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Abstract. How and where to improve water quality within an agricultural watershed requires data at a
spatial scale that corresponds with individual management decision units on an agricultural operation.
This is particularly true in the context of water quality regulations, such as Total Maximum Daily
Loads (TMDLs), that identify agriculture as one source of non-point source pollution through larger
tributary watershed scale and above and below water quality investigations. We have conducted a
systems approach study of 10 coastal dairies and ranches to document fecal coliform concentration
and loading to surface waters at the management decision unit scale. Water quality samples were
collected on a storm event basis from loading units that included: manure management systems;
gutters; storm drains; pastures; and corrals and lots. In addition, in-stream samples were collected
above and below the dairy facilities and from a control watershed, managed for light grazing and
without a dairy facility or human residence and corresponding septic system. Samples were analyzed
for fecal coliform concentration by membrane filtration. Instantaneous discharge was measured for
each collected sample. Storm runoff was also calculated using the curve number method (SCS,
1985). Results for a representative dairy as well as the entire 10 dairy data set are presented. Fecal
coliform concentrations demonstrate high variability both within and between loading units. Fecal
coliform concentrations for pastures range from 206 to 2,288,888 cfu/100 ml and for lots from 1,933
to 166,105,000 cfu/100 ml. Mean concentrations for pastures and lots are 121,298 (SE = 62,222) and
3,155,584 (SE = 1,902,713) cfu/100 ml, respectively. Fecal coliform load from units of concentrated
animals and manure are significantly more than units such as pastures while storm flow amounts were
significantly less. Compared with results from earlier tributary scale studies in the watershed, this
systems approach has generated water quality data that is beneficial for management decisions because
of its scale and representation of current management activities. These results are facilitating on-farm
changes through the cooperative efforts of dairy managers, regulatory agency staff, and sources of
technical and financial assistance.
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1. Introduction

Community and regulatory efforts aimed at reducing non-point source pollution
often lack water quality data at a spatial scale that is linked to both site specific
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are being required through such directives as the U.S. Clean Water Act to minimize
the transport of pollutants from their properties. We need to generate monitoring
data that can appropriately focus these water quality protection efforts on those
parts of the dairy that are causing the highest pollutant loading rates, otherwise, in-
advertent amounts of guesswork enters into the remediation effort often with mixed
results as to improved water quality.

In the Northern California coastal watershed of Tomales Bay, referred to as the
“Bay,” entities such as the San Francisco Bay Regional Water Quality Control Board
(CRWQCB, 2004) and the National Shellfish Sanitation Program Model Ordinance
(USDHHS, 1999) are requiring dairy farms to minimize their discharges of fecal
coliforms into tributaries and ephemeral streams draining into the Bay. Each dairy
property is unique and comprised of a complex set of management units such as
pastures, milking barns, loafing areas, dry lots, and manure storage facilities. The
dairy manager’s water quality data needs are generally at a scale that matches these
units, which is smaller than that provided by tributary scale, above-and-below,
and microbial source tracking monitoring methods. In order to assist these dairy
owners in developing a targeted remediation plan, we developed a novel on-farm
monitoring method that matches water quality data to the spatial scale of these on-
farm management units. Our objective was that an appropriately scaled monitoring
method would generate water quality data that would guide land owners as to
which specific land use practices are contributing the greatest pollutant loads on
their property and thereby help prioritize which management practices would need
to be modified to help meet the water quality objectives for the Bay.

2. Methods

2.1. STUDY LOCATION

The Tomales Bay Watershed is located approximately 64 kilometers north of San
Francisco, California (Figure 1). It encompasses approximately 559 square kilome-
ters divided among three main tributaries: Lagunitas, Olema, and Walker Creeks
(Fischer et al., 1996). The Bay itself is approximately 19 kilometers long and less
than 1.6 kilometers wide. Average bay depth is 3.7 meters with a maximum depth of
18.6 meters. The bay and its tributary streams are habitat for the endangered coho
salmon, threatened steelhead, as well as multiple species of birds and plants. In
1979, the Bay and its watershed were recognized as a “Special Resource Area” by
the Regional Coastal Commission, and qualify as a wetland of regional importance
under the Western Hemisphere Shorebird Reserve.

Agricultural production began in the region in approximately 1850 and included
dairying, livestock ranching, and row crop production such as potatoes. Row crop
production declined in the early 1900s to less than 200 hundred hectares of specialty
vegetables today. Dairy production and livestock ranching have continued since
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Figure 1. Tomales Bay and watershed located in Marin County, north of San Francisco Bay, California.

the 1850s. There are records of a native oyster fishery from 1890, although earlier
use of the resource by native Americans has been documented. Currently, native
oysters are limited with over-harvesting and sedimentation of habitat in the early
1900s sited as the primary causes throughout the region (Postel, 1988). Commercial
production of oysters began in 1918 and is ongoing now with approximately 280
hectares of leased bay tidal lands in active production. It is the need for water of
sufficient quality to produce shellfish and the cultural and economic value of dairy
and livestock agriculture in the Bay watershed that has generated the impetus for
the implementation of water quality regulations as well as the research presented
here.
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Figure 2. Loading unit schematic representing dairy barn and corresponding units. Bold line depicts
tributary stream channel. Thin lines and arrows indicate general flow paths for barn wash water,
manure, and sources of fecal coliform to the tributary stream.

2.2. SYSTEMS APPROACH MONITORING STRATEGY

Dairy farms are comprised of different management areas that likely discharge
differing loads of fecal coliform due to different fecal loading and/or rainfall to
runoff ratios. Hence, we designed our monitoring strategy at the spatial scale of
these fecal coliform loading units illustrated in Figure 2 and described below:

Manure management system (MMS): Retention lagoons and flush systems that cap-
ture and store barn manure. These systems are critical to dairy production systems
as the primary management measure to prevent the direct release of pollutants to
surface waters. Materials from these systems were sampled to provide a context
of manure generated and managed within the studied facilities. They represent


