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INTRODUCTION

Staffs of the Columbia Basin Agricultural
Research Center (CBARC, Oregon State
University [OSU], Pendleton and Sherman
Stations) and the Columbia Plateau
Conservation Research Center (CPCRC,
USDA-Agricultural Research Service
[ARS], Pendleton) are pleased to present
some of their research results. This Special
Report contains a representative sample of
the work in progress at these centers. A
collection of Special Reports over a three-
year period will give a more complete
assessment of the productivity and
applicability of research and education. The
reports can be found on the CBARC
website: http://cbarc.aes.oregonstate.edu.
Past issues are available through the
extension office and CPCRC website:
http://www.ars.usda.gov/main/site main.ht
m?modecode+53-56-00-00. Changes in
staffing, programming, and facilities at these
centers during the past year are summarized
below.

Promotions and Awards
Within ARS, Hero Gollany and Dave
Robertson received promotions in 2005.
Mark Siemens, Dale Wilkins, and Robert
Correa received a 2005 ASAE Superior
Paper Award for their manuscript entitled
"Development and Evaluation of a Residue
Management Wheel for Hoe-Type No-Till
Drills" published in the Transactions of the
ASAE. Mark Siemens received an ASAE
Standards Developers Award for
Outstanding Service for Major Contributions
in the Development of Standards.

Staff Changes
Karen Binder, Office Manager, left to accept
a position as a staff accountant in Walla
Walla, WA. Valerie Lieuallen was hired as
office manager. Chris Humphreys resigned

his position in the Agronomy Program to
accept a teaching position in the Pilot Rock
School and his position was filled by Larry
Pritchett. Dr. Dan Ball began a sabbatical
leave in Argentina in July. Jennifer Gourlie
resigned her position in the plant pathology
program and Jason Sheedy was hired.
Christy Watson was hired in a temporary
position in the Plant Pathology program.

OSU summer student employees for 2005
included: C.J. Cambier, Lacey Cleland,
Jenny English, Ashley Freeman, Jonathon
Jackson, Will Long, Katie Manning, Audrey
Marier, Nolan Mills, Jacob Mitchell, Matt
Montgomery, Scott Montgomery, Genna
Melton, Chelsea Pahl, Mindy Perkins, Becca
Perrine, Andy Wellington, Paul Wilkerson,
and Tina Zeckman. The summer workers
provide invaluable assistance to the research
programs and they make a significant
contribution to the overall success of the
research station.

New employees to ARS for 2005 were
Teresa Wenda, Physical Science Technician;
and Yi Liang, Research Bioresources
Scientist. ARS summer employees for 2005
included: Kassandra Andrews, Kari Dallas,
Robert Johlke, Eugene Machado, Wesley
Matlock, Byron Morris, Randy Neil, Darren
Van Cleave, Alan Wernsing, Jeffrey
Whitmus, and Mandy Wuest.

New Projects and Grants Received
OSU scientists received more than $446,000
in grants and contracts in 2005; the three
year average (2003 — 2005) is $640,000.
Grant sources include regional competitive
grant programs such as STEEP III, and the
Grass Seed Cropping Systems for a Sus-
tainable Agriculture; commodity commis-
sions such as the Oregon Wheat Corn-
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mission and the Washington Turfgrass Seed
Commission and private industry.

The plant pathology program collaborated in
the development of a Global Initiative for
Integrated Management of Soil-borne
Pathogens and Pests for Resource-poor
Farmers of Rainfed Wheat. This initiative
formally links root disease research and
extension in the Pacific Northwest with that
at international research centers (CIMMYT
and ICARDA) and in national programs in
Australia, Turkey, and in countries in central
and west Asia and north African countries.

The program began screening nearly all
commercial wheat and barley varieties in the
PNW as well as parental lines of the
International Triticeae Mapping Initiative
(ITMI) mapping population to document
levels of genetic resistance and/or tolerance
to the root-lesion nematodes Pratylenchus
neglectus and P. thornei. They also began
crossing PNW-adapted varieties with
CIMMYT and Australian lines that possess
the highest-available levels of resistance
and/or tolerance to Pratylenchus neglectus,
P. thornei, and the crown and root rotting
fungi Fusarium culmorum, F. pseudo-
graminearum, and Bipolaris sorokiniana.

The plant pathology program also arranged
and provided access to laboratory facilities
for research on the biology of eels in PNW
streams. This work is being performed by a
consortium of scientists from Michigan
State University, University of California at
Berkeley, and the Confederated Tribes of
the Umatilla Indian Reservation.

Dan Ball and colleagues at WSU and U of I
initiated a study on the soil persistence of
Imazamox herbicide in tilled and direct-
seeded dryland winter wheat cropping
systems. Imazamox (Beyond® ) is a new

herbicide used to selectively control weeds,
such as jointed goatgrass, downy brome,
wild oat and Italian ryegrass, in Clearfield®
winter wheat. It reportedly can persist in
soil from 3 to 26 months and adversely
affect the growth of rotational crops such
barley, canola, and mustard. This project
will evaluate the effect of different environ-
ments and tillage systems on soil persistence
of Beyond used in Clearfield wheat
production systems.

Steve Petrie began research on advanced
lines and new varieties of waxy barley and
wheat varieties to assess their adaptation to
dryland cropping conditions in north-central
and northeastern Oregon. These waxy
barley and wheat crops will be used as
feedstocks in the production of food with
improved quality and nutrition.

ARS scientist Dan Long received $140,000
in grant funds from the Bi-national
Agriculture Research and Development
program to investigate the use of remote
sensing from air or space in supporting
decisions about nitrogen management in
dryland and irrigated wheat. Mark Siemens
initiated a project to evaluate the
performance of a low cost, reaper based
harvesting system that the unit developed.

Dr. Hero Gollany initiated a new project at
CPCRC field location called GRACEnet
(Greenhouse Gas Reduction through
Agricultural Carbon Enhancement Network)
in collaboration with 32 ARS units across
the US. The objectives of this project are: 1)
evaluate soil carbon status and direction of
change of soil carbon in existing typical and
alternative farming systems, and 2)
determine net greenhouse gas emissions
(CO2, CH4 and N20) of current agricultural
systems in existing typical and alternative
agricultural systems. Our approach involves
field-scale measurements of soil carbon and
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greenhouse gases using vented chambers in
conventional winter wheat-summer fallow
rotation and alternative management
practices (Continuous winter wheat, and
winter wheat-winter/winter wheat-sudan
grass rotation with direct seeding).

Facilities and Equipment
We performed a number of improvements to
the facilities at CBARC including:

Sited a storage container that will be used
long term storage of LTE samples.

Remodeled an abandoned darkroom into a
nematode extraction laboratory with
incubators.

Upgraded microscopes in the plant
pathology program.

Purchased a new compressor for walk-in
cooler.

Began septic system upgrade with partial
support from Building Use Credit funds
from the CAS.

Designed and began construction on a liquid
fertilizer handling system.

Purchased new Fabro grain drill for long
term plots at Moro using external funds
from the OSU Research Equipment Reserve
Fund and the Sherman Station Endowment
Fund.

Purchased an undercutter sweep using
external funds from the Sherman Station
Endowment Fund.

Received donated trailer from wheat
breeding program; the trailer was shortened,
rewired, painted, and hydraulic brake system
was upgraded.

Purchased rangeland drill and trailer for the
Weed Science program using external and
Extension funds.

Re-roofed farm and safety office with steel
roofing.

In addition, ARS facilities and capacities at
CPCRC were improved through the
following:

Purchased an automatic steer and precision
guidance system with funds provided by
Area Director Dwayne Buxton.

Created a grain quality lab by adding new
shelves and counter space to a bay in the
machine shop.

Added a workspace and equipped it with
computers for inventory and analysis of
geospatial information.

Purchased an undercutter sweep for use in
minimum tillage experiments.

Purchased an on-line grain quality sensor for
characterizing spatial variability in grain
protein.

The second and final phase of the HVAC
replacement project for the ARS main
building and annex was initiated in
November 2005. This construction phase
involves replacing all existing ductwork,
VAV boxes, fume hoods, heat pumps,
temperature controls, florescent lighting,
ceiling tile, emergency alarm system, and
computer center air conditioner. The ceilings
of the exit corridor will be lined with 2-in
drywall to achieve a 1-hr fire rating.

Training
All OSU and ARS employees licensed to
apply pesticides completed the appropriate
recertification training. Safety training on
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specific topics was a regular part of the
monthly OSU staff meeting. Many ARS and
OSU employees participated in first aid,
cardio-pulmonary resuscitation (CPR) and
automatic external defibrillator (AED)
training.

Hero Gollany attended Transition from
Hands-On to Mind-On, and Coaching Skills
for Managers and Supervisors. Linda Baugh
completed Facilities Management,
Workplace Safety OSHA Compliance,
Creative Leadership Training, Powerful
Communications Skills for Women, and
Federal Government specific training for
Environmental Management Systems,
Federal Rolls and Responsibilities of EEO,
Appropriations Law, CRIS Allocation
Tracking System, and Personal Property
System. Dave Robertson completed
CR10X/LoggerNet training. Don Hulick
attended the Professional Development
Conference that included training on
overhead crane and forklift operation.

Outreach
OSU scientists and Extension Specialists
made 81 presentations at grower meetings
organized by Extension agents and private
industry, regulatory and advisory agency
meetings, outdoor workshops, soil judging
contests, and others. CBARC scientists and
Extension Specialists also authored 14
refereed Extension publications and were
co-authors on eleven more; they also have a
total of 15 reports on Oregon Invests.

ARS scientists gave 46 illustrated
presentations to growers, consultants,
industry members, agency officials, and
other external constituents through a variety
of meetings and workshops. These activities
included a field science session for the sixth-
graders of Sunridge Middle School's
Outdoor School to teach children about the
importance of soil to humankind, and what

farmers and other land managers can do to
reduce soil erosion. Dan Long and John
Williams conducted a soils tour for
environmental science students from
Whitman College, Walla Walla, WA.
Stewart Wuest visited Pendleton High
School's Advanced Biology classes to talk
about scientific experimentation and to
discuss ways to improve the students' own
experiments. Personnel also represented
ARS at UMESD Career Showcase, Eastern
Oregon University Career Day, and
Watershed Field Days.

Visitors
The Center hosted several special events,
including numerous research and planning
meetings. Visitors hosted by the staff at the
center included:

Dwayne Buxton, USDA-ARS, Albany, CA
Andy Hammond, USDA-ARS, Albany, CA
Bob Matteri, USDA-ARS, Albany, CA
Jeff Van Houten, USDA-ARS, Albany, CA
Larry Bishop, Pendleton Liaison Committee
Greg Goad, Columbia Crush
Dean Brickey, East Oregonian
Lois and Bob Ramig, Pendleton, OR
Dale Wilkins, Pendleton, OR
Betty Klepper, Pendleton, OR
Sheldon Blank, Monsanto Co.
Leonard Jenner, State of Oregon
Thomas Gohlke, USDA-NRCS
Mathias Kolding, Pendleton, OR
Paul Rasmussen, Pendleton, OR
Rich Holdren, OSU
Deb Jones, GLGQL
Earl Prior, OWGL
Jeff Newtson, OWGL
Leadership Pendleton Class of 2005
Tammy Dennee, OWGL
Kim Puzey, Port of Umatilla
Jon Sperl, PGG
Sherman Reese, OWGL
Leon Reese, OWGL
John Hamilton, TVRR
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Kim Campbell, USDA-ARS, Pullman, WA
Jan Auyong, OSU
Dol Hemphill, OSU
Phil Van Buskik, OSU
Clint Jacks, OSU
David Bohnert, OSU
Phil Hamm, OSU
Gil Sylvia, OSU
Clark Seavert, OSU
Eric Fritzell, OSU
Tim DelCurto, OSU
John Winder, OSU
Al Gosiak, PGG
Charles Boyer, OSU
Wally Wilhelm, USDA-ARS, Lincoln, NE
Denis Roe, USDA-ARS, Pullman, WA
Joe Yenish, WSU
Aaron Esser, WSU
Joan Wu, WSU
Dave Huggins, USDA-ARS,
Xianning Chen, USDA-ARS, Pullman

Seminars
Don Wysocki coordinated the 2005 OSU/
ARS seminar series at the Centers.
Seminars included the following topics and
speakers:

Dr. Mekhlis K. Suleimenov, Assistant
Coordinator of the Central Asia and
Caucasus Regional Office of ICARDA,
Farming Practices in Semiarid Steppes of
North Kazakhstan and West Siberia, 18
January 2005.

Kyle Freeman, Oklahoma State University,
Results Oriented Extension, Adopting
Technologies for Profitability and
Environmental Quality, 26 April 2005.

Michael Flowers, USDA-ARS, Raleigh, NC,
In-Season Nitrogen Management in Winter
Wheat, 26 April 2005.

Joanna Fraser, Perspectives and Experiences
of an Itinerant Agronomist, 27 April 2005.

Dr. Shignori Morita, Professor, University
of Tokyo, Structure and Function of Cereal
Crops, 22 September 2005.

Liaison Committees
Chairpersons Larry Bishop and Ernie Moore
led the Pendleton and Sherman Liaison
Committees, respectively. In 2005, we fully
implemented conversion to a joint OSU-
ARS Liaison Committees for purpose of
enhancing organizational synergy between
OSU-CBARC and ARS-CPCRC. These
Liaison Committees provide insightful
guidance and recommendations on research
directions, staffing needs, and facilities and
equipment needs. They also provide a
crucial communication link between
growers and the research community. We
encourage you to contact the Liaison
Committee chairs with your concerns and
suggestions for improvements regarding any
aspect of the research centers.

Expressions of Appreciation
The staff expresses their appreciation to
individuals, associations, and corporations
that have given special assistance for the
operation of experimental research plots
during this past year, 2004-2005. The
Oregon Wheat Commission continued to
provide crucial funding to the OSU
programs at the Center, and we gratefully
acknowledge their generous support. We
want also to express our sincere appreciation
to those individuals, groups, and
corporations who provided additional
equipment, supplies, funds, and labor to help
us carry out our mission. These include:
Charles Betts, Sheldon King, Bill Jepsen,
the Pendleton Flour Mills, Pendleton Grain
Growers, Agrium, Bayer, and Monsanto.
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For continued support, we thank the
Umatilla Soil and Water Conservation
District- Bev Kopperud and Ray Denny, and
the Board of Directors of Oregon Wheat
Growers League- Tammy Dennee, Karl
Scronce, Brad Anderson, Don Coats, and
Mike Noonan.

We also want to express our appreciation to
those who donated labor, supplies,
equipment, or funds for the Pendleton
Station Field Day. These include:
Agri-Check
Aventis CropScience
Bank of the West
Banner Bank
Bayer CropScience
BASF .Corp.
Columbia River Bank
Community Bank
E. I. du Pont de Nemours
Farm Credit Service
FMC Corp.
Inland Chemical Service
Kuo Testing Labs
Main Street Cowboys
McGregor Co.
Mid-Columbia Bus Co.
Monsanto Co.
Pendleton Flour Mills
Pendleton Grain Growers
Pendleton Main Street Cowboys
Pioneer Implement
Rohm and Haas
UAP Northwest
Walla Walla Farmers Coop.
Western Farm Service
Wheatland Insurance
Wilbur-Ellis

We also want to acknowledge and thank the
donors who provided buses, meals, and
other services for the Sherman Station Field
Day at Moro, including:
Anipro
Bank of Eastern Oregon

BASF
Columbia River Bank
Farm Credit Service
Gustafson
Klamath First Federal
Main Street Cowboys
Mid-Columbia Bus Co.
Mid Columbia Producers
Monsanto Co.
Morrow County Grain Growers
Richelderfer Air Service
Seed Prod +
Sherman Aviation
Wasco Electric Coop
Wilbur-Ellis

The local county agricultural agents
throughout north-central and northeastern
Oregon have provided invaluable local
assistance in locating research sites,
coordinating activities with farmer-
cooperators, and providing input to our
research programs. These tireless
individuals include Mary Corp, Tom
Darnell, and Don Horneck in Umatilla
County; Darrin Walenta in Union/
Baker/Wallowa counties; Larry Lutcher in
Morrow County; Sandy Macnab in Sherman
County; Brian Tuck in Wasco County; and
Jordan Maley in Gilliam County. County
agricultural agents in Washington have also
been key members of our team, and we wish
to thank Paul Carter in Columbia County;
Aaron Esser and Dennis Tonks in
Adams/Lincoln Counties; and Debbie
Moberg in Walla Walla County.

We wish to express special gratitude to the
many regional producers who allowed us to
work on their property during the past year
(see separate listing). Not only have they
performed field operations, loaned
equipment, donated chemicals, forfeited
yield, and adjusted their practices to
accommodate our experiments, but they also
voiced support for agricultural research at
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the local, regional, and national levels. The
locations of these off-station plot sites are
shown on the map that follows.

We gratefully appreciate the support and
encouragement of growers, organizations,
and businesses with missions common to

ours: to serve in the best manner possible the
crop production and resource conservation
needs of our region. As we continue toward
this goal, your suggestions on how we may
improve our efforts are always welcome and
sincerely appreciated.

Steve Petrie	 Dan Long
Superintendent	 Research Leader
OSU-CBARC
	

USDA-ARS-CPCRC
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ON-COMBINE SENSING OF GRAIN PROTEIN CONCENTRATION
IN SOFT WHITE WINTER WHEAT

Dan S. Long, and Amy Baker

Abstract
The objective of this study was to evaluate
an on-combine optical sensor for measuring
and mapping the grain protein
concentration in soft white winter wheat.
Protein concentration was measured in
reference samples of grain collected by
hand from the combine during harvest.
These reference measurements were
statistically compared with sensor
measurements that coincided nearly in time
with the hand samples. Good linearity was
observed in a scatter plot of sensed protein
vs. reference protein (R2 = 0.71). The
standard error of prediction was relatively
large (0.90%), which indicated that
extremes in protein concentration would
likely need to be more than twice this error,
or 1.8%, for the sensor to detect differences
within farm fields. The large error may be
due to the effects of vibration and dust on
the combine, or time difference between
NIR measurement and reference sampling
was too large. Precision will be further
validated as a result of our comprehensive
data validation activities in 2006.

Keywords: grain protein, on-combine
sensing, soft white winter wheat

Introduction
Grain yield monitors and GPS receivers
provide growers with the ability to map
grain yields on the go during actual
combine harvesting. Now an optical near
infrared sensor is commercially available

for measuring and mapping the protein
concentration of the harvested grain as
well. Near infrared spectroscopy is a well-
established method of whole grain analysis
used by the food, grain, and feed industries.
Interested growers may wish to obtain
detailed information from the instrument
manufacturers Zeltex, Inc. (Hagerstown,
MD) (available online at www.zeltex.com;
verified April 3, 2006) and NIR
Technology Australia (Bankstown, NSW,
Australia) (available online at
www.nirtech.net; verified May 1, 2006).

Recently, two proto-type on-combine
sensors were evaluated with hard red spring
wheat in Montana. The AccuHarvest Grain
Analyzer manufactured by Zeltex, Inc. was
found to measure the protein concentration
of the grain to within 0.5% (Long and
Rosenthall, 2005). A second sensor, the
CropScan model 2000H, manufactured by
NIR Technologies Australia, measured
protein concentration with a precision of
±0.66% (Long et al. 2005). These results
are sufficiently promising to suggest that
on-combine sensing of grain protein
concentration is technically feasible for
mapping applications. For example, grain
protein maps can be used to identify
smaller areas within farm fields that are
deficient in nitrogen fertility for yield
(Engel et al., 1999), and compute site-
specific nitrogen recommendations for
variable rate fertilizer application (Long et
al., 2000).
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To date, no independent tests have been
conducted that determined the performance
of this instrument technology with soft
white winter wheat. This project used an
improved version of the CropScan 200011
sensor during the 2005 harvest in gentle,
rolling hills typical of dryland wheat fields
north of Pendleton, Oregon. The specific
objective was to evaluate the accuracy of
this sensor for measuring and mapping
grain protein concentration from the
combine.

Materials and Methods
The CropScan instrument is designed for
spectroscopic measurement of protein

concentration by near infrared transmission
through whole grain kernels in the 720- to
1100-nm portion of the light spectrum. The
system consists of a remote sampling
device, fiber optic cable, and
spectrometer/display module. The remote
sampling device, consisting of a gear
driven sampling mechanism, windowed
sample chamber, and light emitting
tungsten lamp, is mounted to the side of the
combine's clean grain elevator (Fig. 1).
Light emitted from the tungsten lamp
passes through the sampled grain. A fiber
optic cable transmits the spectra to a
detector in the remote spectrometer and
display module in the cab of the combine.

Figure 1. View of clean grain elevator with mounted sensor/sampling unit (A), fiber optic
cable (B), and inlet (C) and outlet (D) ports.
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As grain flows continuously from the
elevator to the sampling device, through an
inlet and back to the elevator through an
outlet, the swinging motion of a geared
vane directs the grain into and out of the
sampling chamber. Each grain sample (50
gram) is collected and scanned within a six
second period. A 100% reference scan is
taken every five scans to recalibrate the
instrument for dust buildup. Up to 10
measurements can be combined to provide
a running average of protein and moisture
data. The remote display module shows the
instantaneous and average values of protein
and moisture to the operator of the
combine. A GPS receiver can be connected
by means of a serial cable for the purpose
of mapping the protein measurements. The
longitude and latitude are stored in the
instrument's memory along with the
protein and moisture measurements.

A Case IH 1470 combine harvester,
equipped with a GPS receiver, yield
monitor, and CropScan 2000H sensor, was
used to harvest four fields in July 2005 on
the Clinton Reeder Farm near Adams,
Oregon. Prior to installation on the
combine, the instrument was bench
checked for accuracy with soft white winter
wheat and was found to be precise to within
0.3% when presented with grain samples of
known protein concentration. In the field,
during actual harvest, more than 500 hand
reference samples were collected from the
exit auger in the combine's bulk tank at 30-

sec intervals. During sampling, the unique
GPS-time of collection was written onto
each bag that received a sample. These
"reference" samples were later cleaned of
foreign material as needed for laboratory
analysis of protein concentration using a
whole grain near infrared analyzer. Protein
concentrations were corrected to a 12%
moisture basis. One hundred twenty (120)
of these samples coincided in time (within
3-sec) when the CropScan sensor had
recorded a protein measurement. These
pairs of observation were then used to
statistically compute the standard error of
prediction (SEP), which is the standard
deviation of differences between predicted
and reference values.

Results and Discussion
Protein concentration ranged from 8.1% to
13.4% across the sample sets of soft white
winter wheat obtained from the four fields
(Table 1). The mean protein concentration
of the 120 validation samples was 10.5%
and the standard deviation was ±1.3%.
Summary statistics for a crop of hard red
spring wheat grown in a dryland field in
northern Montana are also presented for
purpose of comparison. The range in
protein for soft white winter wheat in each
of the four fields is about half that of hard
red spring wheat (3.0% vs. 6.4%) and
indicate that winter wheat grown under
Oregon conditions apparently may be more
uniform in grain protein than spring wheat
grown under Montana conditions.
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Table 1. Descriptive statistics for values of protein concentration of grain sampled from four
winter wheat fields in 2005.

Farm Field Number of Average Standard Minimum	 Maximum Range
Measurements	 Deviation	 Value

	
Value

A
B
C
D
All Fields

Montana

	 %
	44	 9.4	 0.90	 8.1

	

10	 9.4	 0.87	 8.2

	

19	 10.7	 0.73	 9.7

	

47	 11.7	 0.81	 10.2

	

120	 10.5	 1.30	 8.1

	

189	 14.5	 1.20	 11.1

	

11.2
	

3.1

	

10.9
	

2.7

	

12.6
	

2.9

	

13.4
	

3.2

	

13.4
	

5.3

	

17.5	 6.4

Seven of the 120 measurements differed
considerably from the reference results.
They were considered outliers and removed
from the statistical analysis. A scatter plot
shows a moderately strong linear response
over the total range in values of protein
(5.3%) across all four fields (see Fig. 2 and
Table 1). There is good agreement between
predicted and reference protein (R2=0.71)
based on the calibration at the factory after
harvest. However, the CropScan sensor
performed less well within single fields
(R2<0.5, data not shown) mainly due to the
narrower range in protein (3%) (see Table
1). The line slope relating predicted- to
observed-protein is less than 1.0 and the 1:1
line indicates bias towards underestimation
of reference protein below a sensor reading
of about 11.5% and overestimation above
this value. Fortunately, the instrument can
be easily adjusted for slope and bias on the
combine provided several reference
samples are available for this purpose.

The standard error of prediction (SEP) at
±0.9% exceeds the measurement error that
had been determined to be about 0.3% at
time of bench calibration. A possible
explanation is that the harsh operating
conditions on the combine negatively
influenced the instrument's precision, or
that the 3-sec difference between NIR
measurement and reference sampling was
too large. As an aside, the resulting SEP
was greater than that reported for the
CropScan instrument in Montana with hard
red spring wheat (SEP=0.66%) (Long et al.,
2005). At the lesser precision, the sensor
could not be expected to detect protein
differences within fields in which the range
was less than about twice the SEP, or
<1.8%. In 2006, the outlet of the CropScan
sensor will be modified so that the same
grain can be physically recovered and
accuracy can be better determined.
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Figure 2. Linear relationship between Cropscan protein and reference protein.

