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he Elkhorn Slough Foundation is a community-supported non-profit organization dedicated to the

conservation and restoration of Elkhorn Slough and its watershed. Since 1982, the Elkhorn Slough

Foundation has developed programs in research, education, interpretation and stewardship focused on
understanding and protecting the natural resources of this remarkable estuary. The Foundation and the Department
of Fish and Game staff of the National Estuarine Research Reserve have formed a strong partnership to conserve the
slough. The Foundation took responsibility as a land trust in 1997 and today manages over 2,500 actes of slough
lands—the largest conservation holdings in the watershed. Currently the Foundation is actively acquiring and
restoring key wetlands and habitats in the slough and developing long-term stewardship for these lands.

The Elkhorn Slough National Estuarine Research Reserve is owned and managed by the California Department of
Fish and Game. The Reserve is one of 26 sites around the nation’s coastline that operates in a state-federal partnership
with the National Oceanic and Atmospheric Administration. The Reserve manages an active research and monitoring
program implemented by staff, volunteers, and university faculty and students. Education programs focus on
teacher training, school field trips, docent-led tours, and workshops for coastal decision makers. The public can
explore the Reserve via award-winning visitor center exhibits, hiking trails, boardwalks, and overlooks. The
stewardship program addresses issues such as hazardous spill prevention, erosion control, and habitat restoration.
Over 100 volunteers assist with all functions of the Reserve. Reserve programs seek to address key Elkhorn Slough

watershed issues including habitat degradation and loss, tidal scour, invasive species, and water quality.
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Preface

- Todd Newberry, Emeritus Professor of Biology
University of California, Santa Cruz

his book describes the “hard-won bits and pieces”

that have emerged from decades of scientific

research at Elkhorn Slough. Scientists have been
drawn to the slough and its watershed since the 1920s. In
the past thirty years, the burgeoning of scientific and
educational institutions ringing Monterey Bay, combined
with the slough’s importance as a critical wetland, has
focused research efforts on Elkhorn Slough’s rich natural
resources and the effects of human activities on its
ecosystems. We have envisioned this project as a summary of
that research, a chronicle of the natural and human impacts
that have shaped the slough ecosystem, and a snapshot of
conditions at the beginning of the twenty-first century.

This edited volume is part of a series profiling the estuaries of
the National Estuarine Research Reserve System, which is
administered by the National Oceanic and Atmospheric
Administration (NOAA). Each chapter was developed by a
different author or set of authors who were invited to take part
in the project based on their expertise and experience—in some
cases spanning several decades—working in and around
Elkhorn Slough. The opinions and recommendations are those
of the authors and reflect their insights into the opportunities
and challenges facing researchers and managers at Elkhorn
Slough and throughout the watershed.
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Depending on the topic, the frame of reference shifts
throughout the book. Some chapters focus on Elkhorn Slough
proper (hydrography, benthic invertebrates, fishes), some cover
the entire watershed (soils, primary producers, birds and
mammals, biogeochemistry), and some encompass the larger
Monterey Bay region (geology, climate, archaeology, history).
Although the authors have sought to include the most recent
studies, the dynamic nature of the slough and ongoing research
efforts mean that conditions change rapidly and our knowledge

base is constantly evolving.

Despite the extensive scientific work at Elkhorn Slough, there
are still “yawning gaps and fascinating opportunities” to address

and pursue. For example, there is scant information on

Jane M. Caffrey, Martha T. Brown, W, Breck Tyler, Mark Silberstein

Editors

terrestrial invertebrates, reptiles and mammals, upland
vegetation communities, and the relationship between slough
ecosystems and those of Monterey Bay. To that end, each
chapter (except for the introduction, management, and
synthesis) closes with a description of research efforts needed
to increase our basic understanding and in particular to
generate information vital to the management community.
In pointing out these gaps, it is our hope that future
researchers will take up where others have left off to develop
a comprehensive picture of Elkhorn Slough. With its range
of habitats, plant and animal communities, environmental
challenges, and human impacts, the slough can serve as a
model for future studies of critical, dynamic ecosystems.

