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Abstract Recent and past studies have documented the
prevalence of pyrethroid and organophosphate pesticides
in urban and agricultural watersheds in California. While
toxic concentrations of these pesticides have been found
in freshwater systems, there has been little research into
their impacts in marine receiving waters. Our study
investigated pesticide impacts in the Santa Maria River
estuary, which provides critical habitat to numerous
aquatic, terrestrial, and avian species on the central
California coast. Runoff from irrigated agriculture
constitutes a significant portion of Santa Maria River
flow during most of the year, and a number of studies
have documented pesticide occurrence and biological

impacts in this watershed. Our study extended into the
Santa Maria watershed coastal zone and measured
pesticide concentrations throughout the estuary,
including the water column and sediments. Biological
effects were measured at the organism and community
levels. Results of this study suggest the Santa Maria
River estuary is impacted by current-use pesticides. The
majority of water samples were highly toxic to
invertebrates (Ceriodaphnia dubia and Hyalella azteca),
and chemistry evidence suggests toxicity was associated
with the organophosphate pesticide chlorpyrifos,
pyrethroid pesticides, or mixtures of both classes of
pesticides. A high percentage of sediment samples were
also toxic in this estuary, and sediment toxicity occurred
when mixtures of chlorpyrifos and pyrethroid pesticides
exceeded established toxicity thresholds. Based on a
Relative Benthic Index, Santa Maria estuary stations
where benthic macroinvertebrate communities were
assessed were degraded. Impacts in the Santa Maria
River estuary were likely due to the proximity of this
system to Orcutt Creek, the tributary which accounts for
most of the flow to the lower Santa Maria River. Water
and sediment samples from Orcutt Creek were highly
toxic to invertebrates due to mixtures of the same
pesticides measured in the estuary. This study suggests
that the same pyrethroid and organophosphate pesticides
that have been shown to cause water and sediment
toxicity in urban and agriculture water bodies throughout
California, have the potential to affect estuarine habitats.
The results establish baseline data in the Santa Maria
River estuary to allowevaluation of ecosystem improvement
as management initiatives to reduce pesticide runoff are
implemented in this watershed.
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Introduction

Coastal estuaries are among the most ecologically
important and critically threatened habitats in
California. Less than 20 % of the State’s coastal
wetlands remain from the time of European settlement,
and many of these wetlands face threats from water
quality degradation. Along California’s Central Coast,
the Santa Maria River drains to a coastal estuary that
provides essential habitat for early life stages of
commercially and recreationally important marine fish
species, threatened anadromous fish species, migratory
birds, and other wildlife.

The lower Santa Maria River watershed contains
year-round, intensively cultivated agricultural land that
supports a \$3.5 billion/year industry producing much
of the nation’s lettuce, artichokes, and crucifer crops.
Runoff from irrigated agriculture constitutes a
significant portion of river flow during most of the
year, and a previous study documented pesticide
occurrence and biological affects in the Santa Maria
River (Anderson et al. 2006a).

As toxicity associated with organophosphate and
pyrethroid pesticides has been shown to be prevalent
in urban and agriculture watersheds throughout
California (Holmes et al. 2008), the primary goal of
the study was to determine whether these pesticides
have the potential to affect critical estuarine habitats at
the downstream end of coastal watersheds. Evidence of
pesticide impacts in central California has encouraged
implementation of farmmanagement practices to reduce
pesticide concentrations and toxicity in agricultural
runoff. The second goal was to establish baseline
conditions for the Santa Maria Estuary to facilitate
detection of changes in pesticide concentrations as
management practices are implemented.

Methods

Study location

The Santa Maria River watershed drains approximately
1,880 mi2 comprising 1,203,000 acres on California’s
central coast. The watershed includes the Cuyama and

