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1. Executive Summary 
The California State Coastal Conservancy’s San Francisco Estuary Invasive Spartina Project 
(ISP) implemented their 2006 Water Quality Monitoring Plan in conjunction with the Bay-
wide treatment of non-native Spartina (cordgrasses). Water samples and data on conven-
tional water quality parameters were collected pre-treatment, immediately after the herbicide 
treatment, and one-week after treatment at 13 sites (12% of the infestation) in compliance 
with the Statewide General National Pollutant Discharge Elimination System (NPDES) Per-
mit. These samples were refrigerated and shipped overnight to the California Department of 
Fish and Game Water Pollution Control Laboratory for analysis of the imazapyr or gly-
phosate herbicide levels in the receiving waters adjacent to Spartina treatment. The 13 sites 
were selected to represent the variety of marsh types and herbicide delivery systems and 
concentrations used in 2006 by ISP’s partners. Sampling within each site was conducted 
immediately adjacent to the application area to capture the highest possible levels of herbi-
cide entering the surface water.  

Imazapyr levels immediately post-treatment varied widely across the application sites, yet 
even the maximum was two to three orders of magnitude below concentrations that would 
be toxic to aquatic life according to the published scientific literature. Within one week, lev-
els at every site dropped by 98-100%; on this trajectory, imazapyr would be below detect-
able levels at all sites within several additional days. Glyphosate, the secondary herbicide 
that was used by ISP partners at only one site in 2006, was below detectable levels at all 
three sampling events, as was its principal metabolite AMPA. Conventional water quality 
parameters (temperature, dissolved oxygen (DO), pH, electrical conductivity, turbidity, and 
salinity) measured post-treatment did not vary significantly from their pre-treatment levels.  

2. Introduction 

2.1 Invasive Spartina in the San Francisco Estuary 
The genus Spartina refers to cordgrasses that typically grow in salt marshes, brackish chan-
nels, or on open mudflats. Four species of non-native Spartina have been introduced to the 
San Francisco Estuary over the past several decades, and they spread aggressively by vege-
tative means from underground rhizomes, as well as by seed or vegetative propagules. 
Spartina alterniflora (smooth cordgrass) is native to the Atlantic and Gulf Coasts of the U.S. 
and was introduced in the 1970’s by the U.S. Army Corps of Engineers as an experiment in 
wetland restoration and bank stabilization. More recently it has hybridized with our native 
Pacific cordgrass, Spartina foliosa, creating a fertile hybrid swarm with numerous mor-
phologies and phenologies that can transgress the traits of either of the parent species. These 
hybrids are the most problematic of the invaders, representing 99% of the Estuary-wide in-
fested acreage of non-native Spartina, approximately 1,500 gross acres in 2006. Spartina 
densiflora (Chilean cordgrass) was mistakenly introduced to Creekside Park along Corte 
Madera Creek in Marin County as part of a wetland restoration. The species is now wide-
spread throughout the Corte Madera Creek watershed, but it has a very limited distribution 
elsewhere around the Bay. The other two species of cordgrass, S. anglica (English 
cordgrass) and S. patens (salt meadow cordgrass), each infest only one marsh site and have 
not spread from these locations after numerous years.  
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There are many potential impacts from these aggressive non-native Spartina species. Over 
the past 200 years, the development of the marshes of the San Francisco Estuary for homes 
and commercial interests has reduced the remaining marsh acreage by 80% or more. The 
resulting habitat loss has contributed to reductions in the populations of several endangered 
species including the California clapper rail and salt marsh harvest mouse. Invasive Spartina 
further degrades this remaining habitat by colonizing tidal channels used for foraging by 
rail, competitively excluding native marsh vegetation including rare plants such as Cordy-
lanthus mollis mollis (soft bird’s beak), as well as Salicornia virginica (pickleweed) that is 
essential for harvest mouse habitat, and by transforming unvegetated mudflats into Spartina 
meadows and thereby eliminating foraging areas for millions of migratory and resident 
shorebirds. The infestations of non-native Spartina also present direct problems to the hu-
man population beyond the loss of biodiversity and habitat. Flood control channel capacity 
can be severely reduced by Spartina expansion, and the resulting sediment accretion can 
significantly raise annual maintenance budgets for regular dredging. Dense stands of 
Spartina can also impound water and create ponded areas in the mid-marsh that become ex-
cellent breeding areas for salt marsh mosquitoes. This can also have public health conse-
quences due to the increase in West Nile Virus cases in California in recent years.  

2.2 Invasive Spartina Project 
In response to the expanding infestation of non-native Spartina, the California State Coastal 
Conservancy formed the Invasive Spartina Project (ISP) in 2000 to coordinate a regional 
effort to arrest and reverse the spread of these aggressive invaders before they took over the 
Estuary. After several years of compiling environmental documentation and permits, com-
pleting full surveys of the Estuary shoreline, and implementing several pilot projects on con-
trol methods, the ISP began large-scale control efforts in 2004. Manual methods, such as 
digging or covering, have proved very effective on small pioneering Spartina infestations, 
and will continue to be utilized where appropriate; however, the Programmatic Environ-
mental Impact Report (PEIR) for the Project found that the use of aquatic herbicide was the 
most effective method and caused the lowest environmental impacts, especially when con-
fronted with dense monocultures covering 50-200 contiguous acres of marshland and mud-
flat at some individual sites. The ISP has developed individual Site-Specific Plans for each 
of their 134 sub-areas, incorporating Integrated Pest Management (IPM) strategies that 
evaluate all available control methods to determine the most effective combination to utilize 
over time.  

Treatment is timed to achieve the longest possible exposure of the Spartina, so that the her-
bicide is not washed off by the incoming tides or so that digging/covering can occur safely.  
Therefore, treatment is usually conducted on a low or receding tide just after sunrise, during 
the active growing season of the cordgrass from June through early October. Several other 
key aspects are factored into the timing equation. Herbicide applications cannot occur when 
winds exceed 10 mph, a common occurrence on the Bay in the late morning/early afternoon 
in the summer months even if the winds were calm at sunrise; hence the ISP’s emphasis on 
starting treatment at dawn on appropriate days because the winds may halt control efforts 
prematurely. In addition, many of the marshes infested with Spartina are home to the en-
dangered California clapper rail. The ISP’s Biological Opinion from the USFWS permits 
treatment by aerial methods as early as July 15 in clapper rail-occupied marshes, whereas 
ground or water-based methods must wait until they’re breeding season officially ends on 
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August 31. Sites that have been confirmed through surveys to not currently support clapper 
rail may be treated as early as June, when the leaves have sufficient surface area to uptake 
the herbicide and translocate enough into the rhizomes to permanently kill the plant. 

2.3 Herbicides Utilized for Spartina Control  
The primary herbicide being utilized by ISP partners for invasive Spartina treatment is an 
aquatic formulation of imazapyr (Habitat®), which is approved for use in estuarine systems. 
Habitat® (BASF) is a solution of 28.7% isopropylamine salt of imazapyr in water, with the 
remaining inert ingredients composed of a small amount of acidifier (probably acetic acid) 
as well as blue dye. Imazapyr is a non-selective herbicide that kills monocots (e.g. Spartina) 
as well as broadleaf plants. It is a systemic herbicide that normally enters through the foliage 
and is circulated (translocated) throughout the plant and down into the roots causing perma-
nent mortality, as opposed to a contact herbicide that only attacks the above-ground portion 
of the vegetation, usually providing only temporary control. Imazapyr works by inhibiting 
an enzyme needed for the synthesis of three amino acids (the branched-chain aliphatic) that 
animals do not produce but rather acquire by consuming plants.  

