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ABSTRACT

Despite the many agronomic benefits of conservation
tillage, little is known regarding the effects of reduced tillage
on the pest complex in sugar beet. We examined the effects of
two types of tillage (strip till versus conventional) and different
irrigation rates on yield as well as densities of insect pests,
weeds, and a soil-borne plant pathogen in sugar beet. Yields
were similar between tillage treatments for two of the three
years, but were greater for conventional tillage during one
year in which a wet spring may have slowed seedling
development in strip-tilled plots. The low irrigation treatment
exhibited lower yields in one of three years, regardless of
tillage treatment. Eggs of beet leafminer flies were more
abundant in conventional tillage on three of eight observation
dates, but larval densities did not differ by tillage treatment.
Bean aphid incidences generally were positively related to
irrigation rate. Total weed counts within beet rows did not
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differ by tillage or irrigation, but between-row counts were
greater for the high irrigation treatment during two years.
Area under the disease progress curve for Rhizoctonia crown
and root rot was higher in conventional tillage during one year.
The results presented here show that strip-till sugar beet can
be produced with yields comparable to conventional tillage
without compromising pest management programs.

Additional Key words: conservation tillage; Pegomya betae; Aphis
fabae; Chenopodium album; Setaria viridis; Rhizoctonia solani;
evapotranspiration

INTRODUCTION

Strip tillage is a form of conservation tillage in which tillage is limited
to a narrow band and a shallow depth, leaving some crop residue
between the tilled strips undisturbed (Overstreet, 2009; Evans et al.,
2010). The practicality of strip tillage has been enhanced by recent
advances in strip-till equipment and development of technologies that
improve weed management, such as glyphosate-resistant crops (Evans
et al., 2010). These factors especially have led to increased interest in
strip tillage production of sugar beet (Beta vulgaris L.). In addition,
many agronomic benefits are associated with strip tillage, including
reduced fuel and labor costs, reduced erosion, increased water retention
and water use efficiency, and improved nutrient use (Sojka et al., 1980;
Deibert, 1983; Aase and Pikul, 1995; Hatfield et al., 2001; Miyazawa et
al., 2004; Licht and Al-Kaisi, 2005; Overstreet, 2009; Evans et al., 2010).
Moreover, conservation tillage practices in sugar beet have been found
to produce tonnage and sugar yields that are comparable to conventional
tillage (Halvorson and Hartman, 1984; Miyazawa et al., 2004;
Overstreet, 2009; Evans et al., 2010; Stevens et al., 2010; Tarkalson et
al., 2012).

Despite the strong and growing interest in reduced tillage sugar beet
production from agronomic and economic standpoints, limited research
has focused on pest responses to conservation tillage in sugar beet
agroecosystems. Across a variety of cropping systems, arthropod pest
densities and/or damage may be increased, decreased, or equivocal when
compared between conservation and conventional tillage practices (Brust
et al., 1985; Hammond and Stinner, 1987; Stinner and House, 1990;
Clark et al., 1994; Heimbach and Garbe, 1996; Gencsoylu and Yalcin,
2004; Bressan, 2009). Studies in Europe showed that conservation tillage
in sugar beet may reduce densities of two aphids (Hemiptera:
Aphididae), Myzus persicae (Sulzer) and Aphis fabae Scopoli, and a plant
hopper, Pentastiridius leporinus (L.) (Hemiptera: Cixiidae) and may also
reduce crop damage associated with these pests (Heimbach and Garbe,
1996; Bressan, 2009). Similar studies on pestiferous arthropods in the
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US are lacking. The predicted effects of reduced tillage on a given insect
pest depend in part upon the insect’s biology. The reduced soil
disturbance associated with conservation tillage provides a more stable
environment for soil- and litter-dwelling arthropods and can reduce soil
and near-surface temperature and moisture extremes (All and Gallaher,
1976; Stinner and House, 1990; Tonhasca and Stinner, 1991). Foliar
insect pests may be expected to be affected less directly by reduced
tillage, though their responses could be mediated through any changes
in host plant physiology or quality (Price, 1991; Powell et al., 2006;
Rousselin et al., 2016) that may be related to tillage practices.

Weeds may reduce sugar beet growth by outcompeting the crop for
nutrients, water, and light (Schweizer and May, 1993). Sugar beet is
particularly vulnerable to such competition because of its slow canopy
closure and low plant height (Scott and Wilcockson, 1976). Conservation
tillage practices have numerous effects on weeds, specifically on their
distribution within the soil, ability to germinate, vulnerability to
predation, and ability to grow (reviewed in Nichols et al., 2015).
Conservation tillage also has impacts on herbicide activity. For example,
conservation tillage can reduce herbicide leaching into the soil (Alletto et
al., 2012). Moreover, higher levels of crop residues on the soil surface
associated with conservation tillage may negatively affect herbicide
efficacy by physically protecting weed seedlings from herbicide contact
(Locke and Bryson, 1997; Alletto et al., 2010); however, the effects are not
always consistent (Chauhan et al., 2006). Reduced tillage practices,
including direct seeding, have been shown to reduce herbicide efficacy in
some agricultural systems (Singh et al., 2015), but not in others (Hajebi
et al., 2016). Weed management dynamics are more complicated in strip
tillage than in direct seed systems because of the presence of tilled and
untilled zones; therefore, a combination of practices may be necessary to
control weeds in these systems (Brainard et al., 2013). More work is
needed to clarify the effects of strip tillage on weed management in sugar
beet.

