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Editorial

As we go to press with this issue, the scope of the 
catastrophe in Japan grows as events continue to 
unfold. The human suffering, economic damage and 

environmental consequences will command global at-
tention, effort and resources of historic proportions. In 
this context, any editorial comment on the issues facing 
California’s agriculture and natural resources seems in-
appropriate. On the other hand, global events are sober-
ing reminders of the importance of our commitment to 
healthy food systems, environments, communities and 
Californians. 

In the last issue’s editorial, Vice President Dan Dooley 
described systemic and environmental challenges to the 
global food system, as well as the risk of regional natural 
disasters and resulting environmental, economic and hu-
man impacts. There can be no argument that both short 
and long term, the response to the events in Japan, New 
Zealand, Haiti and elsewhere must and will be global, af-
fecting us all directly and indirectly. 

For California Agriculture, we recognize that while our 
role is small in the short term, the long-term importance 
of the issues-focused research that we publish is not. We 
are also aware that expanding access to and speeding the 
publication of policy-relevant science from the University 
of California is both imperative and possible.

Last year at this time, I wrote about successful efforts, 
coordinated by Executive Editor Janet White, to digitize, 
index and post online the entire library of California 
Agriculture’s 64-year history. The immediate impact of 
that effort resulted in millions of page views and has 

continued to grow. Since then, the evolution of electronic 
publishing has accelerated rapidly while the current 
economic situation has constrained our ability to imme-
diately print all of the research that has passed rigorous, 
anonymous peer review. 

In response, we will soon accelerate our electronic pub-
lishing efforts at California Agriculture to provide authors 
the option of fast-track, electronic-only publication of 
peer-reviewed research. Providing the rapid turnaround 
of time-sensitive findings increases the journal’s value to 
academic and lay audiences alike and builds the division’s 
electronic reach through California Agriculture’s presence 
in multiple indexes, databases and repositories. 

In addition to benefitting to the academic and scien-
tific community, our ongoing expansion of electronic 
publishing is helping us to define and implement a much 
broader vision of providing UC research and outreach 

information and programs. In 
the near future, we envision 
integrated web-based and 
mobile electronic tools, re-
sources and applications that 
will provide ready access to 
existing UC digital reposito-
ries and research data, along 
with an array of location-
aware applications (apps) 
enabled by geographic infor-
mation systems. These tools 
will support UC researchers 
and educators, gather critical 
data and deliver site-specific 
information almost anywhere 
or anytime.

UC academics are already delivering tools that il-
lustrate what is possible. For example, Maggie Kelly, UC 
Berkeley cooperative extension specialist, has led the de-
velopment of a free smart-phone app that allows users to 
report oak trees displaying the symptoms of sudden oak 
death, a disease causing significant damage to California’s 
oak species. While Kelly’s app and related website, 
OakMapper.org, help scientists study the disease, they 
also enable involved citizens to contribute important data 
in real time directly to research databases. 

In another example, Anthony O’Geen, UC Davis co-
operative extension specialist, has created a smart-phone 
app that exploits the device’s GPS (global positioning sys-

tem) capabilities to provide location-specific 
information on soil type, composition and 
other characteristics.

Likewise, Matthew Fiedelibus, associate 
cooperative extension specialist at the UC 
Kearney Agricultural Center near Fresno, is 
exploiting the capabilities of an array of so-

cial media to speed communication within growing com-
munities of raisin, table and wine grape producers and 
distributors, pest control advisers, and agency scientists 
in this important industry.

These and other efforts demonstrate the potential 
of web and mobile technology to deliver powerful, in-
tegrated tools that deliver UC resources and support a 
range of UC academics and programs, from today’s issue 
of California Agriculture alongside 65 years of indexed ar-
ticles to the latest report of a new invasive pest.

We all face the challenges of responding to natural 
disasters, daunting economic realities and seemingly 
intractable problems, both public and private. For us, pub-
lishing and providing greater access to good science and 
leveraging the power of transformative technology are 
privileges and passions and, we hope, things that makes 
a difference.

Transformative high-tech solutions leverage ANR response 

Robert S. Sams

Director, UC ANR 
Communication Services and 

Information Technology

Expanding access to and speeding the publishing of 
policy-relevant science from the University of California 
is both imperative and possible. 
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grant university research journals in the country. 
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agriculture, 31% were faculty members at universi-
ties or research scientists, and 19% worked in gov-
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Research news

Stakeholders confer 
at a recent nitrogen 
workshop in UC 
Davis’s Putah Creek 
lodge. Left to right: 
Albert Medvitz, 
McCormack Sheep 
and Grain; Antoine 
Champetier de 
Ribes, CNA; and 
Edward hard, CDFA 
Fertilizer Research 
and Education 
Program.

Nitrogen is one of the most important inputs 
for California agriculture. As fertilizer, it 
fuels an agricultural system that makes 

the state a world leader in production. Yet the ex-
cess nitrogen that leaks from agricultural systems 
can cause water and air quality problems that 
negatively affect ecosystems and human health.

Before leaders can take action to address 
these unintended consequences, they need a 
sound scientifi c foundation on which to make 
decisions — one that integrates an understand-
ing of the importance of nitrogen to agricultural 
production. The California Nitrogen Assessment 
(CNA), an interdisciplinary project of the Agricul-
tural Sustainability Institute (ASI) at UC Davis, is 
creating this knowledge base with the input of nu-
merous California stakeholder groups.

“The California Nitrogen Assessment will be 
policy relevant but not prescriptive, which means it 
will offer a range of possible options and outcomes 
that stakeholders and policymakers will be able 
to use to inform their decision-making,” says ASI 
director Tom Tomich.

To establish a fi rm scientifi c baseline, the project 
comprehensively examines the existing knowl-
edge on nitrogen science, policy and practice in 
California, using methodology modeled on inte-
grated assessments like the Intergovernmental 
Panel on Climate Change and the Millennium 

Ecosystem 
Assessment. 
Ultimately, the 
California Nitrogen 
Assessment is de-
signed to fi nd leverage 
points where policy 
and technology can 
have a positive effect 
on California’s air and 
water, and the health 
of its citizens, while at 
the same time main-
taining the success of 
its thriving agricul-

ture. Funded in part by a grant from the David and 
Lucile Packard Foundation, the assessment began 
in 2009 and will continue through 2011.

Stakeholder input

Asking stakeholders to set the research agenda 
for the assessment is a uniquely important aspect 
of the project and one that sets it apart from other 
types of academic research. ASI has met with 
producers and farm groups, nonprofi t leaders, 

government representatives and others around 
California, who all helped shape the assessment’s 
focus. Some stakeholders came to the table skepti-
cal about the project, but they quickly became in-
terested in participating.

“The question that you have coming in is, 
how fair will it be to my point of view?” said 
Tim Johnson, president of the California Rice 
Commission. Johnson said that not only has the 
assessment engaged a wide range of stakeholders, 
but he has also been impressed “with the quality 
and the honesty of the dialogue.”

Johnson and other stakeholders participate by 
serving on the assessment’s stakeholder advisory 
committee, which works in an outreach capacity, 
sharing assessment information and fi ndings with 
the groups they represent. Committee members 
provide specialized feedback to the assessment 
team in both face-to-face and virtual forums.

“Providing stakeholders with preliminary re-
sults and responding to their questions on work-
in-progress is unusual for many scientifi c projects 
but will help foster results that are more useful 
to those who use and are affected by nitrogen,” 
Tomich says.

The future of nitrogen management

Advisory committee members are also partici-
pating in a scenario-building process, where they 
come together in workshops to create plausible sto-
ries about how nitrogen will be managed 20 years 
from now. These stories help participants, many of 
whom come from diverse perspectives, to address 
key uncertainties about the present-day landscape. 

“It was really interesting to hear a lot of differ-
ent agricultural perspectives and priorities about 
the issue,” said Laurel Firestone, co-director of the 
Community Water Center, a nonprofi t addressing 
the health impacts of nitrates in drinking water.

Paul Martin, director of environmental services 
for Western United Dairymen, said he is pleased to 
participate but is concerned about how policymak-
ers will use the results. “The important thing is to 
avoid the rapid leap to conclusions.”

As the assessment progresses, there will be 
more opportunities for stakeholder engagement. 
Drafts of the assessment document will be avail-
able for comment in 2011, and the assessment team 
welcomes the input of any groups or individuals 
who have a particular interest in the topic of nitro-
gen in California agriculture. 

For more info, go to: http://nitrogen.ucdavis.edu.

— Stephanie Ogburn

Unique engagement tools shape nitrogen assessment
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Rapt with awe under the cool canopy of Northern Cali-
fornia’s majestic, 1,000-year-old redwoods, visitors 
may wonder what could possibly have motivated early 

Americans to chop down these giants without restraint.
Did the expanse of forests seem infinite? Were the settlers 

desperate for work and security? Were they unaware of how 
long it takes an undisturbed forest to grow into cathedral-
like grandeur?

In fact, they couldn’t have known much about the re-
generation of a logged, old-growth redwood forest. In the 
recorded history of the world, the process had never been 
observed. Today, however, scientists are well on their way to 

understanding California’s red-
wood forest regrowth because 
of the foresight and efforts 
of Emanuel Fritz, the late UC 
Berkeley professor of forestry.

In 1923, Fritz and a col-
league, Woodbridge Metcalf, 
happened upon a thicket of 
young redwoods in a forest 
that had been harvested in the 
1860s, about 100 miles north-
west of San Francisco. 

“We could hardly believe 
what we saw,” Fritz later wrote. 

The stand was dense; the  
volume high. Fritz and Metcalf 
secured the 1-acre grove to 
study second-growth tree 
and forest development. Fritz 
believed it to be “the best and 
oldest second-growth forest in 

the entire redwood region.” He called it the Wonder Plot.

Decades of data

Each decade, Fritz counted trees, mapped their locations, 
measured the tree trunk diameter at breast height, and es-
timated the average height and total volume of the stand in 
board-feet. He found that, while the number of trees in the 
plot decreased, the average tree diameter, estimated average 
tree height and estimated stand volume increased.

In the 1920s, many timber companies did not see value in 
their cut-over lands. However, Fritz was an advocate of sus-
tainable second-growth of redwood trees for wood produc-
tion. He understood that old-growth was a finite resource, 
and he set up his research plots knowing that in 30 to 50 
years, foresters would be asking questions about second-
growth management. His study helped demonstrate the re-
markable regeneration potential of the species.

“I have been on the plot nearly every year since 1923 and 
hope to make what will likely be my last measurement in 

1963,” Fritz wrote in 1960. He actually took measurements in 
the plot until 1983, when he was 97 years old. After Fritz died 
in 1988, his legacy was carried on by researchers who have 
recorded the data every decade since. The collective study 
has provided one of the most complete descriptions of how 
an older second-growth forest matures.

Foresters preserve research plot

Ownership of the Wonder Plot has changed many times. 
When Fritz first took measurements, Casper Lumber held the 
deed. The plot was later transferred to Union Lumber and 
then Georgia-Pacific. Each time the Wonder Plot changed 
hands, Fritz maintained a rapport with the foresters and had 
access to the plot. In deference to the dedicated researcher, 
foresters never took trees.

In 1975, Georgia-Pacific permanently protected the 
Wonder Plot for the purposes of research on redwood 
growth and yield. In 2003, ownership transferred to the 
Conservation Fund, and then the California state park sys-
tem as part of Mendocino Headlands State Park. 

Georgia-Pacific foresters, many of them graduates of UC 
Berkeley’s forestry program, collected data on the plot every 
10 years until forestry professors John Stuart and Jerry Allen 
of Humboldt State University took over the task in 1995. In 
2005, Greg Giusti became the research leader.

“I didn’t want the chain to be broken,” said Giusti, UC 
Cooperative Extension forest advisor in Mendocino and Lake 
counties. “I recruited volunteers from Save the Redwoods 
League, the Mendocino Land Trust and California State 
Parks to maintain the research continuum.”

Along the Big River

The Wonder Plot is in the Big River watershed, in the cen-
tral section of California’s Coastal Redwood forest belt. There 
are reports that the Big River’s name came not from the size 
of the waterway, but from the size of the trees originally lin-
ing its banks.

“It is no surprise that river logging came to the watershed 
soon after the California Gold Rush,” Giusti said. “These 
guys would float down the river as far as they could go — 
drag logs to the river and float them down to the coast.“

The remarkable old-growth of the Big River’s lower ter-
races and hillsides was quickly cleared and transported by 
water to the new town of Mendocino, where it was milled to 
produce the lumber needed in boom-era San Francisco.

Giusti said it is unlikely that deeds to the land had been 
established at that time. “It was just the Wild West.”

There is one asterisk on the assertion that humans main-
tained a hands-off policy in the Wonder Plot.

“In the 1990s, a number of trees blew down during a 
storm,” Giusti said. “Foresters went in and took those logs. 
As an ecologist, I think that’s too bad. But no one has ever 

Scientists discover redwoods’ resiliency in  
Fritz’s Wonder Plot 

Research news

Emanuel Fritz, founder of the 
Wonder Plot, rode a lumber load 
on the Meadow Valley Grays 
Flat lumber tramway, circa 1926. 
Photo: Fritz-Metcalf Photographs 
Collection, Marian Koshland 
Bioscience and Natural Resources 
Library, UC Berkeley (www.lib.
berkeley.edu/BIOS).
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gone in and cut out trees, and no one has removed 
fallen trees since then.”

Dense vegetation affects methodology

The nature of the Wonder Plot has provided an 
invaluable opportunity to study the development of 
a stand from a known point of harvest to the mod-
ern era. But the modern era hasn’t offered many 
improvements for scientists in data collection. In an 
age of satellite imagery and GPS mapping, Giusti 
conducted the 2005 survey using a reproduction of 
the 1923 plot map hand-drawn by Fritz.

“The forest canopy is so dense that you can’t use 
electronic devices,” Giusti said. “The trees block the 
satellite signal.”

Even a high-technology tool commonly used to 
measure tree height, a hypsometer, was foiled by 
the Wonder Plot’s dense vegetation. 

“We relied on old-fashioned measuring tapes 
and clinometers. All the new electronic devices in-
tended to provide data points with a click of a but-
ton were impossible to use because of the density 
of the trees.”

Giusti’s 2005 survey revealed some changes 
since the last review of this patch of forest. He 
found that 70 of the original trees counted in 1923 
were still standing, and he recorded 17 new sap-
lings. “This represents a signifi cant drop from the 
112 trees on the plot in 1995, many of which were 
lost in a storm event in 1998,” Giusti said. 

The 1998 windstorm created openings in the 
plot’s dense canopy that allowed the establishment 
of a new generation of redwoods for the fi rst time 
in more than a century.

Average tree height in 2005 was 198.5 feet, and 
average diameter at breast height was 39.9 inches. 
Stand volume remains roughly equivalent to the 
1963 measure. The Wonder Plot would produce 
four times the amount of board-feet expected from 
an average stand, a volume Fritz called “astro-
nomic, even for California redwood.”

Understanding forest habitat

In addition to understanding wood production 
in the Wonder Plot, Giusti is interested in studying 
the unique habitat elements associated with old-
growth forests. For example, in nearly 150 years, 
none of the second-growth trees has developed 
trunk hollows common in older redwood stands in 
Mendocino County, he said.

A still more enigmatic old-growth forest 
habitat — reiterative branches with epiphytic 
plants — is also absent in the grove. Reiterative 

branches are limbs that over generations of expo-
sure are broken, twisted or overgrown into a sort of 
platform. Over time, dust and duff accumulate on 
the branches, creating a soil bed high in the canopy 
on which moss mats, ferns and other foliage grow. 
Populations of clouded salamander living high off 
the ground have been found in such old-growth 
habitats.

“We know very little about the development 
of these treetop habitats. It’s a whole new world,” 
Giusti said. “But that’s something else we hope the 
Wonder Plot will reveal in the coming decades.”

The data will be invaluable to California red-
wood conservationists, such as Save the Redwoods 
League, the Conservation Fund and the Redwood 
Forest Foundation. In Mendocino County alone, 
there are more than 90,000 acres of cut-over land 
owned by nonprofi t organizations.

“They want to reestablish the primordial for-
est,” Giusti said. “The Wonder Plot gives us some 
insight on how a cut-down redwood forest will 
recover. We have a baseline for recruiting old-forest 
characteristics and the grandeur that was lost by 
rapid cutting in the 20th century. The Wonder Plot 
serves as an example of what we will have over 
time.”

And that example is promising. Giusti uses a 
highly technical term to describe the Wonder Plot.

“It is über cool,” he said. “The trees are huge, 
but they are just babies at 100, 120 or 150 years old. 
They have the potential to live for a millennium. 
You already sense that cathedral-like quality when 
you walk in. The air changes. The way noise moves 
through the forest is different. It’s starting to feel 
like an older forest.” 

— Jeannette Warnert

The Fritz plot research team took a lunch break from 
measuring trees in August 2005; UCCE forest advisor Greg 
Giusti leaned against a redwood.
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Agritourism operators embrace social media for marketing

When it comes to marketing, the hottest 
topic among California’s agritourism 
operators is clearly social media. Many 

operators are embracing this tool to market their 
farm-related businesses. 

“We’re seeing the older generation eager to 
learn from the 30-year-olds how to jump into this 

new way of communicating with 
their customers,” said Penny Leff, 
agritourism coordinator for the UC 
Small Farm Program. “But they are 
also worried about having enough 
time to learn something new while 
keeping their businesses running.”

Attendees at four recent re-
gional agritourism workshops  — 
funded by USDA Western SARE 
(Sustainable Agriculture Research 
and Education) — expressed con-
siderable interest in learning how 
to use Facebook, Twitter, blogs, 
YouTube and other new tools. 

“[Social media is] the most af-
fordable, efficient, time-conscious 
way to interact with people, keep 
tabs on changing market trends, 
brand your business and tell your 

story,” said marketer Chris Kerston of Chaffin 
Family Orchards in Oroville. “Expect it to take a 

fair amount of time. It might make sense to hire 
someone.”

In response to the key findings from the first 
statewide agritourism survey (see page 57), the 
UC Small Farm Program organized the workshops 
in January and February 2011 to address chal-
lenges related to permits, regulations, planning, 
marketing and risk management. The first four 
workshops — held in Merced (Merced County), Rio 
Vista (Solano County), Ukiah (Mendocino County) 
and Red Bluff (Tehama County) — brought to-
gether more than 300 agritourism operators; 
farmers and ranchers considering agritourism; 
agricultural and tourism professionals; and regula-
tors, elected officials and community leaders.

“Regulatory issues and tools for marketing agri-
tourism operations were identified as primary con-
cerns,” said Ellie Rilla, the study’s lead investigator 
and community development advisor with UC 
Cooperative Extension in Marin County.

Regulatory approaches

At the workshops, local planning profession-
als shared ways that many counties have been 
incorporating agritourism into their general plan 
revisions. For example, Calaveras County’s latest 
general plan notes: “The sustainability of the many 
segments of agriculture in the county is directly 
related to the success of agritourism and the eco-
nomic benefits it provides.” 

Likewise, Butte County’s plan states: “By pro-
moting certain aspects of farming as a tourist at-
traction, agriculturalists educate the public about 
agricultural land and farming practices, while mar-
keting a variety of retail products.”

Butte County is implementing a Unique 
Agricultural Overlay designation in its general 
plan in order to protect and promote small-scale 
agriculture. This designation allows agricultural- 
support and specialty-agriculture uses either by 
right or under discretionary permit, regardless of 
whether they are allowed in the underlying zoning. 
Allowed uses include wineries, roadside stands, 
farm-based tourism, bed and breakfasts, and ancil-
lary restaurants and stores.

“The designation will be used by small-scale 
producers in the East Oroville Foothills, the historic 
center of the Butte County citrus industry from 
1900 to 1940,” said Butte County principal planner 
Dan Breedon. “This area includes small-scale cit-
rus, vineyards, orchards, organic gardens, wineries 
and olive oil tasting, which all can benefit from the 
county’s innovative approach to zoning.”

— Shermain Hardesty and Editors

Hilgardia digitization project under way

UC faculty and staff are spearheading an effort to scan and 
digitize Hilgardia, the primary technical publication of UC 

Agriculture and Natural Resources for 70 years. 
Although production ceased in 1995, Hilgardia includes classic 

editions that formed the cornerstones of agricultural, environ-
mental and nutritional research. The journal is still widely cited in 
scientific literature. 

Despite its distinguished past, Hilgardia has virtually no web 
presence, and one-half of published issues (including the first 24 
volumes and 58 other editions) are now out of print. The remain-
ing paperbound journals are subject to physi-
cal degradation.

The committee’s goal is to raise $30,000 
for scanning and digitization. The Hilgardia 
monographs will then be posted online, 
freely available to scholarly and lay readers 
worldwide.

To make a donation or for more information, 
send e-mail to calag@ucdavis.edu or Deborah 
Golino at dagolino@ucdavis.edu, or go to: 
http://californiaagriculture.ucanr.org/hilgardia.cfm.

The second edition of Agritourism and 
Nature Tourism in California will be 
published later this year.
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California agritourism operations and their economic 
potential are growing

by Ellen Rilla, Shermain D. Hardesty, Christy 

Getz and Holly George

More than 2.4 million visitors par-

ticipated in agritourism at California 

farms and ranches in 2008. They 

stayed at guest ranches in the foot-

hills, picked peaches in the Sacra-

mento Valley, played in corn mazes 

up and down the state, shopped at 

on-farm produce stands along the 

coast, held weddings in fields and 

vineyards from coast to mountains, 

and experienced myriad other  

agriculture-related tourism activities. 

The UC Small Farm Program con-

ducted the first statewide economic 

survey of California agritourism 

operators to better understand 

their goals, needs and economic 

outlook. University researchers from 

several other states provided input 

and sample data from state surveys 

conducted between 2000 and 2007. 

This information will help to target 

outreach and address current and 

emerging challenges. 

The pressures of urbanization and 
shrinking profits have led Cali-

fornia farmers to seek alternative ap-
proaches for maintaining profitable 
agricultural enterprises. “Agritourism” 
includes any income-generating activity 
conducted on a working farm or ranch 
for the enjoyment and education of visi-
tors. It includes the interpretation of the 
natural, cultural, historical and envi-
ronmental assets of the land and people 
working on it (George and Rilla 2008).

Agritourism is growing nationwide 
as farm operators in many states of-
fer activities as a way to diversify 
and increase their profits (Brown 
and Reeder 2007). In 2002, the U.S. 
Department of Agriculture (USDA) 
Census of Agriculture began collecting 

agritourism statistics. In 2007, 685 
California farms reported a total of  
$35 million in revenue related to agrito-
urism (USDA 2009). However, the USDA 
definition of agritourism is extremely 
limited; it includes some recreational or 
educational experiences occurring on 
farms, such as hay rides and pumpkin 
patches, but does not explicitly include 
other major on-farm activities such as 
festivals, accommodations or direct 
sales of products.