The secondary herbicide used by ISP Partners is glyphosate, in its aquatic formulation (e.g. 
Aquamaster®), which is the only other herbicide approved for estuarine use in the U.S. Gly-
phosate is fairly similar to imazapyr in that it is also a non-selective, systemic herbicide that 
inhibits amino acid synthesis in plants. Aquamaster® (Monsanto) is an aqueous solution 
containing 53.8% of the isopropylamine salt of glyphosate, with water as the only reported 
inert ingredient. Prior to the California registration of imazapyr in August 2005, non-native 
Spartina control in San Francisco Bay was attempted exclusively with glyphosate. However, 
this tool yielded consistently poor results and was falling far short of outpacing the spread of 
the invader. This failure is probably a result of glyphosate’s affinity for adsorbing to sedi-
ment, causing it to bind to silt and salt that are deposited on the Spartina by the tides, 
thereby rendering the herbicide inactive. Within the first treatment season after imazapyr 
was approved, 96% of the applications by ISP partners had transitioned away from gly-
phosate to the new tool, and this rose to 99% utilizing imazapyr in 2006. 

Neither of these aquatic herbicide formulations contains a surfactant; consequently this is 
added to the tank mix from a short list of products that are approved for use in aquatic sys-
tems. Since the leaves of the treated plants in San Francisco Bay are covered with deposi-
tional material, absorption of the herbicide is difficult to achieve and the use of surfactants 
plays an important role in the application process. Surfactants improve efficacy by lowering 
the surface tension of liquids and thereby improving the spread of the liquid herbicide mix-
ture over the leaf surface, increasing adherence of the formulation to the leaf (wetting) while 
reducing runoff, and enhancing the penetration of the leaf cuticle. The two surfactants util-
ized by ISP partners during the 2006 treatment season were Competitor® (Wilbur-Ellis) and 
Liberate® (Loveland Industries, Inc.). Competitor® is a methylated seed oil (MSO) recom-
mended for use with imazapyr by BASF; this product strikes a good balance by combining 
one of the lowest relative toxicities to aquatic life of the available surfactants, while consis-
tently yielding high efficacy results. Liberate® is a natural lecithin-based product and conse-
quently is presumed to have rapid biodegradation; this product also acts as a drift retardant 
which aids in ISP aerial applications, has a relatively low toxicity to aquatic life, and has 
been highly effective on invasive Spartina.  
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Recent studies have raised concern over a group of surfactants containing nonylphenol eth-
oxylate due to their moderate toxicity and suspected endocrine disruption in fish and aquatic 
organisms. Consequently, the ISP partners do not use these nonylphenol products, such as 
R-11® and ProSpreader®, for invasive Spartina control, although they are commonly used in 
other environments, known to perform well, and improve herbicide efficacy.  

2.4 Regulatory Requirements 
As of 2001, according to the U.S. Ninth Circuit Court, the application of pesticides into wa-
ters of the United States, or onto aquatic plants growing in waters of the United States, re-
sults in discharges of “pollutants” and requires coverage under a National Pollutant Dis-
charge Elimination System (NPDES) permit. Referred to as the Talent decision (from 
Headwaters Inc. v. Talent Irrigation District), this judgment was issued just prior to the ma-
jor season for applying aquatic pesticides by public agencies in 2001. Because of concern 
over potentially serious public health, safety, and economic implications of delaying sched-
uled treatment activities, the State Water Resources Control Board adopted an interim 
Statewide General NPDES permit (No. 990003) on an emergency basis to provide coverage 
for broad categories of aquatic pesticides.  

In a settlement agreement to a lawsuit filed by Waterkeepers Northern California, the State 
Water Board agreed to fund a comprehensive Aquatic Pesticide Monitoring Program 
(APMP) that would assess pesticide alternatives, receiving water toxicity caused by residual 
aquatic pesticides, and other monitoring parameters. After two years of assessment, the State 
issued the Statewide General NPDES Permit for the Discharge of Aquatic Pesticides for 
Aquatic Weed Control in Waters of the United States (General Permit; Order No. 
CAG990005) for application of specific herbicides under certain conditions. 

The current General Permit allows the use of a small list of US EPA-approved aquatic her-
bicides, and can be reopened to add coverage for products that have been newly registered 
by CDPR. Habitat® (imazapyr), the primary herbicide utilized by the ISP, was added to the 
list shortly after registration in 2005. Currently, there are no State or USEPA-based numeric 
objectives or criteria for imazapyr, or for glyphosate outside of Municipal Use water sup-
plies where the limit for glyphosate is 700 micrograms per liter (µg/L). Therefore, the Gen-
eral Permit does not have receiving water limitations for these herbicides. However, it re-
quires dischargers who use imazapyr or glyphosate to monitor their applications. Because 
the ISP does not use surfactants containing nonylphenol ethoxylate (e.g. R-11® or ProS-
preader®), the general NPDES permit does not require related chemical concentration analy-
sis for these compounds.  

3. Water Quality Monitoring Plan  

3.1 Aquatic Pesticide Application Plan 
The Statewide General Permit requires submittal of an Aquatic Pesticide Application Plan 
(APAP). The ISP prepared and submitted a programmatic APAP covering all planned inva-
sive Spartina treatment in the Estuary, and each partner adopted and implemented the details 
of this plan. As required by the General Permit, the APAP described the water body being 
treated, the weed species involved and reasons for the control work, the project’s control 
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tolerances, the pros and cons of choosing herbicide in this situation, the type of aquatic pes-
ticide and application rates, the treatment areas (with maps), and any alternative methods. 
As part of the APAP and to help ISP partners monitor and report their herbicide use, the ISP 
developed an Herbicide Treatment Tracking Form and distributed it before the season began. 

The APAP includes a Water Quality Monitoring Plan (WQMP) that the ISP implemented 
during control activities. In previous years, the ISP contracted with San Francisco Estuary 
Institute, but for the 2006 treatment season, the ISP took over the responsibility for conduct-
ing water quality sampling at a representative subset of herbicide application sites. In accor-
dance with the General Permit requirements, greater than ten percent (10%) of the treatment 
sites must be monitored. The ISP treated 106 sites with herbicide in 2006, and subsequently 
monitored 13 (12%) for water quality. Since glyphosate has been phased out in favor of the 
more versatile and effective imazapyr, this herbicide was monitored at just the one site to 
which it was applied in 2006.  

3.2 Treatment Monitoring Site Selection 
To assist with sampling site selection, the ISP identified four different treatment site types, 
as follows:  

I. Tidal Marsh, Microtidal Marsh, Former Diked Bayland, Backbarrier Marsh 
II. Fringing Tidal Marsh, Mudflats, and Estuarine Beaches 
III. Major Tidal Slough, Creek or Flood Control Channel 
IV. Urbanized Rock, Rip-Rap, Docks, Ramps, etc. 

