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ABSTRACT

Smiley, R. W., Ingham, R. E., Uddin, W., and Cook, G. H. 1994. Crop sequences for managing
cereal cyst nematode and fungal pathogens of winter wheat. Plant Dis. 78:1142-1149.

In the Pacific Northwest, Heterodera avenae is spreading to soils infested with root-infecting
fungal pathogens of wheat. A poorly drained, silty clay loam infested with multiple pathogens
was used to examine productivity of winter wheat in 11 crop sequences. Breaks between wheat
crops included summer fallow or crops of pea, barley, rape, alfalfa, or Kentucky bluegrass.
In the fifth year, winter wheat was planted in all sequences, after one-half of each plot was
treated with aldicarb. Yield of annual winter wheat was always 40-60% less than wheat alternated
with fallow or any other crop, except alfalfa contaminated with grass weeds. Wheat yielded
equally following 1- or 2-yr breaks from wheat. Effective breaks included summer fallow, pea,
and weed-free alfalfa. H. avenae was the most important individual constraint to yield. Combined
damage from H. avenae and Gaeumannomyces graminis var. tritici caused highest overall yield
loss, whereas H. avenae and Pythium spp. had the greatest negative effect on number of roots.
During the fifth year, where aldicarb was applied, root damage by H. avenae decreased but
damage by Rhizoctonia solani and Pythium spp. increased, resulting in no yield improvement.

Additional keywords: Brassica campestris, dryland root rot, Hordeum vulgare, Pisum sativum,
Poa pratensis, Pythium root rot, Rhizoctonia root rot, take-all, Temik, Triticum aestivum

Cereal cyst nematode (Heterodera
avenae Wollenweber) was first reported
in the United States, in Washington
County, western Oregon, during 1974
(14). This nematode has now been identi-
fied in nine additional counties where
wheat is a primary crop in southeast
Washington, northeast Oregon, and
southeast Idaho. During 1987, 67% of
the cultivated fields surveyed in Union
County, Oregon, were infested with H.
avenae (unpublished). Although yields of
winter and spring wheat were improved
up to 29% by application of aldicarb
(31,32), this is not an acceptable practice
in infested fields with a shallow water
table.

In the Pacific Northwest, host crops
of H. avenae (29,36) include wheat
(Triticum aestivum L.), barley (Hordeum
vulgare L.), grass seed crops (species of
Agrostis, Festuca, Lolium, Poa, and
others), corn (Zea mays L.), and oats
(Avena sativa L.). These crops are also
affected by Pythium root rot, caused by
Pythium spp.; Rhizoctonia root rot,
caused by R. solani Kiihn; take-all,
caused by Gaeumannomyces graminis
(Sacc.) Arx & D. Olivier var. tritici J.
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Walker; and dryland root rot, caused by
a complex of Fusarium graminearum
Schwabe, Cochliobolus sativus (Ito &
Kuribayashi) Drechs. ex Dastur, F.
culmorum (Wm.G. Sm.) Sacc., and F.
avenaceum (Fr.:Fr.) Sacc.) (5,7).

Disease complexes resulting from H.
avenae and soilborne fungi have been
described (4,8,17,18,26,33,35). Meagher
et al (17) reported that individual effects
of H. avenae and R. solani on wheat were
less damaging than when both pathogens
were present. Rovira and Ridge (26)
increased yield of wheat by a factor of
six by fumigating soil infested with H.
avenae, R. solani, and G. g. tritici. Other
studies have demonstrated that R. solani
(22) and G. g. tritici (4) reduce formation
of H. avenae cysts by rotting roots and
competing for root sites, thus reducing
the nematode population. A mutual an-
tagonism between R. solani and G. g.
tritici has been described (22).

Crop rotations are used to reduce dam-
age caused by the cereal cyst nematode
(1,11-13,19,23,25,27) and fungal patho-
gens of wheat (3,5,7,34). However, man-
agement strategies for H. avenae and
complex root diseases involving the
nematode and fungal pathogens have not
been developed in the semiarid Pacific
Northwest. Winter wheat is the most
profitable nonirrigated crop and can be
produced in a 2-yr rotation with summer
fallow, pea (Pisum sativum L.), or lentil
(Lens culinaris Medik.); in a 3-yr rotation
with fallow, then barley, lentil, pea, or

rape (Brassica campestris L.); or in
longer rotations that include grass seed
crops (Agrostis, Festuca, Lolium, or Poa
spp.). Some growers produce winter or
spring wheat annually with inversion or
minimum tillage. Rotations on irrigated
fields may include winter wheat, barley,
corn, grass seed, potato (Solanum tuber-
osum L.), alfalfa, mint (Mentha arvensis
L.), pea, rape, and others.

The objective of this experiment was
to examine plant growth, root damage,
and yield of winter wheat produced with
commercial management practices for 11
crop sequences in soil infested with cereal
cyst nematode and multiple soilborne
plant-pathogenic fungi.

MATERIALS AND METHODS

Experimental site. A 23-ha field in-
fested with H. avenae was mapped into
a 60 X 60 m grid. The field, 8 km north-
east of La Grande, Oregon, had been
managed as a 2-yr rotation of winter
wheat and summer fallow for 6 yr. On
11 August 1987, 15 soil cores (2.5 cm
in diameter and 20 cm deep) were col-
lected within a 3-m radius around 27
intersects of the grid lines. Cysts of H.
avenae were floated from air-dried soil
(10), picked from the debris, and ground
to liberate eggs and second-stage juve-
niles for enumeration (2). Numbers of
eggs plus juveniles ranged from one to
21/g of soil in the 27 samples. Variability
for population density was randomly
distributed, and a plot was established
on a level area containing the full range
of H. avenae population densities. Sea-
sonal dynamics for egg hatch were exam-
ined and population densities in each plot
were determined annually during late
summer. Effects of cropping sequences
on population changes for H. avenae will
be reported elsewhere.

