lower concentration of suspended sediments in the out-flowing run-off from the 
vegetated treatment compared to the bare control ditch may be an artifact of the sampling 
method in 2007.   We observed that the velocity of run-off entering the vegetated ditch was 
significantly reduced and caused pooling of the run-off at the inlet to the ditch where the run-off 
was sampled.   We speculate that lower suspended sediment concentrations were measured at the 
inlet of the vegetated ditch compared to the bare control ditch because of the longer time period 
for sediment to settle out before entering the vegetated area.   The same result was not repeated 
in 2008 when we added a  V-notch weir at the entrance of the bare ditches (control and PAM 
treatments) to pool water at the entrance of the ditches so that run-off could be more easily 
sampled using the automated pumps.  The vegetation treatment had statistically similar 
concentrations of sediment and turbidity in the run-of as the bare control treatment at the inlet 
and outlet of the ditches in 2008.     
 
Other results from the 2 years of trials also support the conclusion that vegetation had minimal to 
no effect on suspended sediment, turbidity, and nutrient concentration and load in run-off.   The 
difference in concentration of suspended sediments and total nutrients between the inlet and 
outlet of the ditches was statistically similar for the vegetated and bare control treatments in 2007 
and 2008.   The combination of PAM and vegetation did not significantly reduce sediment and 
nutrient concentrations and turbidity levels in run-off more than PAM used alone.   Reducing the 
flow rate of the run-off and increasing the biomass of the vegetation during the second year of 
the trial also did not improve the effectiveness of the vegetated treatment to reduce suspended 
sediment and nutrient concentration in the out-flowing run-off.   Additionally, the concentration 
of soluble nutrients such as NO3-N and soluble P either remained unchanged or increased 
between the inlet and outlet of vegetated ditches compared to the untreated control.   This result 
suggests that nutrients mineralized from decomposing vegetation were released in run-off during 
irrigation events.    
 
The lack of efficacy of the vegetated treatment to reduce the concentration of suspended 
sediment and nutrients in run-off may be explained by a combination of factors.   Flow rates of 
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the run-off were high relative to the length of the vegetated ditch such that the residence time 
was less than 45 min.  A majority of the biomass of the wild rye that was planted on the bottom 
of the ditches grew upright and was 15 cm above the soil surface, presumably too high to interact 
with the run-off flowing in the ditches.   The concentration of suspended sediment in the run-off 
was significantly higher than concentrations found in other run-off of other studies (Long et al.  
2010) due to the use of impact sprinklers and that the trial was conducted on a highly erodible 
soil.  Despite these limitations we expected to measure some reduction in sediment concentration 
between the inflowing and out-flow locations of the vegetated ditch.    
 
None of the management practices evaluated reduced E. coli and coliform bacteria 
concentrations less than the concentrations measured in the bare control treatment.  This result 
might be expected for the vegetated treatment since vegetation was ineffective in reducing 
sediment concentration.   However, PAM consistently reduced sediment concentration in the 
run-off but was ineffective in reducing bacteria concentration with the one exception of coliform 
bacteria measured at the inlet of the ditches in 2008.    The results of these trials suggested that 
the majority of the E. coli and coliform bacteria resided in the water column and was not 
associated with suspended sediments.   Other studies that have reported that vegetation reduced 
the load of E.  coli in irrigation run-off may have lessened the volume of run-off or dropped out 
bacteria associated with suspended fecal particles.  For example, the vegetated buffers in the 
study of Tate et al.  (2006) minimized the bacterial load by enhancing infiltration into the soil 
and minimizing the movement of cattle feces.   In this study the soil was inoculated with E.  coli 
from a point source (sachels of E.  coli) and was allowed to migrate in the run-off along the 
length of the furrows.   Because we removed the source of E. coli after the first irrigation event, 
all bacterial collected during subsequent irrigations would have persisted in the soil, presumably 
in a state that could be readily transported in run-off during irrigation events.   Another 
difference from previous studies was that the reaction time of the vegetated treatment was 
limited to less than 45 min, which is probably an insufficient time for potential degradation 
processes to affect bacterial populations.   Studies of large constructed wetlands have shown a 
degradation of E.  coli populations during the course of several days.    Unfortunately, large 
vegetated treatment systems designed to handle large run-off volumes associated with overhead 
sprinklers would be an impractical solution for most of the high valued vegetable production 
areas on the central coast.    
 
Conclusions 
 
The results of this study demonstrated that under central coast vegetable production systems, 
high loads of sediment, nutrients and bacteria in surface water run-off cannot be effectively 
mitigated using vegetated ditches.   PAM was effective in reducing suspended sediment and 
particulate forms of nitrogen and phosphorus from sprinkler induced run-off from vegetable 
fields.  To a lesser extent, PAM also reduced soluble P and Nitrate in surface run-off.   However, 
because of the initially high loads of sediment and nutrients in surface run-off caused by 
overhead sprinklers, growers producing vegetables on erodible soils would not be able to meet 
proposed water quality targets using only PAM.  Other mitigation practices would be needed to 
further enhance the quality of surface run-off.     
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Next steps and suggestions for future research 
 

1. Determine if the efficacy of vegetated ditches to mitigate surface run-off can be improved 
for central coast conditions.  Although vegetated ditches were not found to be an 
effective treatment to improve water quality in this study, future studies should be 
conducted to determine if the design of vegetated ditches could be improved to have a 
higher efficacy in removing sediment and nutrients from surface run-off under high load 
conditions characteristic of the central conditions.   Studies should evaluate the effect of 
ditch shape, plant species, flow rate, residence time, and sediment and nutrient 
concentration.   We suggest that large scale experimental vegetated ditches be established 
so that these variables can be evaluated under controlled conditions.   

2. Evaluate if vegetated ditches harbor small animals and increase microbial food safety 
risks to leafy green crops.   Despite if vegetated ditches are effective mitigation practices 
to improve the quality of surface run-off, growers are unlikely to increase vegetation in 
ditches and waterways without assurance that the vegetation does not increase food safety 
risks to their crops. 

3. Determine why both vegetation and polymers were ineffective in removing E. coli and 
coliform bacteria from surface run-off under central coast conditions.   Studies are needed 
to determine the fraction of E. coli and coliform bacteria associated with suspended 
sediments and the water column in surface run-off collected on the central coast.   
Laboratory studies are also needed to evaluate the effect of PAM on E. coli and coliform 
bacteria concentrations in the water column.  Finally, field studies are needed to evaluate 
residence time and concentration on the efficacy of vegetated ditches to remove E.  coli 
and coliform bacteria. 

4. Determine if organophosphate pesticides carried in surface runoff can be mitigated using 
vegetation, polymers, or with other practices.   Organophosphate pesticides, such as 
diazinon and chlorpyrifos, are a major cause of water column toxicity on the central 
coast.  Past studies in Mississippi suggest that vegetated ditches can reduce the 
concentration of organophosphate pesticides in run-off.  Other studies have documented 
that treating run-off with PAM reduced pesticide concentration.    Alternative practices 
such as placing high organic matter filters in ditches could potentially remove pesticides 
from surface water run-off.  Controlled trials should be conducted to determine if any of 
these practices could be optimized to remove organophosphate pesticides in surface run-
off on the central coast.     
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Table 1.  Chemical composition of ground water used to irrigate field trials.   

 
 
 
Table 2.  Biomass yield in vegetated ditches of all plots (replications), evaluated November 
2008. 
 

 
 
 
Table 3.  Average applied water and run-off volumes irrigation events of the 2007 and 2008 field 
trials.   
 

 
 
 

Year pH EC SAR Cl B TKN NO3-N NH4-N Soluble-P Total P K

Total 
Suspended 

Solids Turbidity

dS/m meq/L --------------------------------------   mg/L ------------------------------------ NTU
2007 8.2 0.60 2.9 1.6 < 0.1 0.3 1.51 <0.05 0.05 < 0.1 2.74 10 6.3
2008 8.2 0.55 2.9 1.7 < 0.1 0.1 1.56 <0.05 0.05 < 0.1 2.87 <4 5.2

     Biomass dry wt.
Plot Avg Std dev.

      ---- Mt/ha -------
1 4.7 0.6
2 3.9 0.4
3 5.5 0.3
4 6.1 2.7

Overall 5.1 1.5

Applied Water

Year
Irrigation 

date Jday
applied 
water

average 
flow rate

Irrigation 
time

fraction of 
applied water

cm L min-1 hours cm %
2007 10/31/2007 304 3.6 891 2.5 0.5 14.2

11/7/2007 311 4.3 886 3.0 1.0 22.9

11/14/2007 318 3.6 892 2.5 1.1 30.3
11/21/2007 325 3.5 869 2.5 1.2 34.3

2008 10/30/2008 304 5.1 622 5.1 0.9 17.1

11/6/2008 311 3.3 687 3.0 1.1 34.1

11/14/2008 319 2.8 617 2.8 0.8 28.7
11/24/2008 329 3.3 617 3.3 0.8 25.0

Run-off 
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Table 4.  Average applied water, run-off volume, and applied PAM of treatments for the 2007 
and 2008 field trials.    

 

             Run-off

Year Treatment
Applied 
Water Volume

Fraction of 
applied water PAM application

        cm irrigation-1 % kg ha-1 irrigation-1

2007 untreated control (bare ditch) 3.7 0.9 25.2 0.00
PAM 5 ppm (bare ditch) 3.8 1.0 24.9 2.38
Vegetated ditch 3.7 0.9 25.5 0.00
Vegetated ditch + PAM 2.5 ppm 3.8 1.0 25.5 1.19

LSD0.05
x ns ns ns

2008 untreated control (bare ditch) 3.7 0.8 21.8 0.00
PAM 5 ppm (bare ditch) 3.5 0.8 24.3 2.32
Vegetated ditch 3.9 1.0 26.4 0.00
Vegetated ditch + PAM 5 ppm 3.5 1.0 27.6 2.32
LSD0.05 0.2 ns ns

x Fisher's protected least signficant difference, multi-comparison test at p < 0.05 level
ns means are not statistically different at the p < 0.05 level
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Table 5.  Average concentration of suspended solids, turbidity and suspended sediment load in sprinkler run-off measured at the 
inflow and outflow of treatment ditches for the 2007 and 2008 field trials. 
 

 

Year Treatment Description inlet w outlet diff.x inlet outlet diff. inlet outlet diff.

       ---------  mg L -1 --------        ---------  NTUy  --------    -----  kg ha-1 irrigation-1 ------
2007 untreated control (bare ditch) 2142 2044 98 1446 1598 -152 185 184 1

PAM 5 ppm (bare ditch) 320 228 91 124 135 -11 30 22 8
vegetated ditch 1438 1325 114 885 862 23 122 125 -2
vegetated ditch + 2.5 ppm PAM 279 212 67 114 117 -3 28 21 7

LSD 0.05 
z 774 311 ns 684 396 ns 37 38 ns

control vs  all PAM and vegetated treatments ** ** ns ** ** ns ** ** ns
control vs   PAM treatment ** ** ns ** ** ns ** ** ns
control vs  vegetated treatment ns ** ns ns ** ns ** ** ns

2008 untreated control (bare ditch) 1478 1082 396 1181 950 231 121 84 34
PAM 5 ppm (bare ditch) 104 90 15 99 104 -6 9 10 1
vegetated ditch 1495 1244 251 1019 1022 -3 157 117 30
vegetated ditch + 5 ppm PAM 90 71 20 87 84 3 8 7 2
LSD 0.05 338 378 ns 556 433 ns 43 54 ns

control vs  all PAM and vegetated treatments ** ** * ** ** ns ** ns ns
control vs  PAM treatment ** ** * ** ** ns ** ** ns
control vs  vegetated treatment ns ns ns ns ns ns ns ns ns
w run-off was sampled at the inlet to the ditch
x difference in concentration or load between inlet and outlet of treatment ditch
y Nephelometric Turbidity Unit
z Fisher's protected least signficant difference, multi-comparison test at p < 0.05 level
ns,*, ** means are not statistically different at  p < 0.05, or signficant at p < 0.05, p < 0.01, respectively

Turbidity Sediment Load

contrasts

contrasts

Total Suspended Solids
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Table 6.  Average concentration of total and soluble P and total P load in sprinkler run-off measured at the inflow and outflow of 
treatment ditches for the 2007 and 2008 field trials. 
 

 
 

Year Treatment Description inlet x outlet diff.y inlet outlet diff. inlet outlet diff.

       ----------------------------  mg L -1 ------------------------------    -----  kg ha-1 irrigation-1 ------
2007 untreated control (bare ditch) 4.43 4.40 0.03 0.60 0.58 0.02 0.41 0.41 0.00

PAM 5 ppm (bare ditch) 1.55 1.55 0.00 0.56 0.58 -0.02 0.15 0.17 -0.02
vegetated ditch 3.58 3.65 -0.08 0.61 0.69 -0.09 0.33 0.35 -0.02
vegetated ditch + 2.5 ppm PAM 1.68 1.20 0.48 0.55 0.57 -0.03 0.17 0.12 0.05

LSD 0.05 
z 0.85 0.91 ns ns ns ns 0.11 0.12 ns

control vs  all PAM and vegetated treatments ** ** ns ns ns ns ** ** ns
control vs  all PAM treatments ** ** ns ns ns ns ** ** ns
control vs  vegetated treatment * ns ns ns * * ns ns ns

2008 untreated control (bare ditch) 3.56 3.33 0.24 0.91 0.93 -0.02 0.29 0.27 0.02
PAM 5 ppm (bare ditch) 0.93 0.96 -0.04 0.62 0.63 -0.02 0.08 0.08 0.00
vegetated ditch 3.46 3.49 -0.03 0.86 1.11 -0.25 0.37 0.36 0.01
vegetated ditch + 5 ppm PAM 0.94 1.09 -0.15 0.62 0.84 -0.23 0.09 0.10 -0.01
LSD 0.05 0.73 0.55 ns 0.20 0.16 0.14 0.09 0.07 ns

control vs  all PAM and vegetated treatments ** ** ns * ns * ** ** ns
control vs all PAM treatments ** ** ns ** ** ns ** ** ns
control vs  vegetated treatment ns ns ns ns * ** ns * ns
x run-off was sampled at the inlet to the ditch
y difference in concentration or load between inlet and outlet of treatment ditch
z Fisher's protected least signficant difference, multi-comparison test at p < 0.05 level
ns,*, ** means are not statistically different at  p < 0.05, or signficant at p < 0.05, p < 0.01, respectively

Total P Soluble P Total P Load

contrasts

contrasts
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Table 7.  Average concentration of total-N, Nitrate-N, and Ammonium-N, and total N load in sprinkler run-off measured at the inflow 
and outflow of treatment ditches for the 2007 and 2008 field trials. 
 

