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ABSTRACT

Paulitz, T. C., Schroeder, K. L., and Schillinger, W. F. 2010. Soilborne pathogens of cereals in an
irrigated cropping system: Effects of tillage, residue management, and crop rotation. Plant Dis.
94:61-68.

An irrigated cropping systems experiment was conducted for 6 years in east-central Washington
State to examine agronomic and economic alternatives to continuous annual winter wheat (7riti-
cum aestivum) with burning and plowing, and to determine how root diseases of cereals are
influenced by management practices. The continuous winter wheat treatment with burning and
plowing was compared with a 3-year no-till rotation of winter wheat—spring barley (Hordeum
vulgare)—winter canola (Brassica napus) and three straw management treatments: burning, straw
removal, and leaving the straw stubble standing after harvest. Take-all disease and inoculum
increased from years 1 to 4 in the continuous winter wheat treatment with burning and plowing,
reducing plant growth compared to the no-till treatments with crop rotations. Inoculum of
Rhizoctonia solani AG-8 was significantly lower in the tilled treatment compared to the no-till
treatments. Inoculum concentration of Fusarium pseudograminearum was higher than that of F.
culmorum, and in one of three years, the former was higher in treatments with standing stubble
and mechanical straw removal compared to burned treatments. Residue management method had
no effect on Rhizoctonia inoculum, but spring barley had more crown roots and tillers and
greater height with stubble burning. This 6-year study showed that irrigated winter wheat can be
produced in a no-till rotation without major disease losses and demonstrated how cropping prac-

tices influence the dynamics of soilborne cereal diseases and inoculum over time.

Irrigated crops are produced on 645,000
ha in east-central Washington and north-
central Oregon (1). Approximately 70% of
this cropland is irrigated with water di-
verted from rivers, while water for the
remaining hectares is pumped from deep
wells. Much of the irrigated cropland is
found in areas of less than 200 mm annual
precipitation, where dryland farming is
difficult or impossible. Wind erosion is the
biggest environmental concern throughout
the region (21,31).

Major irrigated field crops include pota-
toes (Solanum tuberosum L.), corn (Zea
mays L.), wheat (Triticum aestivum L.),
barley (Hordeum vulgare L.), oat (Avena
sativa L.), alfalfa (Medicago sativa L.),
and dry bean (Phaseolus vulgaris L.). Win-
ter canola (Brassica napus L.) is not yet
widely grown but has received increased
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attention in recent years due to its reported
benefits for subsequent crops in the rota-
tion (10). Due to many available crop op-
tions, there are no “set” cropping systems.
Farmers rotate crops to reduce pests and
diseases, optimize water use, and take
advantage of current market opportunities.

Many deep-well irrigators plant winter
wheat on the same field every year. Irri-
gated wheat grain yields range from 6,000
to 9,400 kg/ha with residue production of
11,000 kg/ha or more. After grain harvest
in August, the traditional practice is to
burn the stubble and invert the surface soil
with moldboard plow tillage in preparation
for planting in September. Generally,
farmers feel they need to burn their fields
because high residue levels hamper plant-
ing and to control the problematic grass
weed, downy brome (Bromus tectorum L.).
Alternatives to field burning are needed to
reduce smoke emissions and maintain air
quality. Therefore, new crop rotation and
stubble management strategies are needed
to make no-till (without burning) work.

A group of deep-well irrigated wheat
farmers approached Washington State
University (WSU) and USDA-ARS scien-
tists in 1998 concerning the future of their
farming operations. The farmers were
concerned about potential regulations to
reduce or eliminate cereal stubble burning
and desired research on how to farm prof-
itably without field burning. Reduction or

elimination of tillage could also reduce soil

erosion. The experiment reported here was

designed jointly by farmer advisors and

WSU and USDA-ARS scientists. The ex-

periment involved both crop rotation and

stubble management factors.

The objective of the experiment was to
determine the feasibility of planting di-
rectly into high levels of residue (no-till) as
a substitute for burning in irrigated crop-
ping systems. Specific objectives of the
larger project were to:

1. Test a 3-year crop rotation of winter
wheat—spring barley—winter canola di-
rectly planted (no-till) (i) into standing
stubble, (ii) after mechanical removal of
stubble, and (iii) after burning the stub-
ble. This was compared with the check
treatment of annual winter wheat
planted after stubble burning + mold-
board plowing.