By reducing the amount of soil turnover, conservation tillage tends to
lead to the accumulation of organic material near the surface of the soil,
favoring the development of a microbial environment that may either
promote or reduce disease in plants (Sturz et al., 1997). For example, in
wheat the pathogen that causes tan spot is favored by conservation tillage
because it can survive in the residue left behind, whereas some root rot
agents are reduced under conservation tillage because the increased soil
moisture that the practice provides makes the plants less susceptible to
the disease (Bockus and Shroyer, 1998). In sugar beet, fungal pathogens
are the largest factor contributing to production losses (Oerke and Dehne,
2004). It is expected that the severity of soil-borne pathogens such as
Rhizoctonia solani, Aphanomyces cochlioides, and Polymyxa betae (vector
of Beet necrotic yellow vein virus) will increase with reduced tillage
(Bockus and Shroyer, 1998). Sumner et al. (1986) found higher R. solani
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populations with reduced tillage following certain vegetable crops, and
Buhre et al. (2009) showed that altering the cultivation method (plowing
versus cultivating) can affect R. solani severity. However, Strausbaugh
and Eujayl (2012) suggested that the Rhizoctonia / bacterial root rot
complex in sugar beet did not differ between strip- and conventional
tillage, but otherwise little is known about the effects of conservation
tillage on soil-borne plant pathogens in sugar beet. Cercospora, a foliar
pathogen, exhibited lower survival in sugar beet when the crop residue
was buried (Khan et al., 2008), suggesting deep tillage may be necessary
to bury the inoculum (Skaracis et al., 2010).

With widespread adoption of glyphosate-resistant sugar beet in North
America, the use of strip tillage systems in sugar beet has become a more
practicable option. Although conservation tillage has been widely studied
in sugar beet, research has been lacking on the effects of reduced tillage
in sugar beet on its complex of pests (including insects, weeds, and plant
pathogens). Here we compared conventionally versus strip-tilled sugar
beet with respect to yield parameters as well as the density, abundance,
and/or incidence of insect pests, weeds, and a soil-borne plant pathogen.

MATERIALS AND METHODS

Field sites

We conducted this study at the University of Idaho Kimberly Research
and Extension Center, Kimberly, ID, USA during the 2010 (42.551227
latitude, -114.340376 longitude), 2011 (42.549401, -114.348139), and 2012
(42.551292, -114.339094) growing seasons. The study area used each year
had a cereal grain (wheat or barley) the previous year. The previous grain
crop was harvested during the fall and standing stubble was cut to a
height of 20-25 cm. We applied fertilizer by shanking into soil (strip-till
plots) or by broadcasting (conventionally tilled plots) using a rate
recommended by The Amalgamated Sugar Company: 3 kg N Mg sugar
beet roots with a yield goal of 78 Mg ha'! (The Amalgamated Sugar
Company, 2015). Strip-tillage plots were tilled using a four-row strip-till
machine (Orthman Manufacturing, Inc., Lexington, NE, USA) which tilled
bands ca. 18 cm wide at a depth of 15-18 cm. UAN liquid fertilizer (a
mixture of urea and ammonium nitrate; 32-0-0) was injected into soil
5 cm below and 5 cm to one side of the seed. The strip-till implement was
run through the entire length of the field, including through
conventionally tilled plots; however, fertilizer was applied only while the
implement was running through strip-till plots. Following the strip-till
operation, granular urea fertilizer (46-0-0) was broadcast in conventionally
tilled plots. After fertilizing, conventionally tilled plots were tilled using a
1.83-m wide rotary tiller (New Holland 105A; CNH America, LLC, New
Holland, PA, USA) that tilled soil to a depth of 15-18 c¢cm. To more
accurately simulate commercial conventional tillage operations, we used
a coulter to firm the seedbed after roto-tilling. During 2010, all plots were
tilled on 20 April. During 2011, strip-till plots were tilled on 6 May, and
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conventionally tilled plots were tilled on 13 May. During 2012, strip-till
plots were tilled on 18 April, and conventionally tilled plots were tilled on
20 April.

We used the glyphosate-resistant sugar beet variety 36RR11
(Betaseed, Inc., Shakopee, MN, USA), which is susceptible to the
pathogens and insects observed in this study. The following fungicide seed
treatments were used: tetramethylthiuram disulfide at a rate of 2.5 g
active ingredient per kg seed and metalaxyl at a rate of 0.15 g active
ingredient per kg seed. Seed was planted across the entire study area at
a rate of 27,972 seeds per hectare with 56-cm row spacing using a four-
row WIC vacuum planter (WIC, Inc., Halstad, MN, USA). Plots were
planted on 30 April 2010, 14 May 2011, and 24 April 2012.