Sisquoc Rivers which join to form the Santa Maria
River. Orcutt Creek drains approximately 50,000 acres
of land southeast of the Santa Maria River estuary.
Inputs to the Santa Maria River estuary are dominated
by Orcutt Creek and a drainage ditch that enters the
river near the entrance to the Rancho Guadalupe Dunes
Preserve. Together, flows from these two sources
comprise 92 % of the total input into the estuary
(SAIC 2004). The Santa Maria River estuary provides
critical nesting and foraging habitat to resident and
migratory shorebirds, including western snowy
plovers. The system functions as a lagoon during those
parts of the year when beach sand blocks flow to the
ocean, and it functions as an estuary when winter
waves and high river flows breaches the lagoon’s
western edge. The estuary is recognized as a globally
important wetland along the Pacific Flyway in the
western hemisphere (SAIC 2004). The estuary and
lagoon also provide critical nursery and foraging
habitat for numerous marine and estuarine fish and
invertebrate species, including threatened tidewater
gobies. In the lower Santa Maria and adjacent Oso
Flaco Creek watersheds, several water bodies,
including Orcutt-Solomon Creek, and the lower Santa
Maria River, are currently listed as impaired by
pesticides and/or nutrients under Clean Water Act
§303[d]. Monitoring for pesticides and associated
biological effects in the Santa Maria River estuary have
been limited. Recent studies have included pesticide
and toxicity monitoring in the lower Santa Maria River
watershed (Anderson et al. 2006a; Phillips et al. 2006;
Phillips et al. 2010a) and on-going regulatory
monitoring associated with grower cooperatives in
the watershed.

This study measured sediment toxicity and
chemistry, benthic macroinvertebrate community
structure, and water column toxicity and chemistry,
combining stratified sampling designs for each
component. For sediments, the Santa Maria River
estuary was divided into eight sections and a station
was sampled in each section for sediment toxicity and
chemistry (Electronic supplementary material (ESM)
Fig. 1). Samples for benthic community characterization
were collected at spatially representative stations 1–5,
which are the stations nearest to the ocean. Water
column toxicity testing and chemical analyses were
conducted at three stations. One station was located in
the lower estuary (lower), another in the upper estuary
(upper; square symbols in ESM Fig. 1) and a third was
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located in Orcutt Creek, a key input into the estuary.
This station, ORC, is indicated with a circle in ESM
Fig. 1 and was located at the sand plant, where the
creek crosses under the road to the Guadalupe Dunes
Reserve.

This study was conducted from January 2008 until
October 2009. Three irrigation season sediment
samples were collected at the eight sediment stations
and the additional water column stations in May and
October 2008 and again in October 2009. Sediment
samples were analyzed for selected herbicide,
pesticides and metals, as well as grain size and total
organic carbon. Sediment toxicity (H. azteca 10 days)
was assessed at the eight estuary stations and the Orcutt
Creek tributary stat ion. Benthic community
characterizations were conducted during the May and
October 2008 sediment sampling events at five of the
eight sediment stations.

For water column toxicity testing and chemical
analyses, a total of 15 sampling events were conducted,
divided between 11 irrigation season events, and 4 storm
events. Storm events were defined as rainfall greater
than or equal to 0.5 in. within 24 h preceding sampling.
For all sampling events, the following parameters were
monitored at the upper and lower estuary stations: water
toxicity using eitherH. azteca (96 h),C. dubia (96 h), or
both species (depending on conductivity, see below),
water chemistry analyses for selected pesticides
(described below), and conventional water chemistry
(dissolved oxygen, pH, turbidity, and conductivity).
All of these parameters were also analyzed during nine
sampling events conducted concurrently at the Orcutt
Creek tributary station.

Water and sediment collection

Water and sediment samples were collected using
previously reported methods (Anderson et al. 2006a;
Phillips et al. 2010a). Water was collected in 2.5-L
amber glass bottles then stored at 4±3 °C for no longer
than 48 h prior to toxicity test initiation. Bed sediment
was collected to a maximum depth of 5 cm using
polycarbonate core tubes. Samples were homogenized
in a stainless steel bowl and placed in 2-L glass jars and
stored in iced coolers for transport. Testing was
initiated within 2 weeks of sample collection.
Additional containers of water and sediment were
collected for chemical analysis and shipped or

delivered to the US Geological Survey’s analytical
laboratory in Sacramento, CA.

Benthic community collection

For benthic invertebrates, a 0.1-m2 area was sampled to
a sediment depth of 5 cm at each site using
polycarbonate cores. Samples were deposited into a
1-mm sieve and swirled gently in a few inches of water
to screen out sediment. Samples were stored in plastic
jars and fixed in the field with borate-buffered 10 %
formalin. After a period of 3 days to 2 weeks, samples
were rinsed with water and stored in 70 % ethanol.
Samples were shipped to Weston Solutions in
Carlsbad, CA for taxanomic analysis.