*A note on English and metric units: A table of English and metric equivalents is provided on page 278. In chapters geared to the more general readership (chapter 1,
“Introduction,” chapter 7, “History of Land Use,” and chapter 14, “Management Issues”) or where we report on studies where English units were used, English

equivalents are provided for some metric units.
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capture the feelings that I felt when I was standing in the
landscape. If the light, color, and shapes are right in the
painting then the emotional content or mood is there. I enjoy
listening to comments of art aficionados as they view my work.
Their response to visual elements is important information that
confirms for me the success of the painting.”

www.fenwickatecier.com

Jim Harvey (Birds and Mammals) is associate professor of
marine science at Moss Landing Marine Laboratories (MLML)
and San Jose State University. His course topics include biclogy
of marine birds and mammals, statistics, experimental and
sampling design, and scientific writing. He has studied marine
bird and mammal ecology for the past 27 years, with an
emphasis on the ecology of harbor seals along the west coast of
North America. He was the major advisor for more than 50
graduate students who have earned their master’s degree at
MLML, many of whom studied fishes, birds, and mammals in
Elkhorn Slough. He currently serves on the Reserve Advisory
Committee for the Elkhorn Slough National Estuarine
Research Reserve and on the Research Advisory Panel for the
Monterey Bay National Marine Sanctuary. He earned his
doctorate from Oregon State University in 1987.

Gary Ichikawa (Land Use and Contaminants) is an
Environmental Scientist working for the California
Department of Fish and Game (CDFG) at Moss Landing
Marine Laboratories (MLML). He has worked on the
California State Mussel Watch Program since 1978. This
program initiated the first long-term pollution monitoring
project in Elkhorn Slough. In 1998 he started the Coastal Fish
Contamination Study, a project to examine pollutants in fish
from the entire California coast including Elkhorn Slough.

Terry Jones (Archaeology) is assistant professor of anthropology
at California Polytechnic State University, San Luis Obispo,
where he teaches archaeology and introductory anthropology. A
professional archaeologist for over twenty years, most of his
research has focused on the central coast of California in Santa
Cruz, Monterey, and San Luis Obispo Counties, including
excavations at a number of sites at Elkhorn Slough. His
dissertation research focused on the prehistory of Big Sur,
where he conducted field work between 1983 and 1995. He
received his B.A. in Anthropology and Environmental Studies
from the University of California, Santa Cruz in 1978,
completing his senior project on the archaeology of Elkhorn
Slough. He holds an M.A. in cultural resources management
from Sonoma State University, and an M.A. and Ph.D. in
anthropology from the University of California, Davis.

Rikk G. Kvitek (Invertebrates) is associate professor of earth
systems science and policy at California State University
Monterey Bay (CSUMB). He first got his foot caught in the
mud of Elkhorn Slough in 1982 as a master’s student at Moss
Landing Marine Laboratories, and has not managed to get free
of it yet. His research in the slough has included the feeding
ecology of resident sea otters, distribution and change of
invertebrate populations, salt marsh erosion, tidal scour and
habitat alteration, and the impacts of human invertebrate
harvest. He is frequently found plying the slough’s waters with
his students aboard CSUMB’s hydrographic survey vessel, the
R/V MacGinitie. He earned a doctorate in 1990 from the
University of Washington.
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David Lindquist (Fishes) is a research associate at Louisiana
State University’s Coastal Fisheries Institute, and did his
graduate work at Moss Landing Marine Laboratories, where he
received his master’s degree. He enjoys being out in Elkhorn
Slough, and is most impressed by the diversity of organisms
that is packed into a relatively small area.

Marc Los Huertos (Soils) is a post-doctoral researcher at the
University of California, Santa Cruz, where he is working on
water quality monitoring projects in central coast watersheds.
He did his doctoral work at Elkhorn Slough, where he tested
the potential for vegetative buffers to improve the slough’s
water quality. While getting his master’s degree at San Francisco
State University in plant ecology, he became interested in the
role that soils have in plant communities and biogeochemistry.
Currently, understanding the role of soil biogeochemistry in
soil fertility and water quality is a central part of his research.
He received his Ph.D. in Environmental Studies from UC
Santa Cruz in 1999.

Daniel Mountjoy (History of Land Use, Management Issues) is
an area resource conservationist with the U.S. Department of
Agriculture-Natural Resources Conservation Service (NRCS).
A cultural ecologist, he has worked in the Elkhorn Slough
watershed for the past ten years. He conducted his dissertation
research on the cultural and economic issues affecting
agricultural land management and was subsequently hired by
the NRCS to develop the Elkhorn Slough Watershed Project.
The project provides culturally relevant technical outreach and
assistance to local farmers to help them prevent soil erosion and
improve water quality. He is now promoting similar efforts in
watersheds throughout California’s central coast counties. He
received his doctorate from the University of California, Davis.