Treatments were assigned in a randomized split-plot design with
blocks split by tillage (conventional or strip tillage) treatments, and
irrigation treatment plots randomized within tillage treatment blocks. We
used twelve-row plots (6.7 m wide) during 2010 and sixteen-row plots (8.9
m wide) during 2011 and 2012 with six tillage x irrigation treatment
replicates each year. Each plot was 10.6 m long, with 3.05 m alleys
(maintained as bare ground) between each block. Irrigation treatments
featured four irrigation levels based on evapotranspiration (ET) rates of
conventionally tilled sugar beet (125, 100, 75, and 50% of ET). ET was
based on the Penman-Monteith model (Monteith and Unsworth, 2008) for
conventionally tilled sugar beet. Weather data used for this model was
collected from a weather station maintained by the US Bureau of
Reclamation’s AgriMet network (www.usbr.gov/pn/agrimet/), which was
located no further than 0.9 km from the study site each year. Plots were
watered independently from one another using a solid-set irrigation
system. Each plot was irrigated using a single line of Nelson model 7081
155Q spray heads (Nelson Irrigation Corporation, Walla Walla, WA, USA)
mounted on vertical pipe risers 1.22 m above ground level and spaced 1.5
m apart (seven risers per plot) positioned between the two center rows of
each plot. Immediately after planting, an equal amount of water was
sprinkler-applied at three- to four-day intervals across the entire study
site to aid with sugar beet emergence. Irrigation treatments were
implemented after most seedlings had emerged.

Plots were harvested immediately following defoliation of beets using
a two-row rubber flail topper on 11 Oct 2010, 12 Oct 2011, and 8 Oct 2012
using a two-row plot harvester. For yield data, we considered only two
rows of each plot: rows 8 and 9 during 2010 and rows 12 and 13 during
2011-2012. These sets of rows received the most uniform irrigation. From
the yield rows of each plot, we collected two samples of eight to ten beets
and submitted them to The Amalgamated Sugar Company Beet Quality
Lab (Paul, ID, USA) to determine percent sucrose and estimated
recoverable sucrose (ERS). The mean of the two samples from each plot
was used for data analysis. Percent sucrose was determined using an
Autopol 880 polarimeter (Rudolph Research Analytical, Hackettstown, NdJ,
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USA) and a half-normal weight sample dilution and aluminum sulfate
clarification method [I[CUMSA Method GS6-3 1994]. Conductivity was
measured using a Foxboro conductivity meter Model 250 (Denver
Instruments, Denver, CO, USA) with Orion probes 900200 and 9300
BNWP (Krackler Scientific, Inc., Albany, NY). ERS yield per hectare (ha)
of roots was calculated using the following equation: [(extraction) x (0.01)
x (gross sucrose/ha)l/(t/ha) , where extraction = 250 + [[(1255.2) x
(conductivity) — (15,000) x (percent sucrose — 6,185))/[(percent sucrose) x
(98.66 —[(7.845) x (conductivity)])] ] and gross sucrose = [[(t/ha) x (percent
sucrose)] x (0.01)] x (1,000 kg/t) (Krackler Scientific. Inc., Albany, NY).

Weed sampling

Weed control was achieved by applying glyphosate to all plots three
times during each growing season at a rate of 2.12 kg ae/ha. During
2010, glyphosate was applied on 31 May, 23 June, and 15 July. During
2011, glyphosate applications were made on 10 June, 14 June, and 1
July. During 2012, glyphosate applications were made on 21 May, 4 June,
and 14 July. Weed responses to experimental treatments were assessed
both within and between sugar beet rows in order to take into
consideration the stratification of disturbed and undisturbed soil in strip-
tilled plots. We recorded weed densities by species four times over each
season by counting weed incidence within a fixed 0.125 m? area both
within and between the designated harvest rows of each sub-plot.

We sampled five weed species over the course of the study: common
lambsquarters (Chenoopodium album L.), green foxtail (Setaria viridis
(L.) Beauv.), redroot pigweed (Amaranthus retroflexus L.), hairy
nightshade (Solanum sarrachoides Sendtner), and annual sowthistle
(Sonchus oleraceus L.). The former two species were most abundant in
the study plots, which allowed for statistical analyses of these two
species in addition to total weed counts.

Insect sampling

Plots were scouted for common insect pests of sugar beet in Idaho,
including: beet leafminer (Pegomya betae Curtis), bean aphid (Aphis
fabae Scopoli), sugar beet root aphid (Pemphigus betae Fitch), beet
leathopper (Circulifer tenellus (Baker)), sugar beet root maggot (Tetanops
myopaeformis (Roder)), wireworms (including Limonius californicus
(Mannerheim)), and cutworms (including Euxoa auxiliaris (Grote) and
Agrotis orthogonia Morrison). Only beet leafminers and bean aphids
were found in adequate enough numbers to justify sampling across plots
and making statistical comparisons among treatments.