Toxicity testing

Water toxicity testing

As discussed earlier, the lower Santa Maria watershed
functions as a lagoon/estuary depending on season,
water flow, and the influence of wave and tidal action
on beach height. As a result, the conductivity (and
salinity) of the system varied, and it was necessary to
use a combination of fresh to brackish water test
species to assess toxicity. The upper part of the estuary
nearest Orcutt Creek was dominated by this freshwater
input (average conductivities, <1,000 μS/cm; salinity,
<∼1 ‰) and the lower estuary nearest the ocean was
usually more brackish (conductivity range=3,180 to
13,860 μS/cm; salinity range, ∼2 to 11 ‰). Water
toxicity in the estuary samples was assessed using
96 h exposures with the amphipod H. azteca (USEPA
2002), a species more tolerant of brackish water. Tests
were conducted on whole, un-filtered water samples.
Water toxicity in the Orcutt Creek tributary sample was
assessed using 96-h exposures with the water flea C.
dubia using similar procedures. Orcutt Creek samples
with conductivities exceeding 3,000 μS/cm were
tested with H. azteca, and estuary samples with
conductivities less than 3,000 μS/cm were also tested
with C. dubia side-by-side with H. azteca. Both tests
were used, when appropriate, because of their
differences in sensitivities to current-use pesticides
such as organophosphate and pyrethroid pesticides.

Amphipod exposures were conducted in 300-mL
beakers containing 100 mL of test solution and ten
organisms. Daphnid tests were conducted in 50-mL
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glass beakers, each containing 30 mL of test solution
and five organisms. Both exposures consisted of five
replicate beakers. Test solutions were renewed at 48 h,
at which time both organisms were fed yeast,
cerophyll, and trout chow mixture (YCT). Dissolved
oxygen, pH, and conductivity were measured with an
Accumet meter and appropriate electrodes (Fisher
Scientific, Pittsburgh, PA). Un-ionized ammonia was
measured using a Hach 2010 spectrophotometer
(Hach, Loveland, CO). Water temperature was
recorded with a continuous recording thermometer
(Onset Computer Corporation, Pocasset, MA).
Additional daily temperatures were measured using a
glass spirit thermometer.

Sediment toxicity testing

Sediment toxicity was assessed three times at the eight
estuary stations and Orcutt Creek using the 10-day
survival toxicity test with H. azteca (USEPA 2000), a
resident genus in the watershed. As mentioned above,
the estuary/lagoon part of the system tended to be more
brackish than marine, so a species tolerant of a low to
moderate salinity regime was appropriate. Each sample
was thoroughly homogenized on a sediment roller and
divided among eight laboratory replicates, with ten 7-
to 14-day-old amphipods in each. The amphipods were
exposed to 100 mL of sediment in 300 mL beakers,
each containing 175 mL of overlying water. The test
temperature was 23±1 °C. Water quality parameters,
including dissolved oxygen, pH, conductivity, and
ammonia, were measured at the beginning of each test.
Hardness and alkalinity were measured at the
beginning of each test. Un-ionized ammonia was
measured in sediment over-lying water using a Hach
2010 spectrophotometer (as above). Overlying water
was renewed twice daily, and 1.5 mLYCT was added
daily to each test container. Survival was compared
with that of amphipods exposed to a formulated
reference sediment.

Benthic community characterization

Samples were sorted into major taxonomic groups and
identified to the lowest practical taxonomic level, most
often species. Taxonomic quality was assured by re-
identification and re-enumeration of 10 % of the
samples by independent taxonomists. Species lists
were tabulated and community indices were calculated

including the Relative Benthic Index (RBI) for each
sample. RBIs values were calculated using central
coast lagoon habitat methodology (Barnett et al.
2008). The RBI was developed for application to
California bay and estuarine habitats. A detailed
description of the methods used to calculate the RBI
for central coast estuaries is provided in Hunt et al.
(2001). The community pattern metrics used in the RBI
include number of species and individuals (total
number of all taxa, total number of mollusc species
and individuals, and total number of crustacean species
and individuals), the abundance of species indicative
of relatively disturbed benthic habitats, and the
abundance of species indicative of relatively
undisturbed benthic habitats. Negative indicators
included Capitella sp. complex and oligochaetes.
Posi t ive indicators included the amphipods
Grandifoxus grandis and Eohaustorius estuarius and
the bivalve Tellina modesta. The overall RBI was
calculated by summing the values of the total fauna,
total molluscs, crustacean species, and indicator
species and standardizing it to the total range. This
resulted in a range of values from 0.00 (most impacted)
to 1.00 (least impacted). The RBI is scaled from 0 to 1
based on the range of values in the development
dataset. The scaling is based on the Habitat E dataset
(coastal wetlands and estuaries) (Ranasinghe et al.
2010). During application to the present data, if the
raw RBI value was less than the minimum in the
development dataset, the result is a negative scaled
value. This occurred in several of the estuary samples
presented below.