The experimental area has a mean
annual precipitation of 510 mm and an
average daily temperature of —1 C during
January and 18 C during July and
August. Soil is a deep, poorly drained
Conley silty clay loam (fine, montmoril-
lonitic, mesic Xeric Argialbolls) that
grades into clay at a depth of 0.3 m. The
water table becomes perched at a depth
of 0.5 m for up to 5 mo during winter
and spring. Sprinkler irrigation is re-
quired during summer because few roots
penetrate deeper than 0.6 m into the clay



substratum. Surface soil has 30% clay,
very slow infiltration, pH 7.9, and 4.4%
organic matter.

Crop management. Eleven crop se-
quences (Table 1) were established on 5
X 30 m plots replicated four times in
a randomized complete block design.
Crop cultivars included Stephens winter
wheat, Steptoe spring barley, Tobin
spring rape (a low-glucosinolate cultivar
[20]), Moranda dry pea or Columbia
green pea, Blazer alfalfa, and Baron
Kentucky bluegrass. Unless stated oth-
erwise, all residues were retained on each
plot. Except for alfalfa, these crops were
produced following commercial prac-
tices. Manual weeding of “weed-free”
alfalfa (treatment 9, or T9) was per-
formed repeatedly. Wheat and barley
seed were treated with carboxin + thiram
(0.54 + 0.54 g a.i./kg seed, as Vitavax
200F, 209% carboxin + 20% thiram).
Fallow was maintained by periodic rod
weeding at a depth of 6 cm through soil
previously plowed and disked. The ex-
perimental area was sprinkler-irrigated.

1987-1988. On 21 September 1987,
wheat stubble remaining from a commer-
cial crop was incorporated into the soil
by plowing to 30 cm deep and disking
to 10 cm deep. Ammonium nitrate (90
kg/ha N) was broadcast and incorpo-
rated with a harrow. Wheat was planted
(90 kg/ha, 40-cm row spacing) in seven
treatments (T1, T2, T3, T6, T7, T9, and
T10) on 16 October (Table 1). Nitrogen
(34 kg/ha, as urea ammonium nitrate,
[Uran]) was also banded 4 cm below the
seed at planting. Rape (T8) and bluegrass
seed (T11) were planted on 14 April 1988,
and wheat was harvested on 23 August.

1988-1989. All treatments except
minimum-till wheat (T2) and bluegrass
(T11) were plowed and disked on 9
September 1988. Residue was burned
from the minimum-till wheat plots on
15 September. The experimental area
was fertilized on 28 September by broad-
casting ammonium nitrate at 90 kg/ha
N, except for minimum-till wheat, which
received 135 kg/ha N to compensate for
a lower level of mineralizable nitrogen
where stubble was burned. Fertilizer was
incorporated shallowly with a skew
treader on all tilled plots and to 2 cm
deep in minimum-till wheat plots. Wheat
was planted (T1, T2, T4, TS, T7, and
T8) on 5 October, and peas (T6) and
alfalfa (T9 and T10) were planted on 12
May. Wheat was harvested on 12 July.

1989-1990. On 20 September, blue-
grass (T11) and minimum-till wheat (T2)
plots were burned, and all plots to be
fallowed or planted to wheat (except
minimum-till), barley, or pea were
plowed and disked. On 27 September,
the entire experimental area was fertil-
ized (88 kg/ha N, as broadcasted am-
monium nitrate) and wheat was planted
(T1, T2, T3, and T6). Peas (T7) and
barley (T5) were planted on 4 May, and
wheat and barley were harvested on 15

August.

1990-1991. Minimum-till wheat (T2)
residue was burned on 14 September
1990. On 11 October, all plots except
alfalfa (T9 and T10), bluegrass (T11), and
minimum-till wheat (T2) were plowed
and disked. All plots except those desig-
nated as fallow (T3, T4, and T5) were
fertilized with ammonium nitrate (55 kg/
ha N). All tilled plots and the minimum-
till wheat plot were tilled shallowly with
a skew treader, and then wheat (T1 and
T2) was planted. Rape (T8) and pea (T6
and T7) were planted on 14 June, and
wheat was harvested on 21 August.

1991-1992. On 6 September 1991, soil
samples (composites of 20 cores per plot,
2.5 cm in diameter and 20 cm deep) were
collected from all plots for analysis of
residual nitrogen. Residue of minimum-till
wheat (T2) was burned on 12 September.
All treatments except minimum-till
wheat were plowed on 28 September, and
all treatments were disked twice (6 cm
deep on minimum-till wheat plots). On
30 September, each of the 44 plots was
fertilized individually with ammonium
nitrate to achieve a uniform target rate
of 170 kg/ha N. Rates of application
ranged from 0 to 124 kg/ha N, based
on analyses of residual nitrogen and esti-
mates of nitrogen to be released during
mineralization of straw. All plots were
planted to wheat on 9 October. Wheat
was planted perpendicular to the long
axis of each plot, using a double-disk
minimum-till drill with 25-cm row spac-
ings. Aldicarb (4 kg/ha, as Temik 15G,
15% a.i.) was banded with the wheat seed
in one-half of each plot (5 X 15 m). Wheat
establishment was uniform and in the
two-leaf stage on S December. Aldicarb
was reapplied on 26 March 1992, since
effects of the autumn treatment were not
apparent; 2.9 kg/ha was broadcast and
immediately incorporated by rain. While

Table 1. Sequences for crops’ and summer fallow

this application is not a normal method
for applying aldicarb, it was used in this
experiment to ensure that nematode
populations would be reduced in order to
determine their impact in nontreated plots.
Wheat was harvested on 14 August.

Diseases, plant growth, and yield.
Wheat plants were collected for evalu-
ation of growth, development, disease
incidence and severity, and damage from
H. avenae on 21 June 1988, 10 July 1989,
30 November 1989, 9 April 1990, 29
March 1991, 15 May 1991, 30 March
1992, and 4 May 1992. Barley was also
sampled during the 1990 crop year. Non-
hosts of H. avenae (e.g., alfalfa, pea,
rape) and bluegrass were not monitored
for diseases, growth, or yield.

