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that 16% of the seeds at 5 cm moved to within the emergence zone for hairy nightshade.

Seed drift coupled with the faster germination rate and lower mortality of seeds buried at

12 cm or below predicts that hairy nightshade recruitment will be optimized when soil is
tilled in the spring.
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CHAPTER 1

INTRODUCTION

Weeds reduce vegetable yields and profit through resource competition and

contamination in some machine harvested crops. The number of weeds that emerge early

in the season determines the level of resource competition with the crop and whether

additional intervention with herbicides or cultivation will be needed to regulate

competition (Dielman et al. 1996). The initial level of weed emergence also determines

the effectiveness of subsequent interventions such as cultivation and postemergence

herbicides, and ultimately determines the level of resource competition with the crop
(Forcella et al. 1993) Other than herbicides, there is limited information on practices that
can be used to regulate seedling recruitment from the weed seedbank. The purpose of this
study was to broaden the range of practices that can be used to manage summer annual
weed populations in irrigated row crops, and improve our understanding of the processes
regulating weed seedling recruitment.

The number of viable seeds in the soil before a crop is planted, seed dormancy,
proximity of seeds to the surface in spring, edaphic soil factors, and temperature and
moisture are just a few of the factors that determine the number of weed seedlings that
emerge or are 'recruited' from the seedbank in spring. Spring tillage is significant for
seedling recruitment of many summer annuals because it synchronizes weed and crop
emergence (Froud-Williams et al. 1984; Shilling et al. 1986). Spring tillage exposes weed
seeds to germination promoters such as light (Millberg, Anderson, and Noronha; Scopel
et al. 1994;) and increases the probable zone of emergence for small-seeded weeds

(Mohier and Galford 1997). Conversely, elimination or reduction of soil tillage in the
spring, as is common in notill (NT) or other reduced tillage systems, should suppress
annual broadleaf weed emergence by reducing the proportion of weed seeds that
germinate and emerge. However, the reports in the literature are inconsistent, as summer
annual broadleaved weed emergence has been shown to both increase arid decrease when
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tillage is reduced (Buhler 1992; Froud-Williams et al. 1984; Mohier and Calloway 1992;

Oryokot et al. 1997b; Teasdale et al. 1991).

Cover crop residues, whether remaining on the soil surface or incorporated with

tillage, also influence weed emergence. Residues of fallow-season cover crops that

remain on the soil surface reduce broadleaf weed emergence in summer crops by

modifying the soil thermal and light environment (Teasdale and Mohler 1993). However,

incorporating cover crop residues into the soil has been shown to either increase or
decrease weed emergence depending on the amount and type of cover crop (Blum et al.

1997).

Crop rotations are integral to successful management of weed populations. Crop

rotations disrupt weed growth and development and prevent domination by a few species

(Liebman and Dyck 1993). Primary tillage rotations are implicit in most crop rotations,

but often are unrecognized as a unique rotational component (Carter 1994). Less effort

has been directed at managing weed populations and weed seedbanks by imposing tillage

rotational sequences to intensive row crop systems. The impact of strategic elimination of

spring tillage in a crop and tillage rotation system on summer annual broadleaved weed

populations has not been studied but represents a unique strategy to manage weed

populations.

The individual subterranean processes regulating seedling recruitment ofmany
weedy species are well documented, but the cumulative effects of many of these

processes are poorly developed because of the complexity ofnot only the processes

involved (e.g. dormancy) but also because of lack of effective methods to study these

processes, particularly when comparing tillage systems that have different effects on

several soil components. Processes such as dormancy are difficult to study because of

interacting factors that can easily confound interpretation of results. For instance, soil

tillage in conventionally tilled crops redistributes seeds, changes soil structure, andmay
introduce a host of germination promoters. A better understanding of seedling

recruitment in diverse tillage systems, including the factors controlling recruitment is

essential to the development of successful weed management programs. Predictive
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emergence models that incorporate recruitment potential would give decision makers the
ability to maximize or suppress seedling recruitment, depending on situation. Models

have been developed to predict seasonal seedling recruitment so that producers can

maximize control by adjusting herbicide rates or application dates for herbicides or

cultivation (Forcella et al. 1995). However, these models have gained relatively little

acceptance with growers. The reasons for this are many, but are certainly due in part to

the rather general output available unless very specific data is input. Particularly

problematic is characterizing seedbank density, which can be costly if attempting to

assess directly. Furthermore, these models generally do not account for potential changes

in weed seed emergence potential that might be introduced during tillage and weed seed

redistribution in the spring, such as differences in dormancy caused by varied burial

depths.

The objectives of the projects described herein were to describe seedling recruitment

in two tillage systems, the impact of tillage rotational systems on summer annual weed
populations, and the principal factors regulating recruitment. Summer annual weeds

common to vegetable row crop production in western Oregon were the focus, with

specific attention given to hairy nightshade. Hairy nightshade (Solanum sarrachoides and

more recently S. physalfolium, Edmonds 1986) is a troublesome broadleaf summer

annual weed that is well adapted to disturbed agricultural systems and emerges

abundantly when soil is tilled in spring, and is increasing in importance in many western
states, particularly in potato production areas. The nightshades are particularly

troublesome in snap bean production because the unripe berries are toxic and canneries

do not tolerate contamination of the final product with nightshade berries.
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Effect of Notill or Conventional Planting and Cover Crop Residues on
Weed Emergence in Irrigated Vegetable Row Crop

R. Edward Peachey and Carol Mallory-Smith

ABSTRACT

The effect of planting system and cover crop residues on weed emergence was
studied in vegetable crops of snap beans, sweet corn, and processing squash. Vegetable

crops were either notill-planted (NTP) through cover crop residues, or conventionally

planted (CP) into soil with cover crop residues incorporated. NTP reduced emergence of
hairy nightshade by 77 to 99% and Powell amaranth emergence by 50 to 87% compared

to CP. Cover crop treatments were much less important than planting system in

regulating weed emergence. Tillage in the spring did not increase the number ofviable
seeds near the soil surface. Hairy nightshade emergence ranged from 0.6 to 9.8% of the
intact seeds in CP compared to 0 to 0.1% emergence of the seeds in the NTP plots.

Powell amaranth emergence ranged from 4.9 to 6.5% of the intact seeds in CP contrasted
with only 0.4 to 0.9% emergence of the seeds in NTP plots.

Nomenclature: Atrazine; glyphosate; lactofen; metolachior; barnyardgrass,

Echinochloa crus-galli L. Beauv ECHCG; black nightshade, Solanum nigrum L.
SOLNI; common groundsel, Senecio vulgaris L. SENVU; hairy nightshade, Solanum

sarrachoides Sendtner SOLSA; Powell amaranth, Amaranthus powellii S. Wats
AMAPO; redroot pigweed, Amaranthus retroflexus L. AMARE; sowthistle, Sonchus
oleraceus L. SONOL; spring barley, Hordeum vulgare L. 'Micah'; spring oats, Avena
sativa L., 'Monida'; cereal rye, Secale cereale L. 'Wheeler'; snap beans, Phaseolus

vulgaris L. 'OR91G'; sweet corn Zea mays L.'Golden Jubilee'.



INTRODUCTION

Weeds reduce vegetable yields and profit through resource competition and

contamination. The number of weeds that emerge early in the season determines the level

of resource competition with the crop and whether additional intervention with herbicides

or cultivation is. needed to regulate competition (Dielman et al. 1996). The initial level of

weed emergence also determines the effectiveness of subsequent interventions such as

cultivation and postemergence herbicides (Forcella et al. 1993). Weed emergence in

crops is determined by the initial level of the seedbank and the fraction of weed seeds in
the soil that germinate, emerge, and survive tillage or planting events. Other than soil

active herbicides, few practices are used by farmers that reduce the proportion of weed

seeds that germinate and emerge.

Spring soil tillage usually results in an increase in emergence of annual broadleaf

weeds (Froud-Williams et al. 1984; Shilling et al. 1986). This increase in weed

emergence is often synchronized with crop emergence, and is due to the strong

periodicity of germination in many summer annual weeds (Roberts and Bodrell 1983;

Roberts and Lockett 1978; Stoller and Wax 1973) coupled with seed exposure to

germination promoters. Spring tillage exposes weed seeds to germination promoters such

as light (Millberg, Anderson, and Noronha 1996; Scopel et al. 1994), increases the

probable zone of emergence for small-seeded weeds (Mohler and Galford 1997), and

reduces the mechanical resistance of the soil to emerging weed seedlings (Morton and

Buchele 1960), all of which increase the proportion of weed seeds that germinate and

emerge. If time is adequate in the spring, tillage can be used to increase weed emergence

and reduce weed seedbanks before crops are planted (Mulugeta and Stoltenberg 1997).

Elimination or reduction of soil tillage in the spring, as is common in notill (NT)

or other reduced tillage systems, should suppress annual broadleaf weed emergence by

reducing the proportion of weed seeds that germinate and emerge. However, summer
annual broadleaf weed emergence has been shown to either increase (Buhler 1992;

Mohler and Calloway 1992; Oryokot et al. 1997b; Teasdale et al. 1991) or decrease

(Froud-Williams et al. 1984; Mohier and Calloway 1992) when tillage is reduced. The
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inconsistency of these and other reports may be due to the accumulation of weed seeds

over time near the soil surface in systems without soil tillage. Tillage systems that

concentrate weed seeds near the soil surface, as typically occurs in notill, may exhibit

relatively high weed emergence compared to systems that do not accumulate seeds at the

surface, even though the proportion of seeds emerging from the seedbank may be less in
NT than CP (Mohler 1993).

Cover crop residues, whether remaining on the soil surface or incorporated with

tillage, also influence weed emergence. Fall planted cover crops have been evaluated

extensively for weed suppression in many systems, and are commonly used to stabilize

soil and capture soil nitrates during the fall and winter. Residues of fallow-season cover

crops that remain on the soil surface reduce broadleaved weed emergence in summer

crops by modifying the soil thermal and light environment (Teasdale and Mohler 1993)

and by presenting a physical barrier to emerging weeds (Teasdale and Mohler 2000).

Incorporating cover crop residues into the soil has been shown to either increase or

decrease weed emergence depending on the amount and type of cover crop (Blum et al.

1997). The impact of cover crop residues on weed emergence is, therefore, dependent on
tillage system.

The objective of this study was to compare the effect of notill and conventional

planting systems with and without cover crops residues on the emergence of hairy

nightshade and Powell amaranth. Both weeds are economically significant summer

annual broadleaved weeds in irrigated row crops in the Pacific Northwest. Hairy

nightshade populations are expanding in maritime regions of the Pacific Northwest

because metolachior is used on many crops but fails to control hairy nightshade.

Nightshade berries are toxic and snap bean processors have a zero-tolerance for

nightshade berries in the finished product. Hairy nightshade has a seasonal periodicity of
germination and abundant emergence in tilled soil in the spring (Ogg and Dawson 1984;

Roberts and Bodrell 1983). Powell amaranth is another troublesome summer annual with

a likely seasonal periodicity of emergence and increased emergence after tillage (Ogg and



Dawson 1984). Triazine-resistance has developed in Powell amaranth, increasing

management difficulty in sweet corn (Eberlein et al. 1992; Suwanagul 1995).

MATERIALS AND METHODS

Two experiments were conducted on a Chehalis silty clay loam soil (fine-silty,

mixed, mesic Cumulic Ultic Haploxeroll) with naturally occurring populations of hairy

nightshade and Powell amaranth at the Oregon State University Vegetable Research

Farm near Corvallis, OR. The first experiment measured weed emergence in notill

planted (NTP) and conventionally planted (CP) sweet corn, with and without cereal cover

crops. The second experiment was conducted at three sites and compared the effect of
NTP and CP on weed emergence and measured the proportion of seed that emerged in

both planting systems.

Exp I. Planting system and cover crop effects on weed emergence

The experimental design was a strip-plot with cover crop treatments (3 small

grain cereals and 1 fallow treatment) imposed on whole plots and two tillage and planting

systems (NTP and CP) added as subplots in the spring by tilling half of each cover crop

plot. There were five replications. Covercrop whole plots were 12 by 11 m and planting

system subplots were 6 by 11 m and maintained in the same location throughout both

years of the study with the same tillage and cover crop practices for each plot.

Plots were disked twice, rototilled twice with a vertical tine tiller, and cover crops

drilled into main plots in late September 1994 and early October 1995 at 450 seeds/rn2

The cover crop drill (without seed) also was applied to the treatment without a cover crop

to create a soil surface and weed seed distribution similar to the cover crop plots. The

cover crop treatments provided unique growth habits and potential for dry matter

accumulation during the fallow season. Spring barley and spring oat cover crops

germinated and established a stand quickly in the fall. Winter cereal rye grew very slowly

in the fall and most of the cereal rye dry matter accumulated in March and April. The



spring barley died in February. The spring oat did not die and growth was sustained

throughout the season. Glyphosate (1.1 kg ai/ha) was applied to plots 4 to 6 weeks before

planting and again immediately after corn planting to kill all cover crop and weedy

vegetation. Cover crop residue was collected from a 0.4 m2 area in each plot just before

the glyphosate was applied, and dried at 45 C for 5 d and weighed.

Tillage treatments were added to the cover crop plots in the spring. The CP half of

each cover crop plot was disked to incorporate cover crop residue, and then tilled with a

vertical tine tiller before planting. The NTP half was not tilled in the spring and cover

crop residues remained on the soil surface.

Sweet corn was planted with a four-row cross-slot planter into the NTP and CP

plots on June 12 on 76 cm rows. The cross-slot planter is designed to plant through crop
residue with minimal soil disturbance (Saxton and Baker 1990). Emerged weeds were

counted at 4 weeks after planting (WAP) in two 1 m2 randomly selected areas in each

subplot that included the corn row. After counting, weeds were killed with atrazine (0.55

kg ailha) or removed by hand-hoeing to prevent seed production. Metaldehyde slug bait

(5.6 kg/ha) was applied both years to all plots to minimize slug damage to both corn and

weeds. Treatments were repeated in the second year at the same locations.

Exp. II. Planting system effrcts on the soil seedbank and weed emergence

The effect of NTP and CP systems on weed emergence was evaluated twice in

1997 and again in 2001 in three crops, snap beans, sweet corn, and winter processing

squash. While the three experiments were not strictly replicated (i.e. same crops planted

at all sites), the crops planted were incidental to weed emergence because the same
planter and level of soil disturbance was used to plant all three crops. Additionally,

herbicides were applied to subplots to simulate typical selection pressures that might be

used in the crop systems. Methods for each crop are as follows.

Sweet corn site. A rotational crop of snap beans was planted in the year preceding sweet

corn. The bean crop was flailed and incorporated into the soil and a cover crop of spring
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barley was planted in October 1996. The cover crop died in mid-winter and dry matter

(dried for 7 days at 40 C) averaged only 320 kg/ha when sweet corn was planted the
following spring. Glypho sate was applied in the spring at 1.12 kg/ha 4 to 6 weeks before

vegetables were planted to kill the remnants of the cover crop or weeds.

Tillage treatments were applied in the spring. The experimental design was a

strip-plot with tillage system whole plots of 8 by 36 m and weed management subplots of
8 by 12 m replicated 8 times. CP plots were disked to incorporate the cover crop residue,

then tilled with a vertical tine tiller twice and rolled to prepare a seedbed. NTP plots were

not tilled and cover crop or small grain residue from the previous year remained on the
surface. Sweet corn was planted on May 27, 1997 at approximately 69,000 seeds/ha with

a cross-slot no till planter into both CP and NTP plots with fertilizer banded next to the

row at 680 kg/ha (NPK analysis of 12, 29, and 10%). Metolachior, the most commonly

used herbicide in vegetable production in the region, was applied immediately after corn

planting to weed management subplots at 0, 1.12, and 2.24 kg ai/ha with 190 L/ha water.

Glyphosate (1.12 kg ai/ha) was tankmixed with all herbicide treatments to kill any

surviving cover crop or fallow weedy vegetation. The plots were irrigated within two

days of planting with 1.3 cm of water to incorporate the herbicides. Metaldehyde slug

bait (5.6 kg/ha) was applied to minimize slug damage to both crop and weeds.

Marketable sweet corn ears were hand-harvested from 5 m of row and graded according

to industry standards.

Snap bean site. Snap beans were planted following a crop of spring barley. The

experimental design was a strip-plot with tillage system whole plots of 8 by 36 m and

weed management subplots of 8 by 12 m replicated 8 times. CP plots were disked to

incorporate the barley residue, then tilled with a vertical tine tiller twice and rolled to

prepare a seedbed. NTP plots were not tilled and barley residue remained on the surface.

Snap beans were planted on June 10, 1997 at approximately 377,000 seeds/ha with

fertilizer banded next to the row at 470 kg/ha (NPK analysis of 12, 29, and 10%). A

tankmix of metolachior (0, 1.12, and or 2.24 kg ai/ha) and lactofen (0, 0.14, or 0.20 kg
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ailha) was applied immediately after snap bean planting to subplots with 190 L/ha H20.
The plots were irrigated within two days of planting with 1.3 cm of water to incorporate
the herbicides. Snap bean emergence was determined three weeks after planting (WAP)
in two 1 m sections ofrow in each plot. Emerged weed seedlings were counted at 4 WAP
from two randomly selected 1 m 2

areas in each subplot. Snap beans were hand-harvested

from 2.5 m of row and graded according to industry standards. Metaldehyde slug bait
(5.6 kg/ha) was applied to minimize slug damage to both crop and weeds.

Winter squash site. A cover crop of spring barley and common vetch was planted in early
October of 2000 to the entire field. Survival of the cover crop was very poor, but
remnants and surviving winter weeds were killed with glyphosate (1.1 kg ai/ha) in mid-
April. Tillage treatments were applied in the spring. The experimental design was a split-
plot with NTP and CP systems applied to whole plots with four replications. CP plots
were disked to incorporate the cover crop residue, then tilled with a vertical tine tiller
twice and rolled to prepare a seedbed. NTP plots were not tilled and barley residue

remained on the surface. Cover crop residues were insignificant when the winter squash

was planted. Winter squash seeds were planted with the cross-slot planter on May 29,

2001. Halosulfuron (3.6 g/ha, the maximum registered rate for this crop) was applied to
specified subplots of 15 by 6 m after planting. Emerged winter squash and weed

seedlings were counted at 4 WAP. Sethoxydim herbicide (0.46 kg ailha) was applied to

all plots to minimize grass interference with winter squash and aimual weeds. Winter
squash was harvested from 11.3 m2 in each plot.

Seedbank analysis. Three soil samples (10 cm in diameter by 3.8 cm in depth) were taken
from the corn and snap bean site before and after tillage in the spring. Seeds were
extracted from the soil using the elutriation method described by Malone (1967). The
number of intact and healthy seeds was determined by inspection using a dissecting scope
and compared with weed emergence in the field to establish the proportion of seeds that
emerged from each treatment.
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Data analysis

In the planting system and cover crop experiment, weed emergence was analyzed over

years with a strip-plot ANOVA where main effects of spring tillage system and cover

crops were fixed. Weed emergence data were square root transformed before analysis to

reduce heterogeneity of variance. Means are presented separately for each year because

main effects of tillage and cover crop were not consistent for both years. Tillage and

cover crop main effects were tested using appropriate error terms for a strip-plot design.

Means were separated using 95% confidence intervals of the least square means

generated by the PROC General Linear Model of SAS (2000). The variance components

were partitioned using the SAS VARCOMP procedure where all factors were considered

main effects.

In the primary tillage system and herbicide experiment, weed emergence was

analyzed over sites with a strip-plot ANOVA where fixed main effects were tillage and

herbicide rate. Main effects were tested with appropriate error terms for strip-plot

designs. Weed emergence, and seedbank counts were square root transformed before

analysis to reduce heterogeneity of variance. Means were separated using 95%

confidence intervals of the least square means generated by the PROC General Linear

Model of SAS (2000).

RESULTS AND DISCUSSION

Exp I: Planting System and Cover Crop Effects on Weed Emergence

NTP treatments without cover crops reduced hairy nightshade emergence from 47
to 7 in 1995 and from 27 to 6 seedlings/rn2 in 1996 compared to CP (Table 2.1). The

effect of NTP was slightly less on Powell amaranth, but reduced Powell amaranth

emergence from 79 to 21 seedlings/rn2 in 1995 and from 9 to 3 seedlings/rn2 in 1996.

The only cover crop treatment to reduce hairy nightshade emergence in CP corn

(compared to the treatment without a cover crop) was the rye treatment in 1996 with

5,470 kg residue/ha (Tables 2.1 and 2.2). The oat cover crop increased Powell amaranth
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emergence in the CP treatment in 1995, but was the only cover crop treatment to reduce
hairy nightshade emergence in NTP corn in either year. In general, the relationship
between weed emergence and cover crop dry matter means indicated that increasing

levels of cover crop residues in NTP corn reduced weed emergence. However, there was
no clear relationship between cover crop dry matter and emergence of either species in

the NTP treatments (R= -0.27 and -0.13 for hairy nightshade and Powell amaranth,
respectively) or CP treatments (R 0.10 and 0.27 for hairy nightshade and Powell

amaranth, respectively) when comparing the individual data points for weed emergence
and cover crop dry matter.

Table 2.1. Effect of tillage system and cover crop on hairy nightshade and Powell
amaranth emergence in sweet corn four weeks after planting. Treatments are arranged
from greatest to least amount ofcover crop dry matter.

Tillage Cover crop Weed emergence

1995

Hairy Powell Hairy Powell

nightshade amaranth nightshade amaranth

plants/rn2

NTpa Rye 0.0 c' 5 c 2 d 0.8 d
NTP Oat 0.Oc l5c 0.4e 2cd
NIP Barley 0.6 c 20 c 7 c 2 bed
NTP No cover crop 7 c 21 c 6 cd 3 bed

CP Rye 69 ab 80 ab 16 b 5 abc
CP Oat 73a 132a 2Oab 8ab
CP Barley 33 b 106 ab 25 a 5 abc
CP Nocovercrop 47ab 79b 27a 9a

a

Abbreviations: CP, conventional planting; NTP, Notill planting.
b
Values followed by the same letter in the same colunm do not differ (P = 0.05).
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Table 2.2. Cover crop and weed dry matter accumulation in spring just before cover
crops were killed with glyphosate (n = 5).

Cover crop

Cover crop

Spring 1995

Weed Total

Spring 1996

Cover crop Weed Total

kg dry matter/ha

Rye 6600 10 6610 5470 130 5600
Oat 6760 80 6840 4040 400 4440
Barley 5030 10 5040 2430 450 2880
Fallow 0 1820 1820 0 2080 2080
LSD (0.05) 1400 450 1400 1820 830 2650

Variance partitioning indicated that tillage level in the spring was far more

important than cover crop species in regulating emergence of hairy nightshade and

Powell amaranth in the cover crop and tillage studies of 1995-96 (Table 2.3). Tillage

system accounted for 58 to 63% and 64 to 51% of the variance for hairy nightshade and

Powell amaranth emergence, respectively, compared to the cover crop treatments that

accounted for less than 4% of the variability in emergence of both species.