The mapping software Surfer (Golden
Software, Inc., Golden, CO) and the inverse
distance interpolation procedure were used
to produce colored contour maps for Field
D, which possessed the greatest range of
variability (Fig. 3). Maps of protein for
sensed protein and reference protein are
similar in appearance in that high and low
areas of protein are consistent from map to

map. In this case, the CropScan sensor was
sensitive to within-field differences in grain
protein mainly because the range in grain
protein exceeded 1.8%. The spatial
patterns in grain protein may result from
spatial variability in soil N fertility, plant
available water, and other environmental
factors.
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Figure 3. Map of reference grain protein (top) vs. map of sensed grain protein (bottom) in
Field D.

Summary and Conclusions
Preliminary results with the CropScan
2000H Analyzer demonstrated that optical
sensing is technically feasible for

measuring and mapping the grain protein
concentration of soft white winter wheat
from the combine during harvest (R 2 =

0.71). However, the relatively large
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measurement error of ±0.9% meant that the
method would best apply to those farm
fields in which the range in protein is
greater than twice this error, or 1.8%.
Responding to these results, the
manufacturer (NIR Technology Australia)
will increase the sensitivity of the Cropscan
sensor by designing it to take quicker and
more frequent readings. Grain producers
might be the first to benefit from this new,
rapidly developing technology in mapping
applications that have been described in the
literature: namely, site-specific manage-
ment of N fertilizers (Engel et al., 1999;
Long et al., 2000), and crop residues (Engel
et al., 2003).
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MOLECULAR DIAGNOSTICS AND BREEDING IN
WHEAT ROOT DISEASE RESEARCH

Sandra Easley, Christy Watson, Jason Sheedy,
Dara Melanson, Rolando Descalzo, and Richard Smiley

Abstract
Molecular biology is being integrated into
plant pathology with the aim of improving
yields, quality, and profitability in wheat
production. A more rapid and accurate
identification of pathogens that cause yield
loss is enabling researchers and farmers to
more efficiently grow and manage their
crops. The plant pathology laboratory at the
Columbia Basin Agricultural Research
Center in Pendleton has used molecular
techniques to identify five pathogens that are
major players in the reduction of wheat
quality and yield in the Pacific Northwest.
These pathogens include species of the
fungal genera Fusarium and of the root-
infecting nematode genera Pratylenchus and
Heterodera. In addition to identifying the
pathogens, molecular techniques are being
utilized in a marker-assisted plant breeding
procedure, with the goal of improving the
resistance to these pathogens in wheat
varieties adapted to the Pacific Northwest.

Keywords: Fusarium culmorum, Fusarium
pseudograminearum, Heterodera avenae,
marker-assisted selection, molecular
diagnostics, plant pathology, Pratylenchus
neglectus, Pratylenchus thornei

Introduction
The focus of the plant pathology program at
the Columbia Basin Agricultural Research
Center is on the identification, biology, and
management of root diseases of wheat and
barley. Of key interest are the soilborne
fungal pathogens Fusarium culmorum and
F. pseudograminearum that cause crown
and root rots, and the plant-parasitic

nematode species (Pratylenchus and
Heterodera spp.) that cause root
degradation. Heterodera avenae is a cereal
cyst nematode (CCN) and Pratylenchus
thornei and Pratylenchus neglectus are root-
lesion nematodes (RLN). All of these
species are present in Pacific Northwest
(PNW) soils and can cause significant yield
losses (Smiley et al. 2005a-e).

We are currently utilizing the molecular
technique of polymerase chain reaction
(PCR) to identify these pathogens and to
develop marker-assisted selection in our
breeding program. Individual species of
these pathogens are not easily identified by
morphological and phytopathology
techniques. The use of PCR has therefore
become particularly useful in identifying
each species.

Currently there are no economically or
environmentally acceptable means for
controlling these diseases, particularly after
a wheat crop has been planted. Breeding
varieties with resistance and/or tolerance to
these plant-parasitic fungi and nematodes is
the best method of minimizing the yield
losses caused by these diseases. Wheat lines
that carry resistance often have these traits
"marked" by a specific DNA sequence.
When DNA is extracted from plant tissue,
the specific DNA sequence that designates
resistance can be identified by PCR and
tracked through successive generations. This
technique is particularly valuable for testing
seedlings because only the plants that are
found to be carrying the resistance need to
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be grown to maturity to produce seed for use
in further testing.

The use of molecular technologies is
providing the plant pathology program with
better tools to more accurately identify the
pathogens present in PNW soils, and to
breed wheat that is better able to thrive in
situations where disease pressure is high.

Materials and Methods
Fusarium
A survey was conducted to examine the
diversity of root and crown rot pathogens in
the PNW. Samples of Fusarium species
were collected, identified through traditional
techniques, and then identified by PCR.
Figure 1 is a map of the sampled area. Soil
and plant samples were collected from 288
nonirrigated fields in the semiarid PNW
during 1993 and 1994 (Smiley and Patterson

1996). Fungi from wheat crown tissue in
5,390 plants were plated onto laboratory
agar media using traditional phytopathology
techniques. Nineteen species of Fusarium
were identified using traditional methods.
Pure cultures of the five most pathogenic
species were then grown on lima-bean broth
for 1-2 weeks, cleaned with sterile distilled
water using vacuum filtration, flash frozen,
and stored at -80°C (-112°F). DNA was
extracted from the fungal tissue of 124
isolates using standard procedures or
commercial DNA extraction kits. DNA was
amplified using species-specific primers for
Fusarium avenaceum, F. crookwellense, F.
culmorum, F. graminearum, and F.
pseudograminearum. The banding patterns
of all samples were separated by size on
agarose gels and detected on a UV-imaging
system.
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Figure 1. Survey sites for Fusarium crown and root rot pathogens in 19 eastern Oregon and
Washington counties. Stippled areas represent sampling regions within each county. In total,
288 sites were sampled.
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Heterodera avenae
Spring wheat plants were collected in June
2003 from a La Grande, Oregon site known
to be infested with cereal cyst nematode.
Plants were kept cold until cysts were
extracted from the roots by handpicking
under a microscope. One to two cysts were
used per DNA extraction. The cyst was
broken open and some of the eggs and
juveniles smashed. This egg/juvenile
solution was then pipetted and used to
extract DNA using standard procedures. The
amplified cyst DNA and four standards
consisting of Heterodera avenae, H
filipjevi, H latipons, and H schachtii were
analyzed by PCR. DNA was amplified using
Heterodera-specific primers. Restriction
fragment length polymorphism (RFLP) was
performed (Bekal et al. 1997, Rivoal et al.
2003) to identify the species of Heterodera
present at La Grande. CCN samples were
also separated by size and detected on
agarose gels with a UV-imaging system.

Pratylenchus
Nematodes were extracted from soil using
the Whitehead tray method (Whitehead and
Hemming 1965). Single adult female
nematodes were morphologically identified
as either P. thornei or P. neglectus and then
placed onto sterilized carrot disks to create a
pure culture. DNA was extracted from either
the carrot cultures or from soil known to
contain Pratylenchus. DNA was amplified
using species-specific primers (Al-Banna et
al. 2004) and was detected on agarose gels
with a UV-imaging system.

Marker-assisted selection
Leaf or coleoptile tissue was harvested from
wheat seedlings. DNA was extracted from
the tissue, and PCR was performed using
previously described markers linked to root-
lesion nematode resistance (Zwart et al.
2005). PCR results were analyzed on
agarose and acrylamide gel systems.

Results and Discussion
Fusarium
Most of the isolates identified as F.
culmorum or F. pseudograminearum using
traditional methods were confirmed by PCR.
Of 79 isolates morphologically identified as
F. pseudograminearum by traditional
microscopy, PCR confirmed 56 to be F.
pseudograminearum, 7 to be F. culmorum,
and 16 as unknown, unconfirmed, or mixed
cultures. Of 27 isolates identified as F.
culmorum, 24 were confirmed by PCR and 3
were unknown or unconfirmed. When
examined by PCR, several Fusarium species
initially identified as F. avenaceum, F.
reticulatum, F. sambucinum, and F. solani
were found to react positively as F.
pseudograminearum. These results illustrate
the difficulty and potential inaccuracy that
can occur when attempting to identify large
numbers of fungal species and isolates based
on spore morphology and cultural growth
characteristics alone. As more species-
specific markers become available, it may
be possible to identify the remaining
unconfirmed isolates.

Heterodera avenae
All of the cysts from the La Grande site
produced a "1250 base-pair-sized band"
when amplified by PCR, indicating the cysts
were from the genus Heterodera. RFLP
analysis of these same cysts revealed
banding patterns consistent with the species
H avenae (Fig. 2). The La Grande cysts not
only showed the same banding patterns as
those of the known control for H avenae,
but also matched with those published
elsewhere (Bekal et al. 1997, Rivoal et al.
2003). In at least one RFLP experiment,
control DNA from other species of
Heterodera produced banding patterns
different than those of the La Grande
samples, ruling out the possibility that the
samples from La Grande could be cysts of
H filipjevi, H latipons, or H schachtii.
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PCR-RFLP has confirmed that the
morphological identification of CCN from
La Grande is in fact H. avenae. Nine genes
for resistance to H. avenae are catalogued in
wheat (McIntosh et al. 2003), but each gene
is effective against only a specific pathotype
or race of CCN. It is therefore essential to
identify the pathotype before an effective
resistance breeding program can become
established. The next stage of our research
is to identify the H avenae pathotype(s) at

LaGrande
H. avenae

CCN	 controls

Figure 2: PCR-RFLP of CCN digested with
Taq I enzyme. The La Grande CCN show
identical banding patterns to that of the H.
avenae control DNA. Lanes 2 – 4 are La
Grande CCN samples. Lanes 5 and 6 are H
avenae control DNA. Lane 7 is H latipons
control DNA. Lane 8 is H schachtii control
DNA. Lanes 1 and 9 are molecular weight
standards.

La Grande, and perform additional surveys
of the region to determine the distribution
and pathotype(s) of CCN populations
present in the PNW. Toward that end, our
program is currently screening the La

Grande H avenae population against an
international testing assortment comprised
of wheat, barley, and oat varieties, each with
different types of resistance to specific H
avenae pathotypes. This research will
reveal the genes for resistance PNW
breeders are likely to find most effective for
use in this region, and will help to define a
marker-assisted selection process for
breeding wheat and barley for resistance to
CCN.

Pratylenchus
Species-specific markers for both
Pratylenchus neglectus and P. thornei
enabled us to selectively identify those
species from pure cultures maintained on
carrot slices in the lab. Figure 3 shows an
agarose gel of three samples of pure P.
neglectus and three samples of pure P.
thornei. All six samples were analyzed with
both species-specific PCR markers. In all
cases, each species was identified only by its
specific marker and not the marker for the
other species. These data indicate that we
can identify the species of Pratylenchus in
pure culture by PCR. In addition,
preliminary screening of field soil samples
has shown promise, but is not yet as
definitive as the results from pure lab
cultures.

It is important to know which species of
Pratylenchus is present in each field because
resistance to P. thornei does not confer
resistance to P. neglectus, and visa versa.
The ability to identify P. thornei and P.
neglectus in soil samples will greatly
enhance our ability to quickly and accurately
diagnose the threat of disease in a
commercial field, particularly if these
procedures are adapted for routine use in
commercial soil testing laboratories.
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markers in a selection scheme, and also to
search for resistance loci in the PNW. By a
more thorough investigation of resistance in
our specific environment, new and more
relevant loci can be identified and tagged.
These new PNW resistance loci will then
become the target of marker-assisted
selection in our breeding program.
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Figure 3: Pratylenchus species-specific
PCR. P. neglectus and P. thornei are
selectively identified by species-specific
markers. Lanes 2 – 4 are P. neglectus.
Lanes 5 – 7 are P. thornei. Lanes 1 and 8
are molecular weight standards. Panel A is
PCR performed with P. thornei specific
markers. Panel B is PCR performed with P.
neglectus specific markers.

Marker-assisted selection
Two genetic regions for resistance to root-
lesion nematodes have been targeted for
marker-assisted selection. These regions are
on chromosomes 2B and 6D, each of which
was originally derived from a synthetic
wheat (a cross between a cultivated wheat
and a grass species closely related to wheat).
PCR results show that these regions of
resistance can be marked and followed
through successive generations of progeny.
Figure 4 shows a DNA marker linked to
RLN resistance in the breeding line 0S55.
The marker, called "wmc47", has a different
size in 0S55 than is found in other varieties
adapted to the PNW, such as Stephens and
Tubbs. The fact that this marker is a
different size in the PNW lines will make
the selection of the 0S55-derived resistance
possible in the progeny of a cross between
0S55 and Stephens. Lines that carry only a
small piece of the synthetic parent, the
region that includes the resistance gene, will
be selected for future breeding. We have
initiated a breeding program to use these

Allele from 0S55

Allele from PNW lines

Figure 4: Root-lesion nematode resistance
linked marker "wmc 47". The wmc 47
allele linked to RLN resistance from 0S55
is higher than the alleles from the PNW lines
and Opata 85. Lane 4 is the breeding line
0S55. Lanes 1, 2 and 3 are Pacific
Northwest varieties (Brundage96, Stephens,
and Tubbs06, respectively). Lane 5 is
Opata85. Lane 6 is a molecular weight
standard.

Conclusions
DNA-based diagnostic techniques such as
PCR are becoming valuable tools for the
identification of soilborne pathogens. These
techniques have enabled researchers to be
more confident in the identification of
pathogens, and to save both time and money
in the identification process. Commercial
testing companies now sell DNA-based
diagnostic services to growers, enabling
them to make more informed decisions
about their farm management practices.
Unfortunately, in the United States,
commercial molecular diagnostic services
for diseases of small grains are available
only for pathogens affecting the foliage and
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inflorescens. Expansion of these
technologies to soilborne pathogens is
occurring with other crops worldwide, but
only limited commercialization has occurred
for detecting soilbome pathogens of small
grains. Our goal is to enhance and
encourage the efficient transfer of these new
technologies into laboratories where they
may become useful for managing key
constraints to productivity for small grains
in the PNW. Awareness of specific diseases
and pathogens can enable each grower to
plant the most resistant crops and varieties,
thereby further reducing the risk of reduced
yield and profitability.

Marker-assisted selection will become
useful for identifying the regions of genetic
resistance in promising experimental lines,
and in integrating those regions of the
genome into varieties that are adapted to the
PNW. As with the diagnostic procedures,
this new molecular breeding technology will
eventually aid both researchers and growers
in their pursuit of more profitable cropping
systems.
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Abstract
This article examines agronomic practices
and yield potential of new lentil cultivars
including winter types in eastern Oregon.
Lentil yields were influenced by seeding
date, seeding rate, and location. Grain yields
of spring lentils ranged from 100 to 1,600
lbs/acre. Winter lentils produced 300 to
1,800 lbs/acre. The optimum seeding rate
was 20 seeds/ft2 . The yield potential of
lentils at each planting date was influenced
by seed zone moisture and weed control.

Introduction
Lentil is an annual legume that is widely
grown in semi-arid regions of the Near East,
northern	 Africa,	 and	 the	 Indian
subcontinent. Lentil was widely grown in
southern and central Europe, but was
discontinued due to difficulties associated
with harvesting. Of the southern European
countries, only Spain remains as a major
producer of the crop. Because of the plant's
short stature, mechanical harvesting was
impossible and farmers relied on hand
pulling the plants. The International Center

ALTERNATIVE ROTATION CROPS: LENTILS (LENS CULINARIS)

Stephen Machado, Brian Tuck, and Christopher Humphreys

for Agricultural Research in the Dry Areas
(ICARDA) in Syria is now developing tall

upright lentil germplasm adaptable to
mechanical harvesting. Lentil, like
chickpea, has no antinutritional factors
except for ingredients that cause flatulence
(Muehlbauer 1993).

The first commercial domestic production
of lentil took place in 1937 near
Farmington, Washington. Production
expanded to nearly 222,390 acres in 1981
before declining to an average of about
110,000 acres in the late 1980's. In the early
1990's, production picked up again and the
area under lentil cultivation increased to
145,000 acres in 1993 and continued to
increase to a record 345,000 acres in 2004
(National Agricultural Statistics Service
2003). Fluctuations in production are a
response to variable export market demands,
as nearly 90 percent of the crop is exported.

Lentil outperforms all other legumes except
grasspea when precipitation is below 14
inches, and in the coldest climates, making it
suitable for eastern Oregon. Grain yields of
300 to 1,200 lbs/acre have been observed
(Rasmussen and Smiley 1994; Machado et
al., unpublished data). Lentils grow to a
height of up to 20 inches. In the Pacific
Northwest, lentils range from 8 to 13 inches;
this height makes it difficult to harvest the
crop.

Uses
Lentil is an important food source and like
the chickpea, has potential markets in the
Near East, northern Africa, and the Indian
subcontinent. Lentils are, however, deficient
in methionine and cystine. Lentil can be
used as a green manure crop.

32



Seeding date
Winter lentils are seeded in the fall (October
to November) and spring lentils are seeded
early in spring when soil temperatures are
above 50°F (from April 15 to May 15) to
avoid seedling diseases. We conducted a
seeding date experiment during the 2002-
2003 and 2003-2004 crop years at the
Columbia Basin Agricultural Research
Center (CBARC) in Pendleton and Moro,
Oregon. In the 2002-2003 crop year, higher
grain yields were produced when seeding

was done in November compared to October
in Pendleton (Table 1). Planting in October
reduced plant stands due to lack of soil
moisture (crop dusted in). The opposite was
true at Moro (Table 1). Grain yields were
reduced when planting was done in
November, primarily due to grassy weeds.
Herbicide (Assure) application was delayed
due to practical problems. WA8649090
produced the highest yields at both seeding
dates at Pendleton. In Moro, LC9440070
produced the highest yields at both seeding
dates.

Table 1. Site and planting date effects on winter lentil grain yield at Columbia Basin Agricultural
Research Center, Oregon, 2002-2003.

Pendleton	 Moro
Planting date Breeders lines 	 Grain yield (lbs/acre)a	
October 15 WA8649041 270.9 119.8

WA8649090 608.4 583.4
LC9440070 454.7 631.2
LC999010 281.1 620.2

mean 403.8b 488.6a

November 12 WA8649041 461.4 86.7
WA8649090 891.9 237.6
LC9440070 564.0 427.5
LC999010 797.7 280.2

mean 678.8a 258.0b
LSD° ob 255.8 175.8

a
means with same letters are not significantly different at 0.05 probability level.

bLSD compares means of varieties.
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The experiment was repeated in the 2003-
2004 crop year at both sites. Winter elite
lentil lines, obtained from USDA-
Agricultural Research Service, Pullman
Washington, were seeded at 20 seeds/ft 2 in
the fall of 2003 at two seeding dates:
October 20 and November 11 at CBARC,
Pendleton. The lentils were seeded as a
recrop following winter wheat. Grain yields
of the elite lines are shown in Table 2.
Harvest losses were not estimated. On
average, higher yields were produced when
lentils were seeded in November than in
October at Pendleton. At Moro, there were
no significant differences between grain
yields of lentils seeded in October and
November. WA8649090 and LC999010
produced higher yields than the other lines
at both seeding dates at Pendleton.
WA869041 and LC999010 produced the
highest yields at Moro. Broadleaf weeds

were a major problem this past season and
may have reduced grain yields. Better
control of the broadleaf weeds is needed
before winter lentils can be successfully
grown on a larger scale.

Seeding rate, depth, and row spacing
Lentil is planted at a seeding rate of 40
lb/acre for small-seeded Spanish brown and
red lentil types and 60 to 80 lb/acre for large
Brewer types. Aim for 15 to 20 plants/ft2.
Our data indicated that high yields were
obtained at a seeding rate of 20 plants/ft2
(Tables 3 and 4). It is recommended to seed
at a row spacing of 6 inches in higher
rainfall areas and at 12 inches in lower
rainfall areas. At wider spacing, weeds can
be a problem and good weed control is
required to prevent yield loss. The
recommended seeding depth is 1 to 2 inches.

Table 2. Grain yield of winter lentil lines at Columbia Basin Agricultural Research Center,
Pendleton, Oregon, 2003-2004.

Pendleton	 Moro
Planting date Breeders lines 	 Grain yield (lbs/acre) a 	

October 20 WA8649041 1076.3 1101.9
WA8649090 1464.2 1017.3
LC9440070 1151.7 1072.9
LC999010 1477.1 1301.2

mean 1158.6a 1032.0a

November 11 WA8649041 999.6 1211.3
WA8649090 1873.0 1171.4
LC9440070 1102.8 950.9
LC999010 1771.6 1232.6

mean 1449.3b 1085.2a
LSD0.05

b 255 255
ameans with same letters are not significantly different at 0.05 probability level.
bLSD compares means of varieties.
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Table 3. Seeding rate effects on winter lentil grain yield at Columbia Basin Agricultural
Research Center, Oregon, 2002-2003.   

Pendleton

Plant/ft2t    

Moro

Plant/ft2t  Seeding
rate

10 seeds/ft2
20 seeds/ft2

Grain
yield

(lb/acre)a
434.8b
541.3a  

Plant
height

(inches)a
13.1a
13.5a

Grain
yield

(lb/acre)a
256.1b
373.3a  

Plant
height

(inches)a
9.8a
9.9a 

4.0b
6.4a  

3.7b
6.9a 

ameans with same letters are not significantly different at 0.05 probability level.

Table 4. Seeding date and seeding rates effects on winter lentil grain yields, Columbia Basin
Agricultural Research Center, Oregon, 2003-2004.

Grain yield 
Pendleton	 Moro

Seeding date	 Seeding rate	 	 lbs/acre
October 21	 10	 1024.9b

	
940.7c

20	 1292.3a
	

1123.3a
November 10	 10	 1464.8a

	
1028.8ac

20	 1436.7a
	

1141.6a

a

ameans with same letters are not significantly different at 0.05 probability level.

Fertilizer rates
If available nitrogen (N) is low, 30 to 40 lb
N/acre should be applied to sustain plants
until nodulation begins. Seed must be
inoculated with appropriate Rhizobium
bacteria to enhance N fixation. Like other
pulse crops, lentil requires phosphorus,
potassium, sulfur, molybdenum, manganese,
and iron if deficient in soil. Lentils grow
best in soil with a pH of about 7.0.

Disease control
Lentils are attacked by the pea enation
mosaic (virus) vectored from alternate hosts
by the pea aphid. The root/wilt complex
(Pythium, Rhizoctonia, Sclerotium, and
Fusarium fungi) is the most important
disease for lentils. Ascochyta blight is the

most devastating disease of lentils
worldwide (most limiting factor in Canada).
Use Thiabendazole for control. Avoid faba
beans, fieldbeans, field pea, mustard, canola,
rapeseed, soybean, sunflower, sugar beet,
and potato in too close a rotation because
these crops are susceptible to the same
diseases.

Weeds
Lentils are poor weed competitors and
require good weed control. Pre-emergence:
Pursuit® (for broadleaf weed control) along
with triallate (Far Go®) for wild oats should
be applied. Metribuzin (Sensor®) is applied
for post-emergence weed control of grassy
weeds. Post-emergence broadleaf weed
control is a problem and a major obstacle to
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winter lentil production, particularly during
wet springs.

Insects
Pea aphid is one of two primary pests of
lentils (vector viruses and feed on plants).
Lygus bug is the other pest. Apply
dimethoate for control.

Flowering and maturity
Lentils bloom in about 60 days after
emergence and mature in about 110 days.

Harvesting
Lentils are cut and swathed into windrows
about 1 week before combining; some
growers cut standing crop. Lentils are
swathed when plants begin to turn yellow
and the lower pods become brown to
yellow-brown in color; they are considered
dry at 14 percent moisture.

Yield potential
Lentil grain yield evaluations were
conducted from 2002 to 2005. In addition to
the seeding date experiment discussed
above, several spring lines and varieties
were evaluated. Winter lentil lines were
evaluated in the 2002-2003 and 2003-2004
crop years at both Pendleton and Moro.
Spring lentils were also evaluated at
CBARC in Pendleton and Moro in the
spring of 2003 and 2005. Moro and
Pendleton received 8.82 and 15.42 inches of
precipitation, respectively during the 2002-
2003 crop year,11.91 and 20.02 inches of
precipitation, respectively in the 2003-2004
crop year, and 7.76 and 12.15 inches of
precipitation, respectively, in 2004-2005
crop year. Winter lentils were seeded in

October and spring lentils were seeded in
March to May at a seeding rate of 20
seeds/ft2 . Data obtained are presented below
(Tables 5-9). Grain yields were generally
low for both winter and spring lentils in the
2002-2003 crop year, probably due to low
precipitation. Seeding the spring lentils as
late as May probably further reduced the
grain yield. Grain yields of winter lentils
ranged from 300 to 700 lbs/acre (Table 5).
Spring lentil yields ranged from 100 to 500
lbs/acre (Table 7). Grain yields of both
winter and spring lentils improved in the
2003-2004 crop year due to high
precipitation and early seeding of spring
lentils. Winter lentil yields ranged from 900
to 1,800 lbs/acre (Table 6 and 8) and the
spring lentil grain yields ranged from 1,100
to 1,600 lbs/acre (Table 9). Of the spring
lentil commercial cultivars, Merrit produced
the highest yield followed by Athena and
Pardina in 2004. Skyline produced the
lowest yields. High yields in 2004 were
attributed to high and well distributed
precipitation and timely seeding. Pendleton
received about 20 inches of precipitation,
which was 4 inches over the 73-year
average. Winter types normally yield from
30 to 50 percent more than spring types but
this was not the case in 2004 because of
broadleaf weed problems in winter lentils.
Although 2004-2005 was the driest, grain
yields of spring lentils in 2005 (Table 10)
were comparable to 2004 yields because 70
percent of the crop-year precipitation was
received in the spring of 2005. Merrit
produced the highest yield, followed by
Regular. Skyline produced the lowest yield
once again. Results indicated that Merrit
was suitable for growing in and around
CBARC, Pendleton.
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Table 5. Site and variety effects on winter lentil grain yield at the Columbia Basin Agricultural
Research Center, Oregon, 2002-2003.  