Plants with intact root systems were
dug from three randomly selected posi-
tions in each plot. Roots were rinsed to
remove adhering soil, and 15 plants from
each plot were evaluated visually for inci-
dence and/ or severity of all diseases and
nematode damage. Periodic confirma-
tory isolations and/or microscopic ob-
servations were made from symptomatic
roots. Root segments were washed under
running water for 3 hr and then, without
surface-disinfection, were placed onto
2% water agar (Bacto Agar, Difco)
treated with 50 ug/ml of rifampicin.
Emerging fungal isolates were trans-
ferred onto 1% potato-dextrose agar
(PDA) medium (BBL grade) prepared by
mixing equal quantities of PDA and
water agar to achieve a 2% firm agar gel.

Cereal cyst nematode damage was
assessed by the visual scale of Simon and
Rovira (30). Dryland root rot was quan-
tified as percentage of subcrown inter-
nodes affected by characteristic dark
lesions. Take-all was rated as the per-
centage of seminal root main axes
affected by characteristic blackening of
the root cortex or vascular system.

Year of harvest

Treatment 1988 1989 1990 1991 1992
™ Wheat Wheat Wheat Wheat Wheat
2% Wheat Wheat Wheat Wheat Wheat
3 Wheat Fallow Wheat Fallow Wheat
4 Fallow Wheat Fallow Fallow Wheat
5 Fallow Wheat Barley Fallow Wheat
6 Wheat Pea Wheat Pea Wheat
7 Wheat Wheat Pea Pea Wheat
8 Rape Wheat Fallow Rape Wheat
9 Wheat Alfalfa Alfalfa Alfalfa Wheat

10* Wheat Alfalfa Alfalfa Alfalfa Wheat
11 Grass Grass Grass Grass Wheat

¥ Crops included Stephens winter wheat, Steptoe spring barley, Tobin spring rape, Moranda
dry pea, Blazer alfalfa, and Baron Kentucky bluegrass. Tillage was performed on all treatments
except No. 2, using a moldboard plow, disk, and spring-tooth harrow. Weed-free summer

fallow was maintained with a rod-weeder.

¥Soil was plowed and disked before planting winter wheat annually (conventional tillage).

*Stubble was removed by burning and the soil surface was shallowly mixed by disk or skew
treader before planting winter wheat annually (minimum-till).

Y Alfalfa was continually rogued to eliminate grass weeds and volunteer cereals.

* Alfalfa was moderately contaminated by volunteer wheat, downy brome, and wild oats, and

no effort was made to control these weeds.
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tems, based on percentages of main root
axes with brown cortical rot or “spear
tip” severance: 0 = none, 1 = <25%, 2
= 26-50%, 3 = 51-75%, and 4 = >76%.

Pythium root rot was quantified as the
percentage of roots with light-brown,
water-soaked lesions. Rhizoctonia root
rot was evaluated on coronal root sys-

Table 2. Yield (kg/ha) of winter wheat in 11 crop sequences near La Grande, Oregon

Crop® and year Year of harvest'

Treatment 1988 1989 1990 1991 1992 1988 1989 1990 1991  1992°
1 w v W w WY 7906 3,690a 5203b 3,188 4434a
2 w v W w WY 8,717 7,080b 4,252a 2,821 4,143a
3 W F W F W 8,694 e 6,580c ... 6,557c
4 F W F F w ... 1,820 e 7,036 ¢
5 F w B F w ... 8353b . 6,362 ¢
6 W P W P W 8,657 e 7,253 ¢ 6,252 ¢
7 w W P P W 7,906 4,078 a e 6,368 ¢
8 R W F R w ... 8062b 6,792 ¢
9 w A A A WY 8,301 e e ... 6,328¢
10 w A A A W 8,475 e e ... 54670
11 G G G G w 6,520 ¢
LSD (P = 0.05) ns 1,418 550 ns 549
*W = winter wheat, B = spring barley, F = summer fallow, P = spring pea, R = spring

rape, A = alfalfa, G = bluegrass. Years refer to year of harvest.

‘ Means followed by the same letter did not differ significantly (P = 0.05) according to the
Student-Newman-Keuls test.

“Yields are pooled means of aldicarb-treated (mean yield of 6,059 kg/ha) and untreated (mean
yield of 5,988 kg/ha) wheat; the aldicarb treatment was not significant (P = 0.54), and there
was no crop X aldicarb interaction (P = 0.62).

*Soil was plowed and disked before planting winter wheat annually (conventional tillage).

“Stubble was removed by burning and the soil surface was shallowly mixed by disk or skew
treader before planting winter wheat annually (minimum-till).

*Yield of spring barley was 5,898 kg/ha.

¥ Alfalfa was continally rogued to eliminate grass weeds and volunteer cereals.

* Alfalfa was moderately contaminated by volunteer wheat, downy brome, and wild oats, and
no effort was made to control these weeds.

Table 3. Incidence and severity of cereal cyst nematode and root diseases on wheat roots during
spring 1989

Crop sequence” LSD

Sampling parameter 1 2 4 5 7 8 P =0.05)
Incidence (% plants)

Cereal cyst nematode 98 97 80 78 90 80 6

Rhizoctonia root rot 38 60 53 52 27 75 17
Severity

Cereal cyst nematode’ 1.7 1.8 1.1 1.1 1.7 0.9 0.3

Rhizoctonia root rot* 0.9 0.9 0.8 0.8 0.6 1.2 0.3

*Wheat followed wheat in sequences 1, 2, and 7, fallow in sequences 4 and 5, and rape in
sequence 8.

YRoot damage index: 0 = no evidence of damage; 1 = 1-5 Heterodera avenae galls per root
system, no reduction in root length; 2 = 6-25 galls and 20% reduction in root length; 3
= 26-50 galls and 40% reduction in root length; 4 = >50 galls, 60% reduction in root length
and 25% reduction in plant height; and 5 = roots very knotted and reduced 80% in length
and plant height reduced by 50%.

