





Table 4. Percentage of plot areas characterized by Rhizoctonia bare patch from 1999 to 2004".

Rotation 1999 2000 Rotation 2002 2003¢ 2004¢
4-year 4-year (Phase I)
Spring wheat 4.2 4.5 Winter wheat 9.6 6.3 cd 8.6 cde
Spring wheat 9.9 9.2 Winter wheat 13.6 8.8 bcd 8.4 cde
Safflower ° 7.3 Spring wheat 11.7 17.6 a 19.7 a
Yellow mustard ° 11.1 Spring wheat 10.2 10.2 bed 14.6 ab
2-year 4-year (Phase II)
Spring wheat 4.8 5.8 Winter wheat 10.5 8.6 bcd 8.8 cde
Spring barley 10.1 9.1 Spring barley 14.4 11.0 bed 18.8 a
Continuous Yellow mustard 18.1a 14.6 ab
*
Spring wheat 8.5 11.9 Spring wheat 12.3 5.2d 9.7 bede
Average 7.5 8.4 2-year (Phase I)
Spring wheat 7.2 5.7d 7.3 de
Spring barley 11.1 12.3 abc 10.3 bede
2-year (Phase II)
HW spring wheat 7.9 6.1 cd 53e
Spring barley 7.4 12.0 abc 6.7 de
Cont. spring wheat
Spring wheat 17.7 13.7 ab 12.9 bc
HW spring wheat 18.0 14.6 ab 12.0 bed
Average 11.7 10.7 11.3

* Rhizoctonia bare patch areas were not mapped in 2001 when drought made it difficult to discern the borders between the weed and severely water-stressed
crops. The wheat class is soft white unless otherwise mentioned.

* Within-year averages followed by the same letter are not significantly different at the 5% probability level.

° Rhizoctonia bare patch areas were not mapped in 1999 in safflower and yellow mustard plots.

* No Rhizoctonia bare patches developed in yellow mustard during 2002 because this crop was planted twice and killed both times by frost, and then left in
chemical summer fallow for the remaining crop year.

it can be eliminated with tillage (Rovira, 1986). both SW and HW the 2-year rotation with SB

Rhizoctonia infected all crops in all rotations. The compared to continuous annual monoculture of

total bare patch area averaged across crops ranged  these 2 wheat classes (Table 4), thus providing the

from 7.5- to 11.7% of total plot area between first documentation of Rhizoctonia bare patch

1999 and 2004 (Table 4). disease suppression with rotations of cereal crops
in low-disturbance no-till systems (Schillinger and

The severity of Rhizoctonia bare patch disease was  Paulitz, 2006).

strikingly evident from photos taken by airplane as

well as GPS-based maps (Fig. 2). The maps showed ~ Weeds

that some bare patches persisted with the same size

and shape from year to year, while in other areas Russian thistle?, a major broadleaf weed of spring-

new patches appeared and others disappeared. planted crops, was present at the time of grain
harvest in late July in 6 of the 8 years of the

There were no differences in the total area of bare ~ experiment (Photo 3). When present, Russian

patches among treatments from 1999 to 2002,

but in 2003 and 2004, bare patch areas tended

3 Russian thistle produces a prolific number of seeds in

to be greatest in crops following winter wheat late summer that germinate in repeated flushes the
(Table 4), presumably due to increased water next spring after rainfall events of 0.1 inch or more.
stress. Significantly lower levels of Rhizoctonia The most severe infestations occur when Russian

thistle seedlings become established before crop

bare patch were measured in 2003 and 2004 for canopy closure (Holm et al., 1997).
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Fig. 2. Distribution of Rhizoctonia bare patches mapped with a backpack-mounted global positioning system in
June 2002, 2003, and 2004 in the long-term no-till cropping systems study near Ritzville, Washington. There are no
Rhizoctonia bare patches in plots marked number 7 in 2002 because yellow mustard was killed by frost and these
plots were left fallow for the remainder of the 2002 crop year.

Photo 3. Russian thistle was present in appreciable
numbers at the time of grain harvest in 6 of 8 years,
making it by far the most troublesome broadleaf weed
in the experiment. When present, Russian thistle was
controlled 7-10 days after grain harvest with Surefire
herbicide (paraquat + diuron).

thistle was controlled 7-10 days after grain harvest
with paraquat plus diuron (Surefire; Table 3).