Beet leafminer densities were assessed in each plot by counting the
total number of eggs and larvae per plant on five plants in each of the
two harvest rows. Sampled plants were selected in a stratified random
sampling scheme. Only unhatched eggs and live larvae were counted.
Three counts were made over each of the three seasons; however, no
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larvae were observed during the first count in 2010 and eggs were
observed only in extremely low abundance during the last count in 2010,
so they were not counted. Bean aphid incidence was assessed by
determining the presence or absence of aphids on each plant in the two
harvest rows, with one assessment during 2010 and three during 2011.
Aphid abundance during 2012 was too low to allow for statistical
comparisons among treatments, and the data from this year are not
presented.

Disease sampling

During stand establishment, sugar beet seedlings were observed for
symptoms of “damping off,” which is associated with the soil-borne
pathogens Aphanomyces cochlioides, Rhizoctonia solani, and Pythium
ultimum (Harveson et al. 2009). Frequent stand counts in the yield data
rows were used to observe the effects of soil-borne pathogens on plant
population during the growing season and to calculate the area under
disease progress curve (AUDPC, Jeger and Viljanen-Rollinson, 2001). In
addition, each sugar beet root collected at harvest was visually inspected
and rated for A. cochlioides and R. solani using established rating scales
(1 = healthy to 9 = plant dead), and these ratings were used to calculate
a Disease Index (DI) for each plot (Biittner et al., 2004). No efforts were
undertaken to distinguish between R. solani AG 2-2 IIB and IV since
only low disease incidence was observed. In addition, plots were scouted
for foliar symptoms related to soil-borne and foliar pathogens, but no
such symptoms were observed with high enough incidence to justify
sampling across plots.

Data analysis

Data were analyzed using generalized linear mixed models (GLMM).
Yield, weed counts, moisture content, and disease data were analyzed
as split-plot designs with a factorial arrangement of two tillage and four
ET treatments as fixed treatment effects and six blocks as random
effects. Analysis of variance (ANOVA) models included interactions
between tillage and irrigation treatments as well as block and tillage
treatment interactions. We analyzed the following response variables:
clean yield, percent sucrose, estimated recoverable sucrose, conductivity,
and nitrate levels; total weed counts within and between rows, common
lambsquarters within and between rows, and green foxtail within and
between rows; soil moisture content; and area under the disease progress
curve (AUDPC), disease index (DI), and disease incidence for infection
with R. solani (Buttner et al., 2004, Jeger and Viljanen-Rollinson, 2001).
Leafminer data were analyzed separately for each sampling date using
split-split plot ANOVA with two tillage types and four ET treatments as
the fixed effects, and the six blocks as the random effect. ANOVA models
included all relevant interaction terms. Response variables for leafminer
data were the number of eggs per plant and the number of larvae per
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plant on each sampling date. Bean aphid data were analyzed with the
same model setup as was used for leafminers, except that date was
included in the 2011 data as a fixed effect instead of performing separate
analyses by date. The response variable for the bean aphid data was the
proportion of plants infested (i.e., with any number of aphids) in each
plot. Where ANOVA showed significant differences among treatments,
we used least square means tests to discriminate among means.
Analyses were conducted using PROC GLIMMIX in SAS 9.4 (SAS
Institute 2017), with significance level set at = 0.05.

RESULTS

Yield

During 2010, no significant effects were observed for any yield
parameters with respect to tillage treatment (Table 1). We observed
significant effects of irrigation treatments on clean root yield and ERS
(Table 1). Root yield was lower in 50% ET treatments relative to 100 and
125% treatments, but yield in 75% treatments did not differ from the
other three treatments (Figure 1). ERS was lower in 50% treatments

Figure 1. Effects of tillage and irrigation treatments on clean root yield,
percent sugar, and estimated recoverable sucrose (ERS) in sugar beet plots
in 2010-2012. Error bars represent SE. Bars that share a letter are not
significantly different based on least significant difference tests (& = 0.05);
for cases in which the interaction term was not significant, letters
discriminate only among the four irrigation treatments (with tillage
treatment pooled).
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relative to the other treatments, which did not differ among each other
(Figure 1). We also observed a significant tillage by irrigation interaction
effect on sugar content (Table 1); the pattern was not clearly defined, but
pairwise comparisons showed higher percent sugar in the 100 and 125%
ET conventional plots compared to the 50% strip-till plots (Figure 1).

During 2011, both clean root yield and ERS differed between tillage
treatments (Table 1), with higher values for both parameters in
conventionally tilled plots (root yield: 63,487 = 975 Mt/ha for
conventional versus 55,853 + 975 Mt/ha for strip; ERS: 9,832 + 186 kg/ha
for conventional versus 8,647 + 186 kg/ha for strip). Irrigation exhibited
a significant effect only on nitrate levels, with the two lowest irrigation
treatments (50 and 75% ET) exhibiting higher levels than the two higher
ET treatments (Table 1; Table 2). No significant tillage by irrigation
interaction effects were observed (Table 1).