Pendleton

Plant/ft2a 

Moro

Plant/ft2a Accession
No.

Grain
yield

(lb/acre)a

Plant	 Grain
height	 yield

(inches)a	(1b/acre)a

Plant
height

(inches)a
WA8649041 323.9c 5.4a 13.7a 87.7c 4.6a 11.7a
WA8649090 700.4a 5.1a 13.0a 314.4b 5.43a 8.2d
LC9440070 456.1b 5.4a 13.2a 431.2a 5.9a 10.3b
LC9979010 471.7b 4.9a 13.2a 425.5a 5.6a 9.2c

a
means with same letters are not significantly different at 0.05 probability level.

Table 6. Site and variety effects on winter lentil grain yield at the Columbia Basin Agricultural
Research Center, Oregon, 2003-2004.  

Pendleton

Plant/ft2a

Moro 
Plant	 Grain

Plant/ft2a	
Plant

height	 yield	 height
(inches)a	(lb/acre)a	(inches)a

Accession
no.

Grain
yield

(lb/acre)a
WA8649041 1071.1c 17.3a 16.9a 1081.4a 23.3a 9.9a
WA8649090 1639.4a 14.5a 15.5a 1015.0a 21.4a 11.3a
LC9440070 1100.1c 13.1b 15.0b 986.0a 21.2a 11.0a
LC9979010 1405.1b 11.2b 16.6a 1151.9a 19.8a 10.3a
means with same letters are not significantly different at 0.05 probability level.

Table 7. Grain yield and height of Western Regional Spring Lentil lines (0398) evaluated at the
Columbia Basin Agricultural Research Center, Oregon, 2003.

Pendleton Moro
Entry no. Accession no. Grain yield Plant height Grain yield Plant height

(lb/acre) (inches) (lb/acre) (inches)
1 LC460197L 356.2 12.8 362.4 9.3
2 LC860359L 366.9 15.5 350.6 9.4
3 LC9960273L 247.2 15.13 244.8 9.6
4 LC99602075L 352.3 16.3 251.9 9.3
5 LC460266B 470.1 13.6 197.0 9.3
6 LC760209C 397.6 14.3 148.7 9.4
7 LC99602712T 318.3 10.6 117.6 9.6
8 LC99602724T 334.4 10.6 132.1 9.4
9 LC00600831E 347.7 12.3 212.9 9.5
10 LC00600854E 256.6 13.4 176.7 9.6'
11 LC99602427P 429.8 10.6 120.7 9.6
12 LC00600812P 478.7 11.4 103.0 9.4

a
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Table 8. Grain yield and height of Elite Winter Lentil lines evaluated in 2003-2004 at the
Columbia Basin Agricultural Research Center, Pendleton, Oregon.

Entry no. Accession no.
Grain yield

(lb/acre)
Plant height

(inches)
1 WA-041 1098.5 17.4
2 LC-062 1531.3 16.6
3 LC-079 961.9 15.3
4 LC-120 1642.6 15.9
5 LC-057 1124.9 14.1
6 LC-094 1426.8 15.6
7 LC-010 1825.9 14.8
8 LC-065 1657.5 15.8

LSDo.o5 508.6 1.7

Table 9. Grain yields of spring lentil varieties at the Columbia Basin Agricultural Research
Center, Pendleton, Oregon, 2004.

Grain yields 
	 lbs/acre 	

Unadjusted	 Adjusted for harvest loss
(18%) 

	1426.33ab	 1697.33ab

	

1131.68b	 1346.70b

	

1428.90ab	 1700.39ab

	

1362.92ab	 1621.88ab

	

1445.85ab	 1720.57ab

	

1661.11a	 1976.71a

Variety

Regular
Skyline
Pardina
Eston

Athena
Merrit

ameans with same letters are not significantly different at 0.05 probability level.

Table 10. Grain yields of spring lentil varieties at the Columbia Basin Agricultural Research
Center, Pendleton, Oregon, 2005.

Cultivar
	

Grain yield (lbs/acre)a
Regular	 1324.30ab
Skyline	 888.60d
Pardina	 1102.7dc
Eston	 1168.30bc

Athena	 1140.00bc
Merrit
	

1435.30a
ameans with same letters are not significantly different at 0.05 probability level.
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Rotation effects
Lentils fix about 20 lbs N/acre. A 3- to 4-
year rotation away from lentil is best for
disease reduction.

Production costs and marketing
Lentils must compete with wheat, which has
lucrative government loan programs and
crop insurance programs. The cost of
production averages $83/acre. Prices varied
from $0.15/lb to $0.35/lb in the early 1990's
and dropped to $0.07/lb in 1999. Price of
lentils in the Pacific Northwest depends on
the Canadian crop and price structure.
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LONG-TERM EXPERIMENTS AT CBARC-MORO AND CENTER OF
SUSTAINABILITY, HEPPNER, 2005

Stephen Machado, Larry Pritchett, Erling Jacobsen, Steve Petrie, Dick Smiley, Dan Ball, Don
Wysocki, Stewart Wuest, Hero Gollany, and William Jepsen

Abstract
A set of long-term experiments (LTEs) was
established on a 28-acre site at the Columbia
Basin Agricultural Research Center
(CBARC), at Moro, Oregon and at the
Center of Sustainability Farm (COS) near
Heppner, Oregon in the fall of 2003. The
second cropping season of the experiments
was completed. Four more crop-years are
required for all crop rotations to complete a
full cycle. This report covers the 2004-2005
crop-year period. CBARC, Moro LTE:
Winter wheat following summer fallow
(conventional or chemical) produced
significantly (P < 0.05) higher grain yields
than annual cropping systems involving
winter wheat, spring wheat, spring barley,
and winter pea following winter wheat.
Downy brome populations increased in
direct-seeded winter wheat and the annual
direct-seeded winter wheat had the greatest
increase. Rotation and herbicide applications
were effective at reducing prostrate
knotweed. Prickly lettuce and tumble
mustard increased; tumble mustard
increased the most in spring crops. Root
diseases caused by Fusarium, Rhizoctonia,
Pythium, and root-lesion nematodes
(Pratylenchus thornei and P. neglectus)
varied between treatments. COS LTE:
Continuous spring barley produced the
highest grain yields followed by winter
wheat following either conventional or
chemical fallow. The lowest yield was
obtained from continuous Alpowa spring
wheat that was very susceptible to root-
lesion nematodes.

Introduction
The winter wheat-summer fallow rotation
reduces soil organic carbon, exacerbates soil
erosion, and is not biologically sustainable.
Despite these concerns, adoption of alternate
cropping systems, such as intensive
cropping and direct seeding, has been slow
due to lack of long-term research on
viability of alternate cropping systems in
Oregon. Occasional crop failures occurred
under long-term conventional intensive
cropping studies conducted at the Sherman
Experiment Station in the 1940's to the
1960's. But with the advent of new varieties
and agronomic practices such as direct
seeding, long-term research is needed to
evaluate benefits and risks for annual
cropping. The objective of the experiment
phase is to establish and maintain long-term
experiments that compare the conventional
wheat-fallow system with alternate cropping
systems with crop management practices
such as direct seeding that reduce wind and
water erosion. Specific objectives are to
increase residue cover, increase soil organic
matter, increase available soil moisture,
reduce soil erosion, reduce soil water
evaporation, and sustain crop productivity.
The research is targeted for Agronomic
Zones 4 and 5 in north-central Oregon.

Methods and Materials
CBARC, Moro
The experiment was established on a 28-acre
site at the Sherman Experiment Station in
Moro in the fall of 2003. The experiment
has completed two crop-years so far (2003-
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2004 and 2004-2005). The soil is a Walla
Walla silt loam (coarse-silty, mixed,
superactive, mesic Typic Haploxeroll) and is
more than 4 ft deep. From 1984 to 2004, the
station received an average of 10.7 inches of
annual precipitation, with a range of 5.9 to
16.8 inches. Rainfall and soil at the station is
representative of the average conditions in
the target area.

Treatments
Crop rotations under evaluation are shown
in Table 1. Each phase of each rotation
appears every year. The treatments are
replicated three times. There are 14 plots per
replication and the minimum plot size is 48
ft by 350 ft, which brings the minimum total
experimental area to 13.88 acres.
Agronomic practices (planting date, planting
rate, and fertilizer, herbicide, seed-treatment
fungicide, and insecticide applications) are
based on the treatment in question. Direct
seeding is conducted using the Fabro ® drill
purchased with assistance from the Sherman
Station Endowment Fund (Growers) in
Moro.

Field operations: Winter wheat (Tubbs) for
conventional wheat-summer fallow
treatment was seeded on October 7, 2004

using the HZ drill. Tubbs, for chemical
fallow treatment, was direct-seeded at 20
seeds/ft2 (85 lbs/acre) at a depth of 1 inch on
October 22, 2004 and for continuous winter
wheat and winter wheat/winter pea
treatments on October 25, 2004 using a
Fabro drill. Preplant soil analysis results
revealed adequate N levels (-80 lbs N/acre
in the top 4 ft) and only 30 lbs N/acre starter
fertilizer was applied. Winter pea
(PS9430706) for the wheat/winter pea
treatment was direct-seeded at the rate of 7
peas/ft2 (101 lbs/acre) on October 26, 2004.
Granular inoculant was applied with the
seed at the rate of 57 g/1,000 ft and about 10
lbs N/acre was applied at seeding. Spring
barley (Camas) for the continuous spring
barley and winter wheat/spring barley
treatments was direct-seeded on March 17.
Spring barley for treatment 8 (flex crop) was
seeded on March 21, 2005. Spring wheat
(Zak) for continuous spring wheat treatment
was direct-seeded on March 18 and for
treatment 8 (flex crop) on March 21, 2005.
Spring cereals were seeded at 20 seeds/ft2
and received about 10 lbs N/acre. The Fabro
drill placed seed at a depth of 1 inch and
fertilizer at 3 inches. Each phase of each
rotation is present each year.

Table 1. Cropping systems under evaluation at the Sherman County Experiment Station, Moro,
Oregon.

Cropping systems
1, 2
3, 4
5
6
7
8, 9, 10
11, 12
13, 14

Description 
Winter wheat-fallow/Conventional tillage
Winter wheat-chem. fallow/Direct seeding
Continuous winter wheat/Direct seeding
Continuous spring wheat/Direct seeding
Continuous spring barley/Direct seeding

Winter wheat-spring barley-chem. fallow/Direct seeding
Winter wheat-winter pea/Direct seeding
Flex crop (2)/Conventional tillage/Direct seeding 
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Data Collection
Soil fertility
Data to establish baseline information were
collected before seeding in 2003. A
representative soil sample was collected at
12-inch intervals to 60 inches or to a
restricting layer using a Giddings® probe at
5 locations in each plot. Soil sampling will
be repeated during the sixth year. The
samples were analyzed for pH, OM, P, K,
NO3 , NH4, and SO4 in the 0- to 12-inch
samples, NO3 and SO4 in the 12- to 24-inch
samples, and NO 3 in the 24- to 60-inch
samples. In the past crop year, the soil was
analyzed for NO3 , NH4, and SO4 in the first
12 inches and NO3 in the 12- to 48-inch
samples to determine fertilizer
recommendations.

Agronomic and phenological data
Basic data on the timing of agronomic
practices, dates of plant emergence, plant
counts, anthesis, and maturity, biomass,
yield, diseases, weeds, insect pests, soil
moisture, and erosion were collected. Plants
were considered emerged when more than
50 percent of the plot had emerged plants.
Plants were counted in 6, 3-ft quadrats in the
sampling areas. The plot was considered to
have flowered or matured when more than
50 percent of the plants had flowered or
matured. Total plant biomass from at least 6,
3-ft quadrats was collected from the
sampling areas for the determination of
harvest index. The rest of the plot area was
harvested by a commercial-size combine to
obtain grain yield. Grain weight was
measured using a weigh wagon.

Pests
Diseases in fall- and spring-planted plots
were assessed during March and May,
respectively. All samplings involved
collecting 20 to 40 plants over the length of
each plot, washing soil from roots, and
scoring each plant individually for incidence
(percent plants) and severity (qualitative
rating scale) of diseases such as Fusarium
foot rot, take-all, and Rhizoctonia root rot.
Plants were also examined for the presence
of other diseases and insect pests. Soil
samples (about 20 cores per plot; 1-inch
diameter by 6-inch depth) were also
collected during March and sent to Western
Laboratories (Parma, ID) for quantification
of plant-parasitic nematode genera. Data
were examined for the presence of replicate
(slope position or location) effects as well as
for differences among treatments.

The Weeds team evaluated downy brome
(Bromus tectorum) and broadleaf weed
control in the cropping systems under study.
Weed plant counts were taken on March 29
and May 5, 2004 and May 3, 2005. Weeds
were counted in 5 randomly placed 0.5-m2
quadrats per plot.

Soil moisture, water infiltration and erosion,
and soil physical properties
We were not able to acquire a neutron probe
for soil water measurements. We have since
acquired a PR2 probe ® (Delta-T Devices,
Cambridge, England) that measures soil
moisture by dielectric methods. About two
to three access tubes/plot will be installed in
the spring of 2006.
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We will also use ECH2O® moisture probes
(Decagon Devices, Inc., Pullman, WA) in
selected plots to obtain continuous soil
moisture readings. Water infiltration,
earthworm populations, and aggregate
stability were measured at the start of the
experiments in 2003 and will be repeated in
the sixth year. Erosion has not yet been
measured.

Soil microbial assays
Microbial population and diversity has not
yet been determined but we expect the
measurement to take place in the sixth year.

Production economics
We tracked and recorded the inputs and
outputs of each cropping system for
economic analyses. The most economic
system will be determined. We will enlist
the collaboration of agricultural economists
from Oregon State University, Washington
State University, the University of Idaho, or
from the growers to carry out the economic
analysis.

Weather data
Data on precipitation, soil temperature, and
air temperature were collected.

Center of Sustainability
The Center of Sustainability (COS) that was
a Monsanto project from 1999 to 2003 was
incorporated into this project in 2003. The
experiment is located at the William Jepsen
farm in Heppner, Oregon. In the past 5
years, COS has evaluated eight cropping
systems (Table 2) that are similar to the
proposed cropping systems at Moro (Table
1). A few rotations were changed to match
rotations at Moro. The effects of the
alternate cropping systems (direct seeding)
on soil physical and chemical properties are
beginning to show and it is for this reason
that the study should continue. The COS site
is unique in that it receives similar crop-year

precipitation (11-13 inches) to Moro (10.7
inches), but it has shallower soil depth (2 ft)
than the Moro site (>4 ft). This makes it
possible to effectively determine the
influence of soil depth on the alternate
cropping systems. The cropping systems
being evaluated at the COS site are shown in
Table 2. Data collection is the same as at
Moro, but the experiment is not replicated.
However, the experiment has very large
plots that measure 80 ft by 900 ft and it may
be possible to split the plots and add at least
one replication. In the meantime, data will
be analyzed using valid statistical methods
for unreplicated studies (Perrett 2004).

Additionally, populations of lesion
nematodes throughout the soil profile were
determined by collecting deep cores from
six of the COS experimental treatments.
Details of the sampling method are
presented in another paper in this report (see
the paper by Sheedy, Smiley, and Easley).
Briefly, samples were collected from six
plots, including five shown in Table 2; both
phases of conventionally tilled winter
wheat-fallow rotation (SWWW-CVF =
wheat phase, and SWWW-CVF = fallow
phase, no. 1 in Table 2), soft-white winter
wheat-chemical fallow rotation (SWWW-
CHF, no. 2), annual spring barley (SB, no.
3), annual soft-white spring wheat (SWSW,
no. 4), and annual hard-red spring wheat
(DNS, no. 5). Samples were collected with a
Giddings hydraulic soil sampler. Five
samples were collected for each of the six
plots. Each field sample was a composite of
two cores taken 3 ft apart. Soil cores were
separated into depth intervals of 0-6, 6-12,
12-18, 18-24, 24-36, and 36-48 inches.
Root-lesion nematodes were quantified for
each of the 180 samples; 6 plots by 5
sites/plot by 6 depth intervals/site.
Populations for each depth interval were
averaged among the five sampling sites/plot.
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Table 2. Cropping and tillage systems under evaluation at the Center of Sustainability Study at
Bill Jepsen's farm in Heppner, Oregon.

Treatment/rotation
1
2
3
4
5
6
7
8
9a
9b

Description 
Conventional winter wheat/conventional fallow
Winter wheat/chemical fallow/direct seeding
Continuous spring barley/direct seeding
Continuous spring wheat/direct seeding
Continuous spring Dark Northern Spring Wheat (DNS)/direct seeding
Continuous winter wheat/direct seeding
Spring barley-mustard-spring wheat/direct seeding
Winter wheat-mustard/chemical fallow-direct seeding
Flex crop
Flex crop 

Results and Discussion

Data on grain yield and pests were collected
in the 2004-2005 crop-year and are
discussed in this report.

CBARC, Moro
Grain yield
The 2004-2005 crop-year was the second
cropping season of this experiment. Two
more years are required to complete a full
cycle for 2-year rotations and 4 more years
are required to complete a full cycle for 3-
year rotations. Grain yields of winter wheat,
spring wheat, spring barley, and winter pea
obtained in the 2004-2005 crop year are
shown in Table 3. This crop-year was drier
(7.88 inches) than the 2003-2004 crop-year
(11.91 inches). Winter wheat following
conventional and chemical fallow produced
significantly (P < 0.05) higher grain yields
than all annual crops. Lower yields in these
annual cropping systems were attributed to
low soil moisture and high incidences of

weeds. Winter wheat following winter peas
produced higher grain yields than other
annual crops probably because of more
available soil moisture. The previous winter
pea crop was very poor and did not use
much of the available soil water. There were
no significant differences in grain yield
between all the other annual cropping
systems involving winter wheat, spring
wheat, and spring barley

Pests
Disease (Rhizoctonia root rot, take-all, and
Fusarium crown rot) severity was very low.
Compared to winter wheat, root-lesion and
stunt nematode populations were elevated
under winter pea. Root-lesion nematode
populations in soil tended to be lower
following barley than winter or spring
wheat. Lowest populations of root-lesion
nematodes occurred in soils that were either
fallow the previous year or were planted
annually to spring barley.
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Table 3. Grain yield of winter wheat, spring wheat, spring barley, and winter peas under different
cropping systems for the 2004-2005 crop-year at Columbia Basin Agricultural Research Center,
Moro, Oregon.

Rotation'

Treatment 2003-2004 crop
2004-2005

crop
2005-2006

crop
2004-2005 Yield

(lbs/acre) bu/acre
1 WW-CT Fallow-CT WW-CT - -
2 Fallow-CT WW-CT Fallow-CT 3,273 54
3 WW-DS Chem fallow WW-DS - -
4 Chem fallow WW-DS Chem fallow 3,011 50
5 WW-DS WW-DS WW-DS 576 9
6 SW-DS SW-DS SW-DS 530 9
7 SB-DS SB-DS SB-DS 553 11
8 WW-DS SB-DS Chem fallow 622 13
9 SB-DS Chem fallow WW-DS -- -
10 Chem fallow WW-DS SB-DS 3,503 58
11 WW-DS WP-DS WW-DS 507 -
12 WP-DS WW-DS WP-DS 2,282 38
13 Flex (SB) Flex (SW) Flex 691 11
14 Flex (SW) Flex (SB) Flex 668 14
LSDo.o5 1,003 17

All plots were direct seeded except the conventional fallow treatments (1 and 2); Chem = chemical; CT =
conventional tillage; DS = direct seeding; Flex-crop = cropping system decided based on prevailing soil moisture
conditions and grain price; SB = spring barley; SW = spring wheat; WP = winter pea; WW = winter wheat.

Downy brome populations increased in
direct-seeded winter wheat, with the greatest
increase in recrop winter wheat. Rotation
and herbicide applications were effective at
reducing prostrate knotweed. Prickly lettuce
and tumble mustard both increased, with
tumble mustard increasing the most in
spring crops

Center of Sustainability, Heppner
Grain yield
Grain yields produced in the 2002-2003 to
the 2004-2005 crop-years are shown in
Table 4. Monsanto rotations ended in the
2002-2003 crop-year and the new rotations
were initiated from the 2003-2004 crop-
year. Results (Table 4) exclude 3-year

rotations. Under continuous cropping, spring
barley (Steptoe) produced the highest yields
followed by winter wheat (Stephens) and
Dark Northern spring wheat (DNS cv.
Jefferson). The average yields of continuous
winter wheat do not reflect the true picture
because the wheat was planted under almost
fallow conditions following a 30-1b/acre
lentil crop in 2002-2003. Continuous spring
wheat (Alpowa) produced the lowest yields.
Winter wheat after either conventional
fallow or chemical fallow produced much
higher yields than the continuous crops but
annualized yields were lower than
continuous spring barley. The experiments
will run for another 4 crop-years for all
rotations to complete a full cycle.
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Table 4. Grain yield (sb/acre) of winter wheat, spring wheat, and spring barley under different
cropping systems at the Center of Sustainability, Moro, Oregon, 2004-2005 crop-year.

Winter wheat following
fallow

Continuous cropping

Rotation 1 2 3 4 5 fi Precip (in)
Year Conventional

fallow
Chemical
fallow

Spring
barley

Spring
wheat

DNS
wheat

Winter
wheat

Sept-June

2002-03
2003-04
2004-05

1,146
2,664
4,074

1,518
2,778
4,266

1,138
2,275
2,000

810
1,926
972

744
1,974
1,368

30a
2,538
1,482

10.57
11.62
9.42

Mean 3,369 3,322 2,138 1,449 1,671 2,010 10.52

Annualized 1,685 1,761 2,138 1,449 1,671 2,010

a Lentil yield

Figure 1. Center of Sustainability experiment showing plot with bare patches caused by pests.

Pests
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Bare or stunted patches were observed in the
last 2 crop-years (Fig. 1). Mr. Jepsen
collected shallow samples of roots and soil
from good areas (healthy areas) and bad
areas (stunted crop or bare patches) and Dr.
Richard Smiley's plant pathology staff
analyzed the samples for diseases and
nematodes. The data for nematode
populations and Rhizoctonia root rot are
shown in Table 5. Soil in the continuous
spring wheat (Alpowa) had high numbers of
P. neglectus. Stained roots indicated that the
wheat root cortex was entirely packed with
nematodes. High numbers of nematodes in
Alpowa roots undoubtedly contributed to an
overall reduction in yield for this crop.
There were very few symptoms of
Rhizoctonia root rot in the Alpowa. There
was some take-all, but not enough to cause
the stunting and uneven growth shown in the
photograph (Fig. 1)

Populations of P. neglectus in the
continuous barley (Steptoe) were much
lower than in continuous Alpowa. Soils

from the patches of stunted Steptoe had
higher nematode populations than soils from
the more healthy part of the field. Also, the
roots of stunted Steptoe plants were heavily
damaged by Rhizoctonia root rot.
Rhizoctonia stunting was reduced in good
patches but elevated in bad patches.
Rhizoctonia root rot appeared to be the
primary constraint to yield in annual spring
barley.

Populations of P. neglectus were much
higher in the stunted mustard (Tilney) than
in the healthy plants. Sampling of soil in
nearby production fields also revealed
higher populations of P. neglectus following
mustard compared to wheat (unpublished
data). In the plots there were also high
numbers of other plant-parasitic nematode
species in the mustard. Rhizoctonia root rot
was present at a very low level of severity
but there was little evidence that this or
other fungal diseases caused any damage to
the mustard.

Table 5. Nematodes and Rhizoctonia root rot in samples collected from apparently "healthy" and
from stunted patches of crops grown at the Center of Sustainability experiment, 2004-2005 crop-
year.