Year Treatment Description inlet x outlet diff.y inlet outlet diff. inlet outlet diff. inlet outlet diff.

      -----------------------------------------  mg L -1 -------------------------------------------  ---  kg ha-1 irrigation-1 ----
2007 untreated control (bare ditch) 10.03 9.68 0.35 4.25 4.07 0.18 1.03 1.04 -0.01 0.91 0.89 0.02

PAM 5 ppm (bare ditch) 6.33 3.45 2.88 4.31 4.13 0.19 1.22 1.12 0.10 0.63 0.30 0.33
vegetated ditch 7.83 7.00 0.83 4.79 4.74 0.05 0.97 0.90 0.07 0.72 0.65 0.07
vegetated ditch + 2.5 ppm PAM 3.60 3.40 0.20 4.50 4.17 0.33 1.08 0.96 0.12 0.34 0.34 0.01

LSD 0.05 
z 2.86 1.47 ns ns ns ns ns ns ns ns 0.21 ns

control vs  all PAM and vegetated treatments ** ** ns ns ns ns ns ns ns * ** ns
control vs   PAM treatment * ** ns ns ns ns ns ns ns ns ** ns
control vs  vegetated treatment ns ** ns ns * ns ns ns ns ns * ns

2008 untreated control (bare ditch) 9.19 8.36 0.83 5.90 5.57 0.33 0.67 0.66 0.01 0.66 0.60 0.06
PAM 5 ppm (bare ditch) 2.91 2.78 0.14 4.09 4.27 -0.18 0.25 0.20 0.05 0.23 0.21 0.02
vegetated ditch 8.31 8.00 0.31 6.24 7.41 -1.17 0.73 0.79 -0.05 0.81 0.76 0.05
vegetated ditch + 5 ppm PAM 3.14 3.01 0.13 5.16 4.92 0.25 0.50 0.36 0.13 0.28 0.28 0.00
LSD 0.05 1.66 1.58 ns 1.53 1.89 ns ns 0.41 ns 0.20 0.18 ns

control vs  all PAM and vegetated treatments ** ** ns ns ns ns ns ns ns ** * ns
control vs PAM treatment ** ** ns * ns ns * * ns ** ** ns
control vs  vegetated treatment ns ns ns ns ns * ns ns ns ns ns ns
x run-off was sampled at the inlet to the ditch
y difference in concentration or load between inlet and outlet of treatment ditch
z Fisher's protected least signficant difference, multi-comparison test at p < 0.05 level
ns,*, ** means are not statistically different at  p < 0.05, or signficant at p < 0.05, p < 0.01, respectively

Total N load

contrasts

contrasts

NH4-NTotal Kjeldahl N NO3-N
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Table 8.    Average concentrations of E. coli and Coliform bacteria in run-off measured at 
the inlet and outlet of treatment ditches for each irrigation event in 2007 and 2008. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Year Irrigation date inlet x outlet diff.y inlet outlet diff. inlet outlet diff.

          -----------------------  Log(MPN/100 ml) -----------------------
2007 10/29/2007 4.9 4.9 0.0 4.4 4.1 0.3 6.0 5.7 0.3

11/7/2007 2.9 2.9 0.0 3.0 3.1 0.0 5.1 4.8 0.3
11/14/2007 2.7 2.8 0.0 3.3 3.3 0.0 5.9 5.6 0.3
11/21/2007 2.8 2.7 0.1 3.4 3.1 0.3 5.6 5.4 0.2

LSD 0.05 
z 0.4 0.4 ns 0.4 0.5 ns 0.5 0.6 ns

2008 10/30/2008 2.8 2.7 0.0 2.8 3.6 -0.8 4.7 5.1 -0.4
11/6/2008 2.7 2.6 0.1 2.4 2.9 -0.5 5.2 5.4 -0.2
11/14/2008 2.0 2.3 -0.3 3.1 3.2 -0.1 5.4 5.5 -0.2
11/24/2008 1.0 1.1 -0.1 1.7 2.5 -0.8 5.0 5.4 -0.4
LSD 0.05 0.5 0.5 ns 0.6 ns ns 0.4 ns ns

x run-off was sampled at the inlet to the ditch
y difference in concentration between inlet and outlet of treatment ditch
z Fisher's protected least signficant difference, multi-comparison test at p < 0.05 level
ns means are not statistically different at  p < 0.05

E. coli rif E.coli Coliform
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Table 9.   Average concentration of E. coli and coliform bacteria in sprinkler run-off measured at 
the inflow and outflow of treatment ditches for the 2007 and 2008 field trials. 
 

 
 
 
 
 

Year Treatment Description inlet x outlet diff.y inlet outlet diff. inlet outlet diff.

  -----------------------  Log(MPN/100 ml) -----------------------
2007 untreated control (bare ditch) 3.5 3.5 0.0 3.3 3.5 -0.2 5.3 5.6 -0.3

PAM 5 ppm (bare ditch) 3.2 3.4 -0.2 3.4 3.7 -0.3 5.5 5.7 -0.2
vegetated ditch 3.3 3.2 0.1 3.5 3.5 0.0 5.3 5.5 -0.2
vegetated ditch + 2.5 ppm PAM 3.4 3.4 0.0 3.3 3.4 0.0 5.3 5.7 -0.4

LSD 0.05 
z ns ns nsns ns ns nsns ns ns ns

control vs  all PAM and vegetated treatments ns ns nsns ns ns nsns ns ns ns
control vs  PAM treatment ns ns nsns ns ns nsns ns ns ns
control vs  vegetated treatment ns ns nsns ns ns nsns ns ns ns

2008 untreated control (bare ditch) 2.3 2.2 0.1 2.7 3.2 -0.5 5.3 5.5 -0.2
PAM 5 ppm (bare ditch) 2.1 2.0 0.0 2.4 2.5 0.0 4.9 5.1 -0.2
vegetated ditch 1.9 2.3 -0.4 2.5 3.5 -1.0 5.2 5.6 -0.5
vegetated ditch + 5 ppm PAM 2.2 2.1 0.0 2.3 3.0 -0.7 4.9 5.2 -0.3
LSD 0.05 ns ns nsns ns ns nsns ns ns ns

control vs  all PAM and vegetated treatments ns ns nsns ns ns nsns ns ns ns
control vs  PAM treatment ns ns nsns ns ns nsns * ns ns
control vs  vegetated treatment ns ns nsns ns ns nsns ns ns ns
x run-off was sampled at the inlet to the ditch
y difference in concentration between inlet and outlet of treatment ditch
z Fisher's protected least signficant difference, multi-comparison test at p < 0.05 level
ns,* means are not statistically different at  p < 0.05, or signficant at p < 0.05, respectively

contrasts

contrasts

E. coli rif E.coli Coliform
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Figure 1.  Aerial image of field trial showing establishment of vegetated ditches at the west end 
of the field on July 30, 2007 (Google Maps). 
 

   
 
Figure 2.  Run-off treatment ditch vegetated with creeping wild rye and red fescue in October 
2007 (left) and October 2008 (right). 
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Figure 3.  Average suspended solids concentration in run-off measure at the inlet and outlet of 
treatment ditches for the 2007 (top) and 2008 (bottom) trials. 
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Vegetated treatment ditches: ineffective in reducing nutrient, sediment, and E. coli bacteria 
concentrations in irrigation run-off on the central coast. 
 
Michael Cahn, Irrigation and Water Resources Advisor 
Trevor Suslow, Food Safety Specialist, Plant Sciences Dept.  UCD. 
Adrian Sbodio, Staff Research Associate, Plant Sciences Dept.  UCD. 
 
Irrigation run-off from cool season vegetable fields on the central coast of California can carry 
significant loads of sediment, nutrients, and bacteria.    Planting vegetation in permanent ditches 
on farms can stabilize banks thereby preventing erosion, and potentially provide a biological 
treatment that could improve water quality.   Due to food safety concerns, many vegetable 
growers have been reluctant to increase plantings of vegetated ditches because the plant cover 
may harbor small animals that could transport microbial contaminants to an adjacent crop of 
leafy greens.  Research reports from other regions of the United States suggest that vegetation in 
these ditches could reduce bacterial loads in run-off, thereby reducing the risk of microbial 
contamination to downstream fields as well as reducing loads of nutrients and sediments.    
Another obstacle to vegetating ditches, especially for maximizing water treatment benefits, is 
cost.  The ditches may need to be graded, hand planted, and frequently watered to establish 
vegetation, and then maintained to prevent infestation of weedy species.   
 
Polymers are another management tool that can improve farm water quality.  Our past studies 
have shown that adding polyacrylamide (PAM) to irrigation water at concentrations of 5 ppm 
significantly reduced concentrations of sediment and associated nutrients in tail water run-off.    
However, we have not examined the effect of PAM on bacterial loads in irrigation run-off.  If the 
bacteria are associated with sediment in the run-off, PAM could greatly reduce the migration of 
E. coli and other bacteria that pose food safety risks to leafy green crops.  Furthermore the 
combination of polyacrylamide and vegetation treatment may improve water quality more than 
either practice alone.   
 
Because of lack of information on the efficacy of vegetation and polymers to reduce bacterial 
loads in run-off under central coast conditions, we undertook a 2 year field study that simulated 
E.  coli contamination in a lettuce field.   The field trials evaluated the effectiveness of vegetated 
treatment ditches, polyacrylamide polymer, and the combination of these two practices to reduce 
bacteria, sediment, and nutrient concentrations in irrigation run-off. 
 
Procedures 
 
Field trial design Field trials were conducted at the USDA-ARS Spence Research Farm, near 
Salinas CA.  The soil type was a Chualar sandy loam.   The water source was ground water.    
Run-off treatments included: 1.  untreated irrigation water and run-off water treated through a 
bare (non-vegetated) ditch (control treatment),   2.  untreated irrigation water and run-off water 
treated through a vegetated ditch (vegetated treatment); 3.  irrigation water treated with 5 ppm of 
polyacrylamide polymer and run-off water treated through a bare ditch (PAM treatment).   4.  
irrigation water treated with polyacrylamide polymer (2.5 ppm in 2007 and 5 ppm in 2008) and 
run-off water treated through a vegetated ditch (vegetated PAM treatment).   Treatments were 
randomly assigned to the field plots so that each treatment was evaluated on each plot during 4 
consecutive irrigation events.   The soil was cultivated between irrigation events to remove 
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residual effects of the polymer in the soil.  Run-off collected at the lower end of the plots was 
diverted through either a vegetated or bare ditch.   
 
Treatment ditches.  A tractor implement was used to scrape V-shaped ditches for treating 
irrigation run-off at the lower end of each of the 4 plots beginning in August of 2007.     The 
ditches measured 170 ft long, 10 ft wide, and 3 ft deep.   Creeping wild rye (Leymus triticoides) 
seedlings were transplanted on the bottom and lower sides of the ditch at a density of 1 plant/ft2.  
Red fescue (Festuca rubra) seedlings were planted on the upper sides of the ditch.  The ditches 
were irrigated twice per week to establish the vegetation (Fig.  1).  Volunteer grain rye and 
barley from a previous cover crop also germinated and contributed to the vegetation during the 
2007 season (Fig.  1).  However, creeping wild rye and red fescue dominated the vegetation 
during 2008 season (Fig.  1).  Non-vegetated ditches were established next to the vegetated 
ditches before the start of each field trial.  The bare ditches had the same dimensions as the 
vegetated ditches.    
 
Polymer treatment  Emulsified liquid PAM (Hydrosorb Soilfloc 300E, 37% ai wt/wt) was 
prediluted  into 100 gal tanks of water for the 2007 trial.  A high pressure centrifugal pump was 
used to inject tank mixed PAM into the main line to achieve a 5 ppm concentration in the 
irrigation water during the 2007 trial.  A second tank containing 1500 ppm PAM was used to 
achieve a 2.5 ppm concentration of PAM in the irrigation water during the 2007 field trial.   A 
chemical metering pump (Seepex MD) was used to directly inject the concentrated liquid PAM 
into the irrigation system to achieve 5 ppm concentration in the irrigation water during the 2008 
trial.  Separate mainlines were used for different water treatments. 
 
E. coli field inoculation The experimental field was inoculated with a mixture of 3 marked 
strains of generic E. coli isolated from water samples that had been previously collected in 
Salinas.   These E. coli isolates could be quickly identified due to their natural resistance to the 
antibiotic, rifampicin.  A suspension of the strains was mixed with sand and placed in small 
porous bags.  The satchels of sand-E. coli mixture were positioned 100 ft from the upper end of 
the field in 20 furrows within each plot, immediately before the first irrigation event.  The bags 
were removed after the first irrigation and the field was not inoculated again during subsequent 
irrigation events. 
 