The USDA Economic Research 
Service’s Agricultural Resource 
Management Survey (ARMS) (USDA 
2004) was used as a data set for the 
agency’s 2007 report on farm-based rec-
reation (Brown and Reeder 2007). The 
authors used the terms “farm-based rec-
reation” and “agritourism” interchange-
ably but acknowledged that because 
ARMS data on farm-based recreation 
does not describe hospitality services 
and direct sales of on-farm products, 
their estimates are conservative. (Both 
the Census of Agriculture and ARMS 
data would be more useful if the USDA 
developed and applied a standardized 
definition of agritourism activities.)

Other national data sources also 
support the economic development 
potential of agritourism. Nearly two-
thirds of all U.S. adults (87 million) 

have taken a trip to a rural destination 
within the last 3 years (Miller 2005). 
USDA estimates that more than 82 mil-
lion people, including approximately 20 
million youth and children under age 
16, visited farms during a 1-year period 
between 2000 and 2001. U.S. Fish and 
Wildlife Service reports indicate that in 
2006 more than 6.2 million wildlife and 
nature tourists spent more than $7.8 bil-
lion in California (Leonard 2008). 

Building a survey

Nationally, few systematic statewide 
studies have evaluated the agritour-
ism sector (Ryan et al. 2006; Bruch and 
Holland 2004; Kuehn 2002), and none 
have been conducted in California 
(with the exception of the California 
wine industry, which attributes $2 bil-
lion to tourism-related sales [The Wine 
Institute 2006]).

To help fill this void, chairs of the 
UC Cooperative Extension (UCCE) 
Agricultural Tourism Workgroup con-
vened a survey team, which included 
the director of the UC Small Farm 
Program, academics and graduate stu-
dents. The team members identified 
key areas that would enhance a general 
understanding of California’s agrito-
urism sector and improve the quality 
of UCCE outreach and extension. The 

Many California growers offer the public “agritourism” opportunities as a way of improving their 
farm’s visibility and profitability. Above, visitors enjoy a gourmet “Dinner in the Barn” at the 
Romano Family’s Sierra Valley Farm in Plumas County.
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survey contained fi ll-in-the-blank and 
multiple-choice questions about loca-
tion, products and services, motivation, 
advertising, management, profi tability, 
visitation and future plans. It also in-
cluded open-ended questions, giving 
agritourism operators the opportunity 
to share issues, concerns, challenges 
and successes. The survey asked re-
spondents to answer fi nancial and 
management questions based on their 
experiences in 2008.

Historically, one barrier to conduct-
ing a systematic analysis of the agri-
tourism sector in California has been 
the lack of a comprehensive database 
of farms engaged in agritourism. The 
survey team built a database from ad-
dresses contributed by UCCE academ-
ics, lists of agritourism operators and 
workshop participants, addresses from 
local marketing campaigns, and other 
relevant agency lists and databases. 
The new database also included small, 
family-owned wineries (which produce 
fewer than 10,000 cases annually) that 
were engaged in non-wine-related agri-
tourism activities such as on-farm sales 
of jams, herbs, olive oil, grassfed beef 
and other value-added products.

Despite our at-
tempts to be compre-
hensive, the resulting 
database of 1,940 farm 
businesses most likely 
does not include all 
agritourism operators 
in the state. As such, 
our resulting sample 
is not completely ran-
dom, and therefore we 
are not able to gener-
alize our fi ndings to 
the entire agritourism 
sector. The total num-
ber of visitors is likely 
orders of magnitude 
larger, especially when 
compared with other 
visitor fi gures reported 
in less populated 
states. Nonetheless, 
our fi ndings provide 
valuable insights into 
the political, social and economic con-
text, and characteristics of agritourism 
in California.

After developing and piloting the 
survey, the team worked closely with 
the UC Small Farm Program to imple-
ment it. On Jan. 10, 2009, the survey was 
mailed to operators in the database. A 
second mailing went out to all nonre-
spondents on March 10, 2009. Due to 
budget constraints, the team did not 
send any further follow-up reminder 
letters. A total of 554 farm businesses 
(29%) returned the survey, of which 
222 indicated that they were not cur-
rently operating agritourism busi-
nesses. Our analysis is based on the 
332 operators currently participating in 
agritourism activities.

Operator motivation and 
activities

Given the tens of thou-
sands of small farms in 

California and the 
competitive pres-
sure on small 
farmers due to 
agricultural re-
structuring, we 
hypothesized that 
the fi nancial need 
to diversify would 
be a key factor in 
motivating farm 

and ranch operators to open up to visi-
tors. Indeed, 75% of our respondents 
cited the need to increase profi tability 
as a reason for entering into agritour-
ism. Other economic reasons included 
“to market farm products” (62%) and “to 
provide an employment opportunity for 
family members” (22%).

Profi t and employment opportuni-
ties were not the only reasons cited. 
Three-quarters of those who entered 
the agritourism sector for fi nancial 
or employment reasons also did so 
because they “wanted to educate visi-
tors,” “enjoyed working with people” 
or wanted to provide “outreach to the 
community.” Only 15% started an agri-
tourism venture solely for outreach or 
educational purposes, with no fi nancial 
motivation. These fi ndings support 
other research suggesting that a com-
plex set of economic and social factors 
motivate farmers to pursue agritourism 
(Mace 2005).

Operator characteristics. Almost half 
(43%) of the agritourism operators sur-
veyed had been in the sector less than 
10 years. Respondents were grouped 
into six regions in California, with the 
Central Valley region having the most 
operations (25%) and the Foothill and 
Mountain region close behind (24%) 
(fi g. 1).

Agritourism activities. Agritourism 
operators in California were engaged Fig. 1. Responses to agritourism survey by California region. 

Value-added products such as jams attract consumers to roadside 
stands and farmers markets. in the fi rst statewide agritourism 
survey, 17% of growers with agritourism operations reported 
offering farmstead items for sale.
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in a wide range of activities, offering 
direct sales (78%), tours or lectures 
(81%), demonstrations, lessons or par-
ticipant experiences (69%) and special 
event facilities (51%) (table 1). In gen-
eral, agritourism operators made more 
money from direct sales of agricultural 
products (45% on average of all agrito-
urism gross income) than from other 
activities. The most common direct-
sales activity was selling produce, nuts 
or flowers at a farm stand (38%).

The most common agritourism activ-
ity (51%) was hosting school field trips, 
with only 17% charging a fee. With the 
exception of weddings, overnight stays, 
horse or wagon rides, and fishing or 
hunting, less than half of agritourism 
operators participating in each service 
activity charged a fee, underscoring the 
public-service, educational and market-
ing/outreach nature of these activities.

While the low percentage of opera-
tors charging fees for school field trips 
is not surprising given the public-
service nature of the activity, the fact 
that many other services are provided 
for free is puzzling. Although service 
activities such as tours already have a 
strong marketing angle related to direct 
sales, other activities such as cultural 
festivals or farm demonstrations could 
potentially serve as a source of income. 
One operator commented, “We have 
not developed agritourism into a mon-
eymaking operation. Most visitors are 
nonpaying customers. We are moving 
in the direction of having paid activities 
and stays.”

Promotional strategies

There is no single formula for mar-
keting success in agritourism (Chesnutt 
2007). Operators estimated that on aver-
age 88% of their visitors in 2008 were 
from California, with 50% coming from 
the same county. This finding is consis-
tent with the state tourism and travel 
commission figure that 85% of visitors 
were from in-state in 2008 (CTTC 2008). 
On average, only about 3% of visitors 
were from Canada or other countries. 

More than half (51%) of the busi-
nesses responding to the survey had 
fewer than 500 visitors in 2008, while 
12% hosted more than 20,000 visi-
tors. October was the highest volume 
month, with activities such as pump-
kin patches, apple picking, winery 

tastings and tours, corn mazes, harvest 
festivals and end-of-summer fruit and 
vegetable purchases.

Types of promotion. Word of mouth 
was the leading form of promotion 
used by respondents (97%) to reach 

customers (fig. 2). Signs outside of busi-
nesses (81%), business cards/brochures 
(76%) and websites (78%), along with 
listings in regional guides (74%), were 
the next most popular forms of market-
ing. The next tier of marketing included 

TABlE 1. Agritourism activities reported in survey of California farmers (n = 332)

Offered Offered for a fee

. . . . . . . . . . . . . % . . . . . . . . . . . . .

Direct sales 78.3

Farm stand with fresh fruit, vegetables, herbs or flowers 37.6

Farm stand with farmstead items (pies, cider, soaps, etc.) 17.0

U-pick fruit, vegetable, herb or flower operation 22.7

Christmas tree sales (U-cut or retail) 9.7

Pumpkin patches 17.6

Corn mazes 7.0

Animal meat or cheese sales 9.1

Vineyard, winery 21.5

Other sales 10.9

Tours or lectures 81.0

School field trips 51.1 17.2

Traditional farm or ranch operation and buildings 40.8 9.4

Seasonal activities (calving, shearing, planting, harvesting, etc.) 32.3 5.4

Scenic attractions: Unique features of property 30.5 7.6

Small-animal demonstrations 13.0 2.7

Historic buildings or farm equipment 18.7 3.6

Seasonal sites (spring blooms, fall foliage, winter snow, etc.) 18.7 2.4

Forest ecology or native plants 14.8 2.4

Demonstrations, lessons, participant experiences 69.3

Classes, workshops (cheese making, felting, cider production, etc.) 35.8 13.6

Cattle drives, branding, roping, rodeo, etc. 2.7 1.5

Horseback riding, wagon or sleigh rides 8.8 4.8

Barn raising, pond or fence construction 3.3 1.5

Gardening: Plant selection, planting, harvesting, etc. 23.0 3.6

Cooking, food tasting or wine/beer pairing 27.5 12.1

Land restoration or habitat improvements 11.8 2.4

Fishing or hunting 10.9 6.6

Special event facilities 50.6

Weddings, family reunions, retreats, etc. 32.9 22.4

Farm stays (people stay in home or another farmhouse) 15.1 8.8

Camping or RV accommodations 10.6 3.9

Cabins or overnight facilities not in home or another farmhouse 11.2 7.6

Cultural festivals 10.9 5.1

Wildlife or migratory bird festivals 3.0 0.6

Horse activities and events: Cuttings, rodeos 5.7 2.4

Dog trials 3.3 2.7

Youth camps 6.6 4.8
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feature stories in a newspaper or maga-
zine (63%), agricultural organizations 
(57%), paid advertising (55%), chamber 
of commerce (46%), visitor’s bureau 
(39%), direct mail (37%) and business 
newsletters (32%).

Effectiveness. Respondents were 
asked to rate the effectiveness of their 
promotional strategies on a scale from 1 
to 5. Seventy-three percent rated “word 
of mouth” as effective or highly effec-
tive (4 or 5), followed by websites (68%) 
and feature stories (69%).

More than 80% of respondents used 
some form of signage. A few people 
expressed frustration with county zon-
ing restrictions and state and federal 
“scenic road” designations that prohibit 
the use of signs. Some suggested special 
considerations for small farmers.

Websites/internet. The Internet is 
often the fi rst source of information 

for vacation plans or purchasing items, 
making a website the fi rst impression 
that a business makes on the consumer 
(Klotz 2002). Regardless of how much 
money businesses allotted for market-
ing and promotion, the vast majority 
(78%) (n = 311) had a website. About 
two-thirds of operators spending less 
than $500 on all marketing efforts had 
a site (fi g. 3). Comments from respon-

dents indicated 
that they were 
very satisfi ed with 
results generated 
from their web-
sites. One respon-
dent commented, 
“The Internet is 
proving to be the 
biggest PR tool we 

have. Lots of Bay Area families came af-
ter a lady posted a rave review of us.”

A University of Delaware study 
(German et al. 2008) found that there 
may be opportunities for producers to 
improve their profi tability by adding 
e-commerce to their websites in order to 
attract new and returning visitors. More 
than 65% of the 98.3 million travelers 
to California made their arrangements 
online in 2004 (CTTC 2007).

Challenges to agritourism growth

Agricultural tourism supports lo-
cal farms and ranches as well as their 
surrounding communities by generat-
ing revenue, but diversifi cation also 
presents challenges. Zoning, permit-
ting, environmental health regulations, 
liability and insurance issues were the 

Those with business plans for 
their entire farm were about twice 
as likely as those with no business 
plans to have agritourism incomes 
above $100,000.
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Fig. 2. Respondent ratings for use and effectiveness of agritourism 
promotions.

Fig. 3. Website use in relation to annual marketing expenditures.

The survey found that agritourism operators considered word of mouth the most effective form 
of promotion (97%), followed by signs (81%) and websites (76%). in the Apple hill region of El 
Dorado County, a farm advertises food, wine, U-pick, crafts and other amenities.
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leading impediments to farmers and 
ranchers who wanted to expand their 
operations to include agritourism (fig. 
4). Comments from respondents, re-
gardless of region, indicated that they 
were frustrated and overwhelmed with 
their county’s policies and procedures, 
and the expenses related to initiating or 
expanding an agritourism enterprise on 
their farm or ranch.

Twenty-nine percent (n = 97) in-
dicated that they had acquired a use 
permit from their county for an agri-
tourism operation. Among these re-
spondents, 69% responded negatively 
(expensive, difficult, slow) to questions 
about the permitting process, while 
31% responded with positive or neutral 
comments (workable, not complicated, 
officials very cooperative). These com-
ments echo the frustration expressed 
by operators who participated in a 
2002 survey regarding the permitting 
process for agritourism in 10 California 
counties (Keith et al. 2003).

Only 24% of the respondents had 
a business plan for their entire farm 
or ranch, but of those who did, 91% 
included their agritourism operation. 
Those with business plans for their 
entire farm were about twice as likely 
as those with no business plans to have 
agritourism incomes above $100,000.

When asked about liability insurance 
and other risk management practices, 
87% reported having liability insurance, 
and 90% of the insured were covered 
for $1 million or more. Several people 
commented about the cost of liability 
insurance and expressed concerns 
about being sued. Although most of the 
respondents carried insurance, opera-
tors rated liability and insurance issues 
as major challenges, along with permit-
ting, zoning and other regulations and 
legal constraints.

Farmers and ranchers share the 
problems voiced by California agrito-

urism operators 
across the nation. 
However, other 
states are mov-
ing forward on 
programs to help 
operators over-
come challenges, 
and they may be 
useful models for 
California. For 
example, Colorado 
and Tennessee 
are appropriat-
ing funds for the 
promotion and 
development 
of agritourism, 
and Georgia and 
Missouri give tax 
benefits to agrito-
urism operators. 
At least 19 states 
have enacted 
statutes that ad-
dress agritourism, 

ranging from tax credits to zon-
ing requirements to liability issues 
(Mirus 2009).

Profitability of agritourism

Although 14% of the survey respon-
dents had annual revenues of $1,000,000 
or more, 68% fit the USDA definition of 
a small farm, having annual gross rev-
enues of $250,000 or less in 2008. Almost 
half (48%) of the operators reported less 
than $10,000 in gross revenues from 
their agritourism operations in 2008, 
while 21% had revenues of $100,000 or 
more (table 2).

While the number of Inland Empire 
respondents was relatively small, the re-
gion had a considerably higher propor-
tion of operations with gross revenues 
of $50,000 or more (60%). Conversely, 
the North Coast (61%) and Foothill and 
Mountain (65%) regions had higher 
proportions of small agritourism op-
erations with gross revenues under 
$10,000. Differences in the proportion 
of operations within gross revenue cat-
egories among regions were statistically 
significant at the 0.05 level.

A primary activity was defined as 
one generating more than 50% of an 
operation’s total agritourism revenue. 
The primary activities for which op-
erators were most likely to have gross 
agritourism revenues of $50,000 or more 
were corn maze/pumpkin patch (44%), 
nature activities (43%), retail sales of 
agricultural products (33%) and events 
(25%). Differences in the proportion of 
operations within gross revenue catego-
ries among regions were statistically 
significant at the 0.05 level (differences 

TABlE 2. Gross agritourism revenue by region 

  Region

Gross revenue
North 
Coast

Central 
Coast

South 
Coast

Central 
Valley

Foothill 
and 

Mountain
inland 
Empire Total

. . . . . . . . . . . . . . . . . . . . . . . number (% within region) . . . . . . . . . . . . . . . . . . . . . . . 

Less than $1,000 16 (31.4) 10 (22.2) 2 (8.7) 8 (12.7) 21 (33.3) 1 (6.7) 58 (22.3)

$1,000–$4,999 8 (15.7) 7 (15.6) 2 (8.7) 14 (22.2) 13 (20.6) 1 (6.7) 45 (17.3)

$5,000–$9,999 7 (13.7) 0 (0) 2 (8.7) 3 (4.8) 7 (11.1) 2 (13.3) 21 (8.1)

$10,000–$24,999 4 (7.8) 6 (13.3) 4 (17.4) 4 (6.3) 6 (9.5) 1 (6.7) 25 (9.6)

$25,000–$49,999 4 (7.8) 8 (17.8) 6 (26.1) 12 (19.0) 5 (7.9) 1 (6.7) 36 (13.8)

$50,000–$99,999 4 (7.8) 4 (8.9) 2 (8.7) 7 (11.1) 2 (3.2) 1 (6.7) 20 (7.7)

$100,000 or more 8 (15.7) 10 (22.2) 5 (21.7) 15 (23.8) 9 (14.3) 8 (53.3) 55 (21.2)

Total number 51 45 23 63 63 15 260

Challenging
Very challenging

Crop/animal
production logistics

Availability of
reliable labor

Lengthening
agritourism season

Expanding agritourism
opportunities

Marketing (promotion
and advertising)

Liability and
insurance issues
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and zoning

Other regulations and
legal constraints

0 10 20 30 40 505 15 25 35 45

Responses (%)

Fig. 4. Major challenges rated 4 or 5 by California agritourism operators, 
on a scale of 1 (not a problem) to 5 (very challenging).
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in observations across all categories 
were tested using the Pearson chi-
squared test).

Agritourism operators were asked to 
rate the profitability of their operation 
on a 7-point scale, with “1” indicating 
“not at all profitable” and “7” meaning 
“highly profitable.” One-fourth con-
sidered their agritourism operations to 
be at least “fairly profitable” (rated 5 or 
higher), while 16% rated their opera-
tions as “not at all profitable.” The mean 
profitability rating was 3.3. However, 
generating profit was not a direct 
objective for some agritourism opera-
tions. One operator commented, “Even 
though this business only breaks even, 
we continue on because I consider it a 
marketing arm of our other business.” 
Another operator noted, “Agritourism is 
primarily for education on herbs. Profits 
come from [sales of] herbal products 
produced on the farm.”

Agritourism operators’ assessments 
of their profitability increased with 

gross revenues, and the differences 
were statistically significant at the 0.01 
level. More than half (53%) of the op-
erators with agritourism revenues of 
$50,000 or more considered their opera-
tions at least “fairly profitable,” com-
pared to 15% with agritourism revenues 
under $50,000.

Respondent assessments of their op-
eration’s profitability varied by region, 
and the differences were statistically 
significant at the 0.05 level. Similar to 
gross revenues, a noticeably higher 
proportion of operators in the Inland 

Empire rated 
profitability as 
at least a 5 (fairly 
profitable) (40%). 
Conversely, North 
Coast opera-
tions were most 
likely to rate their 
profitability as 3 
(somewhat prof-
itable) or lower 
(67%), followed by 
the Foothill and 
Mountain region 
(62%). The types 
of agritourism 
activities most 
prevalent in these 
low-revenue/low-profitability regions 
should be investigated; these operations 
appear to have the greatest potential 
to benefit from consultation regarding 
business planning and marketing.

Profitability assessments varied 
widely by primary activity (fig. 5). 

Thirty-two percent of op-
erators rated retail sales 
of agricultural products, 
the largest activity cat-
egory, as at least “fairly 
profitable,” compared 
to 27% of operators for 
whom retail sales were 
a secondary activity. 
Retail sales of agricul-
tural products and corn 
maze/pumpkin patch 
were the only activities 
rated more profitable as 
primary than second-
ary activities. Those for 
whom tours and field 
trips were secondary 
activities rated their 
profitability considerably 

higher than those for whom they were 
primary activities.

Creating jobs and growth

In general, tourism is considered to 
have both negative and positive eco-
nomic impacts. Critics contend that 
tourism often generates low-paying, 
seasonal job opportunities; however, 
if tourism can attract high numbers of 
seasonal and permanent residents, then 
it is usually considered to have positive 
impacts on a community (Reeder and 
Brown 2005).

Employee numbers and pay. In our 
survey, agritourism operators reported 
their employee numbers (excluding 
themselves) based on categories of 
hours worked. One-third of the opera-
tions had employees who worked at 
least full time primarily or exclusively 
for the agritourism operation; a similar 
proportion had employees who worked 
between 21 and 39 hours a week. 
More than half (54%) of the opera-
tions had employees who worked half 
time or less, primarily or exclusively 
for the agritourism operation; some 
of these operations also had full-time 
employees. Overall, California opera-
tions surveyed averaged 6.3 employ-
ees (both full- and part-time) hired to 
work mainly or only for agritourism 
activities.

Primary activity
Secondary activity

0 10 20 30 40 50 60

Rated as fairly pro�table (%)

Farm/ranch tours
and �eld trips

Retail sales of non-
agricultural  products

Farm stay/bed
and breakfast

U-pick

Nature activities
(hunting, �shing,

wildlife viewing, etc.)

Events (weddings,
retreats, etc.)

Retail sales of
agricultural products

Corn maze/
pumpkin patch (n = 25)

(n = 9)

(n = 7)
(n = 54)

(n = 126)
(n = 71)

(n = 13)
(n = 18)

(n = 30)
(n = 37)

(n = 15)
(n = 19)

(n = 15)
(n = 77)

(n = 1)
(n = 73)

Fig. 5. Percentage of operators rating primary and secondary activities as at 
least “fairly profitable” (4 or higher on 7-point scale); n = no. of operators.

leah van der Mei, of San Francisco, picks 
raspberries at Good humus farm in the Capay 
Valley, in northwest Yolo County. About 23% 
of the farms surveyed offered U-pick.

Most agritourism operators said that they like interacting with 
visitors to their farms. Those surveyed had an estimated total 
of 2.4 million visitors in 2008. At Full Belly Farm in Yolo County, 
visitors tour the farm during the hoes Down harvest Festival.
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In addition, more than half of the op-
erations had employees working mainly 
for their farming/ranching operation 
who also pitched in on agritourism ac-
tivities; on average, there were 2.3 such 
employees per agritourism operation. 
Operations with no employees were in-
cluded in calculating the reported mean 
values; however, the mean calculation 
did not include the “missing cases” that 
occurred frequently because respon-
dents checked a particular employment 
category but did not indicate the num-
ber of employees for that category.

Overall, 83% of the operations had 
paid employees, with an average of 11.6 
per operation. This value is signifi cantly 
higher than the sum of the average 
numbers of employees in the previously 
discussed categories (hired primarily 
or exclusively for agritourism activities, 
or for farming and ranching activities). 
This disparity is due to the fact that 
there were many missing cases that oc-
curred when adding together the num-
ber of employees for the two categories. 
Not surprisingly, on average half of all 
agritourism operations hired one family 
member, meaning that there were 10.6 
nonfamily employees per agritourism 
operation.