Alpowa wheat Steptoe barley Tilney mustard
Parameter a Healthy Stunted Healthy Stunted Healthy	 Stunted
PT 0 0 0 0 0	 78
PN 2,287 2,556 340 554 38 586
OPP 604 426 170 277 647 742
NPP 9,105 7,028 10,080 15,584 10,125 16,092
RRR low low low mod-severe low low
aPT = Pratylenchus thorneillb dry soil; PN = Pratylenchus neglectus/Ib dry soil; OPP = other plant parasitic
nematodes/lb dry soil (e.g., parasites other than Pratylenchus spp.); NPP = non-plant-parasitic nematodes/lb
dry soil; RRR = Rhizoctonia root rot severity
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While single-site samples from shallow
depth in apparently healthy and stunted
patches provided information about the
specific sites sampled, the systematic
profile-depth samples collected at multiple
sites within each plot provided a broader
perspective of the potential for P. neglectus
to affect overall yield. The depth samples
showed that P. neglectus was distributed to
at least 24-inch depth in all treatments and to
36-inch depth in several treatments (Table
6). When samples were collected on June 1,
total P. neglectus populations through the
profile were greater in the fallow phase than
in the in-crop phase of the soft-white winter
wheat-conventionally tilled summer fallow
system. The high numbers in the fallow
appeared to indicate that the nematodes
multiplied efficiently in roots of winter
wheat harvested during August 2004 and
survived until samples were collected in
June 2005. Populations that existed after the
winter wheat matured possibly increased
further in volunteer wheat and cheatgrass
plants that emerged in the stubble during
early winter and were not sprayed with
glyphosate until March 3 and cultivated
(chisel plow) on May 7. Since Pratylenchus
populations are likely to decline slowly
during the period of cultivated fallow, from

May through October, the lower population
measured in winter wheat on June 1,
compared to the summer fallow, appears to
indicate that the populations in winter wheat
had not yet reached the peak when sampled
before heading.

In annual spring crops, the total population
in the profile was greater in the soft-white
spring wheat (Alpowa) than in hard-red
spring wheat (Jefferson) or spring barley
(Steptoe). The estimated economic threshold
limit (ETL), above which root-lesion
nematodes cause economic loss, is currently
considered to be about 900 P. neglectusllb
of soil. Populations were higher than the
estimated ETL in the summer fallow
following winter wheat, and approached this
limit at selected depths in the Alpowa and
Jefferson wheat plots. Individual "hot spots"
within all plots were likely to have been
higher than the reported values derived from
averages of 10 cores collected from each
plot; 5 sampling sites and 2 cores per
"sample". We concluded that lesion
nematodes were likely to have influenced
yields of wheat but not barley, and that
Rhizoctonia root rot appeared to be the
primary yield-limiting disease for barley.

Table 6. Vertical distribution of root-lesion nematodes (Pratylenchus neglectus/lb of soil) in six
plots of the Center of Sustainability experiment, 2004-2005 crop year; treatments are described
in Table 2.

Profile 1 1 2 3 4 5
depth (in) SWWW-

CVF
CVF-

SWWW
SWWW-

CHF
SB SWSW DNS

0-6 128 1,778 330 79 366 676
6-12 389 1,512 681 238 789 715
12-18 679 1,323 448 243 641 145
18-24 401 168 995 137 842 8
24-36 0 241 188 0 9 0
36-48 0 7 1 0 1 0
mean: 0-24 399 1,195 614 174 660 386
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LONG-TERM EXPERIMENTS AT COLUMBIA BASIN AGRICULTURAL
RESEARCH CENTER-PENDLETON, OREGON 2005

Stephen Machado, Karl Rhinhart, Steve Petrie, Stewart Wuest, and Tami R. Johlke

Abstract
The Columbia Basin Agricultural Research
Center (CBARC) is home to the oldest
continuous cropping experiments in the
Pacific Northwest (PNW). The perennial
grassland, conventional-till continuous
cereal, and crop residue management
experiments were initiated in 1931. The
tillage-fertility and wheat-pea rotations were
initiated in 1940 and 1963, respectively. In
1998 a no-till continuous cereal trial was
added to mirror the conventional-till
continuous cereal trial. This article
summarizes results obtained in 2005.
Continuous cereal: in both conventional and
no-till cropping systems, spring barley
produced significantly higher yields than
spring and winter wheat. Higher yields were
produced under conventional tillage than
under no-till; winter wheat (17 percent),
spring barley (19 percent), and spring wheat
(55 percent). Crop residue: yield was
highest when manure was applied and
intermediate when 40 lb or 80 lb of nitrogen
(N) was applied. Nonfertilized treatments,
with or without burning of stubble, resulted
in the lowest yields. Wheat-pea rotation:
wheat yields were higher when soil was
plowed compared to chisel and no-till
treatments. Pea yields were highest in the
no-till and spring plow treatments, and less
in the fall plow and fall disk treatments.
Tillage fertility: highest yields were obtained
in the moldboard plow treatments and
lowest yields were obtained in the sweep
treatments. Yield was maximized with 40 lb
of N per acre. Continuous no-till winter
wheat (USDA): yields and test weight
continue to be collected on this trial with a7-
year average yield of 70.9 bushels/acre.

Keywords: Carbon sequestration, cropping
systems, long-term research, organic matter.

Introduction
Long-term research guides future
agricultural development by identifying the
effects of crop rotation, tillage, variety
development, fertilizer use, aerial and
surface contamination, and organic
amendments on soil productivity and other
soil properties. Identification and evaluation
of many changes often require 10 to 20
years to identify and quantify. Soil
microflora and soil-borne plant pathogens
require from 2 to 8 years in a new cropping
sequence or tillage system to reach a stable
equilibrium. Long-term experimentation is
required to understand interactions among
soil, water, and plant factors for both
agronomic and environmental policy
decisions. The oldest experiments (Table 1)
in the Pacific Northwest (PNW) are at the
Columbia Basin Agricultural Research
Center (CBARC), near Pendleton, Oregon in
the intermediate rainfall (16.9 inches mean
annual precipitation) zone. A brief
description of these experiments and the
results obtained in the 2005 crop year are
presented in this paper. The treatments have
changed over the years and the descriptions
below refer to current procedures. Detailed
descriptions of the protocols and how they
have changed over time have been compiled
into a database located on our network
server (http://oregonstate.eduk-rhinhark/
Longterm/).
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Description of Experiments

Table 1. Long-term experiments at Columbia Basin Agricultural Research Center, Pendleton,
Oregon.

Experiment
Perennial grassland

Conventional-till continuous cereal
Residue management

Tillage-fertility
Wheat-pea

No-till continuous cereal
Continuous no-till winter wheat (USDA)

Treatments
None
N rate

N rates, manure, burning, pea vine
Tillage, N & S rates

Tillage, N rates
N rate
None

Year initiated
1931
1931
1931
1940
1963
1998
1998

Managed Perennial Grassland
The perennial grassland site (150 by 360 ft)
contains no experimental variables but has
been maintained since 1931. Usually
scientists sample the area to obtain data to
answer specific questions they are
investigating at other sites. The site is
intended to approximate a near-virgin
grassland and serves as a baseline for
evaluating changes in other cropping
systems. It is periodically reseeded with
introduced grass selections, occasionally
fertilized, and infrequently irrigated. The
dominant grass species is bluebunch
wheatgrass (Agropyron spicatum var.
`Secar') with very minor amounts of Idaho
fescue (Festuca idahoensis var. 'Joseph).
Weeds are controlled as needed, particularly
witchgrass (Panicum capillare), common
mallow (Malva neglecta), and downy brome
(Bromus tectorum). Prickly lettuce (Lactuca
serriala) and rat-tail fescue (Vulpia myuro)
appear in areas where the grass stand is thin.
As common mallow is controlled, other
weeds such as Jim Hill mustard (Sisymbrium
altissimum), redstem filaree (Erodium
cicutarium), and henbit (Lamium
amplexicaule) have appeared. This stand
was renovated and reseeded during 2002 and
2003. Broadleaf weeds were controlled in
2003 and 2004 with broadcast applications

of dicamba/carfentrazone-ethyl and 2,4-D
amine/MCPP mixtures and spot applications
of MCPA. In 2005, broadleaf weeds were
controlled with an application of a
bromoxynil/MCPA mixture.
This site received limited grazing from 1931
to 1985. It has not been grazed since but
vegetation is sometimes clipped during or
after summer growth. Above-ground
productivity was measured in 2004 and
2005. Species counts were initiated in 2004
and continue. A 10-year comprehensive soil
sampling study was initiated in 2004 to
determine carbon status and other
characteristics. The site was flail mowed at a
2-inch height in late summer of 2005.

Continuous Cereal Experiments
The objectives of the various continuous
cereal monocultures have varied over the
years; however, the current objective is to
determine the effects of annual mono-
cropping on crop yield and soil productivity.
Annual monoculture plots of winter and
spring wheat and spring barley, using
moldboard plow (inversion) tillage are
maintained. In each plot there are fertilized
and unfertilized blocks. Treatment histories
for the tilled plots are shown in Table 2. A
no-till (direct-seeded) annual winter and
spring wheat and spring barley companion
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plot was established in 1998 and the
treatments are shown in Table 3. The plots
are not replicated. The most practical,
generally recommended methods and
equipment available to growers are used. In
2005, a JD 8300 double-disk drill on 6.8-
inch spacing was used to seed all
conventional-till monocultures. In 2005, a
JD 1560 disk drill on 7.5-inch spacing was
used to seed all no-till monocultures.
Seeding rates and stands for spring barley
(`Baronesse'), spring wheat (`Zak'), and
winter wheat (`Stephens') plots are shown in
Table 4.

All fertilized monocultures received the
equivalent of 100 lb of 16-20-0-14 per acre.
In conventional-till spring plots the fertilizer
was applied as a plowdown dry product. In
conventional-till winter wheat plots the
fertilizer was shank applied after plowing.
In no-till monocultures the fertilizer was
drill applied at seeding as a mixture of
ammonium thiosulfate and ammonium
polyphosphate solutions. In conventional-
till spring plots the balance of the N (64 lb
N/acre) was applied as plowdown urea. In
the conventional-till winter wheat
monoculture the balance of the N (64 lb
N/acre) was shank applied as urea
ammonium nitrate solution after plowing.

Crop Residue Management Experiment
The crop residue experiment is the most
comprehensive of the long-term experiments
at Pendleton. The objective of this
experiment is to determine the effects of N
application, burning, and pea vine and
manure application on soil properties and
productivity in a conventional moldboard
plow, winter wheat-summer fallow
production system. Treatments and
treatment history are shown in Table 5. The
experimental design is an ordered block
consisting of nine treatments (10 originally)

In no-till monocultures the balance of the N
(74 lb N/acre for spring-sown crops and 84
lb N/acre for fall winter wheat) was drill
applied as urea ammonium nitrate solution.
Glyphosate was applied to all monocultures
before sowing or plowing except for
conventional till winter wheat. MCPA ester
and metribuzin were used to control
broadleaf weeds in the winter wheat no-till
monoculture. Bromoxynil and MCPA ester
were used to control broadleaf weeds in all
other monocultures. Downy brome was
controlled in the no-till winter wheat
monoculture with a pre-emergence
application of metribuzin. Rat-tail fescue
made its first appearance in the no-till spring
wheat monoculture and was controlled with
hand weeding. No postharvest weed control
was required. On May 11, light Russian
wheat aphid (Diuraphis noxia) populations
were detected, especially in the spring
monocultures but the populations never
developed to a damaging level. In late May,
cereal leaf beetle (Oulema melanopus)
infestations reached mild to severe levels in
all monocultures with spring wheat
monocultures being hardest hit. 'Zak' spring
wheat was treated with propiconazol at the
time of broadleaf herbicide application to
prevent stripe rust (Puccinia striiformis)
buildup on this susceptible variety
and two replications. The experiment
contains duplicate sets of treatments that are
offset by 1 year so that data can be obtained
annually. In the fall of 2004 plots were
seeded to 'Stephens' using a JD 8300
double-disk drill on 6.8-inch spacing. The
target sowing rate was 22 seeds/ft2.
Glyphosate was applied before plowing in
the spring of 2004. Broadleaf weeds were
controlled with bromoxynil and MCPA ester
in the spring of 2005. Nitrogen treatments
were shank applied as urea ammonium
nitrate solution before sowing.

52



1998-present
1998-present
1998-present

Spring barley
Spring wheat
Winter wheat

Variable	 N Application
lb/acre
0, 90
0,90

0, 100

Period	 Crop grown

N rate
N rate
N rate

Table 2. Treatment history of the tilled continuous cereal monocultures, Columbia Basin
Agricultural Research Center, Pendleton, Oregon.

Period

1932-1950
1951-1958
1959-1976
1977-1992

1993-present

Crop grown

Winter wheat
Winter wheat
Winter wheat
Winter wheat
Winter wheat

Variables

Fertilizer rate and type
None
None
None

Fertility 

N Application
lb/acre 
0-126

0
70
80

0, 80

1932-1953
1954-1958
1959-1976
1977-1992

1993-present

Spring wheat
Spring wheat
Spring wheat
Spring wheat
Spring wheat

Fertilizer rate and type	 0-94
None	 0
None
	

74
None
	

80
Fertility
	

0, 80

	

1982-1994 Spring barley 	 None
	

80

	

1994-present Spring barley 	 Fertility
	

0, 80

Table 3. Treatment history of the direct-seeded continuous cereal monocultures, Columbia Basin
Agricultural Research Center, Pendleton, Oregon.

Table 4. Target seeding rates and stand for fertilized continuous cereal monocultures in 2005,
Columbia Basin Agricultural Research Center, Pendleton, Oregon.

Crop grown System Target seeding rate	 Stand
Seeds/ft2	 Plants/ft2

Winter wheat Conventional till 22 23
Winter wheat No-till 25 15
Spring barley Conventional till 23 21
Spring barley No-till 26 18
Spring wheat Conventional till 26 19
Spring wheat No-till 29 17
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a

b

d

Table 5. Treatment history of the crop residue management experiment, Columbia Basin
Agricultural Research Center, Pendleton, Oregon.

1931-1966 1967-1978

RT

1979 to present

Trt	 Organic-N	 RTa	 Nb
No.	 addition

RT

lb/acre	 lb/acre
	 lb/acre

C

2 FD 0 NB 40 SB 40

3 SD 0 NB 80 SB 80

4 NB 30 NB 40 NB 40

5 NB 30 NB 80 NB 80

6 FB 0 FB 0 FB 0

7 SB 0 SB 0 SB 0

8 Manure" NB 0 NB 0 NB 0

9 Pea vinese NB 0 NB 0 NB 0

10 NB 0 NB 0 NB 0

Residue treatment: FD = fall disk, SD = spring disk, NB = no burn, FB = fall burn, SB = spring burn.
N rate (lb/acre/crop); applied early October of crop year.
1 ton/acre/crop field-weight alfalfa hay applied to plot 11 1939-1949 1-3 days prior to plowing.
Manure = 10 tons/acre/crop wet wt; 47.5 percent dry matter; 1,404 lb C and 113 lb N/acre/crop;
applied in April or May of plow year (1-3 days prior to plowing).
Pea vines = 1 ton/acre/crop field weight; 88.4 percent dry matter; 733 lb C and 34 lb N/acre/crop;
applied 1-3 days prior to plowing.

Tillage Fertility Experiment
The objective of the tillage fertility
experiment is to determine the effects of
three tillage regimes and six N rates on soil
properties and productivity in a tilled winter
wheat-summer fallow production system.
Treatments are shown in Table 6. The
experimental design is a randomized block
split-plot, with three replications. Main plots
consist of three primary tillage systems
(moldboard plow, offset disk, and
subsurface sweep) and subplots of six N
fertilizer rates. These plots were treated

with glyphosate in the spring of 2004 before
primary tillage occurred. Broadleaf weeds
and downy brome were controlled with
MCPA ester and metribuzin. Downy brome
control was effective except on sweep plow
treatments. In the fall of 2004, plots were
seeded to 'Stephens' wheat using a JD 8300
double-disk drill on 6.8-inch spacing. The
target sowing rate was 22 seeds/ft2.
Nitrogen treatments were shank applied as
urea ammonium nitrate solution before
sowing.
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Table 6. Treatment history of the tillage-fertility experiment, Columbia Basin Agricultural
Research Center, Pendleton, Oregon.

Primary treatment (tillage) Tillage depth
Average residue cover at

seedinga

Symbol	 Type

inches

MP

DI

SW

Moldboard plow

Offset disk

Subsurface sweep

9

6

6

37a

92b

89b

Subtreatment (fertility) N Rateb

No. Sulfur	 1941-1952
application

history

1953-1962 1963-1988 1989-present

lb/acre/crop lb/acre/crop lb/acre/crop lb/acre/crop

2

3

4

5

6

No	 0

Yes	 10

No	 0

Yes	 10

Yes	 10

Yes	 10

0

30

0

30

30

30

40

40

80

80

120

160

0

40

80

80

120
160

'Means with the same letters are not significantly different at the 0.05 probability level.

N applied 7-14 days prior to seeding as ammonium sulfate from 1941 to 1962, ammonium nitrate from 1963
to 1988, and urea-ammonium nitrate since 1989. N was broadcast from 1941 to 1988, and banded 6 inches
deep with 12-inch row spacing since 1989.

Wheat/Pea Rotation
The wheat/pea experiment was established
in 1963. The objective of the experiment is
to determine effects of four tillage regimes
on soil properties and productivity in a
wheat/legume annual crop rotation.
Treatments are shown in Table 7. Crop
rotation is winter wheat/dry spring pea and
the experimental design is a randomized
block with four replications. Each

replication contains eight plots (four
treatments duplicated within each crop
species). Duplicate treatments, offset by 1
year, ensure yearly data collection for both
wheat and peas. For crop year 2005, all
tilled plots were seeded using a JD 8300
double-disk drill on 6.8-inch spacing. For
crop year 2005, all no-till plots were sown
with a JD 1560 drill on 7.5-inch spacing.
Target sowing rates were 22 seeds/ft2 for
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conventional-till winter wheat, 25 seeds/ft2
for no-till winter wheat, and 8 seeds/ft2 for
spring pea. 'Stephens' winter wheat and
`Universal' dry yellow pea were sown in
2005. All fertilizer was applied as preplant
shank-applied liquid fertilizer. Tilled winter
wheat plots received 80 lb N/acre while no-
till winter wheat plots received 90 lb N/acre.
All pea plots received 16 lb N/acre. Both
peas and wheat received phosphorus (P) and
sulfur (S) along with the N application.
Glyphosate was applied to no-till wheat
before sowing. Downy brome was only
partially controlled in the no-till wheat plots
with spring post-emergence applications of
metribuzin coupled with an MCPA ester
treatment to control broadleaf weeds.
Conventional till wheat plots had a spring
application of bromoxynil and MCPA to
control broadleaf weeds. Peas received a
post-plant incorporated application of
metribuzin and imazethapyr for broadleaf
control. In 2005 pea leaf weevil (Sitona
lineate) infested peas at an early stage but
damaging populations did not develop.

Continuous No-till Winter Wheat (USDA)
These plots were established as no-till in the
fall of 1997. Prior to 1997 the plots had been
planted to conventionally tilled winter wheat
each fall since 1931. Crop years 1998 and

1999 included two no-till drill treatments in
addition to different fertilizer types, rates,
and placement. From crop year 2000 to
present, the drill used, fertilizer regime, and
seeding rate have been relatively unchanged.
A preseeding application of glyphosate was
made each fall. The ConservaPak ® drill was
used to seed 'Stephens' winter wheat in
mid- to late October at a target rate of 25
seeds/ft2 . At seeding, the ConservaPak
delivered all fertilizer down the fertilizer
shank below and to the side of the seed at
rates of 105 lb/acre of 16-20-0 and 185
lb/acre of urea. A broadleaf herbicide
application was made in the spring using
dicamba and bromoxynil plus MCPA ester.
Dicamba plus isooctyl ester of 2,4-D was
applied in April 2001. Standing stubble was
flailed after harvest.

Efforts are being made to control cheatgrass
by using herbicides and changing varieties
but cheatgrass is still a major problem in this
experiment. Sulfosulfuron was applied in
March, 1999. Triallate was incorporated at
seeding in October 2001. A Clearfield®
wheat variety was planted in October 2002,
with imazamox applied in March 2003.
Sulfosulfuron was again applied in March
2005. Hand weeding of goatgrass has been
helpful.

Table 7. Current treatments of the wheat/pea experiment, Columbia Basin Agricultural Research
Center, Pendleton, Oregon .

Treatment Primary tillage

No. Identification Wheat stubble Pea vines

1 Max till Disk (fall) Chisel (fall)

2 Fall plow Plow (fall) Plow (fall)

3 Spring plow Plow (spring) Plow (fall)

4 No-till No-till No-till
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Results and Discussion
Precipitation and temperature
Crop year 2005 was abnormally dry. On May
11, visual signs of drought were noted in the
conventional-till annual winter wheat
monoculture. Following an extremely dry
winter, rainfall amounts in March and April
were normal. Abundant May rainfall led to a
slightly wetter than normal spring rainfall
period. The Pendleton station received 76
percent of the 76-year average crop-year
precipitation (September 1, 2004 to June 30,
2005) in crop year 2005 (Table 8). Winter
precipitation (September 1, 2004 to February
28, 2005) amounted to 55 percent of the 76-
year average winter precipitation while spring
precipitation (March 1 to June 30, 2005) was
111 percent of the 76-year average spring
precipitation. Only May had above-normal
precipitation. Based on growing degree days
(GDD), the crop-year (September 1, 2004 to
June 30, 2005), winter (September 1, 2004 to
February 28, 2005), and spring (March 1 to

June 30, 2005) temperatures were slightly
warmer than the 76-year average (Table 8).
Below-normal temperature averages occurred
only during February 2005.

Managed perennial grassland
Above-ground biomass was measured in
2004 and 2005 (Fig. 1). Areas where biomass
was high in 2004 had lower biomass in 2005.
Areas with low biomass in 2004 showed
increasing biomass in 2005. High biomass
areas in 2004 left a thick layer of dead
material on the surface that suppressed plant
growth in the spring of 2005. The entire area
was flail mowed in late summer of 2005 to
improve the bluebunch wheatgrass stands.
Species counts were done in the spring of
2004 and 2005. Compared to 2004, stands of
bluebunch wheatgrass were reduced in late
spring of 2005 and replaced by areas of weeds
or bare ground. Examination in the early
spring of 2006 showed that after flail mowing
the bluebunch stand had recovered.

Table 8. Precipitation and growing degree days (GDD) in the 2004-2005 crop-year, Columbia
Basin Agricultural Research Center, Pendleton, Oregon.

2005 76-year
Fallow year precipitation (in) 20.0 (2004) 16.5
Crop-year precipitation (in)

Sept 1-June 30
2-year precipitation (in)

12.0 (2005)

32.0 (2004-2005)

15.6

32.2
Winter season precipitation (in)

Sept 1-Feb 28 5.3 9.7

Spring season precipitation (in)
March 1-June 30 6.6 6.0

Crop-year GDD
Sept 1-June 30 2,752 2,640

Winter season GDD
Sept 1-Feb 28 1,273 1,227

Spring season GDD
March 1-June 30 1,479 1,412
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Continuous Cereal Experiments
Plant stand
In both conventional and no-till winter wheat
plots, plant stands in the fertilized portion of
each monoculture were not significantly
different from stands of the unfertilized
portion. Stands of tilled and no-till spring
wheat and spring barley monocultures were
not significantly different (Table 4). Tilled
winter wheat had a much greater stand than
no-till winter wheat. Stand establishment in
no-till winter wheat was hampered by high
residue from the 2004 crop. Final stands
ranged from 59 percent of targeted rate in no-
till spring wheat to 104 percent of targeted
rate in tilled winter wheat. In general,
precipitation and temperatures were sufficient
in the fall of 2004 and the spring of 2005 to
achieve adequate stands under most
conditions.

Data analysis
Statistical methods suitable for

analyzing unreplicated experiments were
used to analyze data (Perrett 2004). The data
were analyzed as a split plot design. The
whole plot was a strip of field assigned to 1
of 14 treatments. The blocking factor for the
whole plot is the field. Each whole plot is
divided into four subplots. Because only one
block (or field) was observed, we have no
measure of what will happen on fields that
are very dissimilar from this field. Therefore
the results can only be generalized to fields
with similar characteristics as this field. The
whole plot was analyzed as an unreplicated
randomized complete block design (RCBD)
with subsampling according to Perrett
(2004).

Grain yield, yield components, and other
Measurements
Bundle grain yields (Table 9) were

correlated to combine grain yields (r = 0.79,
P < 0.01). For brevity, only the analysis of
combine grain yield will be shown (Table 10).
In 2005, downy brome did not affect yield in
any of the winter-sown monocultures (Table
9). Tarweed (Madia sp.) may have reduced
yield in the no-till winter wheat monoculture
(data not presented). Other measured
variables were test weight, kernel weight,
harvest index, heads/ft2, spikelets/head, and
kernels/head.

Fertility effects
Fertilized spring barley plots produced
significantly higher grain yields than
unfertilized plots in both tilled and no-till
systems (Tables 9 and 10). Spring wheat
monocultures produced grain yields that were
not significantly different in fertilized or
unfertilized plots. Winter wheat produced less
grain when fertilized but this was not
significant when compared to grain yield of
unfertilized treatments. Fertilization
significantly reduced test weights in winter
and spring wheat. Fertilization also reduced
test weights in spring barley crops but this
was not significant when compared to
unfertilized treatments. Kernel weight was
significantly reduced by fertilization in all
crops. The number of heads/ft2 was increased
by fertilization, and this was significant in all
spring sown monocultures. The number of
heads/ft2 in unfertilized monocultures was
about 62 percent of the heads/ft 2 in fertilized
crops. Spikelets/head were significantly
increased by fertilization in all monocultures.
Kernels/head were not significantly affected
by fertilizer except in the no-till winter wheat,
where kernels/head were significantly
improved by fertilization.
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Conventional tillage

Conventionally tilled fertilized spring barley
yielded significantly more than winter and
spring wheat (Tables 9 and 10). Spring wheat
yields were not significantly different from
winter wheat. Among the conventionally
tilled unfertilized plots, spring barley
produced similar yield to winter and spring
wheat. Unfertilized winter wheat produced
significantly higher grain yield than
unfertilized spring wheat. High yield in
unfertilized and fertilized spring barley was
attributed to high numbers of heads/ft 2 (r =
0.91, P < 0.05) and spikelets/head (r = 0.72, P
< 0.05). Spring barley may have matured
earlier, thus avoiding droughty conditions,
and may have been at the correct stage to
utilize timely May rains. Spring wheat yields
were most likely reduced by cereal leaf beetle
and lateness to maturity.