Water sampling Flumes were positioned at the lower end of the ditches to measure run-off 
volumes and collect composite samples during the irrigation events.   Composite water samples 
were collected at the upper and lower ends of the treatment ditches.    Water samples were 
analyzed for pH, EC, and temperature immediately after irrigation events and then frozen until 
they could be analyzed for nutrients, salts, and sediment concentrations at the UC DANR 
analytical laboratory.  Sub-samples of the composite run-off samples were also analyzed for 
coliform, generic E. coli, and inoculated E. coli.   
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Results 
 
Sediment in run-off 
 
Run-off water treated with PAM had a significantly lower concentration of suspended sediments 
and lower turbidity compared to untreated water sampled above the ditches in 2007 and 2008 
(Fig.  2).   Suspended sediments concentration measured at the outlet of the ditches was less than 
the concentration at the inlet for all treatments during the 2007 and 2008 trials but not 
statistically significant (Fig.  2).  Although the average concentration of suspended sediments 
(total suspended solids) and turbidity in the untreated run-off (no addition of PAM) entering the 
vegetated ditch treatment was lower than the concentration entering the control bare ditch 
treatment in 2007, the differences between treatments were also not statistically significant, and 
was probably an artifact of the sampling method used during this year.   After adjusting the 
sampling method in 2008, the average suspended sediment concentration and turbidity of the 
untreated run-off entering the vegetated and bare ditches were similar (not statistically different).   
 
In contrast to the suspended solids, turbidity levels generally remained the same or increased 
slightly between the inlet and outlet of the ditches in 2007 and 2008 (data not presented).  The 
difference in turbidity levels of the run-off measured at the inlet and outlet of the ditches were 
also not statistically different among treatments.   
  
Suspended sediment concentration and turbidity levels in the outflow from the ditches was 
lowest from PAM treated plots (Table 1).  Sediment concentrations were reduced by 89% and 
90% for the PAM and PAM+veg treatments, respectively in 2007 and by 93% and 92%, for the 
PAM and PAM+veg treatments, respectively in 2008.  Average load of sediment loss was 167 
and 76 lb/acre/irrigation from the control treatment in 2007 and 2008, respectively.  Treatments 
with PAM also reduced sediment loads by an average of 88% in 2007 and 92% in 2008.    
 
The vegetation treatment did not consistently reduce sediment concentration and turbidity in the 
run-off from plots that did not receive PAM treated water.  The concentration of suspended 
sediments in the outflow from the vegetated ditch was 35% less than the control treatment (bare 
ditch) in 2007.  Although the difference between these treatments was statistically significant, 
the inflow concentration of sediments was lowest for the vegetated treatment (Fig.  2) and 
probably an artifact of the sampling method used during this trial.   This result was not repeated 
in the 2008 trial.  Both suspended sediment concentration and turbidity measured at the outlet of 
the control bare and vegetated ditch treatment were statistically similar in 2008 and actual 
averages were highest for the vegetated treatment (Fig.  2).  Also the combined treatment of 
PAM and the vegetated ditch did not reduce suspended sediment, turbidity, and sediment load 
significantly more than the PAM and bare ditch treatment for either year (Table 1). 
 
Nutrients in run-off 
Treatments with PAM had significantly lower concentrations of total N and total P in run-off 
than the untreated control at the inlet of the treatment ditches in 2007 and 2008 (data not shown).  
The addition of PAM reduced total N in run-off at the inlet of the ditches between 38% and 64% 
relative to the untreated control in 2007 and by more than 67% relative to the untreated control in 
2008.   At the outlet of the treatment ditches, PAM treatments had more than 64% less total N in 
run-off compared to the untreated control (Table 2).   Run-off from PAM treated plots also had 
65% to 73% less total P than the untreated control at the outlet of the treatment ditches (Table 6).   
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Vegetation in the ditches minimally affected the total N and P concentrations in sprinkler run-
off.  Total N concentration at the outlet of the vegetated ditch was significantly less than the 
untreated non-vegetated ditch in 2007 (Table 2); however, the concentration of total N in run-off 
entering the inlet to the vegetated ditch was also less than the concentration at the inlet of the 
untreated control ditch (data not presented).  Furthermore, the difference in total N concentration 
between the inlet and outlet of the vegetated ditch was not statically different from the other 
treatments.  Total N concentration at the inlet and outlet of the vegetated ditch was statistically 
similar to the untreated control ditch in 2008.   Finally, the concentration of total N at the outlet 
of the ditches was statistically similar for the PAM and PAM+vegetation treatments in 2007 and 
2008, demonstrating that the concentration of total N in run-off from PAM treated plots was not 
further reduced by flowing through the vegetated ditch (Table 2).    
 
Similar to total N results, vegetation only had minimal effects on total P concentration at the 
outlet of the ditches.   Total P concentration in the run-off exiting the ditches was statistically 
similar between the bare control ditch and the vegetated ditch in the 2007 and 2008 trials (Table 
3).   Also, the difference in total P concentration in the run-off between the inlet and outlet of the 
ditches was similar among all treatments.  The concentration of total P at the outlet of the ditches 
was statistically similar for the PAM and PAM+vegetation treatments in 2007 and 2008, also 
demonstrating that the vegetation did not further reduce the total P concentration in the sprinkler 
run-off. 
 
Soluble P concentration was statistically similar among treatments at the inlet and outlet of the 
ditches in 2007.  Soluble P concentration of run-off from the outlet of the vegetated ditch was 
higher than the concentration measured at the outlet of the control treatment in 2008.  Also, 
soluble P concentration in the run-off significantly increased between the inlet and outlet of the 
vegetated ditch.   In comparison the control treatment had similar concentrations of soluble P 
between the inlet and outlet of the ditch 
 
The addition of PAM to the irrigation water had no significant affect on the concentration of 
soluble P in the run-off during the 2007 trial; however, the addition of PAM significantly 
reduced soluble P concentration in the run-off at the inlet and outlet of the non-vegetated ditch 
relative to the control treatment in 2008 (Table 3).  The reduction in soluble P concentration in 
the run-off of the PAM treatment was 32% less than the concentration in the untreated control 
(Table 3).   
 
The addition of PAM to the irrigation water also had no significant affect on the concentration of 
nitrate-N in the run-off during the 2007 trial relative to the control treatment.  The PAM 
treatment had significantly lower NO3 concentration in the run-off entering the treatment ditch 
than the concentration measured at the inlet of the control ditch in 2008.  The average reduction 
in NO3 concentration due to the addition of PAM was 31% less the concentration measured in 
the control treatment in 2008. 
 
Ammonium (NH4) concentration of run-off was not significantly different among treatments 
during the 2007 trial.  The addition of PAM to the irrigation water significantly reduced NH4-N 
concentration in the run-off relative to the control treatment during the 2008 trial.  The 
concentration of NH4-N at the outflow of the PAM treatment ditch was 44% to 66% lower than 
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the concentration of NH4-N in the out flowing runoff from the control treatment in 2008 (Table 
2).   
 
Coliform and E.coli bacteria in run-off 
Introduced strains of rifampicin resistant E.coli generally composed a majority of the E.  coli 
measured in the run-off.  Total coliform concentrations averaged 153 and 544 times greater than 
the concentration of generic E.  coli in the run-off in the 2007 and 2008 trials, respectively.   
 
Concentration of E.  colirif, generic E.  coli, and coliform bacteria were not statistically different 
among treatments at the inlet and outlet of the ditches for the 2007 and 2008 trials (Table 4).  
Similarly, the difference in concentration between the inlet and outlet of the ditches was not 
statistically different among treatments for both years of the trial (data not presented).   One 
exception was that less coliform bacteria were measured in run-off at the inlet of treatments with 
PAM in the irrigation water in 2008 (Table 4).  Although the PAM treatment reduced the 
concentration of coliform bacteria in the run-off 2.5 times less than the untreated control, the 
concentration in the PAM run-off remained higher than most food safety and regulatory water 
quality targets. 
 
Discussion and Conclusions 
 
The lack of effectiveness of the vegetated treatment to reduce the concentration of suspended 
sediment and nutrients in run-off may be explained by a combination of factors.   Flow rates of 
the run-off were high relative to the length of the vegetated ditch such that the residence time 
was less than 45 min.  A majority of the biomass of the wild rye that was planted on the bottom 
of the ditches was 6 inches above the soil surface and would have been unlikely to interact with 
the run-off flowing in the ditches.   Finally, the concentration of suspended sediment in the run-
off was significantly higher than concentrations found in run-off of other vegetative ditch studies 
due to the use of impact sprinklers and that the trial was conducted on a highly erodible soil.    
Despite these limitations, we expected to measure at least a small reduction in sediment 
concentration between the inflowing and out-flowing run-off from the vegetated ditch.   These 
results suggest that it may be challenging to design vegetated treatment systems that are effective 
for run-off with high volumes and high sediment loads.    
 
The addition of polyacrylamide polymer to irrigation water at concentrations of 5 ppm and less 
reduced suspended sediments in sprinkler run-off by an average of 90% and total N and P by 
approximately 70% for both years of the trials.  Because PAM presumably flocculated suspended 
sediment in run-off water, insoluble forms of N and P associated with the sediments would have 
also been retained in the field rather than carried in the run-off.  More surprising was the result 
that the addition of PAM significantly, albeit modestly, reduced the concentration of soluble P 
and NO3-N in run-off during the 2008 trial.  The reduction in soluble P and NO3-N concentration 
of about 30% under the PAM treatment was relatively small compared to the effect of PAM on 
total nutrient and sediment concentration; and therefore it was not surprising that no significant 
reduction in these soluble nutrients was measured for the PAM treatment during the 2007 trial.   
 
None of the management practices evaluated reduced E.  coli and coliform bacteria 
concentrations less than the concentrations measured in the bare control treatment.  This result 
might be expected for the vegetated treatment since vegetation was ineffective in reducing 
sediment concentration.   Despite consistently reducing sediment concentration in the run-off, 
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PAM was ineffective in reducing bacteria concentration.    The results of these trials suggested 
that the majority of the E.  coli and coliform bacteria resided in the water and were not associated 
with suspended sediments.   Other studies that have reported that vegetation reduced the load of 
E.  coli in irrigation run-off may have lessened the volume of run-off or dropped out bacteria 
associated with suspended fecal particles.  For example, the vegetated buffers in the study of 
Tate et al.  (2006) minimized the bacterial load by enhancing infiltration into the soil and 
minimizing the movement of cattle feces.   In our study, soil was inoculated with E.  coli from a 
point source (sachels of E.  coli) and was allowed to migrate in the run-off along the length of the 
furrows.   Because we removed the source of E.  coli after the first irrigation event, all bacterial 
collected during subsequent irrigations would have persisted in the soil, presumably in a state 
that could be readily transported in run-off during irrigation events.   Another difference from 
previous studies was that the reaction time of the vegetated treatment was limited to less than 45 
min, which is probably an insufficient time for potential degradation processes to affect bacterial 
populations.   Studies of large constructed wetlands have shown a degradation of E.  coli 
populations during the course of several days.    Unfortunately, large vegetated treatment systems 
designed to handle large run-off volumes associated with overhead sprinklers would be an 
impractical solution for most of the high valued vegetable production areas on the central coast.    
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Fig.  1.  Vegetated treatment ditches planted with creeping wild rye and red fescue in October 
2007 (left) and October 2008 (right).   Volunteer grain rye and barley dominated the vegetation 
during the 2007 trial. 
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Fig.  2.  Average suspended solids concentration in run-off measure at the inlet and outlet of 
treatment ditches for the 2007 (top) and 2008 (bottom) trials. 
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Table 1.  Concentration of total suspended solids (suspended sediments) and turbidity of run-off 
sampled at the outlet of the treatment ditches for the 2007 and 2008 field trials.  NTU = 
Nephelometric turbidity units.  Low values signify less turbidity. 
  
2007 trial: 

  
 
 
2008 trial 

 
 
 
Table 2.  Concentration of total, nitrate, and ammonium forms of nitrogen in run-off sampled at 
the outlet of the treatment ditches for the 2007 and 2008 field trials.   
 
2007 trial: 
 

 
 
2008 trial: 

Treatment

Total 
Suspended 

Solids Turbidity
ppm NTU

untreated control (bare ditch) 2044 a 1598 a
PAM 5 ppm (bare ditch) 228   b 135   b
vegetated ditch 1325      c 862      c
vegetated ditch + 2.5 ppm PAM 212   b 117   b

Treatment

Total 
Suspended 

Solids Turbidity
ppm NTU

untreated control (bare ditch) 1082 a 950 a
PAM 5 ppm (bare ditch) 90   b 104   b
vegetated ditch 1244 a 1022 a
vegetated ditch + 5 ppm PAM 71    b 84    b

Treatment
Total Kjeldahl 

N Nitrate-N
Ammonium-

N

untreated control (bare ditch) 9.7 a 4.1 a 1.04 a
PAM 5 ppm (bare ditch) 3.5   b 4.1 a 1.12 a
vegetated ditch 7.0 c 4.7 a 0.90 a
vegetated ditch + 2.5 ppm PAM 3.4   b 4.2 a 0.96 a

 ------------------------  ppm  ----------------------
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Table 3.  Concentration of total and soluble forms of phosphorus in run-off sampled at the outlet 
of the treatment ditches for the 2007 and 2008 field trials.   
 
2007 trial: 
 
 

 
 
2008 trial: 
 

 
 
 
  

Treatment
Total Kjeldahl 

N Nitrate-N
Ammonium-

N

untreated control (bare ditch) 8.4 a 5.6 a 0.7 a
PAM 5 ppm (bare ditch) 2.8   b 4.3   b 0.2   b
vegetated ditch 8.0 a 7.4 a 0.8 a
vegetated ditch + 5 ppm PAM 3.0   b 4.9   b 0.4   b

 ------------------------  ppm  ----------------------

Treatment Total P Soluble P
ppm ppm

untreated control (bare ditch) 4.4 a 0.58 a
PAM 5 ppm (bare ditch) 1.6   b 0.58 a
vegetated ditch 3.7 a 0.69 a
vegetated ditch + 2.5 ppm PAM 1.2    b 0.57 a

Treatment Total P Soluble P
ppm ppm

untreated control (bare ditch) 3.3 a 0.9 a
PAM 5 ppm (bare ditch) 1.0   b 0.6   b
vegetated ditch 3.5 a 1.1 a
vegetated ditch + 5 ppm PAM 1.1    b 0.8    b
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Table 4.  Concentration of marked generic E.  coli (rifampicin resistant), total generic E.  coli, 
and coliform bacteria in run-off sampled at the inlet and outlet of the treatment ditches for the 
2007 and 2008 field trials.   Data are expressed as the log of the number of colonies (MPN) per 
100 ml of sample. 
 