Louise M. Newberry (History of Land Use) is a docent at the
Elkhorn Slough National Estuarine Research Reserve. She
organized and curated the 1998 Elkhorn Observed: Paintings,
Photographs, Prints, Drawings exhibition at Watsonville’s
Pajaro Valley Gallery. In 2001 she co-curated with Mary
Warshaw the Gallery’s exhibition, A Watershed Experience:
Discovering the Watsonville Wetlands. She is former Curator of
the Smith Gallery at the University of California, Santa Cruz,
and former Curator of Exhibitions at the Museum of Art and
History, Santa Cruz. She holds bachelor’s degrees in art from
Stanford University and art history from UC Santa Cruz.

James W. Nybakken (Invertebrates) is emeritus professor of
biological sciences at Moss Landing Marine Laboratories. His
principal research interests have been in the ecology and
systematics of predatory neogastropod mollusks and
nudibranch molluscs, and the ecology of benthic and deep sea
invertebrates. A prolific researcher and author, he has published
thirty-seven scientific papers, authored or co-authored six
textbooks and eleven major reports, and is a Fellow of the
California Academy of Sciences as well as a member of a dozen
scientific societies, having served as president, vice president,
and secretary in four of them. He has been a peer reviewer for
National Science Foundation proposals in invertebrate zoology,
oceanography, systematics, and ecology and has reviewed
manuscripts for 11 different scientific journals. He received his
doctorate in 1965 from the University of Wisconsin, Madison.

Bryn M. Phillips (Land Use and Contaminants) is a research
specialist with the Department of Environmental Toxicology at
the University of California, Davis, working at the Marine
Pollution Studies Laboratory at Granite Canyon in Monterey
County. His Elkhorn Slough research experience includes work
on several pollution monitoring projects examining the
biological effects of potentially toxic sediment and water. He
received his master’s degree from Moss Landing Marine

Laboratories.

David Schwartz (Geology) is professor of geology and
oceanography at Cabrillo College in Santa Cruz County, where
he has worked since 1986. Prior to that he taught at San Jose
State University and Hartnell College in Salinas, California. He
earned his master’s degree in 1983 from Moss Landing Marine
Laboratories, where he did his thesis work on the geologic
history of Elkhorn Slough. His research on the slough appeared
in 1986 in Estuarine, Coastal and Shelf Science.

Carol Shennan (Soils) is director of the Center for Agroecology
and Sustainable Food Systems at the University of California,
Santa Cruz, where she also is professor of Environmental
Studies. She has a long-standing interest in agriculture and
wetlands interactions, and conducted research for a number of
years at Tulelake in northern California. She now leads an
extensive research and education program to improve the
ecological health of agricultural landscapes on the central coast
of California, with a focus on Monterey Bay watersheds. She

received her doctorate in botany from Cambridge University.
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Mark Silberstein (Editor, Introduction, History of Land Use,
Invertebrates, Management Issues) is a graduate of the Moss
Landing Marine Laboratories, where he completed a degree in
marine zoology and ecology. He was part of the team of
students and faculty that undertook the first quantitative
ecological studies of Elkhorn Slough in the early 1970s. He has
worked widely in marine systems from the edge of the Arctic
Ocean to Antarctica, but settled in the mid latitudes. After
establishing research, education and intetpretive programs at
the Elkhorn Slough National Estuarine Research Reserve in the
1980s, he became the director of the Elkhorn Slough
Foundation where he remains today.

Mark Stephenson (Land Use and Contaminants) is an
environmental scientist working for California Department of
Fish and Game at Moss Landing Marine Laboratories
(MLML). He started the California State Mussel Watch
program in 1977 and through that program initiated the first
long-term pollution monitoring project in Elkhorn Slough.
Over the past twenty years he has participated in almost every
pollution research project in the slough. He earned a master’s

degree in 1975 from MLML.

Les Strnad (Introduction, History of Land Use). For over 24
years, Les Strnad devoted his personal and professional life to
coastal protection, environmental education, enhanced
public recreation opportunity, and wetland and marine
wildlife protection within California’s central coast region.
He served with the California Coastal Commission’s Central
District from 1973 to 1996, taking early medical retirement
from his job as Deputy District Director on advice from his
doctors. He has received numerous commendations for his
work, including the John Martin fron Man Award for
Excellence in Marine Science and the Monterey Bay National
Marine Sanctuary’s Sanctuary Reflections Award for
Conservation. While no longer working, Strnad is much
sought after as an advisor on coastal zone management issues
and is helping with the development of one of his dreams—
S.E.A. Lab Monterey Bay, a marine science education camp.
He earned a bachelor’s degree in Geopolitical Planning in
1974 from the University of California, Santa Cruz.