Russian thistle was by far the most troublesome
broadleaf weed throughout the experiment.
During Phase I, Russian thistle produced an
average of 1.5 plants/ft> in YM and SAF because
there were no herbicides labeled for in-crop
control of broadleaf weeds in these crops. Both
the number of plants and dry biomass produced
by Russian thistle at time of grain harvest were
significantly greater in SAF and YM compared to
spring-sown wheat and barley (data not shown).

Other broadleaf weeds present during Phase I
included prickly lettuce (Photo 4), horseweed,
common lambsquarters, tumble mustard,



weed infestation in safflower.

and tansy mustard, but these were much less
problematic compared to Russian thistle. With
the exception of horseweed and Russian thistle,
all the other broadleaf weeds mentioned above

were found only in SAF and YM (data not shown).

This indicates that minor broadleaf weeds can
be effectively controlled following back-to-back
broadleaf crops when the rotation reverts to
cereals.

Downy brome, a winter annual with a growth
cycle similar to WW, is the most problematic
grass weed in traditional 2-year WW-SF rotation
because of the high frequency of WW. Although
remnant downy brome seeds germinated and
established in late fall and winter, this weed was
effectively controlled with glyphosate herbicide
prior to planting spring crops. Downy brome seed
production was essentially nonexistent in all crop
rotations during all years in Phase I.

The major weeds in Phase II of the experiment
were Russian thistle (Photo 3) and downy brome.
Prickly lettuce, horseweed, lambsquarters, and
tansy mustard were also present but at very

low levels (data not shown). The population of
Russian thistle was significantly greater in YM
than in any of the cereal crops. Continuous
annual HW had a higher population of Russian
thistle than any other cereal, presumably due to
the greater-than-average Rhizoctonia bare patch
area in this treatment. Although all Russian
thistle seedlings within the bare patches were
stunted and many killed by the fungus, some
plants survived and ultimately flourished after
their tap roots were able to penetrate through the

Rhizoctonia-infected surface soil layer to reach
available soil water (Schillinger and Paulitz, 2006).
The greatest Russian thistle infestations in cereal
crops were always in Rhizoctonia bare patch areas.

Similar to Phase I, remnant downy brome seeds
(i.e., seeds produced before 1996) germinated and
emerged each fall and winter but were effectively
controlled with glyphosate herbicide prior to
planting spring crops. The flush of downy brome
seedlings each fall and winter was from seed in
the field prior to 1996 when the rotation was
WW-SE, as evidenced by the absence of downy
brome plants (i.e., no seed production) measured
in continuous annual spring-planted plots during
the 8-year period and the fact that all fields
within the experiment area were planted to spring
crops since 1996 (i.e., no contamination from
neighboring fields).

It is widely believed that few downy brome

seeds remain viable under field conditions for
longer than 2 years (Hulbert, 1955; Rydrych,
1974; Yenish et al., 1998). Anderson (2005)
reported that weed seeds die rapidly if left on

the soil surface and exposed to environmental
extremes and predation and that no-till enhances
this natural loss of weed seeds by maintaining
them on the soil surface. However, this did not
hold true in the Ritzville-area study, as data
conclusively show that downy brome seeds
remained viable for up to 8 years under field
conditions before germinating in substantial
flushes (data not shown). Heavy infestations of
downy brome occurred in 2001 and subsequent
years when winter wheat was introduced into the
4-year rotations.

Grain yield

Exceptionally high grain yields for all crops were
obtained in 1997 (Table 5a), the first year of

the experiment, when an unusually high 19.1
inches of crop-year precipitation occurred. In the
ensuing 7 years of less-than-average precipitation,
grain yields for all the crops plummeted. Grain
yield for YM (Photo 5) was particularly low and
sporadic in the drought years in both Phases I and
II (Table 5). Safflower (only grown in Phase I) was
more resilient than YM because of its large seeds
that emerge readily from the soil and are tolerant
of early spring frost.



Table 5. Grain yield of crops’ in Phase | (1997-2000) and Phase Il (2001-2004) of a long-term dryland cropping
systems experiment near Ritzville, Washington.