Exp II: Planting system effects on the soil seedbank and weed emergence

NTP reduced hairy nightshade emergence in plots without herbicide from 3 to 0,

from 88 to 0.4, and from 199 to 7/rn2 in the sweet corn, snap bean, and squash sites,

respectively (Tables 2.4-2.6). NTP reduced Powell amaranth emergence from 31 to 3, 7
to 0.9, and 8 to 4 seedlings/rn2 in the sweet corn, snap bean, and squash crops,
respectively.

Weed seeds extracted from the soil at planting clarified the effect that spring

tillage had on weed seed density near the soil surface and ultimately weed emergence at
the sweet corn and snap bean site. Spring tillage in CP plots did not increase the
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abundance of hairy nightshade seeds near the soil surface in either the snap bean or sweet
corn planting, but did increase the amount of Powell amaranth seeds near the soil surface
at the snap bean site (Table 2.7).

Hairy nightshade emergence ranged from 0.6% (± 0.3 ) to 9.8% (± 5.1) of the
intact seeds in CP plots from the top 3.8 cm of soil in sweet corn and snap bean plots,
respectively, compared to 0% (± 0.3) to 0.1% (±4.6) of the seeds in the NTP plots in
sweet corn and snap beans, respectively. It is unclear why the percent emergence of hairy
nightshade was low in CP sweet corn (0.6%).

Table 2.3. F-statistic from ANOVA and variance partitioning for nightshade and
pigweed seedling emergence 4 weeks after planting from 1995 and 1996.

Effect 1995 1996

DF F-stat Variance F-stat Variance

% of total % of total
Hairy nightshade

Tillage 58b 234.8**** 63

Cover 4 0.9 0 3.2** 4
Tillage x cover crop 4 1.0 13 1.2 15
Error 3 4

Powell amaranth

Tillage 5.35 46 8.29** 51

Cover crop 4 0.29 0.7 0.39 3

Tillage x cover crop 4 0.68 10 0.46 13

Error 6 8
a

Significance levels: ****: P 0.001; ***: P0.01; ** P0.05; * P0.l.
b

Total variance estimate includes block, block x tillage, and block x cover crop effects.

'95% confidence intervals



Table 2.4. Effect of tillage system on weed emergence four weeks after planting in
sweet corn (n = 16).
Tillage system Metolachior Hairy nightshade Powell Total weeds

rate amaranth

kg/ha plants/rn2

NTpa 2.24 Ocb O.lc O.3e
NTP 1.12 Oc O.3c O.7e
NTP 0 Oc 3b 8b

CP 2.24 0.4c lbc 2d
CP 1.12 2b 3b 5c
CP 0 3a 31a 49a
a

Abbreviation: CP, conventional tillage; NIP, notill planting; WAP, weeks after planting.
bNumbers in the same column followed by the same letter do not differ statistically (P = 0.05).

Table 2.5. Effect of tillage system and herbicide level on weed emergence four weeks
after planting in snap beans (n = 16).
Tillage Metolachior and Hairy Powell Total weeds
systemb lactofen rate nightshade amaranth

kg ai/ha

NIpa 2.24 + 0.21 0.2 bb 0 c 0.8 c
NTP 1.12+0.14 Oh Oc O.6c
NTP 0 O.4b O.9b 3b

CP 2.24 + 0.21 0.1 b 0 c 0.3 c
CP 1.12 +0.14 O.8b O.2bc 2c
CP 0 88a 7a 102a

a

Abbreviation: CP, conventional tillage; NTP, notill planting; WAP, weeks after planting.
bNumbers in the same column followed by the same letter do not differ statistically (P = 0.05).
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Table 2.6. Effect of tillage system and halosulfuron rate on weed emergence in winter
squash (n = 8).
Tillage Halosulfuron Hairy Black Powell Barnyard- Total

system rate nightshade nightshade amaranth grass

g ha1 plants/rn2

NTPb 2.6 7bc 4b Oc O.5c 12c
NTP 0 7b 3b 4b l.4bc 25c

CP 2.6 162a 17a Ibe lOa 206b
CP 0 199a 24a 8a 4b 284a

a

Abbreviation: CP, conventional tillage; NTP, notill planting; WAP, weeks after planting.
b
Numbers in the same column followed by the same letter do not differ statistically (P = 0.05).

Table 2.7. Effect of tillage system on nurnber of weed seeds in the soil to 3.8 cm. Soil
samples were taken before spring tillage in CP and immediately after snap beans and
sweet corn were planted in both NTP and CP plots.
Tillage system: timing Hairy nightshade Powell amaranth

Sweet corn (n>2 1)

CP: before tillage a 927 a b
472 a a

CP: at crop planting 876 a 525 a

NTP: at crop planting 877 a 636 a

Snap beans (n>l8)

CP: before tillage 737 a 8t1

CP: at crop planting 1001 a 202 a

NTP: at crop planting 478 a 227 a
a

Abbreviations: CP, conventional planting; NTP, no-till planting.
b

Numbers in the same column within each crop followed by the same letter do not differ statistically (P

0.05).
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Powell amaranth emergence ranged from 6.5% (±1.5) to 4.9% (±1.8) in sweet

corn and snap beans, respectively, of the total number of intact seeds extracted from soil

samples 3.8 cm deep in the CP plots, contrasted with only 0.9% (±1.7) to 0.4% (±1.4)

emergence in the NTP plots in sweet corn and snap beans, respectively.

In Exp I and II, the percent reduction in emergence in NTP compared to CP

ranged from 77 to 99% for nightshade, and from 50 to 87% for Powell amaranth. Results

from comparable studies are variable. In simulated tillage experiments in pots, Roberts

and Bodrell (1983) found that a single tillage event in May increased hairy and black

nightshade emergence by more than 90%, consistent with the increase noted in our

experiments. However, Ogg and Dawson (1984) found no difference in hairy nightshade

emergence in tilled and untitled plots in a study that was conducted on a fumigated fine

sandy loam soil.

Reports of planting system effects on Powell amaranth emergence are sparse, but

comparative studies of Powell amaranth and redroot pigweed indicate similar behavior in

agricultural systems (Oryokot et al. 1997a). Ogg and Dawson (1984) found 6 times more

redroot pigweed emerged in tilled than untilled plots. Muhiegeta and Stoltenberg (1997)

recorded a 3 to 6 fold increase in pigweed emergence associated with shallow tillage soil

disturbance in no-tillage corn. Shilling et al. (1986) found a 35% decrease in redroot

pigweed control when the soil was tilled in the spring.

The effect of NTP on summer annual weed emergence in this study appears to

contradict reports where summer annual broadleaf weed emergence was greater in

conservation or notillage systems (Buhler 1992; Mohier and Calloway 1992; Oryokot et

al. 1997b; Teasdale et al. 1991). In some cases, the discrepancies were caused by non-

uniform vertical distribution of seeds before tillage in the spring or a result of spring

tillage. Weed seeds are seldom uniformly distributed in the soil unless tillage implements

are used that evenly distributes seeds. Modeling of weed populations in various tillage

systems predicts that weed seeds will accumulate near the soil surface in NT, and because

a greater proportion of seeds are located near the soil surface, NT will appear to have

greater weed emergence. This occurs even though weed density in the soil profile may be
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comparable to other tillage plots and the fraction of weeds that emerges is less (Mohler

and Galford 1997). In some cases, tillage intensity during fall cover crop planting in NT

has been sufficient to redistribute seeds, but this is probably the exception. Froud-

Williams et al. (1984) predicted that summer annual weed emergence would decrease in

NT because the periodicity of germination does not coincide with the establishment phase

of autumn sown cover crops, provided that soil disturbance during cover crop planting in
the fall is sufficient to prevent weed seeds from aggregating near the soil surface. In

another example, NT had nearly double the number of pigweed seedlings than CP,

probably because the methods used to keep the plots weed free in the setup year may

have partially depleted the seedbank in CP (Mohler and Calloway 1992).

Cover crops had a surprisingly small effect on broadleaf weed emergence in this

study given the many reports to the contrary of the past two decades (e.g. Barnes and

Putnam 1983; Blum et al. 1997; Boydston and Hang 1995; Creamer et al. 1996; Teasdale

and Mohler 1992 and 1993). This may simply be due to the relative importance of other

factors in this study that overwhelmed the cover crop effect. There was only a slight

indication that cover residues suppressed weed emergence, even with cereal rye and oat

dry matter exceeding 6000 kg/ha in 1995. The level of residue in the barley treatment

allowed acceptable corn establishment in 1995 and 1996. Wheeler cereal rye is touted for

its weed suppressing ability through allelopathic mechanisms (Barnes and Putnam 1983),

yet it did not reduce emergence of hairy nightshade and Powell amaranth compared to the

other cover crops with similar dry matter production. In CP treatments, Wheeler rye only
reduced nightshade emergence in 1996 compared to treatments without cover crops.

Blum et al. (1997) speculated that incorporating residues into the soil dilutes the

allelochemical zone of inhibition while increasing the number of suitable germination

sites.

Herbicides applied at three levels in corn and snap beans and two levels in squash

to the NTP and CP plots allowed us to compare the suppressive effect of NTP on weed

emergence with the efficacy of commonly used herbicides. The herbicide treatments were
not identical at the sweet corn, snap bean, or squash sites, but the data are included
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because the herbicide treatments illustrate the suppression potential of NTP compared to

weed control with herbicides. The herbicide rates used in both crops represent typical

ranges of broadleaf weed control intensity used in these crops in the region. Hairy

nightshade and Powell amaranth emergence in NTP treatments without herbicide in all

three crops was similar to emergence in CP treatments with the low rate of soil-applied

herbicide (Tables 3.4-6).

The practicality of using NTP as a weed management strategy in irrigated row

crops depends on many factors, including effects on crop emergence, impact of NTP on

other weed species, and the fate of weed seeds that do not emerge in NTP crops. Crop

emergence was statistically similar in NTP and CP sweet corn (49,000/ha in NIP

compared to 43,000/ha in CP, P = 0.75), snap beans (249,000 seedlings/ha in NTP

compared to 240, 000/ha in CP, P = 0.53), and squash (14,900 seedlings/ha in NTP

compared to 14,300 in CP, P=0.60). However, crop seed planting depth was less uniform

in CP than in NTP treatments because the cross slot planter did not operate as well in

tilled soil. NIP reduced corn yields from 19,200 to 17,600 kg/ha and snap bean yield

from 22,400 to 20,700 kg/ha in subplots with the high herbicide rates, and yield was

probably not influenced by weed competition. At the squash site, NIP increased squash

yield from 33,200 kg/ha to 49,400 kg/ha even when the high rate of herbicide was

applied, but this was simply due to the poor efficacy of halosulfuron in controlling hairy
nightshade and the abundant emergence of the same weed in the CP plots.

Emergence of wind-dispersed annuals such as sow thistle and common groundsel

appeared to increase in NIP. However, populations of these species were too low to
include in the analysis. Annual grasses are expected to thrive in NIP, based on studies

that found higher populations in NI (Wrucke and Arnold 1985). However, we did not

observe increased annual grasses in NTP treatments, although populations were limited to

barnyardgrass and numbers were too low to include in the analysis.

A third factor influencing the practical use of NIP to manage weed emergence is

the impact of herbicides on seed mortality in NIP plots. At the outset, the fact that NIP
reduced weed emergence in these experiments compared to CP in comparable herbicide
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treatments would appear beneficial. However, this appraisal ignores a major difference in
the emergence reduction between these two tillage systems that ultimately could affect

the success of the system. Tillage in CP treatments increased seed germination and

reduced the number of seeds in the seedbank. NTP treatments likely retained viable seeds
in the soil, with seasonal attrition removing an unknown quantity of seeds from the

seedbank. The long-term outcome of using NTP as a management strategy depends on

the balance of seed production and attrition from the seedbank, factors not accounted for
in these experiments but that are currently under investigation.

The effect of soil disturbance on emergence of summer annual broadleaf weeds

during times of optimal emergence potential is well documented and often used in stale

seedbed systems to deplete soil seedbanks. The strategy of eliminating tillage during

optimal times of emergence to prevent emergence of these species in crop production

systems has received less attention. A lack of a response to tillage stimuli in summer

annuals such as hairy nightshade and Powell amaranth is generally perceived as negative
because this adaptation creates persistent seedbanks. Few have attempted to use this
intrinsic characteristic of many ruderal species as a weed management practice. These

experiments suggest that elimination of primary tillage will consistently reduce

emergence of important summer annuals in irrigated row crops compared to emergence

expected in CP, assuming soil disturbance during crop planting can be sufficiently

minimized and weeds seeds are not concentrated at the soil surface. The cause of reduced

weed emergence in NTP is likely due to the lack of germination stimulants that reduces

the fraction of seed that germinates. Other causes could be soil crusting, a restricted

emergence zone (also related to crusting), greater soil resistance to emergence, and
slightly lower survival of weed seeds near the soil surface. Whether this effect is

consistent across many soil types and winter environments is unknown. Cover crops are
expected to have a relatively small impact on emergence of these two summer annuals,

whether used in CP or NTP.
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CHAPTER 3

Effect of Spring Tillage Sequence on Summer Annual Weeds in
Vegetable Row Crops

R. Edward Peachey, Carol Mallory Smith, and R. D. William

ABSTRACT

The effect of spring tillage sequence on summer annual weed populations was

evaluated over two cycles of a three year crop rotation of snap beans, sweet corn, and

winter wheat. Continuous notill (NT) planting of vegetable crops each year significantly

reduced summer annual weed density by 48 to 79% at two sites and three weed

management levels after two full crop rotation cycles compared to continuous

conventional tillage (CT). The cumulative effects of these two tillage sequences on weed

density were similar at the two sites, even though the crop rotations at the two sites began

with different crops. Rotational tillage sequences reduced summer annual density if the

shorter season crop of snap beans was paired with CT or sweet corn was paired with NT.

The rotational tillage sequence of CT snap beans and NT sweet corn reduced summer

annual weed density by 46 and 67% at two sites compared to continuous CT; the

sequence of NT snap beans and CT sweet corn increased weed density 31% and 32% at

two sites. The hairy nightshade population at both sites was particularly susceptible to

reductions in tillage frequency, and decreased by 83 to 90% if NT was paired with the

long season crop of corn. Lambsquarter was present at only one site but followed trends

similar to hairy nightshade. Powell amaranth and barnyardgrass populations were less

influenced by reductions in tillage frequency. Lower populations of summer annual

weeds, including hairy nightshade, caused crop yields to improve in some situations,

particularly when herbicide selection pressure was low. Crop yields were compromised in

NT, probably due to poor crop seed to soil contact and greater pest populations in some

years.
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Nomenclature: Glyphosate; lactofen; metolachior; barnyardgrass, Echinochloa crus-

galli L. Beauv ECHCG; common lambsquarters, Chenopodium album L. CHEAL; hairy

nightshade, Solanum sarrachoides Sendtner SOLSA; Powell amaranth, Amaranthus

powellii S. Wats AMAPO; spring barley, Hordeum vulgare L. 'Micah'; snap beans,

Phaseolus vulgaris L. 'OR91G'; sweet corn Zea mays L.'Golden Jubilee'.

Additional index words: Conventional tillage, crop rotation, direct-seeding, notill,
rotational tillage, seedbarik, seedling recruitment, weed density.

Abbreviations: CT: conventional tillage and planting; HL: herbicide level; NT: notill
planting or direct-seeding; TS: tillage sequence; WAP: weeks after planting.

INTRODUCTION

The choice of tillage system over the span of a crop rotation can cause changes in

the composition and abundance of weed species in agricultural systems (Froud-Williams

1983; Froud-Williams 1988; Ball and Miller 1993). Some studies have shown that

summer annual weeds proliferate in conservation and zero tillage (ZT), while other

studies have shown no effect or a decrease in density. Redroot pigweed density was

greater in NT (Buhier 1992; Oryokot, Murphy, and Swanton 1997) and chisel plow corn
(Buhier and Oplinger 1990), while common lambsquarter was unaffected by tillage

system (Buhier and Oplinger 1990). Vencill and Banks (1994) noted that smooth
pigweed began to dominate other weed populations after four years in both NT and CT
grain sorghum, although increased herbicide inputs greatly diminished the difference in

weed density between tillage systems. In contrast, Tuesca et al. (2001) found that summer
annual dicot populations were higher in CT than ZT soybeans. Derksen et al. (1993) also

reported that summer annual dicots were more common in CT, but with exceptions, as

experiment location and year were sometimes more important variables than tillage

system in determining changes in weed communities. They also reported that there was

no direct link between ZT and summer annual grass density.
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Rotational tillage systems use alternating patterns of tillage within a cropping

system to improve crop production. Sub-soiling (deep tillage) on an intermittent basis

was used to improve yield in direct-planted corn (Pierce 1992). In another example, a

rotational tillage system was used to control both soil erosion and traffic induced

compaction on a loamy sand (Sommer 1992). Rotational tillage effects on weed

populations have received very little attention, but could be used to reduce populations of

troublesome species. Mohler (1993) developed a model to predict weed density in

different tillage systems, and based on model outputs, suggested the use of rotational

tillage to bury seeds in alternating years to recover good weed control following high

weed seed production.

The sequence of tillage events within a crop rotation often goes unrecognized as a

rotational component, but like crop rotations may reduce weed and other pests in annual

cropping systems if managed properly. Crop rotations provide an unstable environment

for weeds by changing temporal patterns of resource competition, allelopathic

interference, soil disturbance, mechanical damage, chemical interference (herbicides),

and possibly fertility dynamics in rotation sequences (Liebman and Dyck 1993). Crop

rotations thus disrupt weed growth and development and prevent domination by a few

species (Froud-Williams 1988). Likewise, cropping systems that alternate between high

and low disturbance levels each spring may interrupt the development of weed

populations that are adapted to either high or low disturbance systems.

Spring soil disturbance is important for successful germination and establishment

of many summer annual broadleaf weeds and usually produces a concentrated emergence
early in the season (Chancellor 1964; Shilling et al. 1986; Teasdale and Mohier 1993),

even when accounting for the effect of seed redistribution in the surface profile during

tillage (Mohier and Galford 1997). This effect may be due to a variety of mechanisms

that include stimulation of germination by light during tillage (Botto et al. 1988), changes

in soil moisture retention (Martinez-Ghersa et al. 1997), nitrate fluxes in the soil (Fawcett

and Slife 1978), and reduced mechanical resistance of the soil after tillage (Morton and
Buchele 1960). Populations of summer annuals have been shown to increase in systems
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without tillage, however. This inconsistency may be due to the accumulation of weed

seeds over time near the soil surface in ZT cropping systems. Tillage systems that

concentrate weed seeds near the soil surface, as typically occurs in ZT or NT, may
exhibit relatively high weed emergence compared to systems that do not accumulate

seeds at the surface, even though the proportion of seeds emerging from the seedbank

may be less in NT than CT (Mohier 1993).

Recruitment of summer annual weeds can be dramatically reduced by eliminating

primary tillage in irrigated row crops in the Pacific Northwest (Peachey et al. 2003).

While the impact of spring tillage on summer annual weed populations has been shown to

both increase and decrease summer annual weed populations, the effect of alternating

spring soil disturbance or tillage levels within a crop rotation has not been studied. The

fate of summer annual weed populations is of particular interest in many vegetable row

crops because of the limited number of herbicides or other practices available to control

weeds. Hairy nightshade (Solanum sarrachoides Sendtner) is a troublesome broadleaf

summer annual weed that is well adapted to disturbed agricultural systems and emerges

abundantly when soil is tilled in spring (Ogg and Dawson 1984). The nightshades are

particularly troublesome in snap bean production because the berries are toxic and

canneries do not tolerate contamination of the final product with nightshade berries.

Therefore, weed control programs rely extensively on herbicides to control hairy

nightshade. Hairy nightshade, unlike black nightshade, is typically low growing and

difficult to detect in snap bean plantings.

Fluctuational and directional changes in weed populations have been studied in

both conservation tillage and CT systems (Swanton et al. 1993). Generally, the focus has

been weed emergence patterns and seedbank dynamics, comparing notill, ZT, or other

conservation tillage practices with CT systems within a given crop rotation (Mulegeta

and Stoltenberg 1997; Schreiber 1992). Less effort has been directed at managing weed

populations by imposing diverse and designed tillage sequences to crop rotations. The

objective of this study was to measure the effects of reduced spring tillage on summer

annual weed populations in an irrigated vegetable crop rotation, including the effects of



spring tillage sequences that alternate between NT and CT, and to evaluate the

practicality of using these tillage sequence strategies in crop production systems.

MATERIALS AND METHODS

Experiments were conducted at two sites from 1997 to 2003 on a Chehalis silt

loam soil (fine-silty, mixed, mesic Cumulic Ultic Haploxeroll) at the Agriculture

Experiment Station near Corvallis, OR containing high populations ofsummer annual

broadleaved weeds. Soil textural classes averaged 20, 55, and 25% sand, silt and clay,

respectively.

The experimental design was a split-plot (split block) with four tillage sequence

treatments assigned randomly to 8.4 by 36 m plots within four blocks, and three weed

management levels applied perpendicular to the tillage sequence treatments (8.4 by 12

m). Tillage sequence treatments were constructed from the four sequences possible with

two tillage systems and two crops (Table 3.1). The two tillage systems were notill (NT)

and conventional tillage (CT). Crops were either notill planted in the spring without soil

tillage (NT) or conventionally planted in the spring after the soil was tilled (CT). In CT

plots, the soil was disked twice with a 60 cm disk and rototilled twice with a vertical tine

tiller to prepare a seedbed before planting the crops. NT crops were planted into dead

spring barley cover crop residue or residue of the previous winter wheat crop. The

resulting tillage sequence treatments included conventional planting in all years (CCCC),

notill planting each year (NNNN), or alternating CT and NT for the four years (CNCN

and NCNC). The latter two tillage sequence treatments are hereafter labeled as tillage

rotational sequences (Table 3.1). Three weed management levels were imposed on the

subplots by applying herbicides at low (L), medium (M), and high (H) rates. The crop

rotation at the West site was snap beans, sweet corn, winter wheat, snap beans and sweet

corn. The crop rotation at the East site followed the same sequence but began with sweet

corn, winter wheat, snap beans, sweet corn, winter wheat and snap beans (Table 3.2). Fall

tillage was the same for all plots. Plots were disked two times with a 60 cm disk and

tilled twice with a vertical tine tiller to prepare a seedbed before planting of cover crops
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Table 3.1. Abbreviation and definition of spring tillage sequence treatments applied to
two sites.

Abbrev. for tillage Tillage sequence by year a

sequence treatments

Year 4 Year 5-7 1 2 4 5

CCC CCCC CTb CT CT CT

CNC CNCN CT NTC CT NT

NCN NCNC NT CT NT CT

NNNN NT NT NT NT
a
Year 3 of rotation was winter wheat; tillage was the same in all tillage systems treatments during the

wheat crop.
b CT: conventionally tilled in spring.

and winter wheat. Glyphosate (1.1 kg/ha) was applied in March or April of each year to

kill the spring barley cover crop just as it began to boot, or to kill winter weeds and

volunteer wheat that emerged through the wheat crop residue.