The ISP selected an even distribution of these marsh site types to be sampled for water qual-
ity. Type IV infestation sites are usually very small, sparse, and adjacent to large bodies of 
water with constant flushing that will serve to quickly dilute any herbicide incidentally en-
tering the water column; therefore, Type IV sites were not considered a priority for sam-
pling, as they were the least likely of the sites to have any water quality issues. Site Types I 
and II were considered to be the sites most likely to develop detectible levels of herbicide in 
the water column, so the sampling program was weighted in this direction. The final sampling 
plan list includes four Type I sites, four Type II sites, three Type III sites, and two Type IV 
sites that were chosen to represent the range of herbicide delivery systems and marsh dy-
namics present in the work program. See Table 1 for a summary of the sites, Figures 1-4 for 
maps of the collection points, and the 2006 WQMP (http://www.spartina.org/project_docu-
ments/2006_Spartina_APAP.pdf) for more detailed descriptions of each area. Photos taken 
at each of the sampling locations are presented in Appendix 1. 

3.3 Sampling Frequency and Sampling Design 
The General Permit protocols for imazapyr or glyphosate monitoring require that three sam-
pling events take place: background sampling up to 24 hours prior to the application, appli-
cation event monitoring, and post-application event monitoring. All pre-application samples 
were collected within 24 hours of the treatment. Application event samples were collected 
immediately adjacent to the treatment area at 0.5-5 hours after the treatment, depending on 
tidal cycle (allowing enough time to pass for Bay water to return to the site and to enable 
access to the water to obtain the sample). All post application samples were collected seven 
days after the treatment had occurred. Samples were collected using sampling procedures 
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developed for the State Water Resources Control Board (SWRCB) APMP. All procedures 
are outlined in the 2004 APMP Quality Assurance Program Plan (QAPP). 

The sampling events were designed to characterize the potential risk involved with imazapyr 
and glyphosate applications relative to adjacent surface waters. During background sam-
pling, the collection point was recorded using GPS and marked with a flagged PVC pipe to 
aid staff in locating the point for future sampling events. Since it is standard protocol for the 
ISP partners to treat Spartina on a low or receding tide when possible, application event 
samples were taken an average of 3 hours post-treatment (ranging from 0.5 to 5 hours post-
treatment) when the tide had again flooded the site. The Water Pollution Control Laboratory 
recommends the submission of one duplicate for every 20 samples collected, so the ISP 
submitted two duplicates over the course of the season for the 39 total samples to enhance 
quality assurance. It is standard for the lab to include blanks itself as part of their quality 
control, so the ISP did not send additional blanks. 

Sampling Procedures 

The Invasive Spartina Project conducted its water quality monitoring program for 2006 fol-
lowing the procedures developed for the State Water Resources Control Board Aquatic Pes-
ticide Monitoring Program (APMP) by the San Francisco Estuary Institute (SFEI). These 
procedures are outlined in the APMP Quality Assurance Program Plan (2004), available at 
www.sfei.org. Water samples were collected at approximately half the depth of the water at 
the sampling point using a sampling rod and pre-cleaned amber glass 1-liter bottles. Water 
temperature, electrical conductivity, salinity, and dissolved oxygen were measured in the field  

Table 1. Summary of Water Quality Monitoring Sites for the 2006 Treatment Season 

Sites Site Num-
ber 

Marsh 
Type 

Treatment 
Date 

Application 

Alameda Flood 
Control Channel 

Mouth 
1a II 7/24/06 Imazapyr - Helicopter 

Old Alameda Creek 
South Channel 13c III 7/25/06 Imazapyr - Helicopter 

Cargill Mitigation 
Marsh 13f I 7/25/06 Imazapyr - Helicopter 

Seal Slough Mouth 19p II 8/8/06 Imazapyr - Helicopter 

Easton Creek 
Mouth 19j II 8/17/06 Imazapyr - Argo 

Anza Lagoon 19r IV 8/17/06 Imazapyr - Truck 

Oyster Cove 19c I 9/5/06 Imazapyr - Argo 

Creekside Park 4g I 9/5/06 Imazapyr - Backpack 

Airport Channel 17k IV 9/11/06 Imazapyr -Truck 

Belmont Slough 2a III 9/13/06 Imazapyr - Argo 

Colma Creek 18a III 9/19/06 Imazapyr – Argo 

Elsie Roemer Bird 
Sanctuary 17a II 9/21/06 Imazapyr – MarshMog 

Southampton 
Marsh 11 I 10/6/06 Glyphosate - Backpack 
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Figure 1. Map of all 2006 Water Quality Monitoring Sites (illustrating location of three regional detail 
maps – Figures 2-4) 
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Figure 2. Detailed Map of North Bay Water Quality Monitoring Sites 
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Figure 3. Detailed Map of East Bay Water Quality Monitoring Sites 
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Figure 4. Detailed Map of West Bay Water Quality Monitoring Sites 
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with a portable YSI Model 85 (Yellow Springs Instruments Inc., Ohio, USA), while pH was 
measured with an Oakton waterproof pHTestr1 (Oakton Instruments, Illinois, USA). Other 
parameters recorded in the field include the water depth, depth at which the sample was taken, 
wind, tidal cycle, weather, and water color. 

Sample Analysis 

Following collection, water samples were stored on ice and shipped for overnight delivery to 
the California Department of Fish and Game’s Water Pollution Control Laboratory in Ran-
cho Cordova, CA. The samples were analyzed within the appropriate holding times for ima-
zapyr (extracted within seven days, analyzed within 21 days of extraction) or glyphosate 
(within 14 days). Results are reported as parts per billion (ppb), equivalent to µg/L. The 
method detection limit (MDL) for imazapyr is 0.02 ppb; this is the minimum detectable 
level of the instrument. However, the reporting limit (RL) for imazapyr, the minimum level 
that can be quantified with any certainty and accuracy, is slightly higher at 0.05 ppb. The 
reporting limit for glyphosate is 5 ppb, and for its primary metabolite AMPA 10 ppb. The 
analytical method used for imazapyr was Liquid Chromatograph/Mass Spectrometer – At-
mospheric Pressure Ionization-ElectroSpray (LC/MS – API-ES), while glyphosate was ana-
lyzed using EPA method 547 (High Performance Liquid Chromatography with post column 
derivatization using orthophthalaldehyde (OPA) and fluorescence). The lab also conducted 
the turbidity analysis of the samples. The NPDES Statewide General Permit allows for tur-
bidity to be measured either in the field or by a lab, so the ISP chose lab analysis rather than 
purchasing a costly turbidimeter just for this purpose. 

Statistical Analysis 

The results of the conventional water quality parameters (turbidity, water temperature, dis-
solved oxygen, pH, conductivity, and salinity) were tested for normality and then analyzed 
with paired t-tests to determine if the values of the parameters changed significantly over the 
three sampling events at each site. This test is used for matched pairs when two responses 
form a pair of measurements coming from the same experimental subject, such as measure-
ment of dissolved oxygen before and after herbicide treatment in the adjacent marsh. The t-
test was run three times on each parameter, first comparing the pre-treatment value to the 
treatment value, then the pre-treatment to the post-treatment, and finally the treatment to 
post-treatment. A p-value less than 0.05 indicates that the values for a given parameter were 
significantly different across the data set between monitoring events, but does not assign a 
cause to the change.   