“Root rot index based on percentages of main axes with lesions: 0 = none, 1 = <25%, 2
= 26-50%, 3 = 51-75%, and 4 = >76%.

Table 4. Wheat plant development and damage by cereal cyst nematode and root diseases
during autumn and spring 1990

Crop sequence* LSD
Sampling parameter 1 2 3 6 P =0.05)
Severity, 30 Nov. 1989
Cereal cyst nematode’ 1.0 1.0 0.3 0.2 0.2
Pythium root rot* 29 1.0 0.2 0.2 1.4
Incidence (% plants), 9 Apr. 1990
Cereal cyst nematode 59 49 13 11 18

*Wheat followed wheat in sequences 1 and 2, fallow in sequence 3, and peas in sequence 6.
YRoot damage index: 0 = no evidence of damage; | = 1-5 Heterodera avenae galls per root
system, no reduction in root length; 2 = 6-25 galls and 20% reduction in root length; 3
= 26-50 galls and 40% reduction in root length; 4 = >50 galls, 60% reduction in root length
and 25% reduction in plant height; and 5 = roots very knotted and reduced 80% in length
and plant height reduced by 50%.

*Percentage of roots with symptoms of Pythium root rot.
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Data from individual plants were also
used to determine percentages of plants
affected by each disease.

Plant growth and development charac-
teristics were determined on the same
seedlings evaluated for diseases. The
Haun development stage (7,15) for each
wheat and barley plant was estimated
(e.g., Haun 2.8 = three leaves are present
on the main stem, with the third leaf 80%
as long as the second). The length of the
longest main stem leaf was measured,
and the presence or absence of tillers was
recorded for each tiller position (15), e.g.,
Ty = coleoptilar tiller, T; = tiller in the
axil of the first leaf of the main stem,
and so on. Seminal and coronal roots
crossing a horizontal plane 3 and 5 cm
below the caryopsis were counted by
floating washed root systems in water
over a white background. Shoots were
then cut at the soil surface position, dried
in an oven, and weighed. Grain yields
and test weights were measured at
maturation by threshing plants in 1 X
30 m or 2 X 30 m segments of each plot,
using a plot combine.

Statistical treatment. Data for each
parameter (growth, development, yield,
disease, and root damage) and sampling
date were subjected to analysis of vari-
ance. Least-significant differences were
used to separate treatment means for
parameters having significant F values.
The Student-Newman-Keuls test was
also used to compare grain yields. All
significant differences are reported at P
< 0.05 unless otherwise indicated.
Correlation coefficients (r) were used to
explore relationships among parameters.
Data were pooled for crop sequences
having 0-, 1-, or 2-yr breaks between
crops of winter wheat or grass weeds
(e.g., Poaceae hosts for cereal cyst
nematode). This process was performed
to evaluate the length of rotation
necessary to achieve yield improvement
over sequences that include a host every
year.

RESULTS

1987-1988. Wheat in all treatments
(T1, T2, T3, T6, T7, T9, and T10) during
the first year was preceded by a single
year of summer fallow. No treatment
differences were measured for growth of
foliage or roots during the spring and
summer (data not shown). Incidence and
severity of damage from cereal cyst
nematode, take-all, Rhizoctonia root rot,
Pythium root rot, and dryland root rot
were minimal (data not shown). Grain
yields also did not differ (Table 2).

1988-1989. On 10 July, damage from
cereal cyst nematode was present on most
plants in all sequences (Table 3) and was
slightly more prevalent in wheat follow-
ing wheat (T1, T2, and T7) than fallow
(T4 and T5) or rape (T8). Damage ratings
were also higher for wheat following
wheat than for wheat following fallow
or rape. Nematode damage to bluegrass



roots (T11) was minimal (rating 0.3; data
not shown). Rhizoctonia root rot in
second-year wheat in plowed plots (T1
and T7) affected fewer plants than in
minimum-till (T2) and where wheat
followed fallow (T4 and T5) or rape (T8).
Damage ratings on affected plants were
also higher for wheat following rape (T8)
than for wheat following wheat (T1, T2,
and T7) or fallow (T4 and T5). Take-
all, Pythium root rot, and dryland root
rot were present in trace amounts and

did not differ among treatments (data
not shown). Yield of wheat following
wheat in plowed soil (Tl and T7) was
55-62% less (P < 0.001) than wheat
following fallow (T4 and T5) or rape (T8)
(Table 2). Yield of annual wheat was
significantly greater in minimum-till (T2)
than in plowed (T1) soil.

1989-1990. On 30 November 1989,
cereal cyst nematode damage ratings and
Pythium root rot incidence were higher
for annual wheat (T1 and T2) than for

wheat following fallow (T3) or peas (T6)
(Table 4). Compared with annual wheat
plants, wheat following fallow or peas
was taller (12 vs. 14 cm; P<0.001, LSD
= 1) and phenologically more developed
(Haun 2.8 vs. 3.3; P < 0.001, LSD =
0.1). Wheat following fallow or peas also
had higher percentages of tillers than
annual wheat: T on 3-28% vs. 0-1% of
plants, T| on 77-92% vs. 6-34% of plants,
and T, on 16-17% vs. 0% of plants.
Numbers of roots were equivalent for

Table 5. Incidence and severity of cereal cyst nematode damage to winter wheat roots in soil treated or not treated with aldicarb in 11 crop

sequences during the 1991-1992 crop year

Root damage severity rating'

Percentage of plants damaged

Crop® and year 29 Mar. 4 May 29 Mar. 4 May
Treatment 1988 1989 1990 1991 1992 —Ald* +Ald —Ald +Ald
1 w w w w wY 0.5 44 0.5 49 100 40
2 w W w W wY 0.5 3.6 0.8 48 100 65
3 w F w F w 0.2 1.9 0.4 26 94 40
4 F w F F w 0.1 0.6 0.4 16 52 42
5 F w B F w 0.4 2.5 0.5 38 100 52
6 w P w P w 0 1.1 0.3 5 65 25
7 w w P P w 0 0.3 0.1 1 31 8
8 R w F R w 0 0.5 0.1 0 42 8
9 w A A A w* 0 0.1 0.1 1 13 10
10 w A A A WY 0.2 0.9 0.4 19 65 40
11 G G G G w 0.5 0.7 0.4 50 54 31
P> F*for:
Crop <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Aldicarb 0.92 <0.001 0.79 <0.001
Crop X aldicarb 0.56 <0.001 0.61 0.01
LSD (P = 0.05) for:
Crop 0.2 0.7 0.2 19 25 20
Aldicarb ns 0.2 ns 7

*W = winter wheat, B = spring barley, F = summer fallow, P = spring pea, R = spring rape, A = alfalfa, G = blugrass. Years refer to
year of harvest.