RBI developer thresholds were based on the
distribution of index values, following Hunt et al.
(2001). The RBI values were subdivided into four
categories (Weisberg et al. 2008; Ranasinghe et al.
2009): (1) Unaffected—a community that would occur
at a reference site for that habitat; (2) Marginal
deviation from reference—a community that exhibits
some indication of stress, but might be within
measurement variability of reference condition; (3)
Affected—a community that exhibits clear evidence
of physical, chemical, natural, or anthropogenic stress;
(4) Severely affected—a community exhibiting a high
magnitude of stress. Affected and severely affected
communities are those believed to be showing clear
evidence of disturbance, while unaffected and
marginal communities do not. Disturbed communities
could be due to the effects of one or more types of

1804 Environ Monit Assess (2014) 186:1801–1814



anthropogenic or natural stress while undisturbed
communities likely indicate minimal stress of all types
(Ranasinghe et al. 2010).

The RBI is the only index available for use in west
coast wetlands and estuaries, designated Habitat E in
Ranasinghe et al. (2010). These are low-salinity coastal
wetlands and estuaries ranging from southern
California to the Pacific Coast of Washington State.
We note that the application of the RBI in Habitat E has
not been validated, although it has been validated for
use in other areas such as Habitats C (southern
California marine bays) and D (polyhaline central
San Francisco Bay) (Ranasinghe et al. 2009) and was
used to evaluate central California sites as part of a
California statewide analysis using various benthic
community index methods (Ranasinghe et al. 2010).

Chemistry methods

Water

Water samples were analyzed for a suite of 59 pesticides
by extracting one liter of sample water onto Oasis HLB
SPE cartridges. Prior to extraction, all water samples
were filtered using a 0.7-μm glass fiber filter to separate
suspended material. The filter and filtered particles were
eluted with ethyl acetate and this extract was analyzed
separately using the same GC procedure described
below. All samples were spiked with 13C-atrazine and
13C-diazinon as recovery surrogates. Following
extraction, the SPE cartridges were dried with carbon
dioxide, eluted with 12 mL of ethyl acetate, reduced to
200 μL and deuterated internal standards were added.
All sample extracts were analyzed on a Varian Saturn
2000 (Walnut Creek, CA, USA) gas chromatograph/ion
trap mass spectrometer (GC/ITMS). Reported
chemicals for each sample represent the sum of
compounds eluted from the glass fiber filter plus those
eluted from the SPE column. Additional details are
given in Hladik et al. (2008).

Sediment

Sediment samples were extracted based on methods
described in Smalling and Kuivila (Smalling and
Kuivila 2008). Briefly, sediment samples were
extracted by pressurized liquid extraction using a
Dionex 200 Accelerated Solvent Extractor with
dichloromethane. Sample matrix was removed using

stacked pre-packed Carbon/Alumina SPE cartridges.
Final ly, sul fur was removed using a gel-
permeation/high-pressure liquid chromatography
system. Sample extracts were analyzed for current-
use pesticides by GC/ITMS. In addition, moisture
content, percent organic carbon, and percent nitrogen
were measured for each sediment sample. As the lower
part of this watershed is dominated by agriculture
irrigation water runoff, the organic chemical analysis
emphasized legacy organochlorine pesticides, current
use organophosphate, carbamate and pyrethroid
pesticides, fungicides, and herbicides. Organic
chemicals associated with urban inputs were not
analyzed (e.g., polynuclear aromatic hydrocarbons
and flame retardants). Sediment samples were also
analyzed for trace metals (As, Ag, Cd, Cr, Cu, Hg,
Mg, Ni, Pb, and Zn) by inductively coupled plasma
mass spectroscopy using US EPA method 6010A.