2007 trial: 
 

 
 
 
2008 trial:  
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Treatment Description above below diff. above below diff. above below diff.
       ----------------------------  Log(MPN/100 ml) -----------------------

untreated control (bare ditch) 3.5 3.5 0.0 3.3 3.5 -0.2 5.3 5.6 -0.3
PAM 5 ppm (bare ditch) 3.2 3.4 -0.2 3.4 3.7 -0.3 5.5 5.7 -0.2
vegetated ditch 3.3 3.2 0.1 3.5 3.5 0.0 5.3 5.5 -0.2
vegetated ditch + 2.5 ppm PAM 3.4 3.4 0.0 3.3 3.4 0.0 5.3 5.7 -0.4

LSD 0.05 NSx NS NS NS NS NS NS NS NS
x NS = treatment differences were not statistically signficant

E. coli rif E.coli Coliform

Treatment Description above below diff. above below diff. above below diff.
       ----------------------------  Log(MPN/100 ml) -----------------------

untreated control (bare ditch) 2.3 2.2 0.1 2.7 3.2 -0.5 5.3 5.5 -0.2
PAM 5 ppm (bare ditch) 2.1 2.0 0.0 2.4 2.5 0.0 4.9 5.1 -0.2
vegetated ditch 1.9 2.3 -0.4 2.5 3.5 -1.0 5.2 5.6 -0.5
vegetated ditch + 5 ppm PAM 2.2 2.1 0.0 2.3 3.0 -0.7 4.9 5.2 -0.3
LSD 0.05 NSx NS NS NS NS NS NS NS NS
x NS = treatment differences were not statistically signficant

E. coli rif ColiformE.coli
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Background Information 
 
In 2006, a multistate food borne contamination of Escherichia coli O157:H7 caused over 200 
illnesses that included serious long-term health impacts and at least 2 deaths.  During the source 
tracking investigation, state and federal officials were able to pinpoint the cause to one or more 
farms in the Monterey Bay area region (Jay et al.  2007).  As a response, the growers in the 
region took unprecedented and coordinated steps to develop “Good agricultural management 
practices” to protect food safety.  In addition, a range of wholesale and resale companies created 
their own, often more burdensome, required practices.  Immediately following the 2006 
outbreak, there was a great deal of confusion resulting in conflicting management practice 
recommendations.  In one particular area, there was the perceived conflict between practices to 
protect water quality and practices to protect food safety.  This project was designed to 
investigate whether vegetated treatment systems (VTSs) designed to improve water quality could 
compromise food safety concerns.   
 
Restoring the water quality improvement functions of drainage ditches, wetlands, and riparian 
areas is critical to the attainment of water quality standards and beneficial uses.  Agricultural 
Best Management Practices (BMPs) on and adjacent to farms are designed to increase the 
functional ability of agricultural drainage ditches and riparian buffers to filter and assimilate 
nutrients and chemicals prior to water entry into a river or stream.  Such BMPs include grassed 
waterways, hedgerows, riparian buffers, and vegetative/wetland treatment systems.  There are 
three major impediments to the adoption of water quality improvement BMPs on agricultural 
lands of the California Central Coast: 1) Lack of localized research on the effectiveness of these 
practices to reduce nutrient and sediment transport into waterways; 2) Perceived risk of 
microbial and vertebrate contamination associated with vegetative BMPs; and 3) Conflicting 
requirements and recommendations of local, state, and federal agencies.  The presence of 
wildlife and non-crop vegetation on, adjacent to, or near the farm, however, was identified as a 
potential risk factor for microbial and vertebrate contamination according to standards specified 
in “Commodity Specific Food Safety Guidelines for the Production and Harvest of Lettuce and 
Leafy Greens Supply Chain” April 25, 2006, last updated on August 4, 2010 (LGMA 2010).   
  
According to the US Food and Drug Administration (USFDA) and California Department of 
Health Service (DHS) records, there have been at least twenty-eight leafy green-associated 
microbial related foodborne illness outbreaks between 1996 and 2008 (USFDA 2009).  Most of 
these outbreaks have been related to E coli (O157:H7) and a number of them have resulted in 
trace-backs that led to fields in the Salinas Valley (Jay et al.  2007).  Consequently, the “field to 
fork” supply chain is under increasing pressure to reduce the risk of pathogen and vertebrate 
contamination in fresh market vegetables.  Compliance with the LGMA Guidelines is now 
required by all major shippers and buyers of fresh market produce in the Central Coast.  The 
recommendations set forth in the LGMA Guidelines directly contradict BMPs for water quality 
protection, and in doing so, create a substantial obstacle to agricultural water quality 
improvements.  There is an immediate need for the development and promulgation of science-
based recommendations for concurrent achievements of both water quality and food safety 
standards.   
 
The project was originally designed as a unique collaboration of water quality and food safety 
experts who intended to implement a series of research field trials and demonstrations to assess 
the capability of these practices to both improve water quality and reduce the risk of bacterial 
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and pathogen contamination and potential links to wildlife (Fischer et al.  2001).  However, 
before the project could begin, the CCWQCB severely restricted the scope of the project, 
limiting it to how potential pathogens might interact with BMPs.  In addition, grower cooperators 
were understandably cautious about allowing researchers on their farms to test BMPs on 
production fields, especially given the high level of litigation around this issue.  Thus, instead of 
measuring populations of pathogenic strains, we used indicator bacteria, specifically, generic E.  
coli and total coliform bacteria.  Generic E.  coli been used as an indicator bacteria since 1986 by 
the USEPA for monitoring the contamination of recreational waters, and has also been used as an 
indicator for classifying shellfish water and for microbial source tracking (Anderson et al.  2005).  
For this project, we report on the changes of E.  coli and total coliform entering and exiting 
several vegetated treatment systems, which included vegetated ditches, ponds, and a constructed 
wetland.   
 
To demonstrate the compatibility of food safety and water quality protection as well as to reduce 
agricultural sources of nutrient, sediment, we monitored effectiveness of vegetative management 
practices and assessed the food safety risk indicators of the potential food safety risks associated 
with vegetative management practices.  We used Vegetated Treatment System, defined as any 
management practice that allows runoff water to pass through a ‘biologically’ active system to 
reduce pollutant loads.  In most cases, the vegetation is thought to be the source of the biological 
activity.  There are have been a number of studies demonstrating a reduction of bacterial 
indicators (Morgan et al.  2008). 
 
 
Project Area, Pajaro and Salinas River Watersheds, Central Coast, California  
 
Ecology and Environmental Resources 
The Salinas and Pajaro River Watersheds culminate 5,900 square miles and include over 250,000 
acres of irrigated agriculture.  These watersheds are home to the Elkhorn Slough and the 
Watsonville Sloughs complex, two of the most important natural wetland habitats in California.  
Additionally, the Salinas and Pajaro make up 79% of the land area draining into the Monterey 
Bay National Marine Sanctuary (MBNMS), the largest Marine Protected Area in the United 
States.  The MBNMS boasts the greatest biodiversity in the temperate regions of the world, 
including more than 50 plant and animal species on government special status lists (MBNMS 
Action Plan IV: Agricultural and Rural Lands, 1999).  The region’s rich soils and year round 
mild coastal climate also sustain the intensively farmed valleys throughout the Salinas and Pajaro 
Watersheds, which generate over two billion dollars annually in agricultural products.    
 
Beneficial Uses, Water Quality Impairment, and Target Pollutants 
According to the Central Coast Regional Water Quality Control Board’s Basin Plan, the Pajaro 
and Salinas River Watersheds support over 20 beneficial uses, including the following directly 
related to agricultural sources of pollution:   Agricultural Supply (AGR), Ground Water 
Recharge (GWR), Freshwater Replenishment (FRSH), Water Contact Recreation (REC 1), Non 
Contact Water Recreation (REC 2), Commercial and Sport Fishing (COMM), Warm Fresh 
Water Habitat (WARM), Cold Fresh Water Habitat (COLD), Inland Saline Water Habitat (SAL), 
Estuarine Habitat (EST), Marine Habitat (MAR), Wildlife Habitat (WILD), Preservation of 
Biological Habitats Special Significance (BIOL), Rare, Threatened, or Endangered Species 
(RARE), Migration of Aquatic Organisms (MIGR), Spawning, Reproduction, and/or Early 
Development (SPWN).   
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Both watersheds are severely impaired for nutrients, sediments, and pesticides.   In the Pajaro 
River, nitrate concentrations are typically 4-7 times higher than the drinking water standard and 
observed concentrations of nitrogen in agricultural drainage ditches account for more than 15% 
of the total stream nitrogen load during summer and fall low flow conditions throughout the 
Watershed (Los Huertos 2004).   In addition, elevated concentrations of nitrate (5 to 60 mg/L) 
and ortho-phosphate (0.5 to 2 mg/L), are found in numerous water bodies in the Salinas River 
Watershed  (Anderson et al.  2003). 
   
Our project focuses on agricultural sources of sediment, nutrients, and pesticides, a significant 
source of impairment for 29 TMDLs adopted or in development throughout the watersheds.  
These TMDLs, adopted or in development, require the adoption of BMPs for pollution reduction 
and attainment of water quality standards.  Additionally, the adoption of BMPs is critical for the 
successful implementation of the Agricultural Waiver. 
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Methods 
 
Site Selection & Site Descriptions 
 
For this task we had funding to monitor four project sites.  We have worked in collaboration with 
the Resource Conservation Districts both in Santa Cruz (RCDSCC ) and Monterey Counties 
(RCDMC ) to monitor Vegetated Treatment Systems (VTS) they have funded and implemented.  
Through this grant we were able to add additional layers of water quality monitoring to 
RCDSCC and RCDMC projects.  Both RCD’s had some funding to support water quality 
monitoring specifically looking at nutrient and sediment load reductions and in some cases 
toxicity.  Our funding allowed us to extend the duration of monitoring for nutrient and 
sediments, as well as to extend the scope to monitor these systems for bacterial load abatement.   
 
To follow are site descriptions for each of the four VTS sites we monitored for two field seasons, 
in 2008 and 2009.  A single field season is defined (for the purposes of our study) to be May – 
September; Field Season I (May – Sept 2008), Field Season II (May – September 2009).   
 
Site 
Code 

Location Watershed Description of 
Farm Operation 

Description of VTS 

VTS1 T14S, R2E, 
Section 25; 
Salinas 

Salinas River Conventional, 
Irrigated, Mixed 
Row Crop 
Vegetables 

Vegetated Treatment System established in an 
already existing agricultural drainage ditch.  This 
ditch is 1000 feet long and is broken up into three 
distinct sections.  Each section is divided by a 
culvert.  Runoff comes from a combination of 
on-farm activities and upstream activities. 

VTS2 T12S, R2E, 
Section 15; 
Watsonville 
 

Pajaro River Greenhouse 
Nursery Operation; 
Cut flower 
production 

Vegetative treatment system implemented in a 
segment of an already existing agricultural 
drainage ditch that bisects a large, cut flower, 
greenhouse nursery operation in the Pajaro River 
watershed.  Runoff comes from adjacent fields. 

VTS3 T15S, R4E, 
sec27; Salinas  

Salinas River Conventional and 
Organic Mixed 
Vegetables 

Established in dual, irrigation tailwater recovery 
ponds.  Tailwater recovery ponds are located 
downstream of approximately 450 acres of 
sprinkler irrigated row crop mixed vegetables.  
Runoff comes from on-farm activities. 

VTS4 T12S, R7E, 
section 29; San 
Juan Bautista 
  

Pajaro River Conventional and 
Organic Mixed 
Vegetables 

This system was designed to have two large 
shallow constructed wetlands linked to one 
another by a culvert.  Thus water that flows into 
the system can be treated in tandem – each pond 
could have the same treatment (mix of plants for 
example) or vary depending on water quality 
goals.  Runoff comes from on-farm activities. 

 
 
VTS Site Descriptions 
 
VTS1 
VTS1 drains both stormwater in the winter months and tile-drained water from approximately 
200 acres of irrigated row crops.  This system primarily treats tile drain water from a 
conventional, sprinkler/drip irrigated, mixed vegetable row crop farming operation.  However, 
this ditch also receives some flows from upstream neighbors and stormwater as noted.  This 
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system was installed by the RCDMC.  Water in the channel generally flows at a depth of 1 foot 
and a width of 6 feet.  Each section was vegetated with floating pennywort, a natively occurring 
riparian species known to float on the waters and form a dense interwoven mat.  Vegetation, 
hydrolysis, photolysis, and retention time are several key variables that facilitate water quality 
improvements.  In addition to being vegetated, this system was outfitted with a single removable 
flashboard riser.  The flashboard riser was constructed and attached to one of the culverts found 
in the drainage.  The flashboard can quickly and easily be adjusted or removed by the 
owner/farm operator.  Importantly, the flashboard riser is in place to control water flows, in order 
to optimize retention time to facilitate "treatment." This flashboard is easily removed during the 
winter months when flows are more intense and unpredictable due to stormwater runoff.  
Because the vegetation floats on the water’s surface, forming a dense mat, it simply rises and 
falls with water levels.  It is not known to cause 
flooding.   
 
Project Management: The Resource Conservation 
District of Monterey County (RCDMC) was the 
lead on this project.  They received funding from 
the State Water Resources Control Board 
(SWRCB) to implement several VTS projects and 
to monitor them for water quality improvements, 
namely nutrients, sediments, and pesticides.  We 
worked with the RCDMC to add the additional 
layer of monitoring for indicators of pathogens in 
order to address any food safety issues/concerns 
that may arise related to VTSs. 
 