Snap beans were planted with a fourrow cross slot planter on 75 cm rows at

approximately 377,000 seeds/ha with fertilizer banded next to the row at 470 kg/ha (NPK

analysis of 12, 29, and 10%). Sweet corn was planted at approximately 69,000 seeds/ha

with a cross-slot no till planter with fertilizer banded next to the row at 680 kg/ha (NPK

analysis of 12, 29, and 10%). CT snap beans and sweet corn were planted into soil that

was disked two times with a 60 cm disk and tilled twice with a vertical tine tiller one to

two days before planting. NT snap beans were planted without spring soil tillage into

remaining straw residue of the previous wheat crop. NT sweet corn was planted directly

into residue of the previous cover crop that had been killed with glyphosate.

Three herbicide levels were applied to subplots of the tillage sequence treatments

by applying herbicides at low (L), medium (M), and high (H) rates. A tankmix of

metolachior (0, 1.12, or 2.24 kg ai/ha), lactofen (0, 0.14, or 0.20 kg ai/ha), and glyphosate

(1.12 kg ae/ha) was applied with 190 L/ha ofwater within two days after snap bean
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planting to herbicide level subplots. Only metolachior (0, 1.12, or 2.24 kg ailha) and

glypho sate (1 .12 kg ae/ha) were applied to sweet corn subplots. Lactofen in not labeled

for use in sweet corn. Both snap bean and sweet corn plots were irrigated within 1 to 3

days after planting with 1.3 cm of water to incorporate the herbicides.

Metaldehyde slug bait (5.6 kg/ha) was applied to minimize slug damage to crops

and weeds. Urea fertilizer (110 kg N/ha) was side-dressed in the sweet corn at crop

canopy closure.

Marketable sweet corn ears were hand-harvested from 5 m of row in each plot and

unhusked weights reported. Snap beans were hand-harvested from 2.5 m of row in each

plot and mechanically sorted to determine sieve size and grade.

Tillage sequence effects on weed populations were evaluated after one full crop

rotation cycle (Year 4), again during the fourth vegetable crop in the rotation (Year 5 or

6), and again after the experiment was completed. At the first evaluation in Year 4 (I),

variables measured were density of all species at 4 to 5 weeks after the crops were

planted, the number of seeds of the two most abundant species at both sites (hairy

nightshade and Powell amaranth) in the top 4 cm of soil, weed dry matter yields when

crops were harvested, and crop yields. At the second evaluation in Year 5 or 6 (II), weed

density, weed dry matter, and crop yields were measured. The final evaluation (III) was

made the year after each site had gone through two complete rotation cycles (Year 6 or

7).

Weed emergence was recorded by species at 4-5 WAP from two 1 m2 areas in the

center of each plot. Weed dry matter was collected by species after crop harvest from two
1 m2 areas in each plot and dried for 2 weeks at 45 C.



Table 3.2. Crop rotation sequence, and planting and evaluation dates for the two sites.

ii 2

1Crop Winter
Sweet corn wheat Wheat cro

date 27-May 21-Oct

Icrop

Planting date

Barley Winter
ap beans cover crop Sweet corn wheat
12-Jun 24-Sep 5-Jun 22-Oct

Year of crop rotation

3 4 5

Barley Winter
nap beans cover crop Sweet corn wheat Wheat crop
26-May 22-Sep 31-May 21-Oct

Wheat

6 7

Final tillage and
Snap beans evaluation

26-May (June - July)

Barley Final tillage and
ap beans cover crop Sweet corn evaluation
19-Jun 15-Oct 31-May (June - July)
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Seed density in the soil was measured for the two most abundant species after one

complete crop rotation cycle. The hairy nightshade and Powell amaranth seedbanks were

evaluated by extracting 3 soil cores in each herbicide level subplot that were 4 cm deep

by 10 cm in diameter. Soil cores were taken before spring tillage and again after

vegetable crop planting. The cores were refrigerated until seeds were extracted. Seeds

were extracted using the procedure described by Malone (1967) and viability estimated

by examining the condition of the endosperm (Sawma and Mohier 2002). Seed density

measurements were essential for interpreting weed population trends at the midpoint

between the two crop rotation cycles because spring tillage dramatically increased

seedling recruitment in CT compared to NT. Comparisons of weed density in tillage

sequence treatments during the two crop rotation cycles were only valid for treatments

that had the same spring tillage because of the large influence that spring tillage level had

on seedling recruitment. Hairy nightshade recruitment ranged from 4 (CT95 2,13) to 16%

(Cl95 6, 27) of the seedbank in CT but from 0 (Cl95 -11, 10) to 0.45% (CT95 -9, 9) of the

seeds in NT. The seedbank data allowed comparisons of all tillage sequence treatment

effects after one crop rotation cycle. Seedbank estimates were not needed at the final

evaluation in Year 6 or 7 because all experimental units received the same spring tillage

treatment.

Measurements of tillage sequence effects on root disease, soil resistance, and

extra-cellular enzyme activity were taken one year after the second corn crop at each site

from plots with the H herbicide rate. Soil from the West site was collected in Year 6 and

stored in plastic bags until soil was collected from the East site in Year 7. The soil was

placed in 25 cm tall by 4 cm diameter soil tubes and two seeds of Jubilee corn planted in

each tube. One seedling was removed after emergence. Corn was grown under shade

cloth until approximately 50 cm tall, then removed from the tubes and the roots washed

and evaluated. Roots were scored on a 0 to 4 scale for lesions on the radicle and other

roots (Hoinaki et al. 2004). To further examine the potential effects of tillage sequence on

root rot potential, Jubilee sweet corn (root rot susceptible variety) was planted at the East

site in Year 7 as an assay. Roots were dug from each plot at the V6 growth stage and
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again at tasseling, washed, and the number of lesions on the radicle and other roots

evaluated.

Soil penetrometer readings and measures of extra-cellular enzyme activity were

taken to determine the impact of tillage sequence on soil quality in Year 6 at the West site

following the corn crop. The soil penetrometer was inserted into the soil to a depth of 25

cm, and the maximum reading recorded. Soil enzyme activity was quantified by

compositing ten soils samples from each H herbicide plots. Extra-cellular enzyme activity

was determined using the procedure described by Ndiaye et al. (2000).

Data from the two sites are presented separately because analysis of variance

indicated significant differences of tillage sequence and herbicide level on weed

emergence and weed seed density for most variables. Emergence and seedbank data were

square root transformed and yield and weed biomass data log-transformed before analysis

to reduce heterogeneity of variance. Back-transformed data are presented in tables.

Analysis of variance was completed with PROC Mixed (SAS, 2000) using a linear model

for strip-plot experiments where tillage sequence and herbicide level were fixed main

effects and block, block by tillage sequence, block by herbicide, and block by tillage

sequence by herbicide were random effects. Main effects of tillage sequence were tested
with the block by tillage sequence error term; main effects of herbicide level were tested
with the block by herbicide level error term. Main effect means were separated unless the

ANOVA term for the interaction of tillage sequence by herbicide level was strong

(P<0.05). Means were separated with 95% confidence intervals of the least-squares

means generated by SAS. Preplanned comparisons were tillage sequence treatments

within each herbicide level.
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RESULTS AND DISCUSSION

I. Results in Year 4 of crop rotation

Effect of tillage sequence on weed density. Data from the two sites were not pooled for

the species present because the effects of tillage sequence and herbicide level on weed

density differed at the two sites (Table 3.3). Summer annual weeds comprised 98% of

the weeds present at both sites in Year 4 of the study. Weed density after the first crop

rotation cycle (Year 4) indicated that elimination of spring tillage in one year

significantly reduced summer annual weed density, consistent with our hypothesis. The

rotational tillage sequence of CNC reduced summer annual weed density from 1060/rn2

in CCC to 580/rn2 at the East site, and from 1390/rn2 in CCC to 1100/rn2 at the West site

compared to CCC after one crop rotation cycle when the L rate of soil herbicide was

applied (Table 3.4). In plots with the M herbicide rate, CNC reduced weed density from

130/rn2 in CCC to 42/rn2 at the East site, and from 84/rn2 in CCC to 4/m2 at the West site

compared to CCC. No difference in weed density was detected among tillage sequence

treatments at the H rate of herbicide at either site.

Table 3.3. ANOVA F and significance values for site (S), tillage sequence (TS), and
herbicide level (HL) effect on weed density in Year 4 of the crop rotation.

Effect Total weed
density

Hairy
nightshade

Powell
amaranth

Lambs-
quarters

Barnyard-
grass

F-value and significance

Site 2 NSa
8 26 39 0.3 NS

TS 13 20 5 NS
0.5 NS

ilL 378 286 90 5 11.0
TS X HL 17 36 4 2 NS

0.6 NS

Site x TS 1
NS

6 5 12 07 NS

Site x HL 10 6
**

25 8 0.2 NS

Site x TS x HL 3 2 NS 6 2 NS 0.8 NS

aNS >0.05; '1', <0.05: <0.01: ***, <0.001
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No differences in weed density were detected between NCN and NNN tillage

sequences at the East site at the three rates of herbicide, even though numerical averages

were greater in NCN at the L and M herbicide rates. The Rotational tillage sequence of

NCN increased weed density from 110/rn2 in NNN to 370/rn2 at the West site at the L rate

of herbicide, but had not effect on we.ed density at the M and H herbicide rates.

Hairy nightshade and Powell amaranth were abundant at both sites, contributing

approximately 34 and 61%, respectively, of the total population in CCC with the L rate of

herbicide. Common lambsquarters was present at only the East site, but contributed

nearly 31% of the total population in CCC at the L herbicide rate. Bamyardgrass was

present at both sites in plots without herbicides but nearly absent in the M and H

herbicide treatments.

Hairy nightshade density was greater at the West site than the East site. Tillage

sequence and herbicide level effects on hairy nightshade density were not consistent at

the two sites and data are presented separately (Table 3.3). There was no difference in

hairy nightshade density between CNC and CCC treatments at the East site at any of the

herbicide levels, probably because of direct competition from the other species. At the

West site, which had a higher population of hairy nightshade, the tillage sequence of

CNC reduced hairy nightshade density from 420, 38 and 18/rn2 in the CCC treatment to

250, 2, and 1/rn2 at respective L, M and H herbicide levels. No difference was detected in

hairy nightshade density between NCN and NNN tillage sequences at either site at all

herbicide levels. Hairy nightshade density in CNC at the West site was equivalent to the

density recorded in the NCN and NNN tillage sequences at corresponding M and H

herbicide rates, indicating that spring tillage is a very important factor regulating hairy

nightshade density.

Powell amaranth density differed between the two sites, with an interaction

between the effects of tillage sequence and herbicide level on Powell amaranth density

(Table 3.3). The tillage sequence of CNC reduced Powell amaranth density from 320/rn2

in CCC to 190/rn2 at the East site after one crop rotation cycle when the L rate of soil

herbicide was applied (Table 3.4). No differences in Powell amaranth density were
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detected between CCC and CNC treatments at the M and H herbicide levels at the East

site or at the West site at any of the herbicide levels. The tillage rotational sequence of
NCN increased Powell amaranth density from 90/rn2 in NNN to 170/rn2 and from 70 to
340/rn2 at the L rate of herbicide at the East and West sites, respectively.

Common lambsquarters was only present at the East site. The tillage sequence of

CNC at the L herbicide level reduced common lambsquarters density from 220 to 80/rn2

and from 80/rn2 to 12/rn2 at the M herbicide level. The tillage sequence of NCN did not

significantly increase common lambsquarter density at the three herbicide level

treatments.

Barnyardgrass density at the West site was reduced from 55/rn2 in the CCC
treatment to 5/rn2 in CNC at the L rate of herbicide. No differences in barnyardgrass

density were detected at the East site at the three herbicide levels, or between the NCN

and NNN tillage systems at either site at the three herbicide levels.

Tillage sequence effects on seed density. Hairy nightshade seed density within 4 cm of
the soil surface was more than 10 times greater at the West site than the East site after

crop planting in Year 4 of the crop rotation when averaged across all treatments (F1,240 =

201, P <0.0001).

Hairy nightshade seed density at the East site was reduced from 490/rn2 in CCC to
110/rn2 in NNN at the L rate of herbicide. The rotational tillage sequence of CNC did not
reduce hairy nightshade seed density compared to CCC at the three herbicide levels.

NCN increased hairy nightshade seed density from 110 to 670 and from 220 to 560

seeds/rn2 compared to NNN at the L and M herbicide rates, respectively, but did not
increase seed density at the H herbicide rate.

At the West site, which had the most hairy nightshade seeds, tillage sequence

main effects were statistically more important than herbicide level, and effects of tillage

sequence were consistent across herbicide level (Table 3.5). NNN and CNC reduced
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average seed density in the surface layer of soil from 9,200/rn2 in CCC to 2480 and 3240

seeds/rn2, respectively. NCN did not reduce hairy nightshade seed density.

Powell amaranth seedbank density did not differ significantly between sites.

However, the effect of herbicide level on seedbank density was inconsistent among the

tillage systems, and sites were again considered separately (F6,240 = 2.4, P = 0.02). At the

East site, NCN and NNN reduced seedbank density from 19,760 seeds/rn2 in CCC to

10,160 and 3,280 seeds/rn2, respectively at the L rate of herbicide. At the M rate of

herbicide, NCN and NNN reduced seedbank density from 5200 seed/rn2 in CCC to 1,570

and 1,260 seeds/rn2, respectively. No differences in Powell amaranth seedbank density

were detected among tillage sequence treatments at the H herbicide rate.

At the West site, main effects of tillage sequence were statistically more important

than herbicide level, and the effects were consistent across the three herbicide level. CNC

and NNN reduced Powell amaranth seed density from 8,510/rn2 in CCC to 2,630 and

1,830 seeds/rn2, respectively.

Weed dry matter and cropyields. Weed dry matter in Year 4 of the crop rotation differed

at the two sites (F1,34 = 55, P <0.0001). At the East site, main effects of tillage sequence

and herbicide level accounted for much of the variability in the weed dry matter data,

with consistent herbicide effects on dry matter yield among the four tillage sequence

treatments (Table 3.6). Increasing the herbicide rate reduced average weed dry matter

from 10,460 kg/ha in the L herbicide treatments to 380 kg/ha in plots with the H herbicide

rate. There was no difference in dry matter yield between CNC and CCC. NNN reduced

average weed dry matter accumulation from 3,260 kg/ha in CCC to 700 kg/ha.

At the West site, the primary factor influencing dry matter was herbicide level

with a moderate indication (P=0.07) that the herbicide level effects were inconsistent

among the four tillage sequences (Table 3.6.). Weed dry matter dropped from 2,350

kg/ha at the L rate of herbicide to 400 and 150 kg/ha at the M and H herbicide rates,

respectively.



Sweet corn yield at the East site in the fourth year of the rotation was influenced

by tillage sequence, herbicide level, and weed dry matter. Corn yield was less in tillage

sequence treatments that were tilled in the spring (CCC and CNC) than those that were

notill planted (NCN and NNN) due to the significant reduction in weed dry matter in NT

treatments (Table 3.7). Snap bean yield at the West site was primarily determined by

herbicide level (F=l 89), although there was a significant interaction (P=0.02) between

tillage sequence and herbicide level on bean yield (Table 3.8). Snap bean yield was not

influenced by tillage sequence at the M and H herbicide levels, but increased from 3,000

kg/ha in CCC to 5,500 kg/ha in CNC at the L herbicide level. Weed dry matter was a

significant factor determining yield at the L rate of herbicide (P<0.000l).

Elimination of spring tillage in one year of a three year crop sequence (CNC)

reduced summer annual weed density by 36 and 64% at the East site at the L and M

herbicide rates, respectively, and 21 and 93% at the West site at L and M herbicide rates,

respectively, compared to CCC. Hairy nightshade density was reduced by the CNC

tillage rotation at only the West site, likely caused by the abundance of Powell amaranth

and common lambsquarters at the East site that may have limited hairy nightshade

growth and seed production. Seedbank data supported these findings, but also

demonstrated the significant reduction in sunmier annual weed populations when spring

tillage was eliminated for two consecutive years (NNN vs CCC). Additionally, the

seedbank data demonstrated that the rotational tillage sequences of CNC and NCN were

differentially influencing the summer annual weed population. However, even with

substantial reductions in weed density, CNC only improved crop yield at the L herbicide

rate. The rotational tillage sequence of CNC had no effect on corn yield, but did increase

bean yield slightly at the L herbicide rate, albeit insignificant when considering bean

yield at the M and H herbicide levels.



Table 3.4. Effect of tillage sequence and herbicide level on weed density in Year 4 of the crop rotation.

Total summer annuals Hairy nightshade Powell amaranth Lambsquarters BamyardgrassTillage
Lb M H L M H L M H L M H L M HSne sequence

weeds/m2
CCC l,060ac I3Ocd I7de 130a I4cd 2de 320a 7d 0.9d 220a SOb 12c 33a Ob Ob
CNC 580b 42e llde 130a 19c Scde l9Ob 4d l.3d 80b 12c 6c 43a Ob Ob
NCN 200c 4e le Ic le 0,4e 170b 2d 0.4d 8c Ic Oc 16a 0.7b Ob

- NNN l4Ocd Ic le Oe Oe 0.3e 90c Id O.3d Oc Oc Oc 42a Ob Ob

ANOVA
TS 0.001 0.0142 0.315 0.1151 0.93HL 0.0001 0.003 0.000 0.0436 0,09TS xHL 0.0001 0.0003 0.022 0.002 0.94

CCC 1,390a 84d 17e 420a 38c 18c 770a 16d Old - - - 54a Ob ObCNC 1,lOOb 4e 2e 250b 2d id 730a Id Old - - - 5b 0.lb Ob
NCN 370c 4e 2e 4cd Id Id 340b 3d lid - - - l4ab Ob Ob
NNN hOd le le O.4d Od 0.2d 70c Id Old - - - 33a Ob Ob0

ANOVA
TS 0.001 0.006 0.01 . 0.360HL <.0001 0.002 <.000! - 0.001TSxH <.0001 <.0001 <.0001 - 0.310

TilIage sequence: CCC: CT-CT-CT; CNC: CT-NT-CT, NCN: NT-CT-NT; NNN: NT-NT-NT.

Herbicide levels: L, M, and H: low, medium, and high rates of herbicide, respectively..

Values followed by the same letter within species and site do not differ (P-0.05).

TS, tillage sequence; HL, herbicide level.

'0



Table 3.5. Effect of tillage sequence and herbicide level on hairy nightshade and Powell amaranth seedbarik density in Year 4.

Haity nightshade Powell amaranth

Tillage
a

Main effect of
Lb M H

Main effect of
L M HSite sequence tillage sequence tillage sequence

seeds/rn2

CCC 440 490 abcdeC 400 bcdef 440 bcdef 9,310 19,760 a 5,200 c 2,940 cd

CNC 450 1,010 a 340 cdef 160 ef 6,510 15,020 ab 3,190 cd 1,850 d

NCN 510 670 abc 563 abcd 330 cdef 5,330 10,160 b 1,570 d 1,160 d

NNN 340 110 f 220 def 820 ab 2,490 3,280 cd 1,260 d 1,030 d

ANOVA F and P-value

TSd 0.3 0.80 3.3 0.13
HL 0.8 0.49 1.8 0.0004
TSxHL 2.7 0.05 1.1 0.01

CCC 9,200 a 13,320 9,480 5,640 8,510 a 11,750 9,450 4,830
CNC 3,240 b 6,880 1,640 2,270 2,630 b 3,540 1,490 2,530
NCN 6,760 ab 9,720 3,830 3,720 8,270 a 7,290 6,300 5,740
NNN 2,480 b 2,130 3,510 1,760 1,830 b 2,650 1,670 1,680

ANOVA F and P-value
IS 3.3 0.05 5.7 0.01
HL 1.8 0.18 2.3 0.18
TSxHL 1.1 0.31 0.8 0.57

alillage sequence: CCC: CT-CT-CT; CNC: CT-NT-CT, NCN: NT-CT-NT; NNN: NT-NT-NT.
b

Herbicide levels: L, M, and H: low, medium, and high rates of herbicide, respectively..

Values followed by the same letter within species and site do not differ (P'0.05)
d

IS, tillage sequence; HL, herbicide level.



Table 3.6. Effect of tillage sequence and herbicide level on weed dry matter in Year 4

East site West site

Tillage Sequence a Main effect of Lb M H Main effect of tillage L M H
tillage sequence C sequence

kg ha'
CCC 3,260 a' 13,330 2,990 870 1,150 3,010 1,200 430
CNC 2,360 ab 14,410 2,330 550 460 3,530 530 50
NCN 1,430 b 9,700 880 340 460 2,060 280 170
NNN 700 c 6,420 400 160 350 1,400 210 140

Main effect of 10,460 a 1,250 b 380 c 2,350 a 440 b 150 c
herbicide levele

ANOVA F and P-value
TS 5.5 0.02 2.0 0.18
HL 111 <0.0001 13.0 0.007

TS x HL 0.5 0.079 2.4 0.07
aTillage sequence: CCC: CT-CT-CT; CNC: CT-NT-CT, NCN: NT-CT-NT; NNN: NT-NT-NT.
b

Herbicide levels: L, M, and H: low, medium, and high rates of herbicide, respectively.
C

Main effects of tillage system and herbicide level were significant at this site (P< 0.05) without significant interactions.
d

Main effect medians for tillage system in this column followed by the same letter do not and do not differ (P0.05).
e

Main effect medians for herbicide level in this row and within site do not differ if followed by the same letter (P=0.05).
TS, tillage sequence; HL, herbicide level.



Table 3.7. Effect of tillage sequence and herbicide level on crop yields in Year 4.

Tillage sequence
a Main effects of

tillage sequencec

L'

East

Sweet corn

M H Main effects of

tillage sequence

L

West

Snap beans

M H

Kg/ha
CCC 12800 b d

9,000 13,800 16,800 9,500 3,000 d 14,700 a 16,000 a
CNC 12000 b 6,700 15,000 17,400 11,600 5,500 c 15,500 a 16,900 a
NCN 17300 a 13,600 18,500 20,400 9,800 3,100 d 15,200 a 16,400 a
NNN 16800 a 12,100 18,800 20,900 12,900 9,800 b 14,900 a 14,700 a
Main effects of 10,000 b 16,400 a 18,800 a 4,900 15,100 16,000
herbicide level e

ANOVA F and P-value

TS 4.4 0.0366 2.8 0.10

HL 39 0.0004 189 <.0001

TS x HL 1.7 0.172 3.6 0.02

Correlation coefficient ( R) and P -0.71 -0,57 -0.47 -0.71 -0.06 0.04
value for weed drymatter vs. crop

yield 0.0001 0.0001 0.06 0.0001 0.73 0.87

aTillage sequence: CCC: CT-CT-CT; CNC: CT-NT-CT, NCN: NT-CT-NT; NNN: NT-NT-NT.

Herbicide levels: L, M, andH: low, medium, and high rates of herbicide, respectively.

Main effects of TS and HL were significant at this site (P< 0.05) without significant interactions.
d

Main effect medians for tillage system in this column followed by the same letter do not and do not differ (P"0.05).