Data interpretation

To ensure the integrity of the data collected, quality
assurance/quality control (QA/QC) procedures were
conducted. Pesticide concentrations in all matrices
(water, sediment, and biota) were validated against a
comprehensive set of quality control parameters
including laboratory and field blanks, matrix spikes,
replicate samples, certified reference material, and
surrogate recovery. Environmental and QA/QC data
met or exceeded applicable California Surface Water
Ambient Monitoring Program (SWAMP 2008)
guidelines. Samples were defined as toxic if the
following two criteria were met: (1) there was a
significant difference (p<0.05) in mean organism
response (e.g., percent survival) between a sample
and the laboratory control, as determined using a
separate-variance t test, and (2) the difference in
organism response between the sample and control
was greater than 20 % (Phillips et al. 2001).

Chemistry data in water and sediment were
compared with known toxicity thresholds, where
available, and to other water quality criteria. The
thresholds used for assessing the potential for pesticide
toxicity toC. dubia andH. azteca in water are provided
in ESM Table 1a. Pesticide toxic units (TUs) for C.
dubia and H. azteca were calculated by dividing the
measured chemical concentration by the organism-
specific LC50s. Total organic carbon concentrations in
the sediment were used to normalize total sediment
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chemical concentrations to organic carbon-corrected
concentrations. Corrected concentrations are
considered to be more representative of the
bioavailable fraction of contaminants in sediment.
Higher concentrations of TOC can reduce the
bioavailability of sediment contaminants.

Previous research has shown that chlorpyrifos and
diazinon are additive when they occur in mixtures
(Bailey et al. 1997), as are some mixtures of
pyrethroids (Trimble et al. 2010). Based on this, and
the fact that all of the pesticides that were measured at
toxic concentrations are neurotoxins, the TUs for these
pesticides were added to calculate a total TU value for
each sample. TUs for H. azteca were calculated by
adding individual TUs from chlorpyrifos, diazinon,
bifenthrin, permethrin. Sum TUs for C. dubia were
calculated by adding individual TUs from chlorpyrifos,
diazinon, malathion, bifenthrin, and permethrin.

In addition, concentrations of unionized ammonia
were also measured in water and these were compared
with LC50s for toxicity to C. dubia and H. azteca. No
unionized ammonia concentrations exceeded these
LC50s in any of the samples during this study.

Sediment toxicity thresholds and sediment quality
guideline values used to assess the sediment chemistry
data are provided in ESM Table 1b. In addition,
concentrations of unionized ammonia were also
measured in sediment overlying water and these were
compared with the LC50 for toxicity to H. azteca. No
unionized ammonia concentrations exceeded the LC50

in any of the samples during this study.

Results and discussion

Water toxicity

A high incidence of water toxicity was observed in the
upper and lower Santa Maria River estuary stations
(Table 1). At the upper estuary station, nine of the
eleven (82 %) irrigation season water samples, and
two of the four storm season water samples were toxic
to H. azteca. In addition, 36 % of the irrigation season
water samples from the lower estuary station, and 50 %
of the storm season samples were toxic to H. azteca.
Toxicity to H. azteca was also observed in two of the
three Orcutt Creek water samples, and 95 % of the
water samples tested with C. dubia were significantly
toxic (Table 1). Water quality parameters in the water

samples were compared with established acceptability
ranges for each parameter to verify that they were not
exceeded (e.g., dissolved oxygen, pH, conductivity,
and alkalinity). None of the samples exceeded the
acceptability ranges.

Elevated chlorpyrifos concentrations accounted for
water toxicity to C. dubia and H. azteca in the majority
of samples in Orcutt Creek and in the Santa Maria
River estuary (Table 2). The LC50s for chlorpyrifos
toxicity to H. azteca and C. dubia are 86 and
53 ng/L, respectively (Phipps et al. 1995; Bailey et al.
1997). Many of the samples had very high
concentrations of diazinon, which contributed to
toxicity to C. dubia (LC50=320 ng/L) (Bailey et al.
1997). The diazinon concentrations in these water
samples likely had a negligible effect on H. azteca
(LC50=6,510 ng/L) (Ankley and Collyard 1995).
Summed chemical TUs in Orcutt Creek ranged from
0.47 to 12.6 in samples toxic to H. azteca. Sum TUs in
the upper estuary ranged from 0.56 to 6.44 in the
samples toxic to H. azteca. Sum TUs in the lower
estuary ranged from 0.55 to 4.51 in the samples toxic
to H. azteca (Table 2).