2. Evaluate and develop effective tech-
niques for planting crops into heavy sur-
face stubble using no-till methods.

3. Document cumulative effects of a di-
verse no-till crop rotation under three
stubble management practices on dis-
eases, soil physical and biological prop-
erties, water use efficiency, weed ecol-
ogy, and farm economics, and to
compare these effects to those under the
check treatment.

The experiments reported here were part
of objectives 1 and 3, and were designed to
answer several root disease questions: (i)
Will root diseases increase when tillage is
eliminated? Previous work has shown that
Rhizoctonia root rot and bare patch can
increase in no-till rotations (17,24,27). (ii)
Will residue management reduce disease
severity? Gaeumannomyces graminis var.
tritici (causal agent of take-all) and Fusa-
rium pseudograminearum and F. cul-
morum (causal agents of Fusarium crown
rot) survive in crown tissue, and several
studies have shown increases in diseases in
no-till systems where residue is left on the
surface (2,32). In addition, irrigated winter
wheat produces more residue compared to
dryland winter wheat, as 1.3 to 2.0 kg of
straw is produced for every 1.0 kg grain
(9). (iii) Will crop rotation reduce root
diseases? Take-all can be controlled by
rotating with broadleaf crops such as ca-
nola or pea (Pisum sativum L.), which are
resistant to take-all (12), but Rhizoctonia
solani AG-8 (cause of Rhizoctonia root rot
and bare patch) has a broad host range, and
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crop rotation does not reduce bare-patch
(7). In this paper, we report on soilborne
pathogens and root diseases in these crop-
ping systems, specifically Rhizoctonia root
rot and bare patch, take-all, Fusarium
crown rot (35), and lesion nematodes (Pra-
tylenchus neglectus and P. thornei).

MATERIALS AND METHODS
Experiment layout and treatments. A
6-year irrigated cropping study was con-
ducted at the WSU Dryland Research Sta-
tion near Lind during the 2001 to 2006
crop years. The experimental area had
been in a 2-year cultivated dryland winter
wheat-summer fallow rotation for at least
30 years prior to initiation of the experi-
ment. To obtain uniform residue levels at
the beginning of the experiment, the entire
4-ha experimental area was planted to
‘Madsen’ winter wheat in September 1999.
The irrigated grain yield in August 2000
was 7,400 kg/ha, and straw production was
11,000 kg/ha. Beginning in the 2001 crop
year, a 3-year crop rotation of winter
wheat—spring barley—canola was practiced
under the three stubble management meth-
ods. These were planted: (i) directly into
standing stubble, (ii) after removal of stub-
ble by swathing and baling of the straw, or
(iii) after burning the stubble. All no-till
treatments were planted and fertilized in
one pass with a low disturbance Cross Slot
no-till drill (3). A check treatment of con-
tinuous annual winter wheat sown with a
conventional double-disc drill after stubble

burning and moldboard plowing was also
included. The experimental design was a
split block with four replications. Main
plots (15 x 150 m) were crops and sub-
plots (15 x 50 m) were residue manage-
ment. Crops were planted perpendicular to
the residue management treatments. Each
portion of the 3-year no-till crop rotation
in each residue management method was
sown each year. Thus, there were 40 plots
(3 crops x 3 residue management practices
x 4 replications = 36 plots + 4 replications
of the check treatment of continuous win-
ter wheat after burning and plowing). The
burn and plow check plots were 15 x 150
m in size.

The timing of irrigation varied from
year to year, but the entire experiment
received 380 mm of irrigation water every
year with 150 mm applied in the fall and
230 mm applied in the spring. Water was
applied via hand-line sprinklers, and the
same irrigation timing was used for all
crops. Average annual precipitation at the
site during the 6-year study period was 221
mm.