W. Breck Tyler (Editor) teaches ornithology, marine biology,
and natural history for the University of California, Santa Cruz
(UCSC), and Northeastern University’s East-West program. A
behavioral ecologist, he has coordinated seabird monitoring
projects at Midway Atoll and Afio Nuevo Island, conducted
numerous at-sea surveys of seabirds and marine mammals, and
currently directs the UCSC aerial survey program for oil spill
response. He received his master’s degree in Marine Sciences

from UCSC.

Kerstin Wasson (Invertebrates) is research coordinator at the
Elkhorn Slough National Estuarine Research Reserve, where
she carries out broad long-term monitoring programs as well as
focused studies on threats to estuarine ecosystems. Trained as
an evolutionary ecologist, with interests in strategies of sex and
growth in colonial invertebrates, she now directs her attention
to estuarine conservation. In recent years she has become
interested in estuarine invasions by exotic species, examining
invertebrate invaders in the slough, testing novel ballast water
treatments for reducing marine introductions, tracking
invasions of exotic plants at the marsh-upland ecotone, and
developing a vision for a national monitoring program for
estuarine invasions. She earned her doctorate in biology from

the University of California, Santa Cruz.

Mary Yoldavich (Fishes) works as a research fishery biologist for
the National Oceanic and Atmospheric Administration—
National Marine Fisheries Service’s Santa Cruz

Laboratory. She also is a research associate at Moss Landing
Marine Laboratories (MLML) and the University of California,
Santa Cruz, often including students in her studies. She
received an M.S. in marine sciences from San Francisco State
University and MLML, and published her graduate thesis on
the energetic requirements and habitat use of English sole in
Elkhorn Slough. Since then she has published a series of papers
on distribution, abundance, and feeding habits of fish
assemblages in the slough. She conducts research from
California to Alaska on a variety of biological problems in
marine fisheries and oceanography, and is well known for her
research on reproduction, age, growth, and habitat assessments
of West Coast rockfishes. She serves as a scientific advisor to
several national, state, regional, and local committees on fishery
conservation issues, and is a member of the Elkhorn Slough
National Estuarine Research Reserve’s Research Committee.
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Chela J. Zabin (Introduction, History of Land Use,
Management Issues, Summary) is a graduate student at Kewalo
Marine Lab and the Department of Zoology, University of
Hawaii, Manoa. She became interested in Elkhorn Slough
while working as a reporter for the Watsonville newspaper,
Register-Pajaronian, and ended up writing a number of stories
about the slough and about other local wetlands. Writing about
science was so much fun that she decided to go back to school
and become a biologist herself.

Richard Zimmerman (Primary Producers) is adjunct professor
at Moss Landing Marine Laboratories. He has been interested
in the ecology of Elkhorn Slough primary producers since
1988, and has studied the dynamics of light availability,
characterization of potential habitat for submerged aquatic
vegetation, and the genetic structure of eelgrass populations in
the slough. Current research interests involve the impact of
climate change on benthic primary productivity and remote
sensing of submerged aquatic vegetation. He received his
doctorate from the University of Southern California.
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CHAPTER ONE

Introduction

Jane Caffrey, Chela Zabin, Mark Silberstein, and Les Strnad

his chapter introduces Elkhorn Slough and the
I contents of the book. It briefly describes the slough’s
environmental and geographic setting, habitats,

and plant and animal communities, and discusses the book’s

major themes.

Elkhorn Slough has been highly modified by human activites
and it is only in the last thirty years that substantive efforts have
been made to conserve its fragile habitats. The various
governmental agencies that have jurisdiction over Elkhorn
Slough and its watershed, particularly those playing critical roles
in protecting and restoring slough resources, are introduced in

Appendix 1.1.

Environmental Setting

Drive along the west coast of North America and you'll often
find yourself winding along a mountain face looking nearly
straight down at surf crashing against sheer cliffs. This
meeting of land and sea takes place most dramatically along
the Big Sur coast south of Monterey, where the Santa Lucia
Mountains rise almost straight up from the ocean. Tectonic
activity along the margins of the Pacific and North American
plates has built mountain ranges that lie close to the coast,
limiting the size and number of the region’s estuaries. As a
result, estuaries make up only 10-20% of the Pacific
coastline compared to 80-90% of the Atlantic and Gulf
coasts (Kjerfve 1989), which lie along a passive continental

margin with a broad coastal plain and continental shelf.
Estuaries along both continental margins formed when sea level
rose following the last glaciation (about 10,000 years ago).
Because the Pacific continental shelf is relatively narrow
compared to that of the Atlantic, these Pacific estuaries were
very small during the ice ages’ periods of low sea level and are
therefore young in terms of fauna compared to Atlantic and
Gulf coast estuaries (Nichols and Pamatmat 1988).