In no cases were there sufficient concentrations of
pyrethroids in water to account for H. aztecamortality.
In a concurrent study in 2008 and 2009, five pyrethroid
pesticides were detected in Orcutt Creek water samples
and in samples from the lower Santa Maria River
(Phillips et al. 2010a), that was approximately 100
meters east of the upper estuary station sampled in
the current study. Concentrations of two pyrethroids,
cyhalothrin, and cypermethrin, were at or above water
toxicity thresholds for H. azteca in the 2008–2009
study (Phillips et al. 2010a).

While the majority of samples from Orcutt Creek
and the Santa Maria River estuary had sufficient
chlorpyrifos to account for the observed C. dubia
mortality, many of the samples also had toxic
concentrations of diazinon (Table 2). Sum TUs in
Orcutt Creek ranged from 0.45 to 7.9 in the samples
toxic to C. dubia. Sum TUs ranged as high as 5.40 and
4.77, respectively, in the upper and lower estuary
samples toxic to C. dubia.

Sediment toxicity

As was observed with water toxicity testing, a high
frequency of sediment toxicity was observed in samples
from the Santa Maria estuary during this study. Although
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both amphipod survival and growth weremeasured in the
sediment tests, minimal growth effects were observed
(data not shown). The following discussion pertains to
impacts on amphipod survival. Eleven of 24 sediment
samples collected from June 2008 to October 2009 were
toxic to the amphipod H. azteca (46 %, Table 3). The
highest magnitude of toxicity was observed in samples
from the upper estuary stations, reflecting the proximity
of these stations to the Orcutt Creek confluence.
Sediments from all of the Orcutt Creek samples were
highly toxic to amphipods. Moderate toxicity was also
observed in October 2009 in samples from stations 1 and
2, the two stations nearest the mouth of the estuary. All
samples were screened to assess whether unionized
ammonia exceeded the toxicity threshold for H. azteca,
no samples were above this concentration (4.17 mg/L;
MPSL unpublished data).

Analysis of the sediment showed that they were
contaminated bymixtures ofmetal and organic chemicals.
No metals were detected at concentrations exceeding
established toxicity thresholds (for example see ESM
Table 1 for copper, nickel, and arsenic). Copper
concentrations in sediment were less than 17 μg/g in all
samples, nickel concentrations were all less than 20 μg/g,
arsenic concentrations were all less than 6 μg/g, cadmium
concentrations were all less than 0.65 μg/g, and zinc
concentrations were all less than 56 μg/g in all samples
(data not shown). A number of organic chemicals were
detected, including herbicides, fungicides, and
organochlorine, organophosphate, pyrethroid and
carbamate pesticides (ESM Table 2). Of the 11 estuary
samples that were toxic to H. azteca, five had sum TUs
greater than 0.5 and four had sum TU greater than 0.1.
The sum TU values were driven by concentrations of
chlorpyrifos and several pyrethroids, including bifenthrin,
cyhalothrin, and cypermethrin. There were no toxic
concentrations of chemicals in the two lower estuary
samples that exhibited moderate toxicity. The Orcutt
Creek samples had sum TU concentrations ranging from
approximately 0.8 to 3.1. These values were driven by
concentrations of chlorpyrifos, bifenthrin, cyhalothrin,
cypermethrin, and esfenvalerate.

The relationship between sum TUs and amphipod
survival in all sediment samples from the Santa Maria
River estuary indicate that except for one sample, all
sediments contaminated by more than 0.4 sum TUs
demonstrate significant amphipod mortality (Fig. 1).
Chemical analysis of Orcutt Creek and Santa Maria
estuary sediments suggest that a combination ofT
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chlorpyrifos and several pyrethroid pesticides
accounted for much of the toxicity observed in
sediments in this system. Based on a comparison of
chemicals driving the TU calculations, the majority of
toxic sediments contained toxic concentrations of
chlorpyrifos, pyrethroids, or mixtures of the two
classes of pesticides (Table 3; ESM Table 2). As
discussed above, unionized ammonia was below the
toxicity threshold for H. azteca in these samples, as
were measured metal concentrations. The two
pyrethroids accounting for most of the toxicity were
cyhalothrin and cypermethrin. These results are
consistent with previous studies in the lower Santa
Maria River watershed that have indicated sediment
toxicity is caused by these same pesticides (Anderson
et al. 2006a; Phillips et al. 2006; Phillips et al. 2010a).
In cases where significant mortality was observed in
samples with lower or no TUs detected, toxicity may
be due to chemicals other than those detected during
analysis or present in mixtures at low concentrations.
Pyrethroid pesticides are particularly problematic in
this regard because the method detection limits fall
within the range of toxicity.