4. Summary of 2006 Herbicide Applications 
Imazapyr (Habitat®) was utilized at all 106 ISP sites treated with herbicide in 2006. A por-
tion of one site, Southampton Marsh, was treated with glyphosate (Aquamaster®) due to the 
presence of the endangered annual plant soft bird’s-beak (Cordylanthus mollis mollis). This 
precautionary choice is related to concern that imazapyr could have some residual soil activ-
ity (not usually experienced in marsh soils but common for this herbicide in terrestrial sites), 
thereby potentially inhibiting the germination of the seeds of the endangered Cordylanthus.  
This was the lone site monitored for glyphosate, with the other 12 monitored for imazapyr. 
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The ISP partners applied imazapyr at the maximum label rate, 96 ounces (oz) per acre 
(oz/A), due to the strength and persistence of invasive Spartina, and the enormous mobiliza-
tion challenge involved with treating many of the infestations. Aerial applications from heli-
copter employ low volume applications, typically 10-15 gallons of solution per acre (gal/A) 
with 96 oz of imazapyr, resulting in a corresponding concentration of 5-7.5%. Ground-based 
application rates vary considerably between applicators and over various degrees of infesta-
tion. Applicators calibrate their output based on site conditions and the equipment being util-
ized, and then determine what tank concentration is required to ensure 96 oz/A is reaching 
the plants. The most common ground-based application rates for mature Spartina are 50-60 
gal/A at a concentration of 1.25-1.5%. Some applicators use lower rates of 25 gal/A which 
translates to a concentration of 3%. The two surfactants utilized by ISP partners during the 
2006 treatment season were Competitor® and Liberate®, and both are added to the tank at 
approximately 1% volume/volume (v/v). A non-toxic blue marker dye (e.g. Blazon Blue or 
similar) is included in the tank mix for ground-based treatment (or spot treatments from 
helicopter) to help the applicator get full coverage without re-treating. 

ISP partners utilized a variety of herbicide delivery systems for the 2006 treatment season, 
and Table 1 lists the methods used at the 13 sites monitored for water quality. Low volume 
aerial herbicide applications are an essential tool in the initial Spartina control strategy be-
cause of the numerous sites with large (> 50 acre) monocultures, as well as the many con-
straints on treatment timing due to the presence of California clapper rail. Helicopter broad-
cast applications were monitored at four sites, three on the East Bay and one on the West. 
Amphibious tracked vehicles are invaluable tools at many sites due to their low ground pres-
sure, allowing access to Spartina in soft muds that could not be reached on foot, and their 
ability to transport 25-50 gallons of herbicide (depending on model), which reduces impacts 
to the marsh from repeated trips back to the upland to refill. Small, one-to-two person mod-
els such as the Argo or Hydrotraxx were used by San Mateo County Mosquito Abatement 
District for most of the ground-based treatment sites along the West Bay, as well as by Ala-
meda County Public Works and East Bay Regional Parks District. A much larger amphibi-
ous tracked vehicle, the MarshMog, is actually a converted Bombardier snowcat with an en-
closed cab, GPS-automated controls, an extendable boom, and hose for directed applica-
tions. The MarshMog, which despite its size still has a very low ground pressure of 0.6 
pounds per square inch, was only used at one site in 2006, Elsie Roemer Bird Sanctuary. 
Two of the monitored sites were treated by hauling hose out to the infestation from trucks 
stationed on the levees or adjacent upland, and the final two sites were treated using back-
pack sprayers. 

5. Monitoring Results 

5.1 Herbicide Levels in the Water at Treatment Sites 

Imazapyr 

Table 2 shows the imazapyr levels at the 12 sites monitored for this herbicide. Most pre-
treatment water samples (89%, n=9) did not find any detectable levels of imazapyr at the 
laboratory’s reporting limit of 0.05 parts per billion (ppb; equivalent to µg/L). However, the 
pre-treatment sample at Belmont Slough in Foster City did find 0.07 ppb imazapyr. Applica-
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tion event monitoring showed mean imazapyr levels of 282 ppb (n=10), with a minimum of 
15.6 ppb and a maximum of 500 ppb (standard deviation 199 ppb). One of the application 
event samples, at the Creekside Park backpack treatment of Spartina densiflora, did not de-
tect any imazapyr (four hours post-treatment).  Monitoring at Spartina infestations one week 
post-treatment found that levels of imazapyr in the Bay water had dropped below detectable 
limits at 25% (3) of the sites. The mean imazapyr level for sites with detections one-week 
post treatment was 0.67 ppb (n=9), ranging from a minimum of 0.2 ppb to a maximum of 
2.2 ppb (standard deviation of 0.64 ppb). Although nine sites did show residual imazapyr in 
the water column one week after treatment, all monitored sites showed a 98-100% reduction 
from the application event sample, regardless of the concentration level immediately post-
treatment. This trajectory indicates a high probability that all sites with imazapyr remaining 
after one week would drop below detection limits within a matter of days beyond this third 
sample.  

Glyphosate 

At the one site treated with glyphosate in 2006, no glyphosate was detected (reporting limit 
of 5 ppb) in any of the three samples taken pre-treatment, just after the application, or one-
week post-treatment. In addition, the CDFG Water Pollution Control Laboratory also tested 

Table 2. Herbicide Concentrations in Adjacent Surface Water for 2006 Spartina Treat-
ment   (ND = not detected at 0.05 ppb or above, † = sample broken during shipment)  

 Concentration 
(ppb = µg/L)  

Sites Pre-
Treatment Treatment One-Week Post Application 

Alameda Flood 
Control Channel 

Mouth 
ND 500 ND Imazapyr - Helicopter 

Old Alameda Creek 
South Channel † 65 0.692 Imazapyr - Helicopter 

Cargill Mitigation 
Marsh † 490 2.2 Imazapyr - Helicopter 

Seal Slough Mouth ND 15.6 ND Imazapyr - Helicopter 

Easton Creek 
Mouth ND 200 0.22 Imazapyr - Argo 

Anza Lagoon ND 20 ND Imazapyr - Truck 

Oyster Cove ND 384 0.24 Imazapyr - Argo 

Creekside Park † ND 0.22 Imazapyr - Backpack 

Airport Channel ND 458 0.2 Imazapyr -Truck 

Belmont Slough 0.07 454 0.288 Imazapyr - Argo 

Colma Creek ND † 1.13 Imazapyr – Argo 

Elsie Roemer Bird 
Sanctuary ND 232 0.42 Imazapyr – MarshMog 

Southampton 
Marsh ND ND ND Glyphosate - Backpack 
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for AMPA (aminomethyl phosphonic acid), the primary metabolite of glyphosate. All three 
samples also reported no detections of AMPA, at a reporting limit of 10 ppb. 

5.2 Conventional Water Quality Parameters at Treatment Sites 
Table 3 lists the data on the conventional water quality parameters water temperature, dis-
solved oxygen, pH, conductivity, and salinity collected at the ISP’s 13 representative treat-
ment sites over all three monitoring events. The mean water temperature over all sampling 
events was 22.3°C with a minimum of 14.5°C and a maximum of 31.8°C. The mean water 
temperatures for the pre-treatment, treatment, and one-week post treatment events were es-
sentially equivalent at 22.3, 23.1, and 21.5°C, respectively.  

Dissolved oxygen (DO) averaged 4.31 milligrams per liter (mg/L) and varied widely across 
all sites and sampling events, with a minimum of 0.54 mg/L and a maximum of 8.01 mg/L. 
The mean DO for the pre-treatment, treatment, and one-week post treatment events were 
4.29, 3.73, and 4.90 mg/L, respectively.  