During the dry summer months, the VTS1 ditch 
carries water predominantly from agricultural runoff upstream of this system.  VTS1 B1 begins 
just after a tile drain near a culvert crossing.  Between B1 and B3, there is no additional 
agricultural runoff and the water quality changes would be evidence of the influence of vegetated 
treatment rather than addition or dilution.  Additional water is added to the system from tile 
drains just below B3, adding to the water at B4. 
 
Although originally planted with pennywort, other floating vegetation consisting of watercress 
(Nasturtium sp.), pennywort (Hydrocotyle sp.), duckweed (Lemna sp.), and ditchgrass (Ruppia 
sp.) have become established in VTS1.  There were some grasses and one 20 foot section of cala 
lilies close to the water’s edge.  The banks were cleared of vegetation.  In June 2009, aquatic 
vegetation was well established in the ditch and the flow was even with no sign of a preferential 
flow path.  Field notes for June estimated macrophyte coverage at B1 as 60%, B2 at 95%, B3 at 
100%, and B4 at 95% coverage.  The section VTS1 C1 through C2, downstream of section B1 
through B4 below the next culvert, was also densely populated with macrophytes (100%).  The 
predominant plant at this time was watercress which extended well above the surface and also 
extended down throughout the water column.  On the sampling date 7/14/09 yellowing of the 
plants was noted and on 7/21/09 much of the plant life had died off.  There were “no spray” signs 
adjacent to the ditch, however it is unknown whether the ditch was directly sprayed or whether 
herbicides may have been entered the ditch water from upstream.  On 7/28/09 re-growth of 
plants had begun.  By 8/18/09 at B1 watercress was well established, at B2 ditchweed was 
predominant, and at B3 there was a combination of watercress, duckweed and pennywort.  There 
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was not much macrophyte growth between B3 and B4.  B4 was populated with filamentous algae 
and about 20% coverage by duckweed.  On 8/31/09 field notes report a bypass channel was well 
established along the whole length from B1 through B2 and B3 all the way to B4.  Although 
much of the vegetation had been re-established by the end of August from the July die off, the 
effects of vegetated treatment were largely missed because a strong flow path was established 
that bypassed the treatment processes.  On this same date a bypass channel was also noted 
between C1 and C2.  This bypass condition existed throughout the remainder of the sampling 
period until 9/28/09.  On 9/28/09 the field notes report that B1 was not well vegetated although 
there was some pennywort along the edges.  B2 was vegetated only with ditchweed.  B3 was 
vegetated with 90% watercress, however the flow path was through the non-vegetated 10% of 
the channel.  B4 was not well vegetated with only 10% duckweed.  C1 had about 5% pennywort, 
5% duckweed and a strong bypass channel.  C2 had 25% watercress and a strong bypass channel.   
 
 

	  
 
Figure 1.  The left photo shows VTS1 on June 9, 2009 was well vegetated with no evidence of a 
preferential flow path.  By September 28, 2009 the vegetation was somewhat re-established from a July 
die-off, however a preferential flow path allowed for treatment bypass. 
 
 
 

B3 

B4 
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Figure 2.  VTS1 B1 shown in June 2009.  The sampling location was after the culvert and drain tiles. 
 
VTS2 
 
This vegetative treatment system was implemented in a segment of an already existing 
agricultural drainage ditch that bisects a large, cut flower, greenhouse nursery operation in the 
Pajaro River watershed.  This greenhouse operation is home to nearly 20 greenhouses.  This 
grower worked with the Natural Resource Conservation Service in 2006 and 2007 to implement 
a water recycling/reuse program.  They recycle and reuse most of their water, however they still 
have some greenhouse runoff - both tile drained and roof runoff resulting from condensation and 
stormwater.  However, the most significant runoff originates from upstream conventional row-
crop agricultural production.  All of this runoff is intercepted by a 1000 ditch channel that bisects 
their property.  This grower has been very proactive about improving his water quality, 
minimizing runoff, and improving water use efficiency.  Installing a VTS on this property was 
yet another step to reach their conservation goals.   
Similar to VTS1 this drainage ditch has been outfitted with a flashboard riser.  The flashboard 
can quickly and easily be adjusted or 
removed by the owner/farm operator.  
Importantly, the flashboard riser is in place 
to control water flows specifically to 
optimize retention time to facilitate 
"treatment." This flashboard is easily 
removed during the winter months when 
flows are more intense and unpredictable 
due to stormwater runoff.  Furthermore, 
this ditch like VTS1 was planted with 
floating pennywort.  The pennywort was 
very well established.   
The goal of the proposed project was to 
improve water quality by integrating 
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vegetated treatment system (VTS) practices in order to improve the quality of tailwater 
emanating from the nursery and upland irrigated agriculture.   
 
The Resource Conservation District of Monterey County (RCDMC) was the lead on this project.  
They received funding from SWRCB to implement several VTS projects and to monitor them for 
water quality improvements, namely nutrients, sediments, and pesticides.  We worked with the 
RCDMC to add the additional layer of monitoring for indicators of pathogens in order to address 
any food safety issues/concerns that could arise related to VTS.   
 
 
VTS3 
 
Vegetated Treatment was established in dual, irrigation tailwater recovery ponds.  Tailwater 
recovery ponds are located downstream of approximately 450 acres of sprinkler irrigated row 
crop mixed vegetables.  Irrigation runoff from production blocks is conveyed through a series of 
shallow, v-shaped, agricultural drainage ditches to the dual system tailwater ponds.  Irrigation 
runoff water enters the system through the upper pond.  In this pond sediments settle out near the 
inflow.  Water fills the pond, and is filtered through a dense mat of floating pennywort, a 
California native riparian species known to float on the waters service and form a dense 
interwoven mat.  This water then leaves the upper pond and enters the lower pond through a 
small corrugated steel pipe connecting the two ponds.   
 
After treatment, this water exits the lower pond via corrugated steel pipe that safely conveys the 
water to a much larger, vegetated, v-shaped 
agricultural drainage ditch.  Vegetation, 
hydrolysis, photolysis, and retention time 
are several key variables that facilitate 
water quality improvement.   
Because the vegetation floats on the 
water’s surface and forms a dense mat, it 
simply rises and falls with water levels.  It 
is not known to cause flooding.  However, 
to mitigate for this concern, trash racks 
have been installed around outlet culverts 
to prevent clogging of the plumbing.  This 
system has been designed to utilize and fit 
within the footprint of marginal agricultural 
land that already functions to slow the 
water’s velocity and reduce runoff from 
irrigation and stormwater.  These tailwater 
ponds were installed by the grower.   
The Resource Conservation District of 
Monterey County has worked with the 
grower to maximize the function of this 
system, namely by introducing vegetation 
and providing practice effectiveness 
monitoring.  This grower was interested in 
participating in this "pilot" study to 
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determine the efficacy of the system to address water quality concerns; namely, nutrients, 
sediments, and pathogens.   
 
The Resource Conservation District of Monterey County (RCDMC) was the lead on this project.  
They received funding from SWRCB to implement several VTS projects and to monitor them for 
water quality improvements, namely nutrients, sediments, and pesticides.  We worked with the 
RCDMC to add the additional layer of monitoring for indicators of pathogens (total coliform and 
generic E.coli) in order to address any food safety issues/concerns that may arise related to VTS.   
 
The ponds were usually covered by pennywort through the study period, except in the early part 
of the summer when the vegetation seemed to be expanding from a decline in cover during the 
winter and immediately following removal of built-up sediment from the ponds. 
 
VTS4 
 
Vegetated Treatment System: This system 
was constructed with technical assistance and 
funding from the Natural Resource 
Conservation Service and the RCDSCC.  
This system was designed to have two large 
shallow constructed wetlands linked to one 
another by a culvert.  Thus water that flows 
into the system can be treated in tandem – 
each pond could have the same treatment 
(mix of plants for example) or vary 
depending on water quality goals.  
Additionally the system was designed with 
water level control valves to enable the grower to control the water levels.  This parameter can 
aid with facilitating water quality treatment as well.  During Field Season I, the wetlands were 
planted in early summer with a rice crop; however this crop was not successful.  The grower at 
this site wanted to experiment with alternate types of vegetation that might prove to provide the 
grower economic returns and mitigate for other risks associated with the introduction of 
“wetlands” into an agricultural production system, namely threatened and endangered species 
and food safety concerns.  Further the grower felt that any successful attempt to grow a “cash 
crop,” as it were, in these systems would increase the likelihood that growers across the board 
would be more amenable to adopting this practice.   
 
These shallow tailwater recovery ponds together have a 0.5 acre foot print.  Commendably, this 
grower took the noted 0.5 acres of very productive agricultural land out of production to 
accommodate this tailwater treatment system.  The VTS is located downstream of 160 acres of 
sprinkler and drip irrigated organic and conventional row cropped, mixed vegetables.  Irrigation 
runoff from production blocks is primarily tiled drained.  Tile drained water fills the 1st pond, is 
slated to be filtered through emergent broadleaf vegetation.  This water then leaves the 1st pond 
and enters the 2nd pond through a small culvert connecting the two ponds.   
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The RCDSCC in collaboration with the Coalition is now providing practice effectiveness 
monitoring as a means to characterize current system functionality and produce future 
recommendations on improving the systems performance.  Ultimately, this grower was interested 
in participating in this "pilot" study to determine the efficacy of the system to address water 
quality concerns; namely, nutrients, sediments, and pathogens.  The grower not only wished to 
address water quality concerns raised by the 
RWQCB, but also those imposed by the LGMA for 
Total coliform and generic E.coli.  However, more 
notably this grower wished to be able to reuse the 
captured water for crop production in the future, 
primarily to address water shortage issues in the area 
and to offset his water use costs.   
 
The SCCRCD is the lead on this project.  They 
received funding from SWRCB to implement several 
VTS projects and to monitor them for water quality 
improvements, namely nutrients and sediments.  We 
worked with the SCCRCD to add the additional 
layer of monitoring for indicators of pathogens 
(Total Coliform and Generic E.coli) in order to 
address any food safety issues/concerns that may 
arise related to VTS.   
 
Although the grower would prefer to grow a plant 
that could be harvested for commercial purposes, 
alternative crops were not attempted following the 
failure of the 2008 season rice planting.  Instead the 
ponds were both planted with California Tule (Scirpus sp.) in order to establish this pond system 
as a vegetated treatment system and to achieve the water quality benefits commonly provided by 
such systems.  In the late winter of 2009, Tule was planted throughout the wetland and became 
very well established within the next few months.  In the early summer, when the Tule plants 
first emerged they were sparse with field estimates in early June of 15% coverage of Pond 1 and 
1% coverage of Pond 2; however by the end of the summer as reported on September 28, 2009, 
the plants had established themselves covering about 70% of Pond 1 and 20% of Pond 2.  
Filamentous algae was also abundant in this treatment system.  In the early summer the estimates 
were about filamentous algae in Pond 1 at 90% coverage and Pond 2 at 95% coverage.  However 
by September 28, 2009 filamentous algae in Pond 1 was reduced to approximately 65% coverage 
and in Pond 2 to about 90% coverage, with greater density in Pond 2 because of the lesser 
shading by vascular plants. 
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A)                                          B) 

	  
Figure 3.  A) Photo of VTS4 Pond 1 on June 9, 2009 with newly emergent Tule (15% coverage) and 
filamentous algae (90% coverage).  B) Photo on September 28, 2009 showing well established Tule 
covering 70% of Pond 1. 
 
Grower Cooperators and Advisory Committees  
Maintaining good relationships with the growers was central to the development and monitoring 
of this project.  Allowing non-food vegetation to grow adjacent to their farms, even aquatic 
vegetation (emergent, submergent, or floating), might be seen negatively by the retailers.  In 
addition, the thoughtful advice we received from the Technical Advisory Committee ,which 
addressed concerns raised by members regarding the most appropriate methods for measuring 
coliform and E.coli bacterial load reductions in Vegetated Treatment Systems.   
 
Hypotheses Tested 
 
Based on the revised scope of work, we developed the following a priori hypothetical questions:. 
 

1. Did upstream and downstream concentrations of E.  coli concentrations differ? 
2. Did E.  coli concentrations in VTSs’ outlets exceed the LGMA guidelines? 
3. How effective were VTSs in improving overall water quality? 

 
  
To address these questions, we proposed a monitoring plan that was subsequently approved.  
Following the contract requirements, we developed a Quality Assurance Project Plan (QAPP) to 
ensure high data quality.  This was approved and sampling commenced immediately.  Below is a 
summary of the Monitoring Plan and QAPP.   
 
Monitoring Methods 
 
Monthly monitoring was carried out through two field seasons: May - September 2008 and 2009.  
September is the month when food safety outbreaks of E.coli 0157:H7 have historically taken 
place thus making it an important month to monitor.  Water samples were taken at the inlet and 
outlet as means to determine the system efficacy and illustrate, if any, water quality changes 
from influent and effluent.  Vegetative cover is a key element to the success of VTS to treat 
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water.  In addition to measuring water quality for nutrients, sediments, and pathogens, 
measurements of percent plant cover and type were also monitored throughout the study. 
 
Sample containers were prepared (cleaned/ acid washed) by staff, and pre-labeled when dry with 
Sample ID, Station ID, Date, Time; the technicians recorded the time before filling the container 
with sample water.   
 
All samples for dissolved nutrient analysis were collected as grabs, by wading and filling the 250 
ml polypropylene container directly.  Samples for total N and P were collected in 100 ml 
polypropylene containers and similarly collected.  There is no homogenization, splitting, or 
compositing of sampling in this work.  Field operators followed the SWAMP SOP (e.g., collect 
at the centroid of the flow, 0.1 m below the surface, facing upstream) as provided in Appendix D 
of the SWAMP Quality Assurance Management Plan (SWAMP 2002).  All containers were 
rinsed three times with ambient water before filling.   
 