Benthic community characterization

Benthic macroinvertebrate (BMI) assemblages in the
Santa Maria estuary were classified as severely
affected in the May and November 2008 sampling
periods (Table 4). The average number of taxa in the
Santa Maria estuary was 3.4 and 6.0, in May and
November, respectively. Ranasinghe et al. (2010)
found that samples from uncontaminated Habitat E
(wetland and marsh habitat) stations had an average
of 15.9 taxa per sample. The May samples were
dominated by oligochaetes and chironomids, likely
due to the fact that the river lagoon was not open to
the ocean during this time, and all stations had low
salinity. There were fewer species and individuals in
these samples, and all stations were described as
category 4 (high disturbance) using the Relative
Benthic Index. While there were negative indicator
taxa in all of these samples, no positive indicator
species were found.

A greater number of estuarine species and higher
densities of animals were present in the November
samples, reflecting higher salinities when the estuary
was open to tidal influences. There was a greater range
of species and higher densities of animals present,T
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relative to May. All samples except Station 5 contained
mixtures of the amphipods Americorophium sp. and
Eogammarus confervicolus, as well as oligochaetes
(except station 2) and chironomids. Total amphipod
numbers in the five estuary stations in November
2008 were 360, 83, 87, 130, and 1, at stations 1–5,
respectively (=total of Americorophium sp. +
Corophium sp. +E. confervicolus). Amphipod
abundance in the November 2008 samples
corroborated amphipod mortality in the sediment
toxicity tests conducted the previous month. For
example, in the five lower estuary stations where
sediment toxicity and benthic community structure
were both characterized, the station with the lowest
amphipod abundance in November 2008 (station 5),
also demonstrated the highest amphipod mortality in
October 2008 sediment toxicity tests.

As with all other benthic community samples in this
study, only negative indicator species, such as
Capitella sp., chironomids, and oligochaetes, were
present. The positive indicators T. modesta,G. grandis,
and E. estuarius were absent from all samples.
However, none of the positive indicators used in the
current were listed as abundant in Habitat E
assemblages in Ranasinghe et al. (2010). The
amphipod E. estuarius is considered rare in central
coast estuaries (personal communication, Jim
Oakden, Moss Landing Marine Laboratories), and its
absence may not be indicative of pollution impacts.
The amphipods Americorophium st impsoni ,
Americorophium spinicorne, and E. confervicolus
were all found in the Santa Maria Estuary. While these
species are common in the Habitat E assemblages
described in Ranasinghe et al. (2010), there is little
pollution tolerance information for these species.
Amphipod species from the genus Americorophium
are found to occur at the least impacted stations in the
San Francisco estuary, and were listed as sensitive taxa
in tidal freshwater habitats in Thompson et al. (2012).
It should be noted that there is much disagreement
among west coast benthic ecologists about indicator
taxa in mesohaline and tidal freshwater habitats
(Thompson et al. 2012). As development and
validation of benthic indices proceed with analysis of
more coastal wetland and estuarine habitats,
determination of the specific stressor tolerances of
species common to these habitats will need to be
determined. Based on the relative abundances of the
amphipods A. stimpsoni, A. spinicorne, and E.T
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confervicolus, it would be useful to determine which, if
any, of these amphipods should be categorized as
indicator species for Habitat E assemblages.
Thompson et al . (2012) l is ted the two
Americorophium species that were sometimes found
in the Santa Maria River estuary as sensitive indicator
species. To confirm whether the organophosphate and
pyrethroid pesticides identified in the current project
are affecting resident species, concentration-response
data for selected chemicals should be developed for A.
stimpsoni, A. spinicorne, and/or E. confervicolus. In
addition, the relative effects of non-contaminant
factors, particularly sediment grain size and TOC,
should be evaluated. While the grain sizes at the BMI
stations were all less than 10 % fined grain sediments
in May 2008, they varied from 33 to 75 % fined grain
sediments in the October 2008 samples. The percent
TOC in these samples ranged from 0.02 to 0.5 % in the
May 2008 samples, and from 0.7 to 3.6 % in the
October 2008 samples (Table 3). Salinity and dissolved
oxygen were consistent between the five BMI stations
in the two sampling periods (data not shown). These
and other noncontaminant factors could have
influenced the distribution of macroinvertebrates in
this system.