‘ Root damage index: 0 = no evidence of damage; | = 1-5 Heterodera avenae galls per root system, no reduction in root length; 2 = 6-25
galls and 20% reduction in root length; 3 = 26-50 galls and 40% reduction in root length; 4 = >50 galls, 60% reduction in root length
and 25% reduction in plant height; and 5 = roots very knotted and reduced 80% in length and plant height reduced by 50%.

Y Aldicarb applied as in-row band (4 kg/ha) at planting on 11 Oct. 1991 and again as surface broadcast (2.9 kg/ha) on 26 Mar. 1992. Data
were pooled for the 29 Mar. sampling because there was no effect of aldicarb treatment or crop X aldicarb interaction.

¥ Soil was plowed and disked before planting winter wheat annually (conventional tillage).

¥Stubble was removed by burning and the soil surface was shallowly mixed by disk or skew treader before planting winter wheat annually
(minimum-till).

* Alfalfa was continually rogued to eliminate grass weeds and volunteer cereals.

Y Alfalfa was moderately contaminated by volunteer wheat, downy brome, and wild oats, and no effort was made to control these weeds.

* Probability of obtaining a larger value of F for the effect of crop rotation in an analysis of variance.

Table 6. Root disease incidence (percent plants affected) and severity on 4 May 1992 in winter wheat treated or not treated with aldicarb
in 11 crop sequences

Crop sequence’

Aldicarb* LSD
Sampling parameter (+or—) 1 2 3 4 5 6 7 8 9 10 11 P =0.05)
Incidence (% plants)
Rhizoctonia root rot - 2 2 15 11 13 9 6 2 2 4 10 ns
+ 13 4 21 10 16 27 15 11 8 6 11 13
Pythium root rot - 6 44 38 36 27 46 44 27 27 34 19 22
+ 44 54 52 40 27 60 50 48 38 38 23 24
Take-all Pooled 13 21 0 1 2 3 0 0 0 13 1 10
Dryland root rot Pooled 34 4 18 15 13 10 9 11 4 8 10 14
Severity*
Rhizoctonia root rot - 0 0 0.2 0.1 0.2 0.1 0.1 0 0 0 0.1 ns
+ 0.2 0 0.3 0.2 0.2 0.4 0.2 0.2 0.1 0.1 0.2 0.2
Pythium root rot Pooled 2.0 48 39 2.7 2.3 5.3 3.6 3.1 2.7 24 1.4 1.5
Take-all Pooled 1.6 32 0 0 0.1 0.2 0 0 0 1.9 0 1.4

*Data from aldicarb-treated and untreated plots were pooled when the treatment effect and crop X aldicarb interaction did not differ significantly
at P=0.05.

YSee Table 1 for description of crop sequences in the 11 treatments.

“Percent affected roots for Pythium root rot and take-all and root rot index for Rhizoctonia root rot based on percentages of main axes
with lesions: 0 = none, 1 = <25%, 2 = 26-50%, 3 = 51-75%, and 4 = >76%.
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plants from all four treatments (data not
shown).

Incidence of cereal cyst nematode on
9 April 1990 was higher (P < 0.001) for
wheat following wheat (T1 and T2) than
for wheat following fallow (T3) or peas
(T6), but damage ratings did not differ
among treatments (Table 4). Estimates
of fungal pathogen incidence and dam-
age also did not differ among treatments
(data not shown).

Wheat yields (Table 2) were signifi-
cantly lower in annual wheat (T1 and
T2) than in wheat-fallow (T3) or wheat-
pea (T6) sequences. Wheat in plowed soil
(T1) yielded more than wheat in mini-
mum-till soil (T2). Yield was directly cor-
related with numbers of roots on plants
during the spring (P = 0.05, r = 0.50)
and negatively correlated with damage
from cereal cyst nematode (P = 0.02,
r = —0.57). Backward multiple regres-
sion indicated that the strongest deter-
minant of yield was combined damage
from cereal cyst nematode and take-all
(P=10.02, r =—0.57).

1990-1991. On 29 March, none of the
disease parameters differed significantly
among the two annual wheat treatments
(T1 and T2) (data not shown). Wheat
in plowed soil (T1) was 1.4 cm taller than
that in minimum-till soil (T2) and was
phenologically more advanced (0.3
Haun), but numbers of roots did not
differ significantly among treatments.

Damage from cereal cyst nematode on
15 May was moderately severe and was
more damaging in plowed (T1) than in
minimum-till (T2) plots (Haun 3.6 vs.
2.3; LSD = 0.2). Pythium root rot (5
vs. 12% roots infected; LSD = 4) and
Rhizoctonia root rot (Haun 0.4 vs. 1.3;
LSD = 0.6) were less prevalent and
damaging in plowed than in minimum-
till plots. Take-all (1-2% of roots) and
dryland root rot (40-50% of plants) did
not differ among treatments. Plants in
plowed soil had 20% more roots (15 vs.

12 roots at 3-cm depth) and were taller
(35 vs. 24 cm) than plants in minimum-
till soil on 15 May. Tillering was variable
(data not shown) and grain yields (Table
2) did not differ among tillage treatments.