It is not uncommon for agritourism 
operations to have multiple employees. 
In our survey, 17% had no employees 
and only 5% had just one employee; but 
13% had more than 10 employees and 
8% had more than 20 employees. (Forty-
fi ve percent of respondents checked a 
specifi c employee category but did not 
report the number of employees.)

In the largest primary-activity cat-
egory (retail sales of agricultural prod-
ucts) there were 8.4 jobs per operation 
on average, despite the fact that 32% of 
such operations reported no employees.
One-fourth of the retail operations had 
more than 10 employees.

Wages and salaries. Slightly more 
than half of the operations (53%) had no 
employees or paid less than $5,000 in 
employee wages, almost one-fi fth (19%) 
paid between $10,000 and $49,999 in sal-
ary expenses, and 13% paid more than 
$100,000 per year (fi g. 6).

Since this wage data was categorical, 
total salary expenses were estimated 
using the midpoint of each category as 
the observed value, along with $1,000 
for the lowest and $100,000 for the high-
est category. This procedure generated 
average wage expenses of $24,489 per 
agritourism operation, probably a con-
siderable underestimate given the rela-
tively large proportion of operations in 
the highest wage-expense category.

The economic effects of agritourism 
are apparent. Even though many of the 
agritourism operations hired employees 
at least part time (83%), agritourism is 
adding additional economic activity to 
rural communities. The average $24,489 
in wages paid is likely spent within the 
community and sustains other local 
businesses.

Growth trends. When asked about 
their agritourism plans over the next 5 
years, the majority of operators (64%) 
indicated that they expected to expand 
or diversify. Almost a quarter (23%) 
planned to maintain their current 

income level. Only 4% expected to go 
out of business.

Not surprisingly, growth plans 
appeared to be correlated with profi t-
ability. Seventy percent of the opera-
tors who rated their enterprises at least 
“fairly profi table” planned to expand or 
diversify, compared to 53% who rated 
theirs “not at all profi table” or “slightly 
profi table.”

There were differences across re-
gions regarding growth plans. The 
highest proportions of operations plan-
ning to expand or diversify were in the 
South Coast, Inland Empire and Central 
Valley regions (fi g. 7A).

There were also differences regard-
ing growth plans among primary ac-
tivities (P < 0.05) (fi g. 7B). Events, corn 
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Fig. 7. Survey respondent’s growth plans by (A) region and (B) primary activity. 
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Fig. 6. Range of wages and salary expenses 
paid by agritourism operations (n = 277).
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mazes/pumpkin patches and tours 
were the primary activities with the 
highest proportions of operators plan-
ning to expand or diversify.

These differences in growth plans 
indicate a potential need for further 
information about agritourism manage-
ment. Specifically, networking and busi-
ness development consultation may be 
particularly beneficial for agritourism 
operators in the North Coast region and 
Foothill and Mountain region, and for 
operators of U-pick operations.

A vital strategy

Agritourism is clearly not an eco-
nomic panacea for all of agriculture, 
considering the small proportion of 
California’s 80,000 farm operators en-
gaged in such activities. But the survey 
results revealed that agritourism is 
a vital strategy for diversifying and 
boosting profit for a small but signifi-
cant number of California farms. The 
trend seems to be growing, as many 
operators planned to expand their agri-
tourism operations. In 2008, more than 
2.4 million Californians (the sum of 
visitors estimated by 257 survey respon-
dents) learned about and experienced 
firsthand the unique attributes and 

contribution that agriculture provides 
to the state, and this figure is likely to 
grow as new data becomes available.

We confirmed that for most opera-
tors, both social and economic factors 
are important, and different motiva-
tions are dominant for different types 
of farm landholders at different stages 
in farm, family and business cycles 
(Ollenburg and Buckley 2007). Most 
respondents stated that they liked 
educating and interacting with visi-
tors, possibly suggesting that farmers 
engaged in agritourism possess particu-
lar skills and personality traits. While 
observable in case-study research, 
most data on operator characteristics 
is anecdotal (Rilla 1998; Hilchey 1993). 
We found that agritourism farms are 
entrepreneurial in terms of the services 
and value-added products provided to 
others, and they are actively involved 
in marketing their products, with the 
vast majority using the Internet to 
reach customers.

In 2008, more than 50% of agrito-
urism operators making more than 
$50,000 described their venues as prof-
itable. Pumpkin patches and on-farm 
sales of products were their most profit-
able activities. Almost equal numbers of 
operators had revenue less than $1,000 
and more than $100,000, and 43% of 
small farms earned $25,000 or more in 
agritourism income, which could ac-
count for 10% of the farm’s total income.

Operators indicated a desire for 
business planning to improve success. 
Marketing and management assistance 
to improve fee revenues for activities 
currently provided gratis, and assis-
tance with effective promotion, could 
also increase the bottom line.

A clearer picture of the overall 
economic impact of agritourism in 
California will require more work 
to define the operator database and 
capture more accurate data from the 
USDA Census of Agriculture and 
ARMS relating to on-farm income 
derived from agritourism activities 
such as farm stays, U-picks and farm 
stands. Continuing research on growth 
trends and profitability will help local 
governments and farm operators to 
track success.

The survey identified permitting, 
environmental health regulations, 
liability and insurance issues as the 
most critical challenges facing current 
and future agritourism operators. As 
local governments update countywide 
plans and zoning and development 
codes, revisions to accommodate on-
farm agritourism businesses will help 
to support and sustain these small 
farms (see sidebar). Farm advocacy 
groups may want to follow the ex-
amples of other states in advocating for 
legislation to reduce liability exposure.

E. Rilla is Community Development Advisor, UC 
Cooperative Extension (UCCE) Marin County; S.D. 
Hardesty is Specialist, Department of Agricultural 
and Resource Economics, UC Davis; C. Getz is 
Associate Cooperative Extension Specialist, De-
partment of Environmental Science, Policy and 
Management, UC Berkeley; and H. George is 
Livestock and Range Advisor, UCCE Plumas and 
Sierra counties. The authors thank Kristin Reyn-
olds for her contributions to survey development 
and design; Penny Leff, Agritourism Coordinator, 
UC Small Farm Program, for her work on survey 
analysis; and intern Roman Trach for managing 
the SPSS data input. The California Communities 
Program provided funding for the internship.

While relatively few of California’s 80,000 farm operators engage in agritourism, it is a vital 
strategy for a significant number of the state’s farms. At Squaw Valley herb Gardens in the Sierra 
Foothills, visiting seniors throw rose petals during a Flowers and Folklore workshop.

More than 80% of the surveyed farms that 
offered tours to school groups did so for free. 
Rosemary Nightingale shares herb lore with 
young visitors to Squaw Valley herb Gardens.
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California counties adapt permitting and 
regulations for agritourism

by Penny Leff

California’s 58 counties bear the 
primary responsibility for permit-

ting and regulating agritourism opera-
tions on agricultural land within their 
boundaries. The counties often struggle 
with creating allowances and ease of 
permitting for agritourism businesses 
while ensuring that agritourism is a 
supplemental (rather than primary) 
activity on a commercial farm or ranch. 
Regulations also must ensure that agri-
cultural production and local residents 
are not adversely affected by tourism. 
Some counties have recently changed 
their general plans, zoning ordinances 
and staffing assignments to encourage 
agritourism and have created guides to 
agritourism permitting.

The Lake County general plan 
includes Goal AR-3, “To provide op-
portunities for agritourism that are ben-
eficial to the county and its agricultural 
industry and are compatible with the 
long-term viability of agriculture.” The 
countywide general plan in Calaveras 

County (Foothill and Mountain region) 
specifically allows, by right, on-site 
sales and tasting, and directs that the 
definition of agricultural operations 
allowed should be broadly construed. 
Solano County (Central Valley region) 
has designated new zoning that en-
courages agritourism in Suisun Valley, 
one of 10 county regions defined in its 
general plan.

Mariposa, Placer and El Dorado 
counties (Foothill and Mountain region) 
have involved farmers and ranchers 
on advisory committees that created 
ordinances to streamline permitting 
for agritourism operations while limit-
ing the extent of allowed activities in 
proportion to the size of the primary 
agricultural operation.

Potential agritourism operators often 
complain about the lack of coordinated 
information from different county 
regulatory departments. To address this 
problem, Marin County (North Coast 
region) contracts with UC Cooperative 

Extension (UCCE) for an “agricultural 
ombudsman” to assist applicants with 
agriculture-related permitting. Marin 
County UCCE and Placer County staff 
created plain-language guides for 
farm-stay operations. Yolo County has 
created an Agricultural Permit Manual 
that describes all the permits that may 
be needed for various types of agri-
tourism operations. More coordination 
among county departments and be-
tween counties would ease the regula-
tory burden on agritourism operators.

P. Leff is Agritourism Coordinator, UC Small 
Farm Program.

Regulators must strike a balance between 
promoting agritourism and ensuring that local 
residents are not adversely affected by traffic 
and other impacts. Above, a toddler visits 
Dave’s Pumpkin Patch in West Sacramento.
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South Korea–U.S. free trade agreement will lower export 
barriers for California products 

by Hyunok Lee and Daniel A. Sumner

The United States and South Korea 

negotiated a bilateral trade agree-

ment in 2007. After final legislative 

approval, likely later this year, high 

tariffs on exports of most California 

agricultural products to South Korea 

will be gradually eliminated. Already, 

with the tariffs in place, South Korea 

ranks among the top six destinations 

for many California agricultural ex-

ports. More-open access to the South 

Korean market will create significant 

opportunities for major commodi-

ties produced in California such as 

almonds and dairy products.

The Republic of Korea (South Korea) 
and the United States signed a free 

trade agreement (KORUS FTA) on April 
1, 2007. In 2010, they negotiated a few 
adjustments to the agreement designed 
to facilitate approval by each country’s 
legislature. With strong support from 
the Obama administration, legislation 
implementing the agreement is likely 
to be passed in spring or summer 2011. 
(We refer to the Republic of Korea as 
South Korea; isolationist and commu-
nist North Korea is a separate country.)

When it is implemented, the agree-
ment will lower the trade barriers be-
tween the two countries in all sectors of 
trade. However, although it will benefit 
other sectors of U.S business, agricul-
ture was central to the negotiations, and 
potential gains for the United States 
center around agricultural exports. 
Unlike the United States, South Korea 
has maintained high trade barriers for 
agricultural goods. KORUS FTA would 
lower those barriers and provide impor-
tant opportunities for U.S. agricultural 
exports to South Korea.

The United States is already South 
Korea’s top supplier of agricultural 
products, worth $3.5 billion in 2007. The 
South Korean economy is growing and 

already sizable; with about 50 million 
consumers, it has a per-capita income 
($20,045 in 2007) above that of many 
European countries. Prices for many 
commodities are high, and premiums 
are paid for high-quality produce. 

The United States has many free 
trade agreements, most of them long-
standing; South Korea has implemented 
fewer and they are relatively new. 
As of January 2011, the United States 
had free trade agreements in force 
with 17 countries including Canada, 
Mexico, Singapore, Central America-5 
(Costa Rica, El Salvador, Guatemala, 
Honduras and Nicaragua), Israel, 
Australia, Chile, Jordan, Morocco, 
Dominican Republic, Oman, Peru and 
Bahrain (USTR 2011). South Korea 
has free trade agreements with Chile, 
Singapore, ASEAN-10 (Association of 
South East Asian Nations) and EFTA-4 
(European Free Trade Association-4: 
Iceland, Liechtenstein, Norway and 

Switzerland). The earliest South Korean 
free trade agreement was implemented 
in 2004.

KORUS FTA is especially significant 
for California agriculture because South 
Korea ranks among its top six export 
destinations (Matthews and Sumner 
2008), and trade barriers for many ag-
ricultural products to South Korea are 
currently high. In many cases, major 
exports of California agriculture face 
tariffs of more than 30%. For some 
products, including beef, citrus and tree 
nuts, significant exports are able to pen-
etrate the South Korean market despite 
high tariffs. Because of the size of the 
South Korean economy and the height 
of pre-existing trade barriers, KORUS 
FTA is considered the most commer-
cially significant free trade agreement 
that the United States has negotiated in 
nearly 20 years.

KORUS FTA has little potential to 
stimulate South Korean agricultural 

The United States has negotiated a free-trade agreement with South Korea that will greatly reduce 
tariffs on many California crops. The U.S. Congress is expected to pass the implementing legislation 
this year. Above, a wholesale produce market in Anyang City, south of Seoul.
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exports to the United States in compe-
tition with California products. U.S. 
agricultural tariffs are already low and 
production costs in South Korea are 
high, so few South Korean agricultural 
products can compete successfully in 
the U.S. market. Once KORUS FTA is 
implemented, our assessment is that it 
will stimulate more demand for U.S. 
products in South Korea, and the con-
sequences for California agriculture 
will be slightly higher farm prices, in-
creased agricultural output, additional 
employment and an expansion of the 
California agricultural economy past 
the farm gate.

This paper explores the importance 
of the South Korean export market for 
California agriculture and the nature of 
current trade barriers; shows the sched-
ule for removing tariffs; and explains 
how the new tariffs arrangement will 
improve the competitive position of 
California agricultural exports relative 
to South Korean products and other 
countries’ exports to South Korea.

Korean agriculture and trade

South Korea has changed phenom-
enally during the past half century, 
from an extremely poor, agrarian econ-
omy using 19th-century technology 
at best, to a wealthy, modern society 
at the cutting edge of applied science 
and technology. However, agriculture 

has not been transformed to the same 
degree as the industrial and service 
economies. Protection from imports 
has kept much of agriculture insulated 
from competitive pressures. Farm size 
has remained small, far below average 
farm sizes in other industrial econo-
mies. Furthermore, with limited natural 
resources, South Korean agriculture has 
little potential to expand in a freer trade 
environment.

The United States is a major net 
agricultural exporter and South Korea 
is a major net importer, reflecting the 
relative competitiveness of agriculture 
in each country (table 1). Agricultural 
goods are especially important com-
modities in bilateral trade between 
the United States and South Korea. 
The South Korean market accounted 
for 5% (in 2000) and 4% (in 2007) of 
U.S. agricultural exports, consistently 
higher than the 4% (in 2000) and 3% 
(in 2007) of U.S. general merchandise 
exports that went to South Korea. The 

United States is the most important 
source of South Korean agricultural 
imports, enjoying a 26% share in 2007. 
Coarse grain represented 24% of the 
U.S. share, followed by fruits, nuts and 
vegetables (12%) and meat (11%). In the 
past decade, U.S. market share in South 
Korea has declined, mainly due to the 
growth of competitors including China, 
Australia and Chile. 

California exports

In 2007, the total value of all 
California agricultural exports to 
South Korea was almost $400 million 
(table 2). South Korea was the sixth 
largest destination for California ex-
ports, with about 4% going to South 
Korea. For some products, South Korea 
was a much more important destina-
tion. Among all export commodities 
sent to South Korea, fresh oranges 
top the list, followed by rice, and beef 
and beef products. In 2007, the bulk of 
beef and beef products were hides and 

TABlE 1. Values of agricultural and  
bilateral trade between the United States and 

South Korea, 2000 and 2007

2000 2007

$ billions

World trade

United States

Exports 51.3 89.9

Imports 39.0 71.9

South Korea

Exports 1.3 2.4

Imports 6.8 13.3

Bilateral trade

U.S. exports to South Korea
(South Korean imports from 
United States)

2.5 3.5

Share of U.S. exports (%) 5 4

Share of South Korean  
imports (%)

37 26

Sources: FAS 2009; KATI 2009.

TABlE 2. Value of California agricultural exports to South Korea by commodity, 2007

Exports*  
Share of S. 

Korean market

A/B 
(rank among all 
destinations)†Commodity

To South 
Korea (A) To all destinations (B)

. . . . . . . . . . . . $ millions . . . . . . . . . . . . %

Total 386.4 10,912 4 (6)

Oranges 55.0 260 21 (2)

Rice 43.3 313 14 (2)

Beef, beef products 40.5 199 20 (2)

Almonds 35.6 1,879 2

Walnuts 35.2 444 8 (4)

Dairy products 28.9 963 3

Hay 18.1 134 14 (3)

Wine 15.8 816 2

Cotton 13.5 505 3

Tomatoes, processed 11.3 300 4

Table grapes 10.0 553 2

Cherries 8.5 97 9 (3)

Lemons 8.4 169 5 (4)

Grape juice 6.7 32 21 (2)

Raisins 5.9 213 3

Grapefruit 5.8 79 7

Kiwifruit 2.5 14 18 (3)

Plums, dried 2.3 175 1

Pistachios 2.2 364 1

Lettuce 1.8 274 1

Source: Matthews and Sumner 2008.
* No formal trade data available at state level; estimates by UC Agricultural Issues Center.
† Provided only when South Korea ranked 5 or higher.
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skins. Before the collapse of exports 
in 2004 — caused by the discovery 
of a U.S. slaughter cow with bovine 
spongiform encephalopathy (BSE) 
or “mad cow” disease in December 
2003 — beef was the most important ex-
port item shipped to South Korea from 
California. Other products that hold 
double-digit shares of the South Korean 
market are hay, grape juice and kiwi-
fruit. While the value of almond and 
walnut exports is about equal, South 
Korea is a more important market for 
the California walnut industry than it is 
for almonds. 

Processed tomatoes and lettuce 
are the only vegetables exported to 
South Korea, which is not a major 
vegetable-importing country (table 2). 
Vegetables accounted for less than 5% 
of South Korea’s total crop-based agri-
cultural imports in 2007 (KMAFF 2008). 
Moreover, except for a few vegetables — 
such as processed tomatoes, lettuce and 
cucumbers — China dominates the 
South Korean vegetable import market, 
with a 69% share; the United States is a 
distant second, with an 11% share (Lee 
and Sumner 2009).

KORUS FTA will give California 
suppliers a price advantage over sup-
pliers from nations without a South 
Korean free trade agreement, and allow 
California suppliers to keep up with 
those from nations that have current 
or prospective agreements with South 
Korea. When South Korea’s free trade 
agreement with Chile became effective 
on April 1, 2004, Chilean exports to 
South Korea grew substantially for ki-
wifruit, grape juice, lemons, processed 
tomatoes, wine and whey, which are all 
major California export products (Lee 
and Sumner 2009).

California’s major international com-
petitors for trade with South Korea are 
Chile for table grapes and wine (next 
to France); Spain for grape juice and 
olives; New Zealand for kiwifruit, beef 
and dairy; Australia for beef, dairy and 
cotton; Iran for pistachios; and China 
for strawberries, lettuce, garlic, red pep-
pers, rice, flowers and processed toma-
toes (table 3).

The potential for California produc-
ers to increase exports to South Korea 
when the market is opened also cru-
cially depends on the competitiveness 
of South Korea’s domestic producers. 

TABlE 3. Value of South Korean imports and major competitors for selected commodities, 2007

South 
Korean 
imports

U.S. share 
of South 
Korean 
imports

import share 
of domestic 

consumption*
Major competitors’ share of South 
Korean imports

$ millions . . . . . . . . . . . . . . . . . . . . . . . . . . % . . . . . . . . . . . . . . . . . . . . . . . . . . .

Fruits (total) 852 27 n/a† Philippines (30), China (9), Chile (7), 
New Zealand (7), Brazil (5)

Bananas 171 0 100 Philippines (100)

Oranges, fresh 108 93‡ 9.9 —§

Oranges, juice 71 24 100 Brazil (60)

Kiwifruit, fresh 70 8 100 New Zealand (77), Chile (14)

Pineapples 68 0 100 Philippines (98)

Table grapes 58 18 8.3 Chile (82)

Cherries, all 36 91 100 —

Grape juice 25 47 100 Spain (26)

Lemons 11 77 100 Chile (5), Italy (10)

Apples, processed 10 0 100 China (50), Chile (2)

Strawberries, frozen 
and processed

10 26 3.7 China (57), Mexico (5)

Peaches, processed 9 0 100 China (44), South Africa (20), Greece (14)

Grapefruit (incl. juice) 9 74 100 Japan (12)

Raisins 6 98 100 —

Olives 3 1 1 Spain (75), Italy (18)

Prunes, dried 2 98 n/a —

Peaches, juice 1 83 100 China (8)

Pears, processed 0.3 1 100 China (48), Spain (18), South Africa (12)

Pears, fresh 0.1 83 0 —

Vegetables (total)¶ 466 14 11 China (69), Japan (4), New Zealand (3) 

Red peppers 85 0 15 China (95)

Carrots 37 0 n/a China (98)

Tomatoes 36 32 100 China (42), Chile (10), Italy (9)

Garlic 32 0 12.8 China (100)

Pumpkins 15 0 n/a New Zealand (88)

Onions 13 6 3 China (94)

Broccoli 11 0 n/a China (100)

Cucumbers 9 47 n/a China (41)

Lettuce 4 48 n/a China (52)

Tree nuts (total) 76 94 93 —

Walnuts 38 91 100 Vietnam (9)

Almonds 35 100 100 —

Pistachios 3 59 100 Iran (37)

Dairy, beef and beef 
products (total)

1,856 28 n/a Australia (45), New Zealand (15)

Beef 1,037 9 59 Australia (73), New Zealand (16)

Dairy products, all 438 19 n/a New Zealand (24), Australia (15)

Hides and skins 381 89 n/a —

Other

Cotton 305 40 100 Australia (13)

Hay 237 82 n/a —

Wine 150 11 n/a France (45), Chile (15)

Rice 137 31 5.4 China (61), Thailand (8)

Flowers 68 1 n/a China (31), Taiwan (30), Netherlands (18)

Sources: KATI 2009; KMAFF 2008.
* Some shares are based on quantity when values are not available (official South Korean data at the commodity level often  

includes only quantity).
† No domestic production statistics available, or commodity aggregation is not meaningful (e.g., dairy products).
‡ Discrepancy between South Korean and U.S. sources; U.S. figure was $85.4 million.
§ No major competitors.
¶ Lettuce imports are fresh; carrot and pumpkin imports are mostly fresh; pepper, cucumber and tomato imports are dried, 

frozen or preserved; other vegetables are mixed (for more detail, see Lee and Sumner 2009).
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Imports to South Korea currently repre-
sent a small share of the domestic con-
sumption of many major products, such 
as table grapes, fresh strawberries, fresh 
apples, lettuce and rice (table 3). Import 
tariffs for these products are high, about 
45% in most cases. Fresh peaches and 
pears are an extreme example of the 
closed nature of the South Korean mar-
ket for some products; South Korea has 
a sizable market for these fresh fruits, 
but almost no imports enter the coun-
try. Under the South Korea–Chile free 
trade agreement, preferential (lower) 
tariffs are applied for all trade between 
the two countries; however, pears are 
excluded, and no imports are allowed. 
The situation for processed fruits is 
different, with almost all coming from 
imports. Mostly, imports are low when 
domestic production is available. Only 
a few products — oranges, beef, some 
dairy and hay — are imported when 
there is also substantial domestic pro-
duction, indicating that the overseas 
producers of these products are able to 
compete with domestic supplies despite 
sizable tariffs.