Elkhorn Slough is relatively small when compared with San
Francisco and Tomales Bays, the state’s two largest estuaries
(table 1.1). San Francisco Bay, with a watershed area of
153,000 square kilometers (59,073 sq mi), drains the entire
Central Valley. In contrast, Elkhorn Slough's watershed area is
182 square kilometers (70 sq mi), about one-third that of the

Table 1.1. Geostatistics of Elkhorn Slough and San Francisco and
Tomales Bays

Statistic Elkhorn Slough San Francisco Bay Tomales Bay
Area (m?) 3.25x 10° 1.04 x 10° 28.2x 10°
Volume (m?3) 2.24x10° 6.66 x 10 88.0x 10°
Average Depth (m) 1.4 6.1 341
Watershed Area (km2) 182 153,000 570

Inflow (m3/s) 0-3.8 600 1.25

Sources: Information on San Francisco Bay is from Conomos, Smith, and
Gartner 1985; information on Tomales Bay is from Smith et al. 1987.
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watershed surrounding Tomales Bay. The surface area of the
slough is also about one-third the area of Tomales Bay and
- one-hundredth that of San Francisco Bay.

Elkhorn Slough, with an average depth of 1.4 meters (4.6
fr), is also relatively shallow compared to Tomales Bay, which
averages about 3 meters (10 ft), and San Francisco Bay,
which averages about 6 meters (20 ft). Surface water inflows
are comparable between Elkhorn Slough and Tomales Bay,
which receive most of their runoff from creeks, but these are
a fraction of the flow into San Francisco Bay from the

Sacramento and San Joaquin Rivers.

Geographic Setting

Elkhorn Slough opens into Monterey Bay at Moss Landing,
a small fishing, tourist, and marine research community 145
kilometers (90 mi) south of San Francisco and 32 kilometers
(20 mi) north of Montefey (see fig. 1.1). The slough is a
shallow estuary that extends inland east from Moss Landing
Harbor for approximately 6.4 kilometers (4 mi) before
turning and curving north for another 5 kilometers (3.1 mi).
Two hundred meters (656 ft) wide at its widest point and
7.5 meters (25 ft) deep at the Highway 1 bridge at mean
lower low water, the main slough channel grows narrower
and shallower as it travels inland. The winding branches of
the slough encompass more than 1,420 hectares (3,506 ac)
of marsh and tidal flats (fig. 1.1).

Surrounding Elkhorn Slough are the hilly uplands and
marine terraces that lie between the Pajaro and Salinas
Valleys in Monterey and San Benito Counties (fig.1.2).
Planted in strawberries and other row crops and used for
cattle grazing and housing, these areas drain into the slough
through Carneros Creek at the head of the estuary and

numerous small, ephemeral creeks.

The slough flows under state Highway 1 into Moss Landing
Harbor, a man-made small-craft harbor that supports a
commercial fishing fleet, recreational craft, and research vessels.
The smaller and largely seasonal Moro Cojo and Tembladero
Sloughs also empty into the harbor from the south.

Just off the harbor mouth lies the Monterey Bay Submarine
Canyon. Extending 110 kilometers (68 mi) offshore and 3

Zilometers (1.8 mi) below the surface, this underwater canyon"

forms the largest gorge along the west coast of North
America—broad and deep enough to hold the Grand Canyon
of the Colorado River. Monterey Bay and its surrounding
waters make up the 13,700-square-kilometer (5,288 sq mi)
Monterey Bay National Marine Sanctuary, administered by
the National Oceanic and Atmospheric Administration.

Located near the harbor are marine-related businesses and
two marine research organizations, the Monterey Bay
Aquarium Research Institute and Moss Landing Marine
Laboratories. A power plant owned by Duke Energy
(purchased from Pacific Gas & Electric in 1998) lies directly
inland from the harbor and pumps in 50 cubic meters (65
cu yds) of slough water per second for cooling while
discharging heated water into Monterey Bay. Until 2000,
National Refractories, a manufacturing plant located
adjacent to the energy plant, extracted magnesium from

se<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>