1991-1992. Crop sequences without
aldicarb. Root damage ratings from H.
avenae on 4 May (Table 5) were high
in annual wheat treatments (T1 and T2)
and intermediate in the wheat-fallow
(T3), wheat-pea (T6), and wheat-barley-
fallow (T5) sequences. Damage ratings
were lowest in treatments where hosts
had not been present for 2 yr or longer
(T4, T7, T8, and T9). Grass weeds in
alfalfa (T10) contributed to an increase
in damage to the following wheat crop
(13 and 65% damaged plants from weed-
free [T9] and weedy [T10] alfalfa,
respectively). These relationships among
crop sequences for percentages of plants
affected by H. avenae were comparable
to those for root damage ratings by this
nematode. An exception occurred in the
bluegrass-wheat (T11) sequence, where
the incidence of plants affected by H.
avenae was intermediate but the severity
of damage was consistently low.

Take-all was more prevalent and
severe (P < 0.05) in annual wheat (T1
and T22) and wheat following weedy
alfalfa (T10) than in wheat following
host-free (T3, T4, TS, T6, T7, T8, and
T9) or bluegrass (T11) sequences (Table
6). Dryland root rot was more prevalent
(P = 0.01) in annual wheat in plowed
soil (T1) than in all other treatments.
Although treatment differences for
Pythium and Rhizoctonia root rots were
significant, no patterns of disease inci-
dence or severity relative to crop se-
quences were apparent.

H. avenae damage and Rhizoctonia
root rot were negatively correlated (P =
0.01, r = —0.37) during early spring (29
March) but were not correlated (P =
0.27) during late spring (4 May). Pythium
root rot was negatively correlated with

Table 7. Winter wheat growth and development in 11 crop sequences during 1992

H. avenage during both sampling dates
(early spring P = 0.02, r = —0.35; late
spring P < 0.001, r = —0.50). A positive
correlation between Rhizoctonia root rot
and Pythium root rot occurred at both
sampling dates (early spring P = 0.005,
r = 0.41; late spring P = 0.01, r = 0.38).

All growth and development param-
eters examined were affected by crop
sequence (Table 7). Fewest roots occurred
in annual wheat (T1 and T2), wheat
following bluegrass (T11), and wheat
following barley and fallow (T5). Plant
height, development (Haun growth
stage), and tillering were also less for
annual wheat (T1 and T2) and wheat
following bluegrass (T11) than for other
treatments.

Annual wheat (T1 and T2) produced
less grain than wheat in all other
sequences (Table 2). Plowing or mini-
mum-till soil prior to planting annual
wheat had no effect on yield. Yield of
wheat following 3 yr of alfalfa was higher
when alfalfa was weed-free (T9) than
when it was contaminated by grasses
(T10). Wheat following fallow (T3, T4,
and T5), peas (T6 and T7), rape (T8),
or bluegrass (T11) resulted in highest
yields.

Wheat yield was negatively correlated
with percentage of plants affected by H.
avenae during early spring (P = 0.002,
r = —0.45) and late spring (P = 0.02,
r = —0.33) and by take-all during late
spring (P < 0.001, r = —0.48). Similar
negative relationships with yield were
present for H. avenae damage ratings in
early spring (P < 0.001, r = —0.45) and
late spring (P < 0.001, r = —0.54) and
by take-all in late spring (P < 0.001, r
= —0.54). Multiple regression indicated
that the strongest determinant of yield
was combined damage from cereal cyst
nematode and take-all (P < 0.001, r =
—0.55).

Yield was positively correlated with all
plant growth parameters (P < 0.002, r

Crop sequence”

Sampling date Aldicarb’ LSD
Parameter (+or—) 1 2 3 4 5 6 7 8 9 10 11 @ =0.05)
29 March
Plant height (cm) Pooled 18.9 18.7 24.6 26.2 25.1 245 25.7 26.1 27.0 240 200 25
Haun growth stage Pooled 4.6 44 53 5.4 5.4 5.4 5.4 5.5 53 5.2 4.8 0.3
Percent plants with tiller
T, - 0 6 15 50 29 56 44 48 42 33 25 26
+ 25 10 30 58 38 46 31 67 48 54 25 33
T, - 33 71 92 98 92 92 100 100 98 83 75 20
+ 81 71 94 98 90 96 98 100 98 100 77 18
Ts - 44 33 100 100 100 98 100 100 100 85 63 28
+ 85 54 100 100 96 98 100 100 98 98 65 24
T, Pooled 1 1 9 16 10 11 11 13 4 9 3 ns
Root axes at 3-cm depth - 86 113 12.8 18.0 12.1 155 17.2 17.0 16.0 148 12.8 4.1
+ 94 125 12.1 14.8 120 126 13.9 17.2 15.8 159 11.0 3.7
Root axes at 5S-cm depth - 4.8 7.0 7.5 11.5 6.6 10.1 11.7 12.0 11.2 9.2 7.4 2.8
+ 5.8 8.7 7.1 9.6 7.4 8.3 8.6 10.3 9.6 10.6 6.3 2.0
4 May
Tillers/ plant Pooled 2.8 2.1 4.0 4.0 3.8 4.5 5.0 44 4.6 44 44 0.6

YData from aldicarb-treated and untreated plots were pooled when the treatment effect and crop X aldicarb interaction did not differ significantly

at P=0.05.

“See Table 1 for description of crop sequences in the 11 treatments.
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= 0.45-0.69). Among the plant growth
and development parameters measured,
yield was most correlated (P < 0.001,
r = —0.71) with combined influences of
root numbers 3 cm below the caryopsis
during seedling growth and numbers of
tillers on mature plants. Numbers of
seedling roots were most negatively cor-
related (P <0.001, r = —0.63) with com-
bined damage from H. avenae and
Pythium root rot. Numbers of tillers with
heads were most negatively correlated (P
< 0.001, r = —0.66) with combined
damage from H. avenae and take-all.