All collected water samples were put on ice in the field and returned to the laboratory in a dark 
cooler.  Samples for E coli were returned to the laboratory and immediately filtered, refrigerated, 
and analyzed, therefore, no additional preservatives were necessary.  Samples for total N and P 
were returned to the laboratory, filtered, frozen and analyzed within 28 days.  Suspended 
sediments samples were returned to the laboratory and filtered within 8 hours or were 
refrigerated and filtered within 48 hours. 
 
Laboratory methods 
Nutrients: Nutrient concentrations were determined using a Lachat Instruments, Inc.  QuikChem 
8000 Series Flow injection analyzer.  This is a multi-channel continuous flow analyzer that uses 
flow injection analysis (FIA).  In FIA, a fixed volume of sample is injected into a carrier stream 
where it is mixed with reagents to form a color reaction.  The product is measured 
colorimetrically to determine the concentration of nutrients that reacted.  The instrument had low 
detection limits, permitting small quantities of nutrients to be detected.  Each run of samples was 
analyzed with 3 QCs, at least 1 field duplicate, and at least 1 spiked matrix sample.  The spiked 
matrix sample was prepared as in the following example: A sample with a NO3-N concentration 
of 2.6mg L-1 was split into 5.0ml sub-samples for spiking.  A stock solution of 25mg N L-1 was 
added to one sub-sample in order to increase the nutrient concentration without significantly 
changing the volume.  Adding 0.2 mL of the stock solution will increase the concentration by 
(0.2 mL) (25 mg L-1) / (5.0mL + 0.2 mL) = 0.96 mg L-1.  The new concentration was 0.96 mg L-1 
+ 2.6 mg L-1 = 3.56 mg N L-1.  All calibration standards, QCs, and samples were analyzed with 2 
or 3 replications.  The range of nutrient concentrations that can be accurately detected differs for 
each method.  If a sample contains concentrations above the calibration range, it was diluted and 
reanalyzed.   
 
Total Organic Carbon (TOC) is the measurement of organic carbon in surface waters by injecting 
a sample into a reaction chamber, packed with a catalyst and held at a fixed temperature.  The 
organic carbon is converted to carbon dioxide by the action of the catalyst and the elevated 
temperature.  The concentration of carbon dioxide generated is directly proportional to the 
concentration of organic carbon in the sample.  The sample is transported to a non-dispersive 
infrared analyzer sensitized to respond only to carbon dioxide and the concentration is displayed 
on the digital display meter.  The analyzer measures total carbon which includes both organic 
and inorganic carbon.  Each run of samples was analyzed with 3 QCs, at least 1 field duplicate, 
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and at least 1 analytical duplicate.  All calibration standards, QCs, and samples were analyzed 
with 3-5 replications.   
 
Suspended Sediment Concentrations were determined using a filtration method modified from 
the Standard Methods for the Examination of Water and Wastewater.  20th Ed, Method 2540 D.  
Total Suspended Solids dried at 103–105°C.  This method consists of sieving the homogenized 
sample through a 63 micron Fisher Scientific sieve in order to determine coarse (sand-size) 
particle concentration and then through a 1.7 um pore size prepared filter to determine the fine 
sediment fraction (silt/clay <63 um).  After filtration and sieving, samples are dried at a low 
temperature (103°C ±2°C) in order to prevent loss of sediment through spattering due to boiling.  
Residual salts are weighed on a Sartorius precision balance to establish concentrations. 
Anion Concentrations were determined in a selected subset of samples for major anions (Cl, SO4, 
NO3, NO2, Br, F, PO4) by Ion Chromatography (IC).  FIA analysis is considered to be more 
accurate for NO3 than IC analysis, but measurement of other anions adds reference data for 
solutes that are more conservative than nutrients, which allows changes in nutrient 
concentrations to be assessed more accurately to distinguish transformations from dilution.   
 
Data Quality Objectives 
Data acquisition activities will include both field measurements and laboratory analyses, and the 
quality objectives depend on the amount of error that can be tolerated.  However, data collected 
for this Project has the potential of being used for additional purposes in conjunction with other 
data sets collected in accordance with SWAMP requirements, and the quality objectives selected 
for the Project have been refined to reflect this foresight.  Data quality indicators for field 
measurements and analytical analysis were identified and quantified for  precision, accuracy, 
representativeness, comparability, and completeness.  A brief discussion of the objective for each 
of these indicators is provided below.   
 
Data Quality Indicators 
Precision measures how closely repeated measurements of a given sample agree with each other.  
The precision of the nutrient concentration measurements is evaluated by replicate analysis of 
every sample.  In addition, duplicate samples were taken during 10% of the sampling visits.  
Precision is either measured by calculating the relative percent difference (RPD), used when only 
two replicates are analyzed, or the relative standard deviation (RSD), used when two or more 
replicates are analyzed. 

RPD = (X1 - X2) / (X1 + X2) / 2 * 100  
where X1 = the larger of two values and X2 = the smaller of two values. 
RSD = (S / XM)* 100  
 where XM is the mean and S is the standard deviation,  
S = [∑ (X - XM)2 / (n – 1)]1/2 

The RPD or RSD must be less than 10% for a sample to be accepted.  If the RPD or RSD is 
greater than 10%, the sample may be shaken to ensure it is well mixed, or refiltered to remove 
interfering particles, and reanalyzed. 
 
The precision of field EC and pH measurements was assessed by re-measuring grab samples in 
the lab.  One sample from each sampling event was analyzed for electrical conductivity and pH 
using a benchtop conductivity/pH meter.  The RPD between the field measurement and the lab 
measurement must be less than 25% for the values from a single day to be accepted. 
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Accuracy (bias) measures the conformity between measured and true values.  To determine the 
accuracy of nutrient data, 3 quality control (QC) references of known nutrient concentrations are 
analyzed both at the beginning and at the end of every batch of field samples.  The reference 
values must be within 80-120% of the true concentrations for the batch of samples to be 
accepted.   
 
In addition, one matrix spike was analyzed with each run of samples.  A matrix spike is prepared 
by splitting a routine sample, and adding a known concentration of each nutrient to one of the 
sub-samples.  Both the spiked and unspiked sub-samples are analyzed to calculate the percentage 
of added nutrients that is detected in the spiked sample.  Percent recovery is calculated as:  

R= (Cs - C) / S * 100 
where, R= percent recovery, Cs = spiked sample concentration, C = sample background 
concentration, and S= concentration of nutrient added to sample.  The percent recovery of 
nutrients in the spiked sample must be 80-120% for each sample run to be accepted.  A similar 
approach was applied to IC samples analyzed for anions.  To achieve accuracy in measurements 
of pH, dissolved oxygen, and electrical conductivity (EC), the Hydrolab is calibrated before 
every sampling event.  To achieve accuracy in measurements of flow, the pygmy current meter 
was used in accordance with USGS methods (USGS 1977).   
 
Comparability describes the confidence with which one data set can be compared to another data 
set.  To achieve comparability between nutrient analysis data from different collection days, the 
same set of QC references were used for 15 to 20 consecutive sample batches.  When a new set 
of calibration standards is prepared for the Lachat Flow injection analyzer, an old set of QC 
references were used to assess the accuracy of the calibration standards.  Likewise, when a new 
set of QC references is prepared, an old set of calibration standards were used.  A similar 
approach was taken with preparation of standards for the IC.  An IC standard stock solution was 
prepared based on past experience analyzing samples from this area.  The stock solution was 
diluted in a volumetric flask so as to create low, medium and high standards, which was run with 
each tray of IC samples.  The same stock solution was used for multiple trays of IC samples, and 
when a new solution is prepared, values determined with that solution was compared with values 
determined on the basis of the older stock solution.  Comparability between our data and those of 
other studies was achieved by using standard methods for sampling, handling and analysis.  
Also, by analyzing temperature, pH, DO, and EC at the same time that water samples are 
collected a complete assessment of field conditions is made. 
 
Representativeness describes the degree to which the results represent the samples, and the 
samples represent the media from which it was taken.  For this project, a representative data set 
is ensured by sampling in fast moving areas of the stream where water is well mixed.  In 
addition, field duplicates were collected at one site during each sampling event to assess small-
scale environmental variation. 
 
By comparing grab samples to depth-integrated samples for nutrient analysis we will also assess 
the representativeness of the grab technique.  When the water depth in a stream exceeds 2 ft, a 
depth-integrated water sampler is used to collect samples in addition to grab samples.  So long as 
the RSD between samples collected with the two techniques is less than 10%, grab samples were 
used.  Regular comparisons between the sampling methods will continue on a monthly basis.  If 
the RSD is greater than 10%, depth-integrated samples were collected until the water level 
recedes. 
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Travel blanks will also be analyzed to determine whether environmental contamination of 
nutrients occurs during the sampling procedure.  Travel blanks are prepared by filling a sample 
bottle with deionized water in the lab, transporting it into the field, and opening it briefly at a 
random sampling site.   
 
Completeness is the percentage of samples collected that were analyzed.  The completeness goal 
for this project is 90%.  Failure to meet this goal may result from the field officer’s inability to 
sample at some sites because of insufficient water depth or adverse weather conditions.  In the 
limited number of instances where these conditions may be encountered, extensive efforts were 
made to re-sample the location as soon as possible.  Also, to assure completeness, established 
protocols for sample transportation and laboratory processing were followed to minimize data 
loss following collection.  Finally, the excess nutrient sample will retained until completion of 
the laboratory analysis to allow for re-analysis if the sample is mishandled or if the nutrient 
concentration is beyond the detection limit of the Lachat Flow injection analyzer. 
 
Table 3 – Measurement Quality Objectives and Specifications for Field Measurements 

Parameter Unit  Accuracy 
(unit or 
percent of 
value) 

Precision  
(unita or RPDb) 

Resolution 
(at a 
minimum) 

Target 
Reporting 
Limit  

Completeness 

Dissolved 
oxygen 

mg/l +0.5 mg/L No SWAMP 
requirement; will use 
+ 0.5 or 10% 

0.2 0.2 90% 

Temperature oC + 0.5 oC No SWAMP 
requirement – suggest 
+ 0.5 or 5% 

0.5 -5 90% 

pH  pH + 5% No SWAMP 
requirement – suggest 
+ 5% 

0.1 NAd 90% 

Specific 
Conductivity 

µS/cmc + 0.5 units No SWAMP 
requirement – suggest 
+ 0.5 or 5% 

1 1 90% 

Turbidity NTU No SWAMP 
requirement 
– suggest + 
10% or 0.1, 
whichever is 
greater 

No SWAMP 
requirement – suggest 
+ 10% or 0.1, 
whichever is greater 

0.1 0.5 90% 

Discharge cfs + 10% No SWAMP 
requirement – suggest 
+ 5% 

1.9 0.5 10 
campaigns/year/ 

site 
a unit or percentage, whichever is greater. 
b RPD – Relative Percent Difference – is the difference between two repeated measurements expressed as a 
percentage of their average 
c µS/cm – microsiemen per centimeter, equivalent to micromhos/cm.  Specific conductivity is the value after 
correction for temperature..   
d  NA – not applicable 
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Table 4- Measurement Quality Objectives and Specification for Infield Campbell Scientific 
Data Sensors.   

Sensor/ 
parameter 

Unit  Accuracy 
(unita  or 
percent of 
value) 

Precision  
(unit or RPDb)  

Resolution 
(at a 
minimum) 

Target 
Reporting 
Limit  

Completeness 

Sonic Gauge mm 4 mm 4 mm 2 mm 2 mm 90% 
Conductivity µS/cmc  ± 5% 0.44-

7 mS cm-1 
± 10% 
0.005-.044 
mS cm-1 

± 10% 
 

0.005 0.005 90% 

Temperature oC ± 0.4oC ± 0.75% 0.2 0.2 90% 
Turbidity NTU ±2% 0 to 

500, ±4% 
501 to 
1600 

±2% 0 to 500, 
±4% 501 to 1600 

0.01 0.01 90% 

a unit or percentage, whichever is greater. 
b RPD – Relative Percent Difference – is the difference between two repeated measurements expressed as a 
percentage of their average 
c µS/cm – microsiemen per centimeter, equivalent to micromhos/cm.  Specific conductivity is the value after 
correction for temperature 
 
Table 5 – Measurement Quality Objectives and Specifications for Laboratory 
Measurements 

Parameter Accuracy Precision Recovery Target 
Reporting 
Limits 

Completeness 

Conventional 
Constituents 
in Water 
 
 

Standard 
Reference 
Materials (SRM, 
CRM, PT) within 
95% CI stated by 
provider of 
material.  If not 
available then 
with 85% to 
115% of true 
value 

Laboratory 
duplicate, 
Blind Field 
duplicate, or 
MS/MSD 10% 
RPD 
Laboratory 
duplicate 
minimum. 

Matrix spike 
80% - 120% 

No SWAMP 
requirement – 
suggest 90% 

 
90% 

Suspended 
Sediment 
Concentration 
(SSC) 

 
No standard 
reference 
materials are 
available 

 
± 20% 

 

 
Not 

applicable 

 
0.5 mg L-1 

 
90% 

 

 
The technical protocol for Quantitray 2000 using Colilert format for water processing was 
followed for quantifying indicator bacteria- E.  coli and total coliform: 

• Develop three concentrations from each sample of field water (1000:1, 100:1 and 1:1) 
• Add contents of 1 packet of IDEXX substrate to each 100 mL sample 
• Incubate QT2000 trays at 35˚C for 24 hours 
• Count and record yellow wells and fluorescent wells for QT2000 and quantify MPNs, 

using the Colilert table provided by IDEXX. 
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Results 
 
After two years of monitoring, approximately 17,000 water quality observations were collected, 
where most of the results were from the inlets and outlets from each VTS.  In general, the inlets’ 
water quality parameters reflected poor water quality.  Table 1 summarizes the water quality 
parameters often associated impairment in the region.  We report the median because it is a 
robust statistic, i.e.,  relatively insensitive to highly skewed distributions.   
 