During 2012, percent sugar, conductivity, and nitrates showed a
significant response to tillage (Table 1), with conventional tillage having
greater percent sugar (18.8 + 0.12 versus 17.8 + 0.12) and lower
conductivity (0.676 + 0.013 versus 0.713 + 0.014) and nitrate (95.1 + 12.6
versus 186.4 + 22.5) levels. Both percent sugar and conductivity differed
significantly among irrigation treatments (Table 1), with percent sugar
being higher in 75 and 100% ET than the other treatments, which did
not differ between each other (Figure 1), and conductivity being higher
in 125% ET relative to the other three treatments, which did not differ
among each other (Table 2). Both clean yield and ERS exhibited a
significant tillage by irrigation interaction effect (Table 1); several
significant differences were observed, but with no clearly discernable
pattern (Figure 1).

Weeds

During 2010, counts of total weeds, common lambsquarters, and
green foxtail did not differ by tillage treatment, irrigation treatment, or
tillage by irrigation interactions for between-row nor for within-row
counts (Table 3).

During 2011, total weed counts did not differ by tillage or irrigation
treatment or their interaction either for within- or between-row counts
(Table 3). Common lambsquarters densities between rows did not differ
by tillage treatment, nor was the interaction term significant (Table 3).
However, between-row counts of common lambsquarters differed among
irrigation treatments (Table 3); 50% ET plots had fewer common
lambsquarters than the other treatments, which did not differ among
each other (Table 4). Within-row counts of common lambsquarters did
not differ between tillage or among irrigation treatments, nor was the
interaction term significant (Table 3). Green foxtail densities within rows
were significantly higher in strip tillage (1.75 = 0.29) relative to
conventional tillage (0.67 + 0.18), but densities between the rows were
not affected by tillage treatment (Table 3). Green foxtail counts also were
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Table 1. ANOVAs showing effects of tillage and irrigation treatments
and their interaction on clean root yield, percent sugar, estimated
recoverable sucrose (ERS), conductivity, and nitrate levels in sugar beet

during 2010-2012.

Source of Variation Numerator df | Denominator df ‘ F P
2010
Root Yield
Tillage 1 5 0.02 0.897
Irrigation 3 30 3.3 0.032
Tillage x Irrigation 3 30 1.2 0.329
Percent Sugar
Tillage 1 5 0.93 0.380
Irrigation 3 30 0.68 0.569
Tillage x Irrigation 3 30 4.8 0.008
ERS
Tillage 1 5 0.0 0.967
Irrigation 3 30 4.0 0.017
Tillage x Irrigation 3 30 0.85 0.476
Conductivity
Tillage 1 5 0.76 0.424
Irrigation 3 30 2.5 0.079
Tillage x Irrigation 30 1.1 0.378
Nitrate
Tillage 1 5 0.01 0.929
Irrigation 3 30 0.47 0.704
Tillage x Irrigation 3 30 2.1 0.122
2011
Root Yield
Tillage 1 5 65.1 0.001
Irrigation 3 30 2.0 0.142
Tillage x Irrigation 3 30 0.71 0.552
Sugar
Tillage 1 5 0.05 0.839
Irrigation 3 30 0.10 0.959
Tillage x Irrigation 3 30 2.0 0.144
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Source of Variation Numerator df | Denominator df ‘ F P
ERS
Tillage 1 5 118.1 | <0.001
Irrigation 3 30 1.9 0.160
Tillage x Irrigation 3 30 0.73 0.545
Conductivity
Tillage 1 5 0.07 0.798
Irrigation 3 30 0.04 0.987
Tillage x Irrigation 3 30 2.4 0.092
Nitrate
Tillage 1 5 1.57 0.266
Irrigation 3 30 4.5 0.001
Tillage x Irrigation 3 30 1.08 0.373
2012
Root Yield
Tillage 1 5 0.52 0.505
Irrigation 3 30 1.2 0.327
Tillage x Irrigation 3 30 6.1 0.002
Percent Sugar
Tillage 1 5 30.3 0.003
Irrigation 3 30 6.2 0.002
Tillage x Irrigation 3 30 2.0 0.140
ERS
Tillage 1 5 0.36 0.574
Irrigation 3 30 2.8 0.060
Tillage x Irrigation 3 30 5.6 0.004
Conductivity
Tillage 1 5 10.0 0.025
Irrigation 3 30 5.9 0.003
Tillage x Irrigation 3 30 1.7 0.200
Nitrate
Tillage 1 5 31.0 0.003
Irrigation 3 30 15 0.237
Tillage x Irrigation 3 30 1.2 0.339
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Table 2. Comparisons of conductivity and nitrate among irrigation
treatments (% ET) in harvested sugar beet during 2010-2012. Means
within a column that share a letter are not significantly different based on
least square means tests (& = 0.05) (n = 12).

2010 2011 2012
Conductivity
50% ET | 0.690 | = | 0.018 | 0.823 | = [0.029 |0.699 | = |0.020a
75% ET | 0.729 | = | 0.018 | 0.825 | = [0.029 | 0.650 | = |0.018a
100% ET | 0.751 | = | 0.018 [ 0.824 | = |0.029 | 0.678 | = [0.019a
125% ET | 0.743 | + | 0.018 | 0.811 | = | 0.029 | 0.754 | = [0.021b
Nitrate
50% ET 277 | = | 390 |288.2 | +|23.4b [119.6 | = | 21.2
75% ET 36.7 | = | 7.26 | 2875 | +[23.4b | 1119 | x| 251
100% ET 295 | = | 5.99 [200.8 | +|139a [139.5 | = | 26.6
125% ET 335 | = | 527 |227.1 | +[18.7a [1919 | = | 37.3

not affected by irrigation treatment or tillage by irrigation interaction
(Table 3).