Main effect medians for herbicide level in this row and within site do not differ if followed by the same letter (P=0.05)

-
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II. Results in Year 5 and Year 6 of the crop rotation

The effect of tillage sequence on summer annual weed density and crop yield was

evaluated again at both sites after another vegetable crop cycle in the rotation. Weed

density continued to differ between the two sites, and the effect of tillage sequence on
weed density was not the same at the two sites (Table 3.8).

At the East site, NCNC reduced total weed density from 440 to 130/rn2 (70%) and
from 160 to 2/rn2 (99%) at the L and M rates of herbicide, respectively, compared to

CCCC (Table 3.9a). No differences in weed density were detected between tillage

sequence treatments when the H rate of herbicide was used. There were no differences

between weed density in the CNCN and NNNN tillage sequence treatments at the three
herbicide levels.

At the West site, the tillage sequence of NCNC caused an increase in summer

annual weed density from 930/rn2 in CCCC to 1450/rn2 (Table 3.9a). No differences were
detected at the L and H herbicide rates, respectively,

Hairy nightshade density differed significantly between sites with an interaction
between site and tillage sequence for effects on weed density in the snap bean crop

Table 3.8. ANOVA for site, tillage sequence (TS), and herbicide level (HL) effects
on weed density in the Year 5 and 6 of the crop rotation.

Effect Total weed
density

Hairy
nightshade

Powell
amaranth

Lambs-
quarters

Barnyard-
grass

ANOVA F and P values

Site 144 *** 277 *** 29 '' 47 0.0 NS
TS 28 ** 37 *** 10 ** 5 * 3 NS
H 18 ** 14 ** 10 * 1.4 ns 52 **
TSXHL 3 * 3 8 4 ** 0.9 ns 4 *

SitexTS 63 *** 93 8 *** 23 *** I NS
SitexHL 0.5 ns 1.1 ns 6 ** 4 * 0.3 NS
Site x TS x HL 0.7 ns 2 ns 3 ** 4 ** 2 NS

NS, >0.05; ', <0.05: **, <0.01: ***, <0.001
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(Table 3.8). At the East site, the tillage rotation of NCNC reduced seedling density from

190/rn2 in CCCC to 1/rn2 at the L rate of herbicide but had no effect on seedling density

at the M and H herbicide rates (Table 3.9a). At the West site, the tillage rotation of

NCNC did not increase hairy nightshade weed density, although at the L herbicide rate

weed emergence may have increased from 750/rn2 in CCCC to 1,080/rn2 in NCNC. No

differences in weed density were detected between the CNCN and NNNN tillage

sequence treatments at any herbicide level.

Powell amaranth density was low at both sites in Year 4 of the crop rotation and

differed significantly between sites. The effects of tillage sequence and herbicide level on

weed density also were inconsistent at the two sites (Table 3.8), but the effects of tillage

sequence treatments on weed density were insignificant (Table 3.9a).

Lambsquarters was present only at the East site, but rnain effects of tillage

sequence were statistically important determinants of weed density (Table 3.8). NCNC

reduced lambsquarters density from 70/rn2 in CCCC to 5 seeds/rn2 when averaged over

the three herbicide levels (Table 3.9b). Bamyardgrass density differed between sites and

was largely influenced by herbicide level (Table 3.8, 3.9a).

Weed dry matter and crop yields. Herbicide rate was the main factor influencing weed

dry matter at the East site (Table 3.10). When averaged across tillage sequence

treatments, weed dry matter ranged frorn 2,940 kg/ha at the L herbicide rate to 500 kg/ha

or less when soil herbicides were applied. There was no effect of tillage sequence on

weed dry matter because of the overall low dry matter accumulation and high variability

within treatments. At the West site, CNCN and NNNN main effects reduced weed dry

matter from 1,920 kg/ha in CCCC to 320 and 400 kg/ha, respectively. NCNC did not

reduce weed dry matter compared to CCCC. When averaged over the tillage sequence

treatments, the H rate of herbicide reduced weed dry matter from 3,280 (L rate) to 480

kg/ha.
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Snap bean yields at the East site in Year 6 were low compared to yields at the
West site in Year 4 (Table 3.11 vs. 3.7), and were greatest in the NCNC treatment (Table

3.11). At the West site, sweet corn yield was greatest in the CNCN treatment. Yields

were poorly correlated with weed dry matter at both sites (R < -0.51 for all herbicide

levels), indicating that factors other than competition for resources were limiting yield.

Sweet corn yield at the West site was poor in Year 6 compared to corn yields at the East

site in Year 5, even though maximum weed dry matter yield was only 7,910 kg/Jiia

(NCNC) at the West site compared to 14,410 kg/ha at the East site (CNC) (Table 3.10).

The cause of the poor corn yield is not clear, but was possibly related to an infestation of

Diabrotica undecimpunctata (cucumber beetle) that reduced corn growth and eventually

caused some of the corn to lodge in the NT plots. Corn yields were partially correlated

with weed dry matter (R = -0.51, P = 0.04), but only where herbicides were not used.

Elimination of spring tillage in two of four years continued the trend noted

previously; summer annual weed density was reduced as tillage frequency was reduced.

However, important exceptions to this generalization began to emerge as predicted by the

weed seed density of Year 4. The rotational tillage sequence of NCNC reduced weed

density at one site from 70 to 99%, consistent with our hypothesis that summer annual

weed density would decrease as spring tillage frequency declines. At the West site

however, NCNC increased total weed density substantially because of a burgeoning hairy

nightshade population. Crop yields were low and weed density and dry matter poorly

correlated with yield in Year 5 or 6 of the crop rotation.



Table 3.9 a. Effect of tillage sequence and herbicide on weed density in Year 5 or 6 of the crop rotation (continued on next page).

Summer annual density Hairy nightshade Powell amaranth

Site Main effects of L" M H Main effects of L M H Main effects of L M H
Tillage sequencea tillage sequence tillage sequence tillage sequence

weeds/rn2

CCCC 160 440 aC 160 b 26 de 24 a 190 a 0 b 0 b 5 ab 28 1

CNCN 9 2Ode 5de Sde Ob Ob Ob Ob 2b 5 1 1

NCNC 26 130 bc 2 de 9 de I b 1 b 0 b 1 b 13 a 68 1 2

NNNN 7 4Ocd Oe Ide 0b Ob Ob Ob 4b 20 1

- Main effects of 110 a 7 b 7 b 16 0 0.2 26 1

' herbicide level

ANOVA F and p-values
eTS 17 0.01 3.8 0.05 4.9 0.03

HL 54 0.05 4.4 0.07 4.3 0.07

TS x HL 8 0.03 4.2 0.01 2.5 0.06

CCCC 790 a 930 ab 1,140 ab 400 c 700 a 750 1070 380 26 a 68 29 2

CNCN 4 b 15 d 2 d I d 0 b 0 0 0 4 b 13 1 0.3

NCNC 940 a 1,450 a 970 ab 520 c 790 a 1080 840 510 32 a 130 17 2

i'NNNN 5b 25d 3d 2d Ob 0 0 0 3b 9 1 0.2

' Maineffectsof 370 a 290 a 120 b 240 250 120 40 a 9 b I c
herbicide level

ANOVA F and p-values
TS e 19 0.0003 14 0.0008 8 0.007

HL 8 0.02 3.9 0.08 16 0.004

TS x HL 2.9 0.02 2.4 0.07 2,0 0.07

Tillage sequence: CCCC: CT-CT-CT-CT; CNCN: CT-NT-CT-NT, NCNC: NT-CT-NT-CT; NNNN: NT-NT-NT-NT.

Herbicide levels: L, M, and H: low, medium, and high rates of herbicide, respectively.

Values in this column followed by the same letter do differ at this site (P 0.05).

Values in this row followed by the same letter do differ at this site (P 0.05).

TS, tillage sequence; HL, herbicide level.



Table 3.9 b. Effect of tillage sequence and herbicide level on weed density in Year 5 or 6
of the crop rotation.

Lambsquarters Barnyardgrass
Site Tillage Main effects of tillage Main effects of

Lb M H Lb M H
sequenceC sequence tillage sequence

weeds/rn2

CCCC 70 a' 70 150 20 9 50

CNCN 4b 4 5 4 1 7

NCNC Sb 17 2 1 4 17

NNNN lb 0 0 0 3 18
C)

Main effects of herbicide level d 15 17 4 17 a

'

ANOVA F and p-values

u TSC 6.9 0.01 1.1 0.40

HL 1.9 0.24 6.7 0.03

TSxHL 1.9 0.14 1.1 0.40

cccc - - - - 8 54a
CNCN - - - - 0.1 0.5b
NCNC - - - - 8 56a
NNNN - - - . 0.5 2b

Main effects of herbicide level d 18 a
>-

C)
ANOVA F and p-values

TS - - - - 3.5 0.06

HL - - - - 21 0.002

TS x HL - - - - 3.5 0.02

C

Tillage sequence: CCCC: CT-CT-CT-CT; CNCN: CT-NT-CT-NT, NCNC: NT-CT-NT-CT; NNNN: NT-NT-NT-NT

Herbicide levels: L, M, and H: low, medium, andhigh rates of herbicide, respectively.

'Values in this column followed by the same letter do differ at this Site (P 0.05)

Values in this row followed by the same letter do differ at this Site (P 0.05),

TS, tillage sequence, HL, herbicide level.

4 2

2 2

2 4

2 3

0.3b 0.4b

Ob Ob

Ob Ob

Ob Ob

Ob Ob

Ob Ob

-3



Table 3.10. Effect of spring tillage sequence and herbicide level on weed dry matter
yields in Year 5 or 6 of the crop rotation.

Tillage sequence

East site (Year 6)

Snap beans

Main effect of Lb M
tillage sequence

Weed dry matter

West site (Year 5)

Sweet corn

H Main effect of L M
tillage sequence

H

kgha'

CCCC 1,180 3,800 490 870 1,920 a' 3,630 890 2,210
CNCN 670 2,500 560 210 320 b 1,510 220 90
NCNC 910 3,550 960 210 2,700 a 7,910 670 3,690
NNNN 520 2,200 230 280 400 b 2,650 360 60

Main effect of 2,940 a 500 b 330 b 3,280 a 470 b 480 b
Herbicide Level

ANOVA F and P-value

TS' 0.74 0.55
. 3.9 0.05

HL 12 0.01 10 0.01
TS x HL 0.5 0.83 1.0 0.45

Tillage sequere: CCCC: CT-Cf-CT-CT; CNCN: CT-NT-CT-NT, NCNC: NT-CT-NT-CT; NNNN: NT-NT-NT-NT.

Herbicide levels: L, M, and H: low, medium, and high rates of herbicide, respectively.

'Values followed by the same letter in this column and site do not differ (P = 0.05).

Values followed by the same letter in this row and site do not differ (P = 0.05).

'TS, tillage sequence; HL, herbicide level.



Table 3.11. Effect of tillage sequence and herbicide level on crop yields in Year 5 or 6 of the crop rotations.

Snap bean yield Sweet corn yield

(East site, Year 6) (West site, Year 5)

Main effect of Main effect
Tillage tillage Lb M H oftillage L M H

sequencea sequence sequence
kg/ha

CCCC 8,300 ab C 4,900 7,100 10,200 6,710 b 3,100 7,100 8,100

CNCN 5,630 b 4,600 5,000 5,000 15,740 a 12,400 13,400 14,900

NCNC 9,830 a 5,700 10,700 9,700 8,330 b 6,400 7,300 7,900

NNNN 6,560 b 4,600 6,100 6,300 12,860 ab 10,000 11,300 12,000

Main effect of
herbicide level d

ANOVA F and P-value

TS e
10.7 0.003

FIlL 3.3 0.11

TS xML 1.6 0.20

5,750 8,110 8,750

7.2 0.01
3.3 0.11
2.1 0.11

12,050 11,020 8,460

Pearsoncorrelationcoefficient(R)andP- -0.38 -0.41 -0.30 -0.51 -0.17 -0.47
value for weed drymatter and yield

0.14 0.10 0.27 0.04 0.50 0.06

a Tillage sequence: CCCC: CT-CT-CT-CT; CNCN: CT-NT-CT-NT, NCNC: NT-CT-NT-CT; NNNN: NT-NT-NT-NT.
b Herbicide levels: L, M, and H: low, medium, and high rates of herbicide, respectively.

Values followed by the same letter in this column and site do not differ (P = 0.05).
d Values followed by the same letter in this row and site do not differ (P = 0.05).

TS, tillage sequence; HL, herbicide level. ..
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III. Weed population and soil quality assessment at conclusion of the experiment

The cumulative effect of tillage sequence treatments on summer annual weed

populations was estimated at the completion of the experiment by measuring weed

seedling density after two successive tillage events in early summer. Total weed density

differed between the two sites, as did the effect of tillage sequence on weed density

(Table 3.12).

The main effect of tillage sequence was a significant determinant of summer

annual weed density at both sites (Table 3.13). At the East site, summer annual weed

density was determined primarily by tillage sequence, with limited evidence that weed

density was differentially influenced by herbicide level in the four tillage sequence

treatments. NNNN and NCNC treatments reduced total weed density from 980/rn2 in

CCCC to 510 and 530/rn2, respectively (Table 3.13a). At the West site, summer annual

density was determined primarily by tillage sequence, and CNCN and NNNN reduced

weed density from 2,160/rn2 in CCCC to 710 and 460/rn2, respectively. However, the

effect of the CNCN and NCNC treatments on weed density was completely reversed at

the two sites, as noted above. At the East site, weed density increased from 980/rn2 in

CCCC to 1,460/rn2 in CNCN; at the West site weed density decreased from 2,160/rn2 in
CCCC to 7 10/rn2 in the same CNCN treatment. Similarly, weed density at the West site

Table 3.12. ANOVA F value and significance for final weed density evaluation.
Effect Total weed Hairy Powell Lambs- Barnyard-

density nightshade amaranth quarters grass
F and significance

Site 124 *** 107 *** 12 ** 85 11 **

TS 7 ** 14 ** 4 * 6 * 0.9 ns
H 10* 3ns 2ns 0.4ns 21**
TSXH 2 ns 4 ** 0.8 ns 1.9 NS 0.2 NS
Site xTS 140 *** 126 9 *** 6 ** 0.3 NS
SitexH 2 ns 6 ** 4 * 0.2 ns 1.5 NS
Site x TS x H 4 ** 2 ns 2 * 0.8 ns 0.8 NS
NS, >0.05; <0.05; **, <0.01; <0.001
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in NCNC was comparable to weed density in CCCC, but at the East site weed density

was reduced from 980/rn2 in CCCC to 530/rn2 in NCNC.

Cone tubes assays were used to determine the effect of tillage sequence on root

rot potential in corn. Root rot of corn is a serious problem that is limiting corn production

in the region (Hoinaki et al. 2004). Root rot appeared to be a major problem in NT corn at
the West site in Year 5, but it was unclear whether this was caused by the Diabrotica

undecimpunctata attack or a separate incident. Determining the effect of tillage sequence

on root rot is essential to development of rotational strategies that suppress disease. The
soil tube root rot assay found more lesions on corn radicles at the West site than the East

site, likely owing to the corn crop that was grown at the West site in Year 5 (F1,9314,

P=0.0003). The number of lesions on corn radicles and mesocotyls possibly differed

between tillage sequence treatments at the H rate of herbicide at the both sites (F3,93 > 4,

P <0.02) (Table 3.14), but did not conform to any hypothesized pattern. There was also a

slight indication that herbicide level was impacting root rot severity unequally in the

tillage sequences at the East site (F6, 52=2.6 P=0.02) (Table 3.14), but again the pattern

did not fit any pre-formulated hypothesis.

To further examine the potential of tillage sequence effects on root rot potential,

Jubilee sweet corn (root rot susceptible variety) was planted at the East site in Year 7 as

an assay. The first evaluation found no effect of tillage sequence or herbicide level on

root lesions on either the radicle or mesocotyl. Roots were dug a few weeks later to

evaluate lesions on the root ball and found a very slight indication that tillage sequence

was affecting root rot (F1,3 =2.8, P=0.19), possibly increasing root rot an average of 4%

in NNNN compared to CCCC (Table 3.15). The location of the plots in the field

(blocking effect) was a more significant factor determining root rot than tillage sequence

(F3, 36 =10, P<.0001 for interaction between block and tillage sequence).

Soil penetrometer readings and measures of intracellular enzyme activity were

taken to determine the impact of tillage sequences and rotations on soil quality.

Penetrometer readings were highest in the NNNN tillage sequence, even though all plots

were tilled before this reading was taken in Year 6. Tillage sequence treatments with CT
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in the year prior to the penetrometer readings (CCCC and NCNC) had lower readings

than tillage sequence treatments that were NT in the prior year (Table 3.16).

Soil enzyme activity was quantified in the four tillage sequence treatments at the

West site one year after the experiment ended and all plots had been conventionally

tilled. Differences in B-glucosidase, arylsulfotase, and FDA activity were noted among

the four tillage sequences. B-glucosidase and arylsulfotase play important roles in

nutrient cycling and can be used as indicators of enhanced soil quality as both release low

molecular weight sugars that are important energy sources of microorganisms (Ndiaye et

al. 2000). Arylsulfotase releases plant available SO4, but it also may be an indicator of

fungi. Fluorescein diacetate (FDA) can be hydrolyzed by many enzymes and organisms,

and is therefore a broad-spectrum indicator of soil biological activity (Bandick and Dick,

1999).

B-glucosidase activity was greater in NCNC and CCCC, treatments that were CT

in the final year of the project (Table 3.16), possibly reflecting the increased microbial

activity when cover crop residues are incorporated into the soil rather than left on the soil

surface. Arylsulfotase activity was greater in NNNN than NCNC and CNCN. NT systems

are usually assumed to have increased fungal populations, and the elevated arylsulfotase

in NNNN may reflect the effect of reduced soil disturbance on microbial population

shifts. CNCN and NCNC had significantly lower arylsulfotase activity, possibly

indicating that alternating CT and NT do not enhance fungal communities, as CCCC had

activity greater or equal activity than either of the tillage rotations. FDA activity was

greatest in CCCC, indicating that this treatment had a higher level of biological activity

than any of the treatments with NT over the crop rotation.



Table 3.13a. Effect of tillage sequence and herbicide level on weed density at completion of the experiment (continued on next
page).

Summer annual density Hairy nightshade Powell amaranth
Main effects of Main effects of Main effects of

Tillage tillage L5 M H tillage L M H tillage L M H
Site sequence a sequence sequence sequence

weeds/rn2

cCcc
CNCN

NCNC

S NNNN

l Main effects of
herbicide level d

ANOVA and P-value
IS
HL
TS x H

cCcc
CNCN
NCNC
NNNN

Main effects of
herbicide level

ANOVA and P-value

IS
HL
TS x H

980 b
C

1,330 b 1,000 bc 680 cde 410 b 720 b 490 bc 150 de 120 160 90 120
1,460 a 2,370 a 1,330 b 860 bed 770 a 1,630 a 710 b 270 bed 170 240 160 110

530 c 720 cde 490 de 400 e 70 c 100 de 80 de 50 e 270 320 270 240
510 c 590 cde 370 e 580 cde 70 c 60 e 60 e 80 de 330 360 270 380

1,160 a 750 b 620 b 450 a 270 ab 120 b 260 190 200

6.7 0.01
9.7 0.01
2.8 0.04

8.6 0.01
4.3 0.07
7.3 0.00

2.6 0.12
1.1 0.40
1.2 0.34

2,160 a 2,590 ab 2,230 be 1,690 c 1640 a 2,030 1,780 1160 150 b 160 de 200 de 100 e
710 b 970 d 720 de 490 ef 150 b 200 130 130 390 a 510 ab 470 ab 230 ed

2,830 a 2,560 b 3,120 a 2,810 a 2270 a 1.780 2,650 2410 300 a 260 Cd 350 abc 280 cd
460 b 870 d 310 f 300 f 70 b 70 60 80 310 a 540 a 230 Cd 200 de

1,670 a 1,400 b 1,133 c 750 800 670 350 a 300 a 200 b

17 0,0004
7.6 0.02
2.2 0.07

19 0.0003
0.5 0.63
2.0 0.11

'Tillage sequence: CCCC: CT-CT-CT-CT; CNCN: CT-NT-CT-NT, NCNC: NT-CT-NT-CT; NNNN: NT-NT-NT-NT.
Herbicide levels: L, M, and H: low, medium, and high rates of herbicide, respectively.
Values followed by the same letter in this column and Site do not differ (P 0.05).
Values followed by the same letter in this row and site do not differ (P 0.05).
TS, tillage sequence; HL, herbicide level.

6.1 0.02
4.9 0.06
1.0 0.45



Table 3.13b. Effect of tillage sequence and herbicide level on weed density after
completion of the experiment.

Lambsquarters

Main effects of
Tillage tillage sequence

L M H
Site seauence a

weeds/rn2

B arnyardgrass

Main effects of
L M Htillage sequence

CCCC 280 a 220 ab 320 a 310 a 7 47 0 0
CNCN 270 a 210 ab 310 a 310 a 11 73 0 0
NCNC 60 b 100 bc 70 cd 30 cd 34 120 5 19

N NNNN 30 b 20 d 30 cd 70 cd 10 66 0 0
'a

Maineffeetsof 120 a 150 a 150 a 74 a I b 2 bherbicide level d

'a

ANOVA and P-value

TS e
4.5 0.03 1.2 0.37

HL 0.3 0.78 7.1 0.03TS x H 0.9 0.55 0.1 0.99

CCCC 90 30 bc 100 ab 170 a 40 210 I IiCNCN 18 20 bc 15 c 20 c 37 86 7 39NCNC 16 30 bc 16 c 7 c 57 220 11 19NNNN I 2c 2c Ic 33 170 1 9

Main effects of 19 a 22 a 27 a 170 a 4 b 18 bherbicide level

ANOVA and P-value

TS 2.5 0.13 0.23 0.88
HL 0.3 0.79 23.9 0.00
TS x H 2.6 0.05 0.73 0.63

Tillage sequence: CCCC: CT-CT-CT-CT; CNCN: CT-NT-CT-NT, NCNC: NT-CT-NT-CT; NNNN: NT-NT-NT-NT
Herbicide levels: L, M, and H: low, medium, and high rates of herbicide, respectively.

° Values followed by the same letter in this column and site do not differ (P 0.05).
Values followed by the same letter in this row and site do not differ (P = 0.05).

C

s, tillage sequence; HL, herbicide level
-
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Table 3.14. Effect of tillage sequence on radicle and mesocotyl lesions in the cone

tube assay. Corn roots were sampled from plots with the H rate of herbicide

Site Tillage Radiele rating Mesocotyl rating

sequence a

rating scale of 0 to 4

W CCCC 1.8 abb 2.2 ab

W CNCN 2.2 a 2.5 a

W NCNC 2.2 ab 1.6 c

W NNNN 1.7 b 1.8 be

E CCCC 1.8 a 1.5 a

E CNCN 0.5 c 0.1 b

E NCNC 1.3 ab 0.9 a

E NNNN 1.4 ab 1.1 a
a Tillage sequence: CCCC: CT-CT-CT-CT; CNCN: CT-NT-CT-NT, NCNC: NT-CT-NT-CT; NNN:

NT-NT-NT-NT.
b Values followed by the same letter within site and eolunm do not differ (P=O.05).