These results demonstrate that the Santa Maria
River es tuary is contaminated with toxic
concentrations of organophosphate and pyrethroid
pesticides and that this contamination is associated
with laboratory toxicity. In addition, stations with the

greatest contamination and toxicity also demonstrated
severely impacted benthic macroinvertebrate
communities. All stations had relatively depauperate
macroinvertebrate assemblages, and species present
were primarily pollution tolerant groups such and
chironomids and oligochaetes. This was particularly
true during the May 2008 sampling period. Recent
monitoring on the central California coast has shown
that of three coastal estuaries monitored, the Santa
Maria estuary is the most impacted by elevated
pesticide concentrations (Anderson et al. 2010b).
This likely reflects the proximity of agriculture
discharge streams to the estuary. The upper estuary
stations are approximately one km downstream of the
conf luence of Orcut t Creek and the r iver.
Approximately 90 % of the dry-weather flow observed
in the lower Santa Maria River is comprised of
discharge from the flows of Solomon and Orcutt
Creeks and a second drainage ditch (SAIC 2004). A
number of previous studies have demonstrated that
Orcutt Creek below its confluence with Solomon
Creek is contaminated by toxic concentrations of
chlorpyrifos, diazinon, and several pyrethroid
pesticides (Anderson et al. 2006a; Phillips et al. 2006;
Phillips et al. 2010a). Studies have also found impacted
macroinvertebrate communities in Orcutt Creek, and in
the Santa Maria River downstream of its confluence
with this creek (Anderson et al. 2006a). The current
study demonstrates that these impacts extend into the
estuary and are persistent over time.

Fig. 1 Relationship between sediment sum TUs and amphipod (H. azteca) survival in the Santa Maria River estuary and Orcutt Creek
sediments. See text for a description of methods used to calculate sum TU
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There is growing evidence that pyrethroids in
coastal urban creeks may accumulate to toxic
concentrations in nearshore marine systems. Holmes
et al. (2008) found toxicity to H. azteca at a number of
urban creeks in southern California including Switzer
Creek in San Diego County, Peters CanyonWash in the
San Diego Creek watershed in Orange County, and
Ballona Creek in Los Angeles County. Additional
studies in San Diego Harbor at Switzer Creek
(Anderson et al. 2010a), Upper Newport Bay at San
Diego Creek (Bay et al. 2005; Anderson et al. 2007;
Ranasinghe et al. 2007; Phillips et al. 2010b), and the
Ballona Creek Estuary (Bay et al. 2005; Ranasinghe
et al. 2007; Lao et al. 2010) have shown persistent
sediment toxicity, toxicity identification evaluation
evidence of toxicity due to pyrethroids, and
degradation of marine infaunal communities in these
receiving systems.

Coastal lagoons and estuaries are important
nursery grounds for nearshore fisheries, serve as
refuge and habitat for migrating salmonids, and
provide nesting and foraging habitat for resident
and migrating shorebirds. Pesticides may directly or
indirectly affect these communities through various
mechanisms. For example, loss of corophiid and
gamaridean amphipods shown to decline in the
Santa Maria River estuary may affect foraging
behavior of salmonids and littoral estuarine fish
species (Shreffler et al. 1992; Grimmaldo et al.
2009). Previous bioassessments have shown declines
in populations of H. azteca in the lower Santa Maria
River and in Orcutt Creek (Anderson et al. 2006a).
As H. azteca has been shown to be
disproportionately important as a prey item for
littoral fish species (Grimmaldo et al. 2009), effects
on this and other amphipod species in the lower
Santa Maria River and its estuary are likely relevant
to the health and survival of resident and migrating
fish. Pesticides may also directly affect salmon and
other fish species through disruption of olfactory
sensory neurons necessary for salmon homing and
predator avoidance behaviors. Concentrations of
diazinon, chlorpyrifos, and cypermethrin in Orcutt
Creek presented in this study and by Phillips et al.
(2010a) were within the range that has been
demonstrated by others to affect salmonids (Scholz
et al. 2000; Moore and Waring 2001; Sandahl et al.
2004) particularly if mixture effects are considered
(Tierney et al. 2008).T
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