During 2012, total weed counts between rows did not differ between
tillage treatments or among tillage by irrigation interactions (Table 3).
However, total weed counts between rows differed among irrigation
treatments (Table 3), with 125% ET having higher total counts than
either the 50% or the 75% treatments and 100% ET plots being
intermediate (Table 4). Within-row counts of total weeds showed no
response to tillage or irrigation treatment, and the interaction effect also
was not significant (Table 3). Both common lambsquarters and green
foxtail showed no response to tillage treatment, irrigation treatment, or
tillage by irrigation interaction (Table 3).

Beet leafminers

On both dates in 2010 when egg data were collected, densities of beet
leafminer eggs were higher in conventionally tilled plots than strip-till
plots (Table 5; Table 6). Egg density did not differ by tillage treatment
during 2011 (Table 5). In 2012, egg density did not differ by tillage
treatment for the first two sample dates, but for the third date was
significantly higher in conventionally tilled plots relative to strip-till
plots (Table 5; Table 6). Leafminer larvae showed no response to tillage
treatment at any time during the study (Table 5).

Leafminer egg densities differed by irrigation treatment only during
the first sample date of 2012 (Table 5). Fewer eggs were observed in the
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125% ET treatment relative to all other treatments, which did not differ
among each other (Table 6). There were no significant differences among
irrigation treatments with regard to egg densities on any other sample
date (Table 5). The number of larvae per plant sampled differed among
irrigation treatments only during the second sample date of 2010 (Table
5). We observed significantly more larvae in 125% ET than in 50 and
75% ET treatments, but the number of larvae per plant in the 50, 75,
and 100% ET plots did not differ from each other (Table 6). There were
no significant differences among irrigation treatments with regard to
larval densities on any other sample date (Table 5). There were no
significant interaction effects between tillage and irrigation treatments
for either eggs or larvae at any time during this study (Table 5).

Bean aphids

The proportion of plants infested with bean aphids did not differ
between tillage treatments during 2010 (conventional: 0.429 + 0.062;
strip till: 0.373 = 0.056; F15 = 0.19, P = 0.683). There was a significant
irrigation effect in 2010 (Fs:; = 13.31, P < 0.001), with the 50% ET
treatment (0.160 + 0.044) having a lower density than all others, and
the 75% ET treatment (0.361 + 0.062) being significantly lower than the
100% (0.536 = 0.081) and 125% treatments (0.547 + 0.089), which did
not differ from each other. There was no significant interaction between
tillage and irrigation (Fs15= 0.19, P = 0.901).

During 2011 the proportion of plants with bean aphids did not differ
between conventional (0.086 + 0.012) and strip till (0.088 + 0.013) (Table
7). There was not a significant irrigation effect (Table 7); however, bean
aphid incidence was numerically higher with increased irrigation rate
(50% ET: 0.056 = 0.013, 75% ET: 0.079 + 0.016, 100% ET: 0.093 + 0.018,
125% ET: 0.120 = 0.022). The proportion of plants infested differed
significantly among sampling dates. On 11 August the infestation
proportion (0.045 + 0.009) was significantly lower than on 2 August
(0.119 + 0.017) and 26 August (0.098 + 0.017), which did not differ from
each other (Table 7). The 2011 model contained no significant interaction
terms (Table 7).

Table 7. ANOVA for the proportion of sugar beet plants infested with bean
aphids in 2011 tillage and irrigation treatments at three different dates.

Source of Variation Numerator df | Denominator df F P
Tillage 1 5 0.01 | 0.942
Irrigation 3 30 2.15 | 0.114
Date 2 80 7.26 | 0.001
Tillage x Irrigation 3 30 0.82 | 0.491
Date x Tillage 2 80 041 | 0.662
Date x Irrigation 6 80 0.81 0.562
Date x Tillage x Irrigation 6 80 0.34 | 0912
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Plant pathogens

Over all three years of the study, no symptoms of seedlings “damping
off” associated with the soil-borne pathogens A. cochlioides, R. solani, or
P. ultimum were observed. Moreover, symptoms caused by A. cochlioides
were not observed on harvested roots. Only symptoms of root rot caused
by R. solani were observed and rated during harvest. During 2011,
AUDPC differed significantly by tillage treatment, with conventional
tillage having a higher AUDPC (Table 8). AUDPC did not differ by
irrigation treatment (Table 9). Incidence and DI did not differ by tillage
(Table 8) or irrigation treatment (Table 9). There were no significant
interaction effects between tillage and irrigation for AUDPC (F;3 = 0.22,
P =0.883), DI (F53 =0.69, P =0.563), or incidence (F33 = 0.46, P =0.715).
During 2012, there were no significant effects for AUDPC, DI, or
incidence by tillage (Table 8) or irrigation treatments (Table 9). There
were no significant interaction effects between tillage and irrigation for
any of the three response variables (Fs3 = 0.71, P = 0.556; F35 = 1.32, P
=0.287; or F32 = 2.36, P = 0.92, respectively).
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DISCUSSION