The pH of the Estuary water at all treatment sites averaged 7.8 and did not vary much over 

Table 3. Conventional Water Quality Parameters Measured at 2006 Treatment Sites († = 
sample broken in shipment) 

Parameter Timing* AF
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Water Temp 
( °C) 

Pre 29.4 29.1 31.8 20.2 18.5 20.5 18.9 21.7 23.5 21.6 19.2 20.4 15.3

Treat 30 28.8 28.8 22.7 26.1 24.1 18.5 21.1 25.2 23 17.9 20.2 14.5

Post 26.1 25.4 24.3 22.9 22.8 21.1 20.9 22.2 20.5 21.2 18.3 18.6 15.8

Pre 2.1 0.5 2.9 3.9 4.2 4.6 5.2 5.8 4.4 5.4 5.4 8 3.4

Treat 3 1.7 2.6 4.4 2.5 5.1 4.6 4.2 4 4.7 5.1 3 3.6

Post 4 2.2 4.2 5.1 5.9 6.2 5.1 5.2 7.3 6.5 4.7 3.9 3.4

Pre 7.7 7.7 8 7.9 7.8 8 7.8 7.8 7.9 7.9 7.8 8.2 7.7

Treat 7.8 7.7 7.8 7.8 7.6 8 7.8 7.7 8 8 7.6 7.8 7.8

Post 7.7 7.7 7.8 7.8 8 7.8 7.8 7.6 8 7.7 7.7 7.5 7.8

Pre 42.3 31.8 46.5 35.7 44 44.1 40 38 42.6 40 40.1 39.7 13.8

Treat 43.5 34.7 43.5 39.8 45.2 43.2 39.6 36 44.9 42.2 31.8 40 8.5

Post 43.4 26.8 43.4 43.6 43.4 41.4 45.3 39.4 40 40.4 37.8 38.9 19.5

Pre 24.7 18.1 26.1 25.1 28.5 28.5 29.4 26 28.2 27.5 29.2 28.2 7.9

Treat 25.2 20.1 25.8 26.8 28.5 28.4 29.4 25.1 28.7 27.9 23.6 28.3 4.7

Post 27.3 16.3 28 28.1 29.3 29.1 29 26.8 28 28.4 28.2 28.7 14.3

Pre 36 † † 2.2 7.6 4.9 2.6 † 2.2 10 1.8 1.4 60

Treat 16 34 9 1.5 680 6.1 3 8.1 1.3 6.5 † 16 110

Post 260 45 17 15 29 2.6 3.3 6.2 2.1 12 4.2 1.4 16

Conductivity 
(mS/cm)

Salinity (ppt)

* Timing of sample collection relative to herbicide treatment:  "Pre" = pretreatment, "Treat" = immediately 
following treatment, "Post" = one week following treatment

Turbidity 
(NTU)

Water Temp 
( °C) 

Dissolved 
Oxygen 
(mg/L)

pH
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all samples. The pH range was fairly narrow, with a minimum of 7.5 and maximum of 8.2; 
however 90% of the values were in the 7.7-8.0 range with only four of the 39 data points 
(10%) as slight outliers.  

 Conductivity averaged 38.32 milliSiemens/centimeter (mS/cm) over all sites and sampling 
events, with a minimum of 8.47 mS/cm and a maximum of 46.48 mS/cm. A single site, 
Southampton Marsh (which is also the only glyphosate application), is responsible for the 
minimum values for all three sampling events, with readings 22-51% lower than the overall 
mean. The mean conductivity for the pre-treatment, treatment, and one-week post treatment 
events were essentially equivalent at 38.74, 37.91, and 38.70 mS/cm, respectively. If the 
outlier values from Southampton Marsh are excluded, the three means are actually an identi-
cal 40.3 mS/cm over all events at the other 12 sites. 

Salinity averaged 25.4 parts per thousand (ppt) over all samples, with a minimum of 4.7 ppt 
and a maximum of 29.4 ppt. As with conductivity, the Southampton site is responsible for 
the minimum values for all three sampling events, again with values 18-56% of the overall 
mean. The mean salinity for the pre-treatment, treatment, and one-week post treatment 
events were very similar at 25.2, 24.8, and 26.3 ppt, respectively. If the outlier values from 
Southampton Marsh are excluded, the three means only vary by 0.8 ppt. 

Turbidity was measured by the CDFG laboratory from the same samples collected for herbi-
cide analysis, and the results are also provided in Table 3.  This parameter varied widely 
across the three sampling events, even within sites. The mean turbidity across all sites was 
39.87 Nephelometric Turbidity Units (NTU), ranging from a minimum of 1.3 NTU to a 
maximum of 680 NTU. Two outliers, the one-week post-treatment sample at AFCC and the 
treatment sample at Easton Creek mouth, severely skewed the data. The mean turbidity for 
the pre-treatment, treatment, and one-week post treatment events were 12.87, 74.29, and 
31.83 NTU, respectively, but this appears to be unrelated to invasive Spartina treatment. If 
the two outlier values mentioned above are excluded from the data set, the mean turbidity 
values are quite similar for the three sampling events, at 12.87, 19.22, and 12.82 NTU, and 
the overall mean is reduced to 15.29 NTU. 

After determining that the data had a normal distribution, a paired t-test was run three times 
on each of the six parameters (turbidity, water temperature, dissolved oxygen, pH, conduc-
tivity, and salinity) first comparing the pre-treatment value to the treatment value, then the 
pre-treatment to the post-treatment, and finally the treatment to post-treatment. The com-
plete results of these tests are provided in Appendix 2. The p-values for these tests support 
the visual guess that there was no significant difference between water quality parameter 
values tested before, immediately after, and one-week post treatment. Only two tests pro-
duced significant values, the difference in dissolved oxygen between treatment and post-
treatment, with a p-value=0.0032, and the difference in water temperature between treatment 
and post-treatment, with a p-value of 0.0346. All remaining tests revealed that the difference 
in mean parameter values were not significant, many with very high p-values.  

As discussed in the previous section, it was observed that the values for conductivity and sa-
linity at Southampton Marsh appeared to be distant outliers from the rest of the data set, and 
were skewing the means for the monitoring events. T-tests for these two water quality parame-
ters were run an additional time, excluding the Southampton values. This did in fact improve 
the strength of the results, and confirmed that these values from Southampton Marsh were out-



San Francisco Estuary Invasive Spartina Project 16 2006 Water Quality Monitoring Report 

liers and had significantly skewed the data. This marsh and the possible reasons for such dif-
ferent values from this system are discussed in more detail in the following section. 

6. Discussion 

6.1 Interpretation of Imazapyr Results 

Pre-Treatment Monitoring 

The only pre-treatment sample that showed imazapyr in the surface water was from Belmont 
Slough in Foster City. The level was 0.07 ppb imazapyr, only slightly higher than the report-
ing limit of the laboratory (0.05 ppb). This result was unexpected because imazapyr is not a 
widely used herbicide, so the ISP’s partners should be the only group working with it in the 
area. Terrestrial formulations are mainly used in forestry, not in the urbanized environment 
of Foster City, and there is no knowledge of other aquatic vegetation control projects occur-
ring in the area. The most likely explanation for this result relates to the large amount of 
Spartina control work occurring over a short time period along the West Bay during the time 
of the sample. On the day before this sample was taken, the San Mateo Mosquito Abatement 
District treated the Foster City shoreline from the San Mateo Bridge to an area around the 
mouth of Belmont Slough. The pre-treatment sampling point was approximately two miles 
upstream from the end of the previous day’s application (Figure 5). In a freshwater creek 

Figure 5. Location of Belmont Slough water quality sampling station relative to previous day’s ima-
zapyr applications on lower reach of the tidal slough. It is hypothesized that residue from the “down-
stream” application may have been carried upstream on the incoming tide. 
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system, there would have been no way for any herbicide to move upstream to the sampling 
point. However, the next incoming tide following the application along Foster City could 
actually move a pulse of herbicide upstream from the application point a significant dis-
tance. This would also explain the highly dilute detection amount (the lowest amount re-
corded over all 2006 samples), far less than would be expected adjacent to a treatment area 
immediately after application.  