All treatments received 190 kg N, 34 kg
P, and 22 kg S per hectare each year. Soils
at the site contain adequate potassium (K)
for crop production with extractable soil K
levels >450 kg/ha. The burn—plow con-
tinuous winter wheat received all fertilizer
in granular form with 135 kg N, 34 kg P,
and 22 kg S per hectare applied with a
granular spreader in September prior to
plowing and planting. The sources that
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Fig. 1. DNA concentration of Gaeumannontyces graminis var. tritici in March—April in soil of a winter
wheat crop grown in four crop rotation/residue management treatments: winter wheat—spring barley—
canola no-till rotation with mechanical stubble removal (MR), stubble burning (SB), or stubble left
standing (SS), and continuous winter wheat with stubble burned and moldboard plowed (CONV).
Treatments within each year with the same letters are not statistically different, P = 0.05, Tukey’s

mean separation test.
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made up this mix were urea, monoammo-
nium phosphate, and ammonium sulfate.
The additional 55 kg/ha N was applied as
granular urea top-dress to the growing
wheat crop in April. The no-till winter
wheat received 135 kg N, 34 kg P, and 22
kg S per hectare as liquid at time of plant-
ing with the Cross Slot no-till drill. The
liquid fertilizer mix was Solution 32
(NH4NO; + urea) + ammonium phosphate
+ thiosul. The additional 55 kg/ha N was
applied as a granular urea top-dress to the
growing wheat crop in April. Winter ca-
nola received the same fertilizer regime as
the no-till winter wheat. However, winter
canola was killed by cold and/or disease in
5 out of 6 years; therefore, 55 kg/ha of
liquid Solution 32 N was applied at plant-
ing of spring canola in those 5 years.
Spring barley received 190 kg N, 34 kg P,
and 22 kg S per hectare as Solution 32 +
ammonium phosphate + thiosul at time of
planting applied with the Cross Slot no-till
drill.

Winter wheat (cv. Madsen) and spring
barley (cv. Baronesse) were sown at a rate
of 112 kg/ha during all years. Winter ca-
nola and spring canola sowing rates varied
from 4 to 8 kg/ha and averaged 5.6 kg/ha
over the 6 years. Additional details on field
operations and inputs for production of
winter wheat, spring barley, and canola in
the no-till rotation and for continuous win-
ter wheat after burning and plowing are
reported by Schillinger et al. (29) and Zai-
kin et al. (41).

Pathogen quantification from fungal
DNA from soil. In March or April, three
shovels of soil were randomly taken from
each replicate block of each treatment, and
the soil within each replicate was com-
bined. One kilogram of soil from each
sample was air-dried and frozen at —20°C
for 2 weeks prior to sending to the South
Australia Research and Development Insti-
tute (SARDI), Adelaide, SA. SARDI de-
veloped a suite of tests for the quantifica-
tion of six fungal pathogens and three
nematode pathogens of wheat (20). This
system has been used commercially (over
16,000 samples processed) in the Austra-
lian grain belt for over a decade (20) and
can help growers predict the risk of disease
and select appropriate management strate-
gies. DNA was extracted from the soil and
quantified according to the methods of
Ophel-Keller et al. (20). DNA of tested
fungal and nematode pathogens was re-
ported as pg/g soil. For statistical analysis,
DNA concentrations were log transformed
to maintain normality for the ANOVA
analysis.

Plant and disease measurements. Each
year, approximately in mid-April for win-
ter wheat and mid-May for spring barley,
three samples were taken within each plot
approximately 15 m apart along a transect
in the center of the plot. A sample con-
sisted of a shovelful within the row, with
approximately five plants in each sample.



Plants were kept at 4°C until evaluation.
Three plants were randomly chosen from
each sample, for a total of nine plants per
replicate. Roots were washed, and the
number of tillers, plant height, length of
first true leaf, number of seminal and
number of crown roots were recorded. The
number of roots with typical Rhizoctonia
root rot symptoms (spear-tipping, con-
stricted cortex, brown root tips) were
counted, and incidence was expressed as
the percentage of seminal or crown roots
that were diseased. Disease severity was
also rated using a 0 to 8 scale (16). Take-
all severity was measured on winter wheat
using a 0 to 5 scale (19).

Grain yield was obtained in late July or
early August by harvesting a 50-m-long
swath through each plot with a plot com-
bine with a 1.5-m-wide cutting platform
operated 20 cm above the ground. The plot
combine was equipped with a custom-built
blowing air system to uniformly distribute
straw and chaff (28). Immediately thereaf-
ter, a commercial combine equipped with a
straw chopper and chaff spreader was used
to harvest the entire experimental area,
cutting slightly lower than 20 cm above the
ground.