Numerous studies have shown conservation tillage practices in sugar
beet to produce yields that are comparable to conventional tillage
(Halvorson and Hartman, 1984; Miyazawa et al., 2004; Overstreet, 2009;
Evans et al., 2010; Stevens et al., 2010; Tarkalson et al., 2012). The
results presented here are mostly consistent with this pattern. Over the
course of the three-year study, we generally observed similar yields
between tillage treatments, with no consistent effects of tillage on any
of the five yield parameters. Only during 2011 were clean yield and ERS
lower for strip-tilled versus conventionally tilled treatments. Yield
differences between tillage treatments during 2011 might be explained
in part by variation in precipitation among years. Cumulative
precipitation was similar among years during the two weeks following
planting (1.75, 1.85, and 1.27 cm, respectively). However, during this
period of stand establishment, rainfall occurred almost daily during 2011
whereas it occurred sporadically during 2010 and on only one day during
2012. Persistently wet soil with lower near-soil surface temperatures due
to evaporative cooling may have contributed to delayed germination
and/or plant development in strip-tillage plots. Conservation tillage
contributes to higher soil moisture (Sojka et al., 1980; Deibert, 1983) and
a cooler, moister seedbed environment compared to conventional tillage
(Hatfield et al., 2001; Overstreet, 2009), and Evans et al. (2010) reported
that emergence of sugar beet seedlings in strip-tilled fields was delayed
in years with higher precipitation rates.

For the few cases in which yield effects from irrigation treatments
were observed, generally responses were consistent with water stress
being an important cause of yield loss in sugar beet (Rytter, 2005; Bloch
et al., 2006; Hoffmann, 2010). However, only the lowest irrigation rate
exhibited notable yield reductions, and only during one year (2010),
suggesting that sugar beet in our study was resilient to less severe
deviations from an optimal irrigation rate. Similarly, percent sugar
content was only somewhat affected by irrigation rate in the present
study. Higher sugar content has been observed under deficit irrigation
(Mahmoodi et al., 2008; Abyaneh et al., 2017; Malik et al., 2018), though
responses may vary from year to year, potentially due to differences in
the timing of water stress (Tarkalson and King, 2017). In any event,
strip-till sugar beet production in Idaho appears to be compatible with
the standard irrigation practices used for conventional tillage.

Conductivity and nitrate content were largely unaffected by tillage
treatments, differing only during 2012. Higher conductivity under strip
tillage likely was directly related to the higher nitrates observed in roots
from strip-tilled plots during this year. Higher nitrate levels in roots
could result from higher soil nitrate levels associated with crop residue
in conservation tillage (Zhang et al. 2016). Interestingly, 2012 was the
only year in which percent sugar responded to tillage treatment. Sugar
content is known to be inversely related to nitrate levels (Halvorson et
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al., 1978; Khan and McVay, 2014), so it is not surprising that percent
sugar was lower in strip-tilled plots during this year. It is not clear why
no such differences were observed during 2010-2011; however, year-to-
year variation in tillage effects on nitrates also was reported by Sainju
et al. (2013).

Water stress may contribute to a buildup of solutes, including
nitrates, which reduce beet quality (Bloch et al., 2006). However, nitrates
and conductivity showed limited responses to irrigation treatments used
in the present study. The exceptions were during 2011 when nitrates
were lower with higher irrigation rates and during 2012 when
conductivity was higher with the highest irrigation treatment. The
former pattern may be explained by higher irrigation rates moving
fertilizer deeper into the soil profile and out of reach of plants (Barzegari
et al., 2017). The reason for the latter pattern is unclear.

The weeds examined in this study were not greatly affected by tillage
treatments. Each year of the study was the first year in which a portion
of the soil was left undisturbed in that field. Changes in weed
composition and emergence usually do not happen within the first 2 to
3 years of not disturbing the soil (Wrucke and Arnold 1985). The only
significant tillage effect observed was for higher green foxtail counts
within rows under strip tillage during 2011. In contrast, several studies
across a variety of systems reported a reduction in weeds under strip
tillage; however, these studies vary in location, weed species examined,
and weed sampling methodology (Hendrix et al., 2004; Rapp et al., 2004;
Wang and Ngouajio, 2008; Trevini et al., 2013; Gegner-Kazmierczak and
Hatterman-Valenti, 2016). In general, weed management has long been
considered a challenge under conservation tillage practices, including
strip tillage (Morse, 1999; Morris et al., 2010). Furthermore, weed
dynamics are complicated under strip tillage due to the interactions
between the tilled and untilled zones (Brainard et al., 2013), so
understanding patterns can be difficult. Nevertheless, the general lack
of significant differences in weed counts between strip-tilled and
conventionally tilled plots in this study shows that weed management
may not be more difficult in strip-till production in our system.