Opening the South Korean market

KORUS FTA defines four mecha-
nisms for establishing better access for 
agricultural products: (1) the immedi-
ate opening of certain markets without 
restrictions, (2) the phase-out of tariffs 
over a specified number of years, (3) the 
expansion of tariff rate quotas (TRQs), 
with the phase-out of over-quota tar-
iffs and (4) the imposition of safeguard 

measures (USTR 2008) (table 4). (Tariff 
rate quotas apply a relatively low tariff 
for an initial quantity — the “quota” 
amount — and then a higher over-quota 
tariff for any additional quantity of im-
ports.) Safeguards will be imposed for 
some politically sensitive commodities 
to protect the domestic industry during 
the transition. Typically, a safeguard 
trigger level (either a quantity or price) 
is set, and once it is reached additional 

duties are assessed to control access to 
the market.

The impact of greater access to the 
South Korean market will critically 
depend on the levels of pre-existing 
tariffs, which vary by product (table 5). 
Importantly, KORUS FTA allows no 
additional access for rice, which has 
a quota allowed under a 1994 World 
Trade Organization agreement.

Citrus. South Korea is a major mar-
ket for fresh oranges and other citrus 
from California, despite a current duty 
of 50%. While the agreement lowers 
trade barriers considerably during the 
off-season, in-season imports (Sept. 1 to 
Feb. 29) will still be subject to tight tariff 
rate quotas. The limited access improve-
ment for in-season oranges is designed 
to protect the domestic producers of 
mandarin oranges, which are almost 
identical to Satsumas and referred to 
as “Korean citrus” in the agreement. 
The initial duty-free tariff rate quota of 
2,500 tons is equivalent to only 0.4% of 
Korean citrus produced in South Korea 
in 2007. Imported oranges are clear 
substitutes for Korean citrus during the 
in-season, which is why imports are 
limited by the 50% tariff. In addition to 
limiting imports of fresh oranges, South 

TABlE 4. Access improvement for important agricultural products by general market access  
category upon implementation of KORUS FTA*

Immediate unrestricted opening: Asparagus, cabbage, celery, cucumbers, eggplants, shallots, spinach 
(fresh and frozen), tomato paste, cherries, olives, raisins, frozen orange concentrate, grape juice, wine, 
almonds, pistachios, coffee, cattle hides and skin, live livestock, feed whey

Tariff phase-out (numbers indicate years to complete)

2 Avocados, lemons, dried plums

5 Chinese cabbage, carrots (fresh and frozen), cauliflower, broccoli, peas, beans†, dried mushrooms†, 
tomato juice, grapefruit, strawberries (frozen), orange juice, various fruit juices

4 Off-season table grapes

6 Walnuts (shelled), off-season fresh oranges

7 Tomatoes, ice cream, apricots

9 Strawberries

10 Artichokes, Brussels sprouts, preserved cucumbers, lettuce, fresh mushrooms†, peaches, pears 
(excluding Asian pears), dates, persimmons, tangerine juice

12 Chicken meat, frozen onions, watermelon, various berries 

15 Korean citrus, kiwifruit, walnuts (in shell), chestnuts, pine nuts, oak mushrooms (fresh and dried), 
beef offal

17 In-season table grapes

20 Asian pears

Duty-free tariff rate quota expansion with or without over-quota tariff phase-out: In-season fresh oranges, many 
dairy products

Safeguard quantity and duty: Garlic, onions, peppers, beans†, sweet potatoes, ginger, apples, beef, pork

Source: USTR 2008.
* Rice excluded from agreement.
† Some varieties excluded.

KORUS FTA will provide unrestricted market access for certain agricultural crops, phase out many 
tariffs and impose safeguard measures to protect some domestic crops during the transition. 
Above, a cargo ship is loaded at the Port of Oakland.
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Korea has a 144% tariff on Korean citrus 
and mandarins from other countries.

While not currently large, South 
Korean demand for fresh grapefruit, 
lemons and limes is growing. South 
Korea is becoming a major export mar-
ket for California grapefruit and lemons 
because it does not produce these citrus 
fruits. Lower domestic prices — result-
ing from lower tariffs — will further 
increase demand.

Other fruits. For most fruits, access is 
improved under a simple tariff phase-
out, but schedules to open the mar-
kets for apples, Asian pears and table 
grapes are more restrictive. These are 
the noncitrus fruits consumed widely 
in South Korea. The initial safeguard 
quantity for apples is 9,921 tons (9,000 
metric tons), less than 2.5% of domestic 
production. Further, Fuji apples, the va-
riety favored by South Koreans, have a 
long period of market opening with the 
safeguard duty lasting 23 years (neither 
apples nor pears currently have access 
due to phytosanitary issues).

The South Korean market for grape 
products is substantial. In 2007, South 

Korea imported table grapes worth 
close to $60 million. Table grapes do 
not face overall quantity restrictions, 
but seasonal import restrictions ap-
ply. Along with the immediate tariff 
reduction from 45% to 24%, the tariff 
for off-season imports (Oct. 16 to April 
30) phases out in 4 years, and the tariff 
for in-season imports phases out over 
17 years. Chile and the United States 
(mostly California) dominate the South 
Korean grape import market. Chile 
currently holds 85%, in part because its 

exports are counter-seasonal to South 
Korean production. About 70% of U.S. 
table grape exports to South Korea are 
shipped during their off-season.

The import market for grape juice 
is also large, exceeding $25 million in 
2007, with the United States holding 
a 47% share. South Korean wine im-
ports reached more than $150 million 
in 2007, and U.S. wine, almost all from 
California, accounted for $17 million. 
Under KORUS FTA, the 30% tariff on 
U.S. wine will be eliminated immedi-
ately. South Korean raisin imports have 
reached close to $6 million per year, and 
over 95% are shipped from California. 
The immediate elimination of the 45% 
tariff for grape juice and 21% tariff for 
raisins will allow a substantial reduc-
tion in domestic prices in South Korea.

U.S. fresh cherry exports to South 
Korea rank second highest among all 
U.S. fresh fruit exports. South Korean 
fresh cherry exports reached close to 
$31 million in 2007, with 27% supplied 
by California. South Korea produces 
almost no cherries, and the elimination 
of the 24% tariff is expected to expand 
the fresh cherry market even further. 
Among other fruits, strawberries and 
kiwifruit are promising for market 
expansion. Strawberries are probably 
the largest greenhouse crop, by value, 
in South Korea (no official informa-
tion is available for greenhouse crops). 
Currently, no fresh strawberries enter 
the country, and over 70% of strawberry 
imports are frozen. China is the  
number-one supplier of frozen straw-
berry imports to South Korea, with 
about an 80% market share, and the rest 
of frozen strawberry imports are sup-
plied by the United States and Mexico. 
Kiwifruit is relatively new to South 

TABlE 5. Current base tariffs on exports to South Korea for selected products

Base tariff (%) Product

1 Cattle hides and skin

8 Almonds (shelled and in shell) 

Tomatoes (paste) 

18–20 Plums (dried), olive, casein

21–24 Raisins, cherries (fresh) 

27–30 Artichokes, Chinese cabbage, broccoli, cauliflower, Brussels sprouts, garlic (frozen and 
pickled), peppers (frozen), onions (frozen), cucumbers (pickled), carrots (fresh, frozen, 
preserved and dried)

Beef offal

Lemons and limes, grapefruit (fresh and juice), wine, avocados, dates, pistachios, 
walnuts (shelled)

36–40 Cheese

Beef (muscle cuts)

45–50 Apricots, cherries (canned), peaches, strawberries, other berries, oranges, peaches 
(preserved), juices (grape, apple, lemon, lime, peach, strawberry), walnuts (in shell)

Lettuce, tomatoes

Lactose, whey

54 Orange juice (frozen concentrate)

89 Butter

135* Onions (fresh and dried)

144 Korean citrus and mandarins

176 Skim and whole milk power

270 Peppers (fresh and dried)

360* Garlic (fresh and dried) 

Source: USTR 2008.
* Over-quota tariffs; base tariffs are 50%, but quotas are so tiny that higher tariffs are listed.

Cherries are the second largest fresh-fruit export from the United States to South Korea, with 
about 30% supplied by California. The elimination of a 24% tariff is expected to further expand 
this market.
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Korean consumers, but imports have 
grown rapidly and totaled $70 million 
in 2007. Kiwifruit imports are domi-
nated by New Zealand, which has a 
77% share, followed by Chile (14%) and 
the United States (8%); California sup-
plies about half of the U.S. exports. 

Tree nuts. California tree nuts have 
a strong presence in the South Korean 
market. Almond and walnut exports 
are already substantial (about $35 mil-
lion each). In South Korea, there is no 
domestic tree nut industry to offer 
competition. The United States is the 
only supplier for almonds and has more 
than a 90% share in the walnut market. 
All U.S. walnut and almond exports to 
South Korea are supplied exclusively by 
California. The current 8% almond tar-
iff will be eliminated, and in-shell and 
shelled walnut tariffs, as high as 45%, 
will be phased out over 6 and 15 years, 
respectively. Pistachios are relatively 
new in South Korea and not widely 
consumed. U.S. exports of pistachios 
(all from California) are currently small, 
but with immediate elimination of the 
30% tariff, the potential will be large for 
California growers.

Vegetables. South Korean tariffs on 
vegetables will be eliminated either 
immediately or phased out over time, 
except for a few sensitive products for 

which safeguard restrictions apply. We 
only discuss the vegetables that have 
significant import value or potential 
as exports from California. Vegetable 
trading in South Korea is dominated by 
China, except for a few products such 
as fresh pumpkins (New Zealand sup-
plies about 88%), pickled cucumbers 
(supplied almost solely by the United 
States) and fresh lettuce (the United 
States holds about a 50% market share, 
and California supplies about 41% of 
U.S. exports).

With a 45% tariff, U.S. exports of let-
tuce were $4.4 million in 2007. Imports 
constitute a small share of the domestic 
South Korean market, which is valued 
at $200 million. California lettuce com-
petes mostly with off-season, high-cost 
greenhouse lettuce in South Korea and 
has substantial export growth poten-
tial under the 10-year tariff phase-out. 
Other fresh, leafy vegetables such as 
spinach are favored by Korean consum-
ers and also have potential for substan-
tial export growth.

For a few sensitive products the 
agreement allows gradual access 
through 18-year phase-outs, with safe-
guard restrictions. Garlic, onions and 
red peppers are important ingredients 
in the South Korean diet and among the 
major crops in Korean agriculture. The 

initial safeguard quantities for these 
products are tiny. They double only 
after 15 years, and the safeguard duties 
will remain prohibitive.

Base tariffs for these sensitive prod-
ucts differ significantly depending on 
the way the product is prepared. While 
fresh and dried garlic have a base tariff 
of 360%, frozen garlic has a tariff of 
only 27%. Predictably, two-thirds of 
garlic imports are frozen and over 70% 
of red chili pepper imports, which have 
a relatively low tariff of 27%, are also 
frozen.

Beef and related products. KORUS 
FTA imposes safeguard restrictions on 
U.S. beef imports. Beef products are the 
number-one agricultural import into 
South Korea by value, exceeding  
$1 billion in 2007. South Korea became 
an important market for U.S. beef after 
its beef market was opened in 2001. The 
United States had the largest share of 
imports in December 2003, when South 
Korea banned U.S. beef following de-
tection of the BSE case in the United 
States (South Korea accounted for 34% 
of California beef exports in 2003). Since 
then, Australia and New Zealand have 
replaced the United States, together 
supplying more than 90% of Korean 
imports.

The United States resumed sup-
plying beef to South Korea in 2007. 
However, recapturing the market 
now depends on U.S. competition 
with Australia and New Zealand as 
well as domestic producers. Australia 

Under the free trade agreement, tariffs will be eliminated or phased out for many fruits 
exported by California growers to South Korea, including watermelon, table grapes and oranges. 
Safeguard duties and seasonal import restrictions will also apply to some fruits.

California growers provide all walnuts shipped 
from the United States to South Korea, which 
has no tree nut industry. in-shell walnut tariffs 
of up to 45% will be phased out over 6 to 
15 years.
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traditionally produces grass-fed beef, 
but producers expanded the produc-
tion of grain-fed beef for export to 
South Korea. Under KORUS FTA, the 
initial safeguard quantity is sizable, 
amounting to about 60% of domestic 
consumption. But the within-quota 
tariff is scheduled to fall by 2.7% each 
year, providing a price advantage to 
U.S. producers over their competitors. 
South Korea also imported a substantial 
amount of bovine offal ($9 million) and 
cattle hides and skins ($381 million) in 
2007. California’s small share of the very 
large U.S. export total from beef and 
cattle products is nonetheless substan-
tial for the state’s industry. 

Dairy products. South Korea has 
relatively high trade barriers for dairy 
products (Lee et al. 2006), but KORUS 
FTA gradually reduces them. Tariff 
rate quotas increase gradually with the 
phase-out of over-quota tariffs. Among 
dairy products imported to South 
Korea, the United States has a strong 
presence in cheese, lactose and whey. 
In 2007, South Korea imported $179 mil-
lion of cheese and $144 million of whey, 
which contrasts to a relatively small 

milk powder import market  
($21 million in 2007). The United States 
shipped $32 million each of both cheese 
and whey (trailing New Zealand’s  
$47 million for each). In the same year, 
California exported $29 million worth 
of dairy products to South Korea. For 
cheese, the first-year duty-free tariff 
rate quota, 7,716 tons (7,000 metric tons) 
is close to the total of U.S. cheese ex-
ports to South Korea in 2007. For feed 
whey, KORUS FTA allows immediate 
duty-free access, and the tariff applied 
to whey exceeding the quota of 3,307 
tons (3,000 metric tons) will be reduced 
immediately from 49.5% to 20% and 
phased out over 10 years. U.S. exports of 
lactose to South Korea are also sizable, 
worth $30 million in 2007, about half 
of Korean lactose imports. The current 
tariff of 49.5% is scheduled to be phased 
out in 5 years under the agreement. 
Because existing barriers are relatively 
high for dairy products, KORUS FTA is 
expected to expand the U.S. share of the 
Korean dairy market considerably.

Opportunities ahead

Although South Korea already has 
an almost open border for many field 
crops — with the important excep-
tion of rice — it has high trade bar-
riers for many vegetables, fruits and 
animal products that are important in 
California agriculture. Under KORUS 
FTA, California has substantial poten-
tial to expand its exports of agricultural 
commodities to South Korea. Lower 
trade barriers will allow California ag-
riculture to compete in a large, growing 

and lucrative market. Commodity 
prices are high in South Korea, and con-
sumers are willing to pay premiums for 
the high-quality products produced in 
California. When KORUS FTA is imple-
mented, California agriculture should 
be in an excellent position to compete 
on both price and quality.
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KORUS FTA is considered the 
most commercially significant 
free trade agreement that the 
United States has negotiated in 
nearly 20 years.

South Korea’s 45% lettuce tariff will be phased out over 10 years, providing substantial 
opportunities for growers of the California crop, above.

South Korea imported $1 billion of beef in 
2007. U.S. beef producers currently compete 
with those from Australia and New Zealand 
for market share, but gradual tariff reductions 
will provide a price advantage for the 
United States.
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Plants in constructed wetlands help to treat agricultural 
processing wastewater

by Mark E. Grismer and Heather L. Shepherd

Over the past three decades, winer-

ies in the western United States and 

sugarcane processing for ethanol 

in Central and South America have 

experienced problems related to 

the treatment and disposal of pro-

cess wastewater. Both winery and 

sugarcane (molasses) wastewaters 

are characterized by large organic 

loadings that change seasonally 

and are detrimental to aquatic life. 

We examined the role of plants 

for treating these wastewaters in 

constructed wetlands. In the green-

house, subsurface-flow flumes with 

volcanic rock substrates and plants 

steadily removed approximately 80% 

of organic-loading oxygen demand 

from sugarcane process wastewater 

after about 3 weeks of plant growth; 

unplanted flumes removed about 

30% less. In field studies at two op-

erational wineries, we evaluated the 

performance of similar-sized, paired, 

subsurface constructed wetlands with 

and without plants; while both re-

moved most of the oxygen demand, 

removal rates in the planted system 

were slightly greater and significantly 

different from those of the unplanted 

system under field conditions.

The processing of sugarcane to cre-
ate molasses for ethanol fuel and 

feedstock is rapidly expanding across 
Central and South America, while the 
number of vineyards and wineries con-
tinues to increase across the western 
United States. Both industries generate 
process wastewater (PWW) of variable 
quality, which can have deleterious im-
pacts on receiving surface waters when 
discharged downstream.

Shepherd et al. (2001) described the 
negative impacts of winery wastewater 
downstream, which led to requirements 
for its control and on-site treatment. 
Similarly, downstream degradation 
from sugarcane process waters has 
been documented in the Ipojuca River 
of northeast Brazil (Gunkel et al. 2006) 
and in coastal lagoons of northwest 
Mexico (González-Farias et al. 2006). 
Wastewater from molasses processing 
follows a seasonal variation similar to 
that of wineries, with high flows and 
loadings from November through May, 
followed by harvesting and grape crush 
in late summer and early fall.

Both winery and molasses process 
wastewaters are responsive to natural 
treatment strategies prior to discharge. 
Remnant wetland systems, relatively 
common in the drainage channels of 
Central and South America, may be 
employed. Likewise, constructed wet-
lands have been designed and installed 
to treat winery process wastewater 
in California. Surprisingly, the role of 
plants and their associated biofilms in 
such systems is poorly understood and 
not well documented relative to treat-
ment performance.

Sugarcane and winery wastewater

Sugarcane, food-processing, winery 
and other distilleries generate waste-
waters from processing and equipment 
wash-down. These differ greatly from 
domestic wastewater because of their 
high organic-matter concentrations, 
variable flow rates, relatively low levels 
of nutrients, low pH and lack of patho-
gens. Gunkel et al. (2006) monitored 
sugarcane fertigation and wash-down 
waters (used to clean equipment) in 
Brazil and noted their very low pH (3.8) 
and high sodium (1,320 milligrams per 
liter), salinity and organic loads. Kumar 
et al. (2007) obtained similar results in 
India and also noted high sulfates. 

To determine the characteristics 
of sugarcane process wastewater in 
Mexico, in March 2007 we compared 
wastewater from a typical processor, 
Ingenio La Gloria, located on the coast 
south of Veracruz (Olguín et al. 2008), to 
sugarcane process wastewater in India 
and Brazil, and process wastewater 
from a California winery (table 1). In 
Mexico, sugarcane process wastewater 
is typically diluted 10 to 100 times with 
canal water prior to reuse for irriga-
tion or release into drainage channels, 

Agricultural processing wastewaters may have high concentrations of organic matter that 
contaminate surface waters when discharged downstream. At imagery Estate Winery in Glen Ellen, 
constructed wetlands with plants were tested for their ability to remove pollutants.
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making it similar in quality to that re-
ported for Brazil. The biological oxygen 
demand (BOD5, 5-day holding time) 
and chemical oxygen demand (COD) 
concentrations (both measures of or-
ganic loading), and BOD5-to-COD ratio, 
for Brazilian sugarcane wastewater — 
as diluted for fertigation — were nearly 
the same as that for the California 
winery process wastewater. While at 
much higher concentrations, the BOD5-
to-COD ratio for the Indian sugarcane 
process wastewater was similar.

Shepherd et al. (2001) proposed that 
constructed wetlands are an attractive 
treatment system for moderate-sized 
wineries, with their ability to assimi-
late variable and large organic load-
ings as well as their low maintenance 
and operational costs. Likewise, process 
wastewaters can be treated naturally in 
drainage channels constructed at the 
outflow of sugarcane processing facto-
ries. Such constructed wetlands make 
use of wetland plants and associated 
microorganisms on the roots (called 
biofilms) to degrade organic pollutants 
such as carbohydrates, proteins and 
other carbon-based suspended matter 
that comprise the wastewater’s BOD5 
and COD load.

Free-water surface ponds are one 
type of constructed wetland. In this sys-
tem, vegetation is planted in base soils 
below water as deep as 4 feet. These 
systems are easy to maintain and are 
acceptable for relatively modest organic 
loadings, but generally they are not 
appropriate for winery or sugarcane 
processing unless the wastewater is 
pretreated (such as in aerated ponds, for 
odor and mosquito control). 

Another type of constructed wet-
land, called subsurface-flow or veg-
etated submerged beds (fig. 1), involves 
planting wetland vegetation directly 
into a gravel substrate 3 to 4 feet deep. 
The wastewater passes through the 
gravel but does not cover its surface. 
This system has greater treatment capa-
bility but also higher initial installation 
costs. 

Rates of flow into such constructed 
wetlands are managed so that there 
is sufficient hydraulic residence time 
(HRT) for adequate treatment. COD or 
BOD5 removal rates are typically mod-
eled as first-order degradation (decay) 
processes (Shepherd et al. 2001).

While plants are understood to be 
important to treating process waste-
water in constructed wetlands, little 
quantitative information is available. 
Biofilms are defined as spatially and 
metabolically structured microbial 
communities (Nikolaev and Plakunov 
2007) that interact with plant roots 
and the soil-water environment, while 
constantly adapting to changes in 
both. As such, plant roots provide the 
structure needed for biofilm bacteria to 
process wastewater. Biofilm microor-
ganisms consume organic material and 
ultimately release carbon dioxide and 
water, or methane and water, depend-
ing on the amount of oxygen present. 
Since the surface area of plant roots is 
far greater than that of the sand/gravel/
rock substrate alone, and because roots 
have the ability to partially oxygenate 
their surfaces, they can support thicker 
and perhaps more robust biofilms. In 
addition, plants consume some of the 
process wastewater nutrients, while 
roots physically filter them. In some 
cases the aesthetic appearance of the 
constructed wetland is not a concern, 
but the processing plant operators may 
not see the benefit of maintaining veg-
etation in planted wetlands. Our inves-
tigation was directed at determining 

the relative value of planted versus un-
planted systems.