Statistical analysis. Analysis of vari-
ance was performed on all transformed
DNA data and plant parameters, with year,
residue/tillage treatment, and block as
main effects. Means were separated with
Tukey’s test. For the disease ratings, data
were analyzed with ordinal logistic analy-
sis, and means were separated with the
non-parametric Kruskal-Wallis test. Analy-
ses were performed with JMP 4.0 (SAS
Institute, Cary, NC).

RESULTS

Pathogen quantification from fungal
DNA from soil. For the take-all pathogen
G. graminis var. tritici, the year x treat-
ment interaction was significant (P <
0.001). In the first year that DNA was
measured, there was no significant treat-
ment effect (Fig. 1). However, in the fol-
lowing year, continuous winter wheat had
significantly higher DNA levels than in the
winter wheat treatments with rotation
crops. This difference was present in the
three subsequent crop years, although the
level of G. graminis var. tritici in the con-
tinuous winter wheat treatment declined
over time.

The DNA concentrations of R. solani
AG-8 were significantly affected by both
year (P < 0.001) and residue treatment (P
< 0.001), but there was no significant year
X treatment interaction (P = 0.13). Aver-
aged over all years, continuous winter
wheat had significantly less DNA of
Rhizoctonia (1.31 log pg DNA/g) com-
pared to the mechanical removal (2.00),
stubble burned (2.18), and standing stubble
(2.09) treatments (Fig. 2).

F. pseudograminearum DNA concentra-
tions in winter wheat were affected by

residue treatment (P = 0.002) and year (P
= 0.012), and there was no significant
treatment X year interaction (P = 0.08).
Averaged over all years, significantly

higher concentrations of DNA were found
in the mechanical removal and standing
stubble treatment compared to the conven-
tional and burned treatment (Fig. 3). F
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Fig. 2. DNA concentration of Rhizoctonia solani AG-8 in March—April in soil of a winter wheat crop grown
in four crop rotation/residue management treatments averaged across all years: winter wheat—spring barley—
canola no-till rotation with mechanical stubble removal (MR), stubble burning (SB), or stubble left standing
(SS), and continuous winter wheat with stubble burned and moldboard plowed (CONV). Treatments with the
same letters are not statistically different, P = 0.05, Tukey’s mean separation test.
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Fig. 3. DNA concentration of Fusarium pseudograminearum and F. culmorum in March—April in soil
of a winter wheat crop grown in four crop rotation/residue management treatments averaged across all
years: winter wheat—spring barley—canola no-till rotation with mechanical stubble removal (MR),
stubble burning (SB), or stubble left standing (SS), and continuous winter wheat with stubble burned
and moldboard plowed (CONV). Treatments within each Fusarium species with the same letters are
not statistically different, P = 0.05, Tukey’s mean separation test.
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culmorum showed similar trends (Fig. 3),
although the overall DNA concentrations
of F. culmorum were lower than those of F.
pseudograminearum.

The DNA levels of P. neglectus in winter
wheat had a significant treatment X year

interaction (P = 0.005). In 2 years (2002
and 2005), there was no treatment effect
(Fig. 4). However, in the other 3 years,
significantly higher levels were found in
the continuous winter wheat treatment
with burning and plowing, compared to the
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Fig. 4. DNA concentration of Pratylenchus neglectus in March—April in soil of a winter wheat crop
grown in four crop rotation/residue management treatments: winter wheat—spring barley—canola no-till
rotation with mechanical stubble removal (MR), stubble burning (SB), or stubble left standing (SS),
and continuous winter wheat with stubble burned and moldboard plowed (CONV). Treatments within
each year with the same letters are not statistically different, P = 0.05, Tukey’s mean separation test.
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Fig. 5. Plant height of winter wheat seedlings in April grown in four crop rotation/residue management
treatments: winter wheat—spring barley—canola no-till rotation with mechanical stubble removal (MR),
stubble burning (SB), or stubble left standing (SS), and continuous winter wheat with stubble burned
and moldboard plowed (CONV). Treatments within each year with the same letters are not statistically

different, P = 0.05, Tukey’s mean separation test.
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no-till treatments with standing stubble or
mechanical stubble removal. The DNA of
P. thornei was below the detection limit.