No-till

The statistical analyses for combine grain
yield (Table 9) are shown in Table 10.
Among no-till fertilized monocultures, spring
barley produced significantly higher yields
than spring wheat and winter wheat. Winter
wheat yields were not significantly different
than spring wheat (Tables 9 and 10). Among
no-till unfertilized monocultures, spring
barley yields were significantly higher than
spring wheat yields. Unfertilized spring wheat
yields were less than winter wheat yields but
the differences were not significant. High
yield in unfertilized and fertilized spring
barley was attributed to high numbers of
heads/ft2 (r = 0.83, P < 0.05), and
spikelets/head (r = 0.72, P < 0.05).

Conventional tillage v. no-till

Conventional-till crops yielded more than no-
till crops. Yield differences were significant
only in the unfertilized winter wheat and the
fertilized spring barley monocultures. This

may be attributed to greater head density (r =
0.83, P < 0.05), and to a lesser extent greater
numbers of spikelets/head (r = 0.51, P <
0.05).

Crop Residue Management Experiment
Crop residue plots were seeded at a target rate
of 22 seeds/ft2. Treatment had no significant
effect on resulting stand, which varied from
88 to 108 percent of target plants (Table 11).
No downy brome was present in these plots,
and surface residue after seeding was
insignificant. Combine grain yield and bundle
grain yield were highly correlated (r = 0.91, P
< 0.0001). Treatment significantly affected
grain yield. Manure plots had the highest
yields, followed by the no-burn N treatments,
spring-burn N, and pea vine treatments.
Checks and spring and fall burn treatments
had the lowest yield. The yield of the 80 lb N
spring burn and no-burn treatments were not
significantly different from the yield of the 40
lb N spring burn and no-burn treatments.
Grain yield was significantly correlated with
heads/ft2 (r = 0.68, P < 0.0001), test weight (r
= 0.73, P < 0.0001), and kernels/head (r =
0.75, P < 0.0001). Treatment significantly
affected test weight, head density, and
kernels/head.

Tillage Fertility Experiment
Significant interactions between tillage and
fertility treatments occurred for test weight,
combine kernel weight, head density, and
bundle yield but these interactions were
inconsistent and likely unimportant. Tillage
and fertility effects will be discussed
separately. Combine and bundle yields were
positively correlated (r = 0.74, P < 0.0001)
and combine yields will be discussed here.
Stand density was unaffected by treatment
and ranged from 17.6 to 18.6 plants/ft2.
Fertility did not affect downy brome
infestation.
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Tillage treatment had a significant affect on
downy brome infestation, with the sweep-
plow treatment having significantly more
downy brome than the other two treatments.
The disk plow treatment had higher downy
brome populations than the moldboard plow
treatment but the differences were not
statistically significant (Table 13). Downy
brome density was negatively correlated to
grain yield (r = 0.38, P < 0.0001). Grain
yields for all tillage treatments were
significantly different from each other with
the moldboard treatment having the highest
yield and the sweep treatment having the
lowest yield. The unfertilized treatment had
significantly lower yields than all fertilized
treatments. Grain yield of all fertilized
treatments were not significantly different. No
benefit was seen from fertilizer applications
in excess of 40 lbs N/acre. Tillage treatment
significantly affected post-planting residue
levels with moldboard plow treatments
having significantly less residue after sowing
than other treatments. Grain yield was
positively correlated to head density (r = 0.63,
P < 0.0001). Head density was significantly
affected by both tillage and fertility
treatments. Moldboard plow treatments had
highest head density while sweep plow
treatments had lowest head density. Higher
rates of fertilizer resulted in greater head
density with the 160 lb N/acre treatment
having a head density of 33.6 heads/ft2 and
the 0 lb N/acre treatment having a head
density of 26.7 heads/ft2.

Wheat/Pea Rotation
Pea
In 2004 peas were seeded at a target rate of 8
seeds/ft2 . Stands were significantly affected
by treatment with no-till plots having
significantly greater stands than other

treatments. Stands ranged from 9.1 to 11.5
plants/ft2 (Table 13). No downy brome or
other significant weeds were present in these
plots. Combine and bundle yields were
weakly correlated (r = 0.55, P < 0.01); we
will further discuss bundle yields, in which
we are confident. No-till, spring plow, and
disk treatments produced significantly higher
yields than the fall plow treatment (Table 13).
Standing stubble and surface residue left over
winter may have contributed to increased
water storage over winter, which is especially
important in a dry winter like 2004-2005.
Grain yields were significantly correlated
with 1,000-kernel weight (r = 0.88, P <
0.0001), pods/ft (r = 0.51, P < 0.01), and test
weight (r = 0.44, P < 0.001). Treatment
significantly affected 1,000-kernel weight and
test weight but not pods/ft2.

Wheat
Combine and bundle yields were weakly
correlated (r = -0.64, P < 0.0001). We will
discuss bundle yields. Wheat was seeded at a
target rate of 22 seeds/ft 2 for tilled systems
and 25 seeds/ft2 for the no-till system. The no-
till treatment had significantly higher number
of plants/ft2 than all other treatments (Table
13). Plant stands were not significantly
different among chisel after peas, spring
plow, and fall plow treatments. Stand was
weakly and negatively correlated with head
density (r = -0.57, P < 0.001), and bundle
grain yields (r = -0.5, P < 0.01). Grain yield
was significantly affected by treatment, with
the no-till treatment yielding significantly less
than all other treatments. Downy brome
infestation was significantly affected by
treatment, with the no-till treatment having
significantly higher populations than all other
treatments (16.5 plants/ft2).
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Planting date

Test weight (lb/bu)

Combine yield
(bu/acre)

Crop-year precipitation
(in)

Winter precipitation
(in)

Spring precipitation
(in)

1998	 1999

Oct 24 Oct 15

	

60.0	 59.9

	

82.0	 65.8

	

15.0	 16.9

	

8.8	 12.4

	

6.3	 4.4

Continuous No-till Winter Wheat (USDA)
Yield and test weight data from 1998 to 2005
are shown in Table 14. Grain yield was

positively correlated with spring precipitation
(r = 0.79, P < 0.05).

Table 14. Yields and test weights of continuous no-till winter wheat trial (USDA), Columbia
Basin Agricultural Research Center, Pendleton, Oregon, 1998-2005.

Crop year
2000 2001 2002 2003 a 2004 2005

Oct 15 Oct 18	 Oct 25 Oct 28	 Oct 28 Oct 22

61.0 58.5 56.5 57.2 55.7 55.8

84.3 65.2 55.0 61.3 82.5 69.3

18.7 15.7 12.6 15.2 15.0 12.0

11.4 10.1 7.8 10.3 8.8 5.3

7.3 5.7 4.9 4.9 6.3 6.6

'Clearfield winter wheat
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SOIL PROFILE DISTRIBUTION AND MANAGEMENT STRATEGIES OF
THE ROOT-LESION NEMATODES PRATYLENCHUS THORNEI AND P.

NEGLECTUS IN THE PACIFIC NORTHWEST

Jason Sheedy, Richard Smiley, and Sandra Easley

Abstract
The root-lesion nematodes Pratylenchus
thornei and P. neglectus are widespread in
the wheat growing counties of the Pacific
Northwest and are generally associated with
annual cropping. Surveys assessing plant-
parasitic nematodes in the top 4 inches of
soil have concluded that wheat-fallow
rotations are unlikely to suffer yield loss
from Pratylenchus until cropping frequency
is greater than 50 percent. Deep soil samples
in both winter and spring crops were taken
throughout Oregon and Washington during
2005 to further assess these conclusions.
Both species of Pratylenchus were found
through the entire soil profile. Very high
populations that exceeded the economic
threshold level (900 Pratylenchus/lb soil)
were recorded as deep as 3 ft. Extremely
damaging populations of Pratylenchus
(more than 4,000/lb soil) were measured in
annually cropped fields, supporting previous
research; however, damaging populations
(more than 1,700 Pratylenchus/lb soil) were
also found in winter wheat-fallow rotations.
Rotation with resistant and tolerant crops
such as barley significantly reduced
Pratylenchus populations throughout the soil
profile. Peak Pratylenchus populations
commonly occurred in the 0- to 12- inch
depth interval under annual cropping but
populations produced in winter wheat-fallow
rotation commonly peaked in the 12- to 24-
inch depth interval. This finding indicates
that multiple soil samples should be taken to
at least 12-18 inches to accurately assess
Pratylenchus populations in dryland crops in
the Pacific Northwest.

Keywords: Management, Pratylenchus
neglectus, Pratylenchus thornei, profile
distribution, wheat

Introduction
Wheat is the primary grain consumed by
humans around the globe (Ekboir 2002).
World production of wheat is now
approaching 600 million tons, with
international trade approximately 100
million tons annually (Anon. 2001). The
United States exports approximately 30
million tons annually (USDA-NASS 2005)
and is the largest wheat exporter, followed
by Canada, Australia, the European Union,
and Argentina (Ekboir 2002). Domestic
production averages 62 million tons (2000-
2005) and has an average annual value of
$6.5 billion. Oregon wheat growers
contribute 1.4 million tons valued at $160
million to these totals (USDA-NASS 2006).
Any pathogen that significantly reduces
wheat yields can severely impact the
profitability of local wheat producers. The
resulting economic effects are seen in both
the state economy and reduced export
earnings.

The root-lesion nematodes (RLN)
Pratylenchus thornei and P. neglectus are
migratory root-endoparasitic nematodes that
primarily feed and reproduce in the cortex of
wheat but also attack a wide range of crops
including canola and chickpea. Soil surveys
undertaken by Smiley et al. (2004) in the
Pacific Northwest (PNW) to determine the
distribution of Pratylenchus spp. in wheat
producing counties have shown that of the
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109 sites sampled across 10 counties, 94
percent of samples collected contained P.
neglectus, P. thornei, or both species.

The objectives of this research were to
determine the soil profile distribution of
both P. thornei and P. neglectus in various
PNW cropping systems, and to identify
strategies to manage Pratylenchus
populations in the wheat growing counties
of the PNW.

Materials and Methods
The soil surveys conducted by Smiley et al.
(2004) identified a number of locations
throughout the PNW suitable for detailed
Pratylenchus population studies. In all, 198
deep cores were taken from 12 locations in
Oregon and Washington during 2005. The
sampling sites included long- term research
plots and farmers fields with differing crop
histories. Selections of these samples are
used in this report to demonstrate the profile
distribution of both RLN species and the
effect crop rotation has on vertical
distribution of the population through the
soil profile. The selected sites include P.
thornei sampled from fields AS1 (winter
wheat-chemical fallow) and B1 (annual
spring wheat) of the Columbia Basin
Agricultural Research Center (CBARC) near
Pendleton, Umatilla County, Oregon.
Pratylenchus neglectus was sampled near
Heppner, Morrow County, Oregon in
commercial fields of annual spring barley
and spring mustard following spring wheat,
and in long-term plots of annual hard-red
spring wheat, annual soft-white spring
wheat, annual spring barley, soft-white
winter wheat-chemical fallow rotation, and
both phases of conventionally tilled winter
wheat-fallow rotation.

All sites were sampled with a tractor-
mounted Giddings GSTRS hydraulic soil
sampler with a 2-inch-diameter, 60-inch-
long slotted standard soil tube (ST-124) with
a 2-inch heavy-duty bit (ST-250). Each field
was sampled at multiple locations in an
offset grid or "W" pattern to ensure
representative samples were collected. Soil
cores were taken in pairs 3 ft apart at each
sampling point to ensure sufficient soil was
collected for each depth interval and to
minimise the effect of the inherent spatial
variability of RLN. Soil depth varied from
18 to 48 inches in the sampled fields and
plots. Soil cores were separated into 0-6, 6-
12, 12-18, 18-24, 24-36 and 36-48 inch
depth intervals and stored at 39°F until
processed and extracted.

The Whitehead tray method of nematode
extraction (Whitehead and Hemming 1965)
was used for all samples. This method relies
principally on the active movement of
nematodes from the moist soil sample into
the surrounding water. Most migratory
nematodes can be extracted from soil using
this method. A brief description of the
process is as follows. Plastic mesh was cut
to size and fitted inside a plastic-coated wire
tray that was then placed into a large flat-
bottomed plastic tub. Two tissues, slightly
overlapping, were laid over the plastic mesh.
The prepared soil sample was spread in a
thin layer over the tissues, taking care not to
let soil particles fall into the plastic tub.
Water was carefully added to the tub to a
depth that moistened the soil but did not
cause water logging.

The samples were left to extract for 48 hours
at 72°F in a constant-temperature room.
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Approximately 50 percent of the nematode
population will be extracted in that time; it
may take up to 7 days to extract virtually all
nematodes. After 48 hours had passed, the
basket was lifted out of the water and
allowed to drain without allowing soil
particles to fall into the tub. Once the basket
had drained, the tissue and soil were
discarded. The water in the tub was then
poured through a 20-[tm (0.0008-inch)
sieve. The inside of the tub was rinsed and
the rinse water was also passed through the
sieve. The sieve was then rinsed with
minimal water and the extract was poured
into a 30-ml vial. A second rinse was also
poured into the vial. The volume of extract
was then determined and samples were
stored at 39°F. All equipment was washed
thoroughly between samples to eliminate the
risk of nematode carry-over.

Assessments of Pratylenchus populations
extracted from soil and roots were made
using	 a	 Chalex	 Corporation
(http ://www. vetsl ides . com/) nematode-
counting slide, based on the Hawksley slide
design. The slide has a grid system
specifically designed for counting
vermiform nematodes. The sample was
thoroughly mixed and a sample was placed
on the nematode counting slide. The slide
was then placed under the microscope and
examined under 100 power magnification.
Numbers of nematodes observed on the slide
were recorded.

In field soils, nematodes tend to occur in
clusters and counts are therefore often not
normally distributed. It is usually necessary
to apply a transformation to observed
nematode counts before statistical analyses
based on normal distribution theory are
applicable (Proctor and Marks 1974, Berry
1987). The transformation most suitable for
data presented in Figures 1-4 was a natural

logarithm with a constant value of 1 (ln(x +
1)).

Results and Discussion
The surveys conducted by Smiley et al.
(2004) were sampled to a depth of 4 inches
with emphasis placed on crops growing in
fields planted annually. Although crop
frequency had relatively little effect on the
detection frequency of RLN, it did have a
strong effect on population density. The
economic threshold level (ETL) for wheat
growing in Pratylenchus infested soil has
not been determined in the PNW.
International research suggests the ETL for
damage in wheat is in the range of 900-
2,300 RLN/lb soil (Thompson 1992,
Pattison 1993). An ETL of 900
Pratylenchus/lb soil is considered an
appropriate initial estimate for the PNW and
is included for reference in all figures of this
report. Smiley et al. (2004) recorded
populations as high as 16,000 RLN/lb soil in
some annual crops.

Research has also shown that RLN
distribution through the soil profile is
dependant on soil depth and the rooting zone
of the host crop. Australian researchers have
found that in shallow soils (2-3 ft) the plant
root growth is concentrated in the upper 8
inches of the profile and sampling from 4 to
8 inches recovers over 60 percent of the
Pratylenchus population (Taylor and Evans
1998). In deeper soils, samples were taken
to a depth of 5 ft and 90 percent of the
Pratylenchus population was not accounted
for until reaching a depth of 3 ft (Peck et al,
1993; Thompson et al. 2000, 2001a).

The first objective of this research was to
determine the distribution of P. thornei and
P. neglectus in PNW soil profiles. To
determine the P. thornei profile distribution,
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multiple soil cores were taken across two
CBARC fields (Fig. 1). Field B1 had a
history of annual spring wheat and field AS 1
had been managed as a winter wheat-
chemical fallow rotation.

yield loss. Accordingly, winter and spring
variety trials have been located is this field
during the 2005-2006 season to determine
the tolerance of PNW wheat and barley
varieties to P. thornei.
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Figure 1. Profile distribution of
Pratylenchus thornei in fields AS 1 (winter
wheat-chemical fallow) and B1 (annual
spring wheat) at the Columbia Basin
Agricultural Research Center, Pendleton,
Oregon.

The results of these samples clearly
illustrated three key findings. First, P.
thornei is distributed throughout the 4-ft soil
profile in both fields. Peak populations were
observed for both winter wheat (WW) and
spring wheat (SW) at 6- to 18-inch depth in
the soil profile. The second key finding
relates to the peak populations observed.
Field B1 (SW) had extremely high P.
thornei populations with the peak population
nearly triple the ETL. Yield losses of up to
55 percent in annual spring wheat have been
reported from research trials in this field
(Smiley et al. 2005a). High populations of P.
thornei were also found in field AS1 (WW).
Although the peak populations are not as
high as field B 1, they are still well above the
ETL from 6 to 18 inches in the soil profile
and are still very likely to cause significant

The third key finding drawn from results
presented in Figure 1 is that sampling depth
was extremely important when evaluating
field populations of P. thornei for both
research and farm management purposes.
Collecting soil from the 0- to 6-inch interval
alone would have recovered less than 15
percent of the total P. thornei population and
would have identified field B1 as having P.
thornei populations above the ETL and
likely to suffer yield loss. In contrast, results
from field AS1 would have indicated the
population was less than half of the ETL and
unlikely to cause significant yield loss.
Deeper sampling to 12 inches would have
recovered 45 percent of both populations
while sampling to 18 inches would have
recovered 60-77 percent of the population
and provided a true indication of the damage
potential of the P. thornei population.

To determine the P. neglectus profile
distribution, multiple soil cores were taken
across two neighboring fields (Fig. 2) near
Heppner. Field 1 had been planted to
mustard (2005), SW (2004), WW (2003),
and barley (1999-2002). Field 2 had a
history of annual spring barley. The results
clearly showed that P. neglectus was present
at very damaging populations throughout the
soil profile in Field 1. Both of the fields had
been annually cropped and, similarly to
Field B1 (Fig. 1), a 0- to 6-inch soil sample
would have accounted for 18 percent (Field
2) to 45 percent (Field 1) of the total
population. The 0- to 6-inch sample would
have given an accurate reflection of the P.
neglectus population and hence potential
yield loss. Sampling to 18 inches would
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have been required in both fields to recover
greater than 60 percent of the total P.
neglectus population.

Figure 2. Profile distribution of
Pratylenchus neglectus in neighboring fields
with spring mustard-spring wheat rotation
(SM-SW) and annual spring barley (SB)
near Heppner, Oregon.

Four main control strategies can be
effectively used to manage plant-parasitic
nematode populations;: chemical, biological,
genetic resistance, and crop rotation.
Chemical control of Pratylenchus has been
found to be economically unviable for many
crops, especially in dryland cropping
systems. Nematicides can also be
inconsistent in their control of nematode
populations, as well as having adverse
effects on the environment, human health,
and market access. Biological control agents
such as nematophagous fungi and predatory
nematodes have given a degree of control in
some pot experiments and small-scale field
trials, but the high level of control required
in farming systems has never been
consistently achieved on a field scale.

Genetic resistance and tolerance deployed
through plant breeding and crop rotation
have been by far the most effective

strategies for managing RLN in large-scale
cereal-production systems around the world
(Vanstone et al. 1998, Thompson et al.
2001b). Figure 2 demonstrates the effect that
crop rotation can have on managing
Pratylenchus populations. Compared to
wheat, barley has consistently been
characterised as having generally higher
levels of both tolerance and resistance to
Pratylenchus (Thompson 1992) and has
therefore been used heavily in crop rotations
where Pratylenchus populations have
become problematic. The P. neglectus
population found in Field 2 was well below
the ETL after successive spring barley
crops.

It should be noted that growing tolerant and
resistant crops does not completely
eliminate RLN from the soil profile. The
populations are merely reduced to levels
below the threshold for yield loss. This is a
key point for farm management. The use of
tolerant and resistant crops can reduce RLN
populations but research has shown that
populations can build up and become
damaging with as few as two wheat crops
(Peck et al. 1993). Field 1 demonstrated this
can also be the case in the PNW. Four
successive barley crops were grown in Field
1 from 1999 to 2002. It is likely that in
2002, Field 1 would have had a similar RLN
profile distribution as in Field 2 during
2005. Winter wheat was grown during 2003,
spring wheat followed in 2004, and mustard,
another P. neglectus-susceptible crop, was
grown in 2005, resulting in the RLN profile
distribution shown in Figure 2. After three
susceptible crops, the P. neglectus
population was above the ETL throughout
the 3-ft soil profile, with the 0- to 6-inch
interval having populations nearly five times
the ETL. Smiley et al. (2005b) have
measured yield losses in the PNW of up to
40 percent from similar P. neglectus
populations. Accordingly, winter and spring
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variety trials have been located in this field
during the 2005-2006 season to determine
the tolerance of PNW wheat and barley
varieties to P. neglectus.

Prior to this assessment of RLN distribution
through the entire soil profile, opinion in the
PNW was that it was unlikely that
Pratylenchus would significantly damage
winter wheat produced in 2-year rotations
with summer fallow (Smiley et al. 2004).
This conclusion was based on soil samples
taken no deeper than 4 inches into the
profile. Figure 1 shows that sampling 0-6
inches in winter wheat-fallow rotations was
insufficient to obtain representative soil
samples and that sampling to a depth of 12-
18 inches was required.

Six long-term plots with varying crop
histories located between Fields 1 and 2 near
Heppner were sampled to explore further the
effect of cropping system on the profile
distribution of P. neglectus. The three plots
shown in Figure 3 were cropped annually
with spring barley (SB), soft-white spring
wheat (SWSW) and hard-red spring wheat
(HRSW). The profile distributions of the
three spring long-term plots were consistent
with Fields 1 and 2 in that P. neglectus
populations were found to a depth of 3 ft.
The populations were variable but generally
lower with peak populations found from 6 to
18 inches through the profile. The SB plot
produced similar populations to Field 2 and
both spring wheats had populations
approaching, but just under, the ETL.
Consistent with the other annual spring crop
sites presented in this report, the 0- to 6-inch
soil sample gave a lower but representative
population estimate. Sampling to 18 inches
recovered 68-99 percent of the P. neglectus
populations and provided an accurate and
reliable population assessment.

Figure 3. Profile distribution of
Pratylenchus neglectus in annual soft-white
(SWSW) and hard-red spring wheat
(HRSW) and annual spring barley (SB)
long-term plots near Heppner, Oregon.

The three long-term plots presented in
Figure 4 were all managed as winter wheat-
fallow rotations. Samples were taken from a
soft-white winter wheat with chemical
fallow (SWWW-CHF) rotation and both
phases of a soft-white winter wheat with
conventional fallow (SWWW-CVF; CVF-
SWWW) rotation. The profile distributions
of all three winter wheat-fallow plots were
consistent with the finding that P. neglectus
is distributed through the entire soil profile.
Both the SWWW-CHF and SWWW-CVF
treatments had peak populations at 12- to
24-inch depth, with the SWWW-CHF
treatment exceeding the ETL. The 0- to 6-
inch soil sample accounted for less than 12
percent of the population and would have
underestimated the level of Pratylenchus in
the winter wheat-fallow rotation. Sampling
to a depth of 18 inches recovered 55-75
percent of the population and provided a
more accurate assessment of the population.
This was consistent with the P. thornei
depth distribution after SWWW presented in
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Figure 1. Notably, the P. neglectus
population collected from the conventional
fallow phase of the rotation exhibited a
profile distribution similar to that of annual
spring cropping.

Figure 4. Profile distribution of
Pratylenchus neglectus in soft-white winter
wheat-conventional fallow (SWWW-CVF),
soft-white winter wheat-chemical fallow
(SWWW-CHF), and conventional fallow-
soft white winter wheat (CVF-SWWW)
long-term plots near Heppner, Oregon.

Both P. neglectus and P. thornei are
migratory plant-parasitic nematodes.
Throughout the season, they are able to
move in and out of the host plant's roots and
up and down the soil profile as seasonal
conditions change. This mobility may help
explain the difference in profile distribution
between the samples taken in-crop and
during fallow. RLN generally penetrate
wheat roots early in the growing season and
then move along the roots to feed and
reproduce in the cortex. As the host plant
matures, it becomes a less favorable host
and the RLN move out of the roots.
Meanwhile, soil temperature is increasing
and soil moisture content is decreasing.
These environmental conditions trigger a

survival response in RLN, driving them to
try to locate a new host. Plant roots are
generally concentrated in the top 18 inches
of soil and thus it is likely the RLN migrate
towards this area of the profile. If a suitable
host cannot be found, RLN are able to
survive the high soil temperatures and low
moisture conditions and wait for the next
suitable host using a hibernation state called
anhydrobiosis (Glazer and Orion 1983).
Pratylenchus can survive in their
anhydrobiotic state for at least 8 years
without a host crop (Peck et al. 1993).