Application Event Monitoring 

Event monitoring was conducted immediately post-treatment after enough water had re-
turned to the site to mix with the receiving waters present during the application; in 2006, 
this occurred an average of three hours after ISP treatment ended. Detected imazapyr levels 
ranged from 15.6 ppb to 500 ppb with an average of 282 ppb. Many of the samples were in 
the higher end of this range, 70% containing greater than 200 ppb imazapyr (n=10). Yet the 
herbicide delivery systems used at the sampled sites vary considerably, ranging from aerial 
broadcast applications at 10-15 gal/A to applications from Argo and conventional truck-
mounted apparatus at 50-70 gal/A of tank mix, and were performed by a number of different 
contractors or agency staff. The highest sample, 500 ppb, was from the Alameda Flood Con-
trol Channel aerial broadcast application, whereas the Airport Channel application by truck 
resulted in a 458 ppb sample and the Belmont Slough application from Argo was 454 ppb. 
Three different contractors performed these three applications. 

Although there are currently no State or U.S. EPA-based numeric objectives or criteria for 
imazapyr, one can compare the post-treatment levels to the LC50 (defined as the lowest con-
centration of a chemical that would be lethal to 50% of test organisms in a laboratory ex-
periment) for various species of wildlife to determine whether these should be a cause of 
concern for a given species. The ISP partners apply imazapyr at 96 oz/A, equivalent to 
680,389 mg “acid equivalent” per acre (a tank mix of 2,998 mg/L in a 60 gal/A application 
up to 17,905 mg/L in a 10 gal/A application). The highest ISP imazapyr sample from the 
receiving waters of 500 ppb is equivalent to just 0.5 mg/L, and the minimum sample result 
was .0156 mg/L. Grue (cited in Entrix 2003) reported a 96-hr LC50 for juvenile rainbow 
trout of 23,336 mg/L and King et. al. (2004) affirmed that level with their results of 22,305 
mg/L. These lethal levels are more than four orders of magnitude greater than the ISP’s 
maximum sample from the 2006 treatment season, well below any level of concern. A sur-
vey of the available literature on imazapyr by Leson & Associates (2005) includes studies 
with various fish species [bluegill sunfish (Lepomis macrochirus), rainbow trout (Oncorhyn-
chus mykiss), channel catfish (Ictaluras punctatis), fathead minnow (Pimephales promelas), 
Atlantic silverside (Menidia menidia), Nile tilapia (Tilapia nilotica), and silver barb (Barbus 
genionotus)] exposed to both the technical grade imazapyr as well as tank mixes with sur-
factants (Hasten® and Agri-Dex®). Hasten® is the pre-cursor to the Competitor® product 
that many of the ISP partners use, and is therefore very similar. As expected, the 96-hour 
LC50 was lower when surfactants are included, and some fish species are more sensitive than 
the previously reported rainbow trout that are the standard for EPA fish toxicology evalua-
tion. However, the lowest lethal concentrations were in the range of 100 mg/L, as compared 
with the ISP’s maximum measured environmental concentration of 0.5 mg/L, representing 
much more than two orders of magnitude difference. In addition, with this relatively low 
observed environmental concentration, salt marsh birds and mammals are also at very low 
risk because even the lowest no-observable-effect-level (NOEL) reported from an 18-week 
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dietary study on mallards was ≈ 200 mg/kg of body weight (b.w.); levels for rats were actu-
ally in the 2,000-10,000 mg/kg b.w. range. Either of these representative wildlife species 
would have to drink many liters of treated water to reach the reported NOEL, and many 
more than that to reach the lethal level. This is obviously a very unlikely scenario. 

These imazapyr levels may also be compared to published toxicity data for aquatic inverte-
brates; these organisms can be more sensitive in general than the fish species reported 
above. Mangels & Ritter (2000) reported the no-observable-effect concentration (NOEC) for 
imazapyr for the Eastern oyster (Crassostrea virginica) was >132 mg/L (the highest dose 
tested). Manning (1989) found the 21-day NOEC for the freshwater flea (Daphnia magna) 
was 97.1 mg/L. Again, comparing these values to the ISP’s maximum measured post-
treatment concentration of 0.5 mg/L shows more than two orders of magnitude difference, 
well below any level of concern. In addition, imazapyr is reported to have a low potential for 
bioaccumulation, and is therefore not expected to adversely impact predators that feed on 
exposed aquatic invertebrates. 

These results for event monitoring immediately post-treatment are significantly higher than 
the results reported by SFEI from the previous ISP treatment season in the 2005 Water Qual-
ity Monitoring Report. The average treatment monitoring sample from 2005 contained 10.9 
ppb imazapyr, ranging from 0.4-40.0 ppb, whereas the 2006 sampling found an average 
imazapyr concentration of 282 ppb, ranging from 15.6-500 ppb. Interestingly, there are no 
real outlier values in this data set from 2006, with three values very close to the maximum, 
and consistently higher values than 2005 across all sites.  Therefore, the explanation for 
these differences appears to be a result of changes in sampling methodology, as opposed to 
problems related to Spartina control (e.g., over-applications of imazapyr by contractors, 
contaminated samples from improperly cleaned equipment, or accidental spills [which were 
neither observed by ISP staff nor reported by contractors]).  

Two aspects of the sampling methodology changed slightly when the ISP took over respon-
sibility for NPDES water quality monitoring from SFEI, and either of these changes could 
have resulted in the consistently higher imazapyr levels being recorded in the treatment 
event samples. In 2006, ISP staff conducted the water quality sampling, which made the ef-
fort much more coordinated with the ISP treatment oversight. Therefore, samples could be 
collected directly adjacent to the treatment area at the earliest possible time after application 
because ISP staff were more familiar with the infestation and the contractors hired for treat-
ment, and were normally present for the entire application.  