Plant parameters. Both tiller number
and plant height of winter wheat were
affected by residue treatment and inter-
acted with year (P = 0.05 and <0.001,
respectively). The continuous winter
wheat with burning and plowing had the
shortest plants in 2004, 2005, and 2006
(Fig. 5). In 2003 and 2004, the continu-
ous winter wheat with burning and plow-
ing and the no-till wheat with standing
stubble had fewer tillers than the other
treatments (Fig. 6). Averaged over all
years, fewer seminal roots were present in
the continuous winter wheat, and fewer
crown roots in the standing stubble treat-
ment (data not shown).

Both plant height and tiller number of
spring barley plants were affected by
residue treatment (P < 0.001) and inter-
acted with year (P < 0.006 and 0.0001,
respectively). In general, the stubble
burned treatment had the tallest plants
with the greatest number of tillers (Figs. 7
and 8). Barley grown with the stubble
burned treatment also had the greatest
number of crown roots in 2003, 2004, and
2005 (Fig. 9).

Disease measurements. The highest
take-all severity ratings on wheat were
found in the continuous winter wheat with
burning and plowing, where ratings were
two to three units higher than in the diver-
sified no-till rotation treatments (29). Take-
all in the continuous wheat treatment in-
creased from 2002 to 2004, and then de-
clined in 2006. In 2003 the take-all rating
was 3.8, but in 2006 it was only 2.0.

The percentage of wheat crown roots
and seminal roots exhibiting symptoms of
Rhizoctonia root rot was variable across
years (P < 0.0001), and year interacted
with treatment (P < 0.001 and 0.0001,
respectively, Figs. 10 and 11). In 2003 and
2006, the continuous winter wheat had the
lowest level of crown and seminal root
infection symptoms compared to the other
treatments. The continuous winter wheat
treatment also had the lowest Rhizoctonia
root rot rating in 2003 and 2006 (Fig. 12).

The method of residue management had
no effect on the incidence of Rhizoctonia
root rot on barley crown roots, and the
effect on seminal roots was variable. The
stubble burned treatment had numerically
the lowest disease level in 2003, 2004, and
2005. Rhizoctonia root rot rating was also
variable across years. In 2002, 2003, and
2004, method of residue management had
no effect. But in 2005, the stubble burned
treatment had the lowest rating (2.5 com-
pared to 4.4 in the mechanical removal
treatment and 3.7 in the standing stubble
treatment), while in 2006, the standing
stubble had the lowest rating (2.6 com-
pared to 3.8 in the mechanical removal
treatment and 3.1 in the stubble burned
treatment).



DISCUSSION

Statistically significant year x treatment
interactions for almost all of the variables
measured suggest that variable environ-
mental conditions each year play a strong
role in disease expression. Another expla-
nation is that disease and inoculum dynam-
ics change over the course of a cropping
system or rotation (29). For example, take-
all increased over time in the continuous
winter wheat treatment, and burning and
plowing did not reduce this disease over
the first 4 years of the rotation. This was
verified by higher levels of G. graminis
var. tritici DNA detected in the soil, which
was accompanied by increased disease,
significantly shorter plants with fewer
tillers, and significantly less grain yield
(29,41) compared to no-till winter wheat in
a 3-year rotation with barley and canola.
The effect of crop rotation on reducing G.
graminis var. tritici is well documented
(12). Broadleaf crops such as canola are
not hosts for G. graminis var. tritici, and
although this pathogen will infect barley,
less disease and inoculum are produced
(8). To our knowledge, this is the first
demonstration of the dynamics of inocu-
lum increase of G. graminis var. tritici
during the first few years of monocrop-
ping, using DNA-based techniques. We
also observed take-all decline after 4 to 5
years of monocropping (29). This phe-
nomenon, documented around the world,
is characterized as a reduction in disease
after a few years of disease increase in
monoculture wheat (11) and is caused by
increased populations of antagonistic
Pseudomonas spp. that produce antifungal
compounds such as 2,4-diacetylphloro-
glucinol and phenazine in the G. graminis
var. tritici lesions on the root and in the
rhizosphere (39). Take-all decline was first
observed at the WSU Dryland Research
Station at Lind in the late 1970s by Cook et
al. (4). Take-all decline was correlated with
high levels of 24-diacetylphloroglucinol
producers at this location (18,25,26). We
also detected high levels of 2.4-diacetyl-
phloroglucinol producers in the continuous
winter wheat with burning and plowing
treatment (R. Allende-Molar, unpublished).