The migratory nature of Pratylenchus may
also explain why peak populations on winter
wheat appear to be generally deeper in the
soil profile than spring wheat. Spring wheat
is commonly planted in February through
April in the PNW. At this time, soil
temperatures are well above freezing and
there is adequate soil moisture for spring
crop establishment. These conditions signal
the end of anhydrobiosis and the
Pratylenchus that have migrated to the top
18 inches of soil can easily find a new host
in which to feed and reproduce.

Autumn-planted winter wheat creates a
different set of conditions. Soil temperatures
during September to November are steadily
decreasing and soil moisture content
increases with the start of winter rainfall.
These conditions also signal the end of
anhydrobiosis and the Pratylenchus that
have migrated to the top 18 inches of soil
will attack the winter wheat roots. As soil
temperature continues to decline and the top
6 inches of soil starts to freeze, it is likely
that Pratylenchus will move deeper into the
soil profile to escape the freezing conditions
and to continue feeding on deeper wheat
roots. When soil temperature increases with
the onset of spring, there is no immediate
need for Pratylenchus to move up the
profile. They are well positioned to feed and
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reproduce in the already established deeper
roots.

The findings of this research indicate that
both P. thornei and P. neglectus have a deep
distribution through the soil profile in the
PNW. Rotation with tolerant and resistant
crops such as barley can significantly reduce
Pratylenchus populations but cannot
eliminate them. Chemical and biological
control are not viable options. Plant
breeding is the most effective tool for
managing RLN populations in non-irrigated
crops in semi-arid regions such as the PNW.
Sampling depth is of critical importance
when determining RLN populations,
especially in winter wheat-fallow rotations.
Soil samples taken to a depth of 12-18
inches are likely to give reliable estimates of
Pratylenchus populations, while sampling
only to 6 inches is generally ineffective
except for fields planted annually. 

Pratylenchus neglectus/lb soil
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Figure 5. Variation of profile distributions
of Pratylenchus neglectus from three of the
five cores sampled from a single
conventional fallow-soft white winter wheat
(CVF-SWWW) long-term plot near
Heppner, Oregon.

Pratylenchus are inherently variable in their
distribution and have a tendency to cluster.
Early stages of RLN infestation are likely to
appear as "hot spots" or uneven patches in a
field. Figure 5 demonstrates the natural
variability in a single plot for P. neglectus
populations in the conventional fallow phase
of a SWWW-fallow rotation. All of the
profiles show damaging levels of P.
neglectus but two- to three-fold differences
in populations occur between individual
profiles. Each profile in Figure 5 is a
composite of two cores taken 3 ft apart and
mixed to minimize the effect of spatial
variability. For this reason, multiple soil
samples to a depth of 12-18 inches must be
taken across each field to accurately
estimate the RLN population.
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WHEN CAN YOU SEED FALLOW GROUND IN THE FALL?
AN HISTORICAL PERSPECTIVE ON FALL RAIN

Steve Petrie and Karl Rhinhart

Abstract
Seeding at the optimum time is one key to
producing the greatest yield of any crop.
Successful seeding of winter wheat and
other crops is predicated on having
sufficient moisture in the seed zone to foster
rapid germination and emergence. The
objective of this work was to estimate the
likelihood of receiving sufficient rainfall to
bring about consistent germination. We
searched the weather records at the
Columbia Basin Agricultural Research
Center (CBARC) to determine the
likelihood of receiving 0.4-0.6, 0.6-0.8, and
more than 0.8 inches of rainfall within any
3-, 5-, or 7-day period in September and
October at the Pendleton Station. Conditions
in September were infrequently optimum for
seeding; 0.8 inch of rain or more was
received within 3 days in only 9 of 77 years
and within 7 days in only 17 of 77 years.
We found only 47 years of 77 in which 0.4-
0.6 inch of rainfall occurred within 7 days,
the minimum we determined to be adequate
to promote germination. We also used the
information to develop graphs that show the
cumulative probability of receiving 0.4-0.6,
0.6-0.8, or more than 0.8 inch of rain in 3, 5,
or 7 days for any date in September and
October. For example, by September 30,
there is about a 15 percent chance of having
received more than 0.8 inch of rain within 3
days and about a 28 percent chance of
having received 0.6-0.8 inch of rain within 3
days.

Keywords: alternate crops, fallow,
precipitation, seeding date, soil moisture,
winter wheat

Introduction
Seeding at the optimum time is one key to
producing the greatest yield of any crop.
Seeding winter wheat or other fall-seeded
crops at the optimum time permits the crop
to become established in the fall, reducing
the chance of winter injury and increasing
the yield potential. The optimum seeding
date varies for different crops; optimum
seeding date for winter wheat is a balance
between having adequate seed-zone
moisture following summer fallow and the
increased incidence of diseases such as
Cephalosporium stripe and Fusarium crown
rot that can occur with early seeding of
winter wheat. In the higher rainfall areas
around Pendleton, the optimum seeding date
for winter wheat is generally considered to
be late September to early October,
depending on the specific location. Seeding
earlier can markedly increase disease
incidence in the intermediate and high
rainfall regions. In contrast, early seeding in
lower rainfall regions is often necessary to
place the seed in moist soil. Later seeding
can reduce the yield potential because the
plants accumulate fewer growing degree
days before they mature, and they mature
later in the summer when they are more
likely to experience water stress.

Some crops, such as canola, have been
found to require earlier seeding than winter
wheat. Research in the Pendleton area has
shown that canola produced the highest
yield when seeded by September 20
(Wysocki et al. 1991, Wysocki et al. 1992)
because seedlings have time to grow to
sufficient size to avoid winter injury. J.
Brown (personal communication) indicated
that canola should have four true leaves in
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the fall to avoid winter injury. The optimum
seeding date for other potential alternative
crops is unknown but will be an important
factor in their ultimate success or failure in
dryland cropping systems.

The success of fall seeding in dryland
agriculture depends on the availability of
adequate moisture in the seed zone. Seed
placed in dry soil will not germinate; soil
moisture must be at least 11 percent on a
weight basis for the seed to imbibe (take up)
water and to begin the germination process.
Water imbibition is more consistent and
germination is more uniform and rapid if the
soil has at least 13 percent moisture.

The timing and amount of fall rain affects
other crop production practices in addition
to crop seeding date. Early fall rain leads to
the germination of downy brome, goat grass,
volunteer cereals, and other winter annual
plants that can then be controlled by
herbicides or tillage. This in turn reduces
the "green bridge" effect and reduces the
severity of Rhizoctonia root rot (Veseth
1992).

Daily weather data have been recorded at
the Pendleton Station since the fall of 1929
and we recently completed entering these
data into an electronic database that permits
easy access to daily, monthly, and seasonal
weather data. Information currently
collected includes daily precipitation,
maximum and minimum air temperature,
wind run and direction, pan evaporation,
maximum and minimum water temperature,
and soil temperature at 1-, 4-, and 8-inch
depth. Not all data have been collected
since 1929 but we have a complete database
for daily precipitation and air temperature.

Questions about the likelihood and timing of
rain have arisen from many quarters
including farmers, researchers, and bankers.

The objective of our research was to
determine the likelihood of various amounts
of rainfall in September and early October
that would permit successful fall seeding
and crop establishment. Such information
can be used in the decision-making process
when evaluating potential alternative crops
or for other uses.

Materials and Methods
Climate data, including daily precipitation,
have been collected at CBARC-Pendleton
Station since the fall of 1929.
Instrumentation consists of standard
National Weather Service Cooperative
Program instruments that are calibrated and
serviced twice yearly by the local National
Weather Service Office at Pendleton. During
the winter of 2004-05 we converted paper-
based weather records into a comprehensive
electronic database that permits us to readily
search for the frequency of specific weather
conditions. We searched the database for
occasions in September and October when
the rainfall total was 0.4-0.6, 0.6-0.8, and
more than 0.8 inch within in 3, 5, or 7 days.
We used an "expansive" search query in
order to find periods that ended on the first
day or started on the last day of the search
period.

Results and Discussion
The soil surface following fallow is air dry
and there is insufficient moisture for seed
germination. The depth of the "dust-mulch"
layer on the soil surface will vary depending
on the depth of rodweeding in a tillage-
based fallow system, but it is usually about
4-6 inches deep. The depth to the moist soil
in a chemical fallow system is more variable
both from field to field and within a given
field but typically ranges from 6 to 9 inches.
The amount of moisture needed to wet the
dry soil to the minimum moisture content
necessary to bring about germination is
determined by the moisture content of air
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dry soil, the minimum moisture content
necessary for seed germination, the depth to
which the soil must be moistened, and the
weather conditions prior to and immediately
following the rainfall.

The soil in the dust mulch layer has about 4
percent moisture by weight (Schillinger and
Young 2004) and the minimum soil
moisture for germination is 11 percent
(Schillinger and Young 2004), although
germination is more uniform and rapid at 13
percent moisture. For the purposes of this
paper, we made the following assumptions:
(1) the soil will be wetted from 4 to 13
percent so that germination is more regular
and the stand is uniform; (2) the dust mulch
layer is 5 inches thick; and (3) the dust
mulch layer is "fluffed up" by tillage and
thus the bulk density is less than normal.
The normal bulk density of the surface of a
Walla Walla silt loam soil ranges from 1.1
to 1.3 (Umatilla County Soil Survey) so we
will use a value of 1.2 in our calculations.
Based on these assumptions, a minimum of
0.45 inches of moisture is required to
completely wet the dust mulch layer and
increase the water content from 4 to 13
percent. If the dust mulch layer is thicker
than 5 inches, then more moisture is
required, and less moisture is needed if the
dust mulch layer is less than 5 inches thick.

The moisture line in a chemical fallow field
is more variable than in a tillage fallow field
and is generally deeper. However, it has
been observed that the same amount of
moisture will wet the soil deeper in a
chemical fallow situation where the soil has
not been "fluffed up" by tillage.

The amount of rainfall needed for the
surface soil to become moist to the moisture
line is greater than the minimum of 0.45
inches rainfall because of evaporative losses.
Evaporative losses are minimized when

conditions are cool, overcast, and the wind
is calm. Conversely, evaporative losses can
be substantial if the conditions following the
rain are hot, sunny, and windy. Inspection
of the weather records shows many cases
where the potential evaporative loss the day
after a rain exceeded the amount of the
rainfall. Thus, the actual amount of rainfall
needed to wet the soil to the moisture line is
greater than the minimum.

Eastern Oregon is characterized by low
intensity rainfall events with daily rainfall
amounts rarely exceeding 0.5 inch in
September and October. Of the 4,697 days
in September and October between 1930 and
2005, 958 days or 20.4 percent had
precipitation of 0.01 inch or greater. Only
1.3 percent of the days had rain that
exceeded 0.50 inch; only 6.6 percent of the
rainy days exceeded 0.50 inch of rain. Thus,
it is usually necessary for two or more
rainfall events to occur close together for the
total rainfall to exceed the minimum amount
needed to wet the surface soil.

We assumed that 0.4-0.6 inch of rainfall was
barely adequate to wet the surface soil
unless the dust mulch layer was unusually
thin. Germination from this amount of
rainfall is likely to be uneven and slow,
especially if the soil is disturbed by tillage or
seeding that results in evaporation losses.
Rainfall of 0.6-0.8 inch is probably adequate
to wet the surface soil and bring about good
conditions for germination and more than
0.8 inch of rainfall is almost always
adequate to wet the surface soil and result in
good germination. We considered how
often the various amounts of rainfall fell
within 3, 5, or 7 days. This represents a
range of conditions from unlikely to be
sufficient (0.4-0.6 inch in 7 days) to almost
certainly adequate to moisten the surface
soil (more than 0.8 inch in 3 days). We
examined the month of September to
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determine the likelihood of being able to
successfully seed in September and we also
examined the period from September 1 to
October 15.

Conditions in September were infrequently
optimum for seeding. We found that there
was 0.8 inch of rain or more in 3 days in
only 9 of 77 years (Table 1). There were
only 17 of 77 years when we received more
than 0.8 inch of rainfall in 7 days. Even
when we examined the frequency of 0.4-0.6
inch of rainfall in 7 days, a condition not
likely to lead to adequate soil moisture for
germination, we found only 47 years of 77
in which this minimal amount of rainfall
occurred. Using 0.6-0.8 inch of rain in 5
days as a realistic minimum to moisten the
surface soil sufficiently, we found only 27 of
77 years in which this occurred. The
likelihood of being able to seed successfully
by September 30 depends on more factors
than simply rainfall; wind, temperature, and

cloud cover all markedly affect evaporation
and hence, the effectiveness of the rainfall.
Nonetheless, these data show that there is at
best a 61 percent chance of being able to
successfully seed a crop by September 31
(0.4-0.6 inches of rain in 7 days). Using
more realistic assumptions, these data show
only a 35 percent chance of being able to
successfully seed in September.

We also examined the period from
September 1 to October 15 to cover the
period of optimum seeding for winter wheat
at Pendleton. The likelihood of sufficient
rainfall for germination increased for all
categories (Table 2). The number of years
in which the rainfall exceeded 0.8 inch in
any 3-day period increased from 9 to 16 and
there were 27 years in which rainfall
exceeded 0.8 inch in 7 consecutive days.
There were 37 years (48 percent) in which
0.6-0.8 inch of rain fell in 5 days, a realistic
minimum to permit seeding.

Table 1. Occurrence and probability of various amounts of rainfall in September at Pendleton,
Oregon.

Amount of rainfall In 7 days In 5 days In 3 days
inches #in77yr	 -- %-- #in 77 yr --%-- #in77yr	 -- %--
0.4-0.6 47 61 43 56 39 51
0.6-0.8 30 39 27 35 19 25

>0.8 17 22 13 17 9 12

Table 2. Occurrence and probability of various amounts of rainfall from September 1 to October
15 at Pendleton, Oregon.

Amount of rainfall In 7 days In 5 days In 3 days
inches #in77yr --%-- #in77yr	 -- %-- #in77yr	 -- %--
0.4-0.6 61 79 59 77 55 71
0.6-0.8 43 56 41 53 33 43

>0.8 31 40 24 31 18 23
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We also used the information to develop
graphs that show the cumulative probability
of receiving 0.4-0.6, 0.6-0.8, or more than
0.8 inch of rain within 3, 5, or 7 days (Figs.
1-3). The vertical lines on the graphs are
placed at September 30 and October 15. By
examining the appropriate figure, the
cumulative likelihood of receiving various
amounts of rainfall can be estimated for any

date. This information is useful to
determine the likelihood of being able to
successfully seed a crop into moist soil and
have it sufficiently developed to withstand
winter injury. For example, by September
20 there is about 9 percent chance of having
received more than 0.8 inch of rain within 3
days and about 18 percent chance of having
received 0.6-0.8 inch of rain within 3 days.

Date from September 1

Figure 1. Cumulative probability of receiving specific amounts of rainfall in 3 days at
Pendleton, Oregon.
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Figure 2. Cumulative probability of receiving specific amounts of rainfall in 5 days at
Pendleton, Oregon.
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Conclusion
This information can be used to help
decision makers be better informed about
potential seeding dates near Pendleton. This
information is helpful to determine the
likelihood of successful seeding after
chemical fallow where the moisture line is
usually too deep to successfully seed winter
wheat using a deep furrow drill. Seeding
must be delayed until there has been
sufficient rain to wet the surface soil to the
moisture line. Another situation involves
crops that must be seeded early so that they
achieve a specific growth stage to minimize
winter injury. In both cases, the information
in the figures can be used to calculate the
likelihood of combinations of rainfall
amount and time during which the rainfall
Occurs.
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EFFECTS OF TILLAGE ON WATER INFILTRATION - PROJECT
SUMMARY

Stewart Wuest, John Williams, and Tami Johlke

Abstract
Soils in the dryland wheat-growing region of
the Pacific Northwest are very susceptible to
water erosion when tilled and left bare of
crop residue. In cropping systems that do
not involve tillage, organic matter
accumulates on and near the soil surface,
and structural changes develop deeper in the
soil. Both of these features allow more
rapid infiltration of water, greatly reducing
the chances of runoff or erosion. Even with
tillage, if depth of tillage and burial of
surface residues is minimized, increased
organic matter at the soil surface results in
greater infiltration capacity than traditional
moldboard-plow tillage.

Keywords: dryland wheat production,
erosion, soil aggregation, water infiltration

The inland Pacific Northwest is an ideal
environment for growth of cool-season
grasses. The region receives 70 %percent of
its annual rainfall during a relatively mild
winters. Extensively, soils are loessial
(windblown) in origin, have good water-
holding capacity, and allow deep rooting .
Springs are warm with low relative humidity
and low incidence of leaf diseases. The dry
summers are ideal for harvest of high-
quality grain. Native grasslands were fairly
stable and free of wind and water erosion
before humans started to utilize them for
animal and crop production.

Grazing and tillage became major land- uses
in the later half of the 1800's. Over a
century of cultivation has resulted in the loss
of soil organic matter, which that had
accumulated under native grasses. Perhaps
more important, natural stratification of
organic matter near the surface has been
replaced by a thoroughly mixed plow layer,
so that the very high organic matter levels

naturally found on the surface of the soil are
now diluted by being mixed with deeper
soil. Organic matter near the soil surface
provides a steady supply of food for
microorganisms that bind soil particles
together. At the same time, surface residue
protects aggregates from the direct impact of
rainfall and reduces the intensity of wetting
and drying cycles. The loss of surface
organic matter makes the soil much more
prone to erosion by water and wind. As a
result, a significant amount of the original
topsoil has been lost over the past century.

Our challenge is to develop farming
practices that prevent further loss of soil.
We have been conducting research aimed at
learning why native grasslands, long-term
pastures, and long-term no-till fields have
much greater water infiltration capacity than
conventionally tilled fields. Insight on how
soil management affects water infiltration
will make it possible for farmers to choose
techniques that maximize profitability and
minimize erosion. This report summarizes
our findings.

The most important factor determining
whether water will soak in or run off is the
ability of the soil surface to resist slaking
and reconsolidation or crusting of the soil
surface. Slaking is when soil aggregates
(clusters or clumps of soil) break apart in
water into separate soil particles. When the
individual sand, silt, and clay particles are
free to move, they settle into a very compact
layer. Soil aggregation is therefore a very
important property of most soils, as it
controls water infiltration to a greater extent
than the amounts of sand, silt, and clay,

The soils of the dryland wheat growing
regions of the Columbia Plateau form very
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fragile (weak) aggregates (Pierson and
Mulla, 1990). This is partly because most
loessial soils have low clay content (<less
than 25 percent), and also these soils are
relatively young and the warm, semi-arid
environment does not allow much organic
matter to accumulate. Clay helps bind
aggregates of sand, silt, and clay particles ,
making them more resistant to slaking.
Organic matter is even more important in
creating and binding soil particles into
aggregates and making them resistant to
slaking.

The effect of soil organic matter on
aggregation and infiltration can be
illustrated with data from long-term plots
maintained by Oregon State University and
the Agricultural Research Service at
Pendleton, Oregon (Machado et al., 2005).
The Crop Residue Experiment was
established in 1931 to test the effect of
residue management and manure
applications on soil and crop production.
These plots are in a winter wheat-summer
fallow crop rotation with different residue
management and fertility treatments. These
treatments result in varyingious amounts of
residue being returned to the soil. After
winter wheat harvest, residue is treated in

various several ways,: one treatment is
burned in the fall, three others are burned in
the spring. Another treatment receives ten
10 tons (wet weight) of barnyard manure,
and another receives one 1 ton of pea-vine
hay collected after fresh pea harvest. All
plots are plowed in the spring, followed by
cultivation and rodweeding through the
summer-fallow period.

Figure 1 shows treatment combinations and
nitrogen (N) fertilizer rates used, arranged in
decreasing order of soil organic matter
measured in the top four 4 inches after 70
years (Wuest et al., 2005). Aggregate
stability, shown in the middle chart (Figure.
1), mimics organic matter very closely,
because it is the soil organic matter that
holds aggregates together. The scale in each
is a relative scale, with the no-burn, 80 lb
N/acre (fourth bar from the top) set as being
100% percent on the scale. This allows
comparison of the effect of soil organic
matter on soil aggregates. For example, a
ton of pea vines applied in the spring every
other year for seventy 70 years (35 tons)
increased organic matter relative to the no-
burn, 80 lb N/acre by 10 %percent. It
increased aggregate stability by about 20
percent.

Treatment combinations
Residue
burned Lb N/actcrop 

no	 (manure)100 -

Organic	 Aggregate	 Infiltration
matter	 stability	 capacity

2 %OM

no	 (pea vine) 30 -

	

no	 40 - 	

	

no	 80 - 2 0%Om

	

spring	 go 	

	

spring	 0 	

	

spring	 40 	

no

	

fall	 0 -1 7%0M

50	 100%	 50	 100%

Figure 1. Treatments of the Crop Residue experiment, Pendleton, ORregon, arranged in order of soil
organic matter in the surface 4 inches (bar chart on left). All three charts have the bottom axis scaled
so that the fourth treatment down (no burn, 80 lb/acre) is 100 %percent.

	J
I -=

100 %
•

200 300
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The third chart in Figure 1 shows the
measured infiltration rate using a ponded
infiltration method. The pea vine treatment
increased infiltration capacity by about 170
%percent compared to the no-burn, 80 lb
N/acre treatment. This shows that a small
increase in soil organic matter can have a
substantial effect on soil aggregation and a
very important effect on water infiltration,
even in a highly tilled cropping system,
where increased organic matter levels are
very difficult to achieve or maintain near the
soil surface. In the Crop Residue
experiment, higher organic matter levels
were achieved by addition of manure and
pea vine.

Significant improvements in infiltration
capacity can also be achieved by reducing
depth of tillage and the amount of mixing
done by tillage. Figure 2 shows infiltration
capacity measurements made on two other
long-term experiments located at Pendleton.
The upper graph is from the Tillage Fertility
experiment. This experiment compares
three primary tillage methods for
establishing summer fallow in the spring: 1)
moldboard plow, 2) tandem disk, and 3)
sweep plow. All secondary operations are
the same, but the different initial tillage
methods produce different amounts and
depths of soil and residue mixing, and leave
different amounts of residue on the surface.
The moldboard plow incorporates almost all
residue into the tillage layer.

3

0	 2

ir)
0 1
U)
a)

Wheat/fallow

I
0

Q. 3

C
0 2

1.C2

C

0

plow	 disk	 sweep

Wheat/pea rotation

1

disk/chisel	 fall plow	 spring plow	 sweep

Figure 2. Ponded infiltration measured in two long-term experiments. The upper graph is the 45-year-old
Tillage Fertility experiment where three initial spring tillage tools are compared, with all other summer-
fallow tillage being the same. The lower graph is the 40-year-old Wheat/Pea Rotation comparing timing
of plowing, disk/chisel, and Noble sweep at 4- to 6- inch depth. Error bars are ±10 %percent UMVUE
Confidence Limits, method of Land.
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The disk leaves intermediate residue levels
on the soil surface and residue
distributionmixing with depth is more
shallow,; and the sweep plow, operated at
about 4-6 inches, leaves the most residue at
the surface and has the shallowest
incorporation. The upper graph shows that,
after 45 years, the disk and sweep plots have
about twice the infiltration rate compared to
the plowed plots.

The lower graph in Figure 2 shows
measurements from the Wheat/Pea Rotation
experiment (Wuest, 2001). After forty 40
years, the disk/chisel (wheat stubble is
disked in the fall, pea stubble is chiseled
before planting winter wheat) and especially
Noble sweep systems have much greater
infiltration capacity compared to fall or
spring plowing. The sweep system involves

the 80-inch -wide Noble sweep at 4- to 6-
inch depth as the only preparation of wheat
stubble and pea vine before planting.

How is it that less aggressive tillage is
improving infiltration? Figure 3 shows soil
organic matter content and distribution with
depth in the wheat/pea rotation long-term
plots. In the 0- to 4 -inch soil increment,
organic matter is greater in the disk/chisel
and Nnoble sweep treatments. At 4- to fl-
inch depth, the Noble sweep has less organic
matter because the blade does not bury
residues that deep. In the moldboard -
plowed plots, the organic matter levels are
almost the same throughout the plow layer
(depths of 0-4 and 4-8 inches depths). The
disk/chisel mixes the soil more than the
Noble sweep, and less than plowing.

0.0	 0.5	 1.0	 1.5	 2.0	 2.5

Soil organic matter (percent)
Figure 3. Soil organic matter in the Wheat/Pea Rotation experiment. Soil samples were taken from
depths of 0 to -4, 4 to -8, and 8 to -12 inches depths. Plowing mixes surface residues into the plow layer,
which lowers organic matter levels near the surface and increases them at lower depths. Sweeping allows
organic matter to accumulate near the surface, and decreases subsurface organic matter.
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In addition to reducing soil organic matter
and aggregation at the soil surface, tillage
has another effect on water infiltration. The
fracturing and mixing of soil below the
surface interrupts the formation of zones of
fast infiltration that conduct water rapidly
from the surface to well below the plow
layer. When we apply dye to the water used
in our infiltration tests, we see in long-term
no-till plots and perennial grass stands a
network of dyed paths that rapidly carry
water below our ten10-inch sample depth.
In tilled fields, the dyed water backs up and
moves more slowly, wetting the entire soil
mass. A long-term no-till field will allow
dye to reach eighteen 18 inches or more in
ten 10 minutes, while a conventionally tilled
field will allow dye to reach only two to
six2-6 inches.