Secondly, although some new treatment sites were selected this year in an effort to better 
sample priority marsh types and to find representative sites distributed around the entire 
Bay, the within-site sampling point selection could also have resulted in changes across all 
sites. Sampling points were purposefully selected in areas that may retain the herbicide 
longer rather than places that would receive a high volume flush of water immediately upon 
the return of the tide. A number of high energy Bayfront marshes were still selected as sam-
pling locations, but instead of sampling well outside the vegetation where the herbicide 
would be highly diluted if even detected, the ISP sampled within the perimeter of the treated 
Spartina area, usually in an open area covered with approximately one meter of water. Both 
of these sampling methodology changes most likely resulted in a more accurate measure of 
the imazapyr that entered surface waters as a result of the 2006 treatment of invasive 
Spartina. 
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Finally, the application event sample taken at Creekside Park was the only site that did not 
detect imazapyr in the water immediately after the application. This was the only Spartina 
densiflora treatment site monitored in 2006, and the non-detection is most likely related to 
the ecology of this plant and how it differs from S. alterniflora hybrids. S. densiflora is not 
able to tolerate the degree of inundation that S. alterniflora can, so it is often found either on 
the banks of creeks or sloughs, or in the higher elevation marsh. Although the application 
event sample at Creekside Park was taken about four hours after the completion of treat-
ment, the tide had only filled the channel at the sampling point but had not inundated the 
overhanging, treated vegetation or the base of the plants up on the banks. Since imazapyr is 
applied in a gentle rain to the tops of the plants, as opposed to the “spray to wet” style com-
mon with glyphosate and other herbicides, less of the product drips off of the target vegeta-
tion and into the surface water below. When the plants are higher in the marsh, as is nor-
mally the case with S. densiflora, the water probably needs to reach the base of the plant be-
fore a measurable amount of imazapyr is washed away. Interestingly, the one-week monitor-
ing event at this site did detect a small amount of imazapyr that is comparable with other 
sites in the data set (please refer to next section). 

One-Week Post-Treatment Monitoring 

Laboratory results from the ISP water quality monitoring of the 2006 treatment season show 
imazapyr breaking down quickly in the estuarine environment as expected. All samples 
tested showed a 98-100% reduction of imazapyr within the first week after treatment; 25% 
of the sites had dropped below the laboratory’s detection limit, including the sample with the 
highest value immediately post-treatment (500 ppb at AFCC). The mean detected imazapyr 
levels for this monitoring event ranged from 0.2 ppb to 2.2 ppb with an average of 0.67 ppb. 
In the previous section of this report, the toxicology of imazapyr was discussed relative to the 
highest level found immediately post-treatment. With a subsequent reduction of at least 98% 
of the imazapyr at each site, the maximum concentration one-week post treatment was .002 
mg/L, an additional several orders of magnitude below concentrations lethal to aquatic life. 

These post-treatment monitoring results differ from the ISP’s 2005 results reported by SFEI 
in several ways. A much higher percentage (75%) of the samples from the 2005 treatment 
season did not detect imazapyr in the water after one week, although the highest one-week 
post-treatment sample in 2005 (8.4 ppb) was four times higher than the maximum in 2006 
(2.2 ppb). The decrease in non-detects is likely a result of the changes in sampling method-
ology described above including the within-site sampling point selection criteria. Since the 
changes in methodology used in 2006 resulted in consistently higher application event ima-
zapyr levels, then we may expect the one-week post treatment levels to reflect the same 
trend. Sampling at an open area within or adjacent to the vegetation, as opposed to the water 
outside the treatment area, appears to consistently capture more herbicide. However, four of 
the nine samples with detectable levels of imazapyr were within 0.08 ppb of the minimum 
level 0.2 ppb. Since all of the samples showed a 98-100% reduction within one week, the 
trajectory at all sites indicates that within a few additional days beyond week one, there is a 
high probability that imazapyr should be below detectable levels at all sites. 

One of the most interesting results from this sampling event showed that the sites with the 
two highest one-week samples (and the only samples in this event with values > 1 ppb) were 
both Type 3 marshes, major sloughs or flood control channels. Since the channels of these 
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sites flush twice daily, they were not expected to retain measurable levels of imazapyr quite 
as long as some other sites. However, the Old Alameda Creek sample was the highest one-
week post-treatment sample at 2.2 ppb, twice the next highest sample from Colma Creek at 
1.13 ppb. In the case of Old Alameda Creek, this may be related to the large treatment area 
that this channel drains, an area several miles long and densely infested with Spartina. There 
is a heavily infested central island between the two channels of Old Alameda Creek, and 
imazapyr may have moved slowly through the substrate of this island and into the channel 
over the course of the first week, resulting in retention of some amount of imazapyr for 
slightly longer than if only the banks had been treated. This may be especially important in 
the uppermost reaches of Old Alameda Creek with a lower degree of regular tidal inunda-
tion, and hence potentially longer residence time. It has also been observed that the channel 
retains a small amount of water in the incised sediment at the center even at the lowest tide, 
so some of the dissolved imazapyr may not have been flushed out as quickly. The Colma 
Creek site is also part of a fairly long channel with a continuous infestation of Spartina 
along both banks. 

As mentioned in the previous section, the one-week post treatment sample at Creekside Park 
detected 0.22 ppb, although none was detected immediately after the treatment. This could 
be related to the ecology of Spartina densiflora and the elevation at which it grows in the 
marsh. Several of the tides at the end of the week following treatment, including the date of 
the one-week sample, were much higher than on the day of treatment. Most of the S. densi-
flora plants, as well as the adjacent mid- and high marsh, were inundated to some degree 
during these tides (refer to Appendix 1 for the site photo taken at the one-week monitoring 
event). This could allow for a delayed mobilization of the imazapyr from the treatment at 
Creekside Park. Since the entire treated meadow drains into the channel from which the ISP 
water quality sample was taken, the herbicide pulses could be concentrated by this physical 
bottleneck and thereby reach detectable levels.     

6.2 Interpretation of Glyphosate Results 
ISP partners treated only one site with glyphosate in 2006, Southampton Marsh, and none of 
the three samples detected either the parent herbicide or AMPA, glyphosate’s principle me-
tabolite. This is not entirely unexpected for several reasons. As discussed previously, gly-
phosate adsorbs tightly to sediment and is deactivated, which explains the low mobility of 
this herbicide. The infestation of S. patens treated at Southampton is relatively small (< 0.75 
acres), was spot-treated by backpack sprayer, and is scattered in patches across several acres 
of the pickleweed plain and down to the banks of some channels. Similar to the situation 
seen with S. densiflora at Creekside Park with imazapyr, the tide level at the time of the ap-
plication event sampling was probably not yet high enough to inundate the base of the 
treated plants; since only a negligible amount of overspray should have occurred, one should 
expect an absence of detectable levels of glyphosate immediately following the Southamp-
ton Marsh treatment. Finally, as expected, the one-week post-treatment sample at this site 
did not detect any glyphosate. With the small amount applied, and the lack of mobility of 
glyphosate, it would be unusual to find the herbicide in adjacent surface waters one week 
after treatment. 
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6.3 Interpretation of Conventional Water Quality Parameters 
There was no discernable pattern indicating that the ISP’s herbicide treatments on non-
native Spartina altered the surface water quality of the Estuary adjacent to the treatment 
sites to any substantial degree. This result was not unexpected, since U.S. EPA has approved 
imazapyr and glyphosate for use in sensitive aquatic systems such as estuaries, and there is 
no mention on the Federal Insecticide Fungicide and Rodenticide Act (FIFRA) labels of 
these products pertaining to negative impacts to water quality from proper, labeled use, or 
measures that should be taken to avoid such problems. The ISP treatment sites are not part 
of a closed system; they all receive twice daily tidal exchange with the immense volume of 
San Francisco Bay. Any fluctuations in the water quality parameters measured for compli-
ance with the Statewide General Permit appear to be normal and unrelated to the application 
of approved aquatic herbicide in the adjacent marsh, slough or mudflat. The sheer volume of 
the Estuary and its complex dynamics determine what the levels of these parameters will be 
on a given day, not the input of the relatively small amount of herbicide associated with 
Spartina control. 