A. Phase I
Rotation
1997¢ 1998 1999 2000 4-yr avg.®
4-year Ibs/acre
Safflower* 14201 660 1035 485 900
Yellow mustard* 1425 330 85 600 610
Spring wheat 3850 b 2465 1600 2380 2575b
Spring wheat 4110b 2490 1515 2285 2600 ab
2-year
Spring wheat 4080 b 2415 1665 2640 2700 ab
Spring barley 4610 a 2260 1510 2600 2745 a
Continuous spring wheat 3880 b 2510 1610 2545 2635 ab
B. Phase II
Rotation
2001° 2002° 2003 2004° 4-yr avg.® 8-yr avg.
4-year (1st) Ibs/acre
Winter wheat 400 bed 1250 be 1825 ab 1060 cde 1135 bede
Winter wheat 535 abed 1280 ab 1745 abc 835e 1100 cde
Spring wheat 500 abcd 1385 ab 1140 de 1380 bed 1100 cde
Spring wheat 575 abed 1380 ab 1410 bede 1595 ab 1240 abcd
4-year (2nd)
Winter wheat 285d 985 ¢ 1755 abc 955 cde 995 de
Spring barley 320 cd 1305 ab 1450 abcde 1450 bc 1130 cde
Yellow mustard 340 * 145 350 280
Spring wheat 735 ab 1285 ab 1865 a 1720 ab 1400 ab
2-year (1st)
Spring wheat 700 abc 1490 ab 1565 abcd 2030 a 1445 a 2070
Spring barley 695 abcd 1500 ab 1600 abc 2095 a 1475 a 2110
2-year (2nd)
Hard white wheat 535 abcd 1340 ab 1595 abed 1725 ab 1300 abc
Spring barley 530 abcd 1550 a 1670 abc 2080 a 1460 a
Continuous wheat
Spring wheat 860 a 1300 ab 1335 cde 1640 ab 1285 abc 1990
Hard white wheat 385 bed 1265 abc 1075d 925 de 915d

The class of wheat is soft white unless otherwise stated.

Safflower and yellow mustard were not included in the grain yield analysis of variance.

Within-year and 4-year averages followed by the same letter are not significantly different at the 5% probability level.

Yellow mustard was planted twice in 2002 and killed both times by frost. This treatment was then left in summer fallow for the remainder of the crop year. The
relatively high grain yield (i.e., 1865 Ibs/acre) of spring wheat in 2003 that followed yellow mustard in the rotation can be attributed, in part, to greater available soil
water (data not shown) compared to the other treatments.

* o o

10



- P
LR

Photo 5. This yellow mustard crop looked promising
in mid-June, but plants stopped flowering and aborted
florets during ensuing hot temperatures.

Safflower produced an average grain yield of 900
Ibs/acre during Phase I of the study, which was
32% greater than that for YM. Although SAF and
YM used up to 1.5 inches more soil water than
spring cereals in Phase I, there were no significant
differences in spring wheat grain yield following
2 consecutive broadleaf crops compared to the
spring cereals-only treatments (Table 5a). This
indicates that the broadleaf crops may have
bestowed some rotation benefit to the subsequent
wheat crop that compensated for less available
soil water.

Spring barley (in the 2-year rotation with SW) had
the highest overall grain yield in Phase I and was
the only treatment that had significantly greater
yield than first-year spring wheat after broadleaf
crops (Table 5a).

Due to ongoing drought, grain yields of crops

in Phase II were considerably lower than in
Phase I. In 2001, recropped spring cereal yields
were among the lowest ever experienced by area
farmers (Photo 6). The lowest 4-year-average
grain yields in Phase II (other than for YM

that essentially failed in all 4 years) were for
recropped WW and spring cereals following WW
in the rotation (Table Sb). Spring barley and SW
following another spring crop, especially SW after
SB, generally achieved the highest grain yield.

Separate data analyses of the 2-year SW-SB,
HW-SB, and continuous SW and HW rotations
in Phase II (i.e., without both 4-year rotations)
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Photo 6. A unique phenomenon for recropped spring

wheat and spring barley during drought years is the
occurrence of leopard spots.

showed a significant rotation benefit for both SW
and HW grown in rotation with SB compared to
continuous annual monoculture (Schillinger and
Paulitz, 2006). The authors hypothesize that the
poor grain yield performance of recropped WW
was strongly linked to the high downy brome
infestation in this crop. In a related long-term
dryland cropping systems experiment at Lind,
Washington, where downy brome is not a major
problem, recropped WW consistently produced
higher grain yields than spring wheat (W.FE.
Schillinger et al., unpublished).