Constructed-wetland performance

The success of constructed wet-
lands in treating process wastewaters 
containing high-strength organic mat-
ter depends on several factors related 
primarily to organic loading, HRTs, 
the tolerance of selected plants to pos-
sibly toxic components in the process 
wastewater, and plant biofilm activity. 
Comprehensive research reviews of 
brewery, winery and related distillery 
treatment methods for process waste-
water have underscored the need for 
additional research, particularly of full-
scale systems and individual processes 
(Grismer and Shepherd 1998; Grismer 
et al. 1999, 2000, 2002, 2003). Shepherd, 
Grismer et al. (2001) evaluated the per-
formance of a subsurface-flow wetland 
(20 feet long, 8 feet wide and 4 feet 
deep) in treating winery process waste-
water flows ranging from 80 to 170 
cubic meters per day at organic loads of 
600 to 45,000 milligrams COD per liter 
(mg COD/l), and measured average re-
moval rates of 98% for COD and 97% for 
total suspended solids (TSS) when com-
bining the constructed wetland with an 
upflow sand prefilter. The system also 

TABlE 1. Comparison of process wastewaters (PWW) from sugarcane in Mexico (ingenio la Gloria, 
Veracruz), Brazil and india; and a California winery

Winery Sugarcane (molasses)

Parameter* Calif. PWW*
Brazil 

fertigation†
Brazil  

wash-down†
india 

PWW‡
Mexico 
PWW (± SD)

 . . . . . . . . . . . . . . . . . . . . . . . . . . . mg/L . . . . . . . . . . . . . . . . . . . . . . . . . . .

Chemical oxygen 
demand (COD)

22,290 23,727 1,050 105,000 118,270 305

Biological oxygen 
demand (BOD5)

14,490 10,800 388 52,500 52,200 200

Total Kjendahl 
nitrogen (TKN)

1,598 106

Nitrogen as ammonia 
(N-NH3)

772 16

Nitrogen as nitrate 
(N-NO3)

163 312 10

Phosphorus as 
phosphate (P-PO4)

67.7 
(total)

2.2  
(total)

1,100 45

Sulfur as sulfate  
(S-SO4)

61 6,250 8,220 197

Potassium (K) 19,250 250

Total solids (TS) 1,120 
(TSS)

85,000 106,465 1,534

* Source: Shepherd, Grismer et al. 2001.
† Source: Gunkel et al. 2006.
‡ Source: Kumar et al. 2007.
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effectively neutralized the pH of the 
acidic winery wastewater and removed 
the limited nitrogen (78.2%), sulfide 
(98.5%), orthophosphate (63.3%), volatile 
fatty acids (99.9%), tannins and lignins 
(77.9%) and all settleable solids. 

Olguín et al. (2008) achieved simi-
lar results from greenhouse-based, 
fiberglass, subsurface “flumes” (long, 
narrow boxes 10 feet long, 1 foot wide 
and 1.6 feet deep), used to treat diluted 
molasses process wastewater with 
2.5- or 5-day HRTs and an average 
inlet concentration of 1,184 mg COD/l 
(534 mg BOD5/l). After 30 to 40 days 
of plant (Pistia sagittata) establishment, 
the planted flumes achieved average 
removal rates of 80.2% for COD, 87.3% 
for BOD5, 76.1% for total Kjeldahl nitro-
gen (TKN, the sum of organic nitrogen, 
ammonia and ammonium) and 68.6% 
for sulfate during the next month. In the 
same period, the corresponding control 
nonplanted flume achieved removal 
rates significantly lower than that of the 
planted flume — 40.1% for COD, 60.9% 
for BOD5, 55.5% for TKN and 57.0% for 
sulfate.

Evaluating constructed wetlands 
in the field requires not only analysis 
of constituent degradation, or trans-
formation, but also a hydraulic assess-
ment of its bed-flow properties under 
the variable operating conditions 
of actual use (Grismer 2005). In the 
only published field-scale evaluation, 
Grismer et al. (2003) — using tracer 
methods developed by Grismer et al. 
(2001) — measured constructed-wetland 
degradation constants, HRTs and treat-
ment performance at two operating 

wineries. System performance was 
evaluated through daily sampling of 
total dissolved solids (TDS), pH, total 
suspended solids, COD, tannins, nitrate, 
ammonium, TKN, phosphate, sulfate 
and sulfide. 

The larger winery system showed 
similar COD and tannin removal rates 
to those of bench-scale columns (con-
structed of PVC pipes 6 inches in diam-
eter by 24 inches tall), ranging from 49% 
to 79% (columns) and 46% to 78% (con-
structed wetlands).  Greater removal 
occurred during the spring, noncrush 
period. During the crush season, with 
HRTs of about an hour compared to 
about 5 days during the noncrush sea-
son, the constructed wetland reduced 
inlet COD by half and other constitu-
ents 20% to 30%. Though it had smaller 
loading rates and greater HRTs, the 
small winery’s constructed-wetland 
system achieved nearly complete COD 
removal (from about 8,000 to 5 mg/l) 
through the use of a recirculation sys-
tem. These results suggested that the 
wetland system was quite capable of 
fully treating winery process waste- 
water when properly loaded and oper-
ated. Understanding the HRTs through 
tracer study analyses was crucial to the 
interpretation of water-quality mea-
surements from the wetland.

While there is some literature on 
bench and pilot-scale testing for load-
ings and HRTs, scant information is 
available related to plant and biofilm 
factors, especially at the field scale. 
Constructed-wetland systems had not 
been compared side-by-side, with and 
without plants, for the high-strength 

process wastewaters typical of wineries 
and sugarcane processing. Moreover, 
the selection of suitable plants for treat-
ing process wastewaters depends in 
part on plants found locally, but little 
detailed information has been available 
to help guide that selection.

We conducted complementary green  
house (Mexico) and field (California) 
studies for treating molasses and win-
ery process wastewater in constructed 
wetlands, with and without plants. In 
the greenhouse studies, we also con-
sidered the rate of plant growth and its 
effect on process wastewater (Olguín 
et al. 2008). In California, where plants 
are normally allowed to establish for 
about a year prior to the introduction 
of process wastewater, we monitored 
two planted and unplanted pairs of 
constructed wetlands at wineries on the 
Central Coast. In both cases, the winer-
ies anticipated future expansion and 
chose to build two subsurface systems, 
one for current operations and another 
for the expansion. Since the second con-
structed wetland would not be in use 
for several years, it was installed with-
out plants, allowing us to monitor and 
evaluate treatment performance under 
operating conditions.

Greenhouse and field studies

Mexico greenhouse studies. At 
the Instituto de Ecología near Xalapa, 
Mexico, we employed the greenhouse 
facilities, constructed-wetland flumes 
and methods, all as described by 
Olguín et al. (2008). Duplicate flumes 
were used for each of the three different 
treatment systems and HRTs. These sys-
tems included a surface treatment with 
aquatic plants, a subsurface-flow treat-
ment with plants, and a subsurface-flow 
treatment without plants (control). Two 
HRTs (2.5 and 5 days) were used for the 
planted systems, while only the 2.5-day 
time was used in the control. There 
were 10 flumes in total. 

Different HRTs were used to develop 
preliminary estimates of the degrada-
tion constants necessary for field de-
signs of constructed wetlands. Substrate 
in the subsurface flumes consisted of 
volcanic rock approximately 1.5 inches 
(40 millimeters) across, with a net po-
rosity of about 50%, resulting in a flume 
volume of approximately 45 gallons (170 
liters). In the surface treatment, we used Fig. 1. Cross-section of subsurface-flow constructed wetland.
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wastewater distribution
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the aquatic plant water lettuce (Pistia 
stratiotes), while the subsurface treat-
ment was planted with pickerelweed 
(Pontederia cordata). Plants were allowed 
3 weeks to establish and acclimate in lo-
cal canal water before the experiments 
were initiated with 100-to-1 diluted  
sugarcane process wastewater. 

Flow rates were carefully main-
tained, with steady flow provided by 
Masterflex peristaltic pumps for 30 days 
of monitoring at the inlet and outlet of 
each flume. In this study we focused 
on BOD5/COD removal, based on sam-
pling at 2.5- and 5-day intervals cor-
responding to flume HRTs. Relatively 
constant ambient conditions were main-
tained during May 2006. The overall 
mean temperature was 79.7°F (26.5°C), 
while the average evapotranspiration 
rate was 0.26 inches (6.7 millimeters) 
per day.

California field studies. Field stud-
ies were conducted on the California 
Central Coast at two wineries (A and B) 
to evaluate treatment effects on simi-
larly sized, paired (planted/unplanted), 
subsurface constructed wetlands. At 
winery A, the systems were sized to 
handle process wastewater from the 
production of 14,000 cases of wine, with 
each wetland designed to treat half this 
process wastewater (that from about 
7,000 cases of production). Each paired 
wetland was 52 feet by 12 feet by 3 feet 
deep, with washed pea gravel roughly 
0.3 inches (< 8 millimeters) in diameter. 

Subsurface wetlands at winery B 
were also sized to treat process waste-
water from 14,000 cases of wine, but the 

expansion phases were different. One 
of the wetlands was designed to treat 
the process wastewater from 8,000 cases 
and the other from 6,000 cases; they 
were 55 feet by 14 feet, and 44 feet by 
12 feet, respectively, both with approxi-
mately 3-foot-deep washed pea gravel. 

At both sites, one of the wetlands 
had been planted with cattails (Typha 
dominigensis), bulrushes (Scirpus acutus) 
and some arrowheads (Sagittaria lati-
folia) the June previous to monitoring. 
These wetland plants were established 
though not fully grown by October. In 
both wineries, the process wastewater 
was pretreated in septic tanks designed 
to have a 2-day retention time. Also, 
both treatments were designed to have 
10-day HRTs, though as noted above, 
in previous field studies the actual field 
times differed. Winery process waste-
water flows were evenly split into the 
planted and unplanted treatments at 
the two wineries.

For 2 weeks during the October 
2006 harvest, daily water samples were 
taken from the inlets and outlets of each 
constructed wetland (planted and un-
planted at each winery) with care taken 
to sample at roughly the same time 
each day, when wastewater was flow-
ing. Samples for COD, BOD5 and total 
suspended solids were refrigerated and 
analyzed daily in the lab, while pH and 
total dissolved solids were measured 
directly in the field. As in Mexico, sam-
ples were generally analyzed immedi-
ately after collection following standard 
methods using Hach tests accepted 
by the U.S. Environmental Protection 

Agency. COD was measured using 
the closed-reflux colorimetric method 
adapted from Standard Methods 5220 
D. The lower detection limit of the 
COD analysis was 1 mg COD/l. Total 
suspended solids were measured using 
the Hach 2010 Spectrophotometer tur-
bidimetric method. In the field, pH was 
measured immediately after sampling 
using the Hach EC10 portable pH meter 
calibrated against pH 4 and pH 7 stan-
dards. Total dissolved solids were mea-
sured using the Hach Conductivity/
TDS meter. Measured daily plug-flow 
rates were used to determine the actual 
HRTs of process wastewater in each 
constructed wetland following methods 
described by Grismer et al. (2001, 2003).

Statistical analysis. Because these 
studies only involved comparisons of 
mean outlet concentrations from the 
different treatments, we used simple 
single-tailed confidence level tests to 
determine the relative significance of 
differences in concentrations after they 
stabilized, or after 15 days in the green-
house flumes.

Greenhouse flume measurements

System performance. BOD5 (fig. 2A) 
and COD (fig. 2B) removal rates steadily 
improved during the first 15 days of 
the greenhouse tests, after which they 
stabilized, presumably in response to 
additional plant growth and acclima-
tion to the process wastewater (table 
2). Average BOD5-removal rates after 
15 days were 34% for the unplanted 
control, 41% and 53% for the surface 
system, followed by 70% and 78% for 

Fig. 2. Daily variation of removal efficiencies for (A) biological oxygen demand, 5 days (BOD5) and (B) chemical oxygen demand (COD) in 
constructed-wetland greenhouse flume experiments.
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the subsurface system, with HRTs of 2.5 
and 5 days in both treatments, respec-
tively. All mean outlet BOD5 concen-
trations differed at greater than 99.9% 
confidence levels (P < 0.00005). 

Similarly, mean COD-removal rates 
after 15 days of sampling were 49% for 
the control, 63% and 71% for the surface 
system, followed by 70% and 78% for 
the subsurface system, again at HRTs 
of 2.5 and 5 days, respectively. With the 
exception of the means comparison be-
tween outlet COD concentrations from 
the subsurface (2.5 days) and the surface 
(5 days) treatments having a significant 
difference at the approximately 96% 
confidence level, all remaining mean 
outlet COD concentrations differed at 
greater than 99.9% confidence levels (P 
< 0.00005).

The greenhouse studies showed 
that (1) the subsurface treatment out-
performed the surface treatment in 
terms of BOD5 and COD removal at 
both HRTs; (2) not surprisingly, greater 
HRTs resulted in greater removal rates 
of BOD5 and COD for both systems; and 
(3) the planted subsurface system sig-
nificantly outperformed the unplanted 
control in terms of BOD5 and COD 
removal.

BOD5 and COD degradation. The 
use of two different HRTs in the green-
house studies enabled preliminary 
assessment of the simple first-order 
degradation constants (K) for each sys-
tem, and how they varied with time 
during the 30-day test period. Such in-
formation is useful for the field designs 
of constructed-wetland systems. In ad-
dition, because COD is a measure of all 
possible oxygen-consuming material 
in the process wastewater, changes in 
BOD5-to-COD ratio during the experi-
mental period provide an indication of 

the relative ability 
of each system to 
degrade progres-
sively more-re-
calcitrant organic 
compounds in the 
process wastewa-
ter (fig. 3). The K 
values for COD 
increased and 
appeared to sta-
bilize after about 
2 weeks. In this 
study, we found 
stable degradation 
constants of 0.2 
and 0.4 per day 
for the surface 
and subsurface 
systems, respec-
tively; this is much lower than the 
constant of about 1.5 per day found by 
Shepherd, Tchobanoglous et al. (2001) 
in pilot-scale, subsurface treatment of 
winery process wastewater in Davis 
used as the basis for our field experi-
ment design. Our smaller K values may 
be due to the larger volcanic rock sub-
strate used in the flumes as compared 
to the pea gravel used by Shepherd, 
Tchobanoglous et al. (2001). 

Perhaps more interesting is the 
change in average BOD5-to-COD ratios 
from those of the initial wastewater 
stream (BOD5-to-COD = 0.44). In the 
subsurface treatment, the ratio dra-
matically increased to greater than 1.0, 
leveling off to about 0.5 after 2 weeks. 
Meanwhile, this ratio remained ap-
proximately unchanged in the control 
at 0.55 to 0.60, and steadily increased to 
roughly 0.75 in the surface treatment. 
The latter ratio reflects the greater treat-
ment capability of the combined plant/
gravel biofilm system after acclimation 

in the subsurface system compared to 
that of the surface system.

In the subsurface system, 3 to 4 
weeks were sufficient for plant estab-
lishment to achieve the steady removal 
rates reported by Olguín et al. (2008). 
Overall, COD removal rates indicate 
that the use of constructed-wetland 
systems in the drainage canals leaving 
sugarcane processing facilities should 
be advantageous for improving down-
stream water quality.

Winery subsurface-flow systems

Winery A. Under actual field opera-
tions, the performance of constructed-
wetland systems in California was 
variable depending on the winery 
process wastewater flows and loading 
rates. Due to greater wine production 
than anticipated at winery A, inlet load-
ing (flow and COD concentrations) was 
much greater and more variable than 
anticipated, resulting in daily HRTs 
of roughly half the design value of 10 
days, although constant. After 5 days of 
sampling at winery A, inlet COD load-
ing peaked from roughly 60,000 mg/l to 
more than 130,000 mg/l for about  
2 days due to uncollected juice flowing 
into the treatment system. This situa-
tion was corrected, and inlet COD con-
centrations steadily decreased to about 
60,000 mg/l by day 11 of sampling. 
Outlet COD concentrations ranged from 
approximately 600 to 5,200 mg/l from 
the planted treatment to 600 to 8,800 
mg/l from the unplanted treatment at 
winery A. Inlet total-suspended-solids 

Fig. 3. Variation of constructed-wetland treated wastewater BOD5-
to-COD ratio and first-order degradation constants (K(1/d) during 
experimental period.
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TABlE 2. Mean outlet chemical (COD) and biological (BOD5) oxygen demand concentrations from 
greenhouse flumes after 15 days of flow through constructed wetlands

BOD5 COD

Treatment (hRT*) inlet Outlet Outlet SD† inlet Outlet Outlet SD
. . . . . . . mg/L (n) . . . . . . . . . . . . . . mg/L (n) . . . . . . .

Control (subsurface) 522 (14) 344 16.7 1,183 (28) 605 49.5

Surface (2.5 hours) 522 (14) 307 14.1 1,183 (28) 437 21.0

Surface (5 hours) 522 (8) 242 23.0 1,183 (16) 338 34.5

Subsurface (2.5 hours) 522 (14) 159 16.2 1,183 (28) 359 42.9

Subsurface (5 hours) 522 (8) 116 27.3 1,183 (16) 260 60.4
* Hydraulic residence time.
† Standard deviation.
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concentrations ranged from 160 to 450 
mg/l, and corresponding outlet concen-
trations ranged from 20 to 160 mg/l and 
50 to 260 mg/l from the planted and 
unplanted wetlands, respectively. 

Winery B. Conversely, at winery B 
full wine production was not achieved, 
and daily flow rates and loadings were 
much smaller and less variable. As a 
result, there were different flow rates 
to each constructed wetland and much 
greater HRTs, about double the design 
value of 10 days. Flow and loading con-
ditions at winery B were more typical; 
inlet COD values were as high as 7,000 
mg/l and outlet values ranged from 
14 to 48 mg/l and 68 to 138 mg/l for 
the planted and unplanted treatments, 
respectively. Average total-suspended-
solids concentrations at the winery B 

inlet were similar to those at winery 
A, ranging from 240 to 420 mg/l, but 
corresponding concentrations at the 
outlet were far less, ranging from 18 
to 34 mg/l and 26 to 64 mg/l for the 
planted and unplanted wetlands, re-
spectively. The average removal rates 
for total suspended solids of 76% (53% 
for unplanted) as compared to 91% (85% 
for unplanted) reflect the much shorter 
HRTs encountered at winery A com-
pared to winery B.

Plants and treatment performance. 
Because COD and total-suspended-
solids concentrations at the inlet of 
winery A were roughly 10 times greater 
than those at winery B — and as a 
result, HRTs were only one-third that 
for winery B — concentrations at the 
outlet were also considerably greater 

at winery A (table 3). This fortuitous 
change enabled us to better evaluate the 
effects of plants on treatment perfor-
mance across a greater range of loading 
conditions than originally planned. 

The mean outlet concentrations 
of COD, total suspended solids, total 
dissolved solids and pH between the 
planted and unplanted wetlands at 
winery A all differed significantly at 
greater than 99% confidence levels. 
Similarly, at winery B, despite signifi-
cantly greater HRTs in the unplanted 
treatment, mean outlet concentrations 
between the planted and unplanted 
treatments were also significantly dif-
ferent at greater than 99% confidence 
levels. Outlet concentrations differed at 
the 95% confidence level. 

At both wineries, salinity and 
total-dissolved-solids concentrations 
increased as a result of evapoconcentra-
tion within the constructed wetland. 
The subsurface treatments at both win-
eries were successful in substantially 
reducing COD and total suspended 
solids at the outlet by more than 96% 
and 76%, respectively, with the planted 
system significantly outperforming the 
unplanted system. Finally, acidic pH of 
the process wastewater at both winery 
inlets was more successfully neutral-
ized by the planted than the unplanted 
wetlands.

Overall, the field evaluation demon-
strated that plants can play a significant 
role in treating process wastewater 
from wineries. While the planted 

TABlE 3. Field inlet/outlet monitoring (14 days) of subsurface-flow constructed wetlands for process wastewater treatment at two California wineries

Parameter

hRT* COD TSS TDS ph

Planted 
outlet

Unplanted 
outlet inlet

Planted 
outlet

Unplanted 
outlet inlet

Planted 
outlet

Unplanted 
outlet inlet

Planted 
outlet

Unplanted 
outlet inlet

Planted 
outlet

Unplanted 
outlet

. . . . . . days . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . mg/L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Winery A

Mean 6.0 6.0 72,965 2,321 4,770 297.9 71.3 140.5 639 1,447 1,910 4.50 6.41 5.81

Standard 
deviation

1.6 1.6 29,066 1,512 2,649 95.0 44.6 59.2 33 366 321 0.28 0.33 0.33

P value/CL† 0.0013 > 99% 0.0002 > 99% 0.0002 > 99% < 0.0001 > 99%

Average removal (%) 96.8 93.5 76.1 52.8

Winery B

Mean 17.5 24.1 5,080 30.8 106.0 324 27.5 44.50 615 1,178 1,401 5.35 6.96 6.52

Standard 
deviation

4.6 6.3 1,211 9.2 23.3 54.6 6.10 10.02 28.7 168 244 0.56 0.17 0.17

P value/CL 0.0008 > 99% 0.0465 > 95% < 0.0001 > 99% < 0.0024 > 99% < 0.0001 > 99%

Average removal (%) 99.3 97.9 91.1 85.5
* HRT = hydraulic residence time; COD = chemical oxygen demand; TSS = total suspended solids; TDS = total dissolved solids.
† CL = confidence level.

Piping disperses process wastewater across the width of a constructed wetland at a Paso Robles 
winery. Samples were taken at the outflow (not shown) and the far end of the wetland, which 
was designed to handle wastewater generated by producing 14,000 cases of wine.
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constructed wetlands were less than  
1 year old and not fully developed, they 
showed consistently better removal of 
COD and total suspended solids, as 
well as better pH neutralization.

Understanding natural treatments

Natural wastewater treatment sys-
tems have been effective in treating 
process wastewaters from fruit, wine 
and sugarcane processing, but many of 
the associated mechanisms are poorly 
understood, particularly at the opera-
tional scale. 

In our greenhouse studies, planted 
subsurface flumes with volcanic rock 
substrates removed approximately 80% 
of the inlet BOD5 and COD loading 
from molasses process wastewater, ap-
proximately 1,200 mg COD/l after about 
3 weeks of plant growth. This ultimate 
removal rate was similar to the steady 
rate achieved in these same flumes 
later. The planted flumes outperformed 
the unplanted flumes by roughly 30% 
in terms of COD removal. The steady 

increase in BOD5-to-COD ratio in the 
effluent of planted versus unplanted 
flumes suggests that the plant-biofilm 
system was better able to degrade more-
recalcitrant compounds in process 
wastewater.

In the winery studies, operational 
conditions resulted in overloading 
and underloading of the constructed 
wetlands even though HRTs were 

designed to be the same. Average or-
ganic loadings spanned roughly 5,000 
to 75,000 mg COD/l at HRTs of roughly 
20 to 6 days, respectively. While total-
suspended-solids concentrations at the 
inlets were similar at both wineries, 
much greater HRTs at one winery re-
sulted in greater COD removal rates. At 

both wineries, the 
planted wetlands 
outperformed un-
planted wetlands, 
with COD removal 
of 98% versus 95%, 

respectively; total-suspended-solids re-
moval of 84% versus 69%, respectively; 
and better pH stabilization and less 
total-dissolved-solids in the planted 
wetlands. 