Table 3.15. Effect of tillage sequence on root rot lesions of corn roots at the East site.

Radicle Mesocotyl

Tillage

sequencea L' M H L M H

------------------------------- rating scale of 0 to 4 -------------------------------------------

CCCC 0.9 abc 0.9 be 1.8 a 0.4 cd 1.1 abc 1.5 a

CNCN 1.0 ab 1.1 ab 0.5 c 0.9 abed 0.6 bed 0.1 d

NCNC 1.3 ab 0.4 c 1.3 ab 1.0 abc 0.3 d 0.9 abed

NNNN 1.1 ab 1.0 abe 1.4 ab 0.4 bed 0.6 bed 1.1 ab

a Tillage sequence: CCCC: CT-CT-CT-CT; CNCN: CT-NT-CT-NT, NCNC: NT-CT-NT-CT; NNNN:
NT-NT-NT-NT.

b Herbicide levels: L, M, and H: low, medium, and high rates of herbicide, respectively.
C Values in the three herbicide columns for each rating that are followed by the same letter do not differ

(P=0.05).
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Table 3.16. Effect of tillage sequence on penetrometer readings and extra cellular

soil enzyme activity. Measures were taken at the West site in Year 6, after

completion of the experiment.

Tillage Penetrorneter B-glucosidase Ayrlsulfotase FDA

sequence a readings

n/rn2 g-nitrophenollg soillhr mg L/fluroscein/3g soill3hr

CCCC lO3bb lOQa 99ab O.125a

CNCN 140a 66b 76c O.096b

NCNC 98b lOSa 95b O.095b

NNNN 143a 83ab 107a O.082b

a
Tillage sequence: CCCC: CT-CT-CT-CT; CNCN: CT-NT-CT-NT, NCN: NT-CT-NT-CT; NNN:

NT-NT-NT-NT.
b

Values in the same columns followed by the same letter do not differ (P=O.05).

IV. Synthesis and discussion

The objective of this study was to measure the effects of spring tillage frequency

on summer annual weed populations in a vegetable crop rotation. Weed density was

compared in tillage sequence with spring tillage every year (CCCC), those without any

spring tillage (NNNN), and rotational tillage sequence that alternated between NT and

CT (CNCN and NCNC). At the final assessment in Year 6 or 7 at the two sites,

elimination of spring tillage during two full cycles of the three crop rotation (NNNN)

reduced summer annual weed populations at the East site from 980 in CCCC to 510/rn2

(48%), and from 2,160/rn2 in CCCC to 460/rn2 (79%) at the West site when averaged

across the three herbicide level (Table 3.13), supporting our hypothesis that reducing the

frequency of spring tillage also reduces summer annual weed density. Main effects of

prior tillage sequence were as or more important than main effects of prior herbicide level



57

in determining summer annual weed density. Seedbank data in Year 4 and weed density

data in Years 4 through 7 support this conclusion.

These results would appear to contradict reports that summer annual weed density

increases in NT (Buhler 1992; Mohler and Callaway 1995). In our study, however, soil

tillage in the fall was the same in all tillage.sequence treatments and disrupted the

accumulation of seeds at the soil surface. Mohier (1993) predicted that without soil tillage

to disperse seeds within the soil profile after seed shed in late summer or fall, NT or ZT

systems that allow seeds to concentrate at the surface would likely cause an increase in

summer annual weed density, particularly if dormancy or seed survival was high and seed

predation was low. However, summer annual weed density has been shown to decrease

where tillage has been fully eliminated, as in ZT. The cause is unclear in these reports,

but the balance between seed production, attrition during the winter though predation and

other causes, and primary and secondary dormancy variability in different tillage systems

can easily be shifted by weed control level, climate, and soil type.

In contrast to the comparison of the CCCC and NNNN treatments, the effect of

the two rotational tillage sequences (CNCN and NCNC) on summer annual weed

populations was mixed, and conflicts with our hypothesis and reports of others that

reduced tillage reduces summer annual weed populations. At the East site, eliminating

tillage in two of four crop years reduced summer annual weed populations from 980 to

530/rn2 (46%) when averaged across all herbicide levels, but only when the tillage

sequence began with NT (NCNC) (Table 3.13). Summer annual weed populations

increased from 980/m2 in CCCC to 1460/rn2 (32%) in CNCN when the rotational tillage

sequence began with CT. The outcome was different at the West site. Eliminating tillage

in two of four crop years reduced summer annual populations from 2,160 in CCCC to

7 10/rn2 (67%) in CNCN when averaged across herbicide level, but only when the

rotational tillage sequence began with CT. When the rotational tillage sequence began

with NT, the summer annual weed population increased from 2,160/rn2 in CCCC to

2,830/rn2 (3 1%) in NCNC, and although the difference was statistically insignificant



when averaged over the three herbicide levels, the two treatments differed at the M and H
herbicide rates.

The difference in outcome between the two rotational tillage sequences at the East

and West sites is probably linked to the crop that was paired with each spring tillage

event. This effect was not explicitly tested because there was only one observation for

each starting point in the rotation. In Year 4 ofthe crop rotation, total weed density was

lower in treatments with less tillage (Table 3.4). In Year 5, however, weed density at the

West site in NCNC was much greater than CCCC (Table 3.9a!b). When sweet corn was

matched with CT at both sites, weed density was very high the next time the plots were

CT two years later (Fig. 3.1). Sweet corn is a longer season crop than snap beans (16 vs

10 weeks typically) and more weed seeds probably matured in sweet corn than snap bean

crops even though sweet corn is more competitive than snap beans. Hairy nightshade

seed production and germinability also are very dependent on the amount of time to

maturity (Boydston and Peachey 2004) and was the predominate species present. The

different herbicide selection pressures in sweet corn and snap beans did not confound this

relationship because the trend was strongest for both crops in the tillage sequence

treatments with the L rate of herbicide (only glyphosate applied for weed control), and
main effects of tillage sequence at the end of the crop rotation were greater than or equal

to the main effect of herbicide level at both sites. The very low density of hairy

nightshade in the NT bean crop and the large increase in nightshade density the following

year in the CT corn crop also indicates that hairy nightshade seed readily survived years
when crops were NT planted. Apparently very few seeds germinated or died during the

intervening NT bean crop.

Hairy nightshade populations were reduced by 83 to 95% when spring tillage was

eliminated from the crop rotation (NNNN) and by 83 to 90% in rotational tillage

sequences if NT was paired with the long season crop ofcorn when averaged across three

levels of weed control. Powell amaranth and barnyardgrass responded differently than

hairy nightshade and lambsquarter to the four tillage sequences. At the end of the

experiment, Powell amaranth density was unaffected by tillage sequence at the East site
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(Table 3.13a). At the West site, all tillage sequence treatments with NT in one or more

years increased Powell amaranth density. Bamyardgrass populations were influenced

primarily by herbicide level, but at the L herbicide level, populations increased when

spring tillage decreased, possible due to less competition from hairy nightshade and

lambsquarters (Table 3.13b). Lambsquarters density decreased when NT was used in two

or more years at the East site.

The tillage sequences with continuous NT (NNNN) of vegetable crops during two

cycles of a snap bean, sweet corn and winter wheat rotation significantly reduced summer

annual weed density at two sites compared to continuous CT (CCCC), irrespective of

weed management level. The cumulative effects of these two tillage sequences on weed

density were strikingly similar at the two sites, even though the crop rotations at the two

sites began with different crops.

Rotational tillage sequences reduced summer annual density if the shorter season

crop of snap beans was paired with CT rather than the longer season crop of corn. The

hairy nightshade population at both sites was particularly susceptible to reductions in

tillage frequency, and decreased by 83 to 90% if NT was paired with the long season crop

of corn.

Overshadowing the entire experiment, and particularly the last year of the

rotation, was the difficulty of maintaining yields in NT crops. In Year 2 of the crop

rotation at the West site, a cucumber beetle attack reduced the sweet corn stand (data not

shown), but did not differentially impact plant stands in the tillage sequence treatments.

This occurred again when corn was planted in Year 5 at the West site. Plant stand was not

reduced but lodging increased in the NT plots. Symphylan populations were low but also

may have reduced corn growth. Symphylan populations were monitored at both sites for

the first three years of the experiment (See Appendix I). Reduced crop competition in NT

probably caused greater weed seed production than in CT. More competitive NT crops

probably would have caused a bigger difference in weed density between NT and CT

treatments.



Attempts at NT vegetable production have produced mixed results (Bellinder et

al. 1987; Mascianica et al. 1986) and may limit the usefulness of tillage sequence

strategies to manage weed populations. Several measurements of soil quality were made

in the last two years of the study to determine whether any of the tillage sequence

treatments had the potential to improve or degrade crop production. Soil compaction and

corn root rot may have increased slightly in tillage sequence treatments with NT. Soil

enzyme activity differed between tillage sequences and suggested that microbial activity

was greatest in continuous CT. This effect may have been caused by higher crop and

weed biomass inputs into the soil in CT rather than differences in soil quality associated

with tillage sequence.
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Figure 3.1. Effect of crop and tillage sequence on weed density in a vegetable crop
rotation at the L herbicide rate.



62

CHAPTER 4

INFLUENCE OF TILLAGE SYSTEM ON HAIRY NIGHTSHADE
RECRUITMENT AND SEED GERMINATION,

MORTALITY AND DORMANCY

R. E. Peachey and C. Mallory-Smith

Submitted to Weed Technology



63

CHAPTER 4

Influence of Tillage System on Hairy Nightshade Recruitment and
Seed Germination, Mortality, and Dormancy

R. Edward Peachey and Carol Mallory-Smith2

Abstract. Seedling recruitment of hairy nightshade is significantly reduced if crops are

notill planted rather than conventionally planted, but the cause is unknown. Primary

dormancy in hairy nightshade seeds is very high when seeds are first removed from

berries. Slower dissipation of primary dormancy of seeds buried near the soil surface

during the winter may explain differences in recruitment between conventional (CT) and

notillage (NT) systems. The alternative hypothesis is that burial of seeds during winter

near the soil surface increases seed mortality, and because this is the zone of emergence

for seeds in notillage systems, seedling recruitment is reduced. Projects conducted from

2001-2004 measured the following: seedling recruitment potential in conventional tillage

and notillage systems; the effect of winter burial depth, winter rainfall and near-surface

soil temperature on seed germination potential, mortality, and seed dormancy; and seed

drift during tillage so that seed quality changes could be related to potential differences in

seedling recruitment between the two tillage systems. Seeds were placed in soil tubes at 1

cm below the soil line, then the soil tubes were buried so that seeds rested at 1, 6, 13, and

25 cm below the field soil surface. Tubes were removed from the field in the spring and

placed in a controlled environment with a linear temperature gradient from 22.7 to 36 C.

Seeds also were extracted from soil in the soil tubes to determine germination potential,

mortality, and seed dormancy. Hairy nightshade seedling recruitment at 30.7 C was more

than 15 times greater for seeds buried at 6, 13 and 25 cm than when buried at 1 cm in

2
Senior Research Assistant, Department of Horticulture, Oregon State University, 4017 ALS, Corvallis,

OR 9733 1-7304; and Professor of Weed Science, Department of Crop and Soil Science, Oregon State
University, Corvallis, OR 97331-7304. Corresponding authors email: peacheye@bcc.orst.edu
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simulated notill. Recruitment potential was low in March and April but increased to a

maximum in May and June. Germination rates for seeds buried at 1 cm were lower and

mortality and dormancy greater than for seeds buried from 6 to 25 cm during the winter.

Protecting the seeds buried at 1 cm from rainfall during the winter increased seedling

recruitment from 0 to 2 of 10 buried seeds, but had a negligible effect on seed mortality

and dormancy. Soil density was negatively correlated with recruitment. Treatment of

seeds buried at 25 cm with 1 cm soil temperature reduced recruitment from 4.8 to 2.3 of

10 seeds at 33.3 C, but did not significantly increase seed mortality or dormancy.

Measurements of potential seed drift during tillage found that up to 16% of the seeds at 5

cm moved to within the emergence zone for hairy nightshade. Seed drift coupled with the

faster germination rates and lower mortality of seeds buried at 13 cm or below predicts

that hairy nightshade recruitment will be optimized in tillage system that move seeds

from 13 cm or below to the soil surface. Seed dormancy and mortality probably reduced

recruitment for seeds buried at 1 cm in NT, but a larger factor was regulating recruitment.

Inconsistencies between the recruitment and germination data indicated that recovery of

seeds from the soil concealed recruitment trends attributable to the dissipation of primary

dormancy, and that seed dormancy did not dissipate consistently during spring.

Nomenclature: hairy nightshade, Solanum sarrachoides Sendtner SOLSA; Powell

amaranth, Amaranthuspowellii S. Wats AMAPO; redroot pigweed, Amaranthus

retrojiexus L. AMARE.

Additional index words: Conventional tillage, cover crops, notill, notill planting,

primary tillage, weed emergence, weed seedbank.

Abbreviations: CT, conventional tillage; NT, notill.
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INTRODUCTION

We demonstrated previously that summer annual seedling densities are
significantly reduced when crops are planted without tillage (NT) rather than planted with
conventional tillage (CT). We also documented that this difference in seedling
recruitment can significantly impact population dynamics of weeds such as hairy
nightshade. The cause of suppressed hairy nightshade seedling recruitment is unclear,
however. Seed extraction data indicated that the proportion of weeds emerging in CT was
significantly greater. However, it was difficult to determine the mechanism involved
because of the many confounding factors that may influence seeds while they are buried
and ultimately their ability to emerge. Soil tillage in CT crops redistributes seeds,
changes soil structure, and may introduce a host of germination promoters. A better
understanding of seedling recruitment in these two tillage systems, including the factors
controlling recruitment is essential to development of predictive emergence models and
to maximize the suppression or stimulation of seeding recruitment.

The number of viable seeds in the soil before a crop is planted, seed dormancy,
proximity of seeds to the surface in spring, edaphic soil factors, and temperature and
moisture determine the number of weed seedlings that emerge or are 'recruited' from the
seedbank in spring. Seedling recruitment ultimately determines the level of resource
competition with the crop and whether additional intervention with herbicides or
mechanical means is needed to regulate competition (Dielman et al. 1996). Seedling
recruitment also determines the effectiveness of later interventions such as cultivation
and postemergence herbicides (Forcella et al. 1993). The individual subterranean
processes influencing emergence of many species are well documented, but the
cumulative effects ofmany of these processes are poorly understood because of the
complexity of not only the processes involved (e.g. dormancy) but also because of lack of
effective methods to study these processes, particularly when comparing tillage systems
that have different effects on several components.



Models have been developed to predict seasonal seedling recruitment so that

producers can maximize control by adjusting herbicide rates or application dates for

herbicides or cultivation. These models have been the focus of the last decade for many

species in many studies (Dyer 1995; Forcella et al. 1995; Forcella 1998). However, these

models have gained relatively little acceptance with growers. The lack of acceptance is

due in part to the rather general model data output unless very specific information is

input. Particularly problematic is characterizing seedbank density, which can be costly if

attempting to assess directly. Furthermore, these models generally do not account for

potential changes in weed seed dormancy that might be introduced during tillage.

Factors influencing seedling recruitment

Weed seedling recruitment of summer annual weeds is regulated by many factors,

the most important of which are temperature and moisture at the soil surface in the

spring. Temperature is probably the most important factor regulating emergence potential

because it controls not only germination but also influences seed dormancy and the after-

ripening process in many summer annuals (Probert 2000; Vlesshouwers et al. 1995).

Alternating temperatures are expected to increase germination as summer annual seeds

near the soil surface sense greater amplitude in temperature swings compared to seeds

buried deeper in the soil. However, the effect of alternating temperature could be

dependent on the season in which the seeds are exposed to alternating temperatures

(Vleeshouwers 1997) and their proximity to the soil surface. If the soil warms too early

without adequate moisture, secondary dormancy may be induced (Forcella et al. 1997).

In contrast to temperature, soil moisture, nitrate, and light are known to be factors

that stimulate germination but do not affect dormancy (Benech-Arnold et al. 2000;

Vincent and Roberts 1977), although there is often confusion as to when these factors are

predisposing seeds to germinate (breaking dormancy) or stimulating germination. Some

species are very sensitive to shifts in the 02/CO2 ratio in the soil, and this can be linked to

soil type and possible differences in soil structure in different tillage systems (Benvenutti

2003).



67

Another important factor that is included in most emergence models is seed
dormancy. Seed dormancy has been described as 'a seed characteristic, the degree of
which defines what conditions should be met to make a seed germinate' (Vleeshouwers
1995). This definition differs slightly from others that describe dormancy as the absence
of a germination response (Murdoch and Ellis 1992). The relationship between
dormancy, germination, and emergence of weeds in agricultural systems is poorly
understood and in some published reports all three are equated (Vleeshouwers et al.
1995).

Seeds of many summer annuals exhibit a strong seasonal periodicity of
germination and emergence (Egley 1995; Froud-Williams 1984; for specific examples
see Roberts and Lockett 1978; Roberts and Boddre!l 1983) that is dependent on both
dormancy and germination promoters (Benech-Arnold et al. 2000). Generally, the
requirements for germination of summer annuals decrease during the after-ripening
phase, causing seeds to germinate under an increasing range of temperatures (Vegis
1963). If the seeds fail to germinate during the primary dormancy phase, they may enter a
phase of secondary dormancy. Both cyclic dormancy and loss of primary dormancy may
be influenced by burial depth (Baskin and Baskin 1983 and 1986). Research on dormancy
in hairy nightshade has focused on the alleviation of primary dormancy, as this species is
very reluctant to germinate when seeds are removed from the berry. Innovative research
by Monte and de Tarquis (1997) found that alternating temperatures lower the base
germination temperature of hairy nightshade (syn. S. physafolium).

Seed burial depth is a significant determinant of seedling recruitment (Mohier
1993). Increasing the burial depth of weed seeds obviously reduces seedling recruitment
(Cussans et al. 1996; Morton and Buchele 1960). Growers have long used deep plowing
to bury seeds of unwanted weeds and postpone or reduce weed emergence. However, the
relationship between burial depth during winter, dormancy, and seedling recruitment in
spring is poorly understood for many species, including hairy nightshade. This is due in
some cases to the fact that diverse tillage systems not only bury seeds differentially, but
some cropping systems, particularly those without tillage, have a dramatic effect on soil



structure at the soil surface. This effect is seldom accounted for in tillage studies. In a

very elegant study by Mohler and Galford (1997), an instrument was designed to position

weed seeds in the soil in spring without disrupting soil surface conditions. They found

that the small-seeded summer annuals Chenopodium album and Amaranthus retroflexus

emerged from a greater range of depths in conventionally tilled soil than in untilled (notill

or direct drilled) soil, and that seed survival (viable seeds that did not germinate) was

greater in seeds buried on or near the soil surface. However, they did not attempt to use

seeds that were buried during the winter, thus not accounting for potential effects that

dormancy might have on recruitment of these seeds. The impact of burial depth of hairy

nightshade seeds in the fall has not been linked to seedling recruitment.

The effect of burial depth on seedling recruitment ofhairy nightshade in NT and

CT systems, including the effect of vertical redistribution during tillage might have on

emergence potential in various tillage systems has received insufficient attention. A clear
understanding of tillage system effects on hairy nightshade seeds could provide important

clues to the cause of increased emergence when soils are tilled, the data to develop

management systems that suppress hairy nightshade seedling recruitment, and

development of seedling recruitment models to improve the efficacy of weed control

strategies.

MATERIALS AND METHODS

The first (I) of four projects characterized seedling recruitment potential in CT

and NT in both natural field conditions and in controlled soil temperature environments.

Recruitment potential was evaluated without disturbing the soil in either tillage system,

thus providing a 'snapshot' of recruitment potential without imposing germination

promoters that typically accompany tillage. The second project (II) examined the effect

of winter burial depth on seed germination, mortality, and dormancy after seeds were

recovered from the soil. The third project (III) evaluated the impact of soil temperature

and winter rainfall compaction on seedling recruitment and seed germination, mortality,

and dormancy, particularly for those seeds near the surface in NT systems. The fourth



project (IV) measured seed drift during tillage so that seed quality changes could be

related to potential difference in seedling recruitment between the two tillage systems.

A seed burial system was designed to meet the objectives of Proj ects I-Ill. Soil

tubes were constructed that simulated burial scenarios during the winter and after vertical

redistribution of seeds in the spring in CT and NT systems. Ten hairy nightshade seeds

were extracted from berries and placed in soil tubes 1 cm below the soil surface line. The

soil tubes were then buried so that seeds rested at 6, 13 and 25 cm below the soil surface

for CT treatments and at 1 cm for NT treatments. The CT soil environment was simulated

with surrogate tubes, meaning that seeds in the CT soil tubes were not disturbed after

burial in the fall. The only disturbance for seeds in the CT tubes was when soil tubes

were moved to the soil surface or a temperature gradient table for evaluation of

recruitment potential. We did not simulate tillage for seeds that would be buried at 1 cm

or less during the winter because of the very small percentage of seeds that would remain

at the soil surface after tillage, which would have a very small impact on seedling

recruitment in typical situations.

Experiments began in the fall of 2001 and continued through 2004. The soil used

was of the 'Chehalis' series (fine-silty, mixed, mesic Cumulic Ultic Haploxeroll).

Texture analysis indicated slight differences between the soil used in 2001-02 and 2003-

04. In 2001 and 2002, a silt loam soil (USDA classification) was used for burial media

that was 20% sand, 54% silt, and 25% clay. In 2003 and 2004, a loam soil was used that

was 30% sand, 50% silt, and 20% clay. The soil used was taken from below the tillage

zone in fields that had a very low or nonexistent density of hairy nightshade seeds. Clods

and debris were removed from the soil by sifting through a 5 mm sieve. Polystyrene test

tubes 1.6 cm diameter by 10 cm tall were filled with 6 cm of soil. Each tube had a 5 mm

hole at the bottom of the tube to allow contact of the soil in the tube with field soil.

Another hole 2 mm in diameter was made just above the final soil line so that rain during

the winter would not fill the tubes.

The partially filled soil tubes were placed in test tube racks, and the entire

assembly placed in a box filled with dry, sieved soil. The soil in the box was moistened
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and tubes adjusted so that bottom of each test tube was buried in approximately 4 cm of

soil and was in contact with the surrounding soil. After a day or two of drying, the entire

soil block (with all of the tubes in the test tube rack) was removed from the box, and

seeds were added to each soil tube.

Hairy nightshade seeds were extracted from mature berries in the fall by crushing

the berries and separating the seeds from the berries by rinsing the crush in a 5 mm sieve.