Winter wheat after SF grain yield varied
considerably over years and among farmers in
the Phase II yield survey. The lowest average
annual yield was 2300 lbs/acre (38.3 bu/acre) in
2001 and the highest was 3150 lbs/acre (52.5 bu/
acre) in 2003. All but one farmer experienced the
lowest yield in 2001. The greatest yield variation
across farmers occurred in 2004 with a range of
2050 to 3830 Ibs/acre (34.2 to 63.8 bu/acre). The
average WW grain yield across farms and years
was 3480 lbs/acre (58.0 bu/acre). Differences in
precipitation across years and management styles
among farmers within years likely contributed to
WW grain yield variability. Similar yield variation
occurred in the Phase I WW-SF survey, though
average yields were higher (Juergens et al., 2004).

Soil quality

The soil pH varied according to soil depth, with
the surface values being higher than at lower



Depth 0-2 inches Depth 2-4 inches

A [ B W Native soil
[ a a a a [ O--O Continuous SW
65k ® = = u - /A—/\ SW in SW-SB rotation

— [ [ SW in 4-yr rotation

7.0

pH

6.0f

5.5F

5.0
15

—_
(=]
—TT

dSm™’

ug TPF m™ soil hr’

15F

kg C m*

1997 1999 2002 2005 1997 1999 2002 2005
Year

Fig. 3. The pH, electrical conductivity (EC), dehydrogenase enzyme activity (DEA), and soil organic carbon (SOC) of
soils sampled from the 0- to 2-inch and 2- to 4-inch depths from 1997 to 2005 of an 8-year cropping systems experi-
ment. Within-year averages followed by the same letter are not significantly different (ns) at the 5% probability level.

depths (Fig. 3a and 3b). At the O- to 2-inch depth, the cropping system treatments tested.
a pH of 6.5 for the native undisturbed soil was

consistent across all years. The pH values for the Electrical conductivity (EC) was similar for all
native soils were 0.13-0.75 units higher than treatments, years, and soil depths (Fig. 3c and 3d).
those from the cropping system experiment. While EC values for the native sites tended to be
Surface pH ranged from 5.8 to 6.4 and varied with  lower than the cropped treatments, the difference
year, but not with cropping system. At the 2- to was not statistically significant and therefore

4-inch depth, pH ranged from 5.6 to 6.1. In 2002 assumed not great enough to inhibit crop yield.
and 2005 the native soil pH was significantly

higher than the cropped treatments at the 2-to Dehydrogenase enzyme (DEA) was similar at both
4-inch depth. The pH did not differ among any of  gepths for the native samples. For the various
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cropping system plots, DEA was higher in the

0- to 2-inch than the 2- to 4-inch depth (Fig. 3e
and 3f). There were no differences in DEA due to
cropping system in the 2- to 4-inch depth, unlike
that for the surface samples in 2002 and 2005.
These differences were not consistent with any
one crop or rotation, although the 2-year SW-SB
rotation had the highest DEA in both 2002 and
2005. The variable results correspond to research
that shows soil enzymes are often site-specific
and dependent on soil characteristics rather than
management (Bergstrom et al., 1998).

Soil organic carbon was higher in the surface
depth for all treatments and across all sampling
years compared to the O- to 2-inch depth (Fig. 3g
and 3h). In the native sites, SOC was relatively
constant for all sampling dates. At the O- to 2-inch
depth, native values initially were higher than
from the experiment site; however, SOC increased
over time in no-till plots to approach the native
SOC value (Fig. 3g). It is possible that the
differences among cultivated and native soils are
due in part to C and N depletion (Cavigelli and
Robertson, 2000). Carbon and N pools are known
to homogenize and C pools may be depleted more
than 75% with long-term cultivation (Knops and
Tilman, 2000). At the 2- to 4-inch depth, SOC
values for the native sites were less than or equal
to the cropped treatments. There were essentially
no differences in SOC among the cropping system
treatments.

Although the positive effects of crop rotation

on crop growth (e.g., enhanced beneficial
microorganisms and microbial diversity,
interrupted pathogen cycles, and reduced weed
and insect populations) are documented in
numerous experiments (Shipton, 1977; Cook,
1981; Johnson et al., 1992), measurable changes
in soil biological properties with diverse crop
rotation were not found in this study, most likely
because these changes occur at a slow rate in such
dry environments.