Changes in surface organic matter and
deeper soil structure take place slowly.
Some of the benefits of surface residue are

immediate, because the presence of surface
residue protects soil aggregates from rain,
wind, and other forces of weather events.
Substantial changes in soil aggregation,
however, take several years. For example,
we measured a doubling of water-stable
aggregates in one experiment that has been
under no-till for seven 7 years (Fig. 4).
Infiltration in those plots has not yet
achieved the capacity seen in the sweep
plots of the forty40-year-old Wheat/Pea
experiment (Fig. 2, lower graph), because
the deeper structural changes have not had
time to fully develop. Those structural
changes that occur in untilled soil will
continue to develop, probably for several
decades. Deep changes may improve
drainage and water storage in years of
above-normal rainfall or severe freeze-thaw
events, and may create significant
improvements in water infiltration on steep
slopes.
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Figure 4. After seven 7 years of no-till, annual crop winter wheat, soil aggregation in the top two 2 inches
is over more than twice that of tilled plots. Ponded infiltration, however, does not yet show the effects of
deeper structural changes that will gradually increase infiltration capacity to more than double that of tilled
soil.
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To further test our conclusions, we
performed infiltration measurements on
farmer's' fields chosen to represent seven
major soil types in Umatilla County,
ORregon. At each location, we measured
ponded infiltration capacity on a
conventionally tilled field, a no-till field, and
perennial grass in a Conservation Reserve
Program (CRP) field. The measurements
were performed during the wheat cycle of
the wheat/fallow rotation, and repeated two
2 years later. The results shown in Figure 5

demonstrate the year-to-year and field-to-
field variation that we experienced year-to-
year and field-to-field. The different
responses to no-till and perennial grass
compared to conventional tillage can mostly
be explained by the length of time each
practice has been in place. Land recently
converted from conventional tillage to CRP
or no-till has had little time to develop
higher organic matter levels at the surface,
and certainly not time to develop deeper
structural changes below the surface.
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Figure 5. Ponded infiltration measurements made at seven locations in Umatilla County, ORregon in
2002 and again in 2004. The number of years the no-till or perennial grass had been in place when the
first measurement was taken is shown under each graph. The error bars are 80 %percent confidence
intervals for each mean. The seven soil series are in order of decreasing silt content, left to right.

(For descriptions of soils see Soil Survey of Umatilla County Area, Oregon, Soil Survey Staff, Natural
Resources Conservation Service, United States Department of Agriculture. Also available online: Soil
Series Classification Database. Available URL:
"http://soils.usda.gov/soils/technical/classification/scfile/index.html" [Accessed 21 March 2006]).
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Even though we have measured and
observed very rapid and deep infiltration
with our infiltration tests on long-established
no-till fields, there is no reason to be
concerned that infiltration will be so rapid or
so deep that water will be lost below the root
zone. Water that penetrates the well-
aggregated surface into a well- structured
subsoil will be rapidly absorbed into dry soil
encountered along the way.

These findings portray an optimistic picture
for Pacific Northwest farmers as they work
toward environmentally positive and
economically sustainable cropping systems.
Where no-till or direct-seed systems are
profitable, they will provide maximum soil
protection. Where tillage is necessary, the
soil disturbance should be as shallow as
possible and residue retained on or near the
soil surface. Mimicking nature by
maintaining the highest possible levels of
soil organic matter near the surface and
providing continuous residue cover is a key
element to developing sustainable
agricultural production for the Pacific
Northwest.
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YIELD COMPARISON AND ECONOMIC ANALYSIS OF
CONVENTIONAL AND DIRECT-SEED RESEARCH AT

PENDLETON

Steven Petrie, Stephan Albrecht, and Dan Long

Abstract
The predominant dryland cropping
system in the low (<12 inch) and
intermediate (12-18 inch) rainfall areas
of the Pacific Northwest (PNW) is
winter wheat (Triticum aestivum L.)-
summer fallow using conventional
tillage. Tillage increases the rate of soil
organic matter oxidation, which releases
plant nutrients such as nitrogen (N),
phosphorus (P), and sulfur (S) and
reduces the reliance on purchased
fertilizer inputs. However, loss of soil
organic matter has adverse effects on
soil physical, biological, and chemical
properties. The long-term continued
decline in these soil properties has led
scientists to question if the winter wheat-
summer fallow system is sustainable. A
field	 experiment	 comparing
conventional tillage-based summer
fallow with chemical summer fallow and
direct-seeding was conducted from 1997
through 2004 at the Pendleton
Experiment Station. The NTA direct-
seed treatments were started in 1982 and
a companion direct-seed trial (NTB) and
conventional tillage (CT) treatments
were started in 1997. The objectives of
this report were to evaluate the effects of
tillage and N fertilization rates on winter
wheat yields and economic returns. The
winter wheat grain yield was greater in
the CT than in either NTA or NTB,
although the differences are not
statistically significant. Crop input costs
and fallow costs have been roughly
equal at equal N application rates in the
different	 tillage	 systems.	 The
economically optimum N application

rate was 80 lbs N/acre in the NTA plots
and 120 lbs N/acre in the NTB plots.
Winter wheat yield was greatest and the
partial net return was greatest at 120 lbs
N/acre in the CT plots. Including the
available payments under the
Conservation Security Program for the
NT treatments brought the partial net
returns up to about the same as the CT
treatments.

Keywords: conventional tillage, direct-
seeding, economic analysis, summer
fallow, winter wheat

Introduction
The predominant cropping system in the
low (<12 inch) and intermediate (12-18
inch) rainfall dryland areas of the Pacific
Northwest (PNW) is winter wheat
(Triticum aestivum L.)-summer fallow
using conventional tillage. The practices
used in conventional tillage systems vary
between growers and in different rainfall
zones but typically consist of moldboard
or chisel plowing, usually in the spring,
some type of secondary tillage, and then
two to four rod-weeding operations to
control weeds and create a dust mulch
that retards evaporative water loss.

Tillage increases the rate of soil organic
matter oxidation, or mineralization,
which has confounding effects. On one
hand, mineralization of soil organic
matter releases much-needed plant
nutrients such as nitrogen (N),
phosphorus (P), and sulfur (S) and
reduces the reliance on purchased
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fertilizer inputs. On the other hand, loss
of soil organic matter has adverse effects
on soil physical, biological, and
chemical properties. The long-term
continued decline in these soil properties
has led to the conclusion that
conventional tillage systems are not
biologically sustainable (Duff et al.
1995).

In contrast to conventional tillage
systems, there is no tillage in direct-
seeding systems; however, the soil
surface may be disturbed in seeding
and/or fertilizing (Veseth 1999). Weeds
are controlled by herbicides and the crop
is sown directly into the stubble from the
previous crop. Direct-seeding can
reduce soil erosion, slow the loss of
organic matter, and halt the degradation
of soil physical properties. However,
lack of adequate seed zone moisture in
the fall may delay seeding (Schillinger
and Bolton 1992) and cooler soil
temperatures may delay crop
development, leading to reduced yield
potential (Machado et al. 2004a,
Machado et al. 2004b, Petrie et al. 2004)

Soil organic matter contains carbon (C)
and N in approximately a 10:1 ratio.
Enhancing soil C sequestration or, in
other words, increasing the soil organic
matter, will result in more total N in the
soil organic matter. Direct-seed systems
may lead to increased soil organic matter
and thus, may need increased rates of N.

Diesel fuel prices skyrocketed in the last
3 months of 2005 and remained high in
2006; diesel prices increased by as much
as 50 percent compared to the average
prices in 2004, leading to markedly
increased costs for tillage operations.
This dramatic increase in tillage costs
coupled with the continued decline in

price for contact, non-selective
herbicides (glyphosphate) have led many
growers to consider direct-seeding as a
way to reduce input costs. The potential
cost saving from direct-seeding may be
offset if direct-seeding requires
increased N fertilizer application rates or
yields are reduced in direct-seed
systems. There is little information in
the literature on the economic returns
from various N application rates in
conventional and direct-seed systems in
dryland cropping systems in the PNW.

Comparisons of economic returns from
conventional and direct-seed systems
have shown mixed results. In some
cases, the economic returns from direct-
seeding are equivalent to the returns
from conventional systems (Janosky et
al. 2002), primarily due to reduced
equipment and fuel costs. However, in a
study of continuous cropping using
winter wheat, spring wheat, or spring
barley, conventional tillage was more
profitable than direct-seeding (Machado
et al. 2004a, Machado et al. 2004b,
Petrie et al. 2005).

A field experiment comparing
conventional tillage-based summer
fallow with chemical summer fallow and
direct-seeding was conducted from 1997
through 2004 at the Pendleton
Experiment Station. The objectives of
this report were to evaluate and study the
effects of tillage and N fertilization rates
on winter wheat yields and economic
returns.

Materials and Methods
The data reported in this paper are from
a long-term experiment at the Pendleton
Experiment Station, located about 8
miles northeast of Pendleton, Oregon.
The	 75-year	 average	 crop-year
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(September 1 to August 30) precipitation
is 16.5 inches; 75 percent falls between
October 1 and April 30. During this
study, the crop-year precipitation
averaged 16.9 inches and ranged from
13.0 inches in 2001-02 to 20.0 inches in
2003-04. The mean daily temperature is
50° F, ranging from 32° F in January to
70° F in July. The soil is a Walla Walla
silt loam (coarse-silty, mixed,
superactive, mesic Typic Haploxeroll).
A	 direct-seed	 chemical	 fallow
experiment (NTA) was established in
1982. A second set of direct-seed
chemical fallow plots (NTA) and
conventionally tilled summer fallow
(CT) plots were added in 1997. The two
sets of NT plots were managed the same.
Weeds were controlled by herbicides in
the NT plots, while both tillage and
herbicides were used in the CT plots.
The CT plots were plowed, cultivated,
and rod-weeded three or four times
during the summer. NT plots received
applications of various glyphosate
formulations two to four times in the
summer. NT plots received either 0, 40,
80, 120, or 160 lb N/acre while the CT
plots received 0 or 120 lb N/acre;
available space limited the N rates in the
CT plots. Urea-ammonium nitrate
solution (32 percent N) was used for all
treatments. Plots also received P and S
as ammonium polyphosphate (10-34-0)
and thio-sul (12-0-0-26). All treatments
were fertilized at seeding. Individual
plots were 8 by 110 ft and the tillage
treatments were arranged in a
randomized complete block design and
the N rates were randomized within the
tillage treatments; there were four

replications. 'Stephens' winter wheat
was seeded in mid- to late October.
Both crop and fallow phases were
present each year so data were collected
annually. All trials continue to be
managed and future data collection is
anticipated.

Within a tillage treatment, N treatments
were replicated four times in a
randomized complete block design.
Tillage treatment was not replicated in
the experimental plot layout. Because
each experiment had been repeated over
7 years, each year of the experiment
could be considered a replicate bringing
the total number of tillage replicates to 7.
The yields of the NT and CT treatments
could be compared statistically only at 0
and 120 lbs N/acre as these were the
only rates in common in the two
experiments. The yield data were
analyzed with the General Linear Model
in SAS (SAS Institute, Cary, NC) with N
rates (0 or 120 lbs N/acre), experiment
(NTA, NTB, or CT) and year (1998 to
2004) as factors. Because we were only
interested in finding differences between
mean yields for the N treatments within
a tillage treatment, the statistical model
included only the effect of the N
treatment x experiment interaction with
the term experiment x year x N
treatment as the appropriate
experimental error. Least squares means
were used to find significant differences
among the mean yields of each N
treatment with a tillage treatment.
Sources of variance and degrees of
freedom for the analysis of variance are
shown in Table 1.
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Table 1. Sources of variance and degrees of freedom for the statistical analysis of grain
yields.

Source Degrees of Freedom
Experiment x N 5
Experiment x N x year 36
Model error 126
Corrected total 167

Table 2. Costs for tillage and inputs used in economic analysis of NTa, NTb, and CT
plots at Pendleton, Oregon, 2005.

Input Cost
$/acre

Tillage
Plowing or flailing 17.67
Cultivating 4.74
Rod weeding 3.62

Herbicides
Banvela + Bronate 13.55
Banvel + Sencor 18.62
Fargo 13.80
Landmaster 9.62
Paraquat 11.70
Glyphosate 3.85
Application 3.81

Seeding
Seed 16.00
Seeding NT plots 10.00
Seeding CT plots 8.20

Fertilizer
Solution 32 (32-0-0) $0.40/lb of N
10-34-0 $1.93/gallon
Thio-Sul (12-0-0-26) $1.30/gallon

aUse of specific trade name is for descriptive purposes and does not imply an
endorsement of the particular product.
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A partial net economic analysis was
performed by subtracting the variable
input costs from the gross crop value.
Variable input costs for herbicides,
fertilizer, and seed were based on the
average of retail price quotes from three
local input suppliers in June, 2005.
Tillage, herbicide application, and
seeding costs were based on the Oregon
State University Enterprise Budget for
Wheat (Macnab 2003); these costs
include labor, equipment repairs,
depreciation, etc. The costs in these
budgets were adjusted to reflect the
increased fuel costs. The costs of
flailing and seeding using a direct-seed
drill were estimated. The costs for
specific operations are shown in Table 2.
Costs were broken into crop input
(planting through harvest, about 10
months) and fallow phase (harvest
through seeding, about 14 months). The
wheat price was taken to be
$4.00/bushel. The costs in the analysis
do not include Counter-Cyclical
Payments, Loan Deficiency Payments,
crop insurance, or fixed costs such as
cash rent or taxes. Where appropriate,
the potential payments for conservation
practices were determined based on the
Natural Resources Conservation Service
(NRCS) worksheets used in the
Conservation Security Program.

Results and Discussion
Tillage and N effect on grain yield
The yield data from this study were
reported in detail previously by Albrecht
et al. (2005); only a summary will be
reported here. Averaged across the 7
years of the study, N fertilization
markedly increased grain yield in the
NTA, NTB, and CT plots (Table 3).
Yields increased markedly as the N

application rate increased from 0 to 80
lbs/acre but only small yield increases
were observed at greater N application
rates. However, mean yields did not
decline even at the highest rate of
applied N, as is sometimes observed in
dryland cropping. The check plot yield
in the CT plots was about the same as
the yield in the NT plots that received 40
lbs N/acre. We speculate that tillage
increased soil organic matter
mineralization and the resulting increase
in plant available N was approximately
equal to 40 lbs N/acre.

Mean yields in the CT treatment were
significantly greater than those of the
NTA and NTB treatments when no N
was applied (Table 3). However, mean
yields were not significantly different
between these treatments when 120 lbs
N/acre was applied. In addition, mean
yield in the NTB experiment was not
significantly greater than the mean yield
in the NTA experiment. Unfortunately,
other rates of N were not applied in the
CT experiment. What follows is a
preliminary assessment of these
differences using only descriptive data
which should be interpreted cautiously.

At each N rate, the lowest mean yield
was usually observed in the NTA
treatments, the older of the two direct-
seed treatments. In addition, the yield in
the CT experiment was nearly always
greater than the yield in the NT
experiments. The reason for the slight
yield difference between the treatments
is not clear but it may be related to either
the slower release of N from soil organic
matter mineralization or the increased
immobilization of N in soil organic
matter or a combination of both factors.
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Tillage 40

NTa 40.4 64.0
NTb 48.0 68.5
CT 64.6

N ap • lication rate
	 lbs N/acre 	

80
bu/acre
83.4
82.4

120 160

85.9
88.8
93.8

91.3
86.6

Table 3. Mean yields of NTa, NTb, and CT treatments at Pendleton, Oregon, 1997-2004.

Economic analysis
A partial economic analysis of the
various tillage systems and N rates used
in this study was conducted; a complete
enterprise analysis of a hypothetical
farm using these tillage and N treatments
is beyond the scope of this article. We
evaluated only the costs for the variable
inputs used in the different systems and
the associated crop value. The partial
net return that was determined is not
representative of gross profit per acre but
does provide a relative comparison of
the differences in the economic returns
between the systems we studied.

We also determined the standard
deviation of the crop value and input
costs as an indication of the "riskiness"
associated with each tillage system and
N rate. Riskiness is an important factor
that growers and the financial
community use to evaluate the financial
viability of different cropping systems
(D. Young, personal comm.)

Fallow costs
The fallow costs were incurred during
the time from post-harvest weed control
to seeding. In the CT plots those costs
included plowing, cultivating, rod-
weeding, and any herbicides applied for

weed control. The fallow costs in the NT
plots included flail mowing for residue
management and herbicides applied for
weed control. Input costs varied
between years in both the NT and CT
plots, depending on the need for weed
control. The summer fallow cost in the
CT plots ranged from $33.27 to
$44.55/acre with an average of
$38.16/acre; the standard deviation in
cost was $3.58/acre. Chemical fallow in
the NT plots ranged from $21.09 to
$42.18/acre with an average cost of
$35.68/acre; the standard deviation in
cost was $7.19/acre. Chemical fallow
cost an average of $2.48/acre less than
conventional fallow but the standard
deviation in cost was twice as great.

Crop value, crop input costs, and partial
net return
The average crop value, crop input costs,
and partial net returns for the NTa, NTb,
and CT treatments are shown in Tables
4, 5, and 6, respectively. Crop value was
calculated by multiplying the crop yield
by $4.00/bushel. Crop value ranged from
a low of $161.65 when no fertilizer was
applied in the NTa plots to a high of
$375.30 when 120 lbs N/acre was
applied in the CT plots.
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N rate	 Crop value
lb/acre	 Mean	 Std. Dev.

Crop input costs	 Partial net return
Mean	 Std. Dev.
	 $/acre 	

Mean	 Std. Dev.

Table 4. Mean variable inputs, crop value, and partial net return, NTa plots, Pendleton,
Oregon, 1997-2004.

N rate	 Crop value
lb/acre	 Mean	 Std. Dev.

Crop input costs
Mean	 Std. Dev.
	 $/acre 	

Partial net return 
Mean	 Std. Dev.        

0	 161.65
40
	

255.83
80
	

333.48
120
	

343.59
160
	

346.42

8.76
18.97
45.15
87.91
83.84

	

59.61	 16.28

	

82.07	 16.28

	

109.58	 15.14

	

132.04	 15.04

	

154.50	 15.14

	

66.36	 20.74

	

138.07	 9.44

	

188.22	 31.37

	

175.87	 76.55

	

156.24	 72.97

Table 5. Mean variable inputs, crop value, and partial net return, NTb plots, Pendleton,
Oregon, 1997-2004.

0	 192.19
40
	

274.07
80
	

329.75
120
	

355.17
160
	

365.30

	

24.29	 62.86	 16.74	 93.65	 31.14

	

29.12	 85.32	 16.74	 153.07	 29.29

	

47.61	 110.30	 14.49	 183.07	 36.39

	

65.51	 132.76	 14.49	 186.73	 55.33

	

87.34	 155.22	 14.49	 174.40	 75.62

Table 6. Mean variable inputs, crop value, and partial net return, CT plots, Pendleton,
Oregon, 1997-2004.

N rate	 Crop value
lb/acre	 Mean	 Std. Dev.

Crop input costs	 Partial net return
Mean	 Std. Dev.	 Mean	 Std. Dev.
	 $/acre 	  

0	 258.20	 21.75
	

52.06	 9.20
	

167.97	 26.09
120	 375.30	 69.04

	
119.44	 9.20
	

217.70	 66.35

The crop input costs included fertilizer,
seed and seeding, and herbicides applied
while the crop was growing. Variable
input costs were less for the CT than the
NT plots at comparable N fertilizer rates
because the residue in the NT plots was
flail mowed about half of the years to
permit successful seeding. The plots
were flail mowed more frequently at the
higher N rates and following larger

yields. The NTa and NTb plots were not
flail mowed uniformly and this accounts
for the slightly different crop input costs
between the two NT trials. Use of a
straw chopper and a different drill might
reduce or eliminate the requirement for
flail mowing. Increasing the N fertilizer
rate increased the average input costs
although other costs, except for the flail
mowing, were unaffected by the N
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fertilizer rate. The standard deviation of
the NTA and NTB input costs was about
$15.00/acre while the standard deviation
of the CT input costs was less than
$10.00/acre.

The partial net return was calculated by
subtracting the total variable input costs
(crop inputs + fallow costs) from the
crop value; the fallow cost is not shown
in the tables. This figure is NOT net
profit as we did not consider land costs,
cash rent, or other fixed costs in the
analysis. In addition, this figure
represents 2 years as it is the
combination of the fallow phase and the
crop phase.

Crop value increased as each additional
increment of N fertilizer was applied
(Tables 4, 5, and 6) due to the small
yield increases that were observed.
Average yield did not decrease even as
the N fertilizer application rate exceeded
the economically optimum rate. Partial
net return increased as the N fertilizer
application rate increased to the
optimum rate and then decreased as the
value of the slight yield increases was
less than the cost of the additional N
fertilizer. The economically optimum N
rate was 80 lbs N/acre in the NTA plots
and 120 lbs N/acre in the NTB plots.
We could not estimate the optimum N
application rate for the CT plots because
there were only two rates – 0 and 120 lbs
N/acre. However, the greatest partial net
return in the study, $217.60/acre,
resulted from the application of 120 lbs
N/acre in the CT plots. Increasing the N
application rate from 0 to 40 or 80
lbs/acre had little effect on the standard
deviation of partial net return for the
NTA and NTB treatments. However,
the standard deviation increased

markedly as the N application rate
increased to 120 or 160 lbs/acre.

For a typical 3,000-acre farm with half
in winter wheat and half in summer
fallow, the partial net return would be
$282,330, $280,095, and $326,550 for
the NTA, NTB, and CT, respectively. It
is important to stress that these values
are NOT the net profit but rather a
relative measure of the partial net return
from two direct-seed and one
conventional tillage winter wheat-
summer fallow cropping systems. In
addition, they are based on the average
yields in the NTA, NTB, and CT
treatments, which were found to not be
significantly different.

It is also important to recognize that
there are other, non-economic factors
that may be of great value but that are
difficult to quantify, such as the value of
time spent in the field away from one's
family or potential offsite costs due to
soil erosion. These factors are not
included in this analysis as each situation
is unique, but nonetheless, these factors
may play a key role in determining the
overall satisfaction and total cost
associated with a specific farming
system. For example, farming systems
that reduce the amount of tillage reduce
the time required to farm; it takes much
less time to spray a fallow field with
herbicide compared to the time to rod-
weed the same field. The personal value
of the time saved may be far more
important than the economic differences
that exist between different systems.
Offsite costs of water and wind erosion
are extremely difficult to accurately
calculate and assign to specific
economic enterprises but society places
a high value on clean water and air.
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Effect of Conservation Security Program
The Conservation Security Program
(CDP) was established in the 2002 Farm
Bill and is designed to support ongoing
stewardship and reward growers who
have already adopted practices that
maintain and enhance natural resources
(Anon. 2005). The payments in the CSP
program are based on the soil and slope
at the site and the practices that are used
as well as the Tier Level for which the
farm qualifies. The Soil Conditioning
Index (SCI) is a calculated index that
predicts the impact on soil organic
matter level: negative values mean that
the soil organic matter is predicted to
decline and positive values predict that
the soil organic matter will increase.
The Soil Tillage Intensity rating (STIR)
uses the speed, depth, surface
disturbance, and tillage type to calculate
the tillage intensity rating. STIR ratings
tend to show the differences in the
amount of soil surface covered with
residue. The practices used in the NTA
and NTB plots result in a positive SCI
with much of the soil surface covered.
The practices used in the NT treatments
would be eligible for a direct payment of
$24.40/acre, up to a maximum of
$20,000, $35,000, or $45,000/year for
Tier I, Tier II, and Tier III, respectively.
In our example with a 3,000-acre farm,
the CSP payment would be either
$35,000 for Tier II or $45,000 for Tier
III. Adding the CSP payments to the
values for partial net return for the NTA
and NTB treatments for the "typical"
3,000-acre farm in our example
increases the partial net return to either
$317,330 or $327,330 for the NTA
treatments and $315,095 or $325, 095
for the NTB treatments. These values
are competitive with the partial net
return of $326,550 from the CT plots.

Summary and Conclusions
Direct-seed cropping systems leave the
surface of the soil covered and offer the
potential to reduce soil erosion caused
by wind and water, to increase soil
organic matter and carbon sequestration,
and to reduce input costs. However, the
economic returns from direct-seed
cropping systems must be comparable to
the returns from conventional tillage
systems for growers to willingly adopt
direct-seeding. The winter wheat grain
yield was greater in conventional tillage
than in either of two direct-seeding
treatments, although the differences are
not statistically significant.	 The
economically optimum N application
rate was 80 lbs N/acre in the NTA plots
and 120 lbs N/acre in the NTB plots.
Winter wheat yield was greatest and the
partial net return was greatest at 120 lbs
N/acre in the CT plots. Crop inputs costs
and fallow costs have been roughly
equal at equal N application rates in the
different tillage systems. The NTA and
NTB treatments would have been
eligible for direct payments of $35,000
or $45,000 annually under the
Conservation Security Program, bringing
the partial net return up to the level of
the CT treatments.
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USING SEED SIZE, PLANTING DATE, AND EXPECTED YIELD TO
ADJUST DRYLAND WINTER WHEAT SEEDING RATES.