Seed dormancy was evaluated before the seeds were planted in the soil tubes by

germinating seeds at 30-33 C. Less than 0.1% of the seeds germinated. Ten seeds were

rinsed into each 1.6 cm diameter by 10 cm tall polystyrene test tube that was filled with 6

cm of soil. Seeds in each tube were covered with 1 cm of 5 mm sieved soil. Seed tubes

were buried in field plots at the Oregon State University Experiment Station near

Corvallis, Oregon within 4-8 hours after seeds were added. Each set of tubes was buried

so that seeds in the tubes rested at their prescribed burial depths of 1, 6, 13 or 25 cm

below the soil surface. Temperature probes were situated at respective depths.

Experiments

I. Seedling recruitment in NT and CT Studies were conducted to determine the effect of

tillage-burial treatments on seedling recruitment of hairy nightshade in field conditions

and in a controlled soil-temperature environment. In the field study, seed tubes buried at

the soil surface in NT during winter were not moved in the spring; tubes buried at 6, 13

and 25 cm during the winter (CT) were exhumed in the spring and repositioned in the soil

so that the seeds rested at 1 cm. Sufficient water was applied to encourage germination,

and emergence was recorded for approximately 4 weeks or until emergence ceased.

In the controlled soil-temperature environment study, buried seed tubes were

exhumed and placing in tightly fitted receptacles in a temperature gradient table.

Collection dates were near the middle (±7 days) of March, April, May, and June from

2001 to 2004. The temperature table was constructed of aluminum 28 cm wide by 15 cm

deep and 216 cm long. The temperature in the gradient table ranged from 22.7 C to 36.0

C at 2.7 (± 0.5 C) intervals.
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There were 6 to 10 replications of each soil depth for each temperature level in
the gradient table from 2001 through 2003. In 2004, the burial depth of 6 cm was added
and only 4 replications per temperature level were possible. Each year, seed tubes were
exhumed at four different times from the field plots and randomly labeled and assigned to
one of the 6 temperatures in the gradient table. The receptacles in the gradient table were
7 cm deep so that the soil line in the tubes was usually in line with the surface of the
aluminum block. Water was added (I ml per tube) at the initiation of the experiment and
again when the soil surface appeared to be dry. Emergence was recorded daily until
emergence ceased, usually within 14 days. After emergence ceased, the seed tubes
located in the zone with maximum emergence (typically 33.7 C) were taken from the
table and the ungerminated seeds and seedlings extracted from the soil to determine the
fate of seeds that did not emerge. Germination without emergence was extremely
uncommon and after 2002 the procedure was no longer followed.

II. Effect of seed burial depth on seed survival, dormancy, and germination. A random set
of tubes was selected from the entire set each time seed tubes were exhumed from field
plots and placed in the temperature table. The soil was removed from the tubes and seeds
separated from the soil by soaking the soil in water for a few minutes and then removing
the soil from the seeds with a small brush and rinsing through a fine mesh screen. The
seeds were immersed in water for a maximum of 5-10 minutes during the extraction

process. Seeds were placed on three layers of blotterpaper in Petri dishes and germinated
at 30.3 or 33.7 C for 14 days. Germinated seeds were recorded daily. Germination was
calculated only from seeds that were recovered but presented as the number of seeds that
germinated. Seed survival during the winter was determined by subtracting the number of
seeds found from the original 10 that were buried. A Gompertz function was fitted to the
germination data and the three parameters of the model compared using 95% confidence
intervals. In 2002 and 2003, seeds that did not germinate were crushed and rated viable if
the endosperm was white. In 2004, ungerminated seeds were exposed to a 1% solution of
tetrazolium chloride for 12 hours to improve the reliability of viability estimates.
Embryos that turned pink or red were counted as viable. Dormancy was calculated as the
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number of seeds that did not germinate but appeared viable or tested viable with

tetrazolium.

III. Environmental factors influencing seedling recruitment. Two additional studies were

initiated to determine the impact that winter rainfall compaction and surface soil

temperatures might have on seedling recruitment of seeds buried near the soil surface in

NT. In the first study, a Plexiglas tunnel was placed over the soil tubes buried at the soil

surface to prevent rain from striking the soil in the soil tubes. The methods to determine

seedling recruitment, and seed germination, mortality, and dormancy were the same as

described in Projects I and II.

In the second experiment, we tested the hypothesis that soil temperature near the

soil surface reduced seedling recruitment and germination of seeds buried at 1 cm during

the winter. Seeds were placed in soil tubes and buried as described above, but one set of

tubes at 25 cm was exposed to soil temperatures found at the soil surface by equilibrating

soil temperature at 25 cm with soil temperature at the soil surface. Heating cables and

copper tubing (for cooling) were buried next to the seed tubes. A differential sensor with

a RTD (resistance temperature detector) sensor installed at 1 cm below the soil surface

acted as the floating set point for the differential controller. A second RTD sensor

measured soil temperature where the seeds were buried (25 cm). A difference in

temperature between the two sensors activated either heating elements or a pump that

circulated cold water (depending on the differential correction needed) from a

refrigerated water bath (Fig. 4.1). Thus, seeds that were buried under field conditions in

soil tubes at 25 cm were exposed to diurnal temperatures that are normally found at the

soil surface. The methods to determine seedling recruitment, and seed germination,

mortality, and dormancy were the same as described in Projects I and II.
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?igure 4.1. Equipment configuration for equilibrating soil temperature at 25 cm with
soil temperature at 1 cm.

IV. Measuring seed dry'i. Passive Integrated Transponders (PITS) were buried at 4 depths

during August of 2002 in a silt loam soil to assess or predict potential movement of seeds

during tillage. PITS are 11.5 by 2.5 mm cylindrical glass electronic tags that can be

located up to 15 cm in the soil. The code of each PIT was identified before burial. PITS

were buried in a straight line at I m intervals, then tillage equipment driven over the site

in one direction. Tillage implements used were a 50 cm cover crop disk and a roterra

(vertical tine tiller) set on maximum depth. After burial, PITS were located with a wand

that identified each PIT and approximate location. Soil was removed from over the PIT in

small increments until the PIT was sighted. The location of the PIT was measured

relative to the original position in the soil. Occasionally, PITS were buried deeper than 15

cm and could not be detected. We used a front-end loader to remove approximately 10

cm of soil from the surface, and then continued with the above procedure until the PIT

was found. Vertical and horizontal location relative to original position was recorded.
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Statistical analysis

Data were square root transformed before analysis of variance to reduce

heterogeneity of variance in the seedling recruitment and germination studies. However,

original means are presented in all cases. All data are presented as the number of 10 seeds

that emerged or germinated. Variance was analyzed with PROC Mixed (SAS, 2000) and

means separated with 95% confidence intervals. A split plot model was used for burial

depth treatment effects along with a repeated measures analysis for recruitment over

time. Recruitment and germination data were fitted to a Gompertz model in some cases

so that non-linear regression lines of interest could be compared statistically. The

Gompertz equation is a versatile three parameter model with finite asymptote (a) and

predicted values that are asymmetric about the inflection point (fly,y) (Ratkowsky, 1990).

Germination rates and total germination were adjusted by the number of seeds recovered

from the soil tubes rather than the total number buried, which includes the rate for seeds

that potentially were unviable. Seed mortality and dormancy estimates are based on the

number of seeds that were buried initially.

RESULTS AND DISCUSSION

I. Seedling recruitment in NT and CT systems

Hairy nightshade emergence was monitored over three years in field conditions

and in all cases recruitment was less from seeds buried at 1 cm than at 25 cm (Fig. 4.2).

Recruitment rates during the three years appeared to be dependent on the date of

extraction. When soil tubes were moved to the surface in April, total recruitment was

very low; when moved to the surface in mid-June, the recruitment rate was very high.

The effect of burial depth on hairy nightshade recruitment was further examined

by extracting soil tubes from the soil each month beginning in March and placing the

tubes and seeds in receptacles in a controlled temperature environment with a

temperature range from 22.7 to 36.0 C at 2.7 C intervals. Data were combined over the
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four years of the study as there was only a slight indication of differences between the
four years (F < 8) compared to other main effects. Repeated time analysis indicated that
main effects of tillage-depth during the winter, the month that soil tubes were removed
from the soil, and temperature in the temperature gradient table influenced seedling

recruitment (Table 4.1).

Cumulative and final hairy nightshade recruitment was greater for seeds in CT-6,
13, or 25 cm treatments than for those seeds in NT-lcm treatments at 30.7 C (Fig. 4.3).
Final seedling recruitment 14 days after soil tubes were removed from the field was 0.2,
3.0, 4.0, and 3.2 of 10 seeds for NT-i cm, CT-6 cm, CT-13 cm, and CT-25 cm burial
treatments, respectively. There was a slight indication that seeds in CT-6 cm emerged
slower than in CT-13 and 25 cm treatments 96 hours after the soil tubes were placed in
the temperature table at 30.7 C (Fig. 4.3). Examination of seeds that did not produce
seedlings found that false or suicidal germination had no impact on the outcome of this
research, and will not be discussed further.

Maximum seedling recruitment occurred from 30.7 to 33.3 C for all tillage depth
treatments (Fig. 4.4). Recruitment began to dissipate at 36.0 C, and there was no
emergence observed at 20 C. The minimum temperature for emergence was 22.7 C and
the maximum was 33.3 C. This range is very close to the range determined by Monte and
de Tarquis (1997), where 21 C encouraged emergence.

Data from the controlled soil temperature experiment also indicated that seedling
recruitment increased as the extraction dates approached mid-summer. Seedling
recruitment under simulated soil temperatures was greater during the period from May-
June than March-April, and dependent on burial depth treatment during each season
(Figure 4.5). Seedling recruitment of seeds tested in May-June was 4.2 (CI 3.7, 4.7) and
2.8 (2.6, 3.1) of 10 seeds buried in CT-13 and CT-25 respectively, but only 1.1 (CI 0.7,
1.5) and 1.3 for (CI 2.66, 3.38) for the same treatments during the March-April period.

There was no seasonal impact on seedling recruitment for seeds buried in NT-i cm
because of the strong inhibitory effect of NT on seedling recruitment.
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Figure 4.2. Cumulative seedling recruitment of hairy nightshade seeds from soil
tubes under field conditions in 2002 to 2004. Seeds emerged from a depth in the soil
of 1 cm but the seeds were located at 1, 13, and 25 cm deep during the winter. X-axis
is dotted line to reveal data lines.

Table 4.1. Repeated measures ANOVA for the effect of tillage-depth, season of
extraction, and temperature in the gradient table on hairy nightshade seedling
recruitment. Recruitment was averaged over four years of experiments. Error
DF=460.

Effect Num DF F value Pr> F

Main Effects
Tillage-depth (NT-I, CT-13,25) 3 186 <0.0001
Season of extraction (Mar-April; May-June) 3 70 <0.0001
Temperature in gradient table

(22.7 to 36Cat2.7C intervals) 4 91 <0.0001
Interactions

Month*Temp 12 11 <0.0001
Month*Tillagedepth 4 21 <0.0001
Tillagedepth*Temp 12 20 <0.000 1
Month*Til1agedepth*Temp 16 3 <0.0001
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Figure 4.3. Effect of winter burial depth on cumulative recruitment of buried
hairy nightshade seeds at 30.7 C. Data are the average of all extraction times over
four years with the exception of the 6 cm (2004) and 12.5 cm (2003 and 2004)
data (± SE of the estimate). Recruitment means at 96 and 336 hours followed by
the same letter do not differ significantly (P=0.05).

Figure 4.4. Effect of winter burial depth on recruitment of hairy nightshade from 20.0
to 36.0 C. Data were recorded at 14 days after the seed tubes were recovered from the
soil and are the average of all extraction times over four years with the exception of
the CT-6 (2004 only) and CT-12 cm data (2003-2004). Error bars are 95% Cl's.



78

' 8C
z 7
0

6

5

4

3

1

1)

March-April May-June

Season seeds were recovered from soil

Figure 4.5. Effect ofrecovery season and burial depth on emergence of hairy
nightshade in the temperature gradient table at 14 days after the seed tubes were
extracted from the soil. Data are the average emergence of the 6 temperatures in
the gradient table excluding 20 and 36 C. Data from the 13 cm depth are from
2003 and 2004 only. Error bars are 95% Cl's.

II. Effect of seed burial depth on seed survival, germination, and dormancy

Seeds recovered from soil tubes in 2002 and 2003 and germinated at 30 to 33 C
indicated no difference in the number of seeds found at the different extraction dates
(data not shown). Germination was greater for seeds buried at 25 cm in nearly every case,
with lowest total germination in June of 2002 and March of 2003 (Fig. 4.6). Germinating
the seeds with a 1% solution ofethephon ameliorated differences in germination between
seeds buried at I and 25 cm. Ethephon is used to increase germination of seeds (Egley
1982) and to measure seed dormancy (Omami et al. 1999).

Total germination. Repeated measures analysis of seed germination over time
indicated that main effects of recovery date and burial depth were important determinants

of hairy nightshade germination at 30.3 C (Table 4.3). Main effects are discussed because
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there was no indication ofan interaction between recovery date and burial depth
(P=0.92).

Gompertz equations fitted to the main effect of recovery period indicated
significant differences in parameters a and y for the cumulative germination models of
March through May (Fig 4.7). Final germination estimates (a) were 8.3 (CI 9, 9.5), 9.3
(CI 8.8, 9.9) and 9.5 (9.0, 9.9) for seeds recovered in March, April and May, respectively.

The Gompertz model for burial depth effects on germination indicated that final
germination (a) was greater for seeds buried at 13 and 25 cm than for seeds buried at I
cm during the winter (Fig. 4.8). There were no differences noted between/i and y
parameters of the fitted models.

Dormancy and mortality. Single degree of freedom contrasts of dormancy among
seeds buried at 1 cm and those buried at 6, 13, and 25 cm found that dormant seeds were
at least three times more prevalent at 1 cm than at other depths (Table 4.2). Seed
mortality was slightly greater for seeds buried at 1 cm than for those buried at 6 cm or
below based on the tetrazolium test (1.1 at 1 cm vs 0.2 to 0.9 of 10 seeds buried 6 cm and
deeper, Table 4.2).

Reduced germination rates and increased dormancy and mortality for seeds buried
closest to the surface support the outcome of the recruitment study (I), with some
important exceptions. Hairy nightshade recruitment was low to non-existent for seeds
buried at 1 cm, yet germination, dormancy and mortality estimates predicted minimal
impact of shallow burial on seedling recruitment. Obviously, a factor other than
dormancy or mortality regulated recruitment for seeds buried at 1 cm. There also were
contradictions among estimates of dormancy in 2004 based on a comparison of hairy
nightshade seedling recruitment from seeds in soil tubes and germination studies after
seeds were recovered from the soil. Recruitment of hairy nightshade was dependent on
the month seeds were recovered from the soil in both the recruitment and germination
analysis (F > 4 for recovery date), yet the ratio of recruitment to germination was
inconsistent with the recovery dates and burial depths (Fig. 4.9). Germination analysis at
a single constant temperature was therefore a poor predictor of seedling recruitment.



Differences between the ratios of recruitment to germination were unexpected as soil

conditions at the 6, 13, and 25 cm depths and at the three recovery dates should have

varied very little.

The effect of shallow burial depth on seed dormancy has been demonstrated for

species such as wild proso millet (Panicum milliaceum) (Calosi et al. 1986). Burial depth

also has been shown to reduce redoot pigweed (Amaranthus retroflexus) emergence

because of reduced seed survival (Omami 1999). Burial depth effects over multiple

seasons on seedling recruitment, dormancy, and germination rate of hairy nightshade

have not been reported. Germination of hairy nightshade seeds that were buried at

different depths during the winter and exhumed monthly in the spring supports our

hypothesis that seedling recruitment in NT and CT systems is influenced by seed

dormancy. The contrasting results of the seed germination and recruitment data indicate

that the extraction process possibly suppressed vital differences between seed populations

that might be assigned to the effects of seed dormancy. Removing seeds from soil

exposes seeds to light and possibly other germination promoters such as temperature

fluctuations that may not have been encountered otherwise. This exposure may have

ameliorated burial depth effects on seed germination rate, thus masking the influence of

dormancy acquired by seeds when buried at different depths during the winter.

The alternative hypothesis is that seedling recruitment in the temperature gradient

study was influenced by slight changes in soil structure that confounded seedling

recruitment and therefore the interpretation of dormancy. This is probably the cause for

the difference in seedling recruitment between seeds buried at 1 cm and those buried

from 6 to 25 cm, but probably not the cause when comparing recruitment within the 6 to

25 cm burial depths. Measurements of soil density of tubes buried from 6 to 25 cm found

no differences in bulk density (data not shown). The soil surface in tubes buried from 6 to

25 cm was not exposed to above-ground conditions, including rainfall that likely

compacted the soil in the 1 -cm soil tubes.
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Figure 4.6. Effect of seed burial depth, recovery date from soil, and ethephon on
hairy nightshade germination. Seeds were germinated at 30 to 33 C. F=1 8, 9, and 3
for variables of date of recovery, depth, and date by depth, respectively. P<0.0 1 for
all variables. Bars are 95% confidence intervals.

Table 4.2. Repeated measures ANOVA for effects ofrecovery date, seed burial depth,
and germination time on hairy nightshade seed germination. Seeds were germinated at
30.7 C in 2004.

Effect df F P

Main effects
Recovery date (March, April, May)
Burial depth (1,6,13,25)
Germination time

Interaction terms
Recovery date x burial depth
Recovery date x germination time
Burial depth x germination time
Recovery date x burial depth x

germination time

2 33.2 <.0001
3 42.5 <.0001
29 95.1 <.0001

6 0.3 0.9208
3 25.3 <.0001

87 1.4 0.011
9 0.9 0.5635
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Days after seeds were recovered from soil and
placed in germination chamber

Date seeds were
recovered from soil Gompertz model parameters

a B v
12-Mar 8.3 7.9 8.7 3.6 2.8 4.5 0.9 0.7 1.1
16-Apr 9.3 8.8 9.9 12.4 1.3 23.5 4.0 0.8 7.2
21-May 9.5 9.0 9.9 2.7 1.7 3.8 2.0 1.4 2.6

Figure 4.7. Main effect of recovery date on germination rate of hairy nightshade in
2004 (see Table 4.3 for ANOVA). Germination rate is for seeds that were found and
does not factor in the rate for seeds that perished during the winter. Model parameters
for the Gompertz equation [a(EXP(-EXP(b-(c(time))))} are presented in the table
above with 95% confidence intervals (a, asymptote; fl/y, inflection point of fitted line).



83

2003

11
10-

9
8-
7-

lcm
3 25cm
2- 1

E 1-.'
L) 0 i I I I I I I

0 1 2 3 4 5 6 7 8 9 10

Days after seeds were extracted from soil

2004

10 13 and25 cm

Days after seeds recovered from soil

Gompertz model parameters for 2004
Burial
depth a

cm
1 7.4 5.8 9.0 1.6 0.7 2.6 0.5 0.2 0.8
6 8.4 7.1 9.7 1.5 0.5 2.5 0,6 0.2 1.0

13 9.6 8.7 10.5 1.6 0.8 2.2 0.7 0.4 0.9
25 9.6 7.6 9.0 1.5 1.0 2.1 0.7 0.4 0.8

Fig 4.8. Main effect of burial depth on germination rate of hairy
nightshade. Data are pooled across recovery dates (see Table 4.3 for
ANOVA). Germination rate is for seeds that were found and does not factor
in the rate for seeds that perished during the winter. Model parameters for
the Gompertz equation [a(EXP(-EXP(b-(c(time))))] are presented in the
table above with 95% confidence intervals in italics (a, asymptote; fl/y,

inflection point of fitted line).
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Table 4.3. Effect of burial depth on seed mortality and dormancy for seeds
buried in November and recovered in March though May of 2004.

Tillage-burial Seed mortality Dormancy
depth

no./10 seeds

NT-lcm 1.lb 1.8b

CT-6 cm 0.9 a 0.5 a

CT-l3cm 0.2a 0.la
CT-25 cm 0.2 a 0.4 a

Single degree offreedom contrasts of 1cm and 6 to 25 cm burial depths

F 4.8 6.9

P 0.04 0.01

0.9

0.8

0.7

0.6

0 ONT-lcm
0.5 CT-6cm

OCT-13 cm

0.4 OCT-25 cm

0.3

0.2

I fl
MAR APR MAY

Month of seed recovery

Figure 4.9. Effect of recovery date and tillage-burial depth on the ratio of
seedling recruitment to germination. Data are from 2004.



III. Environmental factors influencing seedling recruitment potential

Effect ofrain shield on seedling recruitment. Experiments were designed to determine
what environmental factors encountered in field situations might be influencing seedling
recruitment. The data from previous studies indicated that the ability of seeds to
germinate and emerge increased as burial depth increased, although the data were
inconsistent with the 6 cm burial depth. One potential factor is soil crusting caused by
rain striking the soil during the winter. To test the hypothesis that winter soil compaction
from rainfall influenced seedling recruitment, seeds were buried in soil tubes as described
above, with the exception that one set of tubes at 1 cm was protected from rainfall by a
Plexiglas® cover. Seed tubes were removed from the soil in the field in July of 2003 and
May of 2004 and processed as described previously and placed in the temperature
gradient table. A random set was selected from the entire set of buried tubes and seeds
recovered and germinated at 30.7 C.

Repeated measures ANOVA indicated that seedling recruitment was determined
primarily by tillage-burial depth, temperature, and year of the experiment, and that the
effect of gradient table temperature was inconsistent on seedling recruitment across the
range of temperatures (Table 4.4). The Plexiglas cover that protected soil tubes and seeds
from winter rainfall increased seedling recruitment of seeds buried in NT-i cm from 0
(CT95 ± 1.4) to 1.8 of 10.0 seeds (Cl95 0.6, 3.1) when averaged over 28.0 to 36.0 C at 2.7
C intervals. However, the Plexiglas cover did not increase seedling recruitment to the
level of recruitment for seeds buried at 25 cm (5.0; CT95 3.2, 6.7). The difference in
recruitment was greatest at 30.7 and 33.3 C (Fig. 4.10). The effect of the soil cover was
not the same in the two years (Fig 4.11).

Germination of seeds after removal from the soil also indicated significant
differences among the three burial depth treatments (Table 4.5). Total germination was
greater, and seed mortality and dormancy less in CT-25 cm than NT-i cm. There was no
difference statistically between the NT-I cm and NT-i cm+rain shield (RS) treatments



for total germination, seed mortality, and dormancy, but the rain shield may have reduced

the negative impact of near-surface seed burial.

Bulk density of the soil in tubes at the soil surface both with and without the

Plexiglas cover was evaluated after the soil tubes were removed from the germination

table. Bulk density was influenced by soil tube position (F= 52, P <0.0001), but the

effect was not consistent between years (F = 12, P<0.0001). Data were pooled because

the only inconsistency in soil density was in the CT-25 cm treatment. Bulk density of the

soil in tubes at the soil surface was greater (1.45 g/cm3) than in both soil protected from

rainfall (1.34 glcm3) and soil in tubes buried at 25 cm (1.24 glcm3). Soil density was

negatively correlated with seedling recruitment in the gradient table (R = -0.53, P=0.00l),

but adding soil density to the linear ANOVA model for effects of tillage-depth on

seedling recruitment did not increase the accuracy of the model.