The data for the six conventional water quality parameters (turbidity, water temperature, dis-
solved oxygen, pH, conductivity, and salinity) was analyzed according to sampling event to 
look for changes within each treatment site related to the herbicide application. For all six 
parameters, the mean values at each of the three sampling events are very similar. None of 
the parameters showed any trends related to the herbicide application. Each parameter had 
outlier values at some point in time, but there is no indication that any outlier was actually 
produced by a “side effect” of the Spartina applications. Some outliers were in the pre-
treatment samples, and some occurred in either of the other two events, with no particular 
pattern for any of the parameters. These indicate that changes in the variables occurred inde-
pendently from the herbicide treatments, and are controlled by the daily perturbations of the 
Estuary. 

Additionally, paired t-tests were run on the conventional water quality data, showing that in 
general there was no significant difference between the values measured pre-treatment com-
pared with immediately after the application or one-week post treatment.  Only two tests 
generated significant p-values, one for dissolved oxygen and one for water temperature. Al-
though these were determined to differ to a statistically significant degree, the t-tests do not 
determine causality for this difference, but rather simply confirm a difference. Since these 
two parameters co-vary, it is expected that as temperature decreases, water is able to hold 
more oxygen and the DO levels correspondingly increase. There is no evidence that the la-
beled application of the aquatic formulation of imazapyr (or glyphosate) to invasive 
Spartina should have any impact to the surface water temperature at treatment sites, nor to 
the DO levels; these change regularly with the dynamics of the Estuary and are based on 
various abiotic factors.   

The San Francisco Estuary contains a high level of suspended solids, contributing to the 
brown or green-brown color of the water commonly seen. Turbidity is usually lower on av-
erage in the summer months, but daily weather conditions can have a large effect on this pa-
rameter. Both of the outlier samples in this data set, the application sample at Easton Creek 
mouth (680 NTU) and the one-week sample at Alameda Flood Control Channel (260 NTU) 
were taken during an incoming tide with high wind and wave action. The high energy at 
these exposed Bayfront sites increases the suspended sediment as the tide approaches the 
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shoreline, thereby raising the turbidity. In addition, the turbidity levels for the application 
and pre-treatment monitoring events at Southampton were the third and fourth highest lev-
els, respectively, in the entire data set. 

Southampton Marsh is the only Spartina treatment site in Suisun Bay, an area of the North 
Bay that has very different water chemistry than the other ISP sites that are located in the 
Central and South Bay. These variations in water chemistry produced outlier values that 
skewed the mean values of two of the parameters, salinity and conductivity. For both of 
these parameters, Southampton was the source of the minimum values for all three monitor-
ing events, values that are significantly less than the other areas of the Bay. Salinity in-
creases as you move from the freshwater inputs of the Delta into the Bay, and published av-
erage levels are around 7 ppt for Suisun Bay, as compared with 30-32 ppt for the Central 
and South Bay.  ISP monitoring results showed an average salinity of 9.0 ppt at Southamp-
ton versus the average salinity 26.8 ppt across all other sites; consequently, if these values 
are excluded from the data set, the remaining salinity means are within 0.8 ppt for the other 
12 sites, with no apparent effect from the herbicide treatment. The situation is very similar 
for conductivity, with an average 13.91 mS/cm for the three samples at Southampton as 
compared with a minimum of 31.79 mS/cm for the other 12 sites if these outliers are ex-
cluded. Mean conductivity with Southampton excluded was 40.3 mS/cm for all three sam-
ples, showing no effects from the imazapyr applications.  

During the late summer months, when Spartina treatment is occurring, dissolved oxygen 
(DO) in the Bay tends to average 6-9 mg/L, but the levels in semi-enclosed embayments can 
be much lower than in the main water body (SFEI 1994). This may explain why 90% of the 
DO levels from ISP monitoring were less than 6 mg/L across all sampling events, with an 
average of 4.31 mg/L and a low minimum value of 0.54 mg/L (which was actually pre-
treatment, increasing over the next two sampling events). 

It is conceivable that two of the parameters, turbidity and dissolved oxygen, could be altered 
indirectly by an herbicide application intended to kill submersed vegetation, particularly in a 
closed system such as a pond or small lake with a restricted outlet. After some period of 
time, the vegetation would begin to die, and the breakdown of the plant matter would utilize 
dissolved oxygen for decomposition and lower the value for this parameter, while simulta-
neously increasing the turbidity. This would be particularly true if the infestation of the 
submersed plant was dense and extensive. However, dissolved oxygen and turbidity should 
not be influenced by the application of an aquatic herbicide formulation to emergent vegeta-
tion with a small degree of overspray (the scenario for Spartina control), especially with the 
massive exchange of water in the Estuary each day. In addition, both imazapyr and gly-
phosate do not control submersed vegetation, so despite any presence in the water post-
treatment, neither herbicide would damage submersed vegetation and subsequently result in 
potential water quality impacts. 

7. Conclusion 
The State Coastal Conservancy’s Invasive Spartina Project successfully conducted water 
quality monitoring at the required representative sample of their aquatic herbicide applica-
tions around the Estuary during the 2006 treatment season, in compliance with the Statewide 
General Permit and National Pollutant Discharge Elimination System (NPDES). None of the 
imazapyr levels found in the application event samples or one-week post-treatment samples 
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were even within two to three orders of magnitude of published lethal concentrations for 
aquatic organisms. The selection of within-site sampling locations in 2006 appears to have 
resulted in consistently higher application event levels than from the more distant sampling 
locations in 2005, as well as less non-detection in the one-week samples. However, the ima-
zapyr levels in the water at all sites decreased by 98-100% within one week of treatment, 
even for the highest application event values. The samples from the lone site treated with 
glyphosate in 2006 did not detect any herbicide or primary metabolites in either the applica-
tion or one-week monitoring events. 

In addition, the monitoring of six conventional water quality parameters (turbidity, water 
temperature, dissolved oxygen, pH, conductivity, and salinity) showed no indication that the 
herbicide application had any impact on Estuary surface water quality. Several of the pa-
rameters were highly variable, even within sites, but showed no trend related to Spartina 
applications. These results are not surprising since there is no apparent pathway for these 
aquatic herbicide applications to emergent vegetation to measurably alter the six water qual-
ity parameters. 
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APPENDIX 1: 

PHOTOGRAPHS OF 2006 WATER QUALITY 
MONITORING SITES 
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Appendix 1: Photos of 2006 Water Quality Monitoring Sites 

 
Mouth of the Alameda Flood Control Channel 

 
Old Alameda Creek, south channel 
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Cargill Mitigation Marsh 
 

 
Seal Slough mouth 
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Easton Creek mouth 
 

 
Anza Lagoon 
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Oyster Cove 
 
 

 
Creekside Park 
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Airport Channel 
 

 
Belmont Slough 
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Colma Creek 
 

 
Elsie Roemer 
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Southampton Marsh 
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APPENDIX 2: 

STATISTICAL RESULTS 
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Appendix 2: Statistical Results 
 
 
Dissolved Oxygen (DO) 

 
 
 
Turbidity 
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pH

 
Conductivity: 
Full data set (all sites) 

 
Excluding the outliers of Southampton Marsh (Suisun) 
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Salinity: 
Full data set (all sites) 

 
Excluding the outliers of Southampton Marsh (Suisun) 

 
Water Temperature: 
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