The only consistent effect of residue
management method on plant growth of
winter wheat and spring barley was fewer
crown roots on wheat in the standing stub-
ble treatment. This could be due to cooler
soil temperatures from the mulching effect
of the stubble and the retention of more
soil moisture in the spring. Schroeder and
Paulitz (30) observed a similar effect in
wheat, comparing no-till to conventionally
planted (i.e., after tillage) wheat. The
number of tillers and plant height of barley
were significantly highest in the stubble
burned treatment. The development and
heading of barley was also accelerated in
this treatment, where flowering occurred
about 1 week earlier than in the other
treatments (data not shown). This effect is

likely due to faster soil warming because
of the lack of residue and the darker soil
surface (5).

Another major pathogen in this region is
R. solani AG-8, which causes root rot,
stunting, and bare patch. The continuous
winter wheat with burning and plowing
had lower levels of Rhizoctonia in the soil,
compared to the no-till treatments. The
reduction of Rhizoctonia with tillage has
been well documented in the Pacific

Northwest of the United States and in Aus-
tralia (17,24,27,38). The concentration of
Rhizoctonia DNA in no-till soil was ap-
proximately 1 log unit higher than in the
burn and plow treatment. The real com-
parison would have been with a healthy
crop in the continuous annual burn and
plow winter wheat that was not infected
with the take-all pathogen.

Among residue management treatments,
there was no consistent effect on Rhizocto-
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Fig. 6. Number of tillers of winter wheat seedlings in April grown in four crop rotation/residue man-
agement treatments: winter wheat—spring barley—canola no-till rotation with mechanical stubble re-
moval (MR), stubble burning (SB), or stubble left standing (SS), and continuous winter wheat with
stubble burned and moldboard plowed (CONV). Treatments within each year with the same letters are
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Fig. 7. Plant height of spring barley seedlings in May grown in three crop rotation/residue manage-
ment treatments: winter wheat—spring barley—canola no-till rotation with mechanical stubble removal
(MR), stubble burning (SB), or stubble left standing (SS). Treatments within each year with the same
letters are not statistically different, P = 0.05, Tukey’s mean separation test.
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Fig. 9. Number of crown roots of spring barley seedlings in May grown in three crop rotation/residue
management treatments: winter wheat—spring barley—canola no-till rotation with mechanical stubble
removal (MR), stubble burning (SB), or stubble left standing (SS). Treatments within each year with
the same letters are not statistically different, P = 0.05, Tukey’s mean separation test.
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Fig. 10. Percentage of crown roots with symptoms of Rhizoctonia in winter wheat seedlings in April
grown in four crop rotation/residue management treatments: winter wheat—spring barley—canola no-till
rotation with mechanical stubble removal (MR), stubble burning (SB), or stubble left standing (SS),
and continuous winter wheat with stubble burned and moldboard plowed (CONV). Treatments within
each year with the same letters are not statistically different, P = 0.05, Tukey’s mean separation test.
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nia disease or inoculum. Rhizoctonia pro-
duces inoculum and survives in the roots
rather than the crown, so mechanical re-
moval of straw or burning will not reduce
inoculum. In addition, burning does not
heat the soil to lethal temperatures due to
the thermal buffering capacity of the soil.
For example, in a bluegrass burning trial in
eastern Washington, the soil temperature 1
to 3 cm deep did not change, although the
soil surface reached 240°C (14).

We did not detect significant levels of
Fusarium crown rot in winter wheat in
these experiments. This disease is exacer-
bated by plant water stress (6,22), often
triggered by early fall planting and exces-
sive N. Irrigation probably masked the
disease symptoms, even though the patho-
gen is present in soils in this region, and
probably caused latent infections in our
experiment. However, based on the soil
DNA, the highest levels of F pseudo-
graminearum were observed in the treat-
ments with standing stubble and mechani-
cal removal treatments, compared to the
continuous burn and plow and stubble
burned treatments, especially by year 3. In
the burn and plow treatment with a mold-
board plow, the old crowns were inverted
and mixed into the soil, where the residue
quickly decays. This is consistent with
literature showing higher levels of Fusa-
rium crown rot in no-till systems with high
levels of residue compared to convention-
ally tilled systems (2,32). Previous studies
have shown that F pseudograminearum
survives primarily as mycelium in the
crowns (13), in contrast to F. culmorum
which survives as chlamydospores formed
from macroconidia in the soil. We consis-
tently found lower levels of DNA of F
culmorum in the soil compared to DNA of
FE. pseudograminearum. Previous surveys
in the mid-1990s (32) showed that F. pseu-
dograminearum was the predominant spe-
cies in the lower precipitation winter
wheat-summer fallow areas of eastern
Washington and north-central Oregon,
compared to F. culmorum, which was more
predominant in the higher precipitation
areas with continuous annual cropping.