These data indicate that slight changes in soil density at the soil surface may

influence recruitment through effects on seed mortality and dormancy. Mohier (1993)

previously demonstrated that the zone of emergence for some species is restricted when

soils are not disturbed or tilled in the spring. This study found that hairy nightshade

recruitment of seeds buried at the soil surface increased and seed mortality declined when

the soil was protected from winter rains. Soil compaction was correlated with seedling

recruitment and is suspected as the cause of reduced seedling recruitment and increased

mortality. Whether this is caused by changes in soil structure near the soil surface is

unclear because other effects such as incident radiation and light quality may have been

influenced by the Plexiglas cover. Average soil temperature from December 12 to March

15 was slightly higher in tubes that were covered (7.3 vs. 6.4 C in uncovered soil tubes)

but the standard deviation was greater in the uncovered tubes (4.7 vs. 4.1 C in covered

tubes). Diurnal amplitude was reduced for soil tubes under the Plexiglas cover,

particularly during the night, which raised average temperatures slightly (Fig. 4.12).

The effect of rainfall on seedling recruitment may be unique to the Pacific

Northwest compared to other temperate regions of the North America, and explain some

of the variability in reports noted in seedling recruitment in NT and CT from other
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regions. Unlike other temperate regions, the Mediterranean climate of the region brings

high rainfall and moderate temperatures during the winter, and soils that seldom freeze.

Table 4.4. Repeated measures ANOVA for effect of year, tillage-burial depth
and soil protection from rainfall on seedling recruitment over the temperature
range of 28 to 36 C after 14 days.
Effect F P

Year (2003 -04) 3.3 0.07
Tillage burial depth 42 <.0001

(NT-i cm, NT-i cm with ram shield, CT-25 cm)
Temperature (28 36 C at 2.7 C increments) 4.9 0.00

Year x Depth 4.9 0.01
Year x Temp 1.6 0.19
Depth x Temp 2.1 0.06
Year x Depth x Temp 0.8 0.60

10

DNT-lcm

7 DNT-Icm+ramshield
2 6 CF-25cm

I Till TJI1JJhI
I

28.0 30.7 33.3 36.0

Temperature in gradient table (C)

Figure 4.10. Effect of tillage-burial depth, soil protection, and soil temperature
on seedling recruitment of hairy nightshade. Data are recruitment after 14 days
averaged over 2003 and 2004. Bars are 95% confidence intervals.
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Figure 4.11. Effect of tillage-burial depth, rain shield, and year on seedling
recruitment of hairy nightshade. Data are average recruitment from 28 to 36
C at 14 days after placement in germination table. Bars are 95% confidence
intervals.

Table 4.5. Effect of tillage-burial depth and rain shield on germination,
mortality, and dormancy of seeds. Values in the same column followed by the
same letter do not differ (P=O.05).

Tillage-depth
treatment

Seed mortality Dormant seeds

no./10 seeds
NT-I cm 1.8 a 1.4 a
NT-I cm + rain shield 1.2 ab 0.9 ab
CT-25 cm 0.4 b 0.0 b

F 3.4 3.60
P 0.03 0.04
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Table 4.6. Effect of burial depth on soil bulk density and
seedling recruitment in 2003 and 2004.

Tillage- depth Obs. Bulk density Recruitment

g/cm3 No./10 seeds

NT-I cm 20 1.45 a 0.0 c

NT-I cm + rain shield 16 1.34 b 1.7 b
CT-25 cm 16 1.24 c 5.1 a

F 35.00 20.0
P <0.0001 <0.0001



Impact of soil surface temperatures on seedling recruitment. This experiment evaluated

the effect of soil temperatures at 1 cm during the winter on seedling recruitment the

following spring. Temperature sensor failure in 2003 caused a partial loss of temperature

data, but the differential controller was manually checked throughout the winter to verify

that the two RTF sensors were giving the same temperature reading. Data from a short

interval in both years are presented to demonstrate the ability of the differential unit to

detect and apply the correct temperature (Fig. 4.13). In 2004, a short-circuit caused

excessive temperatures (40 C) to be applied for 48 hrs shortly after seeds were buried.

Repeated measures ANOVA indicated main effects of burial depth determined

seedling recruitment (Table 4.7). As in the studies above, recruitment was greater for

seeds buried in CT-25 cm than NT-i cm treatments (Fig. 4.14). However, exposing seeds

buried in CT-25 cm to surface temperatures (ST) during the winter (CT-25cm+ST) may

have reduced seedling recruitment when seed tubes were placed in the temperature

gradient table. Data from the two years were consistent among tillage-burial treatments

even though recruitment was evaluated on June 1 in 2003 and April 28 in 2004 (P> 0.2

for all interaction terms). Recruitment of seeds buried at 25 cm was reduced from 4.8 to

2.3 of 10 seeds at 33.3 C and from 2.7 to 0.9 of 10 seeds at 30.3 C when surface soil

temperatures were applied to the soil tubes during the winter and spring (Fig. 4.14).

Recruitment at 30.7 and 33.3 was less in NT-i cm than for seeds buried at 25 cm and

exposed to soil temperatures at 1 cm (CT-25 cm+ST).

A germination test of seeds removed from the soil found that germination, seed

mortality and dormancy of seeds exposed to ST while buried at 25 cm did not differ from

seed that were buried at 25 cm (Table 4.9). In 2004, seed germination rate also was

tracked, but no statistically significant differences for total germination were found

between the CT-25 cm-ST and CT-25 cm treatments (a). However, the fi parameter of the

fitted germination model differed between the CT-25 cm+ST and CT-25 cm, indicating

differences between treatments in germination rate (Fig. 4.15). The germination rate of

seeds at 25 cm exposed to soil surface temperatures and associated diurnal fluctuations

was slightly accelerated compared to seeds buried at 25 cm under normal conditions.
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The soil temperature environment controls seedling recruitment if soil moisture
and other factors are not limiting. Fluctuating temperatures also can release seeds from
dormancy. In the case of hairy nightshade, this includes reducing the base temperature
required for germination, an indication that dormancy was relieved by alternating
temperatures (Monte and de Tarquis 1997). High temperatures also can enforce
secondary dormancy (Forcella 1993). We hypothesized that as soil temperature increases
in the spring, secondary dormancy might also increase, limiting germination and
recruitment. As in the previous studies, there were differences between the data when
seeds were evaluated in situ and when they were evaluated in the absence of soil. When
recruitment of buried seeds was measured over a range of temperatures, seeds buried at
25 cm and exposed to ST were less likely to produce seedlings than seeds buried at 25 cm
under normal conditions. When seeds were removed from the soil, there was no
difference between seed mortality and dormancy of seeds that were buried at 25 cm with
ST applied and seeds buried at 25cm under normal conditions. Applying ST to seeds
buried at 25 cm may have accelerated the germination rate of surviving seeds (Fig. 4.15).
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Figure 4.13. Efficiency of soil temperature equipment to equilibrate soil
temperature at 25 cm with soil temperature at 1 cm. CT-25 cm + ST had soil
surface temperatures (ST) at 1 cm applied to soil at 25 cm during warmest
periods (top chart, 2003; bottom chart, 2004).
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Table 4.7. Repeated time measures ANOVA for effect ofyear, winter burial
depth, soil temperature during germination on hairy nightshade seedling
recruitment.
Effect F P

Year (2003, 2004) 0.4 0.53
Winter burial depth (1 cm, 25 cm, 25 cm+STa) 16 <.0001
Soil temperature (22.7-36.0) 9 <.000 1

Year x soil temperature 1.5 0.21
Year x winter burial depth 0.6 0.52
Winter burial depth x soil temperature 2.8 0.003
Year x winter burial depth x soil temperature 0.3 0.98

a
Surface temperatures (ST) applied to seeds that were buried at 25 cm during the winter

10

01cm
z 7 025cm
a

' 6 CT-25cm+ST

TTTLI TIir'hIA
22.7 25.3 28 30.7 33.3 36

Temperature (C) in gradient table

Figure 4.14. Effect of burial depth and soil temperature at 25 cm on
hairy nightshade seedling recruitment. Data were combined from
experiments in 2003 and 2004 and recorded at 14 days after seeds and
soil tubes were exhumed and moved to the gradient table.



Table 4.8. Effect of winter burial depth and soil temperature on
seed mortality and dormancy.

Tillage-depth Mortality Dormant seeds

No./10 seeds
2003

NT-i cm 3.8 a 4.0 a
CT-25 cm + ST 0.7 bc 0.3 b
CT-25 cm 0.6 bc 0.0 b

2004
NT-i cm 2.6 ab 1.0 b
CT-25 cm+ STa 0.5 be 1.3 b
CT-25 cm 0.0 c 0.5 b

a
CT-25cm +ST: Soil surface temperature was applied to seeds buried at 25 cm.
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Inflection point of the seed germination model (8/A, y).
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Seeds were buried at 25 cm but exposed to soil temperatures approximating soil temperatureconditions at 1 cm.

Figure 4.15. Effect of seed burial depth and soil temperature environment
during burial on hairy nightshade seed germination rate in 2004. Seeds were
removed from the soil on April 28, 2004. Solid lines are the best likelihood fit
to the Gompertz equation [a(EXP(-EXP(b-c(time))))] (n5 for each depth). (a,asymptote; fl/y, inflection point of fitted line).



IV. Simulating seed drift during tillage

The final study measured seed drift with PITS to determine whether seedling
recruitment movement in any of the previous studies could be predicted by seed
movement. The recovery rate was very high; only 3 PITS were lost out of nearly 200
burials. On average, 16, 9 and 6% of the PITS buried at 5, 10 and 15 cm, respectively,
were relocated to within 4 cm of the soil surface (Fig. 4.16), which is within the range of
emergence depths for seeds such as nightshade.
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Figure 4.16. Vertical and horizontal distribution of PITS after tillage when buried on
the vertical axis at the specified depth. The vertical and horizontal axis are not at the
same scale, and all units are shown in cm.
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Summary

The effect of tillage system on seedling recruitment, seed mortality, and
dormancy of hairy nightshade was studied from 2001 to 2004 by burying seeds in the soil
in simulated tillage situations. Past studies have shown that recruitment of hairy
nightshade was very low from untilled soil in the spring when seeds were buried near the
soil surface during the winter. The cause of poor emergence in untilled soil of this and
other species is poorly understood. We hypothesized that burial depth influenced seed
dormancy and mortality and that these were the primary factors regulating recruitment in
NT and CT.

In general, seedling recruitment increased from March through June and as burial
depth increased. Recruitment was very low (<3%) for seeds buried near the soil surface,
even though germination tests indicated that burial near the soil surface had a relatively
small effect on germination rate, seed mortality and dormancy. Seedling recruitment in
simulated CT ranged from 11 to 42% when averaged over the temperature range of 22.3
to 33.7 C. Covering the soil during the winter increased recruitment and germination rate
and reduced the bulk density ofthe soil. However, the relationship between bulk density
and recruitment was weak, suggesting that factors other than soil density were reducing
recruitment. When soil temperatures at 1 cm were applied to seeds buried at 25 cm,
recruitment dropped slightly, indicating that the soil temperature environment at the soil
surface may regulate germination and recruitment.

Measurements of seed dormancy are traditionally made by submitting seeds to a
range of environmental conditions and measuring germination. As temperature is an
important factor influencing seed dormancy, seeds may be germinated under a range of
temperatures to determine the level of dormancy at a particular time in the lifecycle of a
seed. Seed dormancy has been described as 'a seed characteristic, the degree of which
defines what conditions should be met to make a seed germinate' (Vlesshowers 1995).
This model has limitations when evaluating effects such as burial depth on seed

dormancy. Many summer annuals (possibly including hairy nightshade) are known to
germinate after exposure to light during tillage (Benech-Amold et al. 2000; Millberg et



al. 1996; Scopel et al. 1994) or to changes in the soil atmosphere after the soil is mixed

(Benvenutti 2003). Seeds may be exposed to a range of factors during removal from the

soil that may encourage germination. As germination is the only method at the moment

for measuring seed dormancy, the process of seed recovery from the soil may cause seeds

to germinate, making it difficult to determine the level of dormancy in the seed.

Soil tubes and a temperature gradient table were employed in this study in an

attempt to circumvent potential seed germination promoters. The soil tubes also allowed

a constant burial depth and excluded predators while seeds were buried under field

conditions. As expected, recruitment was less when seeds in soil tubes were exhumed in

March than in June, indicating that seeds became less dormant as summer approached,

consistent with observations that hairy nightshade recruitment is greatest in early

summer. This system did not allow comparison of dormancy between CT and NT

treatments, however, because seeds buried at 1 cm emerged from soil that was exposed to

winter rains that probably compacted the soil and reduced emergence. More importantly,

there was a large disconnect between the simulated recruitment data (at constant

temperature in the gradient table) and seed germination data (assessed after seeds

removed from the soil). Dormancy assessment of seeds removed from the soil may be

useless if the intended use of the data is to formulate predictive emergence models.

The cause for the difference between the seedling recruitment and germination

data is unclear. Perhaps a biological factor within the soil environment such as microbial

respiration or decomposition is causing subtle changes in the germination response of

seeds when seeds are situated in soil rather than a soil-less environment. Future study

should determine the cause of the difference between seed germination and dormancy
data.

Another interesting aspect of the dormancy trajectory occuned in 2004, when

recruitment spiked in April but subsided slightly in May, contrary to the pattern noted in

the three previous years. We assumed that dissipation of dormancy would be continuous

and perhaps linear over time. This event indicates a more fluid dormancy that dissipates

or increases depending on environmental conditions. A similar situation was recorded



when extra soil tubes from the 'soil temperature' experiment were kept in the soil two

weeks after the equipment was turned off. After two weeks of burial at ambient

temperatures at 25 cm deep, the effect of the earlier soil temperature application was

nearly undetectable. Average daily soil temperatures at 25 cm in 2004 increased in nearly

linear fashion though March, until it reached 18 C on April 14, reflecting an unusual

period of warm and dry weather for that time ofyear. Soil tubes were removed from the

soil on April 16, and placed in the germination table for recruitment analysis. Thereafter,

soil temperature at 25 cm began a steady decline though the end of April and into May.

Future studies should examine the dynamic relationship between primary dormancy

dissipation and soil temperature.
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CHAPTER 5

CONCLUSION

We tested biologically-based strategies for managing summer annual weed

populations in irrigated agricultural systems, compared their effectiveness with traditional

practices, and elucidated the mechanism controlling recruitment. The first study

compared the effectiveness of two tillage systems (notill and conventional planting) with

and without cover crops, and found that notill (NT) planting significantly reduced the

density of several important summer annuals. NT planting reduced emergence of hairy

nightshade by 77 to 99% and Powell amaranth emergence by 50 to 87% compared to

conventional tillage (CT) and planting. Cover crop treatments were much less important

than planting system in regulating weed emergence. Tillage in the spring did not increase

the number of viable seeds within 4 cm of the soil surface. Hairy nightshade emergence

ranged from 0.6 to 9.8% of the intact seeds in CP compared to 0 to 0.1% emergence of

the seeds in the NTP plots. Powell amaranth emergence ranged from 4.9 to 6.5% of the

intact seeds in CP contrasted with only 0.4 to 0.9% emergence of the seeds in NT plots.

NTP treatments likely retained viable seeds in the soil, with seasonal attrition removing

an unknown quantity of seeds from the seedbank. Yield improvement from NT was

greatest in squash because of very poor control with herbicides.

The dramatic reduction in emergence of species such as nightshade and moderate

reduction of other species such as Powell amaranth indicated that reduced tillage

strategies could significantly reduce both immediate competition with the crop and

possibly influence the relative abundance of weed populations during a crop rotation. The

long-tem outcome of using NTP as a management strategy depends on the balance of

seed production and attrition from the seedbank and whether crop yields can be

maintained. We tested the hypothesis that summer annual weed populations could be
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suppressed by eliminating spring tillage if weed seeds were not allowed to accumulate at

the soil surface.

Continuous notill (NT) planting of vegetable crops each year reduced summer

annual weed density by 48 to 79% at two sites and three weed management levels after

two full crop rotation cycles compared to continuous conventional tillage. However, the

effect of the rotational tillage sequences on summer annual weed density depended on

which tillage system was paired with snap beans or sweet corn. The tillage sequence of

CT snap beans and NT sweet corn reduced summer annual weed density by 46 and 67%

at two sites compared to continuous CT; the sequence of NT snap beans and CT sweet

corn increased weed density by 31% and 32% at two sites. Hairy nightshade and

larnbsquarter populations declined as spring tillage frequency decreased. However,

Powell amaranth and barnyardgrass populations were less influenced by tillage sequence.

Lower populations of summer annual weeds, including hairy nightshade, caused crop

yields to improve in some situations, particularly when herbicide selection pressure was

low. Crop yields were compromised in NT, probably due to poor crop seed to soil contact

and greater pest populations in some years. Rotational tillage strategies provide a unique

approach to managing weed populations and could have significant impacts on

troublesome summer annual weeds in row crop production. In some cases, the effect of

the tillage rotations on weed emergence was such that herbicide rates could be reduced by

one-half without compromising weed control or yield.

The final set of projects examined the cause of very low hairy nightshade seedling

recruitment in untilled soil and the increase in recruitment in tilled soils. Our primary

hypothesis was that the propensity of a hairy nightshade seed to produce a seedling is

determined by burial depth during the winter. Projects conducted from 200 1-2004

measured the following: seedling recruitment potential in conventional tillage and

notillage systems, the effect of winter burial depth, winter rainfall and near-surface soil

temperature on seed germination potential, mortality, and seed dormancy; and seed drift

during tillage so that seed quality changes could be related to potential difference in

seedling recruitment between the two tillage systems.
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Hairy nightshade seedling recruitment at 30.7 C was more than 15 times greater
for seeds buried at 6, 13 and 25 cm than when buried at 1 cm in simulated NT.
Recruitment potential was low in March and April but increased to a maximum in May
and June. Germination rates for seeds buried at 1 cm were lower and mortality and
dormancy greater than for seeds buried from 6 to 25 cm during the winter. Protecting the
seeds buried at 1 cm from rainfall during the winter increased seedling recruitment from
0 to 2 of 10 buried seeds, but had a negligible effect on seed mortality and dormancy.
Application of soil temperatures at 1 cm to seeds buried at 25 cm reduced recruitment
from 4.8 to 2.3 of 10 seeds at 33.3 C, but did not significantly increase seed mortality or
dormancy. Measurements of potential seed drift during tillage found that potentially 16%
of the seeds at 5 cm moved to within the emergence zone for hairy nightshade. This
coupled with the faster germination rate and lower mortality of seeds buried at 13 cm or
below predicts that hairy nightshade recruitment will be optimized in tillage system that
move seeds from 13 cm or below to the soil surface.

Seed dormancy and mortality reduced recruitment for seeds buried at 1 cm in
simulated NT, but a significant undetermined factor was regulating recruitment. Removal
of the seeds from the soil consistently produced 80% or greater germination with only
slightly impeded germination rates. Increased soil density at the soil surface apparently
limited recruitment, but not because of failed emergence or suicidal germination. Other
possibilities for study are atmospheric exchange as influenced by soil density and burial
depth, and disruption of the soil chemical environment where the seed interfaces with
soil. Both have precedent in the literature, but the methods for studying the chemical
environment next to the seed have not been adequately developed. In a parallel study
conducted with Powell amaranth (Amaranthus powelliz), we noted that seedling
recruitment was less after the soil was compacted and that enrichment of the atmosphere
in the soil tubes with 02 overcame the effect of soil compaction. Diffusion of 02 into the
soil may play a significant role in seedling recruitment ofseeds buried near the soil
surface, and in soils that have been compacted by winter rains.
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An interesting outcome of the study was that removal of seeds from the soil for
the germination tests altered estimates of dormancy. There was a striking difference
between recruitment rates from soil from March through May in 2004 and the
germination rates of seeds after removal from soil. There was very liftie difference noted
in total germination and germination rate for extraction dates from March through May,
but a sizable discrepancy between recruitment for the same time period when the seeds
remained in the soil. This implies that dormancy must be assessed with insitu seeds if the
information is to be practically applied by agriculturists to manage weed populations.
This is a labor intensive proposition as seeds would need to be buried in manageable
experimental units and recruitment assessed periodically.

Another observation with similar implications was that recruitment, although
increasing as summer approached, was somewhat dependent on environmental conditions
at the time the seeds were removed from the soil, and that dormancy (or the reluctance to
emerge) was not a constant process as often depicted in the literature (Baskin and Baskin
1983). Recruitment seemed to flux with changes in the environment. This was
particularly evident in 2004 when there was a very warm April and a cool period in early
June that suppressed recruitment. A relevant study by Monte and de Tarquis (1997)
demonstrated that dormancy could be adjusted in S. physafolium (syn. of S. sarrachoides)
by exposure to different alternating temperature regimes that adjusted the base
temperature at which seeds of this species germinated.

Several other preliminary studies deserve mention at this point as they may give
focus to future research. In 2004, seeds were removed from the soil in the soil tubes
(without the use of water), were exposed to sunlight for 15 or more seconds, seeds
replanted in soil of similar moisture content, and the soil tubes placed in the germination
chamber at 30.7 C. Reburied seeds had greater total germination and germination rates
than seeds that remained buried in the soil tubes. The results of this study indicate that the
surrogate tubes simulating emergence in CT were underestimating recruitment, and that
seed dormancy was amended by some factor associated with the extraction and relocation
of the seeds. In another study using different soil types, recruitment of seeds from 1 cm
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was greater in sandy soils than in the soil used in the previous experiments. And finally,

painting the soil tubes with black paint (so that seeds inadvertently buried next to the tube

wall would not be exposed to light) did not affect recruitment rates.

Compelling evidence is presented indicating that summer annual weed

populations in row crops, and in particular hairy nightshade, can be regulated by

strategically eliminating spring tillage. However, as with many agricultural techniques,

we expect that other flora and fauna (including disease organisms and insects) that are

adapted to undisturbed soils will flourish. Introduction of tillage patterns that alternate

disturbance (such as introduced by rotational tillage systems) may destabilize populations

that are adapted to NT. Perhaps this strategy could even be applied on a landscape or

watershed scale for highly mobile pests such as insects and disease that often transcend

land tenure arrangements.



105

BIBLIOGRAPHY

Ball, D. A. and S. D. Miller. 1993. Cropping history, tillage, and herbage effects on weed
flora composition in irrigated corn. Agron. J. 85: 817-821.

Bandick, A. K. and R. P. Dick. 1999. Field management effects on soil enzyme activities.
Soil Biol. and Biochem. 31: 1471-1479.

Barnes, J. P. and A. R. Putnam. 1983. Rye residues contribute weed suppression in
notillage cropping systems. J. Chem. Ecol. 9: 1045-1057.

Baskin, J. M. and C. C. Baskin. 1983. Seasonal changes in the germination responses of
fall panicum to temperature and light. Can. J. Plant Sci. 63: 973-979.

Baskin, J. M. and C. C. Baskin. 1986. Seasonal changes in the germination responses of
buried witchgrass (Panicum capillare) seeds. Weed Sci. 34: 22-24.

Bellinder, R. R. 1987. Comparative studies of conventional and no-tillage systems for
snap bean production. Hort Sci. 22: 159.