The slightly greater COD removal 
rates at the wineries may be associ-
ated with the finer substrate mate-
rial used (pea gravel versus volcanic 
rock), plus the pea gravel possibly had 

greater cation exchange, or adsorption 
capacities, or simply a greater surface 
area for biofilm development. Our 
laboratory is investigating this issue. 
Nonetheless, we expect the perfor-
mance of the field constructed wetlands 
to improve as the plant-biofilm system 
is further developed. Overall, as in the 
greenhouse studies, the field studies 
underscored the importance of plants 
to the treatment performance of con-
structed wetlands for the variable, high-
strength process wastewaters typical 
of fruit, wine, distillery and sugarcane 
processing.

M.E. Grismer is Professor, Departments of Biologi-
cal and Agricultural Engineering, and Hydrology, 
UC Davis; and H.L. Shepherd is Independent 
Wastewater Consultant and Wetlands Special-
ist, Sebastapol, Calif. We thank the Instituto de 
Ecología, Xalapa, Mexico; the Wallace Group, San 
Luis Obispo; and the participating wineries and 
their staffs for supporting this work.
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Plants can play a significant role in treating 
process wastewater from wineries.

Natural treatment systems are effective in reducing organic-matter levels in wastewater, and 
even more so when they incorporate plants. At lemon Winery in Sebastopol, constructed 
wetlands include a planted bed (center) and an unplanted pond (middle right).
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Rice field drainage affects nitrogen dynamics and management

by Bruce A. Linquist, Kaden Koffler, Jim E. Hill 

and Chris van Kessel

Many California rice growers are now 

using foliar-active herbicides that 

require fields to be drained before 

application. Current regulations limit 

aerial herbicides and they must be 

applied by ground, requiring a soil 

surface dry enough to support ap-

plication equipment. Our research 

showed that draining rice fields for 

a prolonged period early in the sea-

son led to a buildup of nitrate in the 

soil. About 60% of this nitrogen was 

lost when the field was reflooded, 

reducing nitrogen-use efficiency and 

uptake, and lowering grain yields. 

Nitrate-nitrogen accumulated at a 

rate of about 1.8 pounds per acre 

daily, and accumulation began about 

4 days after the field was drained. 

During a typical drain of 10 to 14 days, 

about 20 pounds of nitrate-nitrogen 

per acre can be lost. Field experiments 

showed that incorporating fertilizer 

nitrogen into the subsurface soil in-

creases nitrogen-use efficiency. Based 

on this research, we recommend that 

growers incorporate as much of their 

preplant nitrogen as possible below 

the soil surface and limit the drain 

period as much as possible.

A critical challenge facing Cali-
fornia rice growers is managing 

herbicide-resistant weeds, which can in-
flict major yield losses and lead to exor-
bitant herbicide costs. The evolution of 
herbicide resistance, combined with in-
creased restrictions on how and which 
herbicides are applied, has limited the 
effectiveness of traditional weed-control 
strategies. Consequently, many grow-
ers are using foliar-active herbicides, 
which require that rice fields be drained 

to expose the weeds before application 
(foliar-active herbicides must have ad-
equate leaf surface area in order to be 
absorbed by the plant). Furthermore, 
regulations limit aerial applications of 
these foliar-active herbicides to prevent 
spray drift to sensitive crops. 

In the past, herbicides were flown 
on and into flooded rice fields. Growers 
now apply a substantial portion of 
herbicides by ground, which requires 
that the soil surface be dry enough 
to support application equipment, 
increasing the length of time that the 
field is drained. The drainage period 
usually begins within 2 weeks of rice 
planting and can last up to 3 weeks, 
depending on how the grower plans to 
apply the herbicide, the soil type and 
climatic conditions such as wind and 
temperature.

This change in early-season water 
management has direct implications for 
nitrogen fertility management, but cur-
rent recommendations were developed 
for continuously flooded rice. The im-
pacts of an early-season drain on nitro-
gen fertilizer dynamics, particularly the 
effect on potential nitrogen losses, are 
not well understood. Of all nutrients ap-
plied as fertilizer, nitrogen is required 
by rice in higher quantities and is most 
susceptible to losses (Schnier 1995). 

Fertilizer nitrogen is applied to rice 
fields in the form of ammonium (NH4) 
or urea (which rapidly converts to am-
monium). When a rice field is flooded, 
the fertilizer largely remains as ammo-
nium (Linquist et al. 2006) and is taken 
up as ammonium by the rice plant. 

When the field is drained and the 
soil becomes aerobic, ammonium is 
oxidized through microbial processes 
(known as nitrification) into nitrate 
(NO3). Nitrate is susceptible to losses in 
rice systems, and it disappears from the 
rice rooting zone within a week or two 
of a soil being flooded (Linquist et al. 
2006). The fate of nitrate in flooded soils 
is difficult to determine. Plants, includ-
ing rice, can take up nitrate before it is 
lost by other means. The most likely 
cause of nitrate loss from California rice 
systems is denitrification. When the 
field is reflooded and the soil becomes 
anaerobic, microbes convert a portion of 
the nitrate into nitrogen gas (denitrifica-
tion), which is lost to the atmosphere 
(Buresh and De Datta 1991). In some rice 
systems, nitrate leaching can be a sig-
nificant loss (Yoon et al. 2006; Zhu et al. 
2000); in California, however, rice soils 
are very impermeable, and under such 
conditions it is likely that soil nitrate 
denitrifies before it leaches (Bowman et 
al. 2002).

Rice growers now drain fields early in the season to apply herbicides by ground, rather than by air. 
The impacts of this change on nitrogen management in rice are not well understood. Above, metal 
rings were used to evaluate nitrogen dynamics in flooded and nonflooded fields.
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Finally, nitrate and ammonium can 
be lost in water runoff from rice fields. 
These losses are usually small, unless 
nitrogen fertilizer is applied just be-
fore or during a runoff period. Shortly 
after fertilization, nitrogen levels in 
rice floodwaters are low. Patrick and 
Reddy (1976) found that rice floodwater 
contained only 1.4 pounds nitrogen per 
acre 6 days after a surface nitrogen ap-
plication. In another study, only 0.3% of 
nitrogen fertilizer was lost via leaching 
and runoff (Zhao et al. 2009).

Although these nitrogen transforma-
tional processes are well understood in 
theory, less is known about how much 
nitrogen is lost or if nitrogen manage-
ment practices can be improved to 
reduce losses. We conducted research 
from 2006 through 2008 with the objec-
tives of (1) better understanding nitro-
gen dynamics in drained/reflooded 
cycles in rice systems, (2) predicting the 
amount of nitrogen lost and (3) develop-
ing improved management strategies to 
reduce nitrogen losses.

Early-season nitrogen dynamics

On-farm experiments were con-
ducted in 2006 and 2007 in rice fields 
that were drained early in the season 
for herbicide applications (table 1). In 
each year, experiments were conducted 
in two adjacent fields, one where rice 
straw was burned following the previ-
ous harvest, and the other where rice 
straw was incorporated and then the 
field flooded during the winter. In 2006, 
the fields were located west of Live Oak 
(Sutter County), and in 2007 they were 
west of Gridley (Butte County).

Two treatments (drained and und-
rained) were evaluated in each field, 
with both treatments replicated three 
times in a completely randomized block 

design. The treatments were imposed in 
the fields by forcing 30-inch-diameter 
metal rings 8 inches into the soil, with 4 
inches remaining above the soil surface. 
For each treatment and replication, two 
sets of rings were used. One set of rings 
was for early-season soil sampling and 
the other for the final harvest. The rings 
were forced deeply enough to penetrate 
the heavy clay layer, creating a seal so 
that water could be managed effectively 
within the rings. Both the drained 
and undrained treatments were tested 
within rings to eliminate any artificial 
effect of the rings on soil nitrogen dy-
namics and plant growth. 

The drained treatment was the stan-
dard farmers’ practice in which the 
fields were drained 1 to 2 weeks after 
planting and remained drained for 11 
(2006) and 10 (2007) days. At the end 
of the drain period, herbicides were 
applied by land by the grower, and 
then the fields (including rings) were 
reflooded and remained flooded for the 
remainder of the growing season. In the 
undrained treatment, floodwater was 
maintained inside the ring throughout 
the growing season, including the time 
the rest of the field was drained. During 
the drain period, water was periodi-
cally added to each ring to maintain a 
water depth of 2 to 4 inches. Just before 
the herbicide application, water in the 

undrained treatment rings was si-
phoned off for the herbicide application, 
and then water was added back into the 
rings within 4 hours to avoid any ex-
perimental artifacts due to a difference 
in herbicide application or weed control.

In each treatment, the soil and plants 
were sampled to determine soil nitro-
gen dynamics, plant nitrogen uptake 
and crop yield. The soil (0 to 6 inches) 
was sampled just after the herbicide ap-
plication (at the end of the drain period, 
in the drained treatment). The sampled 
soils were stored in an ice chest or cold 
room, and within 24 hours of sampling, 
mineral nitrogen was extracted using 
2-molar potassium chloride and ana-
lyzed for ammonium (Forster 1995) and 
nitrate (Doane and Horwath 2003). The 
bulk density of the soil was determined 
in order to express the amount of nitro-
gen on the basis of area. At harvest, the 
plants within each ring were sampled 
to determine crop yield. Straw and 
grain were ground and analyzed for 
total nitrogen content.

In 2006 and 2007, the rice varieties 
were M-205 and M-206, respectively, 
both Calrose types with similar genetic 
backgrounds. In 2006, nitrogen was 
applied by the grower with a preplant 
rate of 105 pounds per acre as aqua-
ammonia (NH3) and 28 pounds per 
acre in a liquid starter blend. The aqua-
ammonia was injected 3 to 4 inches 
below the soil surface, and the starter 
blend was applied to the soil surface. In 
addition, 26 pounds nitrogen per acre as 
ammonium sulfate was aerially applied 
later in the growing season. In 2007, the 
researchers imposed the nitrogen treat-
ments instead of the grower. The sub-
surface nitrogen rate was 100 pounds 
urea-nitrogen per acre applied in bands 
3 to 4 inches below the soil surface, and 
the surface rate was 40 pounds nitrogen 
per acre. Phosphorus and potassium 
were applied to all treatments to ensure 

Some experimental rings were maintained with water, right, during the period when the rest of 
the field was drained.

TABlE 1. Site description, nitrogen (N) rates, rice planting dates and water management for  
drained and undrained ring studies, 2006 and 2007

2006 2007

Burned incorporated Burned incorporated

Variety M-205 M-205 M-206 M-206

Planting date May 18 May 18 May 18 May 18

Drain initiated June 4 June 4 May 24 May 24

Drain duration (days) 11 11 10 10

Subsurface nitrogen (lb N/acre)* 105 105 100 100

Surface nitrogen (lb N/acre) 28 28 40 40
* In 2006, the grower applied subsurface nitrogen as aqua-ammonia. In 2007, the researchers applied it as urea.  

In both years, nitrogen fertilizer was applied 3 to 4 inches below the soil surface.
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that these nutrients were not limiting. 
All fields were flooded for planting im-
mediately after the preplant nitrogen 
applications.

Fate of nitrate 

Linquist et al. (2006) reported that 
shortly after flooding for planting, most 
nitrate is lost from the soil plow layer, 
and most mineral nitrogen is in the 
form of ammonium. The nitrate present 
prior to flooding the fields for planting 
would most likely have been lost via 
denitrification (Buresh and De Datta 
1991). Therefore, before the fields in this 
study were drained for the herbicide 
application, the soil mineral nitrogen 
would have been predominantly am-
monium. Total soil mineral nitrogen 
was highly variable among fields and 
years, and ranged from approximately 
40 to 185 pounds per acre (fig. 1). High 
variability is expected since most fertil-
izer nitrogen is banded below the soil 
surface. When soils are sampled, it is 
not possible to know if the samples are 
taken from within a band or between 
bands. Over time, however, this nitro-
gen moves laterally through the soil 
(Obcema et al. 1984), and subsurface 
nitrogen levels become less variable. 

At the end of the drain period, the 
form of soil mineral nitrogen differed 
significantly between the drained and 
undrained treatments. By the end of 
the 10- or 11-day drain period, there 
was less than 1 pound nitrate-nitrogen 
(NO3-N) per acre in the undrained 
treatment, but a significant amount of 
nitrate had accumulated in the drained 

treatment (fig. 1). In 2006, 31 pounds 
nitrate-nitrogen per acre accumulated 
in the straw-incorporated field and 
25 pounds accumulated in the straw-
burned field during the 11-day drain 
period. In 2007, 4 and 18 pounds nitrate-
nitrogen per acre had accumulated in 
the straw-incorporated and burned 
fields, respectively. In 2007, we attribute 
the low nitrate accumulation during 
the drain period in the incorporated 
field to less soil drying relative to other 
treatments (based on soil moisture 
measurements).

Of primary interest in this study 
is the fate of nitrate that had accumu-
lated in the drained treatment dur-
ing the drain period. Was it taken up 
by the plant or lost? At harvest there 
were significant differences in crop 
nitrogen uptake between the two 
water-management treatments. In 2006 
and 2007, total nitrogen uptake in the 
undrained treatment of both fields was 
15 and 12 pounds per acre higher on 
average than in the drained treatment, 
respectively (fig. 2). Soil nitrate accumu-
lation averaged 25 pounds per acre in 
the drained treat-
ment, and plant 
nitrogen uptake 
was 14 pounds 
per acre less than 
in the undrained 
treatment. This 
suggests that ap-
proximately 60% 
of the nitrate was 
not taken up by 
the crop but was 

lost. We surmise that the reduced nitro-
gen uptake was due to nitrogen losses 
via denitrification, since losses through 
leaching and surface runoff are believed 
to be minimal (Zhao et al. 2009). 

In the burned fields in both 2006 
and 2007, lower nitrogen uptake in 
the drained treatment resulted in 
lower grain yields (on average 680 
pounds per acre; P < 0.07) relative to 
the undrained treatment (fig. 2). In the 
straw-incorporated fields, grain yields 
were similar between the drained and 
undrained treatments. Soil nitrogen 
is higher in soils where straw is in-
corporated compared to where straw 
is burned (Linquist et al. 2006; Eagle 
et al. 2000). Therefore, in the straw-
incorporated fields, even though ni-
trogen uptake was less in the drained 
treatment in 2006, the crop yields were 
not compromised.

These studies indicate that prolonged 
draining of rice fields early in the 
growing season promotes nitrification. 
Nitrate that accumulates during this 
period is then subject to losses, which 
results in reduced nitrogen uptake and 
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Fig. 1. Nitrate (NO3) and ammonium (Nh4) in soils in undrained and drained 
treatments. Soil samples were taken at the end of the 10- or 11-day drain 
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potentially lower yields. Two questions 
arise: How can we predict the amount 
of nitrogen that is lost, and how can we 
manage fertilizer nitrogen to reduce 
such losses?

Soil nitrate accumulation 

To predict how much nitrogen is 
potentially lost, we conducted a study 
across the Sacramento Valley region 
with the primary objective of quantify-
ing soil nitrate accumulation rates dur-
ing the drain period. We identified 22 
rice fields where an early-season drain 
for an herbicide application was part of 
the weed management strategy. Soils 
were sampled from 0 to 6 inches every 
3 or 4 days during the critical flood-
drain-reflood phase to monitor changes 
in soil nitrogen status in all fields. Soil 
mineral nitrogen was extracted with 
2-molar potassium chloride immedi-
ately after taking the soil sample, then 
analyzed for nitrate and ammonium. 
Bulk density of the soil was determined 
for each field. For analysis, the drain-
age period was standardized across 
fields — the first drain day was when 
the field had drained to no more than 
puddling on the soil surface and the 
soils were saturated with water.

In all fields, nitrate accumulated dur-
ing the drain period and declined after 
reflooding (fig. 3), as observed in the 
ring study. There was a high degree of 
variation across fields in both the rate 
and total amount of nitrate accumu-
lated. The high variability among fields 
may be due to some soils being less 
prone to drying, different fertilizer rates 
and management strategies used by 
growers, and temperature differences. 
Higher temperatures favor nitrification 
(Breuer et al. 2002), and it is likely that 
earlier-planted fields experienced lower 
daily temperatures than those planted 
later in the season. 

When analyzed across sites, how-
ever, we found a significant correlation 
between the number of days a field had 
been drained and the amount of nitrate 
in the field (fig. 4). The linear regression 
equation indicates that nitrate increased 
at a rate of 1.8 pounds nitrate-nitrogen 
per acre per day. This value provides an 
approximate rule of thumb that growers 
can use to decide how much nitrogen to 
apply to make up for what was lost or 
became unavailable to the crop. 

Interestingly, and likely because soils 
remain saturated for a period of time 
after draining, nitrate did not start to 
accumulate until the fourth day after 
the drain. Therefore, draining water for 
a short period (less than 4 days) of time 
for herbicide applications or other man-
agement practices results in little to no 
risk of nitrate-nitrogen losses.

Nitrogen fertilizer management

Our results indicate the large poten-
tial for nitrogen losses in rice systems 
where an early-season drain is part 
of the weed management practice. 
Improved nitrogen management prac-
tices require changes in the timing 
or placement of nitrogen fertilizer to 
achieve acceptable nitrogen-use effi-
ciency. We predict that surface-applied 
nitrogen is more susceptible to nitrifica-
tion (and subsequently denitrification) 
than subsurface-applied nitrogen, since 
the surface soil remains aerobic for 
a longer period. If this is indeed the 
case, growers should apply fertilizer 
nitrogen below the soil surface (as aqua-
ammonia) as much as possible.

To test this hypothesis, two field 
studies were conducted in 2006 and 
2008 near Sheridan (Placer County) and 
Biggs (Butte County), respectively, on 
fields drained for an extended period 
early in the season. In these field tri-
als, three fertilizer-nitrogen treatments 
were evaluated. With the exception of 
a no-nitrogen fertilizer control, similar 
amounts of nitrogen were applied in the 
treatments within each site (185 to 189 
pounds per acre in Sheridan and 120 

pounds per acre in Biggs), but the fertil-
izer treatments differed in timing and 
placement. 

The treatments were (1) no nitro-
gen, (2) all preplant nitrogen fertilizer 
applied as aqua-ammonia to a depth 
of 3 to 4 inches (all subsurface) and 
(3) the conventional practice, where a 
portion of the preplant nitrogen was 
applied as aqua-ammonia and the 
remainder to the surface (subsurface 
plus surface) (table 2). At the Sheridan 
site, the grower also applied 42 pounds 
nitrogen per acre to the subsurface 
and subsurface plus surface treatments 
just after reflooding. The no-nitrogen 
treatment soil was covered with a tarp 
and did not receive nitrogen fertilizer. 
Treatments were replicated three times. 
The subsurface nitrogen was applied 
by the grower as aqua-ammonia to a 
depth of 3 to 4 inches using commercial 
equipment. All surface nitrogen was ap-
plied as urea by hand. The drain period 
in each field began 23 and 5 days after 
planting, and fields were reflooded 15 
and 11 days later at Sheridan and Biggs, 
respectively. At harvest the plots were 
sampled for total aboveground biomass 
and yield. Grain and straw samples 
were analyzed for nitrogen to deter-
mine uptake in each treatment.

In both locations, when no nitrogen 
was applied, yields ranged from 3,500 
to 3,700 pounds per acre, and there 
was a significant response to applied 
nitrogen (table 2). At both sites the high-
est yield and nitrogen uptake were in 
the treatment where all of the nitro-
gen fertilizer was applied preplant as 
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Fig. 3. Soil nitrate-nitrogen (NO3-N) during an 
early-season drainage period and subsequent 
reflooding period for one of 22 fields (Abel 
Road, Colusa) examined in 2007.

Fig. 4. Soil nitrate-nitrogen (NO3-N) as a 
function of the number of days a field is 
drained. Data is from 22 rice fields sampled 
every 3 or 4 days during 2007 drainage period. 
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aqua-ammonia. Averaged across both 
sites, the all-subsurface treatment had 
higher fertilizer nitrogen-use efficiency, 
59%, compared to 49% in the subsurface 
plus surface treatment. These results 
support our hypothesis that surface-
applied fertilizer nitrogen is more sus-
ceptible to losses than nitrogen that is 
placed below the soil surface. 

Consequently, our recommendation 
is to apply as much total nitrogen as 
possible as aqua-ammonia injected 3 
or 4 inches below the soil surface. This 
is the same recommendation made by 
Linquist et al. (2009) for convention-
ally managed fields with no early-
season drain. Their 3-year study on 12 
California rice fields, varying in straw 
and water management, found that in-
corporating all nitrogen fertilizer below 
the soil surface resulted in improved 
yields and nitrogen-use efficiency, 
regardless of water management prac-
tices. Surface-applied nitrogen was used 
less efficiently, even when rice fields 
were continuously flooded. Others have 
reported similar findings (Mikkelsen 
and Finfrock 1957; Broadbent and 
Mikkelsen 1968; Obcema et al. 1984).

Maximizing efficiency and yield

Draining rice fields for a prolonged 
period early in the season led to a 
buildup of nitrate in the soil. About 
60% of this nitrate-nitrogen was sub-
sequently lost when the field was 
reflooded, reducing nitrogen-use ef-
ficiency and uptake, and reducing grain 
yields. Nitrate accumulation begins 
about 4 days after the field has been 
drained and accumulates at a rate of 
about 1.8 pounds per acre daily. During 
a typical drain of about 10 to 14 days, 
this translates into an accumulation 
of roughly 20 pounds nitrate-nitrogen 
per acre. Field experiments supported 
the idea that incorporating fertilizer 
nitrogen into the soil (as growers rou-
tinely do for continuously flooded rice) 
increases nitrogen-use efficiency. Based 

on this research, we recommend that 
growers incorporate as much of their 
preplant nitrogen as possible below 
the soil surface, as aqua-ammonia. 
Furthermore, growers should limit the 
duration of the drain period as much 
as possible, since subsurface-applied 
nitrogen fertilizer remains susceptible 
to nitrogen losses when soils dry and 
become aerobic.
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Kessel is Professor and Chair, Department of Plant 
Sciences, UC Davis. The authors thank the many 
collaborating rice growers and the California Rice 
Research Board for funding this research.

TABlE 2. Fertilizer nitrogen (N) rate and timing treatments, and their effects on rice yield  
(14% moisture) and total nitrogen uptake in two field experiments, 2006 and 2008

Treatment 
designation

Preplant 
subsurface*

Preplant 
surface

Postdrain 
topdress Total applied Grain yield Total uptake

. . . . . . . . . . . . . . . . . . . lb N/acre . . . . . . . . . . . . . . . . . . . lb/acre lb N/acre

2006 (Sheridan)

No nitrogen 0 0 0 0 3,544b† 53c‡

Subsurface + 
surface

113 34 42 189 10,325a 149b

All subsurface 143 0 42 185 10,653a 163a

2008 (Biggs)

No nitrogen 0 0 0 0 3,715b 55c

Subsurface + 
surface

80 40 0 120 9,801a 109b

All subsurface 120 0 0 120 10,904a 125a
* Preplant subsurface nitrogen applied by grower as aqua-ammonia.
† Yields followed by the same letter within the same site-year indicate no difference between treatments (P < 0.05).
‡ Total nitrogen uptake values followed by the same letter within the same site-year indicate no difference between 

treatments; P < 0.05 for 2006 (Sheridan) and P < 0.06 for 2008 (Biggs).
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A rice grower applies herbicide to a dried-
down field. Drained fields must be dry enough 
to support application equipment with large 
tires, which can take 2 to 3 weeks.
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“Smart” sprayer technology provides environmental and 
economic benefits in California orchards

by Durham K. Giles, Parry Klassen, Franz J.A. 