The root lesion nematode, P. neglectus,
is widely distributed in the dryland areas
of the Pacific Northwest, and can cause
significant yield losses based on experi-
ments with nematicides and resistant varie-
ties (36). We found the highest concentra-
tion of DNA in the continuous winter
wheat with burning and plowing, demon-
strating that tillage had a minimal effect on
these nematodes. Although P. neglectus
has a wide host range, some crops, such as
pea, lentil (Lens culinaris Medik.), and
some cultivars of canola, result in less
nematode reproduction (37). Barley is also
a less conducive host for nematode repro-
duction (37), and is less impacted by
nematode infection (33). The canola and
barley in the rotation may have reduced the
populations of P. neglectus compared to a



monoculture of wheat, which is highly
susceptible to the nematode infection and
reproduction.

Although canola was not a focus of this
paper, we did observe major disease prob-
lems that could be a limiting factor in ca-
nola production. Winter canola was killed
in the fall in 5 of 6 years due to a combina-
tion of cold air temperatures and soilborne
plant pathogens in the fall. To survive the
winter, the healthy plant must form a ro-
sette, and hence must be planted as early
as possible. In 2002, winter canola was
planted on 27 August and irrigated. A good
stand was established by mid-September,
but barley volunteers from the previous
crop were also established. The barley was
controlled with the grass weed herbicide
Assure II (quizalofop). After 2 weeks, the
established canola began to die in the field.
Isolation and greenhouse testing verified

that the pathogen was R. solani AG-2-1
(23), which causes postemergence damp-
ing-off and wirestem of canola and other
brassicas (15,40). This disease was proba-
bly exacerbated by the green-bridge effect
of killing barley within the crop (34).
Cropping systems have a changing dy-
namic of disease and soilborne pathogens
that are influenced by tillage practices,
rotation crops, and cultural methods such
as residue management. This 6-year study
has demonstrated the complex interactions
that occur, where one disease may be of
primary importance, even though other
diseases are present. Although we expected
Rhizoctonia root rot to be a major limita-
tion in a no-till system, take-all in the burn
and plow monoculture winter wheat sys-
tem turned out to be the greatest constraint
to plant health. Although Rhizoctonia
DNA concentrations in the soil were
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Fig. 11. Percentage of seminal roots with symptoms of Rhizoctonia in winter wheat seedlings in April
grown in four crop rotation/residue management treatments: winter wheat—spring barley—canola no-till
rotation with mechanical stubble removal (MR), stubble burning (SB), or stubble left standing (SS),
and continuous winter wheat with stubble burned and moldboard plowed (CONV). Treatments within
each year with the same letters are not statistically different, P = 0.05, Tukey’s mean separation test.
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Fig. 12. Rhizoctonia root rot rating of winter wheat seedlings in April grown in four crop rota-
tion/residue management treatments: winter wheat—spring barley—canola no-till rotation with mechani-
cal stubble removal (MR), stubble burning (SB), or stubble left standing (SS), and continuous winter
wheat with stubble burned and moldboard plowed (CONV). Treatments within each year with the
same letters are not statistically different, P = 0.05, Kruskal-Wallis mean separation test. Data were not

taken in 2004 and 2005.

higher in the no-till systems, no major
yield losses occurred (29,41), possibly
because of the compensatory effect of
adequate water or some unknown micro-
bial suppression. However, economics will
play the greatest role in farmers’ accep-
tance of this system. During the years that
this experiment was conducted, wheat
prices were low, and barley and canola
prices even lower, and all crops in the rota-
tions had negative net economic returns
(29,41).
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