Benech-Arnold, R. L., R. A. Sanchez, F. Forcella, B. C. Kruk and C. M. Ghersa. 2000.
Environmental control of dormancy in weed seed banks in soil. Field Crops Res.
67: 105-122.

Benvenutti, S. 2003. Soil texture involvement in germination and emergence of buried
weed seeds. Agronomy J. 95: 191-198.

Blum, U., D. L. King, T. M. Gerig, M. E. Lehman, and A. D. Worsham. 1997. Effects of
clover and small grain cover crops and tillage techniques on seedling emergence
of some dicotyledonous weed species. Am. J. Altern. Agric.12: 146-161.

Botto, J. F., A. L. Scopel, C. L. Ballare, and R. A. Sanchez. 1998. The effect of light
during and after soil cultivation with different tillage implements on weed
seedling emergence. Weed Sci. 46: 35 1-357.

Boydston, R. A. and A. Hang. 1995. Rapeseed (Brassica napus) green manure crop
suppresses weeds in potato (Solanum tuberosum). Weed Tech. 9: 669-675.

Boydston, R. A. and R. E. Peachey. 2004. Predicting hairy nightshade berry production in
peas and beans based on time of emergence and heat units. Western Soc. of Weed
Sci. Annual Meeting, Feb. 8-11, 2004, Colorado Springs, CO.

Buhier, D. D. 1992. Population dynamics and control of annual weeds in corn (Zea mays)
as influenced by tillage system. Weed Sci. 40: 24 1-248.

Buhier, D. D. 1997. Effects of tillage and light environment on emergence of 13 annual
weeds. Weed Tech. 11: 496.

Buhier, D. D. and E. S. Oplinger. 1990. thfluence of tillage systems on annual weed
densities and control in solid-seeded soybean (Glycine max). Weed Sci 38: 158-
165.



106

Calosi, J. C., P. B. Cavers, and M. A. Bough. 1986. Dormancy and survival in buried
seeds of proso millet (Panicum miliaceum). Can. J. Bot. 66: 161-168.

Carter, M. R. 1994. Strategies to overcome impediments to adoption of conservation
tillage. In: Conservation Tillage in Temperate Agroecosystems, Ed: M. R. Carter.
Lewis Publishers, Boca Raton.

Chancellor, R. J. 1964. The depth of weed seed germination in the field. Proc. 7th Brit.
Weed Control Conf. 2: 607-613.

Creamer, N. G., M. A. Bennett, and B. R. Stinner. 1996. Mechanisms of weed
suppression in cover crop-based production systems. Hort. Sci. 31: 410-413.

Cussans, G.W., S. Radonius, P. Brain, and S. Cumbenworth. 1996. Effects of depth of
burial and soil aggregate of Alopecurus myosuroides, Galium aparine, Stelaria
media and wheat. Weed Res. 36: 133-141.

Derksen, D. A., G. P. Lafond, A. G. Thomas, H. A. Loeppky and C. J. Swanton. 1993.
Impact of agronomic practices on weed communities: tillage systems. Weed Sci.
41: 409-417.

Dielman, A., A. S. Hamill, G. C. Fox, and C. J. Swanton. 1996. Decision rules for
postemergence control of pigweed (Amaranthus spp.) in soybean (Glycine max).
Weed Sci. 44: 126-132.

Dyer, W. B. 1995. Exploiting weed seed dormancy and germination requirements
through agronomic practices. Weed Sci. 43: 498-503.

Eberlein, C. V., K. Al Khatib, M. J. Guttieri, B. P. Fuerst. 1992. Distribution and
characteristics of triazine-resistant Powell amaranth (Amaranthus powellii) in
Idaho. Weed Sci. 40: 507-5 12.

Edmonds, J. M. 1986. Biosystematics of Solanum sarrachoides Sendtn. and S.
physafolium Rusby (S. nitidibacatum Bitter) Bot. J. Linn. Soc. 92:1-38.

Egley, G. H. 1982. Ethylene stimulation of weed seed germination. Agric. Forest Bull. 5:
13-18.

Egley, G. H. 1995. Seed germination in soil: dormancy cycles. In: Seed Development and
Germination, Eds. J. Kigel and G. Galli. Marcel Dekker, Inc., New York.

Fawcett, R. S. and F. W. Slife. 1978. Effects of field applications of nitrate on weed seed
germination and dormancy. Weed Sci. 26: 594-596.

Forcella, F. 1998. Real-time assessment of seed dormancy and seedling growth for weed
management. Seed Sci. Res. 8: 201-209.

Forcella, F., J. C. Barbour, C. A. Oriade, R. P. King and D. D. Buhler. 1995. Weed
emergence modeling for a bioeconomic weed/crop management expert system.
Clean water clean environment 21st century: team agriculture working to protect
water resources. Volume 1: Pesticides. Proceedings Kansas City, Missouri, USA,
5-8 March, 1995. American Society of Agricultural Engineers; St Joseph; USA.



107

Forcella, F., K. Eradt-Oskoui, and S. W. Wagner. 1993. Application of weed seedbank
ecology to low-input crop management. Ecol. AppI. 3: 74-83.

Forcella, F., R. G. Wilson, J. Dekker, R. J. Kremer, J. Cardina, R. L. Anderson, D. Aim,
K. A. Renner, G. Harvey and S. Clay. 1997. Weed seed bank emergence across
the Corn Belt. Weed Sci. 45: 67-76.

Froud-Williams, R. J. 1988. Changes in the weed flora with different tillage and
agronomic management systems. Pp. 2 13-236 in M. A. Altieri and M. Liebman,
Eds: Weed Management in Agroecosystems: Ecological Approaches. CRC, Boca
Raton, Florida, USA.

Froud-Williams, R. J., R. J. Chancellor, and D. S. H. Drenan. 1983. Potential changes in
weed floras associated with reduced-cultivation systems for cereal production in
temperate regions. Weed Res. 21: 99-109

Froud-Williams, R. J, R. J. Chancellor, and D. S. H. Drenan. 1984. The effects of seed
burial and soil disturbance on emergence and survival of arabic summer annual
weeds in relation to minimal cultivation. 3. Appl. Ecol. 21: 629-641.

Froud-Williams, R. J., D. S. H. Drennan, and R. J. Chancellor. 1984. The influence of
burial and dry-storage upon cyclic changes in dormancy, germination and
response to light in seeds of various arable soils. New Phytol. 96: 473-48 1.

Hoinaki, B., M. Powelson, and R. Ludy. 2004. Root rot of sweet corn in western Oregon.
OSU Extension Bulletin EM 8859.

Liebman, M., and E. Dyck. 1993. Crop rotations and intercropping strategies for weed
management. Ecol. AppI. 3: 92-122.

Malone, R. C. 1967. A rapid method for enumeration of viable seeds in soil. Weeds 15:
381-382.

Martinez-Ghersa, M. A., E. H. Satorre, and C. M. Ghersa. 1997. Effect of soil water
content and temperature on dormancy breaking and germination of three weeds.
Weed Sci. 45: 791-797.

Mascianica, M. P, H. P. Wilson, R. F. Walden, T. E. Hines, and R. Bellinder. 1986. No-
tillage bean growth in wheat stubble of varied height. 3. Amer. Soc. of Hort. Sci.
111: 853-857.

Milberg, P., L. Anderson, and A. Noronha. 1996. Seed germination after short-duration
light exposure: implications for the photo-control of weeds. Journal of Applied
Ecology 33: 1469-1478.

Mohler, C. L. 1993. A model of the effects of tillage on emergence of weed seedlings.
Ecol. Appl. 3: 53-73.

Mohler, C. L. and M. B. Calloway. 1992. Effects of tillage and mulch on the emergence
and survival of weeds in sweet corn. 3. of Appi. Ecol. 29: 2 1-34.



108

Mohier, C. L. and A. E. Galford. 1997. Weed seedling emergence and seed survival:
separating the effects of seed position and soil modification by tillage. Weed Res.
37: 147-155.

Morton, C. T. and W. F. Buchele. 1960. Emergence energy of plant seedlings. Agric.
Eng. 41: 428-43 1.

Mulugeta, D. and D. E. Stoltenberg. 1997. Increased weed emergence and seed bank
depletion by soil disturbance in no-tillage systems. Weed Sci. 45: 234-241.

Monte, J. P., and de. Tarquis, A. M. 1997. The role of temperature in the seed
germination of two species of the Solanum nigrum complex. J. of Exp. Bot. 48:
2087-2093.

Murdoch, A. J. and R. H. Ellis. 1992. Longevity, viability, and dormancy. In: Seeds: The
Ecology of Regeneration in Plant Communities. Ed by M. Fenner. Pages 193-229

Ndiaye, E. L., J. M. Sandeno, D. McGrath, and R. P. Dick. 2000. Integrative biological
indicators for detecting change in soil quality. Am. J. ofAlternative Ag. 15: 26-
36.

Ogg, A. G. and J. H. Dawson. 1984. Time of emergence of eight weed species. Weed Sci.
32: 327-335.

Omami, E. N., A. M. Haigh, R. W. Medd, and H. I. Nicol. 1999. Changes in
germinability, dormancy, and viability of Amaranthus retroflexus as affected by
depth and duration of burial. Weed Res. 39: 345-354.

Oryokot, J. 0. E., L. A. Hunt, S. Murphy and C. J. Swanton. 1997. Simulation of
pigweed (Amaranthus spp.) seedling emergence in different tillage systems. Weed
Sci. 45: 684-690.

Oryokot, J. 0. B., S. D. Murphy, and C. J. Swanton. 1997. Effect of tillage and corn on
pigweed (Amaranthus spp.) seedling emergence and density. Weed Sci. 45: 120-
126.

Oryokot, J. 0. E., S. D. Murphy, A. G. Thomas, and C. J. Swanton. 1997. Temperature
and moisture-dependent models of seed germination and shoot elongation in
green and redroot pigweed (Amaranthuspowellii, A. retroflexus). Weed Sci. 45:
488-496.

Peachey, R. E., R. D. William, and C. Mallory-Smith. 2003. Effect of notill or
conventional planting and cover crops residues on weed emergence in vegetable
row crop. Weed Tech. Accepted for publication: Dec. 2003.

Pierce, F. J., M. J. Stanton, and M. C. Fortin. 1992. Immediate and residual effects of
zone tillage in rotation with no-tillage on soil physical properties and corn
performance. Soil and Tillage Res. 24: 149-165.

Probert, R. J. 2000. The role of temperature in the regulation of seed dormancy and
germination. In: Seeds: The Ecology of Regeneration in Plant Communities, 2nd
ed (Ed. Feimer). CAB International.



109

Ratkowsky, D.A. 1990. Handbook ofNonlinear Regression Models. Marcel and Dekker,
Inc., New York.

Roberts, H. A. and J. E. Bodrell. 1983. Field emergence and temperature requirements for
germination in Solanum sarrachoides Sendt. Weed Res. 23: 247-252.

Roberts, H. A. and P. M. Lockett. 1978. Seed dormancy and field emergence in Solanum
nigrum L. Weed Res. 18: 231-241.

SAS. 2000. SAS Institute Inc., SAS Campus Drive, Cary, North Carolina.

Sawma, J. T. and C. L. Mohler. 2002. Evaluating seed viability by an unimbibed seed
crush test in comparison with the tetrazolium test. Weed Tech. 16: 781-786.

Saxton, K. E. and C. J. Baker. 1990. The cross-slot drill opener for conservation tillage.
Proceedings of the Great Plains Conservation Tillage Symposium, August, 1990,
Bismarck, North Dakota.

Schreiber, M. M. 1992. Influence of tillage, crop rotation, and weed management on
giant foxtail (Setariafaberi) population dynamics. Weed Sci. 40: 645-653.

Scopel, A. L., C. L. Ballare, and S. R. Radosevich. 1994. Photostimulation of seed
germination during soil tillage. New Phytol. 126: 145-152.

Shilling, D. G., A. D. Worship, and D. A. Danehower. 1986. Influence of mulch, tillage
and diphenamid on weed control, yield, and quality in no-till flue cured tobacco
(Nicotiana tabacum). Weed Science 34: 738-744.

Sommer, C. and M. Zach. 1992. Managing traffic-induced soil compaction by using
conservation tillage. Soil and Tillage Res. 24: 3 19-336.

Stoller, F. W. and L. M. Wax. 1973. Periodicity of germination and emergence of some
annual weeds. Weed Sci. 21: 574-580.

Suwanagul, D. 1995. Early Detection of Weed Resistance: Pattern-thinking and Rapid
Microcalorimetric Assay. Ph.D. Thesis, Horticulture Department, Oregon State
University, Corvallis, OR.

Swanton, C. J., D. R. Clements, and D. A. Duerksen. 1993. Weed succession under
conservation tillage: a hierarchical framework for research and management.
Weed Tech. 7: 286-297.

Teasdale, J. R., C. E. Best, and W. E. Potts. 1991. Response of weeds to tillage and cover
crop residue. Weed Sci. 39: 195-199.

Teasdale, J. R. and C. L. Mohler. 1992. Weed suppression by residue from hairy vetch
and rye cover crops. Proc. of the 1st Inter. Weed Control Congress 2: 516-518.

Teasdale, J. R. and C. L. Mohler. 1993. Light transmittance, soil temperature, and soil
moisture under residue of hairy vetch and rye. Agron J. 85: 673-680

Teasdale, J. R. and C. L. Mohler. 2000. The quantitative relationship between weed
emergence and the physical properties of mulches. Weed Sci. 48: 385-392.



110

Tuesca, D., E. Puricella, and J. C. Papa. 2001. A long term study of weed flora shifts in
different tillage systems. Weed Res. 41: 369-3 82.

Vegis, A. 1963. Climatic control of germination, bud break and dormancy. In:
Environmental Control of Plant Growth, Ed: Evans, L.T. Academic Press, New
York.

Vincent, E. M. and E. H. Roberts. 1977. The interaction of light, nitrate, and alternating
temperature in promoting the germination of dormant seeds of common weed
species. Seed Sci. and Tech. 5: 659-670.

Vleeshouwers, L. M. 1997. Modeling weed emergence patterns. Netherlands,
Landbouwuniversiteit Wageningen (Wageningen Agricultural University)
Wageningen: 165.

Vleeshouwers, L. M., H. J. Boumeester and C. M. Karssen. 1995. Redefining seed
dormancy: an attempt to integrate physiology and ecology. J. of Ecol. 83: 103 1-
1037.

Wrucke, M. A. and W. E. Arnold. 1985. Weed species distribution as influenced by
tillage and herbicides. Weed Sci. 33: 853-856.



111

APPENDIX A

Effect of Tillage Sequence on Symphylans and Predaceous Centipedes

Introduction

The garden symphylan is a common and serious soil-borne pest in commercial

vegetable production systems, home gardens, nurseries, and greenhouses. Commercial

vegetable growers annually apply broad-spectrum insecticides such as chiorpyrifos or
ethoprop to keep symphylan populations below economic injury thresholds. Symphylan

populations can be suppressed by repeated and thorough cultivation of the soil. However,

tillage adversely affects large numbers of invertebrate species, including many

predaceous arthropods that may regulate symphylan populations. Decreasing the
frequency or intensity of tillage events may allow significant populations of predaceous

invertebrates to survive during the growing season but the consequence of reduced tillage

intensity on predators such as Lithobiomorph centipedes, and ultimately symphylans in

unknown.

The research question of this study was: what effect does reduced tillage intensity

have on populations of both symphylans and a specific predaceous centipede of
symphylans in a typical vegetable crop rotation in western Oregon? We hypothesized that

reductions in tillage intensity might increase symphylan populations, but also cause a
larger assemblage of predators to flourish, particularly where there was additional cover
and protection provided by weedy vegetation. The scope of inference of this research was
vegetable crop rotations in the sandy loam and sandy clay loam soils of the Willamette

Valley of western Oregon. A biologically significant result in this study is statistical

evidence that: 1) symphylan or predaceous centipede populations were larger in reduced

tillage systems than in traditional tillage systems that are currently used by growers; and
2) symphylan populations were less in tillage systems that did not totally eliminate spring

tillage. An increase in symphylan populations in reduced tillage systems would indicate



112

that there is an additional risk of using reduced tillage systems. Symphylan populations

are difficult to control in conventional tillage systems and any additional risk could limit

the adoption of reduced tillage systems, unless advances are made in managing

symphylan populations with insecticides or by other biological means. An increase in

predaceous centipede populations in reduced tillage systems would indicate the potential

for biological regulation of symphylans.

Materials and Methods

The experimental design, cropping system, and statistical analysis are described in

Chapter 2. Soilborne arthropod abundance was determined by taking three soil samples

near the center of every subplot and extracting the arthropods with a Berlese funnel. Soil

samples were 100 cm2 by 5 cm deep and taken 2 weeks after corn and snap bean

emergence. Arthropods were not sampled in the wheat crop, as tillage system and

vegetation management were the same for all plots at that point in the rotation. The data

were log transformed (a+1) to reduce heterogeneity of variance, and plots of residuals

versus predicted values, and residuals versus site (S), tillage system (T), and vegetation

management (V) values compared to determine whether the transformation was effective.

Least squares means for significant effects in the PROC MIXED linear model were back-

transformed and presented in Figure A. 1 with 95% CI. There was no evidence that

herbicide or vegetation level (V) affected symphylan or predaceous centipede populations

and this effect is not discussed further.

Results and Discussion

Symphylans

Year 1. In the first year of the study, there were only 2 tillage levels at the 2 sites:

CT and NT. Analysis of variance indicated that the effect of tillage system on symphylan

abundance shortly after the crops emerged was inconsistent at the two sites (F
1,163 4.32;

P = 0.04 for Site x Tillage System effect). At the West, 10 symphylansm2 (95% CI: 6-

17) were recovered from the DS system and 5 symphylans m2 (95% CI: 3 7) from plots

in the CT system (Fig. 1). There was no difference in symphylan abundance between the
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two tillage systems at the East site but fewer symphylans were recovered from East site
than the West site overall.

Year 2 or3. Four tillage sequences were present in Year 2. The effect of tillage
system on symphylan abundance was again inconsistent at the two sites (F

3,157 = 0.03

for Site x Tillage Sequence effect). At the West site, 24 symphylans m2 (95% CI 11-50)
were recovered from plots of the NN tillage sequences, but only 4 symphylans m2 in CC.
Symphylan abundance in NC or CN was similar to symphylan abundance in the CC.
Again, there was no difference in symphylan abundance between the four tillage systems
at the East site.

Year 4. Analysis of variance indicated that symphylan abundance differed
between sites (F1,161 6.1; P = 0.01) but with some evidence that the effect of tillage
sequence on symphylan abundance was inconsistent at the two sites (F

3,161 1.9, P =
0.14). Unlike the Crop Years 1 and 2/3, more symphylans were recovered from the East
site than the West site.

At the West site, there were fewer symphylans recovered from plots of the CCC
than the other 3 tillage sequence treatments, but no difference in the number of
symphylans recovered from any of the tillage sequence that included NT in one or more
years of the crop rotation. At the East site, there were again no differences in the number
of symphylans in the four tillage sequence.

Predator centipedes

Analysis of variance indicated that median predaceous centipede abundance was
more at the West site than the East site in Year I (F1,48 3.96 P = 0.05) but less at the
West site than the East site in Year II (F1,48 37.7 P < 0.0001). There was no effect of
tillage sequence on the abundance of predaceous centipedes in either of the first two
years (Fig. 1).

In Year 4, analysis of variance indicated that predator centipede abundance was
determined by tillage sequence (F1,9 7.94, P 0.007). At the West site, 31(95% CI 16-
57) predaceous centipedes were recovered from the NNN treatments, but only 13(95%
CI 7-26) predaceous centipedes recovered from the CCC treatment. A similar trend was
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noted at the East site, in which the abundance of predaceous centipedes was 30 m2 (95%
CI 16-58) and 35 m2 (95% CI 18-65) in the NNN and NCN treatments, respectively,

compared with only 9 (95% CI 6-18) predaceous centipedes m2 in the CCC tillage
sequence.

Tillage sequence treatments at the West site that had the least tillage, including

the NT treatment in Crop Year I, the NN treatment in Crop Year 3, and the NNN

treatment in Year 4, all or which had a greater abundance ofsymphylans than any of the

continuous CT systems in respective years, ranging from two to four times more. In Year

2, tillage sequence treatments that included CT in one of the three years had symphylan

abundance similar to the CC treatment.

The effect of tillage sequence on symphylan abundance noted at the West site was
not apparent at the East site; symphylan abundance was unaffected by tillage sequence.

The cause for the differences of tillage sequence effects on symphylan abundance at the

two sites is unclear. Several factors could contribute including the difference in

insecticide use in the preceding years, the crop grown in Crop Year I (one site had 2 years
of corn while the other site had two years of snap beans), and predator populations.

Symphylan abundance at in the East site was lower than the West site in Year 1 and was

likely due to the insecticide fonofos that was applied in the years before the study

commenced. Soil insecticides had been used on the West site for 7 years prior to the

study and possibly contributed to the relatively larger symphylan populations, at least at
the beginning of the experiment. The main predator of symphylans that was present at

these sites apparently had no effect on symphylan abundance. Exploratory regression

analysis found that symphylan abundance was not related to predaceous centipede

abundance at either site.

Despite the differences of tillage sequence effects on symphylan abundance at the

two sites (or lack there of), this research indicates that reducing tillage intensity in a crop
rotation of snap beans, sweet corn, and wheat, can potentially increase symphylan

populations compared to standard tillage systems that are traditionally used. Any system

that increases symphylan populations could add significant risk to growers who are
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attempting to reduce tillage events for either cost or conservation reasons. However, it
should be noted that the effect of reduced tillage intensity was not consistent at the two
sites at this experiment, indicating that there may be situations or fields where reduced
tillage intensity will not cause an increase in symphylan populations.

Reducing tillage intensity also increased populations of predaceous centipedes
that may help to regulate symphylans. The effect on predaceous centipedes was not found
until the third year of the rotation, however. It is unclear whether this was a random event
or the cumulative effect of the tillage systems over the three years.

One serious limitation to the study is that arthropod abundance was assessed only
once during each growing season, due to the enormous cost and time required to sort and
catalogue arthropod species. This sampling time was chosen to give a snapshot view of
the soil environment during a very critical time as the crop seed germinates and begins to
emerge, but likely does not give a clear picture of the actual population dynamics of the
two species in vegetable production systems. This may be less of a concern for
symphylans than the predaceous centipedes. The data likely represent a true picture of the
impact of reduced tillage intensity on symphylans when the crop is establishing, and the
increased risk to growers who attempt to use these systems. Future research should focus
on the effects that specific crop sequences have on symphylan populations and the factors
that determine the impact of tillage system at additional field sites. These two sites
represent only a small percentage of the possible crop rotations and soil types represented
in the Willamette Valley.
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Figure A. 1. Effect of tillage sequence on symphylan and predaceous centipedes
at two sites. Symphylan means are presented in the charts on the left and
predaceous centipedes in the charts on the right. LS means and 95% CT's are
presented for significant effects of the Proc Mixed linear model.