Don Wysocki and Mary Corp

Abstract
Winter wheat seeding rates range between
30 to 100 pounds of seed per acre. Seeding
rates for with winter wheat should be based
on yield potential of the field and the
planting date. Lower seeding rates can be
used where expected yield is low or when
wheat is planted early. Wheat development
models that use accumulated heat (growing
degree days) can be used to adjust seeding
rate for plant date and expected yield. Seed
size of winter wheat can vary widely.
Because of the variation seeding rates should
always be based on seeds per unit and not on
pounds of seed per acre

Key Words: wheat seed, winter wheat seed
rates, wheat modeling, growing degree days,
seed size

Introduction
Winter wheat seeding rates typically range
between 30 to 100 pounds per acre in the
Columbia Plateau. This range of seeding
rates reflects differences in soil productivity
and the wheat plants ability to
compensating for yield . However, using
seeding rates that are too low can delay
maturity, increase weed competition or
lower yield, while using rates that are too
high increases cost, and may increase
lodging and possibly reduce yields. Wheat
plants compensate for yield in three ways: 1)
number of heads per plant, 2) number of
seeds per head, and 3) seed size. The goal of
a proper seeding rate is to have the right
plant population to produce the optimum
number of heads for the yield expected. A
field can be thought of as a population of
wheat heads that must be matched to the

yield level. A sufficient number of seeds
must be planted to achieve an adequate head
population for the expected yield.

Three factors interact to determine head
production within a field and should be
considered when determining a seeding rate:
1) expected yield, 2) number of seeds per
pound of wheat seed (seed count), and 3)
planting date. Lower yield potential requires
fewer plants (heads) per unit area than
higher yields. Wheat seed varieties vary
widely in seed size. Commonly sown winter
wheat varieties have seed sizes that range
from about 8,000 to 15,000 seeds per pound.
More seed must be planted when there are
fewer seed per pound to achieve the same
plant stand. Wheat plants that establish
earlier in fall have the potential to tiller
(stool) and produce more heads per plant
than later planted wheat. For this reason ,
seeding rates can be less when plants
establish early.

Effect of Seed Size
Seeding rate should be determined by using
the number of seeds per pound. The number
of winter wheat seeds in one pound ranges
from 8,000 to more than 16,000. Seeds per
pound are a function of the variety (genetics)
and the environmental conditions under
which the seed was grown. Certified seed is
sold with a seed count (seeds per pound).
This information can be used to adjust
seeding rates to seeds/ft2.

If planting seed without a seed count, a
simple method to arrive at a seed count is to
count 1000 seeds and weigh them. A scale
that is capable of weighing to 1 gram, or 0.1
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ounces or 0.01 pounds will be required. All
seed should be cleaned and the small and
cracked seeds eliminated before counting.
Generally, seed to be planted is sized and
conditioned so that cracked and broken seed
have been removed. If not and there is a
large amount of broken or cracked seed,
save the unfit portion needed to count out
1000 fit seed. Weigh each separately and
adjust your seed count by the amount of fit
and unfit seed using equation 1.

Use Table 1 to determine seeds per pound
for different 1000 seed weights in grams,
ounces, or pounds. Varieties like Stephens
wheat tend to have large kernels, while other
varieties like Madsen tend to have smaller
kernels. For this reason, it is best to know
your seed count and adjust your sowing rate
to seeds per unit area, rather than pounds of
seed per acre.

Equation 1. % adjustment = (weight fit
seed + weight unfit seed)/ (weight fit seed)
X 100

Table 1. Weight 1000 seeds and corresponding seeds
per pound

Weight of 1000 seeds Seeds/pound
grams ounces pounds
56.8 2.00 0.125 8000
53.4 1.88 0.118 8500
50.4 1.78 0.111 9000
47.8 1.68 0.105 9500
45.4 1.60 0.100 10000
43.2 1.52 0.095 10500
41.3 1.45 0.091 11000
39.5 1.39 0.087 11500
37.8 1.33 0.083 12000
36.3 1.28 0.080 12500
34.9 1.23 0.077 13000
33.6 1.19 0.074 13500
32.4 1.14 0.071 14000
31.3 1.10 0.069 14500
30.3 1.07 0.067 15000
29.3 1.03 0.065 15500
28.4 1.00 0.063 16000
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Effect of Planting Date and Yield
Potential
Autumn planting date affects the amount of
accumulated heat that plants experience
before winter. A simple method to predict
the development of wheat (when leaves and
tillers appear ) is to use the amount of heat
absorbed from planting onward through the
growing season. The amount of heat
absorbed is described as a quantity known as
growing degree days (GDD), commonly
referred to as a "heat unit". Predictions of
plant development based on absorbed heat
use the cumulative number of degree days or
heat units measured during the growing
season. In essence, a degree day is one day
when the average temperature for the day is
one degree above a specified base
temperature for the crop in question
(McMaster et al. 1991; Rickman and
Klepper 1991; Rickman, Waldman, and
Klepper, 1996). Temperature measurements
to determine GDD are best taken at the soil
surface. This allows for the insulting and

reflective effects of residue and the buffer
effect of soil water on heat flux. Tilled
fields and direct seeded fields experience
slightly different accumulations in GDD
because of these effects. Unfortunately most
weather stations do not monitor soil surface
temperatures, so generally air temperature is
used for GDD determination. In Figure 1,
Celsius GDD for the Pendleton Ag Research
Center are plotted based on the 1930-2000
average air temperature records. The base
for wheat is zero Celsius. Daily GDD are
calculated by averaging the daily maximum
and minimum temperatures. Values less than
zero are discarded. The curve in Figure 1
begins heat accumulation in September.
Daily GDD are summed and added to the
previous total provided that the seedzone has
adequate water content, a seed planted two
inches deep will have a shoot that emerges
in about 150 GDD after sowing (50 for
germination and 100 for emergence from the
soil).

Figure 1 Celsius GDD curve for Pendleton Ag Research Center
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Wheat plants follow a rigid developmental
sequence driven by heat. Leaves and tillers
appear at a regular heat unit interval called a
phyllochron. The phyllochron for winter
wheat is about 100 Celsius growing degree
days. It may vary slightly for different
varieties, years, and times of planting.
Stage of development can be predicted from
the number of GDD that elapse between
planting and jointing. Jointing is critical
because only tillers with three or more
leaves at that time are likely to produce
heads. In general, jointing occurs about 400
GDD after January 1, which is about April 1
at Pendleton. Based on the GDD
accumulation in Figure 1, about 900 GDD
elapse from planting a September 15
planting to April 1. Using an average

phyllochron of 100 GDD and a typical
emergence of 150 GDD, the curve predicts a
7.5 leaf plant on April 1(. Excluding a
coleoptile tiller, (which rarely develops) the
plant will have five tillers. Of the five
tillers, T1, T2, and T3 will have three leaves
which is the threshold to produce a viable
head (Figure 2). A at Pendleton, seed
should produce four heads (1 main stem and
3 tillers) when planted on September15.

Plants seeded later will develop fewer tillers
and thus fewer heads. Later seeding dates
then require higher seeding rate in order to
ensure an adequate head population. Thus
as the season progresses seeding rates need
to increase because each plant will have
fewer tillers.

Figure 2. Tiller development on a winter wheat plant.
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Table 2. Number of seeds per linear yard of row for various row spacings based on
sowing rates in seed/ft2.

Desired Sowing Rate
(seeds/ft2)

Drill Row Width (inches)

6 7 7.5 8	 10	 12	 14 15 16

Seeds per yard of row

10 15 18 19 20 25 30 35 38 40
11 17 19 21 22 28 33 39 41 44
12 18 21 23 24 30 36 42 45 48
13 20 23 24 26 33 39 46 49 52
14 21 25 26 28 35 42 49 53 56
15 23 26 28 30 38 45 53 56 60
16 24 28 30 32 40 48 56 60 64
17 26 30 32 34 43 51 60 64 68
18 27 32 34 36 45 54 63 68 72
19 29 33 36 38 48 57 67 71 76
20 30 35 38 40 50 60 70 75 80
21 32 37 39 42 53 63 74 79 84
22 33 39 41 44 55 66 77 83 88
23 35 40 43 46 58 69 81 86 92
24 36 42 45 48 60 72 84 90 96
25 38 44 16 50 63 25 88 94 100

Determining a Seeding Rate
The relationship between seeds/ft 2 and seeds
per linear yard (3 feet) of row for various
row spacings is illustrated in Table 2..
Counting the number of seeds per yard is
recommended as it increases the reliability
of the count. For air drills that band seed
over a wide area, it may be necessary to
weigh seed rather than count.

Possible seeding rates for various expected
yields from early to late planting are
illustrated in Figure 3. Seeding rates may be

as low as 12 plants/ ft 2 on early seeded wheat
that establishes quickly and has a low
expected yield (30 bu/acre). Early seeding
does not guarantee plant establishment as
seeds must have adequate water to' germinate
and establish. Rates increase up to 24
seeds/ft2 when seeding late or high yields are
expected. Useable 3 to adjust sowing rates
for seed size. For example, if the seed count
is 8000/lb and the desired sowing rate is 20
seeds/ft2, 109 lb/acre should be sown. With
a seed count of 12,000 seeds/lb, 73 lb/acre
of seed should be planted.
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Figure 3. Seeding rates for various yield potentials by planting date at Pendleton, Oregon.

Table 3. Pounds of seed required to achieve various sowing rates in seeds/square foot

Seed Count Seeds/lb

Desired seed rate seeds/ft'

12 13 14 15 16	 17 18 19 20

seed needed lb/acre

8000 65 71 76 82 87 93 98 103 109

8500 61 67 72 77 82 87 92 97 102

9000 58 63 68 73 77 82 87 92 97

9500 55 60 64 69 73 78 83 87 92

10000 52 57 61 65 70 74 78 83 87

10500 50 54 58 62 66 71 75 79 83

11000 48 51 55 59 63 67 71 75 79

11500 45 49 53 57 61 64 68 72 76

12000 44 47 51 54 58 62 65 69 73

12500 42 45 49 52 56 59 63 66 70

13000 40 44 47 50 54 57 60 64 67

13500 39 42 45 48 52 55 58 61 65

14000 37 40 44 47 50 53 56 59 62

14500 36 39 42 45 48 51 54 57 60

15000 35 38 41 44 46 49 52 55 58

15500 34 37 39 42 45 48 51 53 56
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Figure 3 is a graphical representation of a
wheat model (McMaster et al., 1991) that
uses planting date and yield expectation to
match seeding rates to head populations that
produce the expected yield . It is based on
these generalizations 1) a crop is produced
from a populations of heads 2) seedling
success is 75 percent (i.e. 75 percent of
sown seed makes a plant) 3) heads average
36 kernels, and 4 ) kernel
weight averages 40 mg (11,350 seeds/lb).

Head population is matched to the yield
potential and planting date. For instance if
the yield potential is 70 bushels the proper
head density is 30/sq. foot. Using a
September 15 planting about 10 seeds/sq
foot are required. This seeding rate
provides no margin for safety. Figure 1
builds a cushion for safety using 12 seeds/sq.
ft as a minimum planting rate and increases
from there. Seeding rates in the figure are
adequate even at 50 percent seed mortality
Here are a few example that apply these
principles.

Example 1
What seeding rate in pounds/acre should be
used to plant Madsen winter wheat on
summer fallow on September 15 th, when the
expected yield is 70 bu/acre and the seed
count is 12, 600 seeds/lb?

From Figure 3 using the 70 bushel yield
curve on September 15, seed rate is: 18
seeds/ft2
From Table 3 using 12,500 seeds/lb @ 18
seeds/ft2 lb seed/acre = 63 lb seed/acre

Example 2 What seeding rate in
pounds/acre should be used to plant
Stephens winter wheat on summer fallow on
September 15th , when the expected yield is

70 bu/acre and the seed count is 8500
seeds/lb?
From Figure 3 using the 70 bushel yield
curve on September 15, seed rate is: 18
seeds/ft2
From Table 3 using 85,500 seeds/lb @ 18
seeds/ft2 lb seed/acre= 92 lb seed/acre

Example 3
For examples 1 and 2, what should the seeds
per yard of row be, if the field is planted
with 8-inch row spacing?

From Table 2 for seeding rate of 18 seeds/ft2
and 8-inch spacing = 36 seeds/yard of row

Example 4
An annually cropped field with a 50
bushel/acre expected yield is seeded into dry
soil on October 1, what seeding rate in
seeds/122 should be used? How many pound
acre are needed if this is the Madsen seed in
example I? How much is needed if this
Stephens seed from example 2?

The seeding rate should be based on the
anticipated date that seed zone will be wet
by rain. In this example let's assume it will
be around October 20. From Figure 3 using
50 bushel/acre curve and October 20 the
seeding rate should be 20 seeds/ft2

From Table 3 using 20seeds/ft2 for Madsen
at 12,500 seeds/lb = 70 lb/acre, for Stephens
@ 8,500 seeds/lb = 102 lb/acre
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PRECIPITATION SUMMARY - PENDLETON

CBARC - Pendleton Station - Pendleton, Oregon
(Crop year basis, i.e.; September 1 through August 31 offollowing year)

Crop Yr. Sept Oct Nov Dec  Jan Feb Mar  Apr May Jun Jul  Aug Total

76 Year

Average .73 1.37 2.07 2.05 1.95 1.53 1.72 1.53 1.50 1.21 .34 .47 16.47

1985-86 1.54 1.34 2.66 1.27 2.38 3.04 1.94 .83 1.79 .09 .61 .19 17.68

1986-87 1.87 .91 3.41 .95 2.08 1.31 1.85 .83 1.63 .62 .47 .06 15.99

1987-88 .04 0 1.44 1.61 2.60 .32 1.65 2.59 1.79 .94 0 0 12.98

1988-89 .40 .08 3.65 1.10 2.86 1.55 2.95 1.94 2.19 .33 .15 1.19 18.39

1989-90 .24 1.00 1.65 .49 1.43 .63 1.89 1.77 2.14 .70 .37 .76 13.07

1990-91 0 1.37 1.73 1.18 1.15 .86 1.71 1.01 4.73 2.22 .15 .24 16.35

1991-92 .03 .89 4.18 .97 .96 1.34 .85 1.29 .20 .90 1.74 .78 14.13

1992-93 .58 1.70 2.61 1.30 2.43 1.04 2.32 2.67 1.58 2.01 .47 2.60 21.31

1993-94 0 .30 .49 1.91 2.38 1.67 .52 1.18 2.88 .75 .33 .07 12.48

1994-95 .76 1.44 3.77 1.83 2.75 1.15 2.35 2.92 1.56 1.73 .22 .41 20.89

1995-96 .93 1.35 2.95 2.37 2.79 2.45 1.49 2.33 2.00 .39 0 .05 19.10

1996-97 .66 1.99 3.05 4.23 2.74 1.60 3.00 2.46 .46 1.10 .36 .02 21.67

1997-98 .88 1.34 1.59 1.41 2.84 .87 1.43 1.30 3.12 ..51 .18 .10 15.57

1998-99 1.24 .40 4.71 2.96 1.18 2.16 1.23 .99 1.65 .61 .04 1.18 18.35

1999-00 0 1.75 2.17 1.88 2.39 3.35 3.39 .65 1.98 1.39 .31 0 19.26

2000-01 1.75 3.84 1.61 .84 1.29 .89 1.42 2.13 .75 1.47 .55 0 16.54

2001-02 .36 1.91 1.88 1.02 1.36 1.33 1.41 1.12 1.02 1.39 .23 0 13.03

2002-03 .24 .61 1.09 3.06 3.25 2.18 2.20 1.78 1.01 0 0 .23 15.65

2003-04 .70 .68 1.68 3.33 2.77 2.29 .85 2.03 2.78 1.88 .12 .91 20.02

2004-05 .54 .75 2.09 1.08 .53 .33 1.76 1.41 2.80 .66 .19 .01 12.15

2005-06 .06 1.37 1.64 2.14 3.45 1.00 2.50

.

2.84

20 Year

Average .64 1.18 2.42 1.74 2.11 1.52 1.81 1.66 1.90 .98 .32 .44 16.73
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PRECIPITATION SUMMARY - MORO

CBARC - Sherman Station - Moro, Oregon

(Crop year basis, i.e.; September 1 through August 31 of following year)

Crop Yr. Sept Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Total

96 Year

Average .57 .91 1.67 1.64 1.61 1.16 .96 .79 .84 .67 .22 .28 11.32

1985-86 1.11 1.09 1.19 1.12 1.84 2.39 .98 .34 .35 .06 .54 .07 11.08

1986-87 1.52 .45 1.53 .78 1.68 1.10 1.54 .28 .99 .29 .78 .11 11.05

987-88 .07 .01 .66 3.23 1.60 .21 1.25 2.21 .55 1.02 .04 0 10.85

988-89 .56 .02 2.51 .22 1.33 .77 1.91 .84 .91 .08 .11 .50 9.76

1989-90 .07 .59 .96 .48 1.91 .17 .76 .79 1.36 .39 .15 1.43 9.06

1990-91 .29 1.27 .61 .74 .87 .60 1.43 .40 .77 1.27 .33 .16 8.74

1991-92 0 1.40 2.57 1.02 .47 1.64 .64 2.38 .04 .28 .81 .02 11.27

1992-93 .68 .85 1.50 1.68 1.42 1.47 1.68 1.22 1.42 .87 .39 .30 13.48

1993-94 .02 .09 .41 .68 1.40 .90 .55 .40 .62 .61 .11 .07 5.86

1994-95 .19 2.27 1.79 .90 3.67 1.18 1.14 1.95 .97 1.45 1.10 .17 16.78

1995-96 1.02 .64 3.20 2.20 1.86 2.43 .65 1.57 1.44 .36 .15 .03 15.55

1996-97 .55 1.56 2.63 4.18 1.57 .84 1.28 1.26 .55 .56 .13 .57 15.68

1997-98 .46 1.61 .66 .29 2.49 1.30 1.02 .66 3.15 .26 .26 .06 12.22

1998-99 .38 .16 2.57 1.34 1.34 1.00 .51 .06 .56 .11 .09 .23 8.35

1999-00 0 .83 1.62 .62 1.77 2.43 .76 .44 .48 .20 0 0 9.15

2000-01 .30 1.39 .60 .35 .43 .53 .81 .71 .34 .50 .02 .23 6.21

2001-02 .53 1.03 2.02 1.17 .68 .65 .42 .38 .66 .85 .04 0 8.43

2002-03 .02 .27 .59 2.65 1.92 1.26 .90 1.00 .21 0 0 .47 9.29

2003-04 .25 .65 .73 2.44 1.58 1.47 .61 .79 .93 1.11 .29 1.06 11.91

2004-05 .47 .79 .32 1.55 .42 .12  .77 .75 2.44 .13 .12 0 7.88

2005-06 .05 1.81 1.88 3.65 2.67 1.05 .63 1.80

20 Year

Average .42 .85 1.43 1.38 1.51 1.12 .98 .92 .94 .52 .27 .27 10.63
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AVERAGE MAXIMUM TEMPERATURE SUMMARY - PENDLETON

CBARC - Pendleton Station - Pendleton, Oregon

(Crop year basis, i.e.; September 1 through August 31 of following year)

Crop Yr. Sept Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug MAX

76 Year
Average

78 65 49 42 40 46 54 62 70 79 89 88 115

1985-86 70 62 35 26 43 46 59 61 69 85 83 93 104

1986-87 72 68 49 37 38 47 56 68 74 82 85 87 104

1987-88 83 72 52 41 40 50 56 64 69 77 90 88 102

1988-89 79 74 52 41 45 33 52 64 69 81 88 83 101

1989-90 80 65 54 40 44 46 57 68 68 78 92 87 108

1990-91 85 64 55 35 40 55 52 62 66 73 89 91 100

1991-92 82 67 48 43 44 51 59 65 76 86 86 89 104

1992-93 76 67 46 40 33 36 50 61 74 76 79 83 98

1993-94 81 68 46 41 49 42 58 65 72 78 92 88 107

1994-95 82 63 46 43 41 52 55 60 70 75 88 84 98

1995-96 81 63 54 40 43 42 52 63 65 78 92 89 107

1996-97 75 64 48 44 41 45 55 60 74 77 86 90 102

1997-98 79 65 50 41 47 53 55 61 67 78 95 92 111

1998-99 83 66 53 44 50 51 55 61 68 78 88 89 103

1999-00 80 66 56 45 42 47 53 67 70 78 88 89 105

2000-01 75 63 44 38 39 44 58 60 75 77 87 91 102

2001-02 83 65 52 44 46 51 49 62 69 81 93 86 110

2002-03 80 64 52 45 46 49 58 61 70 84 94 90 107

2003-04 83 71 49 44 34 48 61 66 67 78 91 89 103

2004-05 77 67 53 47 44 51 61 64 71 77 91 90 102

2005-06 78 67 48 39 53 47 54 62

20 Year

Average
79 66 50 41 42 47 56 63 70 79 89 89 111
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AVERAGE MINIMUM TEMPERATURE SUMMARY - PENDLETON

CBARC - Pendleton Station - Pendleton, Oregon

(Crop year basis, i.e.; September 1 through August 31 offollowing year)

Crop Yr. Sept Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug MIN

76 Year

Average
43 35 31 27 24 28 32 36 42 47 51 50 -30

1985-86 40 35 17 13 28 31 38 35 43 50 49 53 -21

1986-87 42 34 35 27 21 31 35 38 44 47 52 47 -3

1987-88 43 29 32 25 24 26 31 39 42 48 51 47 3

1988-89 42 39 35 27 28 15 33 39 42 48 49 52 -18

1989-90 41 35 34 26 31 26 31 38 42 49 54 53 -4

1990-91 45 36 35 14 23 34 31 36 42 46 51 53 -26

1991-92 42 33 34 30 33 34

_

32 39 41 51 53 52 11

1992-93 43 37 34 24 16 21 31 38 47 49 51 50 -12

1993-94 42 37 19 30 32 26 32 40 45 47 53 51 -4

1994-95 44 34 32 28 28 31 32 36 42 47 54 47 -5

1995-96 47 36 36 29 27 22 33 38 41 45 53 51 -21

1996-97 42 37 31 28 24 30 35 36 44 48 51 53 -3

1997-98 47 35 34 28 29 33 33 35 43 48 57 52 3

1998-99 49 33 36 26 32 32 33 32 39 47 49 54 -5

1999-00 38 32 36 32 29 32 31 37 44 46 51 48 19

2000-01 45 37 27 27 28 27 32 36 42 47 52 52 16

2001-02 45 34 34 28 28 29 30 34 40 50 54 48 18

2002-03 42 29 30 32 34 29 37 37 43 47 53 51 9

2003-04 46 40 26 29 21 30 34 35 43 48 52 55 -20

2004-05 44 38 31 30 26 22 32 36 45 45 52 49 11

2005-06 39 37 31 24 34 25 33 36 3

20 Year

Average
44 35 31 27 27 28 33 37 43 48 52 51 -26
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AVERAGE MAXIMUM TEMPERATURE SUMMARY - MORO

CBARC - Sherman Station - Moro, Oregon
(Crop year basis, i.e.; September 1 through August 31 offollowing year)

Crop Yr. Sept Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug MAX

76 Year
Average

75 62 47 39 37 43 51 59 67 74 83 82 111

1985-86 66 59 33 24 39 43 55 56 67 80 75 87 101

1986-87 67 65 48 34 36 44 51 63 70 78 78 82 98

1987-88 78 68 49 36 35 47 52 59 63 70 83 81 100

1988-89 74 71 49 39 44 32 48 62 66 76 78 77 99

1989-90 76 61 51 40 43 45 54 63 64 73 87 82 106

1990-91 80 60 52 34 39 51 49 58 62 68 83 86 98

1991-92 78 64 46 40 43 48 57 61 72 81 82 84 103

1992-93 71 62 46 37 30 35 47 57 71 71 73 80 95

1993-94 78 66 45 38 48 41 57 62 69 73 88 82 106

1994-95 80 62 45 42 37 49 52 57 68 71 81 78 96

1995-96 78 61 53 38 42 40 50 59 61 73 88 84 103

1996-97 72 61 47 42 40 45 53 57 71 73 80 85 99

1997-98 76 61 49 41 42 47 52 58 63 73 88 85 106

1998-99 81 62 50 41 47 48 52 57 64 71 81 83 100

1999-00 76 62 51 42 37 42 51 62 64 74 80 81 97

2000-01 72 60 41 36 36 42 54 57 71 72 81 85 100

2001-02 78 61 49 40 42 47 48 58 65 76 84 81 104

2002-03 76 61 49 40 43 47 56 57 66 78 88 84 102

2003-04 78 67 44 38 33 43 57 63 67 77 85 84 100

2004-05 72 63 51 44 40 48 57 59 50 72 85 86 100

2005-06 73 62 45 35 45 44 50 59

20 Year
Average

75 63 47 38 40 44 52 59 66 74 82 83 106
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AVERAGE MINIMUM TEMPERATURE SUMMARY - MORO

CBARC - Sherman Station - Moro, Oregon
(Crop year basis, i.e.; September 1 through August 31 offollowing year)

Crop Yr. Sept Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug MIN

76 Year
Average

46 38 31 27 24 28 32 36 42 48 54 53 -24

1985-86 41 36 19 13 26 29 37 35 45 52 51 57 -15

1986-87 44 39 34 25 23 31 34 40 46 50 54 52 7

1996-97 44 38 31 27 26 29 34 36 45 48 53 56 7

2005-06 45 39 29 22 32 25 31 36 6

20 Year
Average

47 38 31 26 27 28 33 37 43 48 54 54 -16
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