Table 6.  Nutrient medians at VTS inlets and outlets 
 

VTS Parameter Inlet Median Outlet Median 
VTS 1 Nitrate-N 77.5 76.0 
 Ammonium-N 0.06 0.09 
 Ortho-Phosphate-P 0.43 0.46 
 Conductivity 2630 2670 
VTS 2 Nitrate-N 27.7 15.4 
 Ammonium-N 0.05 0.09 
 Ortho-Phosphate-P 0.16 15.6 
 Conductivity 1670 1740 
VTS 3 Nitrate-N 31.6 30.9 
 Ammonium-N 0.10 0.13 
 Ortho-Phosphate-P 0.57 0.56 
 Conductivity 1050 1100 
VTS 4 Nitrate-N 65.5 65.1 
 Ammonium-N 0.02 0.05 
 Ortho-Phosphate-P 0.03 0.01 
 Conductivity 4080 4060 

 
 
Most of the cases reflected ambiguous changes in water quality with the treatment wetlands.  
Notable exceptions include VTS 2 for nitrate (reduction) and phosphorous (increase).   
 
The sampling at VTS4 was coordinated by UC Santa Cruz and CSU Monterey Bay staff, to 
create a longer composite dataset.  Nutrient removal is represented by the difference between the 
inlet (water pumped into the Pond 1 from tile drains) and the outlet (water exiting from Pond 2).  
It is important to note that the water table is relatively high in this portion of the Pajaro River 
watershed and the tile drain nutrient concentrations may reflect a regional problem, rather than 
indicating the load contributions results from individual farm activity.  In has been noted by the 
grower that the water table contamination may vary based on types of agriculture practices (e.g.  
organic versus conventional), use of contaminated groundwater for irrigation, and possibly 
proximity to irrigation return flow in drainage ditches.  Some in the valley have expressed 
concern about the Hollister Sewage Treatment Plant as a possible contributor to high regional 
water table issue. 
 
Nitrate concentrations usually enter the VTS between 50-75 mg N L-1 (Figure 4).  The nitrate 
concentrations in the inlet in 2008 were sometimes in excess of 120 mg L-1.  The reduction of 
nitrate concentrations in this system was highly variable.  There seems to be more reduction 
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during the summer months, for both 2008 and 2009, at times as much as 10 mg L-1, but 
quantitative reductions were usually lower.  There is also evidence that nitrate is released from 
the wetland during certain portions of the year.  In some wetlands, plant die-off can release 
nitrogen and elevate levels relative to inlet concentrations.  However, there was no evidence of 
plant die-off between August and October 2009.  Thus, the reason for occasional increases in 
nitrate concentration on a sample date is unknown, however could be due to the monitoring 
schedule as outlet waters were not from the same parcel of water entering and sampled at the 
inlet.  Samples at the inlet and outlet were taken on the same day, however the outlet parcel of 
water entered the VTS at an earlier time and travelled through the treatment system.  The nitrate 
concentration at the time this parcel of water entered the wetland is unknown because sampling 
was accomplished on a weekly basis whereas the hydraulic residence time of water in the system 
was a few days.  Because outlet and inlet samples were not from the same parcel, the best 
indicator of nitrate reduction was the change in overall median concentration, which was 
insubstantial.   

 
Figure 4.  Nitrate reduction was plotted as the difference between inlet and outlet.   

 
Phosphorous concentrations of water entering the wetland were generally between less than  0.01 
to 0.15 mg P L-1 (Figure 5).  These concentrations are relatively low and in general the outlet had 
yet lower concentrations.  Approximately 0.05 mg P L-1 was removed from the surface water by 
the wetland through most of the study period.  In many cases, P is not removed from surface 
waters in wetlands because the removal pathway is also a source pathway.  Phosphorous has the 
capacity to adhere to sediment particles and their concentration is in equilibrium with the surface 
water.  pH and redox changes can shift the equilibrium so wetland removal can become a source 
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and vice-versa.  In this case, the wetland appears to be a consistent sink, but is not likely that this 
VTS will remain a sink as the wetland matures.   
 

 
Figure 5.  VTS4 phosphorous concentrations 

 
In general, the wetlands were a consistent source of ammonium, especially in 2009 (Figure 6).  
Except for two spikes early in the project period, ammonium concentrations were generally less 
than 0.2 mg N L-1.  Nevertheless, the concentrations in the outlet were generally higher.  These 
results are consistent with other studies of treatment wetlands, where the low oxygen status of 
the water-sediment boundary can generate ammonium.  Often wetlands are built with separate 
cells in an effort to reduce ammonium concentrations.  However, due to the design constraints, 
this wetland had two separate ponds and at a future date, it might be worth investigating the 
difference between the two ponds and their role(s) in ammonia generation. 
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Figure 6.  VTS4 ammonium concentrations. 

 
Estimated discharge and measured concentrations were used to quantify load reductions as a key 
metric of VTS function.  The VTS4 was subject to significant variations in discharge depending 
on farm operations.  In 2008, the inlet flow was highest in the early summer and then peak 
discharge was reduced (Figure 7).  In addition, there are strong daily patterns, where the pumps 
are turned off during peak electrical demand.  Although the flow rates between inlet and outlet 
were correlated, inlet flow ceased during peak electrical demand hours, whereas the outlet flow 
continued, albeit at reduced rate.  In addition, when inlet flow data are sampled every minute, we 
find a strong bi-model distribution to flow rates.  Based this pattern, we used the median of 
discharge (0.87 liters sec-1) to calculate the load reduction.  The product of (median) discharge 
and concentration changes (inlet-outlet) generated a range of nitrate load reduction estimates, 
with a mean of 0.042 kg N d-1.  This value is low, but given the system variability during the first 
years of its operation, this is not surprising.  Because these data do not follow a normal 
distribution, estimates of the central tendencies such as the mean and median do not describe 
these data particularly well.  Therefore to assess whether the magnitude of load reduction is 
significant, we generated a null model to compare to our estimate.  The null model was generated 
with a simple Monte Carlo sampling of nitrate concentrations without regard to location or time.  
Values were randomly sorted into inlet and outlet locations and the mean load was calculated as 
above.  This randomization process was repeated 10000 times to generate a distribution of load 
reductions to compare our estimate.  As expected, the nitrate reduction was near the mode and 
near zero load reduction (Figure 9).  Thus, we conclude that although nitrate reduction might be 
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important at certain times of the year in the VTS at VTS4, these wetlands are not (yet) 
effectively removing nitrate.  Improvements could be seen in subsequent years, particularly if 
steps are taken to extend the residence time of fluid in the system, to facilitate the growth of 
denitrifying bacteria, and to encourage surface water – ground water interactions. 
 

 
Figure 7.  VTS4 inlet flow rate records.  Strong bimodal distribution between 0 and ~6 liters per second.   

 
There are a number of possible explanations for the results at VTS4.  The construction of the 
ponds was held up for several years after the grant was awarded and the initial attempt of 
establishing plants was unsuccessful.  Thus, only in late 2008 were emergent plant plugs put into 
the ground.  The plants have been extremely successful in growing, but they have not contributed 
much available organic matter to the sediments thus far.  Based on the nature of nitrate reduction 
process carried out by heterotrophic bacteria, we believe microbes are carbon limited and unable 
to reduce much of the available nitrate.  We expect the wetland to increase in available carbon 
for heterotrophic bacteria, thus increasing microbial denitrification and nitrate removal.   
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As a method of nitrate remediation, long-term monitoring of this or other treatment sites is 
important to develop the evidence needed that these systems can function as treatment systems, 
in time becoming a viable management practice to improve water quality in the region. 
 

 
Figure 8.  Nitrate change for each sampling date.  Each point represents the estimated reduction for each 
date.  A linear model was fit to each location for each date and the coefficient of the slope is shown.  
Circles with crosses represent coefficients that have p-value between 0.5 and 0.1, and stars represent p-
values less than 0.05.  Although there are few significant values, it appears that VTS4 is removing nitrate 
more often than not (i.e.  with a negative slope) and its performance may be improving. 
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Figure 9.  Comparison of null model with estimated load reduction (kg nitrate-N/day) at VTS4. 
  
There was a great deal of variation in total coliform and E.coli population estimates on a weekly 
basis.  In general, total coliform bacteria MPNs were several orders of magnitude higher than E.  
coli MPNs.  The concentrations changes through the study period did not suggest any strong 
seasonal patterns.  In addition, the E.  coli concentrations did not show any significant change in 
MPNs between the inlet and outlet for each VTS.  With the exception of VTS4, there was a 
general trend in a reduction of E.  coli in the outlets relative to the inlets.  Because VTS4 was tile 
drainage water, inlet E.  coli MPN was extremely low, so the increase follows the trend that 
some E.  coli can be introduced to waters from a variety of sources. 
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Figure 10.  E.  coli MPNs comparing inlets and outlets for each VTS.  There were no significant differences 
between the two sampling locations. 
 
An additional a priori question regarding VTS effectiveness was whether E.  coli concentrations 
in VTSs’ outlets exceed the LGMA recommendations.  Two different LGMA criteria exist for 
the use of water to irrigate crops, one pertaining to water that contacts the edible portion of the 
plant and the other pertaining to irrigation that does not contact the edible portion (LGMA 2010).  
When water is applied directly to edible parts of the crop, it must not exceed 235 MPN/ 100mL or the 
geometric mean of 126 MPN/100 mL for the last five samples (Figure 7A).  When water is used for 
irrigation but does not come into contact with edible crop parts, it must not exceed 576 MPN/100 mL or 
the geometric mean of 126 MPN/100 mL for the last five samples (Figure 7B; LGMA 2010).    
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Table 7.  Comparison number of occasions E coli MPN counts exceeded LGMA criteria for water 
use for irrigation at VTS inlets and outlets.  A) pertains to the criteria for use on edible crop parts 
and B) pertains to the use for irrigation. 
 

 
 ns = not sampled 
 
There were occasions when outlet E coli MPN concentrations exceeded LGMA criteria for 
irrigational water use.  During Field Season 1 in 2008, at VTS inlets a total of 21 out of  96 
sample events (22%) exceeded the LGMA criteria for irrigational use, and VTS outlets exceeded 
this criteria in 2 out of 96 sample events (2%).  During Field Season 2 in 2009 at VTS inlets a 
total of 3 out of  44 sample events (7%) exceeded the LGMA criteria for irrigational use, and 
VTS outlets exceeded this criteria in 7 out of 44 sample events (16%).    
 
 
Discussion 
 
In general, the VTSs tested did little to mitigate nutrient concentrations from agricultural runoff.  
These results follow available literature that suggests that design criteria be used to ensure high 
residence time and hyperemic exchange (Kadlec 2000, Kadlec and Wallace 2009).  Because 
these VTSs were developed within the constraints of existing farming conditions, it appears the 
amount of water moving through these systems exceeded the capacity of these wetland to 
augment reductions in nutrient concentrations.  However, in spite of this, there is no evidence 
that these wetlands increase the risk of increasing E.  coli concentrations.  We interpret this to 
suggest that the risk of a food borne pathogen coming from VTS is relatively low.  However, 
there are several weaknesses of this study that should be addressed before firm recommendations 
can be made. 
 
 
Recommendations: 
Four different vegetated treatment systems (VTSs) were studied in this food safety project, each 
with a different physical construction (including 2 ditches, 1 deep pond and 1 shallow pond) and 
different grower objectives related to their involvement in the project.  Our recommendations 
will include general guidelines for VTSs in agricultural areas and also site specific suggestions 
for individual growers to consider.  The results from our study indicate that there were 
occasional events when outlet concentrations of E.  coli exceeded LGMA criteria for irrigational 
use and generally VTSs were neutral in regard to reducing concentrations of indicator bacteria 
overall, i.e.  their numbers were par at the inlets and outlets.  Looked at from the standpoint of 
LGMA exceedences of irrigation criteria for water use, in most cases VTSs reviewed during this 
study were more helpful than harmful toward achieving food safety concerns and were found to 
provide more benefit than threat.  Across all 4 systems, water collected at the inlets during 
sampling exceeded the standards for LGMA use on crops a total of  24 events while they 
exceeded these same standards at the outlet a total of  9 events.    
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 A source analysis of E.  coli was not undertaken by this study, and  therefore on occasions when 
outlet MPNs were higher than inlet MPNs, we cannot know whether E.  coli travelled to the VTS 
via inlet waters or whether animals, amphibians or birds deposited E.  coli directly into the VTS.   
If high concentrations in receiving waters were the cause, improving VTS performance would 
help prevent exceedences.  If animals attracted to the system caused the exceedance, exclusion of 
large animals may be the best strategy.   Because large animals make larger fecal deposits and 
are therefore a greater potential source of E.  coli than small birds or amphibians, large mammals 
could be excluded from VTSs by fencing to prevent their access to the water.  This may not be 
necessary if there is no observation of large animal presence near the VTS. 
In regard to improving wetland performance and accomplishing food safety objectives, several 
principles have universal application toward achieving the simultaneous goals of E.  coli, 
nutrients and sediment reduction.  Overall, the performance of vegetated treatment systems in 
regard to improving water quality are influenced by the hydrology of the system, the type and 
density of vegetation, the soil and water chemistry, the creation of an environment for the growth 
of nitrifying and denitrifying bacteria, and climatic conditions (Kadlec and Knight 1996, Mitsch 
and Gosselink 2007, Imfeld et al.  2008).   
 
 VTS Hydrology: Preventing preferential flow 
 
The hydrology of the wetland is of central importance because it influences the other wetland 
processes (Kadlec and Knight 1996).  In existing wetland systems with a defined size and shape, 
one of the main hydrological concerns is preventing bypass of the wetland treatment system 
(Wanko et al.  2009).  Bypass occurs when a preferential flow path becomes established and 
water circumvents wetland processes.  When this occurs, water has a shorter hydraulic retention 
time in the VTS, does not undergo treatment processes for as long a period, and  treatment 
effectiveness is reduced, thereby resulting in lower removal of contaminant loads.  Preventing 
bypass and managing the flow regime to achieve a maximum detention time within the wetland 
is important.  Longer hydraulic retention time (HRT) in the treatment system can result in 
increased reduction in all three contaminants of concern:  E.  coli, nutrients and sediment 
(Kadlec and Wallace 2009).    
 