Aldicarb. On 29 March 1992, root
damage severity ratings for H. avenae
were minimal and did not differ among
aldicarb treatments (Table 5). The
nematicide also did not reduce the inci-
dence of damaged plants. However,
aldicarb significantly reduced both the
incidence and the severity of H. avenae
damage in assessments made on 4 May
(i.e., after aldicarb reapplication in
March). The beneficial effect of aldicarb
was most apparent in treatments where
hosts of H. avenae had been present
within the previous 2 yr (e.g., annual
wheat [T1], grass-contaminated alfalfa
[T10], and wheat-fallow [T3], wheat-pea
[T6], and wheat-barley-fallow [T5]
sequences).

Aldicarb did not affect the incidence
or severity of Rhizoctonia root rot,
Pythium root rot, or take-all during the
early spring (data not shown). In con-
trast, percentages of roots and plants
affected by each fungal disease were
nearly always higher in aldicarb-treated
than in untreated soil on 4 May, and
differences were significant (P < 0.05)
for incidence of Rhizoctonia and
Pythium root rots and for severity of
Rhizoctonia root rot (Table 6). Crop
sequence X aldicarb interactions were
not significant (P < 0.05) for any disease
parameter measured. Collectively for the
11 crop sequences, the incidence of all

diseases was higher in aldicarb-treated
plots than in comparable plots without
aldicarb. The increase in incidence was
87% (P = 0.01), 36% (P = 0.02), 54%
(P =0.86), and 83% (P = 0.57), respec-
tively, for Rhizoctonia root rot, Pythium
root rot, take-all, and dryland root rot.

Plant tiller and root numbers, but not
plant development stage or height, were
increased by treatment of soil with
aldicarb (Table 7). Grain yield was not
improved by aldicarb (Table 2).

Influence of break crops or fallow on
root damage and yield. Crop sequences
following wheat or grass-contaminated
alfalfa were grouped by years of breaks
from a Poaceae host of cereal cyst nema-
tode and fungal root pathogens. Blue-
grass (T11) was not included in this
assessment because it did not serve as
an adequate host for the nematode. Inci-
dence and severity of damage from cereal
cyst nematode decreased with increasing
years of breaks (Table 8). Rhizoctonia
root rot occurred more frequently on
wheat following 1- or 2-yr breaks from
wheat than on wheat following wheat
during 1989, 1990, and 1992. A similar
trend occurred for Pythium root rot but
not for take-all or dryland root rot.
Severity ratings for all fungal diseases
were not affected by break periods.
Although yield of grain was always
increased by a break between wheat and
previous Poaceae plants, the response
did not appear related to length of the
break.

Relationship of nematode population
to wheat yield. In the 1990 wheat treat-
ments, the number of H. avenae eggs plus
juveniles from cysts following harvest
was higher in minimum-till annual wheat
(T2) than in the three other treatments
(T1, T3, and T6). Nematode numbers
were correlated positively with nematode
damage ratings during the spring (P =
0.03, r = 0.74) and negatively with grain
yield (P = 0.04, r = —0.96; Fig. 1).

DISCUSSION

Winter wheat was more healthy and
productive in all sequences containing a
break between winter wheat crops than
with wheat produced annually. This
observation in soil infested with H.
avenae and multiple pathogenic fungi
supports concepts developed indepen-
dently for each of these pests (1,7,11,12,19,
25,27). Rivoal and Saar (25) determined
that yield constraints from H. avenae
could be minimized by rotations that
included winter wheat less than 50 and
25% of the time on loams and sands,
respectively. In this study, yields were
acceptably stable when winter wheat was
produced during alternate years on a
poorly drained silty clay loam. Based on
yields from 1992, a 1-yr break from a
grass host was as adequate as a 3-yr break
for maintaining winter wheat yields,
although a 2 yr or longer break was
necessary to reduce nematode damage.
The length of break may be more critical
in a sandier soil or with spring-planted
cereals (23).

In view of the crop sequence effect
demonstrated in this study, severe dam-
age from H. avenae alone or in com-
bination with other pathogens is not
likely to become widespread on nonirri-
gated fields of winter wheat in the Pacific
Northwest because most wheat is pro-
duced on loams and very little is produced
as an annual crop. Chronic damage from
H. avenae and other pathogens will
continue in most infested fields. Our
study demonstrated that when present,
H. avenae will suppress yields further
whenever wheat is grown annually. This
is of concern because efforts to reduce
soil erosion are contributing to an in-
creasing production of spring wheat
annually, and spring cereals are damaged
more than winter cereals by H. avenae.

Agricultural equipment, cattle, plant
products (seed potatoes, mint rootstock,
ornamentals), and other products with

Table 8. Root damage and grain yield for winter wheat produced after a 0-, 1-, 2-, or 3-yr break from Poaceae hosts of cereal cyst nematode