The irrigation treatments used in this study also did not have major
effects on weed densities. The only significant patterns observed were
for between-row counts that were lower for common lambsquarters
under 50% ET in 2011, and higher for total weeds under 125% ET in
2012. Both of these patterns may reflect a positive correlation between
water availability and plant growth. Growth of common lambsquarters
has been shown to be reduced by drought conditions (Maganti et al.,
2005). While the patterns observed in our study provide limited evidence
for water usage affecting weeds in a sugar beet crop, our results overall
suggest that irrigation does not strongly affect weed densities in our
system.

Although soil and litter-dwelling arthropod pests, including wireworms
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and cutworms, are expected to be favored by reduced tillage (All and
Gallaher, 1976; Stinner and House, 1990; Tonhasca and Stinner, 1991),
these groups were largely absent from our study. Only beet leafminers and
bean aphids were abundant enough during this study to allow for
comparisons among treatments. Higher oviposition rates of leafminers in
conventionally tilled plots might be attributed to differences between
tillage treatments with regard to microclimate, soil structure, or their
effects on crop physiology (Phillips et al., 1980; Stinner and House, 1990;
Sunderland et al., 1996). Female beet leafminer flies lay more eggs on
larger leaves (EJW, personal observation), and sugar beet leaf growth is
temperature dependent (Milford and Riley, 1980). The few differences in
leafminer densities that we observed among irrigation treatments might
also be related to treatment effects on sugar beet physiology that may
have influenced visual or olfactory cues used by females to orient to host
plants (Roéttger and Klingauf, 1976; Rottger, 1979). Notably, any
differences among treatments with respect to leafminer eggs was not
reflected by similar differences in larval densities. This could possibly
be a result of egg predation (Brust et al., 1986) or parasitism by natural
enemies or by intraspecific competition among leafminer larvae;
however, more work would be needed to clarify these possible
explanations.

The bare soil of conventional tillage provides a more distinct color
contrast with sugar beet foliage than does residue-covered soil
(Heimbach and Garbe, 1996; Doring et al., 2004). Although such color
contrast may play an important role in settling behavior of several
species of aphids (Powell et al., 2006), we observed no such effect in the
current study. It is possible that crop row closure made such visual cues
less evident to alate bean aphids during infestation onset in late July.
Bean aphid densities did show a positive relationship with irrigation
rate, which could have been in response to host quality (Price, 1991;
Powell et al., 2006; Rousselin et al., 2016). Any differences among
treatments with respect to insect densities did not appear to be related
to responses of natural enemies in this study (Daku, 2012).

Soil-borne and foliar plant pathogens did not play a major role in this
study, as the only notable symptoms observed at harvest were due to
Rhizoctonia solani causing Rhizoctonia root and crown rot on harvested
beet roots. The overall low incidence and severity of R. solani at the
research site is most likely related to long crop rotations and a lack of
alternative hosts (Ruppel, 1985; Rush and Winter, 1990; Martin, 2003;
Buhre et al., 2009). Contrary to previous studies (Bolton et al. 2010;
Harveson and Rush, 2002; Rotem and Palti, 1969), irrigation had no
effect on R. solani in this study, whereas tillage had only a minor effect.
The AUDPC for soil-borne pathogens was higher in conventional tillage
compared to strip tillage in 2011, but this pattern was not observed in
2012. Generally, tillage is considered an important practice for the
reduction of both soil-borne and foliar fungal pathogens (Sumner et al.,
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1981, 1986); tillage breaks up mycelial networks and exposes crop
residue to microbial decomposition (Paulitz et al., 2002). On the other
hand, conventional tillage may favor disease severity and incidence due
to poorer soil tilth, greater compaction, and higher soil moisture related
to compaction (Bockus and Shroyer, 1998; Harris et al., 2003; Jabro et
al., 2015; Kravchenko et al., 2011). The equivocal results in the present
study may reflect these contrasting principles. The distribution and
severity of R. solani observed here are consistent with other findings in
sugar beet in this region, in which little difference between conventional
and strip tillage was found (Strausbaugh and Eujayl, 2012). The results
suggest that in our system R. solani incidence is no more severe under
strip tillage compared to conventional tillage; however, more work is
needed to fully understand the effects of tillage, irrigation, and crop
rotation on other plant pathogens in sugar beet.

Differences in yield responses among the three years underscore how
climatic variation among years can influence the relative agronomic
value of strip versus conventional tillage. Yield responses to irrigation
treatments suggest that current evapotranspiration models for
conventional sugar beet are compatible with strip-till production.
Densities of pests (including insects, weeds, and a plant pathogen) in
this study generally were no higher and in some cases were lower for
strip tillage than for conventional, indicating that pest management
programs in this system should not be compromised by strip tillage.
Future studies that feature heavier pressure from other key pests are
needed in order to draw broader conclusions regarding pest responses to
conservation tillage in sugar beet. However, the results presented here
show that strip-till sugar beet can be produced with yields comparable
to conventional tillage without strongly affecting the pest complex.
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