Economics

Economic results for Phase I were reported in
Juergens et al. (2004), so they are summarized
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only briefly here to provide perspective on 8-year
trends. The SAF-YM-SW-SW rotation ranked

last among the 3 spring no-till rotations with
negative returns over total costs at -$12.73/acre.
The 2-year SW-SB rotation also averaged losses of
-$4.90/acre. Continuous annual SW was the only
spring no-till system to show positive net returns
at $4.90/acre. The critical value for comparison
at the 5% probability level for the experiment
systems was $12.62/acre, indicating significantly
greater profitability for the top continuous annual
SW system over the oilseed-based system. These
results show a clear lack of economic viability
for SAF and YM under the conditions of this
experiment. During Phase I, WW-SF averaged a
positive net return over total costs of $8.71/acre.
Surveyed WW-SF was not part of the experiment,
but if one treated the WW-SF return as a fixed
value for comparison, it would be statistically
equivalent to continuous annual SW using the
experiment critical value for comparison at the
5% probability level of $12.62/acre.

Table 6 shows economic results for the 6 no-till and
surveyed WW-SF systems in Phase II. None of the
no-till annual rotations generated sufficient market
returns to cover total costs during the drought
conditions of 2001-2004. Average net returns
ranged from -$43.61 for SW-SB to -$60.77/acre for
SW-SB-YM-SW (Table 6). As in Phase I, the rotation
that included an oilseed ranked last in profitability.
Of the 6 rotations, 5 earned statistically equivalent
negative returns over total costs.

Returns over total costs for WW-SF averaged
$0.06/rotational acre from 2001 to 2004. This
result shows that the WW-SF farmers averaged
market returns on their resources, despite the dry
climatic conditions during Phase II. The economic
advantage of WW-SF over all annual crop rotations
substantially exceeded the critical comparison
value of $12.04/acre for the experiment (Table

6), providing statistical support for the profit
superiority of WW-SE. The decreased profitability
for all rotations in Phase II compared to Phase

I can largely be attributed to yields reduced by
diminished precipitation and soil water.



Table 6. Comparison of net returns over total costs by crop rotation and year and the 4-year average during Phase Il
(2001-2004) for six no-till and WW-SF rotations.

Crop rotation 2001 2002 2003 2004 2231;3;24
$/Rotational acre/Year

WW-WW-SW-SW -70.98 -51.55 -34.45 -51.50 -52.12 ab

SW-SB-YM-SW -68.95 -74.09 -43.36 -56.65 -60.77 b

SW-SB -65.48 -45.94 -36.21 -27.12 -43.61 a

HW-SB -69.21 -44.71 -31.43 -27.61 -43.24 a

Continuous SW -57.40 -46.89 -36.69 -36.09 -44.27 a

Continuous HW -75.45 -42.36 -43.92 -57.56 -54.82 ab

Survey:

WW-SF average -12.76 0.34 10.34 2.30 0.06

* 4-year average net returns for the cropping system treatments followed by the same letter are not significantly different at the 5% probability level. The critical
value for comparison at the 5% probability level is $12.04/acre.

SUMMARY AND CONCLUSIONS

1.

The oilseed crops SAF and YM used more
soil water by harvest compared to the
cereals, resulting in significantly less
available soil water for crops that followed
in the rotation.

Rhizoctonia bare patch infected all crops

in all rotations from year 3 through year 8.
The area with bare patches averaged over all
crops during these years ranged from 7.5- to
11.7% of the total plot area.

Russian thistle was the most troublesome
broadleaf weed in all spring-planted crops.
It was the only plant that flourished within
Rhizoctonia bare patches.

Some downy brome weed seeds remained
dormant and viable for up to 8 years

to heavily infest winter wheat during
Phase II of the experiment. This is the
first conclusive documentation of downy
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brome seeds remaining viable under field
conditions for such a long time period.

Crop rotations did not differ in their impact
on soil quality indicators. The greatest
differences in soil properties occurred in
the O- to 2-inch depth, but differed from
the native undisturbed soil in pH, SOC,
and DEA at the 2- to 4-inch depth. There
was a gradual increase in SOC over time
in the experiment that approached that of
native undisturbed soil, but improvement
in overall soil quality with no-till appears
to occur at a very slow rate in this low-
precipitation region.

The traditional WW-SF system consistently
dominated no-till annual cropping
rotations in terms of higher average
profitability and reduced economic
variability during the 8-year experiment.
Annual crop rotations that included YM
and SAF were always the poorest economic
performers.
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