and fungal root pathogens

1989 1990 1992
Disease and yield LSD Lsp 191 LSD
parameters 0 2 P =0.05) 0 1 P =0.05) 0 0 1 2 3 P =0.05)
Incidence (% plants)
Cereal cyst nematode 95 79 10 54 12 16 83 88 86 42 13 17
Rhizoctonia root rot 42 60 13 47 66 11 0 3 12 6 2 8
Pythium root rot .. ces 19 29 7 42 28 37 36 27 ns
Dryland root rot 4 3 ns 27 14 9 8 2 ns
Take-all 1 0 ns 6 11 2 0 0 9
Severity®
Cereal cyst nematode 1.7 1.0 0.3 0.7 0.1 0.4 3.0 3.0 1.8 0.5 0.1 0.9
Rhizoctonia root rot 0.8 0.9 ns 0.9 0.5 ns 0 0 0.2 0.1 0 ns
Pythium root rot e 5.2 3.8 ns 8.5 2.5 34 2.7 29 ns
Dryland root rot 2.5 1.3 ns 438 .. e e e ...
Take-all 1.6 0 ns 1.7 1.6 0.1 0 0 1.4
Grain yield
kg/ha 4,950 8,066 1,275 4,738 6,894 799 3,005 4,623 6,608 6,730 6,352 538
Percent increase
over annual wheat 63 46 43 46 37
*See Tables 3 and 6 for rating systems.
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adhering soil are regularly transported
long distances from highly infested soils
in Oregon (Union and Washington
counties) to production fields in Wash-
ington, Oregon, and Idaho. Trees and
ornamental plants are distributed nation-
ally from regions in Oregon known to
contain H. avenae. Thus, the potential
exists for H. avenae to be spread
throughout the Pacific Northwest and
nation. For instance, we recovered cysts
of H. avenae from tare soil in a Union
County potato storage building and from
tare soil and seed potatoes being dis-
charged from a truck into a Morrow
County field 160 km from where the
potatoes had been grown and stored over
winter. We also collected H. avenae from
soil dislodged into a Umatilla County
field by a wheat seed drill used previously
in Union County. There had been no
previous reports of H. avenae being
present in Morrow or Umatilla counties.
On irrigated fields, soil erosion from
wind is sometimes reduced by planting
wheat as a windrow (rows 1 m apart)
during the autumn and then potatoes or
onions during the spring. The cereal crop
is allowed to mature. H. avenae hosts
such as wheat and corn are then rotated
with potatoes, onions, or alfalfa on these
fields, thereby shortening the effective
rotation of nonhosts for H. avenae. Soil
is also moved by wind from irrigated to
adjacent nonirrigated wheat fields, pro-
viding another avenue (23) for dissemi-
nating cyst nematodes through the region.

Wheat yields during 1990 and 1992
were negatively correlated with damage
by H. avenae and take-all. Sources of
resistance against the nematode are
known (9,21,24), but not against G. g.
tritici (28). Chemical and cultural control
strategies are not adequate for either
pathogen in the United States. Biological
controls for each pathogen are known
(6) but are not commercially available,
and information about the efficiency of
biological controls is lacking for plants

8000

affected simultaneously by two or more
pathogens. Therefore, at this time it
appears that wheat affected by combina-
tions of these pathogens will be con-
trolled most effectively by rotating wheat
with nonhost crops or fallow.

Yield was not enhanced by application
of aldicarb during 1992. A similar
response occurred in a satellite study
conducted on second-year annual wheat
at the experimental site during 1988 (31).
In contrast, aldicarb treatment increased
yield of spring and winter wheat by 29
and 25%, respectively, during 1987 at a
location 20 km from the site of this
experiment (32). Several differences in
these responses were noted. Severity of
Pythium and Rhizoctonia root rots
increased as damage from H. avenae was
reduced in the present and earlier
experiment at the site used for this study.
Thus, the lack of an aldicarb effect on
wheat yield appeared to be a response
to disease trading. In contrast, take-all
was the only fungal root pathogen ob-
served at the other site (32) and its inci-
dence in the earlier and present studies
was not significantly affected by appli-
cation of aldicarb. The increase in wheat
yield at the other site appeared to be a
response to reduced damage from H.
avenae without compensatory increase in
damage from fungal pathogens.

In view of large differences in the inci-
dence and damage ratings from H.
avenae during 1992, it was surprising that
wheat yields were equivalent in all
sequences involving a 1-, 2-, or 3-yr break
from wheat. Barley was included in a
cropping sequence because it is less
susceptible than wheat to H. avenae (16).
An earlier investigation at a nearby loca-
tion indicated that yields of winter and
spring barley were not improved by
application of aldicarb, whereas winter
and spring wheats were highly responsive
to this nematicide (32). However, the
barley-fallow sequence caused as much
nematode damage to the subsequent
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Wheat yield ( kg/ha )

Y =-2.27X + 7352
r=-0.93

P =0.04
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1000 1500

Heterodera avenae/100 g soil

Fig. 1. Relationship between 1990 winter wheat yield and Heterodera avenae density (eggs
and juveniles from cysts) after harvesting wheat following wheat (W /W, annual wheat) in plowed
or minimum-till soil or wheat following summer fallow (W/F) or peas (W/P) in plowed soil.
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wheat crop as the wheat-fallow sequence.
Since barley is a host for H. avenae, it
may perpetuate the potential for damage
as well as wheat. Thus, a fallow or non-
host break between barley and wheat
appears necessary. Inserting a nonhost
such as rape, peas, or alfalfa between
wheat crops was as effective as fallow
in reducing H. avenae damage to wheat
roots and increasing yield. Inadequate
control of grassy weeds in a nonhost crop
(alfalfa) reduced some of the benefit of
growing a nonhost crop and contributed
to an intermediate level of root damage
and yield loss. Surprisingly, bluegrass did
not sustain populations of H. avenae
(data not shown), and while some minor
damage was observed on wheat roots,
yields were equivalent to preceding wheat
with fallow or a non-Poaceae crop.
Further evaluations are required to
determine the host range and reproduc-
tive efficiencies for H. avenae on various
hosts in Oregon. The identity of the
pathotype and host specificity for H.
avenae in eastern Oregon are unknown.

Many interactions were evident among
root diseases caused by soilborne fungi
and by H. avenae. Pythium root rot was
often more prevalent and damaging in
rotations than in annual wheat or in
wheat following bluegrass or weedy
alfalfa. The opposite effect occurred with
H. avenae.

All annual wheat plants were affected
by H. avenae but the severity of root
damage was greater in minimum-till than
in plowed soil, an effect opposite that
reported from Australia (27). Wheat
roots were also more heavily damaged
by take-all and Pythium root rot in
minimum-till than in plowed soil, but the
reverse was true for dryland root rot.
Resultant yields in the two tillage treat-
ments were equivalent, reflecting the
compensatory responses of root parasites
and pathogens present in this soil. The
complexity of interactions in soils
infested with multiple pathogens or para-
sites suggests that it will be difficult to
develop predictive guidelines for specific
crop rotations unless disease potential is
known.
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