Niederholzer and Daniel Downey

Spray applications of pesticides to 

orchards are a common cultural prac-

tice; however, they present environ-

mental concerns due to emissions of 

volatile organic compounds (VOCs), 

runoff that can allow pesticides to 

enter waterways, and spray drift 

onto nontarget areas. Advanced 

sprayer technology can address these 

concerns and improve application 

efficiency by reducing the amount of 

spray that does not reach the target. 

Target-sensing sprayers were evalu-

ated in multiseason experiments. 

They reduced pesticide application 

rates by 15% to 40% and nontarget 

orchard-floor deposition by 5% to 

72%, providing significant environ-

mental and economic benefits.

In California, orchard crops receive 
dormant and in-season applications 

of agrochemicals, including organo-
phosphates and pyrethroids to control 
insect pests and fungicides to control 
diseases. For dormant applications, the 
winter rainfall, particularly storms, 
increases the potential for pesticides 
to reach rivers and tributaries (Kuivila 
and Foe 1995). Brady et al. (2006) re-
ported the off-site movement and 
detection of two pesticides (diazinon 
and esfenvalerate) in California rivers. 
Werner et al. (2004) reported toxicity to 
several aquatic species when exposed 
to storm-water runoff collected in or-
chards following dormant-season ap-
plications of diazinon or esfenvalerate. 
These findings, coupled with concerns 
about the toxicity of organophosphate 
insecticides, have led to increased regu-
latory restrictions on their application 
in orchards.

 Concurrently, concern over air 
pollution is increasing. The U.S. 

Environmental Protection Agency (EPA) 
classifies portions of the Central Valley 
as extreme nonattainment areas for the 
8-hour ozone standard. The California 
Air Resources Board lists 21 counties, or 
portions of counties, as nonattainment 
areas (CARB 2010). Ozone is formed 
through the interaction of nitrogen ox-
ides and volatile organic compounds 
(VOC). The California Department of 
Pesticide Regulation targeted a 20% 
reduction in VOC emissions from pes-
ticide usage by 2010 (USDA 2009). The 
pesticides most commonly applied in 
dormant orchard spray applications are 
typically formulated as emulsifiable 
concentrations, often tank-mixed with 
dormant oils, which are identified as 
contributors to VOC emissions.

To reduce both air and water con-
tamination resulting from orchard 
applications of pesticides while main-
taining their pest control benefits, we 
examined candidate technologies that 
could meet the environmental goals yet 
remain attractive to growers. Often, im-
proved technology to reduce emissions 
provides no direct economic benefit 
to the user or grower; however, with 
advanced agricultural spraying equip-
ment, reducing pesticide use rates can 
provide potential economic benefits, 

primarily from pesticide savings but 
also from improved efficiency.

Efficiency of orchard spraying

Previous studies have investigated 
orchard spraying and found signifi-
cant opportunities for improving the 
process. Much of the released pesticide 
does not reach the target trees. Seiber 
et al. (1993) measured deposition from 
dormant spraying of diazinon in a 
peach orchard and found that 88% 
of recovered pesticide was on the or-
chard floor instead of the trees. Cross 
et al. (2001a, b) investigated the effects 
of spray droplet size and application 
volumes of 10 to 80 gallons per acre 
(94 to 748 liters per hectare) on spray 
deposition in an apple orchard; 43% 
to 61% of the applied spray was lost 
to ground deposit within 15 feet (4.6 
meters) of the row being sprayed. The 
study also concluded that for most 
typical orchard applications, the liquid 
volume rate (gallons per acre) is so large 
that differences in spray droplet size 
have little effect on spray deposition, 
since the trees are essentially saturated 
with liquid and any additional spray 
volume simply runs off the tree foliage. 
Similarly, once the application rates are 
above the saturation level, the actual 

A commercial sprayer retrofitted with a target-sensing spray system applies dormant spray in a 
prune orchard near Chico. These “smart” systems only apply sprays where a tree is detected.
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amount of applied volume has little ef-
fect on spray deposition. These fi ndings 
suggest that simple changes in spray 
nozzle selection and setup may assist in 
reducing off-target movement but may 
not achieve signifi cant improvements in 
application effi ciency and pesticide use 
rates.

A study of semidwarf apples and 
pears measured spray deposits at an 
application rate of 50 gallons per acre 
(468 liters per hectare) (Vercruysse et 
al. 1999). Before bloom, approximately 
44% of the applied spray was mea-
sured as spray drift or ground deposit. 

After bloom, 32% of the spray failed to 
deposit on the crop. The authors con-
cluded that during early growth stages, 
ground deposit was considerable and 
the presence of foliage on trees reduced 
airborne drift by 50% to 80%. A study in 
vineyards concluded that 37% to 62% of 
applied spray failed to deposit on target 
leaves (Pergher et al. 1997). An Ohio 
study determined that 57% of the spray 

applied to dwarf apples was deposited 
on the ground within 150 yards (137 
meters) of the orchard (Fox et al. 1990).

Sensor-equipped orchard sprayers

Sensor-equipped orchard sprayers, 
sometimes called “smart” sprayers, use 
multiple ultrasonic or optical detec-
tors to sense the presence or absence 
of trees, and they activate the spray 
nozzles only when a target is present in 
the spray zone corresponding to each 
sensor. While still considered a new 
technology, the technique was devel-
oped more than 20 years ago (Giles et 
al. 1987) and has been on the market for 
over a decade. The initial patents on the 
ultrasonic systems have expired, allow-
ing commercial competition among de-
signs, prices and vendors and providing 
more options for growers.

The basic concept of the sprayer 
operation is to apply the spray only to 
the target trees, allowing the sprayer 
to turn off between trees or in areas 
where trees are missing, and to turn 
off portions of the sprayer where trees 
are short or foliage is sparse. Giles et al. 
(1987) found an average savings of 28% 
to 34% and 36% to 52% for applications 
to in-season peaches and apples, re-
spectively, using the system. The study 
found that spray-volume savings were 
dependent on crop characteristics; when 
used in younger, smaller trees or in 
mature orchards with high proportions 
of replanted (young) trees, the savings 
increased correspondingly.

In principle, these sprayers maintain 
spray deposition equivalent to conven-
tional sprayers on the target trees, while 
reducing wasted spray that would 
deposit on nontarget orchard fl oors 
and contribute unnecessarily to both 
VOC emissions and, potentially, runoff 
and water contamination. Moreover, 
reductions in applied pesticide provide 
economic returns to growers, helping 
to defray the capital investment in the 
sprayer.

Testing smart sprayers

The objective of these studies was 
to determine how the use of smart 

The basic concept of the sprayer operation is to apply the spray 
only to the target trees, allowing the sprayer to turn off between 
trees or in areas where trees are missing.

To monitor the tree and ground deposition of spray applications, (A) 1-inch-diameter cylinders 
fi tted with fi ber fi lters were suspended from almond trees at different heights and (B) 4.25-inch 
glass fi lters supported by fl at ceramic tiles were laid on the orchard fl oor.

A B

in an almond orchard near Modesto, a target-sensing sprayer travels between rows.
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sprayers provides benefits for reducing 
pesticide use and nontarget deposition. 
Particular emphasis was on reduc-
ing ground deposit and runoff during 
dormant-season spraying. Additionally, 
the economic return was projected for 
grower investments in the technology. 
The ultimate goal of the research was 
to reduce the amount of pesticide used, 
as well as the off-target movement of 
orchard-applied pesticides.

Three field studies were conducted 
in commercial orchards using com-
mercial equipment, and with applica-
tions made by growers. Studies were 
conducted over three seasons, using 
registered insecticides applied during 
the dormant seasons. All applications 
were part of the cooperating growers’ 
integrated pest management (IPM) and 
spray programs. Two studies addressed 
the reduction in application rate and 
ground deposit (Downey and Giles 
2005), and the final study addressed the 
reduction of pesticide runoff from an 
orchard (Brown et al. 2008). All three 
studies compared the effects from 
conventional and sensor-equipped 
sprayers.

Chico prunes. The first experiment 
was conducted in a commercial prune 
orchard near Chico with trees ap-
proximately 20 years old. The spray 
application of diazinon was made with 
an engine-driven, axial flow sprayer 
(Model D2/40, Air-O-Fan, Reedley, 
Calif.), with an application rate of 2 
pounds per acre (2.24 kilograms per 
hectare). Trees were approximately 12 
feet (3.7 meters) high and planted at 160 
trees per acre (395 trees per hectare) 
with row spacing of 15 feet (4.6 meters). 
The conventional spray application rate 
was 100 gallons per acre (935 liters per 
hectare) at a ground speed of 2 miles 
(3.2 kilometers) per hour. An ultrasonic 
control system (Smart Spray, Durand-
Wayland, LaGrange, Ga.) was retrofitted 
to the machine.

Deposition samples were collected 
on glass fiber filters placed on flat plates 
within the target trees and on the 
ground between and within tree rows. 
For each treatment, four trees were 
sampled with four sample points per 
tree. Six ground samples were taken 
for each sprayer treatment. The area for 
each treatment was five rows wide by 
0.25 mile (0.4 kilometer) long, equal to 

approximately 2.25 acres (0.9 hectare). 
After spraying, the filter samples were 
recovered from the trees and ground, 
preserved in airtight bags, placed on 
ice and transported to the California 
Department of Food and Agriculture 
(CDFA) lab for chemical analysis.

Modesto almonds. The second exper-
iment was conducted in a mature com-
mercial almond orchard near Modesto, 
where the majority of trees were ap-
proximately 20 years old and planted 
on a 23-foot (7-meter) diamond pattern. 
Each treatment (sensor-equipped versus 
conventional spraying) was applied to 
approximately 5.5 acres (2.2 hectares). 
The conventional application was a 
dormant spray of copper, oil and chlor-
pyrifos at the standard rate of 2 pounds 
active ingredient per acre (2.24 kilo-
grams per hectare) and 100 gallons per 
acre (935 liters per hectare). The applica-
tion was made using an AF500 Smart 
Sprayer (Durand-Wayland, LaGrange, 
Ga.) at 2.75 miles (4.4 kilometers) per 
hour.

Deposition samples were collected 
on glass fiber filters placed on cylindri-
cal tubes within the target trees (four 
trees sampled) and on ceramic tiles 
positioned on the ground between and 
within tree rows, totaling eight ground 
samples per treatment. After spraying, 
the filter samples were recovered from 
the trees and ground, preserved in 
airtight bags, placed on ice and trans-
ported to the CDFA lab for chemical 
analysis.

Oroville prunes. The third field ex-
periment was conducted in a 20-year-
old mature prune orchard near Oroville 
where diazinon had historically been 
applied during the dormant season. The 
test orchard was approximately 40 acres 
(16 hectares), and the trees were planted 
on elevated berms. Tree spacing was 
18 feet (5.5 meters) within the row, row 
spacing was 18 feet (5.5 meters), row 
length was 450 feet (137 meters) and 
density was 130 trees per acre (321 trees 
per hectare). The orchard was land-
planed for surface irrigation.

The sprayer used was a power-take-
off-driven (PTO), axial-flow fan orchard 
sprayer (AF505CPS, Durand-Wayland, 
Lagrange, Ga.). The ground speed for 
all applications was 3 miles (4.8 kilo-
meters) per hour. The application rate 
of diazinon was 2 pounds per acre 
(2.24 kilograms per hectare) applied 
as an emulsifiable concentration. The 
conventional application rate of tank 
mix was 100 gallons per acre (935 liters 
per hectare). Each spray treatment was 
replicated six times, and 12 indepen-
dent plots were randomly established 
within the orchard for the entire study. 
Each treatment plot consisted of seven 
row middles (corresponding to eight 
tree rows) running the length of the 
orchard.

After the spray application, simu-
lated rainfall was applied to the sample 
rows, resulting in surface-water runoff. 
Rainfall was simulated using impact 
sprinklers set on risers above the 

The smart sprayer skips the spot where a new almond tree is planted, significantly reducing 
the amount of spray deposited on the ground. if necessary, growers can use the smart sprayer’s 
manual override to treat small plantings, or they can be treated by hand.
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orchard floor. A simulated rainfall rate 
was applied at approximately 0.25 inch 
(0.64 centimeter) per hour. This rate was 
used during the surface-water runoff 
trials; simulated rainfall occurred for 
2 hours and 40 minutes after each spray 
application. Approximately 0.7 inch (1.8 
centimeters) of rainfall was applied for 
each treatment. The rainfall event for 
the study was initiated 24 hours after 
the spray applications were completed. 
Runoff water samples were collected 
using apparatus and methods described 
by Brady et al. (2006). The automated 
system measured the volume of runoff 
and sequentially removed water sam-
ples for analysis (Brown et al. 2008).

less pesticide applied

In every field experiment, use of the 
sensor-equipped sprayer (with con-
trol system) resulted in spray savings, 
meaning that less pesticide was applied 
(table 1). The mature prune orchard 
near Chico had the least spray savings 
(15%). Its relatively dense and uniform 
trees — which presented a wall of foli-
age with smaller gaps between trees — 
reduced potential savings that the smart 
sprayer could achieve. Savings from 
smart sprayers are generally propor-
tional to openings and gaps in the tree 
rows (Giles et al. 1987). In the mature 
almonds near Modesto — which had 
large trees with larger gaps, especially 
between the lower portions — there 
was a 22% reduction in applied spray. 
Finally, the mature prunes near Oro-
ville, with a less-dense planting and 
wider gaps between trees, resulted in a 
40% reduction. 

These results reinforce previous 
research showing that savings from 
sensor-triggered spraying are related 
to orchard characteristics. Additionally, 
the smart-sprayer systems allow the 
operator to adjust the sensitivity and 
overspray settings; different applicators 
may use different settings, resulting in 
more or less savings. Applicators tend 

to be conservative, setting the control’s 
sensitivity to overspray in order to pre-
vent underspraying portions of trees.

Deposition on the trees was main-
tained at levels equivalent to or even 
greater than conventional spraying 
(data not shown). In the more-dense 
prune orchard, the target-sensed 
sprayer reduced ground deposit by 
5% versus the conventional sprayer 
(table 2). This result indicates that the 
dense spacing of prune trees in this 
Chico orchard captured the majority of 
spray onto trees irrespective of applica-
tion type. For the almond and more-
open prune orchards, the reductions 
were 72% and 59%, respectively. The 
decreased ground deposition in these 
two orchards shows that increased tree 
spacing along rows minimizes ground 
deposition when smart-spray technol-
ogy is used. When concentrations of 
pesticide were measured in the runoff 
water of the open prune orchard near 
Oroville (table 3), the reduction from 
sensor-controlled spraying was 54%, 

similar to the reduction in ground 
deposit.

Reducing costs

Spray application technology reduces 
the amount of pesticide applied while 
maintaining the necessary levels of 
deposition on trees, providing direct 
economic benefits to growers while at 
the same time providing significant 
environmental benefits. Improved 
equipment productivity is an added 
benefit. By reducing the application rate 
of the pesticide mix, each tank load of 
material covers a greater land area, ef-
fectively reducing the number of refills, 
ferry trips and time spent spraying each 
orchard. This provides an additional 
economic return to the grower by re-
ducing labor and fuel costs.

While the sensor technology pro-
vides environmental and pesticide sav-
ings benefits to the grower, the decision 
to invest in a new technology is often 
taken cautiously and is based on projec-
tions of economic return. The economic 
returns to the grower would come from 
two sources: first, the reduction in pes-
ticide use, and second, improved equip-
ment productivity.

The reduction in pesticide costs 
can be substantial. UC Cooperative 
Extension publications on the costs to 
establish and produce orchard crops 
were used to estimate pesticide costs 
per acre in common California or-
chard crops (Freeman et al. 2008). For 
Sacramento Valley almonds, pest con-
trol sprays (material only for diseases 
and insects) were estimated at $233 
per acre ($575 per hectare). Similarly, 
the cost for San Joaquin almonds was 
estimated at $203 per acre ($500 per 
hectare); for Sacramento Valley prunes, 
$149 per acre ($368 per hectare); and for 
San Joaquin peaches, $283 per acre ($700 
per hectare). These estimates are for 
material only and do not include vari-
able application costs including labor 
and fuel, which we estimated at $9.50 
to $10.00 per acre ($23.50 to $24.70 per 
hectare) for almonds and similar crops 
based on $2 per gallon ($0.53 per liter) 
for diesel fuel.

Based on the results of the field tests, 
we assumed materials savings of 20% 
and operating-cost savings of 10%. 
This resulted in a $1 per acre ($2.47 
per hectare) operating-cost savings 

TABlE 2. Average ground pesticide deposition 
for conventional versus smart-spray dormant 

applications

Application

Orchard Conventional Smart spray

micrograms/cm2

Prunes (Chico) 5.2 4.9

Almonds (Modesto) 11.3a* 3.2b

Prunes (Oroville) 24.2a 9.9a

* Different letters indicate significantly different means 
(P < 0.01) within the same spray test.

TABlE 3. Average recovery of diazinon from surface-water runoff (simulated rainfall) after conventional 
and smart-spray applications in Oroville prune orchard

Application Concentration Runoff volume Diazinon

micrograms/liter gallons (liters) milligrams

Conventional 505a* 976 (3,694) 1,889a

Smart spray 282b 854 (3,232) 911b

* Different letters indicate significantly different means (P < 0.01).

TABlE 1. Saving comparisons for conventional 
versus smart-spray applications

Application

Orchard Conventional Smart spray*

gallons/acre (liters/hectare)

Prunes (Chico) 100 (935) 85 (794)

Almonds (Modesto) 100 (935) 78 (729)

Prunes (Oroville) 100 (935) 60 (561)

* Application rates determined from on-board electronic 
system of sprayer.
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and material cost savings of $57, $47, 
$41 and $30 per acre ($141, $116, $101 
and $74 per hectare) for San Joaquin 
peaches, Sacramento Valley almonds, 
San Joaquin almonds and Sacramento 
Valley prunes, respectively.

The current cost of a retrofit spray 
sensor and control system is approxi-
mately $15,000 (Niederholzer 2009). A 
rule of thumb in the agricultural elec-
tronics industry is that a new product 
has a reasonable chance of adoption 
and sales success if the payback period 
is 2 years or less. With the estimated 
purchase price and estimated economic 
savings, a 2-year payback would be 
achieved for prune, almond and peach 
growers spraying 250, 160 and 130 acres 
(101, 65 and 53 hectares) per year. For 
growers with larger areas, the payback 
period would be proportionally less.

investing in new technology

Use of the smart-spray technology 
is growing in the industry but remains 
a small part of the spraying equip-
ment market. A further incentive for 
growers to invest in the technology is 
the U.S. Department of Agriculture’s 
Environmental Quality Incentives 
Program (EQIP), authorized by federal 
law in 2002 (and reauthorized in the 
2008 Farm Bill), which provides a volun-
tary conservation program for farmers 
and ranchers to promote agricultural 
production and environmental quality 
as compatible national goals. EQIP of-
fers financial and technical assistance 
to eligible participants to install or 

implement structural and management 
practices on eligible agricultural land. 

In particular, the California program 
includes an Air Quality Enhancement 
Program that is “designed to provide 
cost share incentives and technical as-
sistance to farmers and ranchers for in-
stallation of practices which reduce air 
pollution” (USDA 2011). The program 
targets statewide “airsheds” where 
levels of ozone, VOC or fine particulate 
matter have been classified as serious, 
severe or extreme nonattainment areas 
as defined by the U.S. EPA. The EQIP 
program provides financial and techni-
cal assistance to address nitrous oxide, 
VOC and particulate matter emissions. 
For example, it states: “The application 
of pesticides through sprayers produces 
VOC emissions. Growers can reduce 
these targeted VOC emissions by adopt-
ing new precision spray application 
technologies.” 

The program guidelines further 
state: “Precision spray technology used 
must provide at least a 20% reduction 
in spray, based on peer-reviewed re-
search documentation” (USDA 2011). 
In 2011, the financial incentive for these 

precision spray technologies is $30 per 
acre ($74 per hectare) for a maximum 
of 500 acres (202 hectares) — a total 
of $15,000 per contract. The amount is 
sufficient to adequately cover the cost 
of purchasing a typical target-sensing 
system for an orchard sprayer.
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Regulated deficit irrigation reduces water use of almonds 
without affecting yield

by William L. Stewart, Allan E. Fulton, 

William H. Krueger, Bruce D. Lampinen 

and Ken A. Shackel

A plant-based regulated deficit irriga-

tion (RDI) experiment in the northern 

Sacramento Valley determined that 

crop consumptive water use and ir-

rigation could be reduced without 

significant detrimental effects on 

almond production. Tree stress was 

measured by recording midday stem 

water potential, a direct measure 

of tree water stress. With a water 

stress level of −14 to −18 bars during 

the hull-split period, average annual 

water savings were about 5 inches. 

Over 5 years, no significant yield 

reductions were observed, although 

average kernel weight was slightly 

lower. The results suggest that water 

savings can be achieved without af-

fecting yield, even in soils with low 

water-holding capacity.

Almonds are California’s top agri-
cultural export — 80% of those 

consumed worldwide are grown here. 
As water resources become increas-
ingly scarce due to population growth, 
environmental needs and periodic 
drought, it will become more difficult 
both monetarily and politically to ob-
tain sufficient water for crop irrigation. 
Drought tolerance in almonds has been 
documented in previous studies, but 
substantial irrigation is still required 
to maintain current production levels. 
Over the last 14 years there has been a 
steady increase in both bearing acres 
and yields — about 70 pounds per acre 
in almond yield improvement annnu-
ally (USDA 2010), indicating a steady 
improvement in cultural practices, 
among them, irrigation.

There is a pressing need to reliably 
maintain current almond produc-
tion with less water. Surface-water 

allotments for irrigation during drought 
are often significantly reduced be-
cause precedence is given to other uses 
(Fereres and Soriano 2006). Water re-
serves in California were low following 
the droughts of 2007, 2008 and 2009. In 
fact, spring 2008 was the driest on re-
cord (DWR 2009).

The current basis for estimating the 
irrigation need of a crop is to combine 
the water lost from the soil (evapora-
tion) with the water lost through leaves 
(transpiration), into an overall loss, the 
crop evapotranspiration (ETc). ETc is 
calculated by multiplying a weather-
based reference crop ET (in California, 
mowed, irrigated grass pasture or tall 
turfgrass species, “ETo,” are used), by 
a crop coefficient (Kc), to give the final 
estimate (ETc = Kc × ETo). 