An additional way to increase the HRT would be to increase the area of the VTS, perhaps by 
increasing the size of the existing system or adding an additional pond; however increased loss 
of productive land may not be an option.  Increasing wetland depth has not proven to be 
advantageous and does not contribute to improved performance (Kadlec and Wallace 2009 ).     
 
Amount and Type of Vegetation 
 
Several studies have verified the importance of vegetation to the performance of wetlands for 
nitrogen conversion, sediment removal, and reduction of coliform bacteria (Kadlec and Knight 
1996, Brix 1997, Thullen et al.  2005, Vacca et al.  2005, Kadlec and Wallace 2009).    
Vegetation effect on E coli Reduction 
 
E.  coli in wetlands are diminished through competition, predation by other organisms, 
allelopathogens exuded by plants, solar radiation and non-ideal conditions for reproduction such 
as cold temperatures (Coombes and Collett 1995, Ansola et al.  2003).  The presence of 
vegetation in treatment systems increases pathogen reduction, but the reason for this reduction is 
unclear and could be due to hydrological differences, antibiotic chemicals released by plants or 
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other factors (Brix 1997, Vacca et al.  2005).  Garcia et al.  (2008) found superior fecal coliform 
removal rates in macrophyte based systems (2.5E + 08 cfu/m2/d) compared with algae based 
systems (2.4E +06).  Macrophytes are aquatic plants including emergent plants such as cattails 
and tules, submergent plants such as ditchweed and watercress, and floating plants such as 
pennywort and duckweed.  All these wetland plants existed in one or more of the VTSs studied 
by this project.   Improved  E.  coli reduction in macrophytes vs algae systems implies that the 
mechanisms of filtration, adsorption, aggregation and the activity of biofilm microorganisms 
have a larger treatment influence than do algal pond based mechanisms of increased sunlight, 
higher pH and higher dissolved oxygen (Garcia et al.  2008).  Fecal coliforms are hetertrophs and 
can use either oxygen or nitrate as an electron acceptor; therefore reductions in dissolved oxygen 
will only have an impact on their numbers when nitrate is low (Morgan et al.  2007).    
In addition to their direct effect on E.  coli, macrophytes can have an indirect influence by 
increasing sediment deposition (Brix 1997).   Adsorption of bacteria to sediment particles is 
important to their reduction and settling can often be the primary source of removal from the 
water column  (Chapra 1997, Evanson 2006).  Because macrophytes are able to reduce the wind 
velocity across the surface of VTSs, they reduce the resuspension rate of settled material and 
thereby increase the removal of bacteria from the water column (Brix 1997).   Plant installation 
to prevent resuspension of sediments and to encourage deposition is therefore important to E.  
coli reduction.  Plants also provide shading to the water surface, creating less solar warming of 
the water and cooler temperatures.  E.  coli removal is influenced by temperature, with lower 
temperatures increasing their die-off rate (Chapra 1997).   For these reasons, we strongly 
recommend that maximizing macrophyte coverage in order to increase E.  coli treatment in VTS 
systems in agricultural settings. 
 
Vegetation Effect on Nitrogen Removal 
 
Vegetation in a VTS serves many useful functions including the uptake of nitrogen through plant 
growth, supply of carbon to the wetland system, changes in the kinetics in the root zone and 
water column, and provision of surfaces for microbial attachment  (Kadlec and Wallace 2009).  
The presence of macrophytes in the nitrogen cycle is complex and involves several different and 
related processes.  Plant uptake of nitrogen during the growth season and subsequent decay and 
release during quiescence is one such process that, overall, is nitrogen neutral - however can 
introduce seasonal variability (Borin and Tocchetto 2007).   Even in the California Central Coast 
climate there tends to be some plant die-off in winter months, coinciding with timing when there 
is less nutrient addition to crop soils.  Therefore, the natural growth and decay cycle of 
macrophytes is probably a benefit in our area, as they act as a nitrogen storage during growth 
months in the summer. 
 
Macrophytes also provide surfaces and create conditions for nitrifying and denitrifying bacterial 
growth (Kadlec and Wallace 2009).   Macrophytes release oxygen in sediment and this creates 
conditions for more rapid decomposition of carbon structures and increases the growth of 
nitrifying bacteria.   Nitrifying bacteria are important for the conversion of ammonium to nitrite 
and the subsequent conversion of nitrite to nitrate (Kadlec and Knight 1996).   Denitrification is 
another bacterial process involved in the nitrogen cycle in vegetated treatment that drives the 
conversion of nitrate to nitrogen gas (Kadlec and Wallace 2009).  There are a wide variety of 
bacteria using different energy sources that engage in denitrification, including those that use 
carbon, minerals, and light.   Denitrifying bacteria are hetrotrophs and preferentially use oxygen 
over nitrate when it is available.  Therefore plants living underwater, such as algae or submerged 
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macrophytes, can inhibit denitrification because they produce oxygen (Kadlek and Wallace 
2009).  For this reason, when nitrate concentration is the primary nutrient water quality concern, 
there could be an advantage to maximizing the density of emergent macrophytes (including tules, 
cattails and reeds) over submergent macrophytes (watercress and  ditchweed); however some 
studies suggest a combination of both increases performance (Thullen 2005).  More importantly, 
macrophyte choice depends on site characteristics.  Emergent macrophytes would cause 
problems with the hydrology in ditches (VTS1 & VTS2) and would not grow in deep ponds 
(VTS3), therefore from our study, they are relevant only to VTS4. 
 
There is some evidence to support the use of a combination of different areas (favoring emergent 
plants in some areas and submerged in others) to improve VTS performance when the site 
allows.  Each plant type has different properties of degradation and differs in seasonal variation 
(Weisner et al.  1994, Thullen 2005 ).   The advantage of emergent plants (e.g.  reeds, tules, 
cattails) is their tendency to reduce oxygen concentrations in the water column and to favor 
denitrification of nitrate (Thullen 2005).  Emergent plants are also more productive and therefore 
can contribute more carbon to the wetland; however submerged macrophytes are more easily 
decomposed and used by denitrifying bacteria (Thullen 2005).   Not only is the amount of carbon 
is important to denitrification, but also the structure of the carbon compound.   Furthermore, the 
rate of decomposition of plants can be increased by providing conditions for macroinvertebrate 
processes alongside microbial processes.  Shredders can have a significant effect on reducing 
organic matter to forms that can be utilized by bacteria, provided there is sufficient oxygen in the 
water for their survival (Thullen 2005).   Snails, a type of macroinvertebrate found in the VTSs 
studied, can shred vegetation and contribute to carbon degradation (Voshell and Reese 2002).   
Areas with only emergent plants may be too oxygen-poor for macroinvertebrates to thrive; 
further supporting the concept of wetland areas where emergent plants grow and other areas 
which favor submergent or floating plant growth to improve the rate of nitrate reduction (Thullen 
et al.  2005).  For these reasons, the placement of hummocks perpendicular  to the flow path for 
the growth  emergent macrophytes adjacent to deeper areas with submergent plants is 
recommended for nitrification and denitrification processes Emergent plants prefer shallower 
water (~46 cm) and their proliferation can be controlled by creating deeper water areas (>150 
cm) for submerged plant growth in other wetland areas (Thullen et al.  2005).  This could be a 
suitable strategy for wetland VTSs, but would not be applicable to drainage ditch VTSs or 
sediment pond VTSs. 
 
Vegetation effect on sedimentation 
 
The third water quality objective was to reduce sediment in the water column.  As was 
previously mentioned in regard to E.  coli, vegetation can increase the sedimentation rate by 
reducing resuspension caused by wind (Brix 1997). 
 
Denitrifying bacteria for nitrate reduction 
 
Denitrifying bacteria in the wetland convert nitrate to nitrogen gas with the requirement for 
sufficient carbon for their metabolism and proliferation (Kadlek and Wallace 2009).   The carbon 
source for these bacteria is often plant breakdown, and this is one reason why wetlands typically 
improve performance as they mature (Kadlek and Wallace 2009).  As plants grow, senesce, die, 
and decompose, carbon is added to wetland sediments.  Because carbon in wetlands can be 
limited at high nitrate loadings, the rate of plant liter addition and quality is important to 
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performance in wetlands intended for nitrate treatment (Hume et al.  2002).  Not all wetland 
plants degrade at the same rate due to the amount of litter they contribute and to the nature of 
their carbohydrate structure (Hume 2002).  Denitrification seems to be better promoted by 
rapidly hydrolyzed carbohydrates from fresh and senescent litter and not as well promoted by 
older litter from the previous year that has already been depleted of soluble carbohydrates such 
that only the high weight molecular compounds such as lignin remain.  Plant type may also 
influence dentrification as the reduction rates showed evidence of increase with more acid 
soluble carbohydrates such that removal rates vary by species (bulrush < duckweed < cattail < 
pennywort ; Hume 2002). 
 
Site specific recommendations 
 
VTS 1:   
VTS1 is a drainage ditch that treats tile drain run-off through vegetated coverage.   There was the 
development of an obvious preferential flow path through the ditch system, possibly brought 
about as sediment adhered to plant structures and built up on the edges of the channel.  Thus the 
water flowed through the area of the ditch where the least plants were present and bypassed plant 
treatment processes.  There was also a period when plant die-off was observed in July 2009, 
possible associated with herbicides that may have drifted to the ditch or been carried by upstream 
water into the system.  If this plant die-off occurs predictably associated with the planting 
schedule, this timing could be used for re-establishing the flow regime in the VTS to avoid 
bypass.  This could be accomplished by grading the ditch to create a flat bottom and then re-
introducing the plants.  It may be feasible to regrow the plants without having to procure new 
ones by doing one section of the ditch at a time.  Plants could be moved from an area not yet 
graded to the area that was just graded and would likely be able to propagate.  Alternatively, 
because the decomposition of plant material is important to the carbon supply for denitrification 
and nitrate removal, the plants could be turned into the sediment of the channel during this 
maintenance activity.   
 
VTS2: 
The goal of the proposed project is to improve water quality by integrating vegetated treatment 
system (VTS) practices that will improve the quality of tailwater emanating from the nursery and 
upland irrigated agriculture.  We recommend continuing existing vegetation and maintenance 
practices, especially as there was evidence that on 11 occasions, outlet water met LGMA 
irrigation standards when inlet water did not due to E coli counts.  In particular, we found that 
when weirs were installed at the site, water quality at the outlet was improved.  We suggest 
adding structures such as weirs can improve water quality by increasing residence time. 
 
VTS3: 
This grower was interested in participating in this "pilot" study to determine the efficacy of the 
system to address water quality concerns; namely, nutrients, sediments, and pathogens.   This 
VTS is composed of two deep ponds dominated by floating pennywort with a primary purpose of 
sediment removal.    The VTS removes considerable sediment and we suggest the grower 
continue with current management practices.  During our second year of monitoring (but not 
during the first year), outlet concentrations of E.  coli  were higher than inlet concentrations in 
about half of samples.   Inlet concentrations were extremely low and there is the possibility that 
avian species or observed tree frogs may be adding E.  coli to the system.  (It is important to note 
that this VTS does not provide the habitat preferred by red-legged frogs, i.e.  there was no 
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presence of emergent macrophyte, nor were any red-legged frogs observed.)  If the grower 
wishes to reduce E.  coli in the VTS, we recommend removing the plants periodically to decrease 
tree frog habitat.  Their numbers could be reduced by periodic removal of surface vegetation to 
interrupt their life cycle without need for poisoning.   
 
Nitrate removal in this system considering the small size of the ponds and their depth can 
probably not be greatly improved through increased planting.  The grower has already put wood 
chips in the ponds, and these were likely contributing to nitrate removal  (Schipper et al.  2010 ).  
The addition of more wood chips to provide increased surface area for denitrifying bacteria and 
to provide additional carbon to the system might increase the nitrate removal rate (Schipper et al.  
2010).   
 
VTS4: 
The grower at this site wanted to experiment with alternate types of vegetation that might prove 
to provide an economic return.  He also expressed a wish to be able to reuse the captured water 
for crop production in the future primarily to address water shortage issues in the area and to 
offset his water use costs.   
 
Some varieties of wetland plants are used in horticultural or as a food source, so this grower may 
be able to meet his commercial goal.  Canna is a wetland plant used in wetland gardens and sold 
both in local garden stores and on the internet.   One variety with high starch content, Canna 
edulus, is used as a food source in Peru and for making noodles in Thailand  (Encyclopaedia 
Britannica 2010).  It has also been used in constructed wetlands to improve water quality because 
of its beauty and relatively high nutrient removal efficiency (Zhang et al.  2007).    Canna indica 
has been shown to remove both nitrate and ammonium from the water column, with a greater 
affinity for nitrate (Zhang et al.  2009).   Other varieties of ornamental wetland plants are found 
in local nurseries.   Additionally or alternately, crayfish might provide economic return as these 
were observed in this wetland; however this may conflict with water reuse goals as crayfish stir 
up sediment from the bottom and could reintroduce sorbed E.  coli to the water column. 
 
In order to accomplish his water reuse goals, the E.  coli MPN count would need to consistently 
meet LGMA standards.  To accomplish this goal, perhaps removing crayfish would reduce the 
attraction of animals that prey on these crustaceans, such as raccoons, to the wetland.    
Ghermandi et al.  (2007) suggest water reuse may be seasonally dependent.  There were also 
several open areas in Pond 2 that were not vegetated.  Increased vegetation density and perhaps 
the combination of emergent and submergent species with the use of hummocks as suggested 
earlier in this section, could increase E.  coli, nutrient and sediment removal.  Addition of carbon 
to the system, such as wood chips, might also increase denitrifying bacterial growth and aid in 
nitrate reduction. 
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