Research in the late 1980s and 1990s 
estimated the average seasonal ETc 
for almonds at 40 to 42 inches (102 to 
107 centimeters), with estimated sea-
sonal irrigation requirements of 36 to 

38 inches (91 to 97 centimeters) under 
typical soil and rainfall conditions 
of the southern San Joaquin Valley 
(Goldhamer and Smith 1995). But later 
field research suggested that almond 
ETc may average from 48 to 54 inches 
(122 to 137 centimeters) (Sanden 2007). 
Reasons for the higher recent estimates 
probably reflect the many changes that 
have occurred in almond culture over 
the past two decades. 

Almond orchards are now inten-
sively managed with pressurized (e.g., 
microsprinkler) rather than surface (e.g., 
flood) irrigation systems, and crop wa-
ter status can also be monitored directly 
using midday stem water potential 
(SWP). SWP is measured directly on 
leaves sampled in the orchard using a 
pressure chamber, and it indicates the 
level of physiological water stress that 
is being experienced by the trees at the 
time of sampling, much as blood pres-
sure or temperature can be a measure 
of any physiological stress in humans 

Microsprinklers are used in most almond orchards, allowing very precise measurements of how 
much water is being used by the trees. Above, Allan Fulton augured holes to install neutron-probe 
access tubes for monitoring stored soil moisture.
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(Shackel et al. 1997). Furthermore, ni-
trogen fertility management is more 
intensive than it was when the earlier 
research was conducted, and prun-
ing practices have changed to manage 
canopy light differently, both produc-
ing more foliage and potentially higher 
ETc. In fact, a higher ETc rate and higher 
yields may both be responses to more-
intensive almond management.

The ETc method of irrigation sched-
uling aims to maintain the crop in a 
nonstressed condition by supplying 
enough water to satisfy ETc. Alternative 
methods have been proposed that at-
tempt to reduce unnecessary vegetative 
growth in orchard and vine crops in 
order to make water use more efficient; 
they include deficit irrigation, partial 
root-zone drying and regulated deficit 
irrigation (RDI) (Costa et al. 2007). 

The objective of regulated deficit ir-
rigation is typically to irrigate so that 
trees experience mild-to-moderate lev-
els of water stress, in order to achieve 
an optimal horticultural balance be-
tween vegetative growth, which is very 
sensitive to stress, and fruit production, 
which is less sensitive (Chalmers et al. 
1986). Previous studies in almonds and 
other crops have shown the beneficial 
effects of regulated deficit irrigation, 
including control of excessive vegetative 
growth, reduced hull rot and improved 
hull split in almonds (Goldhamer et 
al. 2006; Teviotdale et al. 2001; Shackel 
et al. 2003), increased fruit density in 
prunes and pears (Lampinen et al. 1995; 
Marsal et al. 2002) and reduced vegeta-
tive growth in peaches (Chalmers et 
al. 1986).

Previous studies of regulated deficit 
irrigation have created stress by apply-
ing a fraction of ETc, but for this 5-year 
study we used a plant-based indicator 
of stress (SWP) and set a target level 
of mild-to-moderate stress during the 
hull-split period. We undertook this 
study to determine whether meaning-
ful reductions in consumptive water 
use (i.e., the total of irrigation and soil 
moisture used by the orchard in a sea-
son) could be achieved with minimal 
impacts on orchard productivity.

Testing deficit irrigation

Our study took place in a 
microsprinkler-irrigated, 270-acre 
(109-hectare) almond orchard near 

Orland in the northern Sacramento 
Valley, which was planted with 
‘Nonpareil’ and ‘Carmel’ trees spaced 
at 12 feet by 24 feet (3.7 meters by 7.3 
meters). The orchard was divided into 
five approximately equal blocks; two 
were planted in 1993 and three in 1999. 
From the first year of the experiment 
(2004), the canopy shaded area in mid-
summer (mid-June) at noon was greater 
than 50% in all blocks, so all blocks 
were considered to exhibit fully devel-
oped (mature) crop water requirements 
(DWR 1986). The five blocks were each 
subdivided into two sections to match 
the existing irrigation system design, 
with control and regulated deficit ir-
rigation treatments assigned to the sec-
tions on alternating sides.

Two rows of ‘Nonpareil’ almond 
trees in the center of each section 
were designated as the experimental 
plots, with two trees from each block 
used as the monitoring trees for SWP 
measurements. The rows averaged ap-
proximately 69 trees per block, and 
monitoring trees were positioned ap-
proximately one-third and two-thirds 

of the way into each row (at approxi-
mate tree positions 23 and 46). 

SWP values were initially taken on 
weekly field visits using a pressure 
chamber, and were collected biweekly 
during the hull-split period. Leaves, still 
on the tree, were covered with an alu-
minized Mylar bag for a minimum of 10 
minutes prior to measurements (Fulton 
et al. 2001). Meters were installed on a 
single lateral line in each irrigation sec-
tion to measure water applications.

In 2004 and 2005, block-specific 
recommendations for regulated deficit 
irrigation were communicated to the 
grower, who was responsible for day-
to-day irrigation management. In 2005, 
the orchard exhibited defoliation due 
to Alternaria leaf spot, and the grower 
was reluctant to withhold water from 
the large regulated deficit irrigation 
plots. 

In 2006, a separate irrigation system 
that could be monitored and controlled 
via a satellite-linked Internet service 
(Automata, www.automata-inc.com) 
was installed for the experimental 
‘Nonpareil’ row and the two adjacent 

Grids of neutron-probe access tubes allowed the researchers to take soil moisture readings at 
different depths. They found a shallow water table that receded throughout the growing season, 
especially during two drought years.
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pollenizer rows in each regulated deficit 
irrigation block. The system included 
flow meters to monitor irrigation and 
a weather station to measure rainfall, 
air temperature, humidity and other 
parameters. Picovale Services (www.
picovale.com) developed and supported 
a program to remotely control the on 
and off times for each block indepen-
dently via the Internet. Reference ETc 
(ETo) from a nearby CIMIS (California 
Irrigation Management Information 
System) station (#61 at Orland; discon-
tinued in 2010) was used to estimate 
crop water demand and was combined 
with published crop coefficients for ma-
ture almonds (DWR 1986) and adjusted 
for the full-bloom dates (Mar. 5, 2004; 
Feb. 20, 2005; Mar. 1, 2006; Feb. 21, 2007; 
and Feb. 29, 2008).

Utilizing stem water potential

Midday SWP and water meter data 
were collected weekly from early April 
until the hull-split period. Visual sur-
veys were made weekly starting in 
mid-June to anticipate the beginning of 
hull split. Irrigation was reduced once 
the onset of hull split was observed 
in blank nuts, generally about a week 
before the onset of hull split in normal 
(filled) nuts. Before and following the 

hull-split period, the water amounts 
applied to the regulated deficit irriga-
tion and grower control (full irrigation) 
treatments were equivalent. During 
the hull-split period, SWP was mea-
sured twice weekly and irrigation was 
adjusted to achieve a target mild-to-
moderate stress level of −14 to −18 bars 
(−1.4 to −1.8 megapascals [MPa]) in 
each block. 

By the last year of the study (2008), 
block-specific irrigation was not neces-
sary because the target SWP could be 
achieved using about the same level 
of deficit irrigation in all the treatment 
blocks. The target levels of midday 
SWP employed in this field trial were 
set to achieve mild-to-moderate water 
stress during the regulated deficit ir-
rigation period. For almonds, Shackel 
(2007) reported about a 50% reduction 
in midsummer stomatal conductance 
with SWP values of −14 to −18 bars 
(−1.4 to −1.8 MPa) compared with a 
nonstressed (no soil water limitation) 
SWP above −10 bars (−1.0 MPa) (Shackel 
2007; Shackel et al. 1997). Irrigation was 
returned to normal once visual surveys 
indicated 90% hull split in each block. 

The grower commercially harvested 
entire rows, and a weighing trailer was 
used to determine gross harvest weight 

in the field. We collected a 4-pound 
(1.8-kilogram) subsample from each of 
the blocks and used them to convert 
harvest weights into nutmeat yields.

In this field trial, regulated deficit 
irrigation was limited to the hull-split 
phase of almond growth and develop-
ment. ETc is typically highest during 
midsummer, so the opportunity is 
greatest at this time to impose crop 
stress in order to achieve significant 
irrigation reductions. In addition, 
Teviotdale et al. (2001) reported that 
both hull split and nut harvestability 
are improved and hull rot is reduced 
when regulated deficit irrigation is 
imposed during the hull-split period. 
Other stages of almond growth and 
development have shown greater sus-
ceptibility to negative impacts on tree 
growth and nut production (Goldhamer 
et al. 2006). Crop stress is also difficult 
to impose from leaf-out through mid-
May due to rainfall, lower ETc rates and 
generally sufficient soil moisture.

Measuring soil parameters

Soil moisture. We installed neutron-
probe access tubes to measure the 
change in stored soil moisture from 
early spring to late summer, in order to 
quantify the contribution of soil water 
to the crop’s water needs (in addition to 
applied irrigation water). We installed 
two grids of 16 tubes (schedule 40 PVC) 
in a single block, each in the southwest 
quadrant of a single monitoring tree 
for both the regulated deficit irrigation 
and control treatments. The tubes were 
arranged in 4-by-4 grids with overall 
dimensions of 6 feet by 12 feet (1.9 me-
ters by 3.7 meters). The grid spacing 
was measured from the center of the 
tube, with 2-foot (0.6-meter) spacing in 
the north-south direction and 4-foot 
(1.2-meters) spacing in the east-west 
direction.

We tried to install the tubes to an 
overall depth of 60 inches (152 centime-
ters) and measure volumetric soil water 
content at 1-foot intervals, at depths of 
8, 18, 30, 42 and 54 inches (20, 46, 76, 107 
and 137 centimeters). However, due to 
the widespread variability in soils — 
including areas with significant gravel 
content, soil stratification and a shal-
low, temporarily perched water table 
(particularly in March and April) — we 
achieved a depth of 54 inches (137 

William Stewart checked the evapotranspiration gauge on the almond orchard’s weather station. 
These measurements are used to calculate the amount of water lost by the crop.
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centimeters) for only 22 of the 32 tubes. 
The remaining tubes were installed to 
a depth of 42 inches (107 centimeters). 
Soil moisture readings were taken two 
or three times per season, typically 
around full bloom, in late summer and 
postharvest.

The shallow water table receded dur-
ing the course of each growing season, 
especially during the drought years of 
2007 and 2008; it did not appear to influ-
ence orchard water status significantly 
during our study. If capillary flow of 
water from the shallow water table had 
contributed significantly to crop con-
sumptive use, midday SWP would not 
have responded to the withholding of 
irrigation water during hull split. In ad-
dition, the gravel content and hardpan 
appeared to be barriers to deeper root 
development, so the roots may not have 
reached the soil water. 

Soil type. Soil types were variable 
throughout the orchard, but the major-
ity of acreage consisted of three types: 
(1) Cortina very gravelly sandy loam, 
(2) Hillgate loam and (3) Redding grav-
elly loam (USDA 2009). These soils are 
described by a USDA land capability 
rating of 3 or 4, which generally groups 
soil types based on restrictions for field 
crops. The Redding soil typically has 
a restrictive layer at 20 to 40 inches (51 
to 102 centimeters), and the other soils 
extend to below 80 inches (203 centi-
meters). Based on a nominal 60-inch 
(152-centimeter) soil profile, all have low 
available water — approximately 3.5 
inches (9 centimeters) for the Cortina 
and Redding soils and 8 inches (20 cen-
timeters) for the Hillgate soil (USDA 
2009). The two grids of neutron-probe 
access tubes were positioned in either a 
Cortina or Redding soil type.

Groundcover. Groundcover varied 
between mowed resident vegetation in 
spring and winter, and bare ground in 
summer. Vegetation around the  
neutron-probe access tubes, where a 
mower could not be used, was con-
trolled with herbicides each spring to 
match the surrounding vegetation.

Reductions in water use 

Water savings. An average water bal-
ance summary for 5 years of this study 
showed overall savings of 4.8 inches 
(12.2 centimeters) of applied water in 
the regulated deficit irrigation regime 

(table 1). The neutron-probe readings 
showed an average seasonal contribu-
tion of approximately 5.0 inches (12.7 
centimeters) of stored water in the 
control and 4.5 inches (11.4 centime-
ters) in the regulated deficit irrigation 
treatment, amounting to about 11% of 
overall consumptive water use. All in-
season precipitation was assumed to be 
an effective contribution. When the sav-
ings in applied water were combined 
with the contribution from soil storage, 
the regulated deficit irrigation regime 
resulted in a total average annual 
consumptive-water-use savings of 5.3 
inches (13.5 centimeters) over the 5-year 
period, and yearly savings ranged from 
10% to 15%, or 5.2 to 6.1 inches (13.2 to 
15.5 centimeters) (table 2). 

Yield increases. Yields increased 
in both treatments during the 5-year 
study, with no clear trend of any reduc-
tion due to regulated deficit irrigation 
(fig. 1). The orchard’s increasing yields 
can be attributed to its relatively young 
age (9 to 14 years) and continuing 
canopy growth. Canopy growth is typi-
cally very sensitive to deficit irrigation, 
so it is noteworthy that plant-based 
regulated deficit irrigation did not have 
a negative impact on yields over time, 
presumably because the deficit period 
was after the main period of vegetative 
growth. 

Nutmeat production. Even though 
regulated deficit irrigation consistently 
reduced applied water compared to the 
control (tables 1 and 2), variation was 
high enough to prevent the regulated 
deficit irrigation from having a statisti-
cally significant effect on the gallons 
of irrigation water used to produce 
1 pound of nutmeat (table 3). Statistical 
analysis (ANOVA, not shown) for yield 
and irrigation water used per pound 
of nutmeat showed that both block and 
year effects were highly to very highly 
significant, presumably as a result of 

fixed block-to-block variability in the 
soils as well as the combined effects of 
year-to-year variation in weather condi-
tions, especially during flowering, and 
the increasing yields over time.

Nut quality. Over 5 years, we found 
only two statistically significant ef-
fects on nut quality under regulated 
deficit irrigation: a decrease in kernel 
weight and an increase in the percent-
age of severe shrivel. Average nut size 
was 1.18 grams (SE ± 0.12) in the regu-
lated deficit irrigation treatment and 
1.21 grams (SE ± 0.12) in the control 
(P > 0.02). There was severe shrivel 
in 13.0% (SE ± 9.3) of nuts sampled 
from the regulated deficit irrigation 

TABlE 2. Consumptive water use and overall 
percentage savings, 2005–2008

Year Treatment Consumptive use Savings

inches (cm) %

2005 RDI* 34.6 (87.9) 15

  Control 40.2 (102.1)

2006 RDI 36.0 (91.4) 13

  Control 41.6 (105.7)

2007 RDI 47.1 (119.6) 10

  Control 52.3 (132.8)

2008 RDI 42.6 (108.2) 13

  Control 48.7 (123.7)

* Regulated deficit irrigation.
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Fig. 1. Annual pattern of nutmeat yield, 2004–
2008. Error bars are ± 2 SE.

TABlE 1. Average estimate of consumptive water use in control and regulated deficit irrigation 
(RDi) treatments, 2005–2008* 

Treatment
Seasonal applied 

water
Seasonal 

precipitation
Contribution 

from soil storage
Consumptive 

water use Modeled ETc

. . . . . . . . . . . . . . . . . . . . . . . . . . . . inches (centimeters) . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Control 39.3 (99.8) 4.1 (10.4) 5.0 (12.7) 48.4 (122.9) 44.4 (112.8)

RDI 34.5 (87.6) 4.1 (10.4) 4.5 (11.4) 43.1 (109.5) 44.4 (112.8)

* All in-season precipitation was assumed to be effective, and modeled ETc values were based on DWR 1986.
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treatment and 9.0% (SE ± 5.3) from the 
control (P > 0.05). 

The nonsignificant effects measured 
were nut moisture; percentages of 
sealed sutures, doubled kernels, twin 
kernels, blanks, broken kernels, creases, 
slight shrivels, rupture calluses, gums, 
molds and stains; and damage by na-
vel orangeworm, ants and peach twig 
borer. For most of the quality factors 
measured, the effect of year, but not 
block, was also highly to very highly 
significant (table 3; ANOVA not shown).

hull split. Previous research showed 
that regulated deficit irrigation can 
increase the rate of hull splitting 
(Teviotdale et al. 2001), but in this study 
we observed no measurable differences 
in the duration or extent of hull split 
between treatments in any year (data 
not shown).

Plant water deficit. The SWP values 
in both treatments were approximately 
equivalent before and after the regu-
lated deficit irrigation period, but were 
much lower (trees were more stressed) 
compared to the control during the 
hull-split period (fig. 2). This indicates 
that a well-defined and reproducible 
plant water deficit was achieved during 
hull split in the regulated deficit irriga-
tion treatment. 

For much of the growing season 
(14 to 32 weeks from full bloom), 

particularly around harvest time (25 to 
28 weeks from full bloom), SWP in the 
control was also lower than expected 
for almond trees with nonlimited water 
(the nonstressed baseline) (Shackel et al. 
1997). This effect may be attributable to 
a small deficit in water applied by the 
grower as a result of cutbacks in water 
availability.

Deficit irrigation in practice

The orchard site used in this study 
presented several difficulties in imple-
menting regulated deficit irrigation as 
a management technique, in particular 
the site’s relatively shallow and spatially 
variable soil with low water-holding 
capacity, and two comparatively dry 
years (2007 and 2008). Both of these 
factors might lead to an excessive and 

potentially damaging level of stress 
when irrigation is reduced, particularly 
just prior to harvest in almonds, when 
irrigation must be discontinued to allow 
for mechanized harvesting. However, 
using a simple, plant-based approach, 
consistent water savings of more than 
5 inches (12.7 centimeters) or about 13% 
of applied water were achieved with no 
detectable effects on short- or medium-
term orchard productivity. When regu-
lated deficit irrigation was compared to 
the control, there was an annual water 
savings of 0.4 acre-foot (1.2 megaliters 
per hectare).

Although no significant reductions 
in overall yield or gallons of irriga-
tion water used per pound of nutmeat 
were observed in our study, significant 
reductions in yield have been docu-
mented in previous deficit experiments 
with almonds. The negative effects in 
those studies were not extreme, and 
the yield reductions were generally 
associated more strongly with water 
deficits imposed during postharvest 
than during hull split. In a 4-year study 
by Girona et al. (2005), a statistically sig-
nificant (20%) reduction in overall yield 
was associated with a 40% reduction in 
water application and a nonsignificant 
(3%) reduction in kernel dry mass. In 
our study, the overall treatment differ-
ence in kernel dry mass of 2.5% was 

TABlE 3. Yield and irrigation water used per 
pound nutmeat for control and regulated deficit 

irrigation (RDi), and probability (P value) for 
treatment effect, 2004–2008*

Treatment Yield irrigation used

lbs. nutmeat  
per acre

gallons per lb. 
nutmeat

Control 2,640 ± 920 458 ± 193

RDI 2,640 ± 1090 428 ± 213

P value 0.99 NS 0.22 NS

* Based on three-way ANOVA (year, block and treatment).
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Fig. 2. Seasonal average pattern of stem water potential (SWP) values for 
control and regulated deficit irrigation (RDi) treatments, with upper and 
lower limits of target water stress and average duration of RDi regime, 
and seasonal average expected SWP values for nonstressed almond 
trees, 2004–2008. Nonstressed baseline values (Shackel et al. 1997) were 
calculated using CiMiS data for atmospheric vapor pressure deficit; 2005 
data was excluded from analysis.

The study did not measure any almond yield reductions attributable to 
regulated deficit irrigation. Yields increased in both treatments due to 
the orchard’s young age and ongoing canopy growth. Above, almonds 
are swept into windrows.
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statistically significant but relatively 
minor.

At this site, even though the grower 
annually applied what many consider 
full ETc, the SWP values indicated that 
the orchard trees were experiencing 
mild-to-moderate stress during much of 
the season, particularly around harvest. 
According to a previous study, mild-
to-moderate stress may not be unusual 
in commercial almond production 
(Shackel 2001). Therefore, it is difficult 
to determine how much water might 
be saved statewide if our recommen-
dations for regulated deficit irrigation 
were widely adopted.

Our plant-based strategy for regu-
lated deficit irrigation is based on tar-
geted stress levels at specific stages of 
crop development. If current grower 
practice already achieves this stress 
level, then the water savings shown in 
this study may not be realized. It will 
be important to further document cur-
rent practices in terms of both ETc and 
SWP in order to have a more reliable 
estimate of the potential water savings 
from using regulated deficit irrigation 
in almond orchards. 

The water savings in our study might 
also be improved upon. Depending on 

winter rainfall and soil type, a plant-
based strategy might allow irrigation to 
be reduced for longer periods of the sea-
son in many almond-producing areas of 
the state. The contribution from rainfall 
is another important consideration; 
during this study there were 2 years of 
below-average rainfall, and the average 
annual contribution to crop consump-
tive water use from soil storage was 
only 11%. In less droughty years, or on 
soils with a higher water-holding ca-
pacity, water savings from plant-based 
regulated deficit irrigation might have 
been greater.
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Walnut and Almond Specialist, Department of 
Plant Sciences, UC Davis; and K.A. Shackel is Pro-
fessor, Department of Plant Sciences, UC Davis. 
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Because of periodic drought and increasing competition for water 
resources, there is a pressing need to reliably maintain current 
almond production with less water.

A plant-based strategy for monitoring tree 
water stress allows growers to target deficit 
irrigation during specific stages of the growing 
season, possibly resulting in significant water 
savings.



Rice Nutrient Management in California

As a fl ooded crop, rice presents unique fertility manage-
ment problems. Fertilizer applications benefi t plant 

health and grain qual-
ity, but the misuse of 
fertilizers can damage 
crops, contaminate 
the environment and 
waste money. With 
increasing fertilizer 
prices, the need to 
focus on careful nu-
trient management 
is greater than ever. 
This guide provides a 
step-by-step analysis 
of particular growing 
situations to allow 
more informed deci-
sions about nutrient 
management for 
rice crops. Chapters 
cover the basics, 
from soil types and 
how fl ooding affects soil fertility, 
to a complete analysis of seven nutrients, along with salinity, 
pH and other potential toxicities.
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Optimizing nutrition for disease prevention

The UC Center for Health and Nutrition Research 
(CHNR) funds research into how nutrients in whole 

foods — in particular the micronutrients, phytochemicals 
and bioactive constituents found in fruits, vegetables and 
nuts — can act to reduce the risk of chronic diseases such 
as cancer and heart disease. In the next issue of Califor-
nia Agriculture journal, nutrition scientists affi liated with 
CHNR present the results of innovative, biology-based 
studies, including work on the role of omega-3 fatty acids 
(found in fi sh, including salmon) in modulating infl amma-
tion and controlling asthma; how phytochemicals infl u-
ence the activity of mitochondria; the relationship between 
soy protein and cardiovascular disease risk; the nutritional 
needs of young female athletes; and the potential of citrus 
fruits to prevent serious vitamin A